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"Propeller Wing Aerodynamic Interference"

Stellingen behorend bij het proefschrift

Leo Veldhuis, 28 Juni 2005

Computational Fluid Dynamics (CFD) presenteert een fantasiewereld. Alleen
het experiment toont de ware natuur,

De voordelen van de fiets ten aanzien van problemen als filevorming en de
belasting van het milieu, worden zwaar onderschat.

Door een aanpassing van de profielwelving in het vleugeldeel dat door de
slipstroom wordt getroffen kan het voortstuwingsrendement van propeller
vliegtuigen worden verhoogd (Hoofdstuk 7)

Door het ontbreken van een zintuig waarmee de waarheid kan worden
vastgesteld is onze wetenschap louter gebaseerd op geloof en verbeelding.
Alhoewel het erg begrijpelijk is als uiting van blijdschap "een gat in de lucht
te springen” is dit op grond van de huidige kennis van de stromingsleer
fysisch niet mogelijk.

De huidige aanpak van een maatschappelijk probleem binnen de
Nederlandse politiek is vergelijkbaar met complexe getallen theorie waarbij
het reéle deel wordt verwaarloosd en het imaginaire deel tot oplossing van het
probleem wordt verheven.

Als een goede definitie van 'wetenschap' is: "Het be€indigen van de twijfel en
de ontrafeling van het mysterie", bestaat wetenschap niet.

Het wis- en natuurkunde-onderwijs op de Nederlandse middelbare scholen
heeft een dermate laag peil bereikt dat handhaving van het wetenschappelijk
niveau van de Technische Universiteiten ernstig gevaar loopt.

Rekencodes waarin de vorm en ontwikkeling van de propellerslipstroom niet
expliciet worden gemodelleerd leiden tot een overschatting van de
propellereffecten wanneer een “swirl recovery factor" niet wordt toegepast
(Hoofdstuk 6).

Verlaging van de propellerinvalshoek en contra-rotatie, waarbij de
binnenzijde van de propellers omhoog beweegt, leiden beide tot een
prestatieverbetering van meermotorige propellervliegtuigen (Hoofdstuk 5 en
6)

Deze stellingen worden verdedigbaar geacht en zijn als zodanig goedgekeurd door de
promotor.




Propositions accompanying the thesis
"Propeller Wing Aerodynamic Interference"

Leo Veldhuis, June 28th 2005

1. Computational Fluid Dynamics (CFD) presents a world of fantasy. Only the
experiment shows true nature.

2. The benefits of the bicycle with respect to problems like traffic congestion
and environmental pollution are seriously underestimated.

3. Adaptation of the airfoil camber in the propeller washed area of the wing may
lead to an increase of the propulsive efficiency of multi-engined propeller
aircraft (Chapter 7).

4. Due to the absence of a sensory organ that tells us the truth, our science is
purely based on belief and imagination.

5. Although it may be very understandable to "jump a hole in the air" (Dutch
saying) as an expression of happiness, this is physically impossible based on
the current knowledge of fluid dynamics.

6. The current approach in Dutch politics to solve a societal problem is
comparable to complex number theory where the real part is neglected and
the imaginary part is accepted as solution to the problem.

7. If a correct definition of 'science’ is: "the termination of doubt and the
unravelling of mystery”, science does not exist.

8. Educational programmes in physics and mathematics at Dutch secondary
schools have reached a level so low that the scientific level of the Technical
Universities is at risk.

9. Prediction codes that do not take into account the geometry and development
of the propeller slipstream lead to an overestimation of the propeller effects in
case a "swirl recovery factor" is not employed (Chapter 6).

10. Lowering the propeller angle of attack and the application of inboard up
rotating propellers both lead to a performance increase of multi-engined
propeller aircraft (Chapter 5 and 6)

These propositions are regarded as defendable and have been approved as such by
the promoter.
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Summary

The performance characteristics and the stability and control behavior of propeller
powered aircraft are strongly dependent on the contribution of the propulsion system.
Hence knowledge of the flow behavior both in the area of the wing part washed by the
propeller slipstream and the resulting flow field behind the wing is of key importance
for detailed design of propeller powered aircraft. Furthermore, to enable further
understanding of the processes that play a role with respect to the thrust and drag
bookkeeping, the effects that the propulsion system exerts on the wing and vice versa
must be known.

The goal of the present investigation is to gain an improved understanding of
the aerodynamic interference between the propeller and the wing in a typical tractor
arrangement. This study was realized by performing both experimental and numerical
analyses on four different propeller-wing models.

The research is restricted to a typical two-engined tractor propeller wing configu-
ration since this is the most commonly used arrangement.

In the experimental investigations data were obtained from three different models
in a low speed windtunnel. The first two models are based on a simple geometry,
combining a nacelle, built as a body of revolution, with a straight wing model. The
third model is a three-dimensional representation of an existing turbo-prop aircraft
that was tested without the horizontal tail present.

To facilitate validation of the numerical prediction techniques an extensive data set
was generated comprising force data, surface pressure data, surface flow visualization
and flow field data behind the model. The results obtained reveal a strong effect of
the axial and the swirl velocity in the slipstream leading to a large deformation of
the spanwise lift distribution which affects the lift and the drag of the configuration
significantly. The beneficial effect of the propeller mounted in front of the wing is
the fact that the swirl loss generated by the propeller is partly recovered by the
wing in the form of increased leading edge suction. The amount of swirl recovery
and the deformation of the initially circular slipstream envelope were determined
by performing 5-hole probe flow field surveys. The study of these data based on a
quantitative wake analysis approach led to the important insight in the flow structure
and delivered spanwise lift and drag data on the wing. These are important when
comparing the performance data with numerical methods that apply a simplified
slipstream structure based on (quasi-)circular vorticity tubes.

, After acquisition of the main model characteristics, both in low and high power

conditions, the second wind tunnel model was used to investigate the effects of the
propeller position and inclination with respect to the wing. For this purpose the
nacelle was detached from the wing and could be traversed in various directions.
Whereas the effect of the streamwise and the spanwise propeller position has little
effect on the propulsive efficiency, both the vertical position and the propeller incli-
nation demonstrate considerable influence on the performance. Especially a negative
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propeller inclination angle showed an interesting enhancement of the wing lift com-
bined with a reduction in the drag.

To illustrate typical propeller wing interaction effects in case the slipstream is
not directly cut by the wing an over-the-wing arrangement was tested as well. In
contrast to results found in open literature this unconventional configuration showed
no improvement in the propulsive efficiency of the system for propeller location close
to the wing. This result could be explained by the reduction in the propeller efficiency
which outweighs the lift increase and drag reduction found on the wing.

The numerical simulations were performed at different levels of complexity, ranging
from adapted Vortex Lattice Method (VLM) techniques and panel methods to the
solution of the Reynolds averaged Navier-Stokes (RANS) equations. The goal of
these calculations was twofold: first to verify the level of detail needed to adequately
describe the main phenomena that occur in the propeller wing interaction problem
and secondly to acquire meticulous flow data, which are needed to understand the
mechanisms that play a role in this complex flow field.

The calculations show that the main propeller position effects can be predicted
with the VLM code that was enhanced with a blade-element propeller model as long
as a swirl recovery factor (SRF) of approximately 0.5 is applied. The panel code
combined with a slipstream envelope model overpredicts the propeller effects on the
wing due to the lack of a SRF.

Detailed flow data were obtained with the RANS code, applying both realizable
a k — ¢ model and a Reynolds stress model. Close agreement with experimental
data was obtained both in the flow variables behind the mode] and in the integrated
configuration characteristics like the lift and the drag coefficient. The actuator disk
boundary conditions, applied at the location of the propeller, that were fed with flow
data obtained from earlier experiments, adequately described the propeller slipstream
effects in the calculations.

In order to determine possible benefits, which might be obtained from a geo-
metrically adapted wing in a tractor propeller-wing arrangement, an optimization
procedure was developed and applied. The main outcome of this optimization study
is the fact that a wing with either an adapted twist or chord distribution leads to a
small performance improvement in the propulsive efficiency for a the cruise condition
of typical twin-engined turbo-prop designs.
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Chapter 1

Introduction

1.1 Historical context

The first type of propulsion used in powered flight was the propeller as the Wright
brothers successfully launched their Wright Flyer I1I on December 17, 1903 (Fig.1.1).
There were no data on air propellers available at that time but they had understood
that it was not a difficult matter to secure an efficiency of 50% with marine propellers.
The books they used on marine propellers, however, contained formulas on propellers
that were of an empirical nature. There was no way of adapting them to calculations of
aerial propellers. It was apparent to them that a propeller was simply a wing travelling
in a spiral course but the relation between the various parameters that determine the
final efficiency of the propeller was too complex for them to understand. Hence the
only way to really test the thrust and efficiency of the propeller would be to actually
try it on the machine as they did at Kitty Hawk. The Wright propeller was not
an optimum design in this respect, but they really were on the right track. When
further theoretical methods became available for the analysis of propellers, it became
clear that the propeller offers the potential of very high propulsive efficiencies for the
subsonic speed regime. As a result the propeller has been the object of many research
programs worldwide with extensive programs starting from 1927 on. Somewhat earlier
in time one of the great scientists in the field of aerodynamics, the famous Ludwig
Prandtl, foresaw that the propeller should not be treated as a separate entity but
rather be seen in combination with the trailing wing due to possible mutual influence
of the wing and the propeller. His findings are nicely laid down in a very early NACA
Technical report [1] where Prandtl describes windtunnel tests that he performed on a
propeller-wing model (Fig.1.2). Prandtl knew that the performance of the complete
configuration would be affected by interference effects as he states:

... 4t is well to distinguish two kinds of influences, one due to variations
in velocity, and the other due to variations in direction of the air current.

3
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Figure 1.1: The first manned flight in history: December 17, 1903. At 10:35
a.m. Orville Wright takes off into a 27 mph wind. The distance
covered was 120 feet. Time aloft was 12 seconds. Wilbur is seen at
right. (Picture: J.T. Daniels)

The propeller is affected mainly by variations in the inflow velocity due to
the wing. The wing is also subjected to slight changes in the direction of
the air flow, which noticeably affect the drag. This is especially apparent
when the aerofoil is outside the slipstream ...

The research projects, initiated in the 20’s, led to many successful propeller pow-
ered aircraft with cruise speeds as high as M = 0.6. However, from the mid 50’s
to the mid 70’s there was about a 20-year period of stagnation in propeller research
due to the success of the turbojet and the turbofan propulsion systems. In this pe-
riod of low fuel costs the lower propulsive efficiencies of the latter systems did not
matter too much. A turning point arrived with the world energy crisis in 1973-1974
(see Fig.1.3) when NASA started an effort to evaluate the possibilities for high-speed
propellers. Various studies indicated that at high cruise speeds , as high asM = 0.8,
an advanced high-speed turboprop powered aircraft would have a large performance
advantage over an equivalent technology high bypass ratio turbofan design.

The increased efficiency is a direct result of the simple thrust-momentum balance
which state that the efficiency decreases as the axial velocity increment through the
propulsion unit increases. This can be seen in eq. (1.1) where the ideal efficiency is
presented as a function of the ratio of axial velocity increase, AV, and the undisturbed
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which he used to describe the drag change of a wing placed in close
prozimity of a wing.

speed, Voo:
1

— 1.1)
\%4 (
14 AY

‘,’] =
Turboprops induce smaller velocity increments, AV, to a larger air mass flow than
turbofans do, thereby increasing efficiency by several percentage points. It was envis-
aged that this superior performance could result in large block fuel savings, reduced
life cycle costs, improved range and other benefits for both the civil and military
aircraft market.
The high speed propeller concept (often referred to as the advanced turboprop
concept, see Fig.1.4 ) that emerged from these investigations, called the ”Propfan”
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Figure 1.3: U.S. first purchase crude oil prices expressed in 1996-valued US dol-
lars showing the oil crisis between the year 1973 and 1987 (source:
WTRG, USA, 1998)

was extensively examined from both structural and aerodynamical point of view as is
demonstrated by numerous references [2, 3, 4, 5]. As a result of the high cruise Mach
number that was aimed at for the propfans the complexity of the propulsion system,
however, confronted designers with serious problems regarding aspects like blade dy-
namic behavior, fatigue and shock wave formation over the wing area immersed in
the slipstream.

But solutions for these problems that gradually emerged from the design offices
were caught up by societal developments that resulted in a sharp decrease of the oil
price. The instantaneous reaction could be expected: the Propfan concept, still in its
infancy state, was put to a halt.

1.2 Status of propeller propulsion

The era of modern turboprop, which started in the 80’s with the Dash-8, BAe ATP,
Fokker 50 and in the 90’s with Dornier 328, Saab 2000 and BAe Jetstream 41, initially
showed successful programs. During this period, however, the market transformed by
the arrival of the new-generation regional jet. Although the turbofan powered aircraft
like the Fokker 70/100 , Bombardier CRJ and BAe 146 gained much popularity it is
doubtful whether any regional aircraft has so far shown to be really profitable.
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Jet aircraft indeed show advantages in some directions, but it is justified to ac-
knowledge that there will always be a fair number of short regional routes on which
propeller-driven aircraft will have a cost advantage. In this respect an indication for a
typical trip length may be found in US domestic flight data where an average regional
airline trip of 230 nmi is found. Although operators have rediscovered the advantages
of turboprops on shorter routes, the forecast (Fig.1.5) given by Butterworth-Hayes
[6], stating that the propeller driven aircraft are likely to hold at least 40% share of
the market in future, may be too optimistic. Later market surveys ([7, 8]) show a
trend of a decreasing market share of 24% for the turboprop segment with a yearly
reduction of about 1% worldwide.

In this changing market it is worthwhile to investigate the technology regarding
propeller propulsion versus jet propulsion to see whether new, or adapted, concepts
are within reach to optimize current designs.

While worldwide the number of jet-powered aircraft in almost all weight categories
is increasing compared to turbo-prop powered aircraft, the absolute numbers of air-
craft relying on propellers is still substantial. New concepts like the Airbus A400M
and the Hercules 130J are nice examples of aircraft that make use of the benefits of

Figure 1.4: High speed propeller (PROPFAN) tested in the NASA Lewis Re-
search Centre 8 z 6 foot supersonic wind tunnel (Courtesy NASA,
photo no. 90-H-78).
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Figure 1.5: Forecast of turboprop usage compared to jets [6].

propeller propulsion. Especially the fact that propeller propulsion is inherently more
efficient than even advanced turbo-prop concepts (the Propfan) up to Mach 0.8 is im-
portant. Expressed in terms of installed propulsive efficiency a comparison between
the three major propulsion systems is made in Fig.1.6

Apparently turboprop engines are 10%-30% more efficient than jet engines at
cruise condition with Mach numbers below 0.7. Turboprops typically derive 85% of
their thrust from a propeller, while the rest is provided by the exhaust jet. Their
high thrust specific fuel consumption (TSFC) is the result of the propeller’s ability
to accelerate large amounts of air at low airspeeds (see (1.1)). This is particularly
advantageous during take-off and climb stages of flight when aircraft move relatively
slowly. The efficiency of a propeller decreases with increasing airspeed and altitude,
limiting the operation of turboprops to Mach numbers between 0.4 and 0.7 and alti-
tudes below 7500 m. Hence, turboprop aircraft generally fly more slowly and lower
than aircraft with turbofan engines as a trade-off for lower fuel consumption.

Nevertheless, fuel economy does not play the most important role for the selection
of the propulsion system today since the relative contribution of fuel costs in the
direct operating costs of aircraft has decreased considerably in the last few decades as
indicated in Fig.1.7. Other aspects of propeller propulsion that are taken into account
during the design process should be noted here as well.

First of all the propeller aircraft shows a wider operational speed range with
increasing propulsive efficiency as the speed is decreased from maximum cruise. This
typically leads to improved fuel economy when lower speeds can be used and to longer
ranges and endurance when necessary (especially important for surveillance tasks).
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Figure 1.6: Comparative installed propulsive efficiency of turboprops and turbo-
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Propellers deliver high thrust at low speeds in taxiing, particularly on semi-
prepared terrain, and in take-off and climb. This improved take-off and climb reduces
mission / leg fuel consumption and lowers noise for the area around airfields. Due
to the high thrust additionally less taxi fuel is used than with turbofan propulsion.
An important result of the higher propeller thrust is found in a better “go-around”
performance capability than available from a turbofan during an aborted landing.

The availability of thrust reversal for backing on the ground and for braking in
flight to produce deceleration and increased steepness of descent is another interesting
issue. In addition, thrust reversal is obtained with a smaller weight penalty than
occurs with turbofan thrust reversers.

The high slipstream velocities over the wing can be used to increase the wing lift at
low speeds which is useful in take-off and landing operations. Thus careful integration
of the propeller with the wing can produce improved STOL aircraft designs. The value
of the high static thrust available for use in the development of high subsonic V/STOL
aircraft is interesting. With the development of M = 0.7 to M = 0.8 propellers a
revival of their use in V/STOL aircraft is a good possibility.

Propellers show quite some flexibility to accommodate different requirements by
using the same engine with different propellers and gearboxes. This opens up the
possibility to comply to particular preferences in diameter, flight speed, etc.

With the characteristics discussed above it becomes clear that operational, struc-
tural and aerodynamic aspects all contribute to the economical operation of propeller
powered aircraft. The flight mission requirements certainly determine where the effort
with respect to the design is focused.

For multi-engined propeller powered aircraft one of the most important issues,
from the aerodynamics and performance point of view, is the interaction between
the propeller slipstream and the wing. Modern aircraft concepts, like the European
Airbus A400M project, exhibit a high disk loading! and an increased number of
(swept) blades to enable high cruising speed. High disk loading however generates
strong swirl velocities in the slipstream, causing considerable deformation of the lift
distribution, which has an impact on the aerodynamic behavior and performance of
the wing.

The propulsion-airframe installation problem and the experimental and numerical
techniques to analyze this topic have been EC-funded since 90 through programs like
Gemini I & IT, APTAN, DUPRIN I & IT and ENIFAIR. Within these research projects
specific attention was paid to analysis of current concepts rather than investigation
of possible new design strategies.

From earlier investigations it is known that both the position of the powerplant
with respect to the wing and the propeller angle of attack play an important role.
Carefully designed configurations may reveal some performance benefits when the
propeller and the wing are closely coupled.

1 Disk loading is the propeller thrust divided by the swept area of the propeller disk.
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Rather than an evaluation of the complete design envelope of a propeller powered
concept, one typical aspect is further investigated in this dissertation: the aerody-
namic aspects of the propeller integration for the cruise phase of the aircraft. In
section 1.3 the scope of the dissertation is elucidated further.

1.3 Scope of the thesis

The aerodynamics phenomena that play a role in the characteristics of propeller-
driven aircraft constitute a formidable problem that needs to be carefully analyzed
understood to arrive at optimized designs.

Hence, in order to achieve the highest possible benefit from propeller propulsion,
careful attention should be paid to the integration of the propulsion system and
the aircraft. Propeller propulsion systems are in general installed in nacelles that
are integrated with the aircraft wing to form a tractor propeller design. Such a
closely coupled system has the potential for large installation penalties that are due
to possible unfavorable interference effects on the lift distribution over the wing. These
effects will certainly be more significant with propeller propulsion systems that exhibit
high disk loading due to the higher wake velocities and swirl angles compared to those
of lightly loaded propellers. On the other hand, many authors have indicated that
well designed propeller aircraft may benefit from the interaction between the propeller
slipstream and the trailing wing. The details of the phenomena that play a role in
this process will be treated in subsequent chapters.

The effect of various design parameters on the performance may well be accepted
as the most important issue. However, with the stronger environmental regulations,
regarding the operation of aircraft, one other aspect could be overlooked easily: noise.

The noise production of propellers is a challenging and important issue with re-
spect to the cabin comfort and the effects of the external noise level in relation to
community noise. Due to the absence of a shielding duct the pressure distortions
generated by the propeller blades directly impinge on the fuselage. In particular for
wing mounted propellers the distance to the fuselage is often very small and a very
high sound pressure level is observed in the area of minimum clearance. To obtain an
acceptable cabin comfort at the present time all new turbo-prop designs incorporate
blades with advanced airfoil sections, reduced blade chord and narrow elliptical blade
tips. Besides this, the general trend is to use a high number of blades combined with
a smaller propeller diameter. Together with the unloading of the tip area this results
in reduced noise levels. Although the choices of these typical propeller parameters are
prompted by the noise problem, they have a large impact on the aerodynamic charac-
teristics and performance of the propeller. Even though this distinct relation exists,
the analysis of the noise production of propellers falls beyond the scope of this study.
Therefore existing advanced propellers are used in the subsequent analyses assuming
that the designs are optimized already for low noise production. In this respect the
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propeller design problem in itself will not be addressed in this dissertation.

The primary goal of this study is to identify and describe the mechanisms that
determine the aerodynamic interference between tractor propellers and a wing. More-
over, the effect of various parameters like the propeller position and inclination with
respect to the wing will be discussed in detail.

A second goal is to validate which methods can be used to analyze and predict
the performance and characteristics of propeller-wing configurations using calculation
techniques of distinct complexity. From this analysis the required complexity level of
the calculation method to arrive at optimized propeller-wing design is determined.

To arrive at these goals one may be tempted to analyse the complete configuration
with the most advanced CFD code available. The separate effects of the propeller on
the wing and vice versa are then obtained in a post-processing step. This procedure,
in which the propeller and wing are computationally fully coupled hinders a clear
understanding of the contribution of the separate parts, especially when the designers
needs detailed information on the effects of configuration changes. Therefore, this
study focuses on the separate contribution of the propeller and wing by uncoupling
them during the experimental and numerical analysis. Hence, the full scope of in-
teraction phenomena is investigated which is beneficial for the design optimization of
propeller powered aircraft.

1.4 Outline of the thesis

The dissertation is organized into nine chapters. First of all the basic phenomena that
occur when the propeller is brought in close proximity to a wing, the propeller-wing
interference effects, are discussed in Chapter 2. Chapter 3 deals with the numerical
analysis of propeller wing interference. In this chapter the capabilities of rather simple
calculation methods are summarized whereas Chapter 4 illustrates more advanced
CFD techniques based on the solution of the Navier-Stokes equations.

To gain further insight in the processes that take place in the interactive flow
field, several experiments were performed in a low speed windtunnel. A description
and discussion of these experiments is presented in Chapter 5. Chapter 6 contains
results of numerical calculations that were performed on the experimentally tested
geometries. The goal of these calculations was to study the most important flow
variables that determine the complex flow field in the vicinity of the wing and to
determine possible performance benefits that could be gained from the propeller-wing
interference.

Finally, with the basic phenomena known from the analysis of existing designs,
ways to gain benefits from optimizing the wing that interacts with the propeller, are
discussed. This topic of optimization is highlighted in Chapter 7. Overall conclusions
and recommendations are discussed in Chapter 8.



Chapter 2

Propeller Wing Interference
effects

2.1 Introduction

In the design of multi-engined propeller powered aircraft one of the important issues is
the interaction between the propeller and the wing. Modern aircraft concepts, exhibit
a high disk loading and a high number of blades to enable increased cruising speed
or to prevent excessive noise production.

The first problem due to the high disk loading is the direct effect of forces and
moments on the propeller especially at non-zero angle of attack. This may cause
detrimental effects on the aircraft’s stability. Secondly the high energy level in the
propeller slipstream will cause strong interference effects on other aircraft parts di-
rectly leading to changes in the performance characteristics through adaptation of the
wing lift and drag.

The high swirl velocities in the slipstream, that is associated with high disk load-
ing, generate a deformation of the lift distribution which has an impact on the aero-
dynamic behavior and performance of the wing. Propulsion systems with contra-
rotating propellers, developed to recover most of the swirl, seem to be the solution
to this problem but they are not used extensively because of their complexity and
weight.

Besides this the axial flow increase inside the slipstream might lead to detrimental
compressibility effects for aircraft flying at high cruising speed. Hence the interference
between propulsion system and the remaining aircraft parts has the potential for large
installation penalties.

During the design process of the aircraft the position and the characteristics of the
propeller will be based on the result of satisfying various design constraints. Once the
layout of a propeller configuration is accepted, the presence of the propeller slipstream

13
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that inevitably interacts with the wing, forms part of a tuning process where adjust-
ments should lead to maximum possible performance over a selected speed range of
the aircraft. For this reason a detailed analysis of the phenomena that occur for
closely coupled propeller wing configurations is highly beneficial.

The rotational kinetic energy in the wake of a conventional single-rotating pro-
peller system is usually considered as a loss term (since it does not contribute to the
thrust). However, many authors [10, 11, 12] have indicated that a significant relief of
the detrimental drag effect (due to increased dynamic pressure in the slipstream) can
be obtained from propeller-wing interaction. Rather than manipulate wing geometry
to approach two-dimensional flow, it would seem logical to use some energy source
for the task of directing the flow in such way that lower induced drag is produced.
The rotational component in the slipstream is in fact available for amplifying or at-
tenuating the wing bound vortex system with a possible reduction of induced drag.
In this way the wing in fact acts as a stator vane that recovers some of the swirl
loss caused by the propeller. From earlier investigations [13, 11, 14, 15] it is known
that the details of the interaction effects are mainly determined by the position of the
propulsion system with respect to the wing and propeller angle of attack.

To attain a better understanding of the interactive flows causing the slipstream /wing
interference the most important aerodynamic mutual effects between a tractor pro-
peller and a trailing wing are discussed in this chapter.

Although it is known that for cruise speeds above M = 0.75 the high velocity in
the slipstream might cause shocks on the trailing wing, pushing the wing up to drag
rise, this thesis will only deal with the fundamental phenomena, arising at moderate to
low Mach numbers. Besides the need for enhanced insight in the main phenomena, a
major goal is to define an optimum configuration for low speed tractor propeller/wing
combinations.

The analysis of the major propeller wing interference effects that are discussed in
this thesis is restricted to a typical two-engined turbo-prop configuration as sketched
in Fig.2.1. However, the phenomena that occur for these aircraft configurations can
be found on 4-engined aircraft as well except for the typical effects that are introduced
by possible propeller-overlap.

2.2 Steady versus unsteady analysis

A propeller at an angle of yaw or pitch generates flow that is inherently unsteady as
the flow conditions at a blade change with the rotation of the propeller.

Analysis of the unsteady propeller problem (uninstalled) has allowed the calcula-

| tion of cyclic variation of the propeller blade forces to a reasonable degree of accuracy

(16, 17]. A comparison of steady and unsteady analyses of a propeller [16] has shown

the steady state analysis to be capable of predicting the mean (time-averaged) re-

sult within an acceptable degree of accuracy. Although the unsteady analysis may
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(a) Dornier 328

(b) Fokker F50

Figure 2.1: Examples of two-engined turbo-prop aircraft that are typical for the
propeller-wing interference effects discussed herein.
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Figure 2.2: The most important forces and moments acting on the propeller.

be useful from a structural and vibration point of view it will offer little more than
the steady analysis in terms of aircraft performance which requires knowledge of the
(quasi-) steady characteristics. As a consequence the major analysis of the propeller-
wing interference problem will be based here on the steady state (time averaged
effects) assumption.

2.3 Propeller forces and moments

In the first phase of the design process no detailed data are needed for the flow around
the propeller blades themselves but rather the disturbed flow field which interacts with
the wing is needed. To determine such slipstream data a good starting point is to
separate the propeller from the rest of the aircraft and apply procedures to calculate
the characteristics of the so-called uninstalled propeller. At a later stage the influence
of the other aircraft parts can then be added in such way that the flow exhibits the
interaction effects that affect the velocities and pressure imposed by the slipstream.

To find out to what detail and accuracy the propeller forces must be determined
regarding their effect on a complete aircraft the magnitude and direction of the forces
and moments must be established.

In Fig.2.2 the most important propeller forces and moments that act on the pro-
peller are sketched. The main contributor to the airplane performance is of course
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the thrust force. Other forces, however, play an important role as well. In general it
can be stated that forces and moments are generated along all three axes in case the
propeller is positioned at a non-zero angle of attack to the incoming flow. With the
propeller closely coupled to the wing (upwash in front of the wing) and regarding the
dynamics of the aircraft (angle of attack) most of the time this non-zero inflow angle
will be present. The main contributors that need further attention are:

e the thrust force because of its important role in the thrust-drag bookkeeping

e the propeller normal force for its direct contribution to the aircraft lift coefficient
and the considerable influence on the stability of the aircraft [18].

The propeller moments are small compared to the moments produced by the com-
plete aircraft. Hence it is not necessary to treat them in detail. The main contributors

to the aircraft’s stability and performance are in fact restricted to the normal force
and the torque.

2.4 Characteristics of propeller slipstream flow

The description of the interactive flow around the propeller-wing configuration re-
quires detailed information about the characteristics of the slipstream in the presence
of the wing. As starting point for the description of this flow the uninstalled propeller
may be considered. An attractive way to represent the propeller is the concept of

an advancing rotating wing which produces a helical vortex system as sketched in
Fig.2.3.

blade vortex

Figure 2.3: Helical vortex system and slipstream tube generated by a propeller.
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Due to the self-induced velocities produced by the vortex system the vortex wakes
tend to deform and roll up which produces a so-called slipstream tube with strong
gradients in various flow quantities both in streamwise and radial direction. In case
of an asymmetrical loading distribution on the propeller, for example caused by a
non-zero angle of attack of the thrust axis, also a variation of the flow quantities in
azimuthal direction exists.

The most important flow quantities that characterize the slipstream are:

e Axial velocity profile

e Swirl velocity profile

Total pressure distribution

Static pressure distribution

Vorticity

Helicity
e Contraction

These quantities will be further explained in the following sections. Additional
features of the propeller slipstream and possible ways to determine the propeller
forces based on the so-called ”Blade Element Method” are summarized in Appendix
A.

2.4.1 Axial velocity profile

The local velocity in the 3-dimensional space consists of three components: V =
(u,v,w)T in a Cartesian coordinate system.

In case the propeller thrust axis is directed in the (streamwise) x-direction the
u-component becomes the axial velocity component, here denoted with v,. A typical
distribution in radial direction of this component for a general multi-bladed propeller
is presented in Fig.2.4.

Due to the non-uniform loading a strong gradient exist in blade spanwise direction
and a maximum value is found close to the %R location. The low value of v, close to
the blade root is indicative for the relative low blade loading in this region.

As can be seen in Fig.2.5, the axial flow component increases in streamwise di-
rection as a result of the increased length of the vortex system at the particular ref-
erence location. When the interaction with a trailing wing is considered, apparently
the streamwise distance between the propeller and the wing becomes an important
parameter.
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Figure 2.4: Typical radial distribution of azial velocity, tangential velocity, total
pressure and static pressure directly behind a 6 bladed lightly loaded
propeller; BEM analysis.

2.4.2 Swirl velocity profile

To elucidate the distribution of the propeller induced tangential velocity component,
v = Vv2 + w2, it is helpful to assume an infinite number of blades. This assumption
agrees well with the concept of the actuator disk. Since the number of blades is
infinite the slipstream domain behind the propeller is completely filled with vortex
lines. Based on the simple model, as sketched in Fig.2.6, we find that the bound
vortices , attached to the propeller blades, induce no axial velocity in the slipstream.
This can be demonstrated by considering two elemental vortices OR and OS located
symmetrically with respect to OQ.

The velocities induced by these vortex lines are equal in magnitude but their
direction is opposite. By adding all the effects of vortex pairs that constitute the
complete bound vortex system it can be concluded that the axial induced flow velocity
is the result of the free trailing vortex lines in the slipstream only.

The situation for the tangential velocity, on the other hand, is different. The
tangential components, (v;)yg and (v;)og have the same direction which results in a
non-zero tangential velocity component in P.

It should be noticed that vortex line OS’ induces a tangential component in op-
posite direction but due to the larger distance to point P the magnitude of this
component is smaller than that due to the OS vortex. From Fig.2.6 it becomes clear
that the tangential velocity has the same direction as the sense of rotation of the
propeller.
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Figure 2.5: Streamwise development of the azial velocity increase and pressures
in the slipstream. The velocity jump increases from v, at the pro-
peller disk to 2v, far downstream. Pressures are not scaled relatively
to each other.

An equal reasoning can now be followed for a point P’ in front of the propeller
where the direction of the induced velocity is opposite to the propeller rotation direc-
tion. The circulation found over a circle with a radius rand enclosing the propeller
axis, should then show a non-zero value. This is physically not possible since the
circle, in front of the propeller, does not enclose any vortex line. We may therefore
conclude that the tangential velocity in P’, induced by the bound vortex system is
compensated by the component induced by the free vortices in the slipstream. In
Fig.2.7 the distribution in axial direction of the tangential velocity due to both the
bound vortex system and the free vortex system is sketched. By adding the effect
of both systems, we see that the tangential velocity component is zero everywhere in
front of the propeller; its value is w in the propeller plane and becomes 2w far behind
the propeller.

The tangential velocity component in the slipstream (often referred to as the ”swirl
velocity™) is presented in Fig.2.4 for a typical propeller. As can be seen the form differs
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Figure 2.6: Axial and tangential velocities induced by the propeller blade bound
vortex system.

from the axial velocity profile due to the loading character of the blades.

For varying propeller loading conditions the form of the axial velocity distribution
remains unchanged whereas the form of the swirl velocity distribution can change
significantly with the propeller advance ratio. An example of this fact is presented in
Fig.2.8 for the Fokker 50 propeller.

The swirl angle, defined as:

O = tan™! (v;/ (Vo + va)) (2.1)

depends on both the axial and the tangential velocity component in the slipstream.
Since the axial component varies in axial direction and the swirl component stays
constant, the swirl angle changes in axial direction. Hence the swirl angle at the
location of the wing becomes dependant of the distance, dp, between the wing and
the propeller. Consequently the resulting changes in local angle of attack for a trailing
wing will affect the propeller-wing interaction effects. The change in swirl angle for a
typical lightly loaded propeller is sketched in Fig.2.9.

2.4.3 Total and static pressure distribution

Both the total and the static pressure rise across the propeller disk, as sketched
in Fig.2.4 demonstrate a maximum close to the 0.75R position due to the loading
that peaks in this location. A significant difference between the two pressures is
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Figure 2.7: Bound and free vortex contribution to the tangential induced velocity
in the propeller slipstream (upper figure) and the resultant compo-
nent (lower figure).

noticed when the streamwise development is observed. Where the static pressure
jumps locally when passing the disk, the total pressure jumps to a constant value
in the slipstream. The small difference between the static pressure and the total
pressure at the location of the propeller disk can be attributed to the rotational
motion imparted to the slipstream by the reaction of the torque. This can be seen as
follows.

Let p be the static pressure immediately in front and Ap the pressure increase
behind the propeller. Further, let v,, v, and v; be the axial, the radial and the
angular velocity component at a radius r. In the slipstream far downstream, the
pressure and the velocity components are denoted with an index s: ps, vq,, vr, and
vt,. When the contraction of the slipstream is neglected the radial velocity component
becomes zero: v, = v,, = 0.

Considering the total pressure of the flow before and behind the propeller disk
gives:

Dtoo = Poo + %Pvfc

ot L p((Vio + 0)? +2) (22)
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Figure 2.8: Typical variation of the swirl velocity distribution with propeller
speed ; F50 propeller [19]; data taken directly behind the propeller.
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Figure 2.9: Streamwise variation of the swirl angle for a lightly loaded propeller
based on eq. (2.1) ; v4/Vee = 0.06,v;/Vye = 0.06;7/R = 0.75.
The line L.E. depicts the wing leading edge of a typical twin engine
aircraft.

and:

pt, =P+ Ap+ 3p((Vie +va)? + v7)

(2.3)
=Dps+ %p((voo + Uas)z + vtgs)
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Thus:
Dt, — Proo = Ap + 3pv} (2.4)

which shows that the increase in total pressure on passing through the propeller disk
exceeds the static pressure rise Ap by a small term, %pvf, which represents the kinetic
energy of the rotational motion imposed to the fluid by the torque of the propeller.

It should be noted that an airfoil in the slipstream of a propeller is insensitive to a
change of the global value of the static pressure. For the calculation of the propeller
wing interference effects the total pressure may be used as part of the definition of
boundary conditions in CFD calculations but the parameter for which the wing is
sensitive is the dynamic pressure.

2.4.4 Vorticity
The vorticity defined as:

W £
w=VxV={w |=1]|n (2.5)
W ¢

gives important insight in the rotational character of the flow that is convected into
the slipstream. The spatial distribution of the vorticity in the slipstream is directly
related to the blade loading and the position of the blades in time. When the propeller
slipstream is treated as an unsteady problem the time dependent position of the
vortex sheets that leave the blades will have to be determined. This procedure may
be required in case the unsteady loads on a trailing wing are to be determined.

A typical example of the spatial distribution of vorticity behind a 6-bladed high
speed propeller is presented in Fig.2.10. Clearly all blades produce their own vortex
sheet whose strength and distribution of vorticity is determined by the loading con-
ditions of the specific blade. High values of vorticity are found at the tip side of the
vortex sheet were the gradient in the loading is the highest. For most practical design
calculations it is acceptable to treat the flow as being steady which implies that the
vorticity originally confined to the vorticity sheets is spread over the entire slipstream
domain.

Often the streamwise component of the vorticity:

weV

“=W

(2.6)
is presented to indicate the alignment of the blade free vortices with the flow. The se-
lection of this component to illustrate this alignment is in fact not very well-founded.
This can be explained by observing the cross-wise components (y and z) of the vortic-
ity vector, an example of which is depicted in Fig.2.11. The values in this figure were
taken from a dataset generated by Navier-Stokes computations that are described in
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Figure 2.10: Vorticity distribution in the slipstream of a 6-bladed high speed pro-
peller. CFD-calculation performed by Luursema and Veldhuis [20].

more detail in Chapter 6. The analysis plane is located directly behind the propeller
that was modelled as an actuator disk with representative jump conditions.

In Fig.2.11 calculated vorticity data taken directly behind a 4 bladed propeller
are shown. In this case the propeller, that is lightly loaded, is located well in front
of a small aspect ratio wing. Further results of this model, denoted PROWIM, are
discussed in Chapter 5. As can be clearly seen, an axis-symmetrical distribution of
the streamwise component of vorticity, w,(Fig.2.11a), is found whereas the cross-wise
components, w, and w,, depicted in Fig.2.11b and Fig.2.11c respectively, are highly
non-axis-symmetrical, as expected. The difference between the magnitudes of the
three components is relatively small indicating that the oncoming flow is extensively
disturbed by the propeller in all 3 directions. This fact certainly is important for
a good understanding of the effects of the slipstream may have on the flow over a
trailing wing.

2.4.5 Helicity

The helicity density, or simply helicity, is defined as the dot product of the vorticity
vector and the velocity vector:

h=w- -V =uf+vn+w( (2.7)

Due to the characteristics of the dot product it is a measure for the alignment
between the vorticity vector and the velocity vector.
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Figure 2.11: Distribution of z,y and z-component of vorticity in the slipstream
directly behind a lightly loaded 4-bladed propeller as taken from a
dataset produced by Nebiolo [21].

A parameter that gives direct insight in the alignment of the flow features is the
so-called relative helicity, h,, which is the normalized value of the helicity density :

By = —— = cos(a) (2.8)

helicity relative helicity

Figure 2.12: Distributions of helicity and relative helicity directly behind o lightly
loaded 4-bladed propeller as taken from a dataset produced by Nebi-
olo [21].

It takes a value between -1 and 1 where h, = 1 indicates a perfect screw-like flow
with the vorticity vector perfectly aligned with the undisturbed flow velocity vector
(@ = 0°). An example of the distribution of 4 and h, is presented in Fig.2.12. In this
case the data were again taken from the earlier mentioned CFD-calculations on the



2.4. CHARACTERISTICS OF PROPELLER SLIPSTREAM FLOW 27

PROWIM propeller-nacelle-wing model (Chapter 5), in a plane directly behind the
propeller. Both distributions show a strikingly strong directional bias. The vorticity
vector close to the nacelle surface (central part in the pictures) is mainly convected
in the direction of the local velocity vector (cos(a) — 0.8) whereas the vortical flow
at the outer edge of the slipstream shows the opposite tendency (cos(e) — ~0.5).
When the slipstream hits the trailing wing this vorticity field will affect the local flow
in the wing boundary layer and strong gradients in the local angle of attack are to
be expected. As with the high gradients in the total pressure at the tip- and the
root-side of the propeller this implies large changes in the local wing spanwise loading
due to propeller-wing interference.

2.4.6 Contraction

In order to calculate the loads on a trailing wing it is necessary to determine the
dimensions of the wing part that is immersed in the slipstream. Because the slipstream
contracts to preserve the mass flow as the velocity is increased through the propeller
disk, the diameter of the slipstream tube at the wing location will be somewhat
smaller than that at the propeller disk. In general the contraction of the slipstream
is quite small but for heavy loaded propellers neglecting the slipstream contraction
is not allowed anymore. In this case, the self-induction of the propeller wake has to
be taken into account when determining the slipstream geometry and the propeller
induction.

As shown by Theodorsen [22] , the contraction of the slipstream in the ultimate
wake is only a few percent of the propeller diameter for lightly loaded propellers. In
this case small errors are expected if flow calculations are performed without taking
the radial component of the velocity vector into account. The analysis performed by
Theodorsen is based on the calculation of the velocity field induced by a helix that lies
on a perfect cylinder with a constant pitch angle. The radial velocity is obtained using
the Biot-Savart law, integrating over the entire discontinuity surface that contains the
vortex lines of the helix. Since this procedure is rather laborious (combined with the
fact that only mild effects are expected due to the limited contraction ratio), an easier
calculation method is preferred.

According to the theory described in Appendix C the contraction ratio, Rs/R, of
the slipstream may be approximated by:

Rs(x) _ 1 +a
= (2.9)

1+‘1(1+_’—\/Rf—+ﬁ)

where @ = v,/Voc is the dimensionless axial velocity factor, related to the thrust
coefficient T,. In Fig.2.13 the contraction ratio of the Theodorsen model is compared
with a 3-dimensional analysis of an actuator disk in an inviscid, incompressible flow
calculated with a Navier-Stokes code. In both cases a uniform total pressure jump of
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Figure 2.13: Comparison of slipstream contraction ratio calculated with the
model of Theodorsen [22] and a propeller (fan) model with constant
total pressure jump across the disk. Cp = 0.125; v,/Voe = 0.074

Figure 2.14: Streamlines leaving the propeller showing the contracting effect of a
contoured nacelle as calculated for a 2D-actuator disk model. Cr =
0.125; v,/Vs = 0.074

Ap:/pt., = 0.3 was applied which results in a thrust coefficient of Cr = 0.125 and an
axial inflow factor of a = 0.074.

Although small differences between the two methods are noticeable the simpler
Theodorsen method seems to be acceptable for the purpose of determination of the
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slipstream contraction.

Although the contraction, as given by eq.(2.9) leads to acceptable results when
the un-installed propeller is considered, it can not cope with the dramatical effect
that is introduced by a nacelle. With the blade vortex system now interacting with
the (contoured) nacelle, the final contraction ratio, R,/R, becomes much smaller. An
example of this effect is presented in Fig.2.14.

2.5 Disturbance of the propeller flow field

When the propeller is installed on the aircraft it operates in a non-uniform flow
field produced by the aircraft components. Axial, vertical and horizontal velocity
increments are produced upstream and downstream of the wing.

Besides this a change in the aircraft angle of attack leads to an change in the
effective propeller angle of attack which leads to asymmetric loading.

Especially the nacelle and the wing induce a velocity perturbation at the propeller
plane and in this way the propeller thrust and power are dependant on the shape of
the nacelle and the position of the propeller relative to the wing.

When the propeller performance and slipstream characteristics are considered two
cases may be distinguished:

e the axi-symmetrical flow case where the loads relative to the rotating propeller
are "steady”. This case is important for the aerodynamic design of the propeller
itself, for the determination of the slipstream flow and for the installation effects
due to the spinner and the hub.

e the asymmetrical flow case which is the usual situation for the installed pro-
peller. This case may require a time-dependent computation to obtain the loads
on the propeller blades (1P and multiple P-loads).

2.5.1 Effect of the nacelle on the propeller

An important interference effect is experienced by the propeller due to the nacelle to
which it is mounted. Except for the atypical cases, where the nacelle features a strong
asymmetric geometry with respect to the location of the thrust axis, in general the
interference effects are axis-symmetrical.

As sketched in Fig.2.15 the nacelle will impose a non-uniform axial velocity dis-
tribution on the propeller inflow due to blockage. This change in the inflow field will
alter the loading distribution along the blades, which in turn will change the appar-
ent thrust for a given value of the shaft power. Although the change in the apparent
thrust is usually small at low Mach numbers, the design of the propeller must account
for the non-uniform flow by adapting the propeller blade twist distribution when an
optimized performance condition is sought after.
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Figure 2.15: Awial velocity increase due to the blockage effect of the nacelle

The calculation of the propeller thrust is complicated because the nacelle’s per-
turbation flow field changes the thrust on the propeller while the propeller’s pressure
field causes a thrust force on the nacelle. In fact the only contribution that is to
be known is the sum of the propeller thrust force combined with the nacelle thrust
(or drag) force. This is justified by invoking the momentum integral theorem, from
which we conclude that the vortex wake far downstream is uniquely determined by
the thrust and propulsive efficiency of the object that created it. The details of this
object and how the vortex wake was created are irrelevant to the final result. Now
the inviscid thrust force on the nacelle is simply the inviscid thrust on the *equivalent
propeller” (i.e. on the propeller/nacelle combination) minus the inviscid thrust on
the real propeller alone. The inviscid power absorbed by the propeller/nacelle com-
bination, and the inviscid power absorbed by the propeller alone, is always exactly
equal by following this procedure.

To get a first impression of the magnitude of the perturbation velocity V,, induced
by the nacelle in principle any potential flow calculation method can be used to
acceptable accuracy. Fig.2.16 contains an example of results of a simple calculation
model, where the (axis-symmetrical) nacelle is replaced by a distribution of sources
and sinks along its centerline. Here the source strength o is related to the nacelle
cross-sectional area distribution S(z) through:

dS(z)
=U, —2 2.10
7 * dx ( )
where z is the axial coordinate, positive in downstream direction. The perturbation

velocity is then calculated from:

Velr,x) = g—: (2.11)
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Figure 2.16: Ezample of two arbitrary propeller-nacelle geometries (a) used for
the calculation of the azial induced wvelocity profiles (b), va/Use
versus the dimensionless radius, /R

The perturbation potential, ¢(r, ), is found by integrating over the source distri-

bution:

o(r,z)

|
47r0 (z — z0)? + 12

n

(2.12)
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In this equation the length of the nacelle is denoted with L,. As can be seen
small changes in the nacelle diameter lead to noticeable effects on the axial velocity
distribution in the propeller plane which has considerable implications on the blade
loading distribution and consequently the total propeller thrust.

When either experimental or calculated slipstream velocities for a zero degree
propeller angle of attack (a, = 0) are used in the analysis and optimization process
of a propeller-wing configuration some knowledge on the change that the angle of
attack generates is needed.

Since the focus of the current research is on the interference between the propeller
and the wing a detailed study of the nacelle effects on the inflow field is regarded
superfluous. However, the velocities in the slipstream that influence the wing behavior
are affected by the presence of the nacelle and as such the nacelle partly affects the
interactive flow field. In subsequent analyses the only nacelle effect that will be taken
into account is the direct adaptation of the axial flow field. Other effects like the
boundary layer development over the nacelle and the nacelle-wing junction as well as
the drag changes on the nacelle due to increased dynamic pressure will not be treated.

2.5.2 Wing effect on the propeller

The effect of the wing loading on the inflow field of a tractor propeller is similar to the
impact of an incidence angle on an uninstalled propeller. With the non-zero angle of
attack of the propeller induced by either the geometrical angle of attack or the effect
of the wing, the force and velocity diagram of the propeller blade changes due to the
azimuthal variation of the local blade angle of attack Fig.2.17

The only difference between the tilting of the undisturbed velocity vector (case
ap # 0) and the wing upwash effect is the small local change in the induced velocity
field due to the propelier disk position relative to the wing with its typical loading.
This can be seen from Fig.2.18 where the effect of propeller angle of attack and a
typical wing lift induced velocity perturbation is presented.

As can be seen, the induced velocity distributions for uninstalled propeller (left
side) are practically the same as found for the installed propeller in the upwash field
of the wing (right side).

Fig.2.19 shows the typical effect of a wing induced angle of attack on the total pres-
sure rise over the propeller disk for four azimuthal positions: ¢ = 0°,90°,180°, 270°.
The positions 1 = 90° and % = 270° are respectively the downgoing and the upgoing
blade position while 1 = 0° and 1 = 180° represent the position of the blade in the
upper and lower position. In this case the wing induced velocities were obtained by
performing a flow calculation with a 2-dimensional panel code on a NACA64,A015
airfoil with the propeller plane at 1R in front of the wing.

Each of the blades that is inclined at an angle of attack to an oncoming flow
generates a load which is dependent on the position of the blade in the rotation
cycle. The downgoing blade experiences a load increase while the load on the upgoing
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Figure 2.17: Blade angle of attack variation due to propeller pitch angle. For
positive angles of attack, o, the down going blade experiences a
higher loading that the up going blade.

blade is relieved. This loading change is due to changes in the angle of attack and
dynamic pressure experienced by the blade. The change in the loading of the blade
in the vertical position is only due to the blade sweeping motion; forward in the lower
position and backward in the upper position. The time-averaged result of these effects
is a force along and a moment about all 3 axes, X, Y and Z. It appears that apart from
the changes in the thrust and the torque the most important forces and moments due
to angle of attack are a normal force, C, and a yawing moment,Cl, . This situation
corresponds to the case of a propeller in yaw — the result of the wing induced side
wash — when a side force, Cy and a pitching moment, Cy, p, are produced.

From earlier investigations [24, 13, 25] it is known that the resulting moment
coefficients are fairly small compared to the total values of the aircraft. The moment
has a magnitude of the order of the in-plane force acting at an arm given by the radius
of the propeller disc. In practice the in-plane forces and moment behave significantly
linearly for inclination angles up to about 20°. The upper limit of this linear behavior
depends primarily on the advance ratio, J.

To calculate the in-plane forces and moments Ribner [25] used a method based
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Figure 2.18: Local induced velocity in the propeller (survey) plane of a typical
tractor propeller wing configuration. Left: uninstalled propeller at
oy, = 1.5°; Right: propeller in the upwash field of the wing at the
same average effective propeller angle of attack.

on the blade element or strip theory (BEM, see Appendix A) which is applicable to
small or moderate angles of attack. It was De Young [26] who extended the theory of
Ribner to produce a set of simple equations that are applicable to any planform and
to high angles of attack.

When the Blade Element Model is applied in the calculation of the propeller
characteristics the local blade angle of attack is needed. As described in Appendix
A this angle can found by superposition of the propeller and the wing induced blade
angle of attack.

The effects of the propeller angle of attack were implemented in a program denoted
proplb, which is based on the Blade Element Model including the Prandtl tip loss
factor as described in Appendix A. Results from this propeller analysis program were
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Figure 2.19: Effect of wing induced velocities on the total pressure rise across
the propeller ; ”Beaver propeller” [23], positioned at 1R in front of
a NACA 645 A015 airfoil ; J = 0.80; fo.75 = 25°.

used in several calculations throughout this thesis.

Some examples of the effect of propeller angle of attack on the so-called ”Beaver”
propeller, which was used during the experiments described in Chapter 5, are pre-
sented in Fig.2.20.

First, as Fig.2.20 indicates, the blade loading becomes dependent on the azimuthal
position, as expected, while the thrust coefficient and the torque coeflicient for mod-
erate advance ratios increases slightly. This leads to a somewhat smaller propeller
efficiency in the case of including wing induced velocities as can be seen in Fig.2.20d.
As anticipated, the highest blade loading (highest total pressure rise) is found for the
down going blade and the lowest for the up going one. As will be shown in subsequent
chapters it is essential to take this slipstream asymmetry into account for accurate
propeller-wing interaction calculations.
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Figure 2.20: Typical effect of wing induced angle of attack on the propeller:
thrust loading per blade versus azimuthal position (a) ; thrust co-
efficient (b), torque coefficient (c} and the efficiency (d) versus
propeller advance ratio; ”Beaver” propeller; B3o.7sp = 25°; BEM
result (proplh).

2.6 Propeller slipstream effects on the wing

In a tractor propeller arrangement a considerable part of the wing is directly affected
by the propeller slipstream. The larger the proportions of these surfaces and the
higher the propeller loading (and angle of attack range), the greater the slipstream
effect on the aircraft will be.

Since the slipstream consists of a swirl and an axial velocity component as well
as a pressure jump, with reference to the undisturbed flow, the lift distribution and
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Figure 2.21: Change in local wing lift coefficient due to the axial velocity increase
in the slipstream for a neutral (z=0) and a high (2>0) vertical
propeller position. The effect of the propeller outside the slipstream
1s intentionally left out of the picture.

with it the overall wing coefficients, are strongly affected. As a result of the modified
flow pattern due to the propeller the effects are not confined to the wing part within
the slipstream but to parts outside of it as well.

The axial and the swirl velocity induced by the propeller both have their own very
specific influence on the flow over the wing. The axial velocity (or alternatively the
dynamic pressure) increase does not change the local lift and drag coefficient when
based on the local flow conditions inside the slipstream, the local forces, however,
are strongly affected. As sketched in section 2.4 the axial velocity distribution is non-
uniform; it changes radically in radial direction. Depending on the vertical position of
the propeller the wing cross sections are thus more or less affected with higher dynamic
pressure values leading to higher values of the local lift- and drag coefficient, based
on the undisturbed flow conditions. With the axial velocity distribution symmetrical
with respect to the propeller thrust axis (for oy, ,, = 0) the effect on the wing load is
equal for both the inboard and outboard side of the nacelle (Fig.2.21).

Contrary to this, the effect of the swirl velocity component is anti-symmetrical.
The propeller induced upwash at the upgoing blade side (UBS) introduces an angle
of attack increase while the component at the downgoing blade side (DBS) leads to
a decreased local wing angle of attack. With the wing at a positive angle of attack
the wing generates a positive lift that results in an augmented lift at the UBS and
decreased lift at the DBS.

Due to the anti-symmetrical character of the swirl velocity the rotation direction
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Figure 2.22: Change in local wing lift coefficient due to the swirl velocity in the
slipstream for a neutral (2=0) and a high (z>0) vertical propeller
position. The effect of the propeller outside the slipstream 1is inten-
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of propeller dominates the final shape of the spanwise wing loading distribution.
A simplified sketch of the wing loading affected by the slipstream swirl velocity is
depicted in 2.23.

Combining the effects of the axial and the tangential velocity components in the
slipstream and taking into account changes in the loading distribution outside the
slipstream domain the picture becomes more complicated. As sketched in Fig.2.23
wing regions, W-II and W-III are directly influenced by the slipstream that washes
the wing. In W-II the lift effect of the propeller swirl velocity, that changes the local
wing angle of attack, is enhanced by the increased dynamic pressure. Considering
the inboard up rotation case, in W-III these two slipstream effects counteract each
other. The result is a smaller difference between the powered and unpowered case in
this region. It can be clearly seen that the propeller effect is not limited to the wing
part (with a span equal to the contracted slipstream diameter) directly behind the
propeller. Due to the changed wing inflow conditions generated by the propeller the
loading in W-I and W-IV changes as well, both for the inboard up and outboard up
running propeller. This is the result of the distorted vorticity sheet that leaves the
wing.

The consequences of the propeller induced velocities on the wing can be illustrated
in more detail by considering a propeller at z, = 0 in front of an infinite wing (Fig.2.24)
at a =0°.
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Figure 2.23: Lift distributions in wing regions affected by the combined effect of
the axial and the tangential velocity component in the slipstream

In the propeller induced upwash region the increase in the local angle of attack
tilts the local force vector forward producing components of positive lift and negative
drag (increased leading edge suction). Similarly, in the downwash region negative
lift and, again, negative drag is produced. The negative components of drag (thrust)
can in fact be regarded as an enhancement of the propeller performance with can
be interpreted as a reduction in swirl losses. For this reason, in the discussion of
the propeller-wing interaction problem, the wing is said to "recover swirl”. This
phenomenon is comparable to the effect of stator vanes in a turbine engine.

Even with the infinite wing set at a positive angle of attack, now producing positive
lift, the net effect of the propeller on the induced drag force is negative. This is due
to the fact that the forward rotated forces are augmented while the backward rotated
forces are somewhat attenuated. The net result on the wing lift will be positive due
to the increased dynamic pressure on both sides of the propeller axis.

The main difference between the infinite wing, sketched in Fig.2.24, and a finite
wing is the effect of the wing span loading distribution. In case the loading at the
nacelle inboard side is bigger than the outboard side the contribution of the propeller
slipstream effect will be stronger here than on the nacelle outboard side.

This means that an inboard up rotating propeller produces a performance increase
while the outboard up rotating propeller would lead to some reduction in lift and
increase in the net drag.
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Figure 2.24: Effect of slipstream swirl velocity on the local forces of an infinite
wing at a = 0°.

Apparently the wing span load gradients have a strong impact on the net effect
of the propeller slipstream. Since the greatest span loading gradients are found near
the wing tip the effect of the propeller will be stronger there. This statement if fully
justified by the calculation results presented in Chapter 6.

With the acceptance that a wing drag reduction would require the backward ro-
tated force in the downwash region to be smaller than the forward rotated force in the
upwash region it should be noticed that there is a natural tendency to this condition
due to the slipstream effect itself. An interesting question, which will be discussed in
Chapter 7, is whether further performance improvements can be obtained by enhanc-
ing the difference in inboard and outboard loading by appropriate local adaptation of
the wing geometry like airfoil camber and twist distribution.

Another important aspect of the way the propeller slipstream influences the wing
is the direct effect on the wing boundary layer. Where previous discussions were
all based on the inviscid aspects of the interaction, the phenomena that occur with
respect to the boundary layer require an analysis of the viscous flow characteristics.

Apart from the investigation of the overall performance benefits of the propeller
slipstream interaction with the wing, also studies were conducted to investigate the
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effect of the wing boundary layer and the effect of the unsteady pressure distribution
[27]. Since the propeller produces an unsteady flow field where the turbulent values
from the propeller impinge on the wing, it was thought that the propeller slipstream
forced the wing boundary layer to transit from a laminar to a turbulent state. How-
ever, experiments using hot-wire anemometry and hot-film [28, 27] showed that in
practice the wing boundary layer cycles from a laminar to a transitional turbulent
state and back to laminar at the blade pass frequency. Although this phenomenon
affects the local wing profile drag coeflicient its presence is inevitable and as such it
can not be used in a design optimization. Therefore the detailed effect of the propeller
slipstream on the boundary layer transition process will not be treated in this thesis.

2.7 Swirl recovery

An important aspect in the calculation of the slipstream-induced velocities with sim-
ple models is the reduction of the rotational velocity in the slipstream due to the
wing. Both experimental and numerical studies have shown that there is a significant
reduction in rotation (swirl velocity) due to the presence of the wing.

Various windtunnel tests have indicated that the amount of the reduction in the
rotational velocity depends on numerous factors like the propeller position relative to
the wing, the power setting, the wing loading and so forth.

It should be noted that while there is some reduction in rotational velocity due
to viscous effects, it is more likely that a change in the slipstream helix angle is the
main cause for the reduction in the rotational velocity. In fact the reduction in the
slipstream helix angle can be attributed to the wing induced upwash (in front) and
downwash (behind).

At the upgoing blade side the angle of rotation is directly reduced by the aug-
mented downwash produced by the wing. The downgoing blade side, on the other
hand, experiences a reduction of the rotation angle due tot the wing induced upwash.
Consequently, the wing is assumed to reduce the angle of rotation of the slipstream
within the part that wash over it. The amount of helix angle reduction is dependent
on local flow angle of attack and the location of the wing with respect to the propeller
rotation axis. It will be shown in Chapter 7 that it is of vital importance to model
swirl recovery properly to arrive at acceptable calculation results.

2.8 Effects of propeller position

A parameter that strongly affects the interaction is the position of the propeller
with respect to the wing. Although we may see in subsequent sections that certain
configurations lead to considerable performance benefits, it is clear that some layouts
are impractical because of structural problems or maintenance complexity. A general
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impression of the propeller-wing arrangement of typical twin-engined propeller aircraft
is presented in Table 2.1.

Table 2.1: Typical ranges for the propeller position on twin-engined aircraft.

Dimension Range
zp/R 0.81 « 1.56
yp/(b/2) 0.23 <~ 0.36
zp/R -0.25 < 0.42

As we see, in all three directions x, y and z the ranges are quite limited. Although
for most practical applications the propeller positions within the range given in Table
2.1 are to be investigated, analysis of some off-design layouts will be discussed as well,
to investigate the limits in the performance of propeller-wing configurations.

A change in the vertical propeller position leads to a noticeable variation of both
the dynamic pressure distribution and the local angle of attack due to the radial
distribution of the propeller induced velocity components (see Chapter 7 and 8).
Besides this, the dimension of wing part immersed in the slipstream will change.
Both aspect lead to changes in the interaction effect and the performance.

The slipstream needs some time (distance behind the propeller) to develop to
a more or less steady state found at several radii behind the disk. Consequently,
variation of the streamwise z-position of the propeller has some (though limited)
impact on the wing. In this case the static and the dynamic pressure change with x,
while the swirl velocity stays constant (Fig.2.7). As the swirl velocity has the strongest
effects on the wing loading distribution, calculations reveal that the propeller-wing
combination exhibits only limited sensitivity to z,-changes. When the propeller is
positioned within the range given in Table 2.1 the wing loading gradients are generally
very limited. The small changes that occur are discussed in more detail in Chapter 5
and 6.

High and low propeller position

When the problem of propeller wing interaction is considered it may be beneficial to
distinguish 2 special cases:

o the propeller and wing separated by a large distance; hence no interaction occurs

e the propeller and the wing in close proximity but with the wing still outside the
slipstream boundary.

Selecting the latter case where the wing is not immersed in the slipstream is
attractive from the point of reduced complexity of the interaction problem. Outside
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Low propeller position: angle of attack decrease

High propeller position: angle of attack increase

Figure 2.25: Local wing angle of attack effect for a high and a low propeller
position.

the slipstream the changes in absolute flow velocity are so small that their effect can
be neglected. Only the changes in flow direction have to be accounted for, leading to
changes in the wing lift and drag that can be easily obtained. In an early experimental
investigation [12] it was already found that in the case of a high propeller position, as
sketched in Fig.2.25, for a given lift, both the drag and the propeller thrust are reduced
compared to the case without interactions (infinite distance between the propeller and
the wing). Vice versa an increase in drag and thrust is found for the low propeller
position.

An explanation for these findings can simply be given based on the effect of the
slipstream contraction.

In case of the high propeller position (HPP) the contraction induced flow field
generates an upwash for the wing which leads to a lift increment and a lowering of
the drag (the force vector is tilted-forward). For the low propeller position (LPP) the
opposite effect occurs as a result of the contraction induced downwash.

Important for the estimation of the total propeller-wing performance is the fact
that for the HPP an increase in the axial inflow velocity for the propeller is found due
to the presence of the wing (effect of the wing suction side). The consequence now is
a lower thrust of the propeller and reduced propeller efficiency. The determination of
the total performance should now incorporate the reduction of the drag that, in this
case, can be achieved by lowering the wing angle of attack to obtain the constant lift
coefficient that is required for an aircraft in equilibrium. For the LPP the opposite
reasoning can be set up.

Furthermore, the discussion on the principal effects of the interaction between the
propeller and the wing can be extended by considering the flow field characteristics
far downstream of the propeller-wing configuration (comparable to the well-known
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Trefftz plane analysis).

First of all it may be noted that for a constant lift coefficient (we assume an
equilibrium state) no change in the induced drag of the wing will occur. Hence placing
the propeller in close proximity to the wing does not lead to a change in the total
strength of the vorticity field far downstream. At this point an equivalent propeller
is introduced that produces a slipstream with a cross area, S, and an axial velocity
increase, v;, equal to that of the undisturbed propeller. In case of the HPP the
diameter of the equivalent propeller should be reduced compared to the undisturbed
one because of the higher wing induced axial inflow velocity at the propeller disk
location.

In case the same diameter was selected the diameter of the slipstream of the
equivalent propeller would have been too high due to the increased mass flow through
the disk. The axial velocity increase of the propeller should be adapted and kept
constant through an appropriate change in the propeller blade setting.

With the equivalent propeller set at these conditions a thrust and efficiency equal
to that of the undisturbed propeller is obtained since slipstream diameter and v are
equal.

Following the reasoning of the wing induced drag that was unaltered when the
propeller was brought close to the wing the flow field far downstream of the propeller
is unaltered provided that the original undisturbed propeller is replaced by the given
"equivalent” propeller,

One may now conclude that far downstream no interaction between the propeller
and the wing is found since the force/energy balance is unaltered compared to the
undisturbed configuration (propeller far away from the wing). This conclusion con-
tradicts the earlier observation of mutual interaction between the propeller and the
wing.

The only way to explain this apparent contradiction is to accept that the interac-
tion manifests itself solely as an internal force.

For the airplane designer, confronted with a propeller with given diameter (not
an equivalent propeller) the interesting question is to determine whether a high or
a low propeller position is beneficial from the performance point of view. It was
shown earlier that the equivalent propeller should have a smaller diameter than the
undisturbed propeller to ensure an equal diameter of the fully developed slipstream.

Hence, leaving the diameter unaltered the mass flow through the disk is increased
which, for an equal thrust, results in an increased propeller efficiency. Therefore the
result for the high propeller position is an overall gain in propulsive efficiency. In an
analogue way the discussion on the low propeller position leads to a lower propulsive
efficiency.

To check the validity of the argumentation just discussed some sample calculations
were performed with the VLM program (see Chapter 3) on a Fokker 50 like arrange-
ment (further denoted as Model50). The propeller was located at 0.1R in front of the
wing and calculations were performed for two vertical positions: +1.1R and —1.1R
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Table 2.2: Effect of propeller vertical position on effective propulsive efficiency
for a wing with high and low propeller position ; Model50 ; high speed

case.

zp/R CL Ch € (M) corr
+1.1 | 0.546 | -0.01933 | 1.1032 | 0.3724
-1.1 | 0.517 | -0.01864 | 0.9053 | 0.3405

with respect to the wing leading edge.
The results, summarized in Table 2.2, indeed reveal the highest effective propulsive
efficiency for the high propeller position.

The inclined propeller

In the prediction of airplane performance it is often usual to assume that the line of
thrust of the propeller is parallel to the flight path. This condition exists, of course,
for only one particular angle of attack of the aircraft. For any other angle of attack,
especially when climbing or flying horizontally at low speeds, the thrust line is inclined
at an angle to the line of flight. Since the propeller, in general, operates in front of a
nacelle/wing a considerable angle of attack at the location of the propeller may exist
due to upflow generated by these aircraft parts.

When the propeller is inclined with respect to the wing reference line a non-axis
symmetrical inflow field is experienced by the blades. As indicated in Appendix A it is
possible to determine the resultant propeller normal forces to an acceptable accuracy
by using the strip theory. However, in some cases the detailed data about the propeller
characteristics, like the blade airfoil lift and drag polars are unavailable. Besides this
the effect of the propeller normal force within the complete design cycle is generally
needed for many flow conditions. This necessitates the development of an engineering
method that produces reliable results in a fast way.

Because of the labor involved in applying the strip-theory to the calculation of the
propeller normal force (even at small angles of attack), several simplified methods for
calculating the normal force have been developed [25].

Based on the theory of Ribner, extended by De Young [26] a very acceptable
procedure is presented in [29]. For single-rotation propellers the propeller-normal
force gradient can be written as:

4.250, 2 3/ L2 Cr
dOn _ A250efs (5, 4 3) UCANS i (2.13)

daeff T 14 20.5f
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Here 3p is the blade pitch angle referred to the zero-lift line of the blade airfoil section
at 0.75R, J is the effective advance ratio and Cr is the propeller thrust coefficient at
zero propeller inclination. The effective solidity, oz, is given by :

4B /¢
O'eff = g (5) (214)
where ¢, is the average blade chord from 0.2R to the blade tip, given by:
. 1.0
_ r
Cp = 3 /de (E) (2.15)
0.2

In most cases the thrust coefficient of the propeller needed in eq.(2.13) will be
available, however, an estimate can also be made by using the empirical relation
proposed by De Young:

4.6Ueff COS(ﬁo + 5)
1+ 30eps + (%ﬁt)

Various analyses of propellers at positive angle of attack have been performed and
acceptable results were found as long as the parameter restrictions as presented in
Table 2.3 are maintained. Fig.2.26 shows that a good agreement is found when the
data acquired with eq. (2.16) are compared with experimental values.

Cy=

(2.2tan(Bo) — J) (2.16)

Table 2.3: Parameter range for the applicability of the calculation method of
ref.[29], eq. (2.13). Typical errors are within +15%.

Parameter Range

Number of blades, B 2<B<10
Effective solidity, oess/B 0<oe5/B <0.08
Propeller effective angle of attack, ap, | o, < 20°

Mach number, M M<04

Thrust coefficient, Cp Cr>0

Blade pitch angle, Gy Bo > 5°

Loading low to moderate

2.9 Thrust and drag bookkeeping

In the previous sections the main aspects of propeller-wing interference have been
discussed to enable insight in the possible effects on the aircraft performance through
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Figure 2.26: Comparison of propeller test data for the normal force coefficient,
Cn.,, with the prediction following from eq. (2.13); R1=ref.[30],
R2=ref.[31], R3=ref.[32].

an adaptation of the wing lift and drag.

For the purpose of aircraft performance calculations as well as the analysis of
experimental data obtained in wind tunnels or flight tests an appropriate bookkeeping
system of thrust and drag force is needed. The importance of such a system is twofold.

First of all it allows aircraft propeller and engine manufacturers to establish a
platform of joint responsibility that can be used in discussions about estimated and
real aircraft performance (design versus the full scale product). In this respect it is
particularly important that a clear definition of thrust and drag is provided that is
well understood by all responsible partners. Important definitions and methodologies
that can be used as a guideline for this analysis are presented in Refs. [33, 34, 35, 36].

Secondly it should be appreciated that knowledge about the separate contributors
to thrust and drag allow the airplane designer to optimize turbo-prop aircraft config-
urations. By focusing on the propeller/airframe effects that occur and the means to
influence them, a more complete picture of the design space can be attained. Thus
adequate choices can be made to further enhance the efficiency and handling qualities
of modern turbo-prop aircraft.

Turning back to the first point: because of the importance of an adequate thrust-
drag bookkeeping procedure for the purpose of separating responsibilities, some im-
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portant conclusions from Ref [134] are summarized.

In Ref [134] a study is presented in which an attempt is made to determine the
thrust of a turbo-prop airplane (Swearingen Metro II) in flight. Various methods for
the measurement of engine power and propeller thrust were used. For the calculation
of the propeller shaft power:

e direct measurement of the propeller shaft torque and the engine speed
e measurement of the power lever angle and the engine fuel flow

e measurement of the interstage turbine temperature and the engine speed
The propeller thrust was determined using:

o propeller shaft power combined with a propeller {calculation) model
o measured blade angles combined with a propeller (calculation) model

e measured increase in the total pressure in the slipstream

Both in the shaft power and the thrust calculations typical differences between the
methods were in the order of 3%-5%. These values seem to be quite reasonable. How-
ever, as inconsistencies were found, the conclusions about the possibility to separate
thrust and drag are more worrisome.

Muhammad [35] concludes that serious wing angle of attack effects on the slip-
stream occur which makes further investigations of propeller-wing interaction neces-
sary. Finally the limited consistency for the different methods to determine the thrust
of a turbo-prop in flight leads to the conclusion that separation of thrust and drag is
only possible "to a limited degree”. Keeping in mind these conclusions as well as the
non-conclusive guidelines for thrust and drag bookkeeping in general ([36]) it may be
argued that the performance of the aircraft in the design phase should be judged only
by some definition of the ”total propulsive efficiency”. The definition of this efficiency
has to be based on the existing knowledge of the various parameters and phenomena
that contribute to thrust and drag.

Considering the second point, about the importance of thrust and drag bookkeep-
ing for the aircraft designer some additional thoughts emerge.

If in the design process an optimization of the propeller-wing layout is considered,
useful information should be available on all contributors to thrust and drag. From
this standpoint, indeed a complete thrust and drag bookkeeping procedure is required
as part of complete design cycle. However, in case only minor changes are expected
from a design issued earlier, it may be argued that only the factors that influence the
flow locally should be considered. For example, the ram drag of the air inlet is one
of the factors that determine the total propulsive force but the small changes in the
vertical position of the propeller are unlikely to affect the ram drag component for a
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fixed propeller setting. Hence design changes can be compared without re-calculating
this specific thrust-drag contributor. The same arguing can be followed for many
other components of the aircraft.







Chapter 3

Simplified numerical analysis
of propeller-wing
configurations

3.1 Introduction

Due to the complexity of the propeller-wing interactive flow and restrictions in formu-
lating the problem, approximations are often introduced for the numerical modelling
of the interference effects.

In the preliminary design phase of an airplane mainly (semi-) empirical methods
are utilized in case the general layout of the aircraft is still undefined. In the detailed
design phase more sophisticated surface singularity methods like vortex lattice meth-
ods and panel methods form the basis for the fine-tuning of the aircraft design. In case
further knowledge is needed regarding the flow characteristics around the aircraft, for
example for the sake of more accurate aircraft drag prediction, volume based methods
are employed which either solve the inviscid (Euler) or the viscous (Navier-Stokes)
flow equations. The degree of complexity, the modelling effort, the calculation effort
and the prediction capability of all these methods differ considerably. As a conse-
quence the choice will be based on the required degree of accuracy and the detail
of the phenomenon that the designer is interested in. In this respect all techniques
ranging from approximate engineering methods to the rather complex Navier-Stokes
solver are of equal importance.

A wing positioned behind a rotating propeller experiences a complex unsteady flow
field. There will be a periodical impingement of the vortex wakes produced by the
propeller which leads to an unsteady wing loading. A strict treatment of this unsteady
problem is rather complex and laborious with respect to the velocities induced at the

51
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location of the trailing wing. For this reason the calculation of the propeller induced
velocities is often based on time averaged values. This is equivalent to the acceptance
of a continuous distribution of the vorticity inside the slipstream. Thus, the numerical
treatment of the problem becomes much easier since the wing is now positioned in a
steady homogeneous flow field. While a clear advantage arises accepting the steady
flow case, the obvious disadvantage is the fact that the unsteady loads on the wing
can not be determined and the effects of propeller blade number and rotational speed
are radically eliminated from the analysis. When the calculation data are used in
the design process and comparison is made with time-averaged experimental data the
selection of the steady case, however, is acceptable.

In the next sections the most important simplified numerical modelling techniques
for the calculation of the propeller-wing interference problem will be discussed whereas
in Chapter 4 the application o the Euler/Navier Stokes methods is treated. The
attention is focused on the implementation of the propeller model in the specific
method. For detailed information about the methods in general the reader is referred
to open literature, where appropriate.

3.2 Empirical methods

For a first-order estimation of the effect of propeller on the performance of the air-
craft empirical methods are efficient in the preliminary design phase, especially when
windtunnel data of the configuration under consideration are unavailable.

To ensure fast response of the methods when configuration changes are made only
simplified models of the configurations are used. Most methods are based on elemen-
tary momentum considerations, windtunnel data correlations and /or other relatively
simple empirical methods.

One of the first methods to analyze the interaction between a propeller slipstream
and a wing was presented by Smelt and Davies [37]. They used a (semi-) empirical
method that provided information about the lift distribution on the lifting surfaces
and the forces and moments of the entire configuration.

A more accurate method of estimating the thrust decrement and drag increment
due to the interaction of propeller flow with a body (or nacelle) at zero incidence is
described in ref [38]. It applies to smoothly contoured bodies with a tractor propeller
at or near the nose or a pusher propeller at or near the tail and the propellers may
be counter-rotating.

Jameson {39] and Fowler [40] present methods to determine the influence of the
propeller on the lift and drag characteristics including various flap deflection effects
while Marr [41] describes a method for analysing static longitudinal stability, based
on the method of Millikan [42].

The DATCOM data sheets [43] provide a systematic summary of methods for
estimating basic stability and control derivatives for any given flight condition and
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configuration. These DATCOM methods are based on existing theory and/or exper-
imental data. However, their use is restricted to approximations of the aerodynamic
characteristics of individual components or based on a simple combination of different
components. Although the DATCOM methods can estimate the forces and moments
on both free propellers and propeller-wing combinations at low speed, their accuracy
is limited and they lack the capability to study the details of the interactive flow
since only the integrated aerodynamic characteristics, like total lift and drag of the
configuration, are given.

3.3 Momentum theory

A possible starting-point for a simplified analysis is the application of momentum
theory, similar to the method described by Kuhn [44] and Obert [45]. One obvious
limitation of the usage of the momentum theory is the inability to model the swirl
effects of the propeller slipstream that are important for a detailed design of the
nacelle-wing layout. Nevertheless the momentum based methods are important for
fast acquisition of the various aspects that play a role in the interactive flow like the
influence of flap deflection a low speeds.

The method described herein assumes the power-off values of lift and longitudinal
force to be known. Subsequently the power-on characteristics of the propeller-wing
system are determined by only two slipstream related parameters which are dependent
on the thrust coefficient.

In the next paragraphs the most important characteristics of the method will
be discussed to enable a comparison with the extended prediction methods (which
incorporate swirl velocities in the slipstream as well) described from section 3.4 on.

The method is applied to a propeller/wing/flap system with a tractor propeller
mounted ahead of the wing Fig. 3.1.

The flow is represented by a single streamtube around the wing (index w) and
separate streamtubes around every propeller (index s). At the location of the wing
the cross sectional areas of the wing stream tube and the propeller streamtube are A,,
(= (n/4)b* — NpAs) and Aj respectively. The slipstreams produced by the propellers
are assumed to be fully developed when they have reached the wing leading edge i.e.
no further contraction takes place along the wing.

The forces, that are important for the calculation of the characteristics of the
configuration, are resolved in z- and z direction both for the propeller(s) and the
wing. Following the momentum theory the forces on the wing streamtube can be
written as:

X = 1My Vo (1 — fuy) cosey — 1)

Zyy = 11y Vo (1 — fu)sin &) (3.1)

where 771, is the mass flow through A4,, while f,, represents the viscous losses that
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Figure 3.1: Layout of the propeller-wing-flap system with surrounding stream-
tubes used in the momentum method.

reduce the downstream velocity vector. For the propellers (index p), in an analogue
way, we find:

X, = Nprng (Vs cos €5 — Vo) (3.2)

Zy, = NpmsVsin gy '
while for the complete propeller streamtubes (index s) the forces of all N, propellers
may be written as:

Xp+ Xy = Npring (1 — fs) Vscoses — Voo) (3.3)
Zp+ Zs = Nprng (1 — f5) Vs sines ’
Expressions (3.1),(3.2) and (3.3) contain pairs of unknowns ((fu,€w), (€p, Ms), (fs,€s))
that may be determined by using experimental force measurements, as follows.
First of all for the streamtube of the wing without the slipstream present the
inviscid flow case (i.e. f,, = 0) leads to the following expression the lift and the drag
of the wing:

mb?
L= mAVz = p—4’_Voo . Voo sin Ew (34)
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ph?

D=mAV, = TVOC + Vo (€OS E4y — 1) (3.5)

or in dimensionless form:

L wb?
CL = ——— = ——sing, 3.6
L %pVozoS 55 s e ( )
D b2
Cp=——7+—=—(1- w 3.7
D= Tyyag = 55 (1~ cosew) (3.7)

When viscous effects are taken into account they tend to reduce the flow velocity at
the location of the wing. Therefore eq. (3.6) and (3.7) reduce to:
7r

CL= 2A(1 — fuw)singy, (3.8)

Cp = gA(l — (1= fu)coscw) (3.9)

where A is the wing aspect ratio, 4 = b2/S.
Solving eq. (3.8) and (3.9) for f, and &, leads to:

¢ [ =2 CL } (3.10)
€w = arctan | —F45—— .
1-%Cp

fu=1- <(ﬂ—2A;CL>2 + (1 - ;ZCDY)% (3.11)

The first pair of unknowns, (fu,&w), is now determined by the measured lift and
drag coefficient in the unpowered case.
Eqg. (3.1) can be written in dimensionless form:

My Voo

Cx,=+——5
i %stNpSp Vs

((1 - fu) COSEqy — 1) (312)

In this case the total propeller disk area, N,S5, is chosen instead of the wing
area, S, as the reference area in the denominator. This is due to fact that in the
empirical approach [44] for the determination of fs and £5 test data at zero forward
speed (Cr = T/(qsSp) = 1) are used in which the existing forces are related to the
propellers only. However, Eq. (3.12) can simly be converted to the more usual form
based on kinetic pressure of the free-stream, ¢, and the wing area, S, by:

Cz NS
r z yd
C’3”_1—C’T S

(3.13)
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It should be noted that in eq.(3.12) the max flow through the wing streamtube is
reduced by the flow through the propeller tubes, pVoc NpA,. Therefore:

2
w = pVoo (”b —N,A ) (3.14)

In the axial momentum theory of propellers uniform flow conditions area assumed
across the propeller disk. Hence the area at the slipstream tube is easily found from:

1
_ 2 (Voo + VS) _l_
As = v Sp = 5 (1+7)S, (3.15)
where the ratio ris V,/V;. Combining eq. (3.12), (3.14) and (3.15) now leads to:
2
Cx, = (ﬁ ( (1+r ) (1 = fuw)cosey — 1) (3.16)
P

2
Cz, = (% <%> —(1+ 7')) 2 (1= fu)sine, (3.17)

The following step is the determination of the unknowns, ¢, and 7, in eq. (3.2),
which are related to the direct propeller forces. Accepting the small angles restriction,
ap < 12°, the normal force component that is developed by the propeller is negligible
small (this simplification will not be used in the Vortex Lattice method described
further on). Hence, only the horizontal and vertical component of the thrust force
has to be accounted for:

Cx, = Crcosay (3.18)
Cz, = Crsina, (3.19)

The acceptance of the axial momentum theory for the propellers requires that the
propeller normal force is ignored. Hence there is no change of momentum perpendic-
ular to the propeller thrust axis. Application of momentum theory in axial direction
then leads to relations for the mass flow through the slipstream tube:

= (L+7) oS,V (3.20)
and the deflection angle of the slipstream tube:

e = (1 _a- cT)%) ap = (1—1)ay (3.21)

Finally, eq. (3.3) should be evaluated further to be able to determine the unknowns
fs and £5. Writing in dimensionless form leads to:
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s

Cx, +Cx, = ((1— fs)coses — 1) (3.22)
%stSp
Cz, +C i (1 — fs)sine (3.23)
Zp Zs — —Js s .
2PVsSp

As with other coefficients that are used in this semi-empirical approach the force coef-
ficients on the left hand side of (3.22) and (3.23) can be found from force measurements
in X-and Z-direction:

Cx, +Cx, = (Cx - Cx,) (3.24)

Czp-i-Czs =(Cz—CZw) (3.25)

Alternatively the components Cx, and Cz, may be obtained from eq. (3.16) and
eq. (3.17). Hence eq. (3.22) and (3.23) become:

Cx,+Cx, = (1+7)((1— fs)coses — 1) (3.26)

Cz, +Cz, = (1+7) (1~ fs)sine, (3.27)

from which the value of €5 and fs can be obtained.

Combining eq. (3.16) and (3.26) for the horizontal component and eq. (3.17) and
(3.27) for the vertical component leads to the total force coefficient for the complete
propeller/wing/flap system:

meas

meas

Cx = Cxp +Cx,
=(1+7)((1~ fs)coses —7) +

(Nip (%) -1+ T)) 2 (1 — fs,) COSEryy — 1)

Cz = CZp +Cz,

(3.28)

2
=(14+7r)(1— fs)sines + (% (%) —(1+r)] r2> (1 - fs,)sines,

where the index 0 refers the power off condition.

With eq. (3.28) the force coefficients in X- and Z-direction of the complete
propeller-wing configuration can be calculateted.

Note that he empirical character of the procedure given above is partly due to the
information necessary to determine the parameters ey, ,,, fs and f,,. The slipstream
deflection angle €5, and the viscous loss parameter in the power-off case can be de-
termined from eq. (3.10) and (3.11) by using the power-off lift coefficient Cr,and the
power-off drag coeflicient Cp,.
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The estimation of €5 and fs for the power-on condition, however, requires a more
extensive procedure that relies on empirical relations based on experimental wind
tunnel data. Parameters that were found to affect the value of e, and f, are:

the propeller position and angle of incidence

the nacelle dimension

the flap deflection and the flap chord relative to the wing chord which determine
the so-called flap the turning effectiveness [13].

the flap cut-out dimension within the area washed by the slipstream

Chappel et al [38] provides detailed procedures to estimate the effect of these
parameters.

The method sketched above provides the separate estimation of forces on the
propeller and on the nacelle/wing/flap provided the flow is fully-attached. The ac-
curacy of the method for the predictions of the lift and longitudinal force on the
nacelle/wing/flap system is expected to be within 10 and 15 per cent respectively.

Looking at the relations in (3.28) we see that two main effects determine the
total lift and drag of the propeller wing combination: the axial velocity increase
in the slipstream and its development in streamwise direction combined with the
deflection of the streamtubes of the wing and the propeller. As stated before this
means that no effect of the swirl velocity is present in the model. It is known from
practice, however, that for zero to small flap deflections the total performance of the
propeller-wing configuration is affected by the form of the swirl distribution. This
is due to the fact that under these conditions the slipstream boundary is very well
preserved [46] whereas for moderate to high flap deflection angles the slipstream
velocity profiles are completely distorted. Thus the deflection angles induce the most
prominent effect on the propeller-wing interactive flow field when flaps are deflected.
In the cruise condition the deflection angles of the flow are relatively small which
requires an enhanced prediction accuracy to be able to find small effects on the lift
and the drag. Consequently the semi-empirical method presented here is best suited
to cases with moderately large flap deflections, as found during take-off and landing.

With these restrictions the momentum method may fail in the accurate prediction
of propeller-wing performance in the (less complex) cruise condition. As will be
discussed in subsequent sections more elaborate calculation methods are available for
the cruise phase of the aircraft.
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3.4 Vortex lattice method

3.4.1 Background

Although their region of application and absolute accuracy is limited, Vortex lattice
Methods (VLM), are still widely used for estimating aircraft aerodynamic charac-
teristics. They have been incorporated in conceptual airplane design to predict the
configuration neutral point, lift-curve slope and lifting surface interaction. Limited
to subsonic flight speeds, this computational approach is better than using semi-
empirical engineering methods as described in section 3.3 and [43] in that unconven-
tional geometric arrangements can be accommodated easily and, important for this
research, the implementation of propeller slipstream can be performed in a rather
straightforward manner. Since the VLM is based on potential flow theory, its validity
is restricted to the linear aerodynamics region, and hence it is principally only valid
in the low-angle of attack flight regime (cruise). Furthermore, it does not account
for viscous effects nor for leading-edge vortex lift effects. Nevertheless Mach number
effects in subcritical flow can be accounted for using the Prandtl-Glauert correction.

Various references are available that describe the theory of the vortex lattice tech-
nique in detail [47, 48, 49]. Therefore the description of the form used in this thesis is
limited to the aspects needed to model the propeller-wing interaction problem only.
Many variations of the vortex lattice method have been developed. Some examples
of the application of the VLM-techniques for the purpose of analyzing propeller-wing
interaction can be found in [50] and [51].

The VLM scheme used in this study is based on the simplification of the wing
vortex system modeled as a series of horseshoe vortices, as illustrated in 6.3.6. The
wing thickness is neglected which results in the inability to find accurate values of the
chordwise pressure distribution.

The wing is modelled by dividing the planform up into a lattice of quadrilateral
panels, and a horseshoe vortex is put on each panel. The bound vortex of the horse-
shoe vortex is put on the 1/4 chord element line of each panel, in line with the Prandtl
lifting line theory, while the control point on the 3/4 chord point of each panel is lo-
cated at the midpoint in the spanwise direction. An important assumption for the
further analysis of the vortex induced velocities at the control point is the fact that
the wake is assumed to be flat and lying in the plane of the wing at z = 0. This
constraint is equivalent to the acceptance of a wake that is not completely force free.
Numerical investigations [52], however, have shown that this restriction in general
leads to satisfactory lift and induced drag values for wing having moderate to high
aspect ratios (say 4 > 6).

The finite number of individual horseshoe vortices that are placed in trapezoidal
panels in fact approximate the continuous distribution of vorticity that leaves the
wing surface.

The trailing vortices normally follow a curved path when they leave the wing
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Figure 3.2: VLM-layout representing the lifting wing behind a propeller. The
horseshoe vortez of one panel only was sketched.

due to the downwash that is the result of positive lift. This curvature is certainly
found when a propeller slipstream interacts with the wing vortex sheet. However, for
many engineering applications an acceptable accuracy may be obtained assuming the
trailing vortex filament to be extending to infinity either parallel to the free stream
or parallel to the wing stream-wise axis (z-axis). By selecting the latter direction
the calculations become more simplified since the influence coefficient matrix then
becomes independent of the wing angle of attack.

To obtain the aerodynamic characteristics, the strengths of each of the horseshoe
vortices must be found so that the vector sum of their induced velocity and the free-
stream contribution at each control point satisfies the boundary condition of a zero
normal velocity component. The induced velocity at a point due to a straight line
segment of a vortex filament is given by the Biot-Savart Law.

After solving a system of equations for the vortex strengths they can then be
integrated over the surface to obtain the forces and moments.

Is should be noted here that one of the major drawbacks of VLM-technique is
its inherent failure at the wing leading edge and the tip were thickness effects are
substantial. The problem is in fact the inability of the method to reasonably calculate
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the local pressure distribution; the total (and local) forces, however, are predicted to
a quite acceptable level.

Although this method constitutes a rather crude model of the real flow around
the wing, its simplicity allows some interesting analyses to be performed. The re-
duced calculation time that is typical for the method allows a quick survey of various
configuration layouts.

3.4.2 Propeller effect

The effect of the propeller on the wing loading characteristics is based on the fact
that at the control point position an additional velocity vector, V;,, induced by the
slipstream is introduced. The differences between earlier VLM-codes, like the one
suggested by Marreta et al[51], is typically found in the way these additional velocity
components are calculated. In most cases, found in open literature, only a one-
way interaction is implemented regarding, e.g. only the propeller effect on the wing
(further denoted as single-interaction-mode or SIM) is modeled.

The method presented in this thesis employs a full interaction allowing the wing
effect on the propeller as well (full-interaction-mode or FIM).

The various techniques that may be utilized for the calculation of the propeller
slipstream induced velocity vector, V,,, are treated in Appendix A. Hence, the descrip-
tion of the VLM method here is restricted to the principal effect of the propeller.

When the VLM algorithm is set up the influence that each horseshoe vortex with
index n has on the velocity induced in control point indexed m leads to an expression
that gives the total velocity vector due to the wing bound vorticity and the vorticity
in the trailing wake. If the model is set with 2N vortices the total induced velocity
at the control point m then becomes:

2N 2N
n=1 n=1

The m x n matrix C contains the influence coefficients which solely depend on the
geometry of the wing and wake model [48]. To compute the strength of all vortices, I'y,
the boundary condition of flow tangency at the control should be implemented. This
means that the normal component of the free stream velocity balances the induced
velocity normal to the wing.

To incorporate the propeller slipstream effect at this point an additional velocity,
V, = (up,vp, wp)T, is added to the free stream velocity at the control points. Hence
the total inflow velocity vector becomes:

Vi) = Voo 4 Vi + W, (3.30)
Assuming a zero yaw angle, the free stream velocity is given by:
Ve = (Vo cos )i + (Vi sina)k (3.31)
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Hence the total velocity at control point m is given by:
Vi = (Vo €08 + U, + Um, )i+ (U, + U, )] + (Voo SINQ + Wi, + wi, )k (3.32)
If the wing surface geometry is described by :
G(z,y,2) =0 (3.33)
then the zero normal velocity boundary condition can be written as:
- VG =
VG|
This is the general expression that can be used to solve for the unknown circulation.
It is complete, insofar, as to contain the effect of the angle of attack as well as the
propeller effect. If the surface is in the z — y plane, a simpler form can be obtained.
In this case the description of the surface becomes z = f(z,y) and:

G(z,y,2) =2 —g(z,y) =0 (3.35)
The gradient of G' becomes:

9G 99 8G 99 9G _
8zr Oz 9y By B8z 1 (3.36)

Substituting this in the equation for the boundary condition leads to:

2N
a )
E (C’m,n;c - ggcm,ni - Egcm,nj)Fn =

n=1

(3.37)
Voo (cosag% — sinoc) -+ umpgg + vmpg% — Wy

P

Now consider a simple planar surface without dihedral and apply the small angles
approximation. Then eq. (3.37) reduces to:

2N
I'n (09 9y
T;Cm,nk‘—/; - (am a)m + U, (ax>m Win, (3.38)

This system of linear equations can be solved with standard techniques.

The velocity contribution of the propeller slipstream as given in eq. (3.38) is
required both on the lattice elements inside the slipstream tube and outside the slip-
stream tube since the local flow angles outside the slipstream are changed by the
contraction of the slipstream tube. For most VLM models that were published up
till now, however, this adaptation outside the slipstream tube was neglected. It will
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be shown that this leads to erroneous results when extreme positions of the propeller
relative to the wing, like an over-the-wing arrangement are selected.

Once the circulation strength is known the local forces acting on the wing panels
can be calculated and subsequently the total lift and induced drag force.

The local lift coefficient, at spanwise location k, is found from:

2 U
G, = 1 P AT 3.39
I Uka(+Uoo) k (3.39)

Summation of the local lift coefficient over the intervals Ay = yr+1 — yx leads to
the wing lift coefficient:

2N
2 Z Fk (Uoo + qu) Ayk
k=1

Cr = 7Zs (3.40)

Once the wing loading is known the local induced angle of attack due to the trailing
vortex system and the propeller slipstream can be calculated. Combined with the
local lift coefficient the induced drag coefficient is found:

2N

1
Cp, =5 ; Oy, crai, Ayy (3.41)

where a;, is the local induced angle of attack as given by:

Wk — Wy,

0 (3.42)

il =
The upwash velocity, wy, , is given by the propeller slipstream model (Appendix A)
while the upwash velocity due to the trailing vortex system is simply found from the
Biot-Savart relation:

2N
1 ALy

w :—E ————x— for j=1,2N 3.43

k 2 i (gn — ) J ( )

The VLM-model strictly applies to the inviscid case which means that the profile drag
coefficient must be obtained separately. An acceptable approach is to use a function
Ca, = f(a) for the specific airfoil section as an input. Since the local angle of attack
of all spanwise stations is known from the VLM calculation the profile drag is found
from a summation over the wing:

1 2N u 2
CDP S E ZC’dpk (1 + %) CkAyk (344)
k=1 &0
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The total coefficients of the propeller-wing configuration can now be calculated with:

CLtot = CLw + ACLp

3.45
CDM :CDi+CD,,+ACD,, ( )

where ACL, and ACp, are respectively the direct lift and the drag contribution of
the primary propeller forces (thrust and normal force):

ACL, = %Tc' sin (., ) + %CNP cos (@, )

ACp, = —%TC' cos (ap,, ) + %ECNP sin (apref)

(3.46)

The normal force coefficient is found from the linear relation Cn, = Cn,qy,,, (see
Appendix A) for which the effective aerodynamic angle of attack of the propeller is
required:

apeff = Qfus + Qprop + Qup flow (347)

This ay,,, is composed by contributions of: the fuselage angle of attack (ay.s), the
propeller incidence angle with respect to the fuselage reference line (aprop) and the
upflow angle produced by the wing (Qupfiow)-

The basic VLM-method which incorporates the propeller effect can be extended
with the influence of flap deflection and the contribution of the nacelles and the
fuselage to the wing loading.

To be able to judge the prediction capabilities for the cruise condition of typi-
cal turbo-prop designs, the momentum method and the VLM-method, as described
above, are compared. Fig. 3.3 contains some calculation results for a Fokker 50
propeller-wing model (further denoted Model50) at 2 thrust coefficients: a rather
low value of T, = 0.046 and a moderate value of T, = 0.650. The calculations were
performed for a constant value of the wing angle of the attack of o = 3.3°.

The agreement between the VLM-method and the simple momentum theory is
reasonable for the low thrust coefficient (Fig. 3.3a) but unacceptable differences are
found when the higher thrust case (Fig. 3.3b) is considered. The fact that the propul-
sion effect on the lift and the drag coefficient is underestimated by the momentum
method is caused by the inability of the method to incorporate the swirl component
in the slipstream. A negative side effect of the application of the momentum method
is that it requires the input of prop-off lift and drag values of both the configurations
with flaps deployed and retracted.

The VLM-method directly calculates the required characteristics based on geo-
metrical properties and a swirl component is applied in the BEM-extension of the
method. Hence it is expected to deliver more accurate data in case of small angles of
attack and low thrust coefficients which are typically found in the cruise condition of
the aircraft.
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Figure 3.3: Comparison of the lift and drag coefficient versus flaps angle cal-
culated with the VLM-method and the "momentum” method for a
Fokker 50 propeller-wing configuration; prop on ; (a) T, = 0.046;

(b) T, = 0.650.
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3.5 Surface singularity method

Along with the description of the VLM-technique for the calculation of the propeller
wing flow field some restrictions of this simplified approach became apparent. The
strongest limitation of the method is the absence of modeling the thickness effect of
both the wing and the nacelles. Considering the flow in chord wise direction this
restriction manifests itself by producing an unrealistic peaky pressure distribution.
The first step to overcome this problem is to cover the actual surface of the aircraft
with a singularity distribution, instead of a reference (camber) surface as used in
VLM-modeling.

The computation technique that incorporates the thickness effect by applying
singularities at the surface is referred to as the panel method. Numerous versions
and implementations are available both applied for research and design purposes and
extensive descriptions are presented in open literature [53, 54, 47]. For a detailed
description of the underlying theory the reader is referred to [49] and many other
sources.

With the vast amount of information available, a general and extensive description
of the panel-method technique is felt overdone and is not incorporated here. However,
taking into account the scope if this study, the implementation of propeller effects in
the panel method will be discussed in subsequent paragraphs of this thesis.

In order to predict the propeller effects on the aircraft performance many attempts
[55, 56, 57] have been made to include the propeller in the panel methods. The
different approaches typically vary in the way the propeller interacts with the other
aircraft parts (SIM or FIM) and the modeling to the propeller itself (time-averaged
effect versus full propeller blade modeling leading to an unsteady analysis).

3.5.1 Summary of panel method technique

To understand the pros and cons of the various techniques that are available to in-
corporate the propeller effect in the panel-code it is beneficial to summarize the basis
equations that are influenced by the propulsion effect.

Panel methods are used for the solution of the linearized potential equation:

(1= M2) 0z + gy + 022 =0 (3.48)

where ¢ is the perturbation potential representing first order perturbations with re-
spect to the free stream. The following simplifications of the flow apply:

e inviscid flow

e irrotational flow except for compact regions with vorticity (wakes are formed by
infinitesimally thin vortex sheets)
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e small perturbations allowing subcritical compressible flow (no appearance of
shocks)

Eq. (3.48) describes the potential and hence the velocity distribution in the space
around the aircraft. To solve this equation, boundary conditions must be imple-
mented. These boundary conditions should be selected such as to obtain a mathemat-
ically well-posed problem, i.e. lead to a solution that exists and is physically relevant,
is unique and depends smoothly on the boundary conditions. As was sketched in
€q.(3.38) of the VLM-technique, it is the adaptation of the boundary conditions that
takes care of the propeller slipstream effect in the flow calculation.

Using Green’s third identity the solution of the potential-flow problem can be
obtained using a surface integral representation for the perturbation potential, [49].

To represent the presence of a body (wing, fuselage etc.) with volume V' and
surface S, in the flow the boundary condition should be set such that the body
becomes a stream surface. Therefore the normal velocity should become zero:

(Voo + Vi) . =0 (3.49)

In eq. (3.49), known as the Neumann boundary condition, n represents the outward
directed normal vector on the surface. An additional boundary condition is formed
by the fact that the disturbance due to the presence of the body should diminish far
away form the body:

V=20 |Zp| — o0 (3.50)

where 7, is the position vector of an arbitrary point P in space.

An alternative formulation of the boundary condition, that satisfies the Neumann
condition indirectly, is the Dirichlet boundary condition which prescribes zero per-
turbation inside the body with volume V:

@=0  insideV (3.51)

As indicated, eq. (3.48) assumes inviscid flow which prevents the development of
wakes leaving the body that are the result of viscosity. Hence a wake (and a propeller
slipstream) must be introduced and modeled explicitly. In the panel method a wake
is assumed to form a infinitely thin stream surface denoted S,,. To fix the vorticity
strength of the vortex sheet leaving the wing, the Kutta-Joukowsky condition, which
requires the velocity at the trailing edge of lifting surface to be finite, is applied.

Since the wake is unable to sustain aerodynamic forces the wake surface is a stream
surface and the static pressure on both sides must be equal.

Due to these conditions the wake position is not known a priori and is calculated
as part of the solution. This problem is non-linear and difficult to solve. In most
cases a sufficient acceptable solution, however, is obtained by explicitly describing the
position of the wake. In general the direction of the near wake is taken parallel to the
trailing edge bisector.
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To find a solution of eq. (3.48) the surface is covered with 2 types of surface singu-
larities: a source and a doublet distribution denoted by o (¢, n)and p (€, n)respectively.
The latter is needed to be able to produce lift.

With the boundary conditions applied correctly the solution of eq. (3.48) leads to
the velocity potential at arbitrary point P in space:

o (29, 7) = / / (k1 (0) + A2 (1)) dS (3.52)

Where x; (o) and k3 (©) represent functions that describe the velocity potential of a
surface source and doublet distribution respectively.

Once ¢ (z,y, z) is found the velocity perturbation distribution on the surface can
be found from 7 = Vi

The calculation of the forces acting on the body is performed in a straightforward
manor. With the pressure coefficient defined as:

_ D — Poc

p = 7 5 (3.53)
P00 |ul

application of the isentropic pressure relation yields:

3 AR\
1+7—2—1M30<1—(||70|;|> )J —1 (3.54)

Hence the local pressure is directly given by the local velocity vector. The forces and
moments can be determined by selecting one of the following methods:

c 2
p_’*/MQ

>0

e near field method where the pressures are integrated over all relevant surfaces

e far field approach, known as the Trefftz plane analysis.

For the details of these methods the reader is again referred to open literature on
panel methods. The following discussion is focused on the application of propeller
flow in the panel method.

3.5.2 Propeller-slipstream envelope model

With the acceptance of an infinite number of helical vortex wakes originating from
the disk edge the entire space inside the slipstream is filled with vorticity. Although it
is in principle possible to model this with a panel method approach, a simplification
can be made here.

Experiments [58] have indicated that most of the vorticity is concentrated at the
outer edge of the slipstream. For the current model it is therefore assumed that the
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Figure 3.4: Slipstream tube model used for application in panel methods [56, 55]

wake rolls up immediately behind the propeller such that the vorticity produced by
the propeller blades is concentrated in a thin layer connected to the disk edge and
enveloping the slipstream (see Fig. 3.4).

By compacting all the vorticity of the slipstream in the slipstream outer edge the
slipstream tube is in fact covered with a continuous distribution of helical shaped
vortex lines.

To simplify the problem further the helicoidal vortex sheet can be replaced by
two superimposed continuous distributions of vorticity. One distribution consists of
axial vorticity. i.e. parallel to the axis of rotation. The other vorticity distribution is
located on the same cylindrical surface but directed in planes normal to the slipstream
centre line.

The slipstream envelope thus generated may be thought of as the wake of a wing
having a closed cylindrical shape and enclosing a region with an energy level that
differs from that of the undisturbed outer flow.

The propeller in this model is the generator of the changed energy level producing
vortex sheets as sketched above. In fact the model is comparable to the actuator disk
model as discussed by Glauert [59] and Horlock [60]. The actuator disk generates
the required jump in circumferential (tangential) direction while the axial and the
radial velocities are continuous across the disk. To generate the jumps in tangential
direction the disk is covered with radial vortex lines.

The vorticity is constant in radial direction and it is continued across the edge
of the disk into the cylindrical enveloping vortex sheet. To satisfy the Helmholtz
criterion that requires that the vortex lines are closed on themselves at the root side
of the propeller blades the distributed vorticity is concentrated in a discrete line vortex
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extending downstream (see 3.5.3).

The location of the root vortex is not fixed by the solution procedure. However,
the most realistic position would be on the slipstream centre line, thus preventing
undesirable interference with other parts like the nacelle and the wing.

3.5.3 Mathematical aspects of the slipstream tube model
The propeller disk

The law for the conservation of energy along a streamline in an inviscid adiabatic flow
reads:

1
el + §V2 = H = const (3.55)

Applied between location 1 just in front and location 2 directly behind the propeller
disk yields:

1 1
Tty (Vi +VE+ V) =l +5 (Vi + Vi + Vi) - AH (3.56)

where AH is the total enthalpy increase inside the slipstream due to the action of the
propeller.

Employing eq. (3.56) at radial position r, in a coordinate system moving with
the propeller blades (indexrot), there is no increase in the total enthalpy because the
propeller performs no work in this system. Moreover the axial and the radial velocity
components are unchanged by this transformation and (V4),, = (V;) fizea — S¥r. Then
eq. (3.56) becomes:

1 1
CpTl + 5 (Vazl =+ (‘/tl - QT)z + V,,.21) = CpTZ + 5 (Va?z + (Wz - Qr)z + V;‘ZQ) (357)

or:
& (T = T0) 4 5 (V2 V2 + V2 = V2 +V2—VE =20 (Viy—Vi,)) =0 (3.59)

Combining this with eq. (3.56) we may conclude that:
—Qr (V,, - V;,) = —AH (3.59)

or:
AH

Qr
Hence the jump in the tangential velocity component is given by the total enthalpy

jump (or alternatively the total pressure jump) and the rotational speed of the pro-
peller (or alternatively the advance ratio). The jump in the tangential velocity at the

Ve — Vi) = (3.60)
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propeller disk can be related to a doublet distribution, u(s), or a vorticity distribution
v(s)-

When a doublet singularity distribution, u, is applied on the actuator disk surface
the tangential (swirl) velocity for a coordinate s along a circular contour at radius r
becomes:

Vi(s,0%) = ;d‘;is) (3.61)

where the plus and the minus sign denote the location just in front of and behind
the singularity sheet respectively. Since ds = rdiy the velocity jump according to eq.
(3.61) leads to:

Ldu(y)
Vi, — = - 3.62
( ta V'ﬁ) r d'w ( )
The continuity equation, in incompressible flow, applied at the disk surface yields:
1 dVi(v)
Sl S A | 3.63
r dy ( )

Substituting eq. (3.63) in eq. (3.62) leads to the following differential equation for u:

d*p
el .64
e 0 (3.64)
which has the following solution:
p(y) = A1 + Az (3.65)

where A; and A, are constants. Choosing A = 0 and combining eq. (3.60) and eq.
(3.62) yields:

1 1u
Vi, = Vay) = ;_Al = ;E (3.66)
Hence: AH
=4 3.67
e (3.67)
So the doublet strength increases monotonically in circumferential direction. Since the
doublet distribution can be replaced by a vorticity distribution through y(s) = — fiﬁd(:—),

this is equal to a distribution of vortex lines of equal strength running in radial
direction between the axis of rotation and the disk edge. At this axis a discrete
vortex is generated running to downstream infinity with strength equal to:

oo = QW%E (3.68)

Segment division
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Figure 3.5: Front view of the subdivision of a slipstream / wing combination
in the AEM-model in case of Neumann boundary conditions ; Ele-
ments: L=lifting surface, S=slipstream envelope, LCO=lift-Carry-
Over, M=membrane

In order to prevent the existence of discrete vortices at physically unrealistic loca-
tions as well as to ensure the correct loading on the different parts of the propeller-wing
configuration [53, 49] the wing, propeller disk, nacelle and slipstream tube are divided
into segments that can carry either a source distribution, a doublet distribution or a
combination of both.

To be able to combine the slipstream tube model (further denoted as the ” Actua-
tor disk-Envelope-Membrane” or AEM-model) with a realistic propeller-nacelle-wing
model intersections have to be defined to reflect the load distribution due to the
slipstream on the wing.

When the load distribution is considered discontinuities at the lifting surface /
slipstream envelope intersections exist. If a continuous and smoothly varying distri-
bution is accepted for the lifting surface elements, discontinuities can occur only at
the edge of a segment. Besides this, strong gradients of the load distribution over a
segment are not properly handled by the doublet model. Hence, an appropriate sub-
division of the geometry into different interconnected elements is needed, an example
of which is given in Fig. 3.5.

The detailed segment layout depends on the choices that are made for the imple-
mentation of the boundary conditions.

In case the wing is modeled using a lifting surface approach (boundary conditions
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Slipstream envelope

Segment breaks

Figure 3.6: Segment breaks at the slipstream-wing intersection used in case of
the Dirichlet boundary condition.

applied at the reference wing surface) and a Neumann boundary condition used for
the nacelle it is sufficient to distribute sources over the nacelle.

The subdivision of the configuration in the slipstream washed area needs special
attention in this respect. Since the nacelle is connected to the wing, the lift force at
the location of the nacelle does not become zero but rather a part of the lift remains
due to the presence of the wing loading. This phenomenon, referred to as lift-carry-
over (LCO) requires additional LCO-segments to be positioned inside the nacelle in
the case of Neumann boundary conditions [53].

The propeller wake is divided into 3 parts with a connecting membrane element
located between the slipstream envelope and the root vortex.

The membrane element which runs from the actuator disk to downstream infinity
consists of a sheet with a constant doublet distribution.

As shown by eq. (3.67) the doublet strength, u, changes monotonically in cir-
cumferential direction. This means that discrete vortices are present at ¢ = 0° if
no special measures are taken. The solution of this problem is to apply a membrane
element that is connected to the actuator disk and the slipstream tube at v = 0° car-
rying opposite doublet strength. The result is an irrotational flow in the flow domain
bounded by the slipstream tube and the propeller disk.

Although the membrane element can be positioned at any azimuthal position
relative to the slipstream axis from the modelling point of view an attractive choice
is to take the vertical plane (¢ = 0°, Fig. 3.4).

Furthermore the vertical position of the root vortex is not fixed a priori. The
variations of the root vortex offset in vertical direction, 2y, is comparable to a small
offset of the nacelle from the wing plane (z = 0). The proper location of the root
vortex is at (or very close to) the propeller axis.

The situation changes slightly for the case where Dirichlet boundary conditions
are selected, to enable the correct modeling of wing thickness. To assure a proper lift-
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carry-over of the wing loading onto the nacelle a combined doublet/source distribution
is needed for the nacelle. Discrete vortices at the nacelle-wing intersection are now
prevented by segment breaks as sketched in Fig. 3.6. When (internal) Dirichlet
boundary condition are applied, the discrete root vortex can not be placed at the
slipstream center line. Instead a section break is located at the membrane-nacelle
intersection spreading the discrete vortex effect over the nacelle surface.

To prevent conditions conflicting with the Dirichlet boundary conditions inside
the wing the slipstream envelope must be cut at the intersection of the wing, further
complicating the geometrical modeling of the propeller-nacelle-wing configuration.

Boundary conditions at the slipstream tube

To determine the position of the slipstream envelope, boundary conditions must be
applied. According to van Beek [61] it is beneficial to satisfy the zero pressure jump
condition combined with an approximate form of the force free wake condition.

The total pressure outside the slipstream can be written as p;, = p; + 2pV;? while
for the inside domain p;, = ps + % pVZ + Ap;. Here Ap; is the total pressure rise due
to the propeller. For a zero static pressure jump across the envelope sheet: p; = py
which leads to 1p(VZ — Vi2) = Ap; or in terms of total enthalpy:

% (V? —=Wi?) = AH (3.69)

The velocity vectors, V5 and V5 at the outer and the inner side of the slipstream
envelope respectively are given by:

Vi =Un + 07 = 5Vu+ gom (3.70)
Vo =Uo +uP + 53V — 50m
where Vu is the gradient of the doublet strength, o is the source strength and u? is
the mean velocity vector all taken at the slipstream tube induced by all singularity
distributions of the rest of the configuration. The vector u” is given by the Cauchy
Principal value [62].

Substitution of eq.(3.70) in eq.(3.69) leads to the first boundary condition (zero
pressure jump) for the envelope:

(Uso +uP) - (Vu—on) = 1AH (3.71)

which can be solved in an iterative manner [55]. It is interesting to notice that
apparently the angle between the velocity vector and the vorticity vector is non-zero
in the case of a running propeller (AH > 0) leading to the well known helically shaped
vorticity distribution.

The second boundary condition is prescribed by the fact that the slipstream tube
should be a stream surface.
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An approximate form of this force free condition states that the velocity vector
at the inner and the outer side of the envelope are parallel. These vectors are the
projections on the plane constituted by the vectors €, and €; where the latter is
usually taken in the direction of the r—axis.

The parallelism condition now yields:

Ve, _ Vo

= 72
Val Va2 (3 )

where 1 denotes the outer region and 2 the region inside the slipstream envelope.
With: . -
Vio=(Viien) 5 Va=(Vi&) Vi=12 (3.73)

eq. (3.73) leads to: o _
(2)-(22) (3.74)
Vi-e& Va -

Combining eq. (3.74) with (3.70) and substituting U = U, +u? and R = 1 Vp—loe,
for simplicity, eq. (3.74) can be written as:

T e+R &) (T &-Ra) -(Ua-Rea) (T a+ka) =0 (375

&%) (05 - T 5) & (3.76)

With the vector identity: (@ x b)(€x d) = (a-¢)(b 3) (6 d)(b-T), eq. (3.76) reduces

to:

(U +0P) (Vi — 08,) - & =0 (3.77)
where e; is the unit vector in tangential direction. The second boundary condition
(free stream surface) for the slipstream is now given by eq. (3.77).

3.5.4 Relation between AH and the propeller conditions

The effect of the propeller is obtained through an increase in the enthalpy level when
the flow has passed the propeller disk. The value of the total enthalpy increase in
the slipstream, AH, can be related to the propeller thrust and the advance ratio as
follows.

First the thrust force is related to the static pressure jump over the propeller:

T=[] (p2—p1)dS (3.78)
I

Combining eq. (3.56) and eq. (3.60) leads to:

I _ AHN? _
poo’y-—l(pZ p)+3(E) =AH (3.79)
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with eq. (3.78) the thrust force can be written as:

AH AH? 1
Sp
where C = p%uo’}'_’_Ll
Performing the integration in eq. (3.80) results in:
AHS, AH? R
T= P _ 2l .
c ~acmeTh (Rspm) (3.81)

where R and R,p;, are the propeller tip radius and the spinner radius respectively.
This equation can simply be solved for AH, yielding:

2 47 In £
i :i: \/ & _ ng'in T
AH =S (2) o (3.82)

With the introduction of the thrust coefficient: T} = T/(3pUcSp) eq. (3.82) finally
results in an expression that can be used to calculate the total enthalpy increase in

the slipstream:
a5 (7o) () )

Uz, ln(RR )J2

spin

(3.83)

With the propeller properties and flow conditions: T/, J, R and R, known, eq.
(3.83) gives the total enthalpy jump that is needed to fix the singularity distribution
on the disk and the slipstream tube. Accordingly eq. (3.48) can be solved for the
complete propeller-wing configuration.




Chapter 4

Flow analysis based on the
Euler /Navier-Stokes
equations

4.1 Introduction

As discussed in chapter 3 most analyses of propeller slipstream interference effects
have largely centered upon simplified (engineering) methods and panel methods.

The advantage of the panel methods is typically to be found in their ease of use
and the reduced "flow-through” time that consists of model preparation and CPU
time. Since panel methods work with the linearized potential equations a serious
disadvantage is the fact that the geometry of the slipstream must be modeled by the
user prior to the calculation process. In this respect it is important to note that com-
parative studies have shown that methods based on the solution of the Euler/Navier
Stokes (ENS) equations in the volume surrounding the aircraft have an advantage in
that the propeller slipstream is not required to be modeled.

Once the propeller forces are modeled correctly (Appendix A) the slipstream is
calculated as part of the flow field, instead. Hence no restrictions are applied with
respect to the vorticity in the slipstream domain that, in case of panel methods, is
limited to a thin layer defining one or more slipstream tubes. A further advantage of
using the Navier-Stokes (NS) equations is the explicit presence of viscous terms. Hence
the viscous effect of the propeller slipstream on the nacelle and the wing boundary
layer can be determined.

Since in this thesis the emphasis is not on the design of the propeller but on
the time-averaged effects of the slipstream on the wing, the problem can greatly
be simplified by approximating the propeller blades as an actuator disk boundary

7
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condition as was done in the case of the simpler methods discussed in chapter 3.
Data from experiments or separate BEM-like calculation programs are then used to
set the boundary conditions at the disk.

In the following sections the theory that is specific to the implementation of the
propeller action in the ENS-calculation is described. Some results acquired with these
methods are discussed in Chapter 6.

General aspects that are typical for the solution procedure of the Euler/Navier
Stokes equations in general can be found in refs. [63, 64, 65].

4.2 Governing equations

In the description of the numerical model for the analysis of the propeller-wing inter-
ference problem it is beneficial to start with the inviscid version of the Navier-Stokes
equation: the Euler equations.

The Euler equations are based on the conservation laws of mass, momentum and
energy for an inviscid flow. Hence in principle flow fields with entropy and vorticity
production due to shock waves and total pressure, swirl and total temperature increase
due to propeller power effects can be correctly simulated.

The three-dimensional Euler equations, in differential form, may be expressed as:

oQ  OF A 0G  OH _

5 "oty s =0 (4.1)
where:
Q = (p, pu, pv, pw, pe;)”
F = (pu, pu* + p, puv, puw, puht)T
G = (pv, puv, pv* + p, puw, pvht)T 42)
H= (pw, puw, pvw, pw? + p, pwht)T

Here Q is the conservative state vector while F,G and H are the flux vectors
in the z,y and z direction respectively. p is the fluid density ; u,v and w are the
Cartesian velocity components ; p is the pressure while e; and h; are the total energy
and the total enthalpy per unit of mass respectively.

The first components of the vector equation form the continuity equation; the
second, third and fourth components are the conservation of momentum in the x,y
and z direction respectively and the fifth component is the energy equation. The
volume integral in eq.(4.1) is the time dependent fluid state while the surface integrals
in eq.(4.1) are the fluxes of mass, momentum and energy through the surfaces of the
control volume.




4.2. GOVERNING EQUATIONS 79

A further relation needed to close the system is an equation of state. For a
thermally perfect gas this is written as:

PRI e=c,T (4.3)
p
where T is the temperature, R is the gas constant (R = ¢, — ¢,), € is the internal
energy per unit of mass, ¢, and ¢, are the specific heats at constant pressure and
constant volume respectively. With v = ¢, /¢, eq. (4.3) for a perfect gas leads to:

p=pe=(y=1)pe=(y—1)ples -} (u? +0* +u?)) (4.4)

v

where the total energy per unit of mass, e;, is given by:
1
et =¢e+ §(u2 + 02 + w?) (4.5)

The Euler equations constitute a system of non-linear first order partial differential
equations that have to be solved in space. Major steps to find a numerical solution
of the system can be summarized as:

e discretization of the equations and the boundary conditions

e solution of the system of ordinary equations

Discretization takes place by subdividing the flow domain into a number of grid
cells. The discrete Euler equations are applied to each of the grid cells within the
domain. Because of the complexity of the propeller-wing configurations investigated
in this report a subdivision must be made into several blocks, an example of which is
given in Fig. 4.1

Because of the intrinsic errors that are introduced by the discretization process it is
obvious that grid refinement is needed at locations where strong gradients in the flow
variables occur. This aspect is especially important at the location of the propeller
because of the gradient in the total pressure and the swirl velocity (see Chapter 2 and
Appendix A).

Solution of the discretized system of equations is subject to boundary conditions
that are specified at the block faces. When the propeller blades are not modeled
separately and the actuator disk approach is utilized instead, the propeller face forms
a block face as well.

For the cell-centered flow solver, that is assumed here, the fluxes through all the
cell-faces are calculated with the average of the flow variables in adjacent grid cells.
This is an important aspect once the propeller boundary conditions are implemented.

With the boundary conditions given the solution process requires the calculation
of fluxes across the cell faces. For this process various schemes are utilized in practice
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wing-nacelle
Junction

Figure 4.1: Typical multi-block subdivision of a propeller-nacelle-wing configu-
rations for the solution of the ENS-equations.

like the central differencing method described by Jameson [66] and the approximate
solution method based on the solution of the one-dimensional Riemann problem (67,
64, 68].

In the description of the propeller-wing interference effect we restrict ourselves to
a time-averaged approach. The acceptance of this limitation was already discussed
in Chapter 2. As a consequence of time-averaging the distinct contribution of the
separate blades in the form of individual vortex wakes springing from the blades is
not resolved in the solution. Instead vorticity is spread continuously in the slipstream
flow field. The advantage of this manifests itself in the fact that only a steady flow
calculation has to be performed and the propeller is reduced to a discontinuity surface
(actuator disk) in the flow domain.

The proper propeller modeling technique that is related to these solution methods
is described in more detail in the next sections.

4.3 Propeller model in the ENS-analysis

4.3.1 Actuator disk model

All the calculations and experiments discussed in this report are restricted to subsonic
flow conditions. For this reason the considerations for appropriate implementation of
the propeller actuator disk model are restricted to flows with M < M_,;.

The actuator disk forms an interface between two blocks in the flow domain. The
boundary conditions at the actuator disk are in principle treated in a manner similar
to subsonic inflow and outflow boundary conditions.

At this point it is of vital importance that physically and mathematically correct
boundary conditions are used to model the action of the propeller. The fluxes at all
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the cell faces that are part of the boundary of the flow domain are determined by the
state vector near the boundary and partly by the prescribed boundary conditions.

Figure 4.2: Actuator disk face with local coordinate system.

For the actuator disk a local Cartesian frame is considered in which the z-axis is
directed normal to the propeller disk plane (see Fig. 4.2). The solution procedure
requires the fluxes at the faces to be known. Hence, with the (artificial) disk positioned
between two block faces (see Fig. 4.3), state vectors given by ¢1 and gz for block 1 and
block 2 respectively need to be determined. However, these fluid states depend on
the states found in the cell centers of adjacent cells, go and ¢3, and specific boundary
conditions. These boundary conditions are not constant throughout the solution
process but they depend on the flow variables in the block where they are located.

The boundary conditions of block 1 depend on the flow in block 2 and vice versa.
Once the state vectors at each side of the face are known standard routines can be
used to calculate the fluxes. Boundary conditions that will be used to model the work
performed by the propeller are outflow for block 1 (i.e. flow into the actuator disk
region) and inflow for block 2 (i.e. flow out of the disk region).

The following procedures can be used to determine the state vectors ¢; and go for
the outflow and the inflow respectively.

4.3.2 Characteristic variable boundary conditions

In the hyperbolic (in time) system of equations, (4.1),(4.2) the quantities that prop-
agate along characteristic lines can be defined and the system can be cast in terms
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Figure 4.3: The boundaries at the actuator disk surface.

of its characteristic form. A set of characteristic variable boundary conditions can be
developed, which will finally contribute to a well-posed boundary value problem.

To obtain the eigenvalues that are needed to describe the characteristic lines eq.
4.1 can be written as:

oQ oQ oQ

Q
T tAG B 0 = (4.6)

where the Jacobian matrices are given by: A =F/Q, B=G/Q and C = H/Q. These
Jacobian matrices are quite complicated. However, the system can be simplified by
expressing them in the primitive variables, § = (p, u, v, w, p)T.

The quasi-linear non-conservative form of the Euler equations is now given by:

g g g I
E-i_ 8—‘+,3 +v az =0 4.7)

The transformation between the conserved and non-conserved variables is defined by:

_9Q
M= (4.8)
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which can be computed easily:

1 0 0 0O 0
vw p 0 O 0
M=| » 0 p 0 0 (4.9)
w 0 0 p 0
3 pu v opw g

where ¢ = Vu? + v2 + w? is the flow speed. The Jacobians, A, B and C can be
written in general form as K = 85/8Q, where S represents the flux vectors F, G and
H.

The mapping matrix M provides a similarity transformation to describe the re-
lation between the conservative Jacobians, K and the non-conservative Jacobians, k.
This can be seen as follows.

Eq. 4.6 can be written as:

aQ dq 9Q dg dQ dg 9Q 07
ILI | 4959 gPe 0 1
6§3t+A8_8x+ 570y Cago. (4.10)
Multiplication by M ~! and application of eq. 4.8 yields:
g aq oq oq
MtamM 'BM2* lcM=—= = .
5+ Gyt M7 BMS 4 MU OM G =0 (4.11)

Hence the similarity relation for the Jacobians k, of the non-conservative system, and
K, of the conservative form, is:

k=M71'KM and K=M'1kM (4.12)

With eq. 4.12 matrix k leads to a much simpler form than K:

U png PNy pn 0
0 4 0 0 Ng/p
k=10 0 a 0 ny/p (4.13)
0 0 0 a n./p
0 pngc? pnyc? pn.ct @

where ¢ is the speed of sound and @ is the projection of the velocity vector in unit
normal direction:
U= nzu + Nyv + n,w (4.14)

Due to the simple structure of matrix & it is easy to find the eigenvalues, A, by solving:
lk— Al =0 (4.15)

This results in the following eigenvalues:
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)\4 =u+c (416)

These eigenvalues represent characteristic directions, along which characteristic
variables are strictly conserved [68]. That is, each characteristic direction transports
given information defined by the characteristic variable. The characteristic directions
define the number of physical boundary conditions that can be defined for a given
boundary.

Variables which are transported from the boundaries towards the interior can
be imposed at a given boundary as 'physical’ boundary conditions. The remaining
variables depend on the computed flow solution and are referred to as ‘numerical’
boundary conditions.

At this moment, characteristic variable boundary conditions will have to be de-
veloped for the actuator disk sketched in Fig. 4.3.

Subsonic outflow

At the front side of the actuator disk, sketched in Fig. 4.3, the flow leaves the compu-
tational domain. This means that in this plane we have outflow boundary conditions.
If we restricting ourselves to subsonic flow conditions the first four eigenvalues are
positive. Hence, they form numerical boundary conditions which must be computed
from the flow upstream of the actuator disk surface.

The fifth eigenvalue, 4 — ¢, however becomes negative for subsonic flow and hence
represents a physical boundary. The particular characteristic is incoming which means
that a physical boundary condition has to be prescribed at this boundary. For an
outflow boundary conditions usually the pressure, ps, is prescribed. In the case of the
actuator disk however it may be beneficial to prescribe the mass flow since we have
the restriction that continuity of mass is required. Hence the mass flow at location 1
must be equal to rhg = pzug at the other side of the disk. An alternative approach
would be to prescribe the pressure, p1, at the outflow side. This procedure was utilized
successfully by Belk et al [69]. To prevent the necessity of specifying p over the entire
disk a simple radial equilibrium may be enforced based on:

dp [ pv?

_ = — 4,17

or ( T/, (4.17)
where v, is the tangential velocity component at the boundary (index 1).

The state vector g, is now partially determined by the Riemann invariants (quanti-
ties that are constant along the characteristic lines) that are valid for the characteristic
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directions and partially by the physical boundary conditions. This means that for the
outflow side (front side of the disk) the following relations exist:

2
u1+7_101 =u0+7_1c0
v =Y
_ (4.18)
w1 = Wo
21 = 20

P1U1l = p3u3z Or Py = Pp

where z; is the scaled entropy defined by z; = In(p;/p;]). Additionally the perfect

gas law ¢ = \/vp/p = /YRT can be used to close the system.
In case the pressure is prescribed both state vectors are known because we have 5

equations and 5 unknowns. The final state variables can be easily found by:

1

pL= (eln(pl)—m);

TP
c1 = 1/— 4.19
' pP1 ( )

(co—c1)

2
U = U +
¥—1
In an analogue way the state variables can be obtained once the mass flow is
prescribed based on the state at the exit plane of the disk.

Subsonic inflow

At the back side of the the actuator disk an inflow into the the computational domain
exists. For subsonic inflow, eq. (4.16) shows that we have one outgoing characteristic
and 4 incoming characteristics. Hence, in this case four physical boundary conditions
have to be prescribed and one numerical boundary condition follows from the solution.

The combination of flow parameters that are prescribed is arbitrary as long as
the system of equations constitute a complete set, i.e. all the state variables can be
determined. An attractive set of boundary conditions for the propeller flow case is:
the total pressure, p;, the total temperature, 7;, and the flow direction composed of
2 angles, 0; and 63. Nevertheless, other combinations may be used as well [70]. The
quantities at the outflow side are obtained by the value of the inflow side with the
increments (jumps) added. The system can be closed by prescribing the mass flow as
was done for the outflow boundary condition.

The inflow boundary relations for the system sketched in 4.3 then become:
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Dty = Pty + Apy
th = Tto + ATt

2
V2 _ d, (4.20)
qz
w2 _ g
q2

P2uUz = p3uz = 13

where d = (d;, dy,d,)7 is the normalized velocity vector. Furthermore use is made of
the isentropic relations:

Dt y—1¢? =
_=(1+——)
C

p , (4.21)
T; Y—1lg
LA I TS S 2
T < T 02)
and the equation of state for a perfect gas:
=7y - 1)T=7§ (4.22)

Once the state vector g, is determined the other quantities can be calculated
through:

F=y(y-1)T, - l;—lqg
. m3c§
P2 = ’de(h
P2 = 7‘”— (4.23)
Ug = qody
V2 = qady
wy = q2d,

The jumps in the total pressure, the total temperature and the flow angles have
to be provided by a separate model either based on an experimental or a numerical
propeller model. The flow direction downstream at the disk, given by the normalized
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vector, d, has to be determined from the flow direction upstream of the disk and the
incremental flow angles, Af; and Af,.

It should be noted that these boundary conditions are appropriate for inviscid flow
in the case of steady flow calculations. In reality however the flow domain around the
propeller contains typical viscous regions like the nacelle and spinner boundary layer.
The problem can be overcome by imposing the (viscous) no-slip boundary condition
only at grid points at some small distance away from the disk. This approximation is
justified if the boundary layers are extremely thin compared to the disk dimensions
{(high Re-number flow). Alternatively the boundary layer conditions can be replaced
by experimentally observed distributions.
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Chapter 5

Experimental investigation

5.1 Introduction

In this chapter the wind tunnel experiments that were performed to get a further
insight in the propeller-wing interactive flow will be discussed.

Although CFD has become quite mature in the last few decades, wind tunnels
are still essential tools for aerodynamicists and aircraft designers. Their main tasks
can be summarized as: assistance in revealing certain (true) physical phenomena, the
generation of experimental data to validate numerical procedures and, last but not
least, establishing the performance data in the development of new aircraft concepts.
Clearly the role of the wind tunnel has changed in the past few years due to the rapid
development of numeric methods of calculation. Still, CFD calculations (Computa-
tional Fluid Dynamics) have not rendered the tunnels superfluous [71, 72, 73].

The discussion on the flow characteristics in the area of the propeller slipstream
has shown that they are of a complex nature. The phenomena that occur are com-
pletely dependent on the disk loading of the propeller which makes the analysis of the
aerodynamics involved a difficult task. The variety of calculation techniques dedicated
to the problem of propeller-wing interference, as discussed in previous chapters, may
very well be capable of clarifying the various effects qualitatively, but the prediction
capabilities are still limited in quantitative sense. The problems with respect to the
prediction of the flow behavior are mainly due to:

e viscous effects related to boundary development in general and separation specif-
ically, combined with the limited capabilities to incorporate the effect of turbu-
lence

e unsteady effects in the propeller slipstream related to the blade passage fre-
quency

91
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On the other hand, the wind tunnel environment also exhibits typical problems
that prevent the acquisition of the true (free flight) characteristics of the propeller-
wing configuration. The main topics that need to be addressed in this respect are
extensively described in refs [74, 75, 76]. The most important problems are related
to:

o The attainable Reynolds and Mach number due to the fact that generally test
are performed on a scaled down version of the true configuration

e the corrections due to the presence of tunnel walls

o the turbulence level of the flow (either too high or too low)

In the tests described in this chapter the most important problems are dealt with.
Nevertheless an extensive description of all wall corrections that were applied is felt
beyond the scope of this thesis. Where appropriate, reference is made to relevant
literature for further reading. The experiments discussed herein constitute only a
minor part of the experimental data base in the field of propeller wing interference
found in open literature. As such, it is only meant to provide insight in specific
topics addressed in previous chapters regarding the optimization of propeller-wing
configurations. The effects of the propeller position and rotation direction on the
model forces as found from the experiments as well as the surface pressure and field
data will be discussed. The latter is important to better understand the effect that
the slipstream distortion may have on the wing behavior and its relation to the swirl
recovery capability of the trailing wing.

Three models will be discussed in subsequent sections:

e a straight wing propeller-nacelle-wing model, denoted as PROWIM(propeller
wing interference model)

e a model consisting of wing with a separated nacelle-propeller unit, denoted as
APROPOS (adaptive propeller positioning system)

e a scale model of the Fokker F-27 aircraft

5.2 Test set-up and procedures

5.2.1 Wind tunnel

The wind tunnel used during these investigations is the Delft University Low Turbu-
lence Tunnel (LTT) which has an octagonal test section of width 1.80m and height
1.25m. To compensate for the wall boundary layer displacement effect the test sec-
tion is slightly divergent which results in a zero static pressure gradient in streamwise
direction for the empty test section. The maximum attainable speed is 120m/s,
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although in practice the speed is limited to 100m/s. The wind tunnel has low tur-
| bulence levels ranging from Tu = 0.025% at 40m/s to Tu = 0.085% at 100m/s. A
| general description of the facility is given by Veldhuis [77].
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Figure 5.1: Layout of the siz-component external balance system in the LTT.

5.2.2 Balance system

Force measurements on the models or parts thereof, are performed with an external
six-component balance system (Fig. 5.1). The models are connected to the balance ei-
ther through a three-strut support for complete aircraft models or through a turntable
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that acts as a reflection plane. The balance system can be rotated in the horizontal
plane enabling a variable yaw angle of complete models or the angle of attack for
half models (with their spanwise axis in vertical direction, see Fig. 5.2). A separate
rotation mechanism mounted on top of the main carriage allows the angle of attack
setting of the 3-dimensional aircraft models by moving the tail strut.

turntable P
xe'. -~
connected to external balance &~

3-strut support
connected fo mxernal balance

~
N
~
~

Figure 5.2: Angle of attack setting of full aircraft model (left) and a wing half
model (right) in the LTT.

All balance data are recorded with a HP 3852A Data Acquisition Unit data ac-
quisition system (DACU) that sends the raw data to a UNIX based computer system
running a dedicated balance program, denoted textitw3d. The layout of the balance
measurement system is sketched in Fig. 5.3.

5.2.3 Motor control unit

A dedicated model motor control unit (MCU) is connected to a PC, that is part of
the complete data acquisition system. On this PC, a separate program controls the
speed setting of the propeller to an accuracy of approximately 0.02% while monitoring
the most important motor parameters like: speed, electrical current, Volts/H z ratio

| and motor temperature. In case any of the monitored parameters exceeds predefined
limits the system enters an emergency shutdown procedure to prevent loss of the
model motor(s).

I
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Figure 5.3: Setup of the LTT data-acquisition system.

5.2.4 Surface pressure measurements

Part of the surface pressure measurements were performed with a 200-tube multi-
manometer that is read out electronically. The data stream is sent directly to the
laboratory computer enabling acquisition of 200 pressures in approximately 5 s.
Additional surface pressures were recorded with scanivalves (2x48) containing
PDCR-22 pressure transducers (range £6900 Pa). Data points for all local surface
pressures were based on a 150 samples average sampled at a frequency of 1000 Hz.
Switching effects were avoided by allowing a delay time of 16 ms at the start of the
measurement sequence. To prevent loss of pressure data accuracy due to transducer
drift the PCDR-22 pressure transducers, that were mounted outside the test section,
were calibrated approximately every 10 minutes using an ”on-line” calibration unit.

5.2.5 Five hole probe and traversing mechanism

For the application of the quantitative wake analysis technique (section 5.6) field data
are needed. Since both the complete velocity vector and the total pressure distribution
is required for this, five hole probe measurements were performed.

The five-hole probe that was used for all wake surveys has a diameter of 1.65mm
and a conical head (Fig. 5.4). Cross flow angles were valid within a calibration range
of +45° to —45°. All measurement data were acquired through the DACU connected
to a HP9000-825 computer.

During the five hole probe measurements, the electronic pressure transducer (ZOC)
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Figure 5.4: Layout of the five hole probe used during the acquisition of flow field
data for the quantitative flow field survey.
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Figure 5.5: Diffuser traversing system used during the five hole probe surveys.

was positioned inside the test section and therefore sensitive to possible temperature
changes. To compensate for possible errors the transducer was therefore calibrated
every 600 data points (approx. 3 minutes).

All test data were reduced on-line yielding the three components of wake velocity,
from which circulation and total pressure within the slipstream/wake were calculated.

Traversing of the probe was done through a computer controlled traversing system
consisting of a diffuser mounted z, y, z slide and a adjustable sting connected to it
(Fig. 5.5).

The accuracy of the traversing system is approximately 0.02 mm in all directions.
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To reduce time needed for measuring several model configurations, the pressure mea-
surements were done with the probe in non-nulling mode using a fast pressure trans-
ducer reading while the probe was traversing at low speed (5mm/s). The data-
acquisition system was triggered for measurement every 2mm of y-movement using
the signal output of a ”40-counter” connected to a shaft optical encoder

The number of samples per pressure hole was fixed at 10 and the sample rate at
10,000 Hz. The complete measurement cycle of one survey point took 24ms. This
means that the displacement effect (0.024 x 5=0.12mm) of the traversing probe is
negligible compared to the probe diameter [58]. For all flow conditions the measure-
ment grid was build with its borders as closely as possible to the so-called Poisson
area (see section 5.6.3) to prevent acquisition of unnecessary data. Typically, the total
measurement grid behind the model contained about 30,000 to 40,000 data points.

5.2.6 Flow visualization

The boundary layer behavior was investigated qualitatively by using both a fluorescent
oil technique (PROWIM model) and the standard tuft technique (F27 model). The oil
mixture that was used consisted of Shell Ondina 32 / 15 containing the fluorescent
additive A — 680. Still photographs were taken with an Olympus OM-2N camera
operated in B-mode with an exposure time of approximately 50 - 60 seconds.

5.3 Models

5.3.1 PROWIM

The first wind tunnel model (Fig. 5.6), denoted PROWIM, consists of a straight wing
of aspect ratio A = 5.33 with no twist, constant chord and airfoil section (NACA 645-
A015). Its (half) span is 0.64m. To change the spanwise loading distribution in
combination with the effect of the propeller, the model is provided with two flaps of
equal span situated inboard and outboard of the nacelle. These flaps will be further
denoted as the inboard and the outboard flap respectively. For the propeller on test,
the model can be equipped with a 4-bladed metal propeller of 0.236 m diameter that
is driven by a 5.5 kW electrical 3-phase induction motor contained inside the nacelle.
The propeller speed setting of this motor was controlled using a 200-per-revolution
optical encoder mounted on the rotor. Cooling of the motor was done through a
closed cooling circuit filled with distilled water that is controlled by the MCU.

The axis-symmetrical nacelle was build as a ”minimum body” (body of revolution)
mounted with its rotation axis on the MAC-line and at 0.3 m from the wing root. This
leads to a dimensionless spanwise propeller position of y,/b/2 = 0.469. During all
tests the %R blade angle was set to 25°. The model was attached to the external 6
component balance through a turntable which is flush with the image plate situated at
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Figure 5.6: Model PROWIM, installed in the LTT with a five hole probe
mounted directly behind the propeller.

0.3m from the upper wall. To perform surface pressure measurements with PDCR-22
transducers, the wing contains a total of 918 pressure orifices located in 18 rows.

In the vicinity of the nacelle, where the slipstream washes the wing, a closer
spacing was used than outside this area. Two pitot tubes were installed at a small
distance behind the propeller to determine the total pressure jump AP; across the
propeller plane which is a measure for the thrust coefficient, 7.

To define the chordwise pressure every row contained 51 pressure taps. The pres-
sure taps on the flaps indicated in which situations separation effects occurred during
tests with the highest disc loading. This information is needed to decide whether or
not strong viscous effects affect the drag data during flap angle variation tests.

For all thrust settings of the propeller at least 12 rows were washed by the slip-
stream. The dense distribution of rows is necessary to be able to perform a reasonable
induced drag analysis when no spatial velocity field data are known.
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Figure 5.7: Dimensions of the PROWIM model; Top View.
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Figure 5.8: Dimensions of PROWIM installed in the LTT; Front View.
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5.3.2 Flap deflection

During the PROWIM test several flap settings were used for mainly 2 reasons. Firstly,
flap deflection can be used to simulate a change in airfoil camber over a part of the
wing. In some tests the flaps were therefore deflected differentially (e.g. inboard
down, outboard up for an inboard up rotating propeller) to additionally deform the
lift distribution in a positive way. The efficiency (effective thrust) should increase in
this situation. Since the lift vector is tilted forward at the upgoing blade side and
tilted backward at the downgoing blade side the contribution of the lift at the blade
upgoing side decreases the induced drag while the contribution of the lift at the blade
downgoing side increases it.

The second reason for the use of flap deflection is the influence it has on the
performance of the propeller. Knowledge of the magnitude of this effect is necessary
for a correct drag bookkeeping and for application of non-interacting propeller codes
in existing panel programs.

The maximum flap deflection used during the tests with PROWIM was approx.
6°, which resulted in small, though remarkable, performance increase indicated by a
lower overall drag coefficient.

5.3.3 APROPOS

The second windtunnel model referenced as APROPOS is identical with PROWIM
except for the fact that it is not provided with flaps and it has no nacelle connected
to it (Fig. 5.9). Instead, the nacelle with propeller is supported by a strut which can
be traversed with the 3-component traversing system mentioned earlier.

With the propeller-nacelle detached from the wing in the APROPOS layout the
separate effect of the propeller slipstream on the wing could be measured and the
effect of the propeller position relative to the wing could be investigated.

5.3.4 F27 model

This model is a 1:20 scale model of the prototype of the Fokker F27 aircraft [78]. The
model that is constructed of a combination of brass and wood consists of several parts
that can be detached for detail tests (see Fig. 5.10). The span of the high aspect
ratio wing (4 = 12) is 1.45m.

Typical tests that can be performed with this model are related to the static
stability under power on and power off conditions. For this purpose the horizontal
tail surface can be removed enabling the determination of the characteristics of the
fuselage-tail combination. Removing the propellers enables analysis of the propulsion
effects. Almost all typical flight conditions can be simulated by deflecting control
surfaces like: rudder, elevator, inboard and outboard flaps and ailerons.
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Figure 5.9: Layout and dimensions of the APROPOS model (in mm,).

101




102 CHAPTER 5. EXPERIMENTAL INVESTIGATION

@MK

Figure 5.10: Fokker F27 model, scale 1: 20, in the LTT.

Powered flight is simulated by driving two metal propellers, with fixed (preset)
blade pitch. For the power-on tests each nacelle contains an electrical 3-phase in-
duction motor with a power of 3.6 kW. Since the motors can run in two directions,
all relevant cases like inboard up, outboard up and co-rotating propellers can be
simulated.

To prevent laminar boundary layer separation at the relatively low chord Reynolds
numbers at which the tests are performed, the model is equipped with transition strips
at the fuselage and at 30%c of the wing and the empennage surfaces.

5.3.5 Corrections for wind tunnel wall effects

The experimental data were corrected for the following wind tunnel wall effects :

e Model blockage e Streamline curvature
e wake blockage

¢ Buoyancy
e Slipstream blockage

e Lift interference e Support Tare



5.4. THRUST SETTING 103

Details of these corrections and their magnitude for the different models can be
found in refs. [75, 74].

5.4 Thrust setting

The required thrust was obtained by setting the propeller speed with the motor control
unit (MCU), as described in section 5.2.3.
The speed of both propellers was kept equal by selecting the appropriate control

method (M1&M2) in the MCU.

An acceptable thrust simulation is obtained by setting equivalent values for the
thrust coefficient 7, and the torque coefficient . for a given angle of attack. This
means that in general the blade setting is selected such that the T vs. (). of the full

scale constant speed propeller is resembled as closely as possible.

I
1

]
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1
y 7
Te H H
1 1
' [
! 1
4 / full scale
/ ; ™  constant speed
K propeller
I,
.......... fixed pitch

model propeller

Qc

4Qc

Figure 5.11: Relation between the thrust coefficient and the torque coefficient
for the full scale (variable pitch, constant speed) and the model

propeller (fized pitch, variable speed).

As indicated in Fig. 5.11 under normal conditions the torque coefficient )., shows
a small error, AQ)., which means that the swirl velocity for the given flight condition
(T. = f(a)) is slightly different from the swirl component in the case of the full
scale aircraft. This effect should be kept in mind when the results are analyzed.
Nevertheless its impact is small if merely the trends of the propulsion effects are the
goal of the investigations.

The flight condition that can be simulated depends on the value of the power
coefficient that can be attained in the wind tunnel environment. Setting the power
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coefficient of the full scale (index fs) equal to the model value (index m):

Pm _ Pfs

Cpp = ——e = Gy = — Ao
T pmn D, TP ppen3 DY,

(5.1)

results in an expression for the required model power:

P i \> / Dm \°
P, = P;, _m)<_m) ( m) 5.2
m (Pfs ngs) \Dps (52)
Assuming sea level conditions pp,/pss may be set to 1 while the ratio D,, /Dy for the
scale model of the Fokker F27 is 20. Thus the required model power depends solely on
the speed ratio n,,/nss. The required speed of the model propeller can be estimated

presuming an equal advance ratio of the propeller, J,, = J¢;. With the data given
for the air density and the scale factor, the required model power now becomes:

P, = 0.0025Pf5¥"i (5.3)
fs

Typical numbers to be substituted in eq.(5.3) are: Py, = 3200 kW (per engine), V,, =
50m/sand Vi, = 133m/s (cruise condition); which results in a required model power
of P,, = 3.0kW, per engine. Consequently cruising flight conditions can be simulated
with the available power of 3.6 kW per model motor.

5.5 Experimental results

5.5.1 Force measurements and surface pressure data

PROWIM The characteristics of the PROWIM model were determined in several
test campaigns in the Low speed windtunnel LTT. Besides a general investigation of
the propeller wing interference effects in a typical cruise condition, off-design config-
urations with deflected inboard and outboard flaps were investigated.

Most of the measurements were conducted at a dynamic pressure of 1500 Pa
(Re. = 0.8 x 10%). To increase the thrust coefficient of the propeller with limited
power available of the model motor, for some conditions a lower value of 245 Pa
(Re. = 0.3 x 10%) was chosen. The complete set of test conditions for both the
PROWIM and the APROPOS models is given in Table 5.1.

During the tests several parameters were changed, like wing angle of attack, pro-
peller thrust, propeller rotation direction and flap deflection. In all cases with de-
flected flaps combinations of (d5, > 0 Ady, < 0) and (5, < 0 Ads, > 0) were made.
The purpose of this procedure was to adapt the lift distribution such that lower over-
all induced drag would be produced through lift enhancement at the upgoing blade
side (UBS) and a lift decrease at the downgoing blade side(DBS). Since a change in
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Table 5.1: Test conditions for the PROWIM and APROPOS model.

Test [ Re. | J [ T,
PROWIM
Balance and surface pressures | 0.8 x 10° | 0.81 — 1.20 | 0.0 — 0.2

Flow field survey 0.8 x 108 0.85 0.168
APROPOS

0.3 x 10° 0.43 0.77

Balance and surface pressures | 0.8 x 10° 0.90 0.133

0.8 x 10° 0.92 0.120

flap setting in general shifts the zero lift angle of attack, comparing points of equal
lift values would produce data points at different «. To prevent modification of the
propeller thrust and the slipstream characteristics, the flap angles were selected such
that the lift coefficient remained constant for the same angle of attack.

Since the forces acting on the propeller could not be measured separately the
effective thrust was determined through a bookkeeping procedure as well as by the
measurement of the total pressure jump over the propeller disk.

In case of the bookkeeping procedure the thrust of the propeller is defined as the
difference in the tangential force between the propeller on (WNP) and the propeller
off (WN) configuration. To determine the wing effect on the propeller thrust, the
propeller rotational speed was measured at (approximate) windmill conditions for
variable wing angle of attack with and without a constant propeller angle of attack
with reference to the undisturbed flow direction (APROPOS case). The constancy of
the power ”delivered” by the model motor during these test underlines the fact that
no measurable change in the thrust occurred. This check was only performed for the
propeller positioned at z,/c = —0.71. For other streamwise positions an alternative
procedure was followed, as explained further on.

Overall balance data The thrust coefficients for the PROWIM model are quite
low; nevertheless the effect of the propeller on the lift coefficient is clearly visible in
Fig. 5.12. The change in the lift coefficient due to power effects increases with wing
angle of attack as a result of the propeller normal force and the increased dynamic
pressure in the slipstream. Besides these two effects the vertical component of the
propeller thrust force delivers a contribution to the total lift coefficient.

The relative contributions of these factors can be determined by applying eq.(2.13)
for the normal force gradient of the propeller. At o = 10° this leads to the distribution
as presented in Table 5.2.

The normal force contribution is relatively low but the vertical component of the
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Figure 5.12: Lift coefficient of PROWIM versus o with and without running
propeller ; J = 0.811; inboard up rotation.

Table 5.2: Relative contribution of propeller / slipstream effects on the lift in-
crement due to power of the PROWIM model at o = 10°; inboard up

rotation.
Contributor ACY, Rel. contribution
Propeller normal force 0.012 8.6 %
Vertical thrust component 0.035 25.1 %
Dynamic pressure and loading distr. | 0.0924 66.3 %
Total propeller and slipstr. effect 0.1394
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thrust force contributes significantly to the total lift. The main effect is, as expected,
the influence of the propeller slipstream both through the action of the dynamic
pressure increase and the local angle of attack variation that are introduced by the
swirl velocity distribution.

0.8 T |
(«»‘J=1.11, Tc=0.024 | | i

& 3=0.95, Tc=0.101
-0-1=0.81, Tc=0.200

0.6 |

O 04

10 12

0. (deg)

Figure 5.13: Lift coefficient of PROWIM versus the angle of attack for different
power settings of the propeller ; inboard up rotation.

It is obvious that with increasing power of the propeller (higher thrust) the lift
coefficient is enhanced (Fig. 5.13).

The propeller not only alters the lift coefficient, it alters the effective drag coeffi-
cient as well. With an elliptic like lift distribution the inboard up rotating propeller
should produce lower (induced) drag than the outboard up rotating propeller. As can
be seen in Fig. 5.14, indeed a remarkable gain in performance (through effective drag
reduction) can be found when comparing propeller inboard up rotation and outboard
up rotation. Here the effective drag coefficient, C7,, is defined as:

Cb = (CD)PT‘OPOTL - (CD)propoff (54)

This effect is enhanced with the propeller positioned at a spanwise position where
the lift distribution is steeper (e.g. the wing tip area) as will be shown later. As
shown in Fig. 5.15 the inboard up rotation case produces a higher overall lift of the
configuration which contributes to the total performance compared to the outboard
up rotating case.
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Figure 5.14: Effect of propeller rotation direction on the "drag coefficient”, C,
of PROWIM ; J = 0.85.
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Figure 5.15: Effect of propeller rotation direction on the lift coefficient of
PROWIM; J = 0.85.
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The effect of the propeller rotation direction is important since almost all twin-
engine propeller powered aircraft have co-rotating propellers which introduces sec-
ondary drag forces due to the trimming of the aircraft with asymmetrical aerodynamic
loading (rolling and yawing moments, side force). Hence it is evident that application
of two inboard up rotating propellers should improve the overall performance from
aerodynamical point of view. The optimum loading distribution of the wing with an
active tractor propeller is far from elliptical. For an IUR propeller apparently a high
lift coefficient is needed inboard and a much lower value at the outboard side of the
nacelle.

To check this optimization technique experimentally, some PROWIM tests were
performed with flaps deflected differentially thus approximating the required lift dis-
tribution. In Fig. 5.16 the effective drag versus the wing lift coeflicient is given for two
combinations of flap settings. Clearly a reduction of the effective drag (i.e. propulsive
force) can be realized by introducing an adaptation of the loading distribution. Of
course application of flap deflection is not the appropriate method to optimize the
wing lift distribution. In practice a combination of twist and airfoil shape (camber)
adaptation is a more attractive way to attain the optimum loading (see chapter 6).
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Figure 5.16: Effect of differential flap deflection on the effective drag coefficient
; di=flap setting 6, : 65, = &5, = 0°, d2=flap setting 6, : &5, =
4°,5;, = —4.52°

Pressure distributions To get detailed information about the extent of the slip-
stream influence on the wing surface pressure measurements were carried out at dif-
ferent flow conditions. In Fig. 5.17 the pressure distributions are presented for the
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propeller off case for three angles of attack o = 0°,4° and 10°. The pressure distri-
bution is quite smooth in chordwise and spanwise direction although the presence of
the nacelle is clear. Due to the increase in the vertical component of the velocity at
both sides of the nacelle for & > 0° a higher flow angle of attack is introduced which
results in more negative C,, values close to the nacelle.

80

100 :
(¢) a=8°,

80 2 100 80
prop off (d) @ =10°, prop off

Figure 5.17: Surface pressure distributions on PROWIM for the propeller off
case (x=chordwise direction , y=spanwise direction)

In Fig. 5.18 the pressure distributions for the case of the running propeller are
presented while Fig. 5.19 contains typical 2-dimensional chordwise distributions.

The increase in the local lift at the UBS, due to the increased dynamic pressure
and the increased local angle of attack, is clearly visible. Note that the stagnation
pressure coefficient is higher than its normal value of 1.0, found for the configuration
without running propeller.

Fig. 5.19 shows that the strongest effects on the pressure distribution are found
at the side of the upgoing propeller blade inside the slipstream. At the downgoing
blade side the effects of dynamic pressure increase and angle of attack change due to
swirl more or less compensate each other, as expected.
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(f) o = 8°, outboard up

100" 80
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Figure 5.18: Surface pressure distributions on PROWIM for the propeller on
case ; J = 0.85.
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Figure 5.19: Effect of propeller slipstream on the surface pressure distribution
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of PROWIM ; o = 4.2°; J = 0.85; inboard up running propeller.
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The effect of the propeller slipstream on the boundary layer development can be
seen in the pressure distribution for « = 10° in Fig. 5.20. The laminar separation
bubble, at approximately z/c = 0.02, which is present for the measurements with the
propeller off, is completely removed when the slipstream is present. The turbulent
flow introduced by the propeller apparently has a strong influence on the development
the boundary layer [27].
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Figure 5.20: Propeller slipstream effect on the presence of a laminar separation
bubdble ; J=0.85 ; o = 10°.

Normal and tangential force distribution The chordwise pressure distributions
were integrated to give the local values of the normal and tangential force coefficients.
The latter of course excludes the contribution of the friction forces acting on the wing
surface which increase on the wing part washed by the propeller slipstream.

Due to both the effects of the total pressure rise within the slipstream and the
propeller induced swirl velocity the distributions of the normal and tangential force
coefficients are strongly distorted.

Fig. 5.21 shows the spanwise distribution of the tangential force coefficient, Cy,
for o = 0° and 10°. For convenience, the data points in spanwise direction in the
following figures are connected in the area of the nacelle (0.414 < y/b/2 < 0.523)
although no data are available in this region.

The effects of the slipstream on C; are quite small for & = 0°. Nevertheless a
strong influence is found for o = 10°. For the propeller off case a more negative
tangential force is found close to the nacelle due to the increased local angle of attack
induced by the nacelle (enhanced leading edge suction). With the propeller active,
the inboard side shows an even more negative C; contribution due the swirl in the
slipstream while for the nacelle’s outboard side more positive values (less suction) are
found. The outboard up rotating propeller shows the opposite effects as expected.
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Taking into account the increased leading edge suction at the UBS of the nacelle the
key to a further reduction of the drag could be found in enhancing the effects on the
UBS and diminish them at the DBS.

The overall performance of the propeller-wing configuration is for a considerable
part determined by the spanwise loading distribution which is reflected by the normal
force coefficient as depicted in Fig. 5.22. Significant distortion of the propeller off
distribution is found when the propeller is active. From the curves it becomes clear
that the change in the wing loading is not restricted to the wing part washed by the
slipstream. Hence numerical codes that are used to predict the typical propeller-wing
interference effects should incorporate power effects outside the slipstream envelope.
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Figure 5.22: Effect of the propeller on the normal force distribution of PROWIM
fora=0°,4° and 10°; J = 0.85

When comparing the normal force coeficients for « = 0° and « = 10°, a different
behaviour is found going from wing root to the tip. For a = 10° the decrease of the
normal force at the DBS is much smaller, if not absent, due to the opposite effects
of the axial velocity and rotational (swirl) velocity contributions. Consequently, the
wing’s span efficiency factor, e, which is directly related to the lift distribution and
which is normally independent of the angle of attack, now changes with this angle.

Flow visualization This study was performed only for PROWIM and the test
conditions were not exactly identical to the test conditions during the pressure and
balance measurements. Nevertheless, the flow visualization study with the fluorescent
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oil technique provides a qualitative analysis of the most important effects of the
propeller on the wing.

The most interesting pictures are presented in Fig. 5.23 and Fig. 5.24. It should
be noted that the colour changes in spanwise direction (chordwise stripes) are caused
by adhesive tape that was put on the model surface to protect the pressure tabs from
being contaminated by the fluorescent oil.

Fig. 5.23a, which presents the prop off condition at a = 0°, clearly shows a
separation bubble which is typical for the airfoil used in the wing (NACA-64,A015).
The separation is located at approximately 52% while reattachment is found around
66%. Notice that a fairly large area of the wing root is influenced by the boundary
layer of the turntable. Also in the nacelle/wing juncture area a strong effect is found
as the laminar boundary layer has become completely turbulent. The transition to
a turbulent boundary layer is caused by the horseshoe vortices that develop as a
secondary juncture flow.

In Fig. 5.23b the propeller is active at an advance ratio of J ~ 0.85. The influence
of the slipstream is clearly visible. Although it is difficult to determine whether the
flow in the washed area of the wing is laminar or turbulent or transient [27], it looks
like a turbulent flow. Due to the action of the propeller the separation bubble is
completely removed in the slipstream wetted area of the wing and the flow over the
nacelle has changed compared to the prop off situation. It is interesting to notice that
there is a small forward shift in the position of the separation bubble present at the
wing inboard side. This indicates that the influence of the propeller is not completely
confined to the area of the wing washed by the slipstream.

Fig. 5.24 shows the influence that a change in power output of the propeller has
on the wing and nacelle. The area of separated flow at the wing trailing edge, that
exists for the given angle of attack of @ = 8°, seems to the become smaller as the
propeller power output is increased from J = 1.059 (Fig. 5.24a) to J = 0.849 (Fig.
5.24b). This is the direct result of the flow guiding effect that the propeller slipstream
exhibits in the slipstream wetted area. Additionally a small change in the flow over
the nacelle due to the change in power output is found.

5.5.2 APROPOS

Spanwise propeller position The spanwise gradient of the lift distribution at the
position where the slipstream washes the wing plays an important role with respect
to the possible performance benefits introduced by the propeller. This was already
shown in earlier investigations [10, 11, 79]. Gentry et al [80] who investigated the
effects of propellers located at more inboard positions, state that changes in the nacelle
position and inclination have very little effect on the performance for the cruise wing
configuration. The experiments that were performed with the APROPOS test set-up,
however, shows that this statement needs to be reviewed.

First of all the influence of the spanwise propeller position was investigated. In




5.5. EXPERIMENTAL RESULTS 117

transition
line

L=laminar B.L.
T=turbulent B.L.

laminar
|~ separation
bubble

_____

]
Liy T transiti
ansition
T line
)

£ ...

a3 . T L=laminar B.L.
S

‘g T=turbulent B.L.
F | >

P

Q@

8_ laminar

O separation

= - Bubble

propon o =0°, Sfi =0°, 5f0 =0°J =0.849

(b)

Figure 5.23: Flow visualization on PROWIM using a fluorescent oil technique ;
comparison of prop off (a) and prop on (b) condition at o = (0°.



118 CHAPTER 5. EXPERIMENTAL INVESTIGATION

transition
line

£
P L=laminar B.L.
fut T T
‘é T=turbulent B.L.
— @ [\ >

£ \
o] T T
8. e |———__ flow separation
a |

VT T

A

\L‘\

propon o =8&°, Sﬁ =0°, Sfo =0°J =1.059
(a)

| transition
line

E
© = i
3 - T L=laminar B.L.
‘i T=turbulent B.L.
5 [\ >
5 \
i) T T
8. [UER——— T flow separation
s
v T T
s

propon o =8°, Sfi :O°,8f0 =0°,J =1.059

(b)

Figure 5.24: Flow visualization on PROWIM; comparison of two thrust condi-
tions at o = 8°.




5.5. EXPERIMENTAL RESULTS 119
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Figure 5.25: Effect of the propeller spanwise location, y,, on the lift/drag ratio
of the APROPOS wing for several vertical propeller locations, zp;
J =092; T, = 0.025; o, = 0°.

The different curves in Fig. 5.25 correspond to different vertical positions of
the propeller, which will be discussed further on in more detail. As expected, the
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performance of the wing improves when the propeller is moved in the direction of the
wing tip indicated by the increasing wing lift/drag ratio.

The reason for this change in the lift /drag ratio can be found in an increase in the
lift coeflicient combined with a concurrent reduction of the drag coefficient towards
the tip, as indicated by the curves in Fig. 5.26 for o = 4.2°.
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Figure 5.26: Effect of the propeller spanwise location on the lift and the drag
coefficient of the APROPOS wing; z, = 0; J = 0.92; T, = 0.025;
oa=42° a, =0°

Apparently the vorticity field (swirl) induced by the inboard up rotating propeller
attenuates the wing tip vortex influence. As a result, the effective aspect ratio of
the wing is increased which leads to lift increase and drag decrease. Test with the
propeller rotating in the same direction as the wing tip vortex (outboard up) revealed
negative effects, as expected. Tests at several angles of attack and vertical propeller
positions (see Fig. 5.25) have shown that the effect at the wing tip is maximum
when the slipstream centerline is exactly in line with the wing tip vortex. Although
the spanwise propeller position strongly affects the performance for positions close to
the wing tip, it should be remarked that small changes in ¥, for realistic positions
(0.25 < y,/b/2 < 0.30) show negligible effects.

Vertical propeller position Since the current twin-engined turboprop aircraft
all show quite different vertical propeller positions with reference to the wing, the
zp coordinate (Fig. 5.27) was changed in the APROPOS tests to investigate the
performance effects. The experimental results of these tests are also compared to
theoretical predictions in chapter 6.
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Figure 5.27: Definition of the vertical propeller coordinate, 2.

The tests showed that the vertical propeller position has a remarkable effect on
the performance of the wing.

For realistic spanwise locations of the propeller a high position is beneficial with
respect to the wing lift /drag ratio, mainly due to a lift enhancement induced by the
combination of dynamic pressure increase at the wing’s upper surface and contraction
of the slipstream which leads to increased flow angles of attack.

To study this phenomenon in more detail additional balance measurements were
performed for variable z, positions of the propeller. During these test the propeller
was located at y,/b/2 = 0.281 and z,/R = —1.44. Both low thrust and high thrust
conditions were analyzed. In Fig. 5.28 the behavior of the wing lift/drag ratio versus
the propeller vertical position is presented for three angles of attack: « = 4°, 8° and
12°.

The vertical position of the propeller clearly influences the wing performance where
the higher values of C1,/Cp are found for the most positive values of 2z, in the case of
the low thrust coefficient of T, = 0.137. For the higher thrust coefficient, however, the
trend of the curves changes somewhat. A relative peak is found for slightly negative 2,
values (Fig. 5.28b). The cause of this behavior is easily explained by the lift and drag
curves depicted in Fig. 5.29. Whereas only moderate changes in Cr and Cp occur
for the lower thrust coefficient a more pronounced effect of the propeller slipstream
can be noticed for the higher thrust case.

The peak around z, = —0.2 in Fig. 5.28b for o = 4° is provoked by the combi-
nation of a reduction in the drag coefficient and a reasonable lift coeflicient in this
location. The local drag minimum is likely to be caused by the fact that for z, value
close to zero a smaller part of the immersed part of the wing is washed by the slip-
stream annulus that contains increased dynamic pressure. This principle is illustrated
in Fig. 5.30.

The increase in the lift coefficient, that is found when the propeller is moved from
negative to positive z, values, is attributed to the effect of the contraction of the
slipstream. For high z,/R values this results in a local wing angle of attack increase
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Figure 5.28: Effect of vertical propeller position on the lift/drag ratio of APRO-
POS; (a) low thrust (J = 0.9; T, = 0.137) ; (b) high thrust
(J =0.433; T, = 0.985).

and a lift increment; for the lower 2,/R values an opposite effect occurs.

For a = 4° the maximum value of the lift coefficient is found for z,/R = 0.51.
This configuration is visualized in Fig. 5.31. Here the average dynamic pressure
increase at the wing position reaches its maximum value. For lower values of z,/R
the pressure deficit in the core of the slipstream, which is caused by the nacelle
wake, results in lower lift coefficients. The fact that the lift does not increase for
zp/R = —0.51 indicates that the swirl velocity in the slipstream also plays a role in
the lift enhancement process. In case the slipstream centerline is located underneath
the wing chord reference line the inboard up rotating propeller strengthens the cross
flow at the lower wing surface in the direction of the wing tip. Thus the overall wing
lift is reduced.

Summarizing one can state that the wing may benefit from the presence of the
propeller since C1,/Cp rises for the higher propeller positions. The trends that were
found seem to confirm the (limited) observations by other researchers that the pro-
jection of the propeller plane onto the wing strongly influences the local wing lift.

Streamwise propeller position Several windtunnel investigations indicate the
necessity to take into account the strong aerodynamic interactions that can occur
for unconventional positions of the propeller. An important configuration is the one
where the propeller is located close to the wing.

Especially for over-the-wing (OTW) propeller configurations favorable interfer-
ence effects can be obtained. Johnson and White [81], for example, found significant
performance improvements at a climb lift coefficient of 0.7 over design which had the
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Figure 5.29: Effect of propeller vertical position on the lift and drag coefficient
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Figure 5.31: APROPOS propeller/wing configuration for mazimum lift incre-
ment due to the propeller slipstream; o = 4°; Veldhuis [12].
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propeller in front of the wing. The aerodynamic effects were also studied by Cooper
et al [82]. They also showed that beneficial interaction effects were attainable for
wings with deflected flaps. Remarkable and unexpected is their conclusion that the
efficiency of the propeller was maintained. Johnson et al [81] used a full 3D-aircraft
model to check the effects of an OTW propeller under climb and cruise conditions.
With this arrangement a clear reduction of the wing drag for an increasing thrust
coefficient could be achieved. A beneficial side effect of their configuration was that
the aft location of the propulsion system produced stabilizing pitching moment con-
tributions originating from the propeller normal forces located behind the aircraft
center of gravity.

0.175c¢

C

Figure 5.32: Over-The-Wing (OTW) propeller arrangement tested with the
APROPOS test set-up.

Bearing this in mind the interference effects that occur for closely coupled propeller
wing configuration in OTW fashion, the APROPOS set-up was used to vary the
streamwise propeller position for a typical high propeller configuration.

During these experiments it was noticed that no significant influence of the pro-
peller streamwise placement was found for positions well ahead in front of the wing
leading edge. However, for the propeller placed very close to the wing, i.e. in an
OTW fashion, remarkable strong interference effects were found. Although the wing
angle of attack may very well have an important influence on the magnitude of the
OTW propeller effect, this investigation was only performed at a (corrected) angle of
attack of o = 4.2°.

Significant gains in lift and reductions in wing drag were experienced when po-
sitioning the propeller above the wing (Fig. 5.32). In Fig. 5.33 the wing lift and
drag coefficient versus the streamwise propeller position are presented. The propeller
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dition; o = 4.2°.




5.5. EXPERIMENTAL RESULTS 127

plane was perpendicular to the undisturbed flow direction, and it was positioned to
give a tip clearance of 17.5%c of the chord above the wing %c line.

Where the influence of the streamwise position is noticeable but small for the low
thrust coefficient, the high thrust condition results in very high lift and even negative
wing drag, for propeller positions just above the wing. The favorable effects show a
maximum with regard to the wing drag, for propeller locations around z,/c = 0.40
and they decrease when moving the propeller further backward. Nevertheless the
wing lift still increases in this direction, a result which is supported by Gentry et al
[80]. The key aerodynamic feature is the propeller induced flow over the wing causing
increased lift and reduced drag. Especially the strong inflow into the propeller disk
and the slipstream contraction, which enhance the leading edge suction has a strong
influence on this drag reduction. As a result of the low drag value at x,/c = 0.40
the wing lift to drag ratio also demonstrates a maximum at this propeller position,
as indicated in Fig. 5.34.

35
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CJ/Co
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Figure 5.34: Effect of propeller streamwise position on APROPOS wing lift/drag
ratio at low thrust ; J = 0.905; T, = 0.133; a = 4°.

In general, for a propeller position close to the wing, reductions in the wing drag
might be associated with a drop in propeller efficiency (or propeller thrust for given
power setting). For this reason a performance indication obtained from the configura-
tion in which both the propeller and the wing are combined is more representative for
the overall benefits. Therefore, to judge the total propeller effect the drag change of
the wing can be treated as a propeller thrust augmentation. In this case an effective
propulsive efficiency can be chosen:

T. — ACp=;
Neff = C#Dz (5.5)
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Since no internal balance was present to measure the thrust of the propeller separately,
the total pressure across the propeller disk was measured. Integration over the disk
then yields the effective thrust of the propeller. This was done for two positions of
the propeller x,/c = 0.50 (denoted A) and z,/c = —0.71 (denoted B) respectively.
For the high thrust condition (J = 0.43) values of T, = 0.7701 and T, = 0.785 were
found for the positions A and B respectively. As expected the thrust coefficient for A
is somewhat lower due to the increased flow velocity over the wing upper surface.
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Figure 5.35: Model motor power coefficient versus streamwise propeller position
s oa=4.2°,

Fortunately the power required for this T.-value is also reduced (Fig. 5.35}. Ap-
parently the effect of the wing proximity on the propeller performance is relatively
small. If we look at the value of 7,55 we find that it changes from 0.346 at position
B to 0.408 at position A in the high thrust case. For the low thrust case this value
changes from 7.y = 0.793 at position B to 5. = 0.851 at position A. This is a
remarkable performance improvement. Again it should be noted that the OTW posi-
tioning of the propeller reveals an increment in lift and a reduction in drag. Johnson
et al [81], who performed comparable tests, always found a drag rise which cannot be
explained based on the results from the APROPOS tests.

In Fig. 5.36 some examples of the pressure distributions at the spanwise location
of the propeller centre line are presented. The C), curves in these figures should be
on top of each other since the angle of attack in this case is @ = 0° and the wing
profile is symmetrical (NACA645-A015). Fig. 5.36a, that was generated for the low
thrust condition, shows that for the propeller positioned well ahead of the wing leading
edge almost a symmetrical pressure distribution is indeed found whereas the propeller
positioned above the wing results in a noticeable effect on C,. As indicated before
this is the direct effect of inflow into the propeller disk and the contraction of the
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Figure 5.36: Effect of streamuwise propeller position and thrust condition on the
surface pressure distribution of the APROPOS model at o = 0°;
(a) comparison of z-position at T, = 0.133; (b} z,/c = 0.54 and
T. =0.77.




130 CHAPTER 5. EXPERIMENTAL INVESTIGATION

slipstream. Comparing Fig. 5.36a and Fig. 5.36b, where the latter shows the OTW
configuration but now for higher propeller thrust, immediately confirms the strong
influence of the stronger slipstream contraction leading to increased asymmetry in the
pressure distribution.

Although some propeller positions seem to result in considerable benefits it should
be noted that the connection between the nacelle and the wing generally reduces
the lift, changes the lift curve slope and increases the drag. Therefore practical
implementation of an OTW propeller arrangement certainly requires further detailed
research.

Additional aspects of the OTW configuration will be treated in Chapter 6, based
on CFD-calculations on the APROPOS model.

Effect of propeller inclination As described earlier, a fixed position of the pro-
peller with reference to the wing brings about a strong deformation of the slipstream
symmetry when the wing is given a positive angle of attack. In principle this causes
detrimental effects with regard to the induced drag of the wing. When looking at
the propeller itself it is important to understand that the wing generally introduces
upflow in the propeller disk area. Thus the correct setting of the tilt down angle
for minimum alternating loads on the blades depends typically on the streamwise
position of the propeller. It should be noted that significant flow non-uniformity
might also be introduced by the presence of the nacelle when it is positioned at some
non-zero angle of attack. The fact that this has a negative effect on the propeller is
another reason to explore the possible advantageous effects of a Propeller-Tilt-Down
configuration, further denoted as PTD. Propeller thrust line tilt down may be used to
improve power-on longitudinal stability through reduction of in-plane normal forces
and increase of the vertical position of the thrust axis with reference to the aircraft’s
c.g.

Normally the angle of incidence given to a propeller is limited to approximately
2° which effectively reduces the cyclic loading due to the wing upwash generated
skewed flow fleld. To verify the possible performance effect of PTD configurations
experimentally much bigger angles were analyzed.

Although all the tests were performed for different y, and z, values combined
with several propeller incidence angles, ¢y, only the results for y,/b/2 = 0.469 and
zp/R = 0 will be presented here.

In Fig. 5.37 the lift and the drag coefficient of the APROPOS model are given
versus the propeller angle of attack, a,.

The tilting-down of the propeller evidently leads to improved performance of the
wing through an increase in the lift and a significant decrease in the drag. This
results in a notable rise of the lift/drag ratio, as indicated in Fig. 5.38. Note that the
underlying cause is principally different from the effect of vertical displacement of the
propeller since now the velocity distribution in the slipstream has undergone a major
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Figure 5.37: Effect of propeller angle of attack on the wing lift and drag coeffi-
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change (Veldhuis [12]). These experimental results are qualitatively in agreement with
the results produced by the optimization code that is discussed in Chapter 7.
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Figure 5.38: APROPOS wing lift/drag ratio versus the propeller angle of attack
relative to the wing chord reference line ; J = 0.92.

Note that the (small) negative normal force acting in the propeller plane and the
(small) reduction in effective thrust hardly reduces the positive effects of the PTD. In
contrast to the OTW layout, an innovative configuration with application of propeller
tilt down angles up to approximately 15° should not raise major problems from the
structural point of view. In chapter 6 the discussion on this layout is extended, based
on numerical predictions.

5.5.3 F27 MODEL

The models PROWIM and APROPOS that were used during the earlier experimental
test campaign produced valuable results and provided detailed insight in the complex
flow that is associated with a slipstream washing a trailing wing. The main disadvan-
tages of these models, however, are reflected in their geometry and layout. Since in
both cases a half model was used in the windtunnel the reflection plate to which the
wing is mounted acts as a plane of symmetry in all cases. This means that the models
do not allow investigation of the (common) case of co-rotating propellers. Further
disadvantages are the lack of a fuselage and empennage which are known to generate
small effects on the propeller wing interaction phenomena and last but not least the
rather low aspect ratio (A = 5.33) of both half models.

.
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To extend the experimental research on the propeller effects somewhat further, in
the same windtunnel environment, additional tests were carried out on the F27 model
that was described in section 5.3.4.

The tests on the F27 model were restricted to the investigation of:

e the overall propeller effect
e the effect of propeller rotation direction

o the effects of the propeller slipstream on the flow behavior close to stall

Reynolds number effects The Reynolds number that is selected during propeller-
on tests is important for two reasons:

¢ A low Reynolds number results in a development of the boundary layer that
significantly differs from the full scale behavior. This may lead to premature
separation effects when the propeller induced wing angle of attack increases for
the high thrust cases

e A Reynolds number that is set to high (for the given model scale) hinders the
setting of a high thrust coefficient.

The latter can be seen as follows. The ratio Cr/Cp (thrust for a given power)

can be written as: -
Cr _ pnZDT z

. _P
Cr ps P

with the efficiency of the propeller:

nD (5.6)

TV
=75 (5.7)
eq. (5.6) becomes:
Cr 7
e =7 (5.8)

The propeller efficiency is quite constant over a range of Reynolds number which
means that the thrust coefficient for a given power coeflicient is large for low values
of J which can be realized at low wind speed for a certain maximum propeller speed.

To determine a suitable wind speed for the propeller-on tests several runs with
varying Reynolds numbers were performed. The lift curve, presented in Fig. 5.39
demonstrates a clear Reynolds dependency especially when the Reynolds number
(based on ) is reduced to a value of Re = 2.5 x 10°.

During the preliminary propeller-on run it became clear that the highest thrust
coefficient could only be realized by performing tests with the lower Reynolds number
of Rez = 0.25 x 10%. As a consequence the propeller rotation effects for the high and
low thrust cases should be treated separately when conclusions are drawn since the
latter were partly obtained at higher Reynolds numbers.
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Figure 5.39: Reynolds number effect on the lift curve of the F27; configuration
WFENYV.

Effect of rotation direction The experiments were performed on the model with-
out horizontal tail (configuration WFNV). In this way only the effects of the slipstream
on the behavior of the wing were investigated without disturbances introduced by the
horizontal tail. It should be noted that the impingement of the slipstream on the
horizontal tail also affects the total lift and drag (Obert [45]) but this effect is small
and the analysis of the secondary contribution is considered beyond the scope of these
investigations.
The three propeller rotation cases that were studied are:

e co-rotating propellers (right when looking upstream), referred to as : ”co-right”
e inboard-up rotating propellers, referred to as : ”inb-up ”

e outboard-up rotating propellers, referred to as : "outb-up ”

The main difference between the three propeller rotation cases is the change in
propeller induced angle of attack in the area washed by the slipstream due to the
swirl velocity distribution. The effect of the propeller rotation direction was tested
for two ranges of thrust coefficient referred to as ”low thrust” and "high thrust”.
The installed thrust coefficient was approximated by subtracting the propeller on and
propeller-off drag coefficient for oo = 0°. In Fig. 5.40 the measured thrust coefficient,
T, versus the advance ratio is presented.
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Figure 5.40: Thrust coefficient of the F27 versus advance ratio; By 75r = 25°

The low thrust case typically represents the cruise condition of the aircraft. Only
moderate effects of the rotation direction are expected since the swirl velocity relative
to the flight speed is small. The maximum angle of attack change in the wing area
washed by the propeller slipstream , that was approximated with the BEM code (see
Appendix A) is approximately : Aa = 5° at /R = 0.75.

Fig. 5.41 shows the effect of the rotation direction for a rather low thrust coefficient
of T, = 0.025 as well as the wind milling propeller and the propeller off condition. The
inboard up rotating propeller demonstrates the highest value of the lift curve slope,
CL,, in the linear part and hence produces the highest lift force at a given angle
of attack. This is an expected behavior since the slipstream rotates in the direction
opposite to that of the tip vortices. The same behavior was found for PROWIM
although the effects were much stronger due to the more outboard position of the
propeller and the smaller aspect ratio. Even if the propeller distance from the wing
tips is large for the F27 model its influence on the effective aspect ratio of the wing
apparently is still noticeable. The curve for the co-rotating propellers (not depicted
in Fig. 5.41), is fairly close to the inb-up curve since in this case one propeller causes
a positive and the other a negative effect on the lift curve slope. The difference of
both the prop-on cases with prop-off case again arises from the contribution of the
increased dynamic pressure in the slipstream area and the propeller normal force. As
expected, the wind milling case (co-right) produces the lowest lift curve slope due to
the strong dynamic pressure loss in the slipstream.

A closer look at the prop-on curve beyond a = 6° reveals a lift coefficient for the
outb-up case that is slightly higher than the one for inb-up case. Here an impor-
tant other phenomenon of the slipstream becomes visible, namely the impact on the
boundary layer development.
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Figure 5.41: Effect of propeller rotation direction and wind milling on the lift
curve ; (a) full curve ; (b) detail around cruise angle of attack ;
Re =0.41 x 108; T, = 0.025; By.75r = 25°.
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‘ Figure 5.42: Flow wisualization on the upper surface of the F27-model at o =

6.5° angle of attack. The flow separates at approz. 50% of the
chord. The thin dotted line indicates the tripping wire at 50% chord

[66] ; prop off.
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From earlier experiments on the F27 in gliding flight (Spigt and van Gelder [83])
significant separation was found on the wing upper side beyond o = 5°(Fig. 5.42).
In the outb-up rotation case the propeller induced swirl velocity reduces the effective
wing angle of attack at the inboard side of the nacelle. Therefore the lift coefficient
increases a little bit in this case. It should be noted that this effect is stronger on the
full scale aircraft since the high angle of attack case corresponds to a much higher
thrust setting of the propellers characteristic for the landing phase of the aircraft.

Further evidence of the flow straightening effects of the slipstream is found from
still images that were extracted from video recording of the F27 at high angles of
attack. In this case a single line of tufts was used an indicator for flow separation. In
Fig. 5.43 the situation for o = 12° is presented.

prop off, port wing

a=12°
7. =0.025
Clean

prop on, starboard wing

Figure 5.43: Comparison of the flow visualization using tufts for the prop off
and prop on case of the F27; top view.

In the prop-off case significant flow separation is found at the nacelle inboard side
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(see port wing). With both propellers running co-right, the downgoing propeller side
(at the right of the port nacelle) shows a remarkable reduction of the flow separation
(tufts aligned with the main stream). The nacelle inboard side of the starboard wing,
where the propeller increases the local angle of attack, shows a smaller guiding effect,
as expected. The effect of the thrust coefficient for a constant angle of attack is
presented in Fig. 5.44. Although the effects are relatively small the outboard up
rotating propeller clearly shows the lowest increase in the lift coefficient. In case of
the lower advance ratios the inboard up rotating propellers are superior.

Not only the slipstream influence on the lift coefficient but also the way it affects
the overall performance of the aircraft is important. A convenient way to examine
this is through a plot of the lift-drag polar. The result for the lower thrust coefficient
is presented in Fig. 5.45.

Now an important problem arises since the drag coefficient, which incorporates the
thrust coefficient becomes unequal to zero. For the low angle of attack a clear excess
in thrust is discernible, hence a violation of the thrust-drag equilibrium is manifest.
This observation is supported by Ref. [78] where data for the normal cruise condition
of the F27 are presented. This problem is mainly due to the relative low Reynolds at
which the tests were performed resulting in an inaccurate drag coefficient compared
tot the full scale situation. Additionally, the low Reynolds number at which the
propeller performs its work leads to a further discrepancy between the model and the
full scale polar. Instead of an exact representation of the cruise flight condition of the
full scale aircraft the data shown in Fig. 5.45 may be used to acquire quantitative
effects of typical turboprop arrangements.

As the lift increase due to the slipstream guiding effect at high angles of attack
can be seen clearly comparing the prop off and prop on curves in Fig. 5.45a. The
effect of the propeller rotation direction on the drag coefficient, as shown in the detail
plot of Fig. 5.45b, confirms the (small) beneficial effects of the inboard up rotating
propeller. At a typical cruise lift coefficient of Cr, = 0.4, the difference between the
outboard up and the inboard up rotating propeller is 4 drag counts in favour of the
latter. The difference between the two propeller rotation cases depends on the lift
coefficient. One may expect that with increasing lift acting on the wing, the relative
effects of the opposite swirl distribution introduce larger changes in the drag. Fig.
5.46 shows that the positive influence of the inboard up rotation increases for the
higher C'p, values.

Flap deflection As indicated by the optimization results and the experiments on
PROWIM a specific change in the spanwise loading may lead to a reduced drag for
given lift. In general a smoothly varying twist or camber distribution is required to
attain the true optimum loading. Nevertheless it is also possible that a small change
in the loading distribution provoked by a small flap deflection, may as well lead to a
performance enhancement.
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Figure 5.44: Effect of the propeller rotation direction and the advance ratio on
the lift coefficient ; o = 0.25°; (a) Re = 0.41 x 10%; (b) Re =
0.25 x 106.
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Figure 5.45:

Lift-Drag polar for the F27 at T, = 0.025 in the clean configuration
; (a) complete prop on and prop off curves ; (b) detail for the prop
on case.




142 CHAPTER 5. EXPERIMENTAL INVESTIGATION

0 |
Re=0.41 million
-2 Tc=0.025 -

Clean
-4
e
N AN

-8
ol N
AN

-0.2 0.0 0.2 0.4 0.6 0.8 1.0
C

(CD)inb—up'(CD)outb—up (counts)

Figure 5.46: Difference in drag coefficient for the inboard up and the outboard
up rotation case ; F27 in clean configuration.

On the F27 model a loading variation was created by a deflection of df, = 28° of
the inboard flap only!.

Fig. 5.47 presents a part a the measured lift-drag polar at the same thrust coeffi-
cient as the one used for the clean configuration.

The lift coefficient for given model angle of attack is higher due to the extended
flaps. However, this is associated with a higher drag coefficient for a given lift. Closer
examination reveals a small but noticeable difference with the clean configuration
when the inboard up and outboard rotation case are compared. As indicated by the
data in Fig. 5.48, where the difference in effective drag coefficient is depicted, the
power effects lead to larger differences between the inboard and outboard up rotation
case.

This behavior indicates that unquestionably a strong relationship exists between
the loading distribution and the swirl distribution in the slipstream. When the loading
distribution is changed the optimum propeller swirl has to be adjusted accordingly
and vice versa.

1Normally the deflection of the inboard and the outboard flap are coupled in a ratio of approxi-
mately 2:3.
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5.6 Quantitative wake analysis

5.6.1 Introduction

The interaction between a propeller and wing and the associated vortex flow field
is very complex. Therefore an optimization of the configuration with theoretical
prediction techniques will only be successful if quite detailed data are available on the
characteristics of the slipstream/wing interactive flow. For that reason a detailed flow
field survey at 1 chord length behind the PROWIM model was performed. Analysis
of the flow field on a simple rectangular wing performed by de Leeuw [84] showed that
the 1 chord location provides acceptable results when a thin five hole probe is used.

One of the earlier attempts to explain the different phenomena that occur when a
propeller slipstream interacts with a trailing wing was made by Aljabri and Hughes
[46]. Their analysis, however, is restricted to a quasi 2-dimensional wing (with end-
plates) thus omitting the (strong) effect of the wing tip vortex. Samuelson [85] de-
scribes the flow field around several propeller wing configurations and includes a
discussion on the velocity field in qualitative sense. Although an extensive amount of
vector plots is produced in [85] no attempt is made to derive configuration character-
istic values (like lift, profile drag and induced drag) from the survey data.

The flow field surveys that are described hereafter, exhibit some interesting per-
spectives:

1. The three dimensional visualization of the flow field reveals important qualita-
tive information on the deformation process of the wake which can be important
for the aerodynamic design of the wing and trailing surfaces and for the model-
ing of vortex formation in CFD-codes.

2. The components of drag can be measured separately. Thus the quantitative
results of the wake survey may be of use for the validation of codes where
the calculation of profile drag and induced drag are generally performed with
different calculation models.

The main objectives of the quantitative flow analysis behind the propeller-wing
model were:

o to learn more about the ability of a quantitative wake survey to produce accurate
information about the lift and the drag components when a propeller slipstream
interacts with a wing

& to explore the geometry of the deformed slipstream and vortex wake downstream
of the wing

e to improve the understanding of the complex vortex wake structure as it is
important for future optimization of propeller-wing configurations.
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‘ The analysis method as described hereafter was programmed in a FORTRAN code
referred to as WAKE [86]. This code is currently used for quantitative wake analysis
of both experimental and numerical field data [87, 88].

5.6.2 Theoretical background of the wake analysis method

In this section a brief review of the theory behind the quantitative wake analysis
| method is given. A further discussion on this subject is presented by Maskell [70],
Betz [69], Rentema [74] and Wu et al. [72]. The power of the method that is used in
quantitative wake analysis is the ability to distinguish the profile drag from the vortex
related induced drag of the configuration. First of all the assumptions on which the
| model is based should be outlined. The first assumption that is made is a flow that
is steady (time-averaged) and incompressible at the field survey plane (FSP) which
1 is positioned somewhere behind the model. Secondly, the closed wind tunnel has a
| constant effective cross section which means that the effective boundary of the stream
| is defined as the displacement surface of the boundary layer on the wind tunnel walls.
To determine the signs of the variables a right-handed axis system is used with
the x-axis pointing in the streamwise direction and the z-axis pointing up in vertical

direction.

Wake drag integrals The drag of a body positioned in a control volume as depicted
in Fig. 5.49 can be found from the change in momentum in the direction of the
undisturbed flow. The upper, lower and the side planes of the control volume are
parallel and positioned just outside the wall boundary layer.

wind tunnel wall
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Figure 5.49: Control volume approach used in the quantitative wake analysis.

Considering the conditions at plane Sjand Sz upstream and downstream of the
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body respectively the drag may be written as :

D= /S /1 (p1 + pui) dydz — /S [ (p2 + pu3) dydz (5.9)

Introducing the total head H :

H =p+ 3p (u? +v? + v?) (5.10)
equation (5.9) may be rewritten as :

D= f [ (Hs — Hz) dydz+

o {(ut ~ o7 - o) (813 - )i (511
where W denotes the wake area part of Sa. Since the total head is constant everywhere
outside the vortical area of the flow the first integral is limited to the wake downstream
of the object.

To limit the second integral to the wake also, Betz [69] introduced an artificial
velocity-component u* which differs from u only in the wake area:

Hoo =p+ 3p(u % +0? + w?) (5.12)

The difference between Betz’ velocity and the undisturbed flow velocity is called the
perturbation velocity u”

w =ux ~ Uy (5.13)
Substituting (5.12) and (5.13) into the drag relation (5.11) results in :

D=ff{ Ho — Ha) + (ub — ug) (ul + up — 2Us) }dydz+

» 5.14
0 ] (072 = o ) — (007 — o — ud) e (G149
This equation holds for any steady incompressible flow of a fluid with constant vis-
cosity. To express the contribution of a perturbation velocity a wake integral is
introduced (Maskell [70]) for the wake-blockage velocity uy :

1 *
up = 5 // (uy — uo) dydz (5.15)
w

”»

The perturbation velocity, u”, can be considered as a constraint correction to the
Betz’ formula, due to the presence of the wind tunnel walls. Maskell [70] derived
the relation between u” and up by considering a system of a bound vortex and a
source-sink combination in the flow:

%pfg (uf — u3) dydz = —2pu2 S (5.16)
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Substituting (5.16) into (5.14) leads to :
D= ff {(Hoo — H2) + 1p (u3 — u2) (u3 + ug — 2Us) Ydydz

5.17
opuzS + Lp [ {62 + wd) — (07 + w?)}dydz (5:17)
s
The first two terms are considered by Betz as the profile drag while the last term is
supposed to be the vortex drag or induced drag.
Comments:

e Although this seems to be a reasonable definition it might be questioned. One
could likewise decide to split the contributions into one part that is related
to the viscosity, called the profile drag and the remainder being the vortex or
induced drag.

e It should be noted that for the case where a propeller is running the energy
supply to the flow increases the value of Hy which means that the profile drag
may become negative.

o In the program WAKE, the induced drag is defined as being the result of local
non-viscous normal forces, such as lift, generated by the wind tunnel model.
The remainder is defined as the profile drag.

The problem with formulation of the last integral of eq.(5.17) is that it must be
evaluated over the entire cross section of the wind tunnel (i.e. flow data need to be
available in the complete Sy plane). This problem can be solved in the following way.

Introduce the continuity equation :

v Ow ou

oy I == 1
oy T o: - o (5.18)
the axial vorticity component :
ow v
=% 1
=%, "o (5.19)
and two scalar functions ¢(y, z) and ¥ (y, z) such that the following conditions are
satisfied: Cov a6
5.2
T 0z t oy Oy (5.20)
_ éhp o¢
w=-3.+3; (5.21)
When equations (5.20) and (5.21) are substituted in (5.18) and (5.19) we obtain :
&’y o’y
S toz="¢ (5.22)
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&F¢ , 0%
902 + 9.2 = f (5.23)
With known values of € and f in the wind tunnel cross section the values of the scalars
¢ and ¥ can be calculated applying the right boundary conditions (Rentema [58]).
The last integral of (5.17) can now be written as:

ff v? +w?)dydz = ff (By (Yw) — (’v))dydz

(5.24)
—ff (% Yw) — E(QPU)) dydz+ [[ (¥€ — ¢f) dydz
s s
Applying Stokes’ theorem and the 2-dimensional form of the divergence-theorem to
the first two integrals on the right hand side of eq. (5.24) the following line integrals
are found:

j{u’wtds—l—%npvnds (5.25)

i b;
Here boundary b; is determined by the intersections between S; and S5 and the wind
tunnel side walls. The velocities v; and v, denote respectively the tangential and the
normal component of the velocity vector at boundaryb.

Because v is chosen zero at the boundary, the first integral of (5.25) vanishes. The
second integral also vanishes since there is no mass flow through the wind tunnel wall
and consequently v, = 0.

Thus, only the last integral of eq. (5.24) remains to be used in eq. (5.17).

The axial vorticity is zero outside the wake which restricts the vortex drag integral
to:

Dy = %P{‘f/ Yo & dydz + %pfé" (p1fi-pafa) dydz (5.26)

The term 1£; has disappeared because at the upstream side of the model & = 0.

The second integral of eq. (5.26) represents the contribution of the crosswise
components of the vorticity vector which still has to be evaluated by taking the surface
integral over the test section cross planes S; and S3. Yet, if the flow is considered
two-dimensional in these planes the velocity gradient f disappears and the integral
can be simplified. This is the case when the planes S; and S, are positioned far
upstream and downstream of the model respectively.

Wu et al [89] have shown that under normal conditions the variable quantities
w1 f1 and w2 f2 are equal, hence their contributions cancel each other.

When the survey plane S is taken far upstream f; vanishes thus simplifying the
equation for the vortex drag as :

Dy = %Pf‘/{ ¥y §o dydz — %mef/ &g fodydz (5.27)

In general the contribution of the second integral is negligible outside the wake thus
integration is performed over the wake only. De Leeuw [84] verifies this vortex drag
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formula with experiments on a simple half-wing model. He concludes that for the clean
wing configuration the transverse vorticity contribution is very small (0.04% — 0.13%
of the vortex drag).

5.6.3 Boundary conditions

Eq. (5.22) and eq. (5.23) have to fulfill the boundary condition ¢ = 0 at the wind
tunnel walls to ensure they will form streamlines in the 2-dimensional space. To be
able to calculate the values of ¢ and ¢ over the measurement area only the boundary
conditions at the wind tunnel walls will have to be translated to the boundary of this
measurement area.

Laplace
Region

Poisson
Region

Outer Region /

Figure 5.50: Splitting the test section cross plane.

tunnel wall

Therefore the test section cross plane is split into 3 areas (Fig. 5.50) into:

e an outer region between the measurement area and the wind tunnel walls
e a quasi- 2-dimensional area denoted ”Laplace-region”

e an inner region, completely being enclosed by the Laplace-region, denoted " Pois-
son region”

where the Poisson-region is the only one containing vorticity. For the Laplace-region
we may write :

Ay =0

Ap=0 (5.28)
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and for the Poisson-region :

A = —¢
Ap=f

In the outer region the scalar variable ¢ may be chosen constant, for example zero. In
case ¢ represents the 2-dimensional velocity potential the choice ¢ = 0 means the flow
is irrotational and perpendicular to the measurement plane. In reality however the
velocity components v and w are unequal to zero in the outer region. This indicates
that ¢ does not represent a velocity potential. The advantage of this choice for ¢ is
the favorable effect on the calculation of ¥. Using eq. (5.20) and eq. (5.21) we may
write:

(5.29)

Xy

8z
o (5.30)
Ay

Thus v represents a 2-dimensional stream function.

Because there is no mass flow through the wind tunnel walls the surface normal
gradient of ¢ should be zero. The boundary conditions that has to be applied to solve
the Poisson-equations (5.22) and (5.23) can now be summarized as follows :

¢ %% = v A ¢ =0 at the boundary z = constant

. g—;‘; = —w A ¢ = 0 at the boundary y = constant

ey =0A %5 = 0 at the boundary where the model is connected to the wind
tunnel wall

Equations (5.22) and (5.23) can now be solved using a (standard) Poisson-Solver.

5.6.4 Wake Lift integral

The local lift coefficient can be found following the classical wing theory. When
a planar wake is assumed the local distributed vorticity strength of the wake that
leaves the wing at the trailing edge is given by:

) = / £dz (5.31)

The magnitude of the distributed vorticity strength is related to the bound vorticity
strength through:

r- / (g1 )dgs (5.32)
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Integration of the local lift coeffient, given by I(y) = pVTI'(y), leads to the total lift

force:
+b/2 400 +oc

L= [ [ [ e dudny (5.33)
y=—b/2Yy1=y 2=—00
Of course the integration can be restricted to the vortical wake since outside this area
& becomes zero.
Based on an analysis of the momentum equation in vertical direction of the given
control volume Maskell [90] derives a slightly different form. An additional term is
added given by:

AL = p// (ul — u2) wodydz (5.34)
W

which is the loss of momentum due to the loss of energy in the wake. Although this
term is generally very small [90, 91] it has been added to the lift integral of eq. 5.33,
since its (positive) contribution may not be negligible in the propeller slipstream.
Remarks:

1) Due to the fact that the integration in the survey plane is performed sequentially
in z- and y-direction, effectively only the vertical component of the side-force acting
on the wing is obtained. This implies that the normal force distribution that for
example acts on a winglet can not be calculated correctly with the method described
above.

2) A second important remark should be made regarding eq.(5.33). Since the wake
behind the wing deforms, the assumption of a planar wake is not correct. This means
that from the shed vorticity the direction and the location of the inducing (lift) force
acting locally on the wing can not be determined exactly. Therefore calculation of the
integral in eq.(5.33) through successive integration in z- and y-direction in principal
produces a wrong picture in areas where the vortex sheet has rolled up, as occurs at
the wingtip. An example of this phenomenon is sketched in Fig. 5.51.

In fact the integration should be performed first in s- and then in t-direction
which are locally perpendicular and parallel to the vortex sheet respectively. This is
practically unrealizable in a fully developed tip vortex where the sheet is stretched in
lateral direction and rolled up into one vortex core. Although this is a clear limitation
in the use of eq. (5.33) a reasonable representation of the local lift distribution will be
obtained using the classical theory. Only in areas with strong vortex roll up (e.g. the
wing tip area) deformations of the lift distribution are expected and at larger distance
behind the wing.

5.6.5 Wake analysis of experimental data

Flow field survey data To understand the balance and the surface pressure data
discussed earlier better, flow field surveys were performed behind PROWIM. Time
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Figure 5.51: Mis-interpretation of the lift distribution close to the wingtip due
to vortex wake roll-up.

averaged slipstream and wake measurements were performed at 1 chord length behind
the wing trailing edge. The propeller was rotating inboard up with an advance ratio
of J = 0.85.

To be able to analyze slipstream influence on wing profile drag, induced drag and
lift distribution, a grid spacing of only 2mm (h/% = 0.0003125) was chosen in both
directions. This very fine grid was selected to uncover enough detail of the flow field
to draw qualitative conclusions. To check the necessity of taking so many data points
some calculations with fewer data points were performed afterwards. By skipping
measurement data the effect of grid density on the calculated axial vorticity was
found [79].

Quite coarse measurements grids can be used if only qualitative information is
requested. Yet, the variables that depend on the value of £ like the local lift coefficient
and the induced drag coefficient show a clear effect of grid density. Based on these
analyses a choice of the 2mm grid spacing seems to be appropriate to ensure accurate
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integration of flow data over the wake area.

Flow structure for the prop off case Fig. 5.52 displays the total pressure
coeficient for the propeller off case at o = 0°,4° and 10°. The strong deficit which
occurs in the wing wake and the wing tip vortex are clearly visible. Besides the total
head loss behind the nacelle with the pressure tubes installed, there is a distinct effect
of the horseshoe vortex at the wing/wall junction. For a = 4° and 10°, when the wing
generates lift, the total head loss in the tip vortex core becomes very pronounced.

The wake starts to deform significantly for the higher angles of attack which may
have consequences for the theory applied above where a planar wake was assumed.
Near the root, the wake of the wing shows a disturbance (see arrow in Fig. 5.52b)
which becomes larger at higher angles of attack. This is caused by a small streamwise
gap between the trailing edges of the inboard flap and the wing. The fact that this
small geometrical disturbance generates a measurable effect demonstrates the power
of the flow field analysis.

An interesting and accurate way of presenting the flow field is to consider the axial
vorticity £ as given in Fig. 5.53.

All important vorticity, confined in either sheets or distinct vortices, becomes
visible. Sometimes the total pressure loss also forms a good indicator for the presence
of vortical flow as long as the position of the viscous wake (with lower C,, values as
well) is known and taken into account.

In Fig. 5.53a, for oo = 0°, two vortex pairs appear, originating from the horseshoe
vortices generated by the nacelle/wing connection. At o = 4° the vortices with
negative £ merge and the field rotates in anti-clockwise direction due to the cross flow
induced by the wing. Since the wing now produces lift, the wake rolls up resulting
in a strong vortex with very high £-value at the tip. Moving from the tip to the
root the trailing vorticity becomes weaker. This is easily explained by considering
the spanwise gradient of the lift which decreases when moving in the direction of the
wing root.

Flow structure for the prop on case With the propeller running the structure
of the flow field changes radically.

In Fig. 5.54 the cross flow vectors are depicted for a = 4°. Although this type
of graph is easily generated (even on-line during the measurements) it exhibits no
significant additional information on the flow field compared to the axial vorticity
plots. In fact the interpretation of the cross flow vectors may result in a completely
wrong perception of the real flow field since distinct vortices can not be distinguished
accurately [92].

Fig. 5.55 shows the combination of the cross flow vectors and the total pressure
contour lines both at the propeller location and the tip region. The wing tip vortex
is easily recognizable from the vector field whereas the slipstream geometry is not
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Figure 5.52: Total pressure distribution for the propeller off case of PROWIM.
The total pressure loss above and below the nacelle in the center is
the result of the installed total pressure probes.
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Figure 5.54: Cross flow vectors for a = 4°; prop on.

clearly defined by the cross flow vectors.

As can be seen in the Cp,-plots of Fig. 5.56 a strong total head rise occurs in
the slipstream. The strong spatial gradients in the total pressure distribution that
normally occur at the location of the propeller disk are remarkably well preserved
towards the slipstream boundary.

Apparently the decay of the vorticity between the propeller position and the survey
plane is limited. This can also be seen in the axial vorticity plots of Fig. 5.58, where
distinct boundaries are visible. The wake of the nacelle is completely embedded in
the slipstream which is substantially distorted by the wing, as expected.

The slipstream contour at a = 0° is sheared in lateral direction but still main-
tains its original circular shape reasonably well. Increasing the wing angle of attack,
however, results in a strongly deformed shape gradually turning into an ”inverted T”
shape for o = 10°. The horseshoe vortex at the wing root is still visible.

In Fig. 5.57 three-dimensional views of the total pressure rise at o = 0°, 4° and
10° are given for the prop on case. The total pressure loss in the wing wake and the
tip vortex is clearly visible while the slipstream area shows a total pressure gain due
to the power delivered by the propeller. Apparently the flow field in the vicinity of
the wing part washed by the slipstream is strongly distorted as the slipstream and
the wing wake merge into a rather complex flow pattern.

Though hard to see in these 3D views of the data for & = 10°, the total pressure rise
is higher at the side of the downgoing propeller blade due to the increased local blade
angle of attack. Due to the swirl introduced by the propeller the slipstream rotates
resulting in a displaced total pressure field. This is clearly shown in Fig. 5.56¢ where
at a = 10° the peak in the total pressure value has moved in the propeller rotational
direction. This, of course has implications for the aerodynamic load on the trailing
wing.
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Figure 5.56: Contour-lines of the total pressure coefficient, Cy,, for the propeller
on case.
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Figure 5.57: Three-dimensional view of the total pressure distribution behind
PROWIM, showing the total pressure loss in the wing wake and
the tip vortex and the total pressure gain in the slipstream ; (a)
a=0° (b) a=4° (c) a =10°.
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To be able to find the propeller effects on the wing loading distribution again plots
with the axial vorticity distribution were produced (Fig. 5.58).

Returning to equation (5.27), the second integral generally represents approxi-
mately 2% of the total induced drag (de Leeuw [84]), which means that a strong axial
vorticity (in the first integral) is indicative for a high induced drag contribution. Al-
though it is difficult to relate a £-peak in the survey plane to a corresponding spanwise
coordinate on the wing, due to (unknown) wake deformation between the wing and
the survey plane, the effects of the propeller blade tip vortices and the wing tip vortex
are very pronounced.

When viewed from behind, the tips of the propeller blades produce anti-clockwise
vortices. These vortices create a narrow zone with high positive £-values at the outer
border of the slipstream. The root parts of the propeller blades produce negative
vorticity which is spread out inside the nacelle wake area.

As can be seen in Fig. 5.58a for & = 0°, the rotational symmetry of the slipstream
is clearly influenced by the presence of the wing. The boundary is sheared in lateral
direction at the passage of the wing so that the slipstream boundaries at the upper
and lower wing surface are at different spanwise stations. A convenient explanation
of this phenomenon can be found in the way the slipstream influences the wing lift
distribution. Fig. 5.58 shows that strong vorticity is shed from the junction of the
wing surface and the edge of the slipstream, which is indicative of the high gradient
of spanwise load on the wing. To explain the effect, the vorticity is considered as
being contained in 3 discrete vortices as sketched in Fig. 5.59. As a result both
slipstream halves shift in opposite spanwise directions near the intersections between
the wing and the slipstream outer boundary. The areas with negative £-values at
these locations confirm this explanation. Also the clockwise rotating center vortex
with positive £ is clearly visible in Fig. 5.58. At a = 10° both slipstream halves have
shifted in opposite directions due to the strong influence of the wing tip vortex.

Although the five hole probe measurements were all performed at a rather low
thrust coefficient the contraction of the slipstream is still visible, especially at a = 0°
in Fig. 5.56a where the propeller disk contour was added as a dotted line.

Summarizing these results it should be stated that the deformation which occurs in
the wake is strongly related to the lift distribution of the propeller /wing combination.
Therefore, for a accurate prediction of the propeller interactive flow field CFD-codes
are required that somehow incorporate the slipstream distortion.

Quantitative wake analysis In this paragraph the results of the field data are
compared to the data that were found from the surface pressure and the balance
measurements.

Although the wing has some straightening effect on the flow, the basic circular
shape of the slipstream is maintained and substantial swirl velocities remain within
the slipstream downstream of the wing. This becomes clear when the lift distribution
found from integration in the wake is examined.
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In Fig. 5.60 the distribution of the local lift, represented by eq. (5.33), is presented
for = 4° and o = 10° together with the results of the integrated surface pressure
measurements. A small difference between the lift acquired with both techniques
outside the slipstream area is notable in these figures.

The reason for this discrepancy is still unclear but is expected to be a result of an
accumulation of several small errors within both measurements. The most striking
difference, between the flow field survey curves and the results of the surface pressure
measurements, is the opposite effects in the area washed by the slipstream. The latter
represent the pressure effects at the wing only, hence no contribution of the lift forces
that act on the propeller blades are incorporated in the data. The flow field data, on
the other hand, contain the lift contribution of the complete configuration.

Obviously the normal forces acting in the propeller plane exceed the lift variations
at the wing which are generated by the slipstream. This means in fact that a consid-
erable swirl is still present in the slipstream after passage of the wing. Here again it
is important to note that the wake position, where a certain value of the local lift is
found, cannot be directly connected to a known wing spanwise location. This problem
is associated with the integration procedure that is performed in vertical direction for
all spanwise stations.

The increased loading at the downgoing blade is clearly visible as the peak in the
local lift coefficient becomes higher than the values at the inboard side. From these
figures it is reasonable to conclude that optimisation of the wing alone with prescribed
propeller input data, as suggested by Kroo [10], Miranda [11] and Veldhuis [93] should
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Figure 5.60: Comparison of the lift distributions found from the integrated sur-
face distributions and from the quantitative wake analysis (QWA)
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(d) o = 10°, prop on.




164 CHAPTER 5. EXPERIMENTAL INVESTIGATION

be replaced by an optimisation of the complete propeller/wing combination in which
the most important interaction effects are integrated.
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Figure 5.61: Comparison of the overall lift coefficients found from external bal-
ance measurements and the quantitative wake analysis.

Comparison with balance measurements The final results of the wake surveys
are compared with the balance measurements in Fig. 5.61 and Fig. 5.62. If we look
at the effect of the propeller on the separate contributions of induced drag and profile
drag we see that mainly the profile drag component is influenced as a result of the
strong positive Ps-effect. The results of the calculations for & = 4° and a = 10° are
presented in Table 5.3.

It is clear that the drag found in the case of a running propeller includes the
thrust component and therefore becomes negative (Fig. 5.62). From Table 5.3 it
can be concluded that the favorable effect of the propeller, a negative (AC D, )prop:
becomes slightly less (about 14 counts) when the angle of attack is increased from
a = 4° to 10°. It is, however, impossible to determine whether this is caused by a
change of the wing profile drag or by a change in the slipstream characteristics due
to angle of attack. Separate measurements of the propeller thrust, with an internal
balance, are necessary to draw conclusions in this respect.

Although the flow field surveys produce a drag coefficient that is slightly smaller
than the drag from the external balance measurements, the agreement between the
two methods is quite good. The comparison of the overall lift coefficients is even
better. The agreement is better for the prop-off case (maximum difference of 2%)
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Figure 5.62: The overall drag coefficients, Cp,, found from external balance mea-
surements and the quantitative wake survey.

than for the prop-on case (maximum difference of 5%). No convenient explanation
for this phenomenon is available at this moment.

Table 5.3: Propeller influence on the wing lift and drag.

Component | Case a=4° a=10°
Cp, prop on -0.10609 -0.09411
prop off -+0.01600 +0.02661
(ACb, )prop -0.12209 -0.12072
Cp, prop on +0.00717 +0.02774
prop off +0.00324 +0.01935
(ACD, )prop -+0.00393 -+0.00839
Cp prop on -0.09893 -0.06637
prop off +0.01924 +0.04596
(ACD)prop -0.11817 -0.11233
Cr prop on +0.3302 +0.7328
| prop off +0.2917 +0.6618
| (ACL)prop +0.0385 +0.0710







Chapter 6

Numerical analysis and
verification

6.1 Introduction

To obtain further details of the propeller-wing interactive flow field both experimental
and numerical techniques are required. In this chapter the results of the different
calculation techniques, discussed in the previous chapters, will be presented. Where
appropriate, comparison with available experimental results, either found in open
literature or generated with the windtunnel models, described in Chapter 5 will be
made.

This chapter is organized as follows. First the VLM-calculations will be discussed
in which the effects of propeller position and angle of attack are investigated. Espe-
cially their effect on the so-called effective propulsive efficiency is addressed. Secondly
panel calculations performed with two different codes are discussed. It will be shown
that in this case a swirl recovery is needed to acquire acceptable lift and drag data.
The last part of this chapter is dedicated to the discussion of results obtained with
the Navier-Stokes solver FLUENT. The flow details obtained from these calculations
are shown to be in close agreement with experimental data.

6.2 VLM-calculations

During these calculations various typical parameters, which are to be selected in the
preliminary design process, were varied in a specified range. The parameters that
were investigated include:

e streamwise propeller position
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e spanwise propeller position

e propeller angle of attack

e propeller rotation direction

e profile drag contribution

In the next sections the most important results obtained with the VLM-code are
presented. The code, denoted VLM4, combines the calculation of the wing character-
istics and the complete propeller characteristics by allowing the deformation of the
propeller inflow field as sketched in Fig. 6.1.

To verify the significance of the propeller effects, the experimental results obtained
with the APROPOS test set-up, will be used for comparison purposes and examples
of calculations on the Fokker F50 will be discussed. In the selection of the propeller
position with respect to wing Fig. 6.2 will be used as a guide.

calculate uninstalied propeller
characteristics

l

determine altered wing inflow field (1)
due to propelier

l

update propeller inflow field due
to presence of the wing

!

recalculate propeller characteristics |

determine altered wing inflow field (2)
due to propeller

l

| calculate final propeller-wing characteristics |

Figure 6.1: Propeller-wing calculation sequence in the VLM calculations (code
VLMY).




6.2. VLM-CALCULATIONS

2.00

1.75

1.50

X,/R

1.25

1.00

0.75

0.50 ikl bk, LU e B e e e e

0.40

0.00 M,

||||||||||||||||||||||||||||

0.25

0| 111

-0.25

Z,/R
S |
o=
FIEEETES
i )
v o
e
e g

—* aircraft #

(©)

Figure 6.2: Propeller position (xp,yp, 2p) as found for typical twin-engined pro-
peller aircraft (see Appendiz B).

169




170

CHAPTER 6. NUMERICAL ANALYSIS AND VERIFICATION

6.2.1 Validation of BEM-analysis

The VLM code incorporates a separate BEM-analysis of the propeller. The prediction
capability of this (see Appendix A) was first investigated by comparing typical results
with data available from experiments.

The first comparison is made on the basis of a propeller denoted 5868-9 with
Clark-Y airfoil sections described in Ref. [94].
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Figure 6.3: Comparison of Proplb-BEM analysis results with date from [94]
(indicated with 'Ref’) ; Bo.7sr = 30°.

Fig. 6.3 contains the calculation results for various rpm’s and a blade setting
of Bo.7sr = 30°. In general a very good agreement between the predicted and the
experimental data is found. The success of the BEM-code in this case is probably

due to the fact that the propeller is lightly loaded. Hence no severe viscous effects
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like flow separation occur on the blades.

The results of a second case that was investigated are presented in Table 6.1.
The details of the model propeller that was tested in the Delft University Low Speed
windtunnel are presented in ref. [95]. Again the agreement between the BEM-code
and the reference data is acceptable. The difference between the experimental and
the predicted data is likely due to inaccuracies in the C; — a and the Cy — o curves
that are used as input for the BEM-code.

Table 6.1: Ezperimental and calculated propeller characteristics from ref.[95]
(denoted with ’Ref’) compared to the results found with the Prop1b-
BEM code for a small scale model propeller ; oy, = 0°.

Case J

0.00 | 0.20 | 0.289 | 0.438 | 0.591 | 0.753 | 0.922

Ref, exp. 0.128 | 0.121 { 0.102 | 0.070 | 0.050 | 0.009

Cr | Ref, calc. 0.138 | 0.129 | 0.123 | 0.104 | 0.071 | 0.050 | 0.009
Proplb-BEM 0.123 | 0.108 | 0.084 | 0.052 | 0.012

Ref, exp. 0.070 | 0.070 | 0.069 | 0.064 | 0.049 | 0.022

C, | Ref, calc. 0.069 | 0.074 | 0.075 | 0.073 | 0.065 | 0.049 | 0.024
Proplb-BEM 0.074 | 0.074 | 0.067 | 0.051 | 0.025

Ref, exp. 0.370 | 0.495 | 0.645 | 0.740 | 0.745 | 0.300

n Ref, calc. 0.0 | 0.350 | 0.475 | 0.630 | 0.730 | 0.745 | 0.300
Proplb-BEM 0.479 | 0.638 | 0.741 | 0.760 | 0.450

Based on the given results, the BEM code (prop1b) was implemented as the main
propeller-input module in the VLM-code. Furthermore the jump conditions at the
propeller disk that were determined with this BEM-code are used in the definition of
the actuator disk model used for the Navier-Stokes calculations.

6.2.2 Propeller normal force

To validate the propeller normal force effect on the propeller-wing performance three
methods were compared prior to the incorporation in the VLM-code: the method of
ESDU [29], (denoted by the E-method), the original approach described by Ribner
(R-method) and the direct calculation based on the BEM-analysis (B-method). Table
6.2 contains the result for the calculation of the normal force gradient for a simple
test case (D = 0.3m, B =6, ¢, = 0.3m, J = 1.5, T, = 0.067) for the three methods
mentioned above.

Typical differences that were found between the E- and the R-method are in the
+15% range which is approximately equal to the absolute accuracy of the E-method
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Table 6.2: Comparison of normal force gradients calculated with the E-R and
B-method for a simple, lightly loaded propeller.

Method Cn,. = d(Np/(pn*D?"))/do
ESDU (E) 0.457 rad !
Ribner (R) 0.518 rad 1
Blade Element Method (B) 0.416 rad !

as discussed in ref. [29]. The B-method shows a somewhat lower value which is likely
to be caused by a to low drag coefficient of the blade airfoil sections. Besides this sim-
ple test case further calculations were performed on cases discussed in open literature.

The first case is a Fokker-50 propeller that was tested under different angles of at-
tack in a low speed windtunnel [96]. The normal force coefficient that was found
for this propeller is presented in Fig. 6.4. There is a remarkable difference between
the experimental values and the predictions following from the E- and the B-method.
Since the theoretical methods in general agree well with experiments, the experimen-
tal normal force values presented are probably wrong and the data contained in [96]
should be regarded with some care. However, the thrust coefficients are very close to
the theoretical values as can be seen in Fig. 6.5. A possible explanation for this is
the fact that the thrust and the normal force were determined with different strain
gauges during the experiments.

The second case is a low speed windtunnel test on a propeller-nacelle-wing config-
uration [97, 98] (see Fig. 6.6) that was tested in a cooperative effort in the Indonesian
Low speed windtunnel, ILST.

Fig. 6.7 shows the contribution of the propeller, Cr, to the total lift coeflicient of
the propeller-wing configuration for a thrust coeflicient of 77F = 2.5. The experimen-
tal results were obtained using the same rotating balance technique [97] as discussed
in Fig. 6.4. In Fig. 6.7, the difference between the curves denoted with ’total’ and
‘axial’ represents the contribution of the propeller normal force. Recalculating these
data according to the definition given in [11], an experimental value of the normal
force coefficient of Oy, = 0.00477 deg™ is found whereas the theoretical value from
the E-method becomes Cyp, = 0.0011 deg™*. Again a remarkable difference between
the experimentally obtained results and the predicted values. Therefore it might be
concluded that there was a problem with this specific test set-up or the way the ro-
tating balance data were processed.

To check whether the data of refs. [96, 97, 98] were indeed questionable, further
test cases were defined. The first case was obtained from the data available in
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Figure 6.4: Propeller normal force coefficient versus the advance ratio for a pro-

peller angle of attack of ap, = 10° and oy = 20° from ref [96] com-
pared to the values predicted with the E- and the B-method.
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Figure 6.5: Comparison of experimental thrust coefficients (ref [96]) and values
predicted with the B-method.
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Figure 6.6: APERT-JRO01 propeller-nacelle-wing model [97].
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Figure 6.7: Propeller contribution to the lift force acting on the APERT model;

T* = 2.5. The difference between the open (total contribution) and
closed symbol (contribution of tilted thrust vector) indicates the pro-
peller normal force contribution.
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ref [32]. Mc. Lemore and Cannon tested a four-bladed propeller with a diameter
of D = 1.625m in a low speed windtunnel in an angle of attack range of 0° —
180°. For comparison with the E-method the following test conditions were se-
lected: J = 1.6, Cr = 0.122, By7sr = 40°. The experimentally found value of
Cn. = 0.331 rad~! agrees very well with the value resulting from the E-method:

Po

Cy,, =0.329 rad™'.

0.10
0.08
o)
3 o/ DO
3 0.06 3
~ m]
g o
;Z 0.04 @) D4D
o
= - OR1
0.02 O OR2 —
o ©R3
0.00
0.00 0.02 0.04 0.06 0.08 0.10
(dCN/dap)experimental

Figure 6.8: Comparison of predicted (E-method) and experimental normal force
gradients, dCn, /doy,; R1=ref.[30], R2=ref.[13], R3=ref.[31]

The last comparison of data was taken from separate propeller tests described in
refs. [30, 13, 31]. In Fig. 6.8 the values of the normal force gradient as predicted with
the E-method are compared with experimental values. In general the E-method leads
to acceptable results. Based on the comparison between de E-, R- and B-method the
E-method was chosen to be implemented in the VLM-calculation process, especially
for its ease of use.

6.3 VLM results

6.3.1 Comparison between VLM-calculations and experimen-
tal data

PROWIM To validate the prediction capabilities of the code a comparison was
made with existing experimental data.
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First of all the lift coefficients of PROWIM, obtained with the balance, the wake
survey method and the enhanced VLM-method are compared in Fig. 6.9.

0.8 0.8
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(a) prop off (b) prop on

Figure 6.9: Comparison of experimental and calculated lift coefficient of
PROWIM. Propeller on case : J =0.85, T, = 0.168.

As can be seen an excellent agreement between the three methods is found. Ap-
parently the VLM-method predicts the propeller effects on the overall lift coefficient
of the configurations accurately. For values above a = 10° serious flow separation is
expected which leads to strong divergence between the experimental results and the
theoretical prediction.

In general an accurate value of the drag coefficient is very difficult to capture due
to difficulties in the estimation of the profile drag. Nevertheless, the VLM-code gives
a reasonable prediction of the total drag coefficient, as can be seen in Fig. 6.10 where
the effective ”drag” coefficient is presented (Cp, = Cp — ACp,,,,). The differences
compared to the experimental values are likely to be caused by inaccuracies in the
profile drag data read by the VLM-code. The fact that a reasonable agreement is
found supports the conclusion that the typical propeller effect; a drag rise in the
propeller washed area due to dynamic pressure increase, is effectively envisaged by
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Figure 6.10: Comparison of experimental and calculated effective drag coefficient

(Cl, = Cp— ACp
T, =0.168.

prop

) of PROWIM. Propeller on case ; J = 0.85;

The success of the code’s predictive capabilities depends on the accuracy of the
spanwise loading distribution, both in form and magnitude.
calculated spanwise lift coefficient of PROWIM is compared at three angles of attack
in Fig. 6.11. The agreement is very acceptable for all three angles of attack and
a clear deformation of the elliptic shape as a result of the slipstream swirl velocity
component is found. Nevertheless, the lift coefficient on the nacelle inboard side is
somewhat overestimated by the VLM-code due to the fact that decambering due to
boundary layer development is not taken into account. The sharp changes in the
experimental lift distribution are softened to some extent by the code, possibly as a

result of smoothened slipstream velocities in the BEM analysis.

For this reason the
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Figure 6.11: Comparison of the experimental and the calculated lift distribution
from the PROWIM experiment ; propeller rotating inboard up ;
J=10.85; T, = 0.168; (a) a =0°; (b) a=4°; (¢) a = 8°.
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APROPOS The experiments with the APROPOS model were used as a second
test case to check the accuracy of the VLM-code. Typical characteristics that were
obtained during the wind tunnel tests were simulated for variable propeller spanwise
and vertical position and the propeller angle of attack.

0.36 I [ 26.0 .
0.35 -O-VLM
) -@- experiment 24.0
0.34
22.0

C/Go

J'0.33 }t I/ Q
0.32 M".{o
18.0

0.31 o VLM

-@-experiment
T I

0.30 16.0
04 06 08 1.0 04 06 0.8 1.0
yp/(b/2) Yo/ (b/2)
(a) (b)

Figure 6.12: Comparison between experimental and predicted (VLM-method) ef-
fect of the propeller spanwise direction ; APROPOS at z, =0 ; (a)
lift coefficient ; (b) lift/drag ratio.

Fig. 6.12 shows the effect of the spanwise propeller position on the lift coefficient.
The agreement between the theoretical and the experimental curves is acceptable. As
with experiments the theoretical models adequately predict the performance increase
when the propeller is traversed in the direction of the wing tip. Looking at the
lift /drag ratio shows that the VLM-code produces a lower value which has to be
attributed to a problem with the proper calculation of the profile drag coefficient for
the more outboard locations of the propeller.

The effect of the propeller vertical position with respect to the wing seems to
indicate a serious problem in the VLM-method. As indicated in Fig. 6.13, the trend
of variation of the lift coefficient with z, is predicted to some extent but the lower C,
at negative 2, that is found in the experiments is not found in the VLM-result. Since
the experimental drag coefficient versus z, is more closely resembled this indicates
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Figure 6.13: Comparison between experimental and predicted (VLM-method) ef-
fect of the propeller vertical direction ; APROPOS ; (a) lift coeffi-
cient ; (b) drag coefficient.

that the problem in Fig. 6.13 is caused by the code’s assumption that the slipstream
does not deform nor displace in vertical direction. In the case of the experiments the
slipstream displaces as a function of the propeller vertical position which manifests
itself in noticeable changes in the local wing angle of attack in the area washed by
the slipstream. This vertical displacement and deformation is not modelled in the
(linear) VLM-code. The drag change with vertical propeller position is mainly due
to the changes in the dynamic pressure distribution over the wing. Hence errors in
the local angles of attack at the wing airfoil section have smaller influence and the
experimental and the computed curves exhibit a more similar trend.

The comparison between the two methods with respect to the effect of the propeller
angle of attack is depicted in Fig. 6.14. Both for the lift coefficient and the lift/drag
ratio of the wing a very acceptable agreement is found. This success is principally
attributable to the part of the propeller-model in the VLM-code that allows the
development of asymmetrical distributions in the slipstream axial and swirl velocities.

Fokker 50 Additional verification of the predictive capabilities of the VLM-code
was recieved by comparing results obtained from flight tests on the Fokker 50 aircraft
[99]. During these test the lift distribution over the wing was obtained by performing
pressure measurements in chordwise direction using pressure belts. Two typical flight
conditions were considered: a high thrust case (HTC) where a = 6.1°, T = 0.63,
J = 1.0 and a low thrust case (LTC) where @ = —0.2°, 7! = 0.11, J = 1.63. The
calculation model of the Fokker 50 that was used (denoted Model50) differs slightly
from the original aircraft. The main difference with the original F50 model is the
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Figure 6.14: Effect of the propeller angle of attack predicted with the VLM-code
and compared to the experimental results of APROPOS ; (a) lift
coefficient ; (b) lift/drag ratio

small increase in the wing span to b = 30m. Additional model characteristics are
summarized in Table 6.3 and Table 6.4.

Table 6.3: F50 airfoil characteristics obtained from XFOIL [100].

O~ VLM -O-VLM
. —-@-experiment
-@-experiment | |
0.33 p 24.0
0.32
22.0 O\
[s]
G'0.31 Q
Q
20.0
0.30
0.29 18.0
0.28
16.0
-2 -10 [} 10
0 ap (deg) '20 "10 0 10
(a) a, (deg)
(b)
|

Airfoil NACA 642415 (tip) | NACA 643421 (root)
ao(®) -3.194 -3.382
ag(rad=1) 6.956 7.227

To arrive at an accurate prediction of the characteristics it is important to model
both the fuselage and the nacelle adequately since they tend to lower the local lift co-
efficient considerably. The effect of the fuselage/nacelle model that was implemented
in the VLM-code is presented in Fig. 6.15 for &« = 0°. Here the clean wing (W)
is compared with the wing-nacelle-fuselage (WNF') combination for the case without
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Table 6.4: Wing data used for the F50-like configuration (Model50)

wing span b 30.0 m
wing area S 70 m?
aspect ratio A 12 -
dihedral 0.0b/2-0.25b/2 y 0.0° -
dihedral 0.25b/2-b/2 2.50

sweep at 0.25¢ Agos | 1.24° -
sweep at 0.40c Aga 0.0° -
chord root Cr 3.46 m
chord tip ct 1.37 m
taper ratio A 04 -
mean aerodynamic chord c 2.6 m
mean geometric chord Cg 2.4 m
twist root Er 0.0° -
twist tip £t -2.00 -
incidence angle (@ root) oy 3.27° -
airfoil root - NACA 645421 -
airfoil tip - NACA 649415 -

the propeller(s) active. Indeed a considerable lift loss occurs at the location of the
fuselage and the nacelle.

With the effects of the wing and the nacelle incorporated, the spanwise lift dis-
tributions for the low thrust case and the high thrust case were calculated (see Fig.
6.16).

The results of the flight test [99] are compared with the results obtained from
the VLM-method and an advanced Euler method, described in ref. [101]. As can
be seen in Fig. 6.16b the propeller slipstream generates a significant disturbance of
the spanwise lift distribution. Although the associated flow over the real aircraft in
flight is very complex, the VLM-method, employing the full interaction model (FIM),
combined with the fuselage/nacelle model, predicts the local lift coefficient remarkably
well. Considering the complexity of the Euler flow model and the level of flow detail
that can typically be obtained with such a model, the VLM-method produces lift
distribution data that are of equal quality. In the wing tip area the Euler-curve shows
an overestimation of the lift coefficient whereas the VLM-method shows the expected
down-sloping curve.

The same situation is found for the high thrust case (Fig. 6.16c and Fig. 6.16d.
It should be noted that for both the LTC and the HTC the agreement between the
theoretical predictions and the experiment for the port side is better than for the
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Figure 6.15: Lift distributions predicted with VLM for the clean wing (W) and
the wing-nacelle-fuselage (WNF) configuration ; Fokker 50 model
at o = 0° ; props off.

starboard side. No satisfactory explanation for this fact has been found to date.

6.3.2 Application of flap deflection

Although most of the calculations performed in this thesis are focused on the cruise
condition of the aircraft, the case with flaps deployed was investigated as well. Again
Model50 was used to check the various phenomena that occur in the propeller-wing
interaction case. The selected flap layout is representative for a F50-like aircraft:
bs/b = 0.521, ¢g/c = 0.18 and dy ranges from 0° to 30°. The parameter C,/C;_,
that is needed to model the effect on the wing lift distribution [102], was set to 0.56
based on data obtained from [45]. Due to the higher wing loading with flaps deployed
the upwash in front of the wing is enhanced, which in turn leads to considerable flow
non-uniformity in the propeller plane. This fact necessitates the usage of the full
interaction mode (FIM) of the program.

In general the flow of a wing with extended flaps is very complex due to the strong
variation of the wing loading distribution in spanwise direction which leads to strong
flap end vortices. Furthermore the initially flat wing wake is distorted adding further
complexity to the flow pattern. It is therefore expected that the prediction capability
of the program based on the VLM technique is limited.
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Figure 6.17: Effect of moderate flap deflection on the lift distribution as pre-
dicted with the VLM-code ; Model50 ; (a),(c) prop off ; (b),(d)
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Fig. 6.17 contains the lift distributions predicted with the VLM-code for both the
low speed case (Viqs = 75m/s) and the high speed case (Viqs = 119m/s) that were
used earlier for Model50. In the prop on case (right figures) the propellers are again
co-rotating right. It can be seen that for moderate flap deflection, up to d; = 30°, the
form of the lift distributions does not change significantly but only a linear scaling is
observed. It is questionable whether this behaviour will occur in practice when the
(strong) flap end vortices interact with the propeller slipstream.

2.8 l
2.4
2.0
1.6
1.2
0.8 -o-prop off, LSC
) ! -@-prop on, LSC
0.4 -A- prop off, HSC
—&-prop on, HSC
0.0 -
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O¢

Figure 6.18: Influence of moderate flap deflection on the lift coefficient of
Model50 for the HSC and the LSC.

The variation of the lift coefficient with the flap angle is presented in Fig. 6.18.
As expected, Cp, changes linearly with 6;. But what is more important: the power
effect is more pronounced for the LSC where the slipstream velocities have a stronger
impact than in the HSC.

Further evidence of the calculation capability of the VLM-code in the case of
deployed flaps was found by comparing the results with the data obtained by Obert
[45]. In this reference the propeller slipstream effect on the stability and control of
multi-engined aircraft is discussed. The data taken from [45] are for the Fokker-50
both in the case of retracted and deployed flaps (67 = 26.5°).

In Fig. 6.19 the data are compared for the prop off and the prop on condition.
As can be seen quite a close agreement between the data is found. Hence it may be
concluded that even for complex flow problems when the propeller action is combined



6.3. VLM RESULTS

2.5 ‘
-0- experiment, Tc=0
2.0 ® experiment, Tc=0.216 ||
-&-predicted, Te=0
-4~ predicted, Te=0.216
1.5
o o
O prop on . 9)
1.0 . T
o M
prop off
0.0 © |
-5.0 0.0 5.0 10.0
a (deg)

(a)

2.5

2.0

1.5

1.0

0.5

0.0

—
\ _
~J

prop on

P

%wl

|

prop off

-o-experiment, Tc=0

-&-experiment, Tc=0.216
predicted, Tc=0

- predicted, Tc=0.216

-5.0

0.0
« {deg)

(b)

‘r
s

Figure 6.19: Lift coefficient of the Fokker 50 obtained with the VLM-code com-

with deployed flaps reasonable performance data are obtained.

6.3.3 Streamwise propeller position

pared to the results found in ref. [45] ; (a) flaps retracted ; (b)
flaps deployed, 65 = 26.5°.

By changing the propeller streamwise position with respect to the wing the aero-
dynamic coupling between the propeller and the wing changes. The swirl velocity
maintains its value (obtained directly behind the propeller plane) whereas the axial

velocity at the wing increases when distance z, increases.

In case of high cruising speed the increase in the axial flow velocity directly affects
the critical Mach number, M... This critical Mach number, should be high enough
to prevent excessive effects of compressibility induced drag rise ("drag divergence”).
To check the impact of the propeller induced axial flow, M, can be calculated by
considering the critical pressure coefficient:

4

2+ (y—1) M2

2
Crer = 2012, ((

v+1

)

(6.1)

This pressure coefficient is representative for the lift and drag behavior of the airfoil
at the given angle of attack. The development of the axial velocity in streamwise
direction changes the local flow velocity over the airfoil when z, is changed. When
the value of Gy, is kept constant this gives the change of M., with x,. An example
of this relation is presented Fig. 6.20 for two values of the axial inflow factor, a,

and M,

CTpropof f

= (.7. Clearly the presence of the propeller lowers the critical Mach

number considerably but the change with the propeller streamwise position is very
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Figure 6.20: The effect of propeller streamuwise position, x,, on the critical Mach
number for two typical axial inflow factors representative for the
cruise condition ; (Mey)prop ofs = 0.7.

limited. One may conclude that the selection of z, for any tractor propeller wing
configuration is not determined by the influence on the critical Mach number.

Ref.[103] presents results of windtunnel tests on a full 3D-aircraft model. Both
the propeller streamwise location and the nacelle thickness were varied. It was found
that the installations with the propeller close to the wing (x,/¢ < 0.25 ahead of the
wing leading edge) produced a higher propulsive efficiency, 7, than the configuration
with the propeller further ahead, for thin nacelles (Dyqc/t from 0.5 to 1). For a
thicker nacelle (Dpqc/t = 1.5) the 0.25¢ and the 0.40c propeller locations produced
approximately the same efficiency.

To verify these findings the effect of different streamwise positions was analyzed for
the Fokker 50 like configuration, Model50. Both a typical high speed case (J = 1.63,
T. = 0.046) and a low speed case (J = 1.00, T, = 0.251) were used for this analysis.
It should be noted that in these calculations the full interaction between the propeller
and the wing was modeled (FIM).

The effect of the nacelle thickness on the propulsive efficiency was analyzed by
comparing 3 different values of D,,,./¢ with the case without nacelle. The results of
these calculations are summarized in Fig. 6.21.

Evidently an increasing distance between the propeller and the wing leads to a
higher propulsive efficiency, 7,, as indicated by Fig. 6.21. The effect of the nacelle
thickness was modeled by taking into account the distortion of the lift distribution and
the changes in the friction drag acting on the nacelle. The curves of all nacelle cases
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Figure 6.21: Effect of propeller streamuwise position and nacelle thickness on the
propulsive efficiency of Model50; high speed case.

show the same trend and they are very close to each other. This disagrees with the
results found in ref. [103]. Since there is no physical reason why the z,/c = 0.25¢ case
should produce the highest efficiency the results of ref.[103] are probably influenced
by secondary flow effects like changes in the nacelle wing juncture flow for the various
nacelles that were investigated. Note that all data are corrected to a constant lift
coefficient. The effect of this correction procedure can be found in Fig. 6.22.

The source for the higher propulsive efficiency with increasing distance to the
wing LE can be found in the higher lift coefficient due to the augmented dynamic
pressure at greater distances from the propeller disk. This effect is depicted in Fig.
6.23a where the ratio between the lift coefficient for a given propeller position and
the one found at z,/R = 2.0 is given. Although the slipstream velocity distributions
are quite different for the low speed case (LSC) and the high speed case (HSC) the
ratio Cr/(CL)s,/r=2.0 changes almost identically with x.

Fig. 6.23b shows a different trend for the high speed and the low speed case when
zp/R < 1.5. To determine the cause of this behaviour the drag coefficient is split into
profile drag and induced drag.

The profile drag behaves similarly for both cases in that increasing propeller dis-
tance results in higher Cp, values due to dynamic pressure effects. However, the
induced drag behaves differently when the propeller approaches the wing. In the
low speed case the thrust force is relatively high and the propeller induced velocity
components compared to the undisturbed velocity are higher than in the high speed
case. This apparently leads to stronger propeller induced angle of attack effects for
the propellers that are in close proximity of the wing. It is obvious that the smaller
total drag values for the propeller close to the wing in the low speed case are at-
tributed to the smaller induced drag values. These low values in turn are the result
of the lower lift coeflicient in this case combined with the stronger distortion of the
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Figure 6.22: Propulsive efficiency versus the propeller streamwise position of
Model50 for a typical low speed and high speed case taking the full
interaction of the propeller and the wing into account.

propeller induced axial and tangential velocity components.

For z,/R > 1.0 both Cp, curves show a negative gradient, which could be antic-
ipated since due to the higher local lift coeflicient, in the slipstream washed area of
the wing, stronger swirl recovery due to the presence of the wing occurs.

The range over which the propeller was translated was chosen rather wide to be
able to identify the streamwise effect as completely as possible. For practical reasons,
however, the choice for the propeller streamwise position is constrained by the space
needed for the engine in relation to the wing structural layout. Therefore the variation
of z, is to be seen only as an "aerodynamic test case” without taking into account
the problems related to the nacelle-wing structure. However, in a practical range of
zp/R = 1.5 — 2.0 still a noticeable effect on the propulsive efficiency is found. This is
in agreement with the experiments performed on the APROPOS model [104].

One may conclude that from the fuel consumption point of view a propeller posi-
tion not too close to the wing leading edge is beneficial.

6.3.4 Spanwise propeller position

The effect of the spanwise propeller position was analyzed with Model50 again for the
high speed case (HSC) and the low speed case (LSC). To keep the configuration more
realistic than considered in the experimental campaign for PROWIM, the spanwise
propeller position was changed over a small range of y/(b/2) = 0.20 — 0.28 only.
The spanwise loading distributions are presented in Fig. 6.24 while the characteristic
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components.
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coefficients are given in Table 6.5.
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Figure 6.24: Spanwise loading distribution for three lateral propeller positions ;
Model50 ; high speed case.

Table 6.5: Influence of spanwise propeller position on lift coefficient, rolling mo-
ment coefficient and effective propulsive efficiency ; Model50.

High speed case
yp/(b/2) Cr Cmyon (1p) corr
0.20 0.5459 | -0.001136 | 0.35209
0.24 0.5464 | -0.001105 | 0.35210
0.28 0.5466 | -0.001077 | 0.35226
Low speed case
yp/(b/2) CL Crrron (np)corr
0.20 1.2965 | -0.002805 | 0.39967
0.24 1.2955 | -0.002765 | 0.39966
0.28 1.2929 | -0.002714 | 0.39984

The small shift in the propeller position is clearly visible in the spanwise loading
given as Cjc/Crc versus y/b/2. Although the most outboard position produces a
somewhat higher propulsive efficiency, as expected, the differences between the three
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positions are too small to be of significance for the design process. This result can be
attributed to the fact that the lift distribution is rather flat for the given propeller
position. Again it should be mentioned that more outboard propeller positions raise
additional problems with respect to the aircraft control in case of engine failure.

6.3.5 Vertical propeller position

The influence of the vertical propeller position was analyzed by several researchers
[105, 104, 12, 1]. Due to the non-uniform distributions of the slipstream velocity
component changes in the vertical position are expected to change the overall perfor-
mance considerably. An indication of this phenomenon was already found during the
experiments on the APROPOS model (see Chapter 5).

The effect of the vertical position of the propeller is mainly due to the change in
the vertical velocity component at the location of the control point. Moreover, the
propeller loading is affected by the altered inflow field generated by the wing.

To study these effects simulations were conducted for a range of z,/R = —0.5 —
0.5. This range is somewhat beyond that found for typical twin powered propeller
aircraft as indicated by the data from the provisional aircraft database (Appendix
A). Although from an aerodynamical analysis point of view a wide test range of z,/R
might be interesting, it is obvious that values |z,/R| > 0.25 lead to very low/high
nacelles. This in turn might then lead to excessive high nacelle-wing interference drag.

Low propeller position:
angle of attack decrease

High propeller position:
angle of attack increase

Figure 6.25: Effect of the slipstream contraction on the local wing angle of at-
tack.

As can be seen in Fig. 6.25 the high propeller position causes a local angle of
attack increment while the low position shows the opposite. This inflow effect, which
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is dictated directly by the contraction of the slipstream tube, influences the wing lift.
The magnitude of the inflow effect is related to the propeller z,-position since the
slipstream contraction varies in streamwise direction.
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Figure 6.26: Vertical propeller induced velocity at the PROWIM wing showing
the effect of inflow into the slipstream due to the radial velocity
contribution.

In Fig. 6.26 a typical example of the effect is presented for the PROWIM model.
Indeed the high propeller position leads to more positive values of the vertical velocity
component caused by the slipstream. As a direct result of this inflow effect, the lift
coeflicient for the high propeller position is higher than for the low position as depicted
by the lift coeflicient ratio for the two cases in Fig. 6.27. Since the contraction is
highest close to the propeller disk, the C-ratio grows for z,/R close to zero.

The effects of the vertical propeller position on the characteristics of Model50 were
examined by selecting 5 positions spaced 0.25R apart. Separate calculations showed
that no significant changes occur for intermediate positions.

Fig. 6.28 gives an impression of the effect of 2, on the lift and the drag coefficient.
The results are expressed in the form of a ratio between the values found at the
specific location and z,/R = 0. Note that in this case the angle of attack effects due
to slipstream contraction are smaller than for the PROWIM model due to the higher
value of z,/R.

The first thing that can be noticed is the minimum in the lift coefficient found
at 2,/R = 0. Apparently the overall dynamic pressure increase over the wing part
immersed in the slipstream increases somewhat when the propeller is put at an off-
zero position (see Fig. 5.30). The reason for this is to be found in the distribution
of the axial velocity increase in the slipstream. In case of z,/R = 0 part of the wing
is hit by the velocity deficit area in the middle of the slipstream whereas for higher
or lower positions a more filled axial velocity profile interacts with the wing. On

O
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Figure 6.27: Ratio of PROWIM wing lift coefficient for high (z,/R = 0.508)
and low (z,/R = —0.508) propeller position versus the propeller
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Figure 6.28: Effect of vertical propeller position on the lift coefficient (a) and the
drag coefficient (b) of Model50 calculated for the high speed and the
low speed case.
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average this leads to higher dynamic pressure over the wing which increases the lift
and the drag. The drag coefficient is mostly affected by a change in the profile drag
component showing variations up to 5% while the induced drag doesn’t alter more
than 1% for the given range of propeller positions.

Comparing the variations of lift with z, of Fig. 6.28 with the earlier found trends
in the experimental data for PROWIM, the lift coefficient seems to be overestimated
for the low propeller positions. A possible cause for this discrepancy is the code’s
inability to take the slipstream deformation into account. From the experimental
investigations on PROWIM a considerable deformation was found.

Since the propulsive efficiency is directly correlated with the total lift and drag
values, a more acceptable value of 77, can be obtained by applying a correction such
that the lift coefficient resembles that of Fig. 5.29d, i.e. lower values for negative z,.
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Figure 6.29: Uncorrected and lift corrected values of the effective propulsive ef-
ficiency versus the vertical propeller position ; high and low speed
case for Model50.

The original and the (lift) corrected values of 7, are presented in Fig. 6.29. Note
that, in contrast with the lift and drag distributions of Fig.6.28 for both the uncor-
rected and the lift-corrected case, no symmetry with respect to z,/R = 0 is found.
The higher n,-values for the low propeller position are caused by the increased effi-
ciency (and thrust) of the propeller due to the reduced inflow velocity in the propeller
plane.

Especially the high speed case, which is representative for the cruise condition of
the aircraft, shows a considerably higher propulsive efficiency for the low propeller
positions.
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6.3.6 Propeller angle of attack

In the experiments described in Chapter 5 we found remarkably strong effects of
propeller angle of attack changes with respect to the wing reference chord line. As
with the PROWIM model the effects of changing a, were investigated for Model50
as well.

Fig. 6.30 shows the breakdown of the total lift coefficient. For decreasing propeller
angle of attack the wing lift increases slightly due to the upwash encountered by the
wing immersed in the slipstream.

" M - A C“Jﬁ

0.4 1.0
: : -o- wing lift
g F&W -« propeller lift
0.2 -a- propeller lift || 0.5 -e- total 1

HSC -o- total
LSC I

C
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\]
Qprop (deQ) Cprop (deg)
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Figure 6.30: Components of the lift coefficient for Model50 versus the propeller
angle of attack; (a) high speed case; (b) low speed case.

However, the direct lift force that acts on the propeller (denoted ’propeller lift’)
lowers the total lift as a result of tilting down the thrust vector and the negative
propeller normal force that is associated with negative c;,. The trend for both the
high speed case and the low speed case is similar, though the changes due to «ay, are
somewhat stronger for the latter.

To compare the ap-effects on the lift and the drag, ratios were defined taking the
values at a;, = 0° as a reference. Fig. 6.31 shows the results for Cr, and Cp, where
the latter is again split in profile drag and induced drag.

Small increments in the lift coeflicients are found in the low speed case with
decreasing «,, while more significant effects are predicted for the high speed case. In
the latter case the most prominent contribution is due to the change in the wing
lift. By lowering the advance ratio, as is done in the low speed case, the relative
contribution of the propeller normal force increases, leading to a smaller change of
Cr with decreasing oy,

The picture for the drag coefficient becomes more complex since the total "drag”
force is constituted of three components: profile drag, induced drag and propeller
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Figure 6.31: Effect of propeller angle of attack on the lift (a) and drag (b) ratios
for Model50. The values at a, = 0° were taken as a reference.

"drag” (in fact thrust).

In Fig. 6.31b the drag ratio Cp/(Cp)a,=o0 is shown for both flight cases. Once
more the effect of lowering the propeller angle of attack is more pronounced for the
high speed case. That is: the relative change in the drag coefficient is higher which
of course has to be partially contributed to the lower absolute values of the drag
coeflicient in this case. The change in the profile drag coefficient is negligible, which
could be expected from the fact that the average dynamic pressure in the slipstream
is hardly affected by changes in the propeller angle of attack. The induced drag , on
the other hand, diminishes expressively as a consequence of the increased upflow in
front of the wing.

The combined effects on the changed lift and drag contributions leads to favourable
propulsive efficiencies for low values ofa,, as indicated by Fig. 6.32. In the high
speed (cruise) case 7, rises approximately 9.5% by changing o, from 0° to—10°. This
performance improvement is interesting enough to be considered further in design
studies of tractor propeller wing configurations.

6.3.7 Propeller rotation direction

As indicated in Chapter 3, the propeller rotation direction directly influences the over-
all performance of the aircraft. Experimental proof for this phenomenon was found
in Chapter 5. From a theoretical point of view the configuration with inboard-up
rotating propellers is expected to produce the highest efficiency due to the favorable
interaction between the slipstream swirl velocity and the wing lift distribution. To
examine the effect of the rotation direction on a realistic configuration, some calcula-
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Figure 6.32: Propulsive efficiency of Model50 versus the propeller angle of attack
for the high speed and the low speed case.

tions on Model50 were performed for the 3 relevant cases: inboard-up (IU), co-right
(CR) and outboard-up (OU) rotating propellers. The most important results are
summarized in Table 6.6.

Table 6.6: Influence of propeller rotation direction on the lift coefficient and the
propulsive efficiency of Model50.

High speed case

Rotation direction | Cp, Mp

inboard Up 0.4986 | 0.38550
co-right 0.4974 | 0.38466
outboard up 0.4962 | 0.38388

Low speed case

Rotation direction | Cf, T
inboard Up 1.2468 | 0.41577
co-right 1.2439 | 0.41518

outboard up 1.2408 | 0.41458
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The IU case, indeed produces the highest propulsive efficiency for both flight
conditions, but the magnitude of the effects is rather small. The propulsive efficiency
for the IU case is only 0.23% higher than for the (conventional) CR-case for the high
speed (cruise) condition. For the low speed case this even reduces to 0.14% in favor
of the IU-configuration. These values are lower than found during earlier experiments
and calculations on the PROWIM model. The reason is the much smaller propeller
diameter over wing span ratio, D/b.

6.3.8 Propeller loading

When the thrust of the propeller is changed both the direct contributions of the
propeller forces to the overall performance as well as the slipstream shape and velocity
components are drastically changed. As an example the capability to predict the
effects of changes in propeller thrust loading on the propeller-wing combination is
presented in Fig. 6.33 and Fig. 6.34.
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Figure 6.33: Variation of Model50 wing lift (a) and drag (b) coefficient with
changing propeller advance ratio for the two typical flight cases:
HSC and LSC.

The expected increase in the wing lift and drag coeflicient with increasing propeller
loading (i.e. lower advance ratio, J) is presented in Fig. 6.33. The curve for the LSC
is steeper because of the higher basic loading.

Where changes in the dynamic pressure lead to a comprehensible effect on lift
and drag, the changes in the slipstream velocity distributions constitute a somewhat
different change in the wing characteristics. The swirl velocity in the slipstream
initially represents a loss in propulsive efficiency of the propeller. However, due to
the presence of the wing a part is recovered due to the wing guiding effect. This
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Figure 6.34: Wing span efficiency factor, versus the propeller advance, J ratio
of Model50 for the two cases investigated : HSC and LSC.

directly leads to a relative reduction of the wing induced drag compared to the prop-
off condition, a description of which was discussed earlier.

The recovery of a part of the swirl loss is reflected in the change in wing span
efficiency factor (Fig. 6.34) which clearly rises with increasing propeller loading i.e.
lower advance ratio. This is consistent with earlier theoretical observations.

6.3.9 The interaction step

The significance of completing the full interaction scheme, e.g. take into account
the propeller effects on the wing and vice versa, was assessed by comparing the final
results of step 1 (no wing effect on the propeller) and step 2 (full interaction) in the
scheme of Fig. 6.1.

To assess whether full interaction is needed a comparison is made between the lift
distributions found for both situations. In Fig. 6.35 this is expressed in the form of
a difference between the local lift coefficient found for step 1 and step 2: AC;. Again
the calculations were performed for both the high speed and the low speed case.

A noticeable difference exists, especially in the vicinity of the propeller where the
effect of the slipstream is the most prominent. The fact that larger values of AC; are
found for the low speed case is trivial since for this condition a higher lift is produced
by the wing which causes a stronger deterioration of the inflow field of the propeller.

Typical differences between the lift coefficient, the drag coefficient and the propul-
sive efficiency are shown in Table 6.7. From these results it may be concluded that all
propeller-wing calculations should be performed in the full interaction mode (FIM).
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Figure 6.35: Difference between the local lift coefficient distribution of the ‘no
wnteraction case’ and the ’full interaction case’ as calculated on
Model50 for the high (HSC) and the low speed case (LSC).

Table 6.7: Comparison of calculation results on Model50 for step 1 (single in-
teraction, SIM) and step 2 (full interaction, FIM)

High speed case
Iteration | a CL Cbp, Cp,i.. | CL,.. Cbp,.. Mp
1 (SIM) 0.4971 | 0.00617 | 0.00773 | 0.4971 | -0.01994 | 0.38422
2 (FIM) | 0 | 0.4929 | 0.00625 | 0.00772 | 0.4929 | -0.01988 | 0.38316
Low speed case
Iteration | o CL Cp, Cp,... | CuL,., Cb,., Mp
1 (SIM) 1.2090 | 0.03605 | 0.01383 | 1.2431 | -0.13258 | 0.41433
2 (FIM) | 6 | 1.2042 | 0.03631 | 0.01379 | 1.2382 | -0.13160 | 0.41128

o

[wp}
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The propulsive efficiency changes 0.3% for the high speed while a 0.7% change is
found for the low speed case. The suggestion, offered by some authors, that the wing
effect on the propeller (in case of the tractor propeller located well ahead of the wing)
can be neglected, should therefore be questioned.

6.3.10 Over the wing propeller arrangement

The last configuration that was investigated with the VLM-method is the over-the-
wing (OTW) propeller arrangement. Several researchers investigated over-the-wing
(OTW) arrangement of the propulsion system for the capability of increased lift and
reduced drag. Over-the-wing jets were investigated by Sawyer et al [106] Putnam
[107], Cooper et al [82] while Johnson et al [81], Veldhuis [12] and Luijendijk [108]
examined the aerodynamics of an over-the-wing propeller configuration. All investi-
gations were intended to determine whether the jet/propeller inflow was effective in
producing favorable interference effect.

For jets placed close to the wing surface increased lift and reduced drag were found
[107, 82|, as a result of the entrainment of free-stream flow into the jet. Especially
for jets placed in close proximity to the wing strong changes in streamline curvature
were found leading to distortion of the wing loading distribution (both in spanwise
and chordwise direction).

Very interesting results were obtained with the over-the-wing propeller arrange-
ment of Johnson et al [81]. For a lift coefficient of 0.7 a significant performance
improvement was found with a maximum for the propeller positioned at 0.2¢ above
the wing. Cooper et al [82] performed both a numerical and an experimental analysis
on a low aspect ratio rectangular wing. In the numerical model the propeller effect
was modeled by a streamtube enclosing the slipstream. By controlling the inflow and
outflow for the streamtube the effect of streamline distortion due to the propeller
could be modeled. During the experiments a propeller positioned at 0.1c above the
wing was used.

Although the numerical calculations (panel method) underestimated the effect of
the OTW arrangement on lift and drag the variation with streamwise position was
similar to that of the experiments. A maximum lift increment was found for the
propeller located above the trailing edge (z,/c = 1.0) whereas a maximum in wing
drag reduction was found for a mid-chord location (z,/c = 0.5).

Based on these positive results and the code’s flexibility to change the propeller-
wing layout easily, it was decided to gather additional information on an OTW
arrangement on a Model50 like configuration.

In the OTW layout the propeller clearance from the wing upper surface is 0.15R
and streamwise positions in the range z,,/R = —1.0 to 2.0 were selected.

In Fig. 6.36 the effect of the streamwise propeller position on the free wing lift
and drag is depicted. For this OTW layout the full interaction model of the program
is absolutely essential because of the strong effect of the wing induced flow field on
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Figure 6.36: Effect of the propeller streamwise location for the OTW-
configuration of Model50 expressed relative to xzp,/R = 2.0 ; (a)
wing lift coefficient ; (b) wing induced drag coefficient ; (c) wing
profile drag coefficient.

As described earlier, the velocity increase at the wing’s suction side reduces the
axial velocity increase due to lower blade effective angles of attack in this situation.
As a consequence the propeller thrust and the power are reduced considerably, which
means that for final conclusions on the performance aspects of the OTW configuration
only the total (i.e. propeller + wing) coefficients have to be used. Note that the lift
and drag coefficients in Fig. 6.36 are based on the wing only. The changes that occur
for changing z,/R are the result of adaptation of the streamline curvature outside the
slipstream according to the model described in Appendices C and F. Apparently the
lift coeflicient peaks at x,/R = 0.5 while the lowest value of the drag coefficient is also
found at this location. Expressed in the local wing chord this value is equivalent to
xp/c = 0.31, which is close to the value found by Johnson et al [81]. At this position
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the contracted slipstream apparently generates the highest leading edge suction.

Comparing the values of z,/c for maximum lift enhancement and drag reduction
found in open literature combined with the data from the APROPOS experiments and
the calculations on Model50 quite some scatter is observed (optimum x, between 0.5
and 1.0). Although no clear explanation for this fact could be found, the variation in
x,/c is expected to be caused by the way the different airfoils react to the streamline
deformation induced by the contracting slipstream.

Before final conclusion about possible beneficial or detrimental effects of an OTW
propeller arrangement can be drawn it is important to consider the propulsive effi-
ciency of the complete configuration.

The lift and drag data depicted in Fig. 6.36 were acquired by changing the pro-
peller streamwise location for a constant value of the advance ratio, J. Due to the
higher flow speed at the wing upper side, however, the effective advance ratio of the
propeller decreases, leading to a reduced thrust and shaft power as well as a change
in the propeller efficiency.
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Figure 6.37: The azial and the tangential velocity directly behind the propeller ;
(a) propeller well in front of the wing, x,/R = 2.0; (b) propeller
above the wing, z,/R = —0.5

A typical example of this reduction in propeller loading, as calculated with the
BEM-analysis is presented in Fig. 6.37. In this figure the positive values of r/R
represent positive values of z (1) > 0) and negative values represent negative 2 (¢ < 0).
Hence the data on the left side are produced by the blade closest to the wing. Whereas
the slipstream is more or less symmetrical for z,, = 2.0 (Fig. 6.37a), it becomes highly
asymmetrical in case the propeller is positioned above the wing (Fig. 6.37b). In the
latter case even negative axial and swirl velocities are generated by the lower propeller
blade. This deformation evidently initiates changes in the propulsive efficiency of both
the propeller and the wing.
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Figure 6.38: Effect of the propeller streamwise position in the OTW configura-
tion on the propulsive efficiency expressed relative to z,/R = 2.0 ;
constant J and By 75R.

A nice example of the effect of the OTW configuration on the propulsive efficiency
is given in Fig. 6.38. In this case the propeller was set at the same HSC and LSC
power conditions as sketched earlier and the values of J and 8 75 remained constant
while moving the propeller downstream. The value of 77, drops considerably when the
propeller is positioned over the wing. This is not surprising since the propeller effi-
ciency itself is diminished due to the higher incoming flow speed and the deformation
of the inflow field. The strongest effects (relative to z,/R = 2.0) are found for the
high speed case because of the relative low axial and swirl velocities generated by the
propeller. Any disturbance created by the wing will effectively change the propulsive
efficiency stronger than in the case of high thrust that is found in the low speed case.
The existence of this effect may be acknowledged by considering the solid symbols
in 6.38. In this situation the HSC is combined with a higher thrust setting (the one
normally used for the LSC) and the curve immediately jumps to higher n,-values.

To arrive at a fair comparison of the OTW configurations with variable z, we
need to analyse the performance characteristics at equal thrust and power setting.
This means that with the increasing inflow velocity for a propeller approaching the
wing, a new combination of J and 3y 75r needs to be set. By changing the propeller
settings calculations could be performed for a total (constant) power of 816 kW per
propeller.

In Fig. 6.39 the effect of this procedure is summarized. As can be seen, all
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characteristics are affected by the new propeller setting. Due to the stronger pro-
peller induced velocities the contraction of the slipstream increases which results in
higher lift lower drag and increased propulsive efficiency for the propeller position
above the wing. Especially the effect on 7, is noticeable. This is a direct result of
the increased propeller efficiency which leads to higher thrust for given shaft power.
Although the slipstream velocity components show higher values, the distribution is
still asymmetrical. This problem is the main cause for the reduction in the overall
propulsive efficiency for an OTW-layout for an twin-engined Fokker 50 like aircraft
configuration. )

The discrepancy between the results of APROPOS and Model50, with respect to
the optimum propeller position for highest lift and lowest drag, are most likely caused
by the fact that in the VLM-calculation model the slipstream location is not modified
by the wing induced velocity field.

It should be noted that the analysis of the OTW-configuration was performed for
a value of z,/R = 1.15, which is the position closest to the wing. However, due to
weaker wing effects on the propeller the propulsive efficiency increases with higher
values of z,/R. Some results of this effect are presented in Fig. 6.40.

0.45 ‘
Mp at x/R=2.0, zp/R=0.0
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Figure 6.40: The influence of the vertical propeller position, z,/R, on the propul-
sive efficiency for the OTW-layout of Model50 ; xp,/R = —0.5; high
speed case.

| Apparently at z,/R = 2.25 the value of 7, becomes equal to the one found for
‘ the ’standard’ layout of the propeller-wing configuration (z,/R = 2.0,2,/R = 0.0)
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and higher value are reached beyond this z, value. Nevertheless, problems from the
structural and maintenance point of view will prevent the implementation of such a
high OTW positioned propeller.

Although variation of the streamwise coordinate, zp, for an OTW-layout has a
strong influence on the noise radiation effects (shielding by the wing) and structural
behaviour of the OTW-configuration the conclusions drawn by several researchers
on the benefits for the performance in the sense of high propulsive efficiency in the
cruise phase of the aircraft could not be founded. There is a certain benefit for the
wing lift and drag but compared to the ”original” tractor layout of Model50 (z, = 0,
z,/R = 2.0) a considerable loss in 7, (34%!) is found for the high speed case. Unless
new ways are found to reduce the loss in propeller efficiency the OTW-configuration
does not seem attractive to be implemented for a typical twin-engined turboprop
aircraft.

6.4 Panel method results

6.4.1 Introduction

The main disadvantage of the VLM method is the limited level of detail that is
obtained. Typical characteristics that could be obtained with a potential flow code like
the chordwise pressure distribution and the wake rollup to a certain extent determine
the important phenomena that occur in the propeller-wing interactive flow.

To acquire additional detail the next step in complexity is the application of
panel methods. As this approach is still used in the design process of propeller wing
configurations some calculation results as well as the limitations of the method will
be discussed hereafter.

The codes that were used during these investigations are PDAERO [55] and FASD
[109]. PDAERO uses the slipstream envelope model as described in Chapter 3. For
this so-called ”full-interaction model” various references are available [56, 55]. In this
case the effect of the aircraft structure on the velocity components induced by the
propeller and the slipstream is not neglected.

FASD incorporates either the simple ”add on” model in which the velocity and
total pressure data inside the slipstream tube (see Appendix D) are either based
on experimental data or calculated with he slipstream tube model (Appendix D).
The data are extrapolated to the panel collocation points. Typical examples of this
approach can be found in [110, 111, 112, 113, 114, 57, 54].

Although quite reasonable agreement with experimental results is obtained in most
cases typical difficulties appear in the set-up of the calculation. The first problem is
the limited number of panels that is generally used to prescribe the propeller disk and
the trailing slipstream envelope. As a result of this the generated flow field represents
the true situation only to a limited degree. Another problem is found in the way the
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slipstream is positioned with respect to the wing. Since experiments show that strong
deformations occur in the slipstream shape, any (arbitrary) user defined position of
the slipstream (and its strength) may lead to erroneous velocity components at the
wing.

Without going into the details of all relevant cases described in open literature a
general conclusion may be drawn. Due to the limitations discussed so far an overesti-
mation of the changes in the local wing lift due to the propeller effects is found. This
leads both to deviations in the lift distribution and the integrated overall lift value.
Subsequently errors in the induced drag arise.

Although the full interaction model (PDAERO) is the most sophisticated surface
singularity model that is used for the calculation of the PROWIM model, there are
clear limitations that affect the final results. The main contributors to errors will be
treated shortly hereafter.

6.4.2 Propeller normal force

The propeller at a non-zero angle of attack generates a normal force in the plane of
rotation. With the actuator disk model implemented in the panel code no resultant
normal force will be found.

Since the propeller normal force , NV, is not calculated as part of the final result
care must be taken when comparing the predicted result with existing balance data.

For positive angles of attack the experimental results should produce somewhat
higher lift values than the panel code. Yet, in practice both the calculated and the
experimental value sometimes agree reasonably due to a known compensating error
introduced by the lack of viscosity in the flow calculation. During the experiments the
wing airfoils are effectively de-cambered by the boundary layer that develops along
the wing surface. Hence the inviscid panel code produces higher lift values that partly
compensate the error in the lift force due to the propeller normal force effects.

6.4.3 Propeller model and slipstream geometry

Since the actuator disk model is based on inviscid, incompressible theory, certain lim-
itations with respect to the generated velocities occur. In the PDAERO model for
example the effect of the propeller is included by prescribing a mean total enthalpy
jump across the disk; the value of which is determined by the propeller operating
conditions like T, and J. The mean enthalpy jump, AH, across the actuator disk
is determined by eq. 3.83 while the velocity jump properties are derived from eq. 3.66.

In a realistic propeller-wing interactive flow field the position of the slipstream
and its shape vary strongly in the proximity of the wing. Although an approximate
position may be selected by the user it is not practical to repeat such a procedure for
all power conditions (7T, values) that are investigated. Hence a constant location and
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form of the slipstream is selected for all flow conditions neglecting the shearing effect
and the deformation (see Chapter 5) that are found during the experiments.

When the propeller is placed at an angle of attack, either due to the selection of
the incidence angle of the thrust axis or due to the wing induced upwash field, the
slipstream will continue downstream with an average position somewhere between the
free stream direction and the thrust axis line. The free stream will tend to deflect
the slipstream back in streamwise direction while the normal force generated by the
propeller tends to do the opposite. In PDAERO (and most other panel codes) these
effects are not modelled automatically.

A slipstream which runs parallel with the propeller axis, with a constant cross-
sectional shape, seems to be the most practical layout of the slipstream boundary for
most loading cases.

It should be noted that a serious limitation of the PDAERO panel code is the
assumption of a uniform distribution of jump conditions on the propeller disk where
in reality almost in every flow condition non-uniform distributions are found at the
location of the propeller disk.

6.4.4 PDAERO calculations on PROWIM / APROPOS

The first analysis of the PROWIM and the APROPOS models was performed with the
higher order panel method, PDAERO. In line with the assumptions and limitations
used in this method the calculations are restricted to the incompressible case with
undeformed wake shapes and uniform total enthalpy jumps across the propeller disk.
The computational results will be compared to the experimental results that were
discussed in Chapter 5.
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Figure 6.41: Panel layout for the PROWIM model as used for the PDAERO
calculations ; left: prop off ; right prop on.
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A typical layout of the panelling of the PROWIM model is presented in Fig. 6.41.
The APROPOS model which has the same propeller and wing geometry but without
the nacelle is set up in the same way.
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Figure 6.42: Comparison of experimental and predicted (PDAERO) lift coeffi-
cient for PROWIM ; J = 0.85 ; (a) prop off ; (b) prop on.

First of all the lift coefficients as calculated with the panel code are compared with
experimental results from Chapter 5. In Fig. 6.42 the overall lift coefficient is depicted
both for the propeller off and the propeller on configuration. The lift enhancement
due to the propeller is clearly visible but a distinct difference in the lift curve slope
exists between the experiments and the calculations.

The main cause for this discrepancy is the omission of the viscous effect in the panel
code (no decambering effect exists). This reasoning is supported by the comparison
of the lift distributions in Fig. 6.43a. In the propeller off case a fair agreement
is only found if the model angle of attack is lowered around 0.4° compared to the
experimental value. The true problem with the panel code becomes visible when the
lift distributions for the powered models are compared (Fig. 6.43b and -c). The code
fails to predict the changes in the local lift coefficient in the slipstream washed area
due to the limitations imposed by the single slipstream tube with uniform loading.
Especially the errors in the swirl velocity component play a major role in this respect.
The code’s inability to predict the secondary flow phenomena, like flow boundary layer
thickening and small areas of flow separation that were found in the experiment, adds
to the limited agreement with the experimental results. A noticeable effect occurs
for the o = 4° case where the agreement is reasonable for the nacelle outboard side
whereas the lift coeflicient is strongly overpredicted for the nacelle inboard side.

This is also reflected in the comparison of the surface pressure distributions, pre-
sented in Fig. 6.44. Since the local C; not only depends on the propeller induced
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Figure 6.44: PROWIM surface pressure distribution inside the slipstream
washed area ; (a) y/b/2 = 035 ; (b) y/b/2 = 0.60 ; o = 4°,
J =0.85.

inflow field but is affected by the vorticity distribution of the trailing vortex sheet and
its deformed geometry as well, it is expected that implementation of only a partly
relaxed wake shape in the code is the cause for this error in the predicted local lift.

The limited effect of the nacelle in the discrepancy between the experimental and
the predicted characteristics can be anticipated by calculations of the APROPOS
model. In this case the wing is combined with a (free flying) actuator disk model
which results in much simpler panel layout.

Fig. 6.45 shows a comparison of the lift coefficient for three different spanwise
propeller locations. The trend is more or less the same as found for PROWIM. The
induced drag of the model, depicted in Fig. 6.46, shows a fair agreement when the
Cp,data are compared at equal lift coefficients. It should be noted that the compar-
ison is performed only at a rather low thrust coefficient of 7, = 0.31. Even in this
case the slipstream model of PDAERQO fails to produce acceptable distributions of the
axial and tangential velocity components, as can be seen in Fig. 6.47. Consequently,
the errors in the calculations are expected to increase for the higher power loadings.

Although the trends in the panel calculation results seem to predict the propeller
effects on the wing (and not vice versa) reasonably, it is impossible to derive definite
conclusions about guidelines to improve the propeller-wing layout based on these data
since the form of the induced drag distribution in spanwise direction is wrong. Hence
it is difficult to predict performance improvements for propeller-wing layouts with the
suggested panel model that incorporates a single slipstream envelope.
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Figure 6.47: Typical example of axial (a) and tangential (b) velocity profiles at
¥ = 90° and 0.57R behind the propeller used in the PDAERO
analysis of APROPOS ; o =4.2°, J = 0.85.

6.4.5 FASD calculations on APROPOS and Fokker 50

To derive some understanding of the typical differences between the PDAERO model
and the simpler FASD ’add-on’ model, additional panel calculations were performed
on the same APROPOS model and a typical Fokker 50 model [115].

The slipstream velocity data needed for the inclusion into the panel model were
first acquired from experimental 5-hole probe data taken behind the propeller (chapter
5).

From the experiments the total velocity vector as a function of the spatial coordi-
nate, was available as well as the energy increase in the slipstream, AE = 14+ AP, /¢oo.
These values were extrapolated to the collocation points of the panels in the slipstream
immersed part of the wing [115].

For comparison purposes the analytical procedure of the vortex tube model (Ap-
pendix D) was applied as well. In this case the velocity components are directly found
at the positions of the collocation points as they form a part of the slipstream routine
input.

The panel models of APROPOS and the simplified F50 model are depicted in Fig.
6.48 and Fig. 6.49 respectively.

6.4.6 Apropos results

Since the slipstream position and its geometry is not known a priori, a location with
respect to the wing must be selected by the user. In this case two layouts are chosen:




6.4. PANEL METHOD RESULTS 217

230 mm Y

240 mm

slipstream
segment

propeller axis"

Figure 6.48: APROPOS panel model used in the FASD panel method analysis.
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Figure 6.49: Fokker 50 panel wing model without nacelle used in the FASD panel
analysis.
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the slipstream fixed in the free-stream direction (denoted 'flow fixed’) and the slip-
stream completely deflected in the direction of the propeller axis (denoted 'wing fixed).
The APROPOS model was calculated with two different slipstream approaches: ex-
perimental data and predicted data (Blade Element Method).
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Figure 6.50: Lift distributions of the APROPOS wing for two slipstream layouts
(flow fized’ and ’wing fized’) ; T, = 0.133; The experimental slip-
stream is generated from Shole probe data obtained directly behind
the propeller.

Typical lift distributions that were found with these methods are compared to
the experimental values, in Fig. 6.50. As was found with the single tube model
in PDAERO, the lift of the wing is strongly overpredicted. This is mainly due to
the absence of the decambering effect of the boundary layer. Another remarkable
difference between the experimental and the calculated results is the stronger effect
of the swirl velocity in the predictions. This difference can be attributed to the lack
of swirl recovery, a phenomenon that is always present in the real viscous flow.

With respect to the two layouts of the slipstream apparently both fail to predict the
experimental results. To find out whether errors are introduced by the extrapolation
technique used to determine the velocities at the collocation points the effect of the
slipstream definition was checked. The circulation strength that is needed in the
slipstream ”tube-model” was found by matching both the propeller induced axial
and tangential velocities as closely as possible to the experimental values that were
found directly behind the propeller. Fig. 6.51 shows that, although differences occur
between the two models, they match closely enough to rule out significant influence
on the prediction errors found in Fig. 6.50.
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Figure 6.51: Comparison of APROPOS lift distributions found with the experi-
mental slipstream and the slipstream "tube-model”.

When the results of the FASD add-on code are compared to the PDAERO results
it becomes clear that incorporating a known slipstream velocity field (for example
from experimental data of an uninstalled propeller) produces a more realistic form of
the lift distribution. However, the absolute accuracy of the two approaches is limited.

Being aware of the known limitations, the FASD code was used for additional
analysis of the propeller interaction effects. In this case the effect of the vertical and
the horizontal position of the propeller with respect to the wing was investigated for
the APROPOS and the F50 model, as sketched in Fig. 6.52.

First of all the wing lift and the wing drag of APROPOS for variable z,/R are
presented in Fig. 6.52. Cp rises with increasing z, until a local maximum is found
at about z,/R = —0.2. A second, higher, local maximum is reached at z2,/R = 0.6.
The values for Cp exhibit two local maxima at about z,/R = —0.4 and z,/R = 0.6,
whereas a local minimum is found at z,/R = 0.2.

Although the absolute values for the aerodynamic coefficients predicted by FASD
differ from those of the experiments (Chapter 5), important similarities of the general
behaviour are found. The lift rises with increasing z,/R position to a maximum
which is found at approximately z,/R = 0.6, for all cases. The tendency to a local
minimum is found in the experiments as well due to the average decrease in the
dynamic pressure in the slipstream for a propeller positioned directly in front of the
wing (”donut-effect”).

Even while the panel code only calculates the induced drag component compared
to the full inviscid plus viscous drag in the experiment, the behaviour of the drag
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Figure 6.52: Effect of the propeller vertical position on the lift and drag coef-
ficient of APROPOS(propeller in front of the wing); slipstream
calculated from the slipstream ”tube-model”.

coefficients is similar. The difference between the local minima and maxima are
stronger in the calculated results due to the fact that the swirl recovery is the major
driving force for the effects on the wing drag.
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Figure 6.53: Effect of the vertical propeller position on the lift and drag coeffi-
cient for the Fokker 50 case at low thrust (inboard up and outboard
up rotating propeller).

To verify whether the conclusions obtained with the APROPOS model could be
translated to a more realistic case the Fokker 50 wing was investigated as well. As
shown in Fig. 6.53, the behaviour of the lift and the drag coefficient with vertical
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propeller position is comparable to the APROPOS model. Looking at the scales in
the figure it should be noted again that the effect of changing z,/R is relatively small
for the low thrust case (typical for cruise). The advantage of inboard up rotation on
the lift and the drag, as was already described in previous chapters, are confirmed by
the data presented in Fig. 6.53: for inboard up rotation a higher lift coefficient and
a lower (induced) drag coefficient are obtained.

6.4.7 Over the wing arrangement

The last check on the capabilities of the FASD panel code with respect to the pre-
diction of propeller wing interference effects was performed by looking again at the
OTW arrangement.

For the APROPOS model the propeller was moved in the direction of the trail-
ing edge with the propeller axis at z/R = f;— above the wing. The calculations were
performed with slipstream characteristics provided by slipstream model that was de-

signed to incorporate the contraction of the slipstream [115].
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Figure 6.54: Effect of the propeller streamwise position on the lift and the drag
coefficient of the APROPOS wing ; T, = 0.133.

Fig. 6.54 shows the results of the FASD calculations for a propeller positioned
in OTW arrangement above the APROPOS wing. For comparison purposes the
experimental values that were discussed in Chapter 5, are presented as well. The value
of C}, rises with the increased streamwise position above the wing until a maximum
is reached at about z,/c = 0.9. This trend is found in the experiments as well. The
main reason for the discrepancy in the local values of Cp, is attributed to the fact
that in the experiment a quite bulky nacelle was present that induces a distorted
flow field (mainly axial velocity increase) that may lead to stronger effects on the lift

15
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coefficient. The calculated drag coeflicient is compared to an experimental value that
was corrected for the profile drag (obtained from a separate XFOIL [116] calculation)
since the panel code delivers only the effect on the induced drag. As can be seen, a fair
agreement is found with the local minimum at x/c = 0.4 in both cases. Apparently
the panel code FASD, which uses the "ad-on slipstream”, performs reasonably in
the OTW case since the level of distortion of the slipstream in the real flow case is
limited with the slipstream passing over the wing. Hence the approximation of an
axis-symmetrical slipstream envelope as used in the slipstream tube-model (’sliptube’)
is acceptable in this case.
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Figure 6.55: Effect of the propeller streamwise position, x/c, on the lift and drag
coefficient of the Fokker 50 model ; low and high thrust case for
cruise angle of attack.

The influence of the streamwise position on the simplified Fokker 50 model (Fig.
6.55) was investigated as well. In this case the cruise condition was calculated for a
high and a low thrust case, as discussed in Chapter 5. The results, shown in Fig. 6.55,
indicate that the same effects as found for APROPOS layout emerge. This means
that from the lift and drag point of view the OTW shows benefits for a propeller wing
combination that is typical for modern turbo prop aircraft.

6.5 Navier-Stokes calculations

6.5.1 Introduction

To circumvent the problem of explicitly prescribing the slipstream position and its
development in space ENS calculations were performed and compared to the exper-
imental data of Chapter 5. Results of ENS calculations on typical propeller-wing
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models, found in open literature, have shown that application of this approach can
predict both the overall acrodynamic configuration characteristics as well as the de-
tails of the surrounding flow.

The successful use of the multiblock Euler- and Navier Stokes codes for propeller-
wing interference effects has previously been demonstrated [117, 101, 118, 119]. An
interesting analysis of the steady and the unsteady case of uninstalled propellers as
well as a propeller-wing configuration is presented in [120]. The paper describes
two distinct approaches to the general aerodynamic analysis of propeller flow fields.
A three-dimensional compressible Euler code and a general purpose 3D CFD codes
(Navier-Stokes solver) were used to compare predicted propeller and wing pressure
distributions with experimental data. The overall conclusion is that both codes pro-
duce results that compare well with data obtained from experiments. However, as
with many descriptions presented in open literature the discussion in [120] is restricted
to the presentation of the basic phenomena that occur. No supplementary comment
is given on the specific aspects of the interaction between the propeller and the wing
and the different flow characteristics that influence the performance of the configura-
tion.

In subsequent sections the calculations that were performed on PROWIM and an
OTW arrangement will be discussed and comparison with experimental data will be
presented. Although the application of the Euler equations lead to reasonable agree-
ment with experimental data, the full (Reynolds averaged) Navier-Stokes equations
were applied here to acquire the detailed effects of the propeller on the viscous drag.

As the calculation results depend on aspects like grid set-up and grid density,
turbulence modelling etc. [63], some information is provided on the various choices
that were made before the final results are presented.

6.5.2 The numerical model

The numerical model was derived directly from the experimental PROWIM model,
although some adaptations were needed to arrive at an acceptable number of grid
cells pertaining the most important flow features.

First of all a simplification of the spinner region was introduced (elliptical nose)
in order to make the topology simpler in that area. Secondly the two total head
probes directly behind the propeller that were used during some of the windtunnel
tests and their support are absent. It is obvious that substituting the front part of
the nacelle (including the spinner) with an elliptical nose produces some changes in
the flow field; the effects are expected to influence the drag, but they are supposed to
play a negligible role on the wing pressure distribution that is mainly determined by
the swirl velocity distribution further away from the nacelle.

Although the absence of the two total head probes and the support clearly affects

]
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the flow field data in the wake, the effect on the lift distribution is assumed to be
negligible.

An overview of the surface layout of the PROWIM model as used in the ENS-
calculations is presented in Fig. 6.56 and Fig. 6.57.

Figure 6.56: Layout out full 3D wing model based on PROWIM dimensions

| 6.5.3 Computational domain and boundary conditions

The computational domain is defined by the surfaces of the model and an external
box, as shown in Fig. 6.58.

To define the front and the back plane, the chord length was taken as the reference
length. In these terms the front face of the box is placed three chords upstream of
the spinner, while the rear face is placed six chords downstream the trailing edge of
wing. The streamwise extent of the flow domain is limited compared to suggestions
presented in open literature [63, 121], to fit the model in the available computer
memory. Separate domain size studies in 2D flow showed that acceptable results can
be expected, though. In lateral direction the size is the same as that of the windtunnel
test section. A simplification is introduced with respect to the corners: the octagonal
shape is reduced to a rectangular one, which is expected to have negligible influence
at the location of the wing. The distance between them corresponds to the width of
the test section.

The dimensions of the domain thus defined are supposed to be large enough to
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(finest level)

prevent serious errors due to the prescription of the boundary conditions close to the

model.

With the data known from the windtunnel experiment the velocity is described at

the inlet plane (denoted 'velocity inlet’ with V' = 50m/s)

an undisturbed static pressure is prescribed (denoted ’pressure outlet’).

Velocity inlet boundary condition requires, besides the velocity itself, input values

for k and ¢ if one of the &

— ¢ models is chosen. The tu

dissipation ratio are also required when Reynolds Stress Modeling

Again known data of the windtunnel experiments were used for this purpose. The

viscosity ratio, u;/u was fixed to 1 in order to simulate an incoming flow that, even

was as close as possible to the conditions of a

3

if calculated as being fully turbulent

laminar flow.

Pressure outlet boundary conditions require the specification of a gauge pressure

and values for k£ and ¢,

.

as well

Symmetry boundary conditions assume a zero flux of all quantities across the

boundary (being the normal velocity,

variables) equal to zero.

as well as the normal gradient of other flow

The propeller was modeled using an actuator d

effect of the propeller is obtained by specifying a pressure rise in terms of total pressure
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Figure 6.58: Part of the computational domain (side walls not visualized) for
the o = 0° case.

jump, swirl velocity and radial velocity.
On the surfaces of the model the 'no slip condition’ is maintained and near wall
treatments for the computation of the boundary layer have been defined separately.

6.5.4 Near wall treatment

It is well known that the turbulent boundary layer can be subdivided into an inner
and a outer region. The first is characterized by the so-called law of the wall while
the second, denoted wake region, depends on the pressure distribution [122].

The inner region can be divided into three subregions: the viscous sub layer (0 <
yT <=~ 5), the log-layer (30 < y* < 350) and the buffer layer (in between). In
our case non equilibrium wall functions have been selected as the standard near-wall
treatment for all the calculations involving turbulence models. This approach partly
accounts for effects of pressure gradients giving better accuracy in all those cases in
which the flow departs from equilibrium conditions. For more detailed information
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see [63] and [21].

6.5.5 Operating conditions, settings, configurations

It is useful to remark that values for the pressure are given in terms of gauge pressure.
The reference value for the static pressure is always 101325 Pa.

Table 6.8: Operating conditions and flow setting for the NS-calculations.

General flow settings
Static Press [Pa] | pg [kg/m”] | p [kg/(ms)] | T [ Re M
101325 1.225 1.79-107° | 288.16 | 8.2-10% | 0.15

Velocity inlet plane
Velocity [m/s] | Tu [%] | ue/u
50 006 | 1 |

Pressure outlet plane
Gauge press. [Pa] | Tu [%)] | ue/u
0 0.06 1

Operating conditions maintained and the input values for the boundary conditions
in all the calculations as shown in Table 6.8 have been given so as to recreate the same
conditions of the experiments in the windtunnel.

The velocity magnitude of the incoming flow was fixed at 50 m/s, but specified in
terms of x-y components. For calculations in which the angle of attack was different
from zero this is a simpler procedure than rotating the model in the tunnel. The
latter would have required the creation of a new grid for different angles of attack.
As a consequence two symmetry surfaces, the upper and the lower one, were turned
into velocity inlets.

The gauge static pressure was set to zero at pressure outlet, since the influence of
the model on pressure in that location is supposed to be negligible.

The other parameters (turbulence intensity and turbulent viscosity ratio) were set
in order to create a laminar-like flow at the velocity inlet. Even if these characteristics
are certainly different at the boundary outlet, the same values were kept at the pres-
sure outlet to create no discontinuities in the boundary conditions: it must be kept
in mind that for angles of attack different from zero boundary inlets and outlets have
edges in common. Moreover, no detrimental effects have been noticed with respect
to this choice.
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Hexahedral cells that were used close to the model surface are generated in a

total number of cells, led to the selection of a hybrid grid as the best choice for the
structured multiblock approach which led to a complicated topology (74 blocks for

current investigation.
the required accuracy is limited in this region. Fig. 6.59 shows a part of the topology

the complete grid). In the outer part of the low domain tetrahedral cells were used as
solutions adopted (Grid-3).

The need to have a good resolution near the surfaces of the model and in the slip-
stream of the propeller, and the necessity to save computer resources limiting the

6.5.6 The gri
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Figure 6.59: Part of the block topology of PROWIM showing the wing-nacelle
Junction.

Calculations were run on three different grids, for two different angles of attack, 0° and
4°, with the propeller active and removed, using two turbulence models (Realizable

k- and RSM). Besides this, one inviscid flow case was tested.

6.5.7 Configurations tested
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The course grid, denoted Grid-1, was created with approximately 140,000 cells.
Moreover, a simplification was introduced: the wing-tip was cut off and a symmetry
surface was attached at the wing on that side. This grid appeared to be useful, as a
first approach, to see if the hybrid grid solution (hexahedral cells close to the model
and tetrahedral cells in the remaining part), adopted to discretize the computational
domain worked properly. Additionally, useful information was obtained with respect
to convergence and residual history in relation to the roughness of the grid and the
use of turbulence models.

The final grid, denoted Grid-3, contained approximately 1 million cells. Here the
wing tip was added and the numerical domain extended to its final shape. It was
used to compare numerical data to experimental data. An intermediate (Grid-2) of
apprimately 500,000 cells was used for additional calculations.

Small changes, in terms of local grid refinement, were made on Grid-3 in some
simulations where more accuracy was required in particular regions. In one, local
refinement on both sides of the propeller was used in order to obtain greater accuracy
in estimation of the thrust. In the other, local refinement was used in the wing-tip
vortex-core region to see which improvements could be obtained in calculating the
sharp total-pressure-loss and high-vorticity peaks in this area.

6.5.8 Selection of the turbulence model

Two turbulence models were used in the current investigation: ”Realizable k-£”
(RKE) and a "Reynolds stress model” (RSM). The former uses a Boussinesq ap-
proximation to model turbulence and two additional transport equations (for the
turbulence kinetic energy and the turbulent dissipation rate) that have to be solved.
The latter directly solves the transport equations for the Reynolds stresses together
with an equation for the dissipation rate, leading to seven additional equations in 3D
[123].

The arguments that led to the choice of these two models are briefly discussed.

Since even the most refined grid (Grid-3), could not have the very high resolution
recommended for an accurate computation of the boundary layer, some tests on a
simple 2D configuration were performed. The purpose of these tests was to understand
which turbulence model was the most robust, in relation with a relatively coarse grid
spacing in the boundary layer area.

The configuration chosen for this purpose is the PROWIM airfoil. A 2-dimensional
grid with the same hybrid structure as that of the three-dimensional one was created
to avoid any undesirable effects related with the topology. Through successive refine-
ments three 2-dimensional models (denoted Grid-1-2D, Grid-2-2D and Grid-3-2D)
were obtained with a grid structure similar to that of a vertical cross section of the
3-dimensional grids.

The results thus obtained were then compared with the ones from a 2D panel code
combined with integral boundary layer equations, XFOIL [100]
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Table 6.9: Results of 2D celculations on the intermediate (Grid-2-2D) and the
final grid (Grid-3-2D) with different turbulence models.

GRID-2-2D
Turb. model | aldeg] | C Cy p:, [Pal Flow Pto, [Pa]
Inviscid 4 NA NA 1532 SSS 1527
SA 0 0.000 | 0.011 1524 no sep. 1534
4 0.423 | 0.012 1524 S 1534
RNG k-¢ 0 0.000 | 0.009 1523 no sep. 1534
4 - - - nnn -
Real. k-¢ 0 0.000 | 0.013 1525 no sep. 1534
4 0.425 | 0.015 1524 no sep. 1534
RSM 0 0.000 | 0.011 1525 no sep. 1534
4 0.433 | 0.014 1523 no sep. 1534
GRID-3-2D
Turb. model | aldeg] | C) Cy P,, [Pa] | Vel. vectors | p;_ [Pa]
SA 0 0.000 | 0.012 1540 no sep. 1534
4 0.423 | 0.014 1539 no sep. 1534
RNG k-¢ 0 - - - S8 -
4 - - - ssS -
Real. k-¢ 0 0.000 | 0.013 1540 no sep. 1534
4 0.427 | 0.015 1539 no sep. 1534
RSM 0 0.000 | 0.0076 1540 no sep. 1534
4 0.450 | 0.0092 1536 1o sep. 1534

SA=Spalart Almaras model, RNG=Renormalization Group, Real.=Realizable,
RSM=Reynolds Stress Model
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The results obtained are shown in Table 6.9. For comparison, the reference values
for C; and C4 obtained from XFOIL are:

C; = 0.000 C; =0.446

@=0° 1 c;=00065 W=7 { Cy = 0.0071

In Table 6.9, the values of Cr,, Cp, static pressure in the stagnation point, p;, and
reference total pressure (p;__, taken at the velocity inlet) are summarized for different
configurations. The symbols in the column "Flow” refer to the behavior of the flow
at the trailing edge: "no sep.” means that the flow behaves as expected (i.e. no
separation in accordance with windtunnel tests and XFQIL calculations), ”s” means
that a very small recirculation zone is found, whereas ”ss” and ”sss” denotes a bigger
and very large recirculation zone respectively. As can be seen both the Realizable k —¢
model and the RSM model lead to acceptable values of the lift coefficient compared
to the experimental data.

From calculations with XFOIL it is known that the boundary layer remains lami-
nar for a large part of the airfoil, as a consequence drag calculations using turbulence
models will always be affected by a great error since transition is not accounted for.
As expected, this leads to an overestimation of the drag coefficient.

From the preliminary calculations it was concluded that the realizable & — ¢ and
the RSM would produce the best results in relation with a relatively coarse grid.
Hence, these models were chosen for the simulations on the three dimensional model.

6.5.9 Actuator disk boundary conditions

With the actuator disk approach the propeller action is averaged in spatial sense
and is specified in terms of jumps in the total pressure , the tangential velocity and
the radial velocity. To specify the jumps experimental data [58] were used and an
external fortran routine was created to produce the boundary conditions at the disk.
In the experiments, values for the total pressure, the tangential velocity and the radial
velocity were measured in two cross sections, inboard and outboard side, at a survey
station placed at 0.266D (63mm) behind the propeller.

These data were then approximated using polynomial functions in order to obtain
analytical expressions for the variables profiles; the functions thus obtained were then
easily interpolated with the fortran program to obtain the complete distribution at
the location of the propeller.

Typical examples of data derived from experimental measurements and polynomial
functions are shown and compared in Fig. 6.60. Both the total pressure rise over the
propeller disk and the tangential (swirl) velocity distribution are depicted.

Due to the complexity of the flow in the vicinity of the nacelle the shape functions
show a small deviation from the experimental data. This is not important since the
major propeller wing interference effects are initiated at a more outboard position
(i.e. large values of r/R).

The effect of the angle of attack on the performance of the blades is clearly visible
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velocity profile (lower figures) for the experimental slipstream and
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; left: nacelle outboard side , right: nacelle inboard side.
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as the outboard side benefits from an increased local incidence and so generates a
higher pressure jump, whereas on the inboard upgoing blade the pressure rise is lower,
hence the effect is the opposite. Since the survey station used in the measurements
was physically limited by the presence of the nacelle, the interpolating polynomials
had to be extended to the spinner surface.

Once analytical functions were available, values all over the disk surface were
determined through linear interpolation.

With respect to the propeller boundary conditions, as taken from the experiments,
two important remarks should be made.

1) The swirl velocity distribution near the hub proved to be difficult to model.
Without having available experimental data in this region it was decided to extend
the swirl velocity distribution curves with a constant value.

2) It is probable that the contribution of the measured axial velocity component
to the swirl velocity (in case on non-zero angle of attack) has been overestimated.
This consideration originates from the fact that the flow accelerates strongly (in axial
direction) in the 63mm that separate the propeller from the survey station in which
data were acquired.

6.5.10 Results

Hereafter some of the NS-calculation results will be discussed. Particular attention
will be paid to Grid-3 because the higher refinement level assures greater accuracy
and because it models the complete configuration including the wing tip, it allows
comparisons with windtunnel experiments.

Some considerations on accuracy and convergence, in relation to the different
grids, are discussed where results from XFOIL calculations and 2D NS-calculations
are included for comparison.

With respect to the turbulence modelling, the differences found between the RKE
model and the RSM are briefly discussed.

Pressure distributions, lift and drag coefficients and wake qualitative investigation
for the various configurations tested are presented and compared with experimental
data. Results from windtunnel experiments include both balance and surface pres-
sure measurements by Philipsen [124] and calculations based on wake surveys from
Rentema [58] and Veldhuis [125].

Besides this the flow field behavior behind the propeller at different survey stations
is discussed in detail; its evolution and the influence of the geometry are investigated
and the most important aspects in relation to the accuracy of the propeller boundary
conditions are highlighted. Finally a few conclusions on the effects of radial velocity
and the rotation direction of the propeller are drawn.

Convergence and accuracy In all cases a smooth behavior of the residuals was
found. No convergence problems occurred with the two turbulence models used; even
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on Grid-1, in which grid density is very low, the solution converged and was stable.
Of course this provides no information on the accuracy of the solution; since in that
grid there were no cells in the boundary layer, near wall treatment (wall functions)
could easily lead to errors. These errors are reflected first of all in the calculation
of the boundary layer. However, it was not the purpose of these calculations to
investigate the detailed behavior of the boundary layer. Much more important for
the current work, was to determine the accuracy of pressure distributions and of the
general behavior of the flow field. This has been achieved using data from windtunnel
experiments, 2D FLUENT calculations and XFOIL.

In Fig. 6.61 a comparison is made between Grid-1 and Grid-3 for the propeller off
case. Because the two grids differ for the presence of the wing tip, pressure distribution
comparisons were limited to the wing inboard side, since here the tip flow influence
is negligible.

Moreover, for the wing cross section at the root, also the results from XFOIL and
from 2D FLUENT calculations were used. In this particular zone a symmetry surface
was defined as boundary condition, leading to a behavior of the flow very close to a
two-dimensional one.

For the ¢, distribution at the root (i.e. at the intersection between the wing and the
symmetry surface) the flow can be considered quasi-two dimensional. The program
XFOIL should be considered an excellent reference for these comparisons since it
is specially suited for 2D airfoil calculations including the effects of viscosity and
moderate compressibility [100]. Two-dimensional FLUENT calculations are included
to see how much the solution changes when grid refinement is used and possible
3D-effects of the wing are removed.

For o = 0°, the differences between the various grids are small. It is important
to notice that a transition bubble is found with XFOIL; this phenomenon is not
predicted by the NS-code since turbulent models calculate a turbulent flow starting
from the leading edge. The laminar separation was also found during the windtunnel
experiments through oil visualization at approximately 52% and reattachment at 66%
of the chord [124] whereas XFOIL computed transition at 65%.

For o = 4°, three dimensional effects produced by the nacelle and by the tip
influence the flow field in the zone inboard of the nacelle. Hence the agreement
between the 2D NS-calculation and the XFOIL is expected to be superior to the 3D
NS-data.

Comparing the different curves it becomes clear that increasing the angle of attack
from 0° to 4°, differences between Grid-1 and Grid-3 occur due to the thickening of
the boundary layer which is not captured well enough by Grid-1. The 2D-calculation
with the NS-code proves that the finest grid leads to a very close agreement with the
XFOIL data. Therefore this grid density of Grid-3 is expected to be acceptable for
the 3-dimensional calculations of PROWIM.

It is interesting to observe how the transition bubble moves forward on the upper
side with increasing angle of attack. As a consequence the prediction accuracy of the
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Figure 6.61: Comparison of chordwise pressure distributions for various grid

layouts ; propeller off
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drag coefficient of the NS-code compared to the experimental data is expected to be
limited.

Comparison between the RKE model and the RSM In this paragraph dif-
ferences noticed in the behavior of the two turbulence models are briefly discussed.

Regarding the pressure distribution on the surface of the model the differences
are very small everywhere except in the stagnation point on the spinner and in the
peak values of static pressure that can be found at the intersection between the wing
and the nacelle for o = 4°, here RSM calculated values are about 50 Pa higher than
those from the RKE model. The stagnation point on the spinner deserves more
attention because here the two models behave differently. The RKE model produced
a significant error in computing the static pressure as can be seen in Table 6.10.

Table 6.10: Influence of selection of the turbulence model on the static pressure
in the stagnation point at the spinner nose of PROWIM.

Case aldeg] 18;2%(: presslgglaw[Pa] Total pressure Ref. [Pa]
Propeller off 0 1970 1524 1530
4 1776 1522 1530
Propeller on 0 1852 1516 1520
4 1743 1516 1520

In case of the RKE model, vector plots in the vicinity of the stagnation point
showed erroneous velocity vectors with a small outward component where the vectors
for the RSM were perfectly aligned with the surface.

It is difficult to say what led to such a difference on the spinner (also because
stagnation points all along the wing were caught well by both the models).

Another noticeable difference between RKE model and RSM was found during
the investigation of the wake. First of all it should be remembered that a small
modification of the trailing edge of the nacelle was introduced when creating the
grid: the sharp corner was cut off and a small facet created to avoid grid collapsing
problems. This facet is responsible for local increased vorticity and total pressure loss
peaks. Almost in all the test cases (except for a = 0° propeller off) the RSM seems
to strengthen these effects, but it is hard to say which model performs better since
the experimental data refer to a configuration in which the cut was not present.

Fig. 6.62 shows some examples in terms of total pressure loss comparing the
two turbulence models. Minor differences are found in the main area of interest, the
nacelle and the slipstream washed area. The tip vortex is not included in these figures
as differences showed to be very small in that zone.
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prop on

Figure 6.62: Ezample of total pressure distribution ([Paf) at 1 chord length
behind the wing found with the RKE model (left) and the RSM

(right).
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Finally, values for C, Cp are summarized in 6.11: differences in the calculated
lift and the drag coefficient are small with a slight tendency of the RSM to produce
higher values.

Table 6.11: Comparison of the lift and the drag coefficients calculated with the
RKE model and the RSM.

propeller off propeller on

a=0|a=4"a=0° | a=4°
Cp | RKE | 0.0169 | 0.0230 | -0.0929 | -0.0857
RSM | 0.017 0.0231 | -0.0926 | -0.0842
Cr | RKE | 0.000 0.2909 | 0.0040 | 0.3167
RSM | 0.000 0.3052 | 0.0043 | 0.3192

6.5.11 Final NS-results

Propeller-off The final results of the NS-calculations on PROWIM refer to the
finest grid (Grid-3). In Fig. 6.63 the predicted static pressure distribution on the
surface of the model is depicted. The pressure gradients in spanwise direction are
moderate except for the wing-nacelle juncture region. At that location a typical
pattern is obtained that demonstrates a small loss of lift. Although the pressure
distribution changes dramatically (large differences between wing upper and lower
side) when the angle of attack is increased from o = 0° to 4°, still a rather small
spanwise gradient is maintained. This is important with respect to the changes that
the slipstream exhibits when it strikes the wing.

Although some disturbances are found at the wing tip (because its peculiar shape),
it is expected that the wing tip flow pattern has only minor influence on the propeller-
wing interactive flow at the more inboard located position.

From an integration of the surface distributions of the pressure and the shear
forces the lift and the drag coefficients were obtained.

In Table 6.12 the values for Cr, and Cp are collected and compared to the results
from the windtunnel experiments reported in Chapter 4 (the error is expressed based
on differences with the balance measurement data).

Apparently a fair agreement is obtained regarding the lift coefficient while the
estimation of the drag coefficient is affected by a greater error that increases when
the angle of attack is set from 0° to 4°. The predicted lift coefficient shows a close
agreement with the experiments. Its non-zero value for & = 0° that is due to the
asymmetry introduced by the presence of the wing-tip, is computed satisfactory. For
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alpha=0 deg ; prop off

(a) a=0°

lower side

alpha=4 deg ; prop off

(b) @ =4°

Figure 6.63: Static surface pressure distribution on PROWIM; propeller off.
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Table 6.12: Comparison of numerical results obtained from Grid-3 with quanti-
tative wake measurements (QWA) and balance measurements. All
data are corrected for the propeller thrust force contribution

propeller off propeller on
a=0°]|a=4° | a=0° | a=4°
Cp | RKE 0.0169 | 0.023 -0.0929 | -0.0857
RSM 0.017 0.0231 | -0.0926 | -0.0842
QWA - 0.0192 | -0.1016 | -0.0989
Balance data | 0.015 0.0198 | -0.0986 | -0.0916
Cp, | RKE 0 0.2909 | 0.004 0.3167
RSM 0 0.3052 | 0.0043 | 0.3192
QWA - 0.2917 | 0.0099 | 0.3302
Balance data | 0 0.288 0.0055 | 0.3135

a = 4° the results (Cr,, ..., = 0.291, Cf = 0.317) from RKE model are swr-
prisingly close to the experimental one (Cy,,,,,,, = 0.288, Cf = 0.314).

As expected, the drag coefficient is affected by a greater error. This has to be
ascribed mainly to the fact that the wing boundary layer is calculated as being tur-
bulent, while flow visualization [124] showed a large area in which the flow is laminar
(no artificial transition was applied during the experiments). Yet, it can be noticed
that error in the drag coefficient becomes smaller when the propeller is active. This
can be explained from the fact that the area on the model surface in which the flow is
laminar becomes smaller because the flow in the slipstream of the propeller is fully tur-
bulent. As a result of this the flow field computed using a turbulence model becomes
more similar to the real one and the error introduced by the viscous contribution of
the Cp decreases.

propon

propon

When comparing the results it should be kept in mind that the symmetry surface,
that models the reflection plate at the wing root, changes the physics of the flow in
that zone. As a result of this, higher Cp values and lower Cp values would be ex-
pected from the numerical model. Because of the lack of experimental pressure data
close to the reflection plate it is difficult to quantify these effects, but a closer look at
the wing root region in Fig. 5.60 shows that the effect on the total lift coefficient is
probably quite small.

Note that all the values reported in Table 6.12 for the propeller-on configuration
are corrected for the contribution of the thrust force. In order to obtain these thrust
values as accurately as possible; a first level of local refinement on both surfaces of
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the fan was performed. Results thus obtained were then compared (Table 6.13) with
the one from the BEM-analysis (proplb).

Table 6.13: Thrust of the PROWIM propeller calculated with the NS-code and
the Blade Element Method (prop1b) ; V =50m/s ; RPS =249 Hz

; J =0.85.
Thrust [N]
Case a=0°| a=4°
RKE 24.81 24.82
RKE ( propeller local refinement) | 26.07 | 25.97
RSM 24.80 24.79
BEM ( prop1b ) 26.56 -

The results of both calculation techniques show a very close agreement. There are
no appreciable differences in thrust estimation between the two turbulence models
and the local refinement provides a considerable improvement. Hence, thrust results
from the configuration "RKE (propeller local refinement)” were used to calculate Cp
values (and Cr, when o = 4°) in all the "propeller-on” cases reported in Table 6.12.

Table 6.14: Viscous and pressure contribution to the drag coefficient for the var-
ious calculations performed on PROWIM.

Case Turbulence model | «[°] | Cp,... | Cb,,e..
RKE 0 | 001114 | 0.00575

RSM 0 | 0.01122 | 0.00580

Propeller off RKE 4 001085 | 0.01219
RSM 1 [ 0.01025 | 0.01281

RKE 0 | 0.01187 | 0.00611

RSM 0 | 0.01207 | 0.00617

Propeller on RKE 4 | 0.01163 | 0.01289
RSM 4 | 0.01133 | 0.01467

In Table 6.14 the viscous and the pressure contribution to the drag coefficient
are reported separately, which shows the importance of the viscous contribution to
the total drag. With the propeller slipstream known to influence the viscous part
considerably the relevance of performing viscous Navier-Stokes-calculations rather
than Euler-calculations becomes inevitable for a final design calculation.
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To get an idea of the prediction capability of the code some flow field related
properties were visualized. Since the propeller slipstream has significant impact on
the vortical flow field in the model area washed by the slipstream, the development
of capturing of vorticity components is important.

Fig. 6.64 shows a contour plot of the axial vorticity for the model without running
propeller. The junction between the nacelle and the wing produces secondary flow
phenomena as a result of the nacelle boundary running into the high pressure area
at the wing leading edge. This interaction leads to a double vortex system that is
nicely captured by the code, indicating that the grid density is high enough to prevent
premature diffusion of important flow parameters like total pressure and vorticity.

plane at z/c = 0.10 plane at z/c = 2.0

Figure 6.64: Contours of axial vorticity showing the double vortex pairs that is
generated by the wing-nacelle juncture ; prop off ; a = 0°.

Another indicator of an good behavior of the numerical model is shown by the
flow field path lines combined with the total pressure loss in the wake, an example of
which is presented in Fig. 6.65.

Two regions of interest are shown: the nacelle region and the wing-tip. The nacelle
wake and the tip-vortex are both caught by the numerical analysis.

The wake behavior was investigated through the visualization of the total pres-
sure and the axial vorticity, which enabled direct comparison with the wake survey
measurements discussed in Chapter 5.

The contour plots of the total pressure are given in terms of total pressure loss
coefficient defined as:

— Pt

AC, =2—20 4 (6.2)
P 3pUR
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Nacelle wake

Wing wake Tip vortex

Figure 6.65: Combined flow path lines and contours of total pressure loss behind
showing the wake and the tip vortex structure ; a« = 4° ; prop off.

where p;, and Uy are the reference values for the total pressure and the velocity
respectively, defined at the inlet boundary inlet .

The vorticity is plotted in normalized form analogue to the convention used for
the experimental data:

0

where b/2 is the model semi span (0.64m).

Fig. 6.66 and Fig. 6.67 show the wake of PROWIM for two different angles of
attack (propeller off) combined with data from the windtunnel investigation.

Qualitatively the flow field calculated with the NS-code shows a good agreement
with the experimental data. At an angle of attack of 0° the two high total pressure
loss spots, coming from the upper and lower surface of the nacelle, and the horse shoe
vortices, originated by the wing-nacelle connection, are well resolved (Fig. 6.66a).

As the angle of attack increases, differences between NS-calculations and the ex-
perimental data become more prominent. It should be remembered in this respect
that small modifications of the trailing edge of the nacelle were introduced when cre-
ating the calculation domain and the total pressure probes behind the propeller were
not incorporated in the calculations. Typical differences are found in the contour
plots of the axial vorticity, as presented in Fig. 6.67. For o = 0° a good agreement
is found with respect to the vorticity distribution behind the nacelle but for oo = 4°
the horse shoe vortices become harder to distinguish (Fig. 6.67b) since their relative
strength is low compared to the vorticity sheet produced by the wing.

3 (6.3)
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Figure 6.66: Contour lines of constant total pressure coefficient, prop off ; (a)
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Figure 6.67: Contour lines of constant azial vorticity, (a) o = 0° and (b) o = 4°
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Although the tip vortex is represented quite well, at least in qualitative sense,
the peak value of the axial vorticity differs from the one found in the experiments.
However, it should be remarked that the tip vortex has a very sharp peak in the core
compared to the distribution of the various parameters in the remaining part of the
flow domain. A local refinement level in the wing tip zone was performed but this did
not lead to significant changes in the surface pressure distribution and the lift and
drag forces acting on the model.

Propeller-on case The results for the propeller on configuration show the expected
strong effect of the swirl velocity component in the slipstream. As expected, a dra-
matic change in the total pressure distribution is found as well, leading to a very
complex flow pattern.

First of the static pressure distribution over the model is depicted in Fig. 6.68 for
a = 0° and 4°.

The combined effect of the changes in the local angle of attack due to swirl and
the total pressure rise in the slipstream washed area is clearly visible. The changes
are especially visible in Fig. 6.68a for a = 0° (as for both angles of attack the same
contour levels were chosen).

The local pressure distribution in the slipstream washed area is mainly determined
by the development of the dynamic pressure in the slipstream, and the swirl distri-
bution. As expected from the actuator disk theory, the mean value of the dynamic
pressure rises in x-direction and a deformation takes place as sketched in Fig. 6.69
for a = 0°.

In Fig. 6.70 a comparison between the experimental pressure distribution and
predicted one is presented for the a = 4° case, for two spanwise positions inside the
slipstream. Despite the boundary layer modelling restrictions in the NS-code, the
agreement is good.

As can be seen in Fig. 6.71 the total pressure rise in the slipstream and its
deformation are nicely predicted by the NS-code.

Some problems, however, arise at the upper side of the calculated slipstream enve-
lope as can be noticed in Fig. 6.71b. At this location the total pressure distribution
shows increased numerical diffusion due to the slipstream entering a part of the cal-
culation domain where bigger cells are used. A clear indication of this problem can
also be found in Fig. 6.72 where a surface of constant value of the total pressure is
depicted. Clearly the total pressure is diminished at the slipstream upper side and
at some distance behind the model (again due to the coarser grid in that region).
Nevertheless, this effect is not expected to influence the propeller wing interactive
flow field significantly.

The decay of the vorticity between the propeller position and the wake survey
plane (at 1 chord length behind the wing trailing edge) is limited, as can be seen in
the axial vorticity plots of Fig. 6.73 where distinct boundaries are visible at 1 chord
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alpha=4 deg ; prop on

(b) a =4°

Figure 6.68: Static surface pressure distribution at o = 0° (upper figures) and
o = 4° (lower figures) ; propeller on.
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Figure 6.69: Development of the dynamic pressure in the slipstream showing
the streamwise increase and deformation due to the presence of the
wing ; a = 0°.
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Figure 6.71: Predicted and experimental contour lines of constant total pressure
coefficient at 1 chord behind the wing; prop on ; (o) a = 0° ; (b)
o =4°,
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%

Figure 6.72: PROWIM with surface of constant total pressure wvalue (p; =
1800 Pa), showing the effect of grid coarsening above and behind
the model ; prop on ; o = 4°.

behind the model. Again the qualitative agreement between the experimental flow
field and the predicted results is good.

Quantitative Wake Analysis To gather more information from the calculated
flow field data a quantitative wake analysis was performed on the calculated data
in the same way as was done for the experimental 5-hole probe data described in
Chapter 5.

A typical number of grid points in the wake survey plane (WSP) during the experi-
ment was 30,000-40,000 whereas the WSP in the Navier-Stokes calculations contained
5000 data points.

In Fig. 6.74 examples of the calculated and experimental local lift distribution,
are presented for oo = 4°. A small difference is visible between the lift acquired with
both techniques. Although in general the agreement between the calculated and the
measured lift distribution is quite satisfactory, typical differences are found in the
wing tip region. The calculated curves show a smaller spanwise lift gradient due to
the limited number of cells and the increased dissipation of the tip vortex. Small
differences in the lift distribution in the vicinity of the propeller slipstream between
the calculated and the experimental results are due to the simplified actuator disk
representation of the propeller, which does not exactly constitute the exact velocity
and pressure distributions of the real flow. In this respect the quantitative flow
analysis also provides information about the quality of the actuator disk approach.
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Figure 6.73: Comparison of predicted and experimental contour lines of constant
azxial vorticity at 1 chord behind the model ; prop on ; o = 4°.
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Measured and calculated lift distributions from waeke analysis for
a=4°; (a) prop off ; (b) prop on.
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Comparison with balance measurements The final results of the numerical
and the experimental wake surveys are compared with the balance measurements in
Table 6.15.

Table 6.15: Comparison of calculated and measured lift and drag coefficients for
the PROWIM model.

Method a prop Cr, Ch
CALC. 0 off 0.000 0.0109
wake 4 off 0.288 0.0171
analysis 0 on 0.003 -0.0985
4 on 0.310 -0.0910
CALC. 0 off 0.000 0.0170
surface 4 off 0.291 0.0231
forces(*) 0 on 0.004 -0.0926
4 on 0.319 -0.0857
EXP. 0 off 0.000 0.015
balance 4 off 0.288 0.0198
data 0 on 0.006 -0.0986
4 on 0.314 -0.0916

In these data the drag coefficient, C,, found in the case of a running propeller,
includes the thrust component and therefore becomes negative. From Table 6.15 it
can be concluded that the wake survey of the CFD data produce a lift coefficient
that is very close to the balance data. For o = 4°, both in the case of prop off
and prop on, the lift coefficient is (almost) exactly reproduced. Although the flow
field surveys produce a drag coefficient that is slightly smaller than the drag from
the external balance measurements, the agreement between the three techniques is
such that the QWA technique in CFD calculations results can be successfully utilized.
This conclusion is supported by the findings reported in ref [126].

Propeller rotation effect With respect to the propeller rotation direction of the
propeller, one should remember that in the numerical models discussed so far and
during the windtunnel investigations, the propeller rotated ”inboard up”. Within the
current numerical model it was possible to reverse the rotating direction very easily
by changing the propeller boundary conditions. To determine whether inboard up
rotation was as beneficial as found in Chapter 5 a numerical test case was run for
o = 4° using the RKE model.

The new configuration indeed led to a small performance decrease of the complete
model, i.e. a slightly lower lift coefficient and a small increase of the drag coefficient,
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while the thrust was unchanged: Cr, = 0.2997 ; Cp = —0.0839 ; T' = 24.80 N. An
explanation for this effect of the rotation direction was already presented in Chapter
5.

Over the wing propeller A last comparison between earlier data and the results
of the NS-code was made on the over-the-wing configuration (see Chapter 5).

The purpose of these calculations was to confirm whether the trends found during
the windtunnel tests and the preliminary calculations performed in Chapter 5 would
be supported by the NS-approach.

Figure 6.75: Layout of the OTW model with flow path lines emanating from the
actuator disk surface.

The numerical model was simplified compared to the APROPOS model in the
sense that the nacelle was not modeled. Fig. 6.75 shows the wing model with the
propeller at a forward position with flow path lines originating from the actuator
disk surface. To check the effect of the propeller position above the wing, in total
9 positions at streamwise locations between x,/c = —0.840 and z,/c = 1.25 were
investigated.

The absence of the nacelle in the computational model led to a simple model
with the main advantage that the same grid could be used for all propeller positions.
Hence, a significant reduction of the time needed in the pre-processing (modelling)
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phase was obtained. Moreover, due to the use of 1 grid more reliable comparison is
expected between the different configurations.

To simulate the propeller flow, the actuator disk model was adopted again for
two reasons. First of all the interference effects in the OTW configuration are purely
based on angle of attack changes imposed by the propeller on the wing and vice versa.
Hence, the details of the flow inside the slipstream (particularly the swirl distribution)
are unimportant. Secondly it has been shown during earlier research [20, 119] that
there is a close resemblance between the flow field generated by an actuator disk and
a full blade modelling and small difference are only to be expected in the vicinity of
the propeller. The major disadvantage of the actuator disk model is the fact that the
jump conditions have to be known a priori. This problem was again easily overcome
with the availability of thrust and flow field data found in the experiments performed.

From the data obtained in the flow field close to the nose of the model it could
be concluded that the propeller effect on the wing manifests itself purely through an
angle of attack change. The inflow into the slipstream produces a local effect on the
chordwise lift distribution as shown in Fig. 6.76 and Fig. 6.77. In these figures only
the upper side pressure distribution is depicted as the effect of the propeller on the
lower side turned out to be rather small.

-0.8
-0.6
-0.4
-0.2

low Tc

~. high Tc |

o 0.0 fF
U L
' 0.2
0.4
0.6
0.8

1.0 L |
0.0 0.2 0.4 0.6 0.8 1.0

y/b/2

Figure 6.76: Effect of OTW propeller on the chordwise pressure distribution di-
rectly below the slipstream ; z,/c = 0.75; yp/b/2 = 0.47 ; low
(T. = 0.174) and high (T, = 0.52) thrust coefficient.

As can be seen in Fig. 6.76 an increase in the thrust coefficient directly leads to a
stronger contraction of the slipstream which in turn produces lower pressures at the
wing upper side for given value of z,/c.
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Figure 6.77: The effect of the streamwise propeller location on the wing pressure
distribution ; yp/b/2 = 0.47 ; T, = 0.174.

Changing the streamwise position of the propeller (Fig. 6.77), however, changes
the chordwise pressure distribution considerably into a form that is different from the
one found at the same lift coefficient produced by an angle of attack change.
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Figure 6.78: Spanwise lift distribution for three streamwise propeller locations ;
a=0°;T.=0.18 ; inboard up rotation ; solid symbols show the
results of the VLM-analysis.
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Integration of the pressure distribution produces spanwise lift distributions as
sketched in Fig. 6.78. Here the effect of the local flow angle of attack increase is
observable by the local rise in C; which peaks close to the spanwise location of the
propeller (y,/b/2 = 0.47). Due to the fact that the swirl velocity (and possible errors
in its input values) does not play an important role for the overall performance of the
OTW-configuration the trend found in Fig. 6.78 perfectly agrees with the result of
the much simpler VLM calculation approach as discussed in Chapter 5.

In Fig. 6.79 the calculation results are compared to experimental data. An excel-
lent agreement is found indicating that the deformation that takes place in the NS-
approach allows a realistic propeller induced angle of attack. The static slipstream
envelope used in the VLM and the panel method approach clearly show problems in
this respect.
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Chapter 7

Optimization of tractor
propeller-wing configurations

7.1 Introduction

Modern CFD code based on the Navier-Stokes equations contribute, without doubt,
to a better understanding of the problem of propulsion integration they generally
lack an important feature: a design optimization option. Optimization programs are
important in the preliminary design phase when the main design parameters like the
location of the propulsion system have to be chosen. Since these methods should
be fast enough to quickly assess the consequences of changes in the global shape of
the configuration they are often based on elementary momentum considerations and
relatively simple numerical schemes.

To obtain a propeller wing configuration that is optimized for high performance
in a specified flight regime both elements should be designed simultaneously taking
into account the most important interference effects. To arrive at the final design two
approaches may be followed:

e Separate design of the propeller and the wing based on either experimental or
numerical data where the wing characteristics are analyzed for given propeller
condition. This procedure is further denoted as the Analysis Approach

e Integrated design of the propeller and the wing where the optimized wing loading
is calculated based on a given input of the propeller. With the obtained optimum
wing loading the wing geometrical parameters can be calculated. This procedure
is denoted as the Optimization Approach.

In the Analysis Approach the optimum propeller wing combination is in fact a
heuristic process where an initial wing designed without incorporating propulsion ef-
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fects is subjected to a given propeller slipstream flow. Analysis of the experimental
or numerical results then leads to new choices for the complete configuration. After
several, laborious, iteration steps, an acceptable configuration may be found for the
specified flight condition. Subsequent tests or calculations on the off-design condi-
tions finally determine whether the design is acceptable or not from aerodynamic or
structural point of view.

The Optimization Approach uses geometric shape functions and is coupled to
two-dimensional or three dimensional flow solvers. Inverse optimization programs use
aerodynamic shape functions and are coupled to flow solvers based on the lifting line
theory and a Trefftz plane analysis. Although this process is probably much faster
than the A-approach again additional tests or calculations are needed to determine
the characteristics under off-design conditions. With the contribution of the propeller
in the optimization process, a different lift distribution than the optimal ’clean wing’
distribution will be found.

In the next sections the Optimization Approach, which was implemented in two
optimization programs, optimizer and pwopt2, will be treated in more detail and some
calculation results will be discussed in short.

7.2 Fourier approach

7.2.1 Lift and drag

The first approach for an optimization of the wing in a tractor propeller wing arrange-
ment is based on a rather straightforward procedure.

To be able to find the induced drag of a wing from the lift distribution it is
important to reconsider the effects of the axial and swirl velocity distribution in the
slipstream. The local effective angle of attack of a wing airfoil section is given by:

Qeff = Q@ — Q4 (7~1)

Here o is the geometric angle of attack and «; the angle induced by the wing vortex
system and the propeller slipstream.
The induced angle of attack consists of two parts:

Q; = Oy, + O, (7.2)

where index w is for the wing vortex system and p for the propeller vortex system.

According to the Prandtl Lifting Line Theory, the local induced angle of attack
at spanwise position yg, induced by the wing vortex system, can be found from the
spanwise distribution of vorticity:

+b/2
R B i (7.3)
WA= U Yo — ¥ '
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For a small ¢; the lift and induced drag of the wing become:

+b/2

L =pUss / I'(y)dy (7.4)
—b/2
+b/2

D, = pUs, / i (4)T () dy (7.5)
—b/2

An optimum spanwise loading (proportional to I'(y)) gives a minimum induced drag
at a given design lift coefficient. To prepare the equations for the optimization process
the spanwise circulation distribution is represented as a Fourier sine series consisting

of N terms:
N

['=2Usb Y Apsin(nf) (7.6)
n=1
where the physical spanwise co-ordinate y has been replaced by #, through: y =

—% cosf and A,, are the Fourier coefficients. In case the spanwise lift distribution is

symmetrical only n odd terms remain (see Fig. 7.1).
The lift per unit span can now be written as:

1(6) = pUsT'(6) = 2pU2b i A, sin(nf) (7.7)

n=1

where A,, are the Fourier coefficients.
Introducing the propeller induced axial velocity increase factor a(f) = Voz(0)/Us
the local lift per unit span changes to:

1(8) = pUT(6)(1 + a(8)) = 2pU2%b i Ay, sin(nd)(1 + a(8)) (7.8)

n=1

Integration over the span gives the slipstream influenced wing lift:

™

L=2pU2b) An—g / sin(nd)(1 + a(f)) sin(8)df (7.9)
0

For the induced drag an analogue analysis can be followed. Rewriting eq. (7.9) in
dimensionless form leads to

Cr, =2 AR- Z A, / sin{n#) sin(0)(1 + a(0))do (7.10)
n 0
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Figure 7.1: Symmetrical spanwise circulation distribution represented by Fourier
sine series

where AR is the aspect ratio of the wing?.
For the propeller-off case (a = 0) the lift coefficient can be written as:

Cp=r-AR- A, (7.11)

This is the well known lifting line result where the lift coefficient depends only on the
first Fourier coefficient, A;.

Without further proof we state that in an analogous way the following expression
for the induced drag coefficient in inviscid flow exists when a propeller slipstream is
present:

Cp, =2 AR- 35 nAn Ay [ sin(nd) sin(k6)(1 + a(6))dd+
nok x 0 (7.12
2-AR-Y" Ay [ a;, (8) sin(nf) sin(6)(1 + a(8))d8 )

n 0

where «;, () is the propeller induced angle of attack at the local spanwise wing
position.

lwritten as AR to prevent confusion with the Fourier coefficients
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Once the lift and induced drag coefficients are calculated, the wing efficiency can

simply be found by:
ct
o 7T'AC’D1

For a given wing lift distribution the Fourier coefficients A, can be calculated and
the total wing lift, the induced drag and the efficiency factor can be evaluated using
eq. (7.10),(7.12) and (7.13).

It has to be noticed that the expressions stated above are based on the following
simplifications:

(7.13)

e The wing trailing vortex sheet is assumed to be flat and lying in the plane 2z = 0.

e The propeller induced velocities have to be known in advance. The influence of
the wing induced velocity field on the propeller flow is not represented directly.
A correction is applied afterwards.

e There are still no viscous effects, which means that the contribution of section
profile drag is assumed to be zero

7.2.2 Optimization of the lift distribution

As can be seen from eq. (7.12), the induced drag expression consists of two terms.
The contribution of the second term can either be negative or positive depending on
both the signs of the swirl distribution and the Fourier coefficients. This indicates
that a non-elliptic optimum lift distribution might be found for minimum induced
drag when the propeller is running.

The optimum is now found by specifying that the partial derivative of the induced
drag with respect to all the Fourier coefficients of order higher than one should be
zero. This can easily be seen by assuming that & Cp, /0 A, # 0 for a certain value
of n. This means that the additional lift distributions related to the given value of
A,, can be changed such that Cp, becomes lower, for a constant value of the wing lift
coefficient. The minimum is reached when 0Cp,/0A, = 0. Thus:

dCp, B
T =0 n=23.,0 (7.14)
Define:
/31n(n0) sin(k8)(1 + a(#))dd (7.15)
0

In = /aip(ﬁ) sin(nd) sin(8)(1 + a(8))do (7.16)
0
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Note that I, = 0 when n # k. Using eq. (7.14) the Fourier coefficients for the
optimum lift distribution in inviscid flow, become:
" onl,,

n=23,..00 (7.17)

7.2.3 Program OPTIMIZER

The method described above was implemented in a computer program called opti-
mizer. With this code it is possible to find the optimum lift distribution for minimum
induced drag for any tractor propeller/wing arrangement of arbitrary shape.

The user can either select input of experimental data for the slipstream or generate
artificial data using a simple slipstream model ([93]). The main input consists of :

e wing geometry (aspect ratio and chord distribution)

e the propwash data (axial and tangential velocity increase, a and a’ respectively)
e propeller diameter and position

e the required lift coefficient

In case the propeller is put at an angle of attack to the flow the distribution of
the factors a and a’ should be given according to the increased values at the upgoing
blade side and vice versa. If only data are available for the setting o, = 0° at the
position of the propeller plane instead of the wing location, the program will calculate
the propwash data according to the following scheme.

The axial velocity increase at a certain distance x, behind the propeller is given
by az(z,) = up(zp)/Veo. According to a velocity potential formulation as described
by Smelt & Davies [37], which is based on an analogy with magnetic shell theory, the
axial velocity increase, as a function of z, can be estimated by :

a(.rp) =ap(l+ _(—iﬁ) (7.18)

where ao, is the axial velocity factor at the position of the propeller plane (z, = 0).
The flow velocity in the direction of the thrust line is given by Vi, cos(a,)whereas
the velocity perpendicular to this line is V sin(a;,) . The slipstream centerline will
therefore deviate from the thrust line, by an angle o ;. given by:

Voo sin(ay) tan(a,)

ten(0et) = T alay)) coxtay) (L% a(zy)) (7.19)

To account for the "upwash effect” given by a.; the local swirl velocity at the wing
position is corrected through:

at,,,, = tan(a, + ap — aci. + arctan(a:(y))) (7.20)
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where a;(y) = v:(y)/ Vo, is the uncorrected swirl velocity factor.
To account for the “upwash effect” given by a.;. the angle a;, used in eq. (7.12)

is corrected through :
(aip)cor = Oy, — Ocy. (7.21)

7.2.4 Contribution of the propeller at angle of attack

As indicated in Chapter 2 the induced angle of attack is substantial for closely
mounted propeller-wing configurations. The propeller at angle of attack will, in ad-
dition to moments, produce a thrust and a normal force. In optimizer, the propeller
angle of attack effect on the performance of the optimized propeller/wing configura-
tion is calculated through usage of the E-method described in Appendix A.

After the normal force gradient of the propeller is calculated, conversion from the
propeller to the wing reference parameters gives:

dCNp 7I’D2 _ dCNp

dopy 48,  dap

Besides the secondary, slipstream generated, propeller effect, the primary contribution
of the propeller to wing lift and drag is given by :

ACL = (Cn, cos(ay,) + T sin(ay,))

(7.22)

g
ACp = (Cy, sin(a;’p) - T, Cos(a;)) g (7.23)
where, the propeller geometrical angle a;’n is defined by:
% =+ au (7.24)

The change in wing lift and drag generated by the propeller, with reference to the
situation o, = 0 , is therefore given by :

ACL = Tlsin(eg) — T, sin(ap, ) + AC,, cos(a;,) — AC,, cos(ay, )

ACh = —T cos(a) + T, sin(a,) + ACw, sin(aly) — ACno, sin(al) (/2

where : ) o
2D T dChx
Ti==""T, ; To=—— ; ACN, =
c Sw C c pV2D2 ! ]Vw dap aeff
and index O refers to the situationa, = 0. To correct the wing efficiency, given in eq.
(7.13), the lift and the drag change are incorporated in the calculation resulting in an

effective efficiency defined as:

w

(CL + ACL)?
Ceff = ’
mA(Cp, + AC))
Thrust and normal force coefficients are determined by the effective propeller angle
of attack:

(7.26)

Qeff = Qp + Oy + Qupflow (7.27)
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7.2.5 Realization of the optimum lift distribution

After the discussion about the acquisition of the optimum lift distribution for a given
propeller/wing combination the next logical step is to define how the required distri-
bution can be obtained. To get some understanding of the magnitude of the changes
to an initial wing design, a simple analysis is suggested here.
Eq. (7.9) in dimensionless form can be written as:
c(9) > .
Cu(f) == =g(0) =4 ) Apsin(nd)(1 + a(6)) (7.28)

n=1
The requirement for the wing now becomes:
c(6)
Cr. (0)(0g(6) = x(6) = 0(6)) 5,2 = 9(6) (7.29)
Since ¢ is fixed by the given vorticity distribution along the span, the user may

select an appropriate value for the following parameters to fulfill the requirement of
eq. (7.29):

e the two-dimensional lift curve slope, Cj_

o the geometrical airfoil angle of attack which is determined by the twist distrib-
ution, ay

the zero lift angle of attack of the airfoil, aq

the chord/span ratio of the airfoil, ¢/b

It is clear that the wing design of an optimum wing with installed propeller is com-
plicated due to the difference between the optimum lift distribution and the "normal”
elliptic-like distribution, especially at transonic speeds. In general the profile shape
should be modified to prevent unwanted viscous and compressibility effects in the
part of the wing that is immersed in the slipstream.

Since leading and trailing edge of the wing are normally kept straight and the airfoil
type will not change strongly in spanwise direction, in general the most attractive
way to generate the optimum wing lift distribution may be an adaptation of the twist
distribution or the camber distribution of the airfoils.

Due to deformation of the airfoil shape as a result of wing twist, a combination of
twist adaptation and variation of section shape will be employed in practice, though.

The induced angle of attack at the location of the wing is given by:

a;(#) = arctan (vm[”};g(i) 1;:(1;')’(9)> (7.30)
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Table 7.1: Calculated effect of camber on the lift coefficient of NACA z415 air-
foils series ; inviscid case at o = 5°.

Airfoil Camber (%) | C
NACA1415 1 0.748
NACA2415 2 0.878
NACA3415 3 1.008
NACA4415 4 1.138
NACAB415 5 1.267
NACA6415 6 1.395

in which v, is the total downwash at the wing due to the trailing vortex system
(vp, > 0, defined positive in negative z-direction).

To get an idea about the magnitude of the required changes of the wing geometry,
the optimum wing twist distribution with constant airfoil section, the local twist angle
found from:

_9(6)

e(0) =G~ toitaoto, (7.31)
may be calculated.

When the twist distribution is kept constant and both the leading edge and the
trailing edge remain straight (as seen from above) the required lift distribution can
be realized by adaptation in the camber distribution.

The change in the lift coeflicient due to camber effects becomes:

aC
AC) = o AT (7.32)
where 7 is the camber of the airfoil section.

To obtain quantitative information about the typical change in the airfoil camber
that are to be expected for an optimized wing geometry in the presence of a rotating
propeller, a simple analysis may be based on the NACA 4 series airfoils, NACAzyzz.
Here z is the maximum deflection of the camber line as a percent of the airfoil chord,
c. The second digit, ¥, designates the position of the maximum camber line deflec-
tion, x-_,. . in terms of tenths of ¢ while the last two digits, zz, designate the airfoil
thickness, ¢, as a percent of ¢. The effect of changing the camber of the airfoil is
a linear change in the zero lift angle of attack or, alternatively, a change in the lift
coefficient at o = 0°, as can be seen in Table 7.1 and Fig. 7.2.

From the calculated airfoil data both the change in the lift coefficient with the
camber and with the angle of attack can be determined. It appears that both values
are approximately the same, i.e. Cp. = 0.1152 (%7)~! ~ C;, = 0.1138 (deg ™).




272 CHAPTER 7. OPTIMIZATION

0.9 L ! | 1.6
0.8 H -o-inviscid ' NACA
0.7 | -+ viscous, Re=18%10"6 // e |
I A 1.2 -
0.6 15
/l/ i 1.0 L —1 — 3415 |
L?O'S /"/ S o8 a5 |
0.4 // ///// 1415
0.3 V/ oe
0.4
0.1 '
oo 0.0
. [¢] 1 2 3 4 5
1 2 3 4 5 6 o (deg)

camber (%)

Figure 7.2: Effect of camber on the lift coefficient of a NACA x415 airfoil series ;
left: Inviscid Ci-« curves ; right: comparison of inviscid and viscous
calculations at Re = 18- 10%. Transition was fired at 5 % at upper
and lower side.

Both airfoil camber adaptation and twist adaptation can be used to change the
local lift coefficient needed to arrive at the optimized loading distribution from either
of the two methods derived above.

7.2.6 Generation of propeller slipstream data

To find the correct interference effect that the slipstream imposes on the wing, the
axial and the tangential flow velocities, which together form the velocity vector
(up,vp, wp), must be incorporated as stated in the equations for the lift and the
drag coefficient. In the current program it is possible to import experimental slip-
stream data or calculate the propeller induced velocities with a simplified slipstream
model. In the latter case (up, vp, wp) is calculated with the slipstream tube model (see
Appendix D). In this model, the vorticity in the slipstream originally concentrated on
a finite number of helical vortex sheets, is replaced by two superimposed continuous
distributions of vorticity: axial and tangential vorticity. Using a Biot-Savart calcula-
tion algorithm the propeller induced velocity vector is then found in the Trefftz plane.
In case the propeller is put at a positive angle of attack to the flow the induced veloc-
ity distribution should be given according to the increased values at the down-going
blade side and vice versa. If only data are available for the setting o, = 0° at the
position of the propeller plane instead of the wing location, the program will calculate
the propwash data according to the scheme given in section 7.2.3.
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7.3 Trefftz plane analysis

The effect of the profile drag in the optimization process cannot be implemented easily
in the Fourier approach. For this reason an alternative method was developed which
allows minimization of the total (induced plus viscous) drag for a given lift coeflicient.

7.3.1 Lift and induced drag

In this analysis the so-called Trefftz plane method is applied to the propeller wing
configuration. The method, based on Munk’s stagger theorem [127], was originally
applied to wing tail configurations but may be extended to propeller-wing configu-
rations as well, as indicated by Kroo [10]. Initially the influence of the wing on the
propeller is neglected, which implies that the propeller is far upstream or downstream
of the wing. Hence the total downwash at infinity, used in the optimization process,
is a superposition of the downwash due to all lifting surfaces and the downwash gen-
erated by the propeller at infinity. An inverse numerical optimization is applied here,
based on a flow solver which utilizes a lifting line theory to model the lifting surfaces
combined with a Trefftz plane analysis. The bound circulation is modeled using a
quadratic distribution function similar to the method of Kuhlman [128]. Examples of
comparable optimization codes were already described by Miranda & Brennan [11],
Kroo [10] and Veldhuis [93]. These approaches differ from the current analysis in the
way the lift distribution is modeled. The authors mentioned above, for example, pro-
posed a technique where the lift distribution is given as a Fourier sine series combined
with axial and tangential velocities induced by the propellers (see section 7.2.3).
Using the Trefftz analysis technique, the drag can be calculated by considering
the momentum balance of a control surface S which surrounds the configuration Fig.
7.3. In subsequent paragraphs the most important calculation and derivation results
will be summarized. Further details about the technique in general can be found in
refs. [129, 130, 131, 14]. In the following analysis the effects of compressibility will be
neglected since most propeller aircraft operate in the (low) subsonic speed regime.
For a steady, incompressible, inviscid flow the conservation equations of mass,
momentum and energy, applied to control volume V surrounded by control surface S

become :
//p(V-n)dS=0

S
//pV(V-n)dS:—//(pn)dS—l—F
s g

The second equation states that the time rate of change of linear momentum is
equal to the sum of the forces acting on the control volume. Here F is the force
acting on the fluid inside the control volume (generally zero), p is the density, V

(7.33)
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Figure 7.3: Layout of the control volume and the control surface as used in the
Trefftz plane analysis.

is the velocity vector and m is the outward pointing normal vector to the control
surface. Since for the moment the viscous forces acting on a body with surface
Sy are neglected, the only resulting force in x-direction will be the induced drag,
D;. The control surface S consists of several sub surfaces, as indicated in Fig. 7.3:
S =8u+4+ 81+ S« + Sp+ Sy, + Sp + Ssi. We can now apply some known boundary
conditions:

eonS,:V.n=90

eonSy,: V- -n=0andn, =0

e onS,: V.n=0and p is continuous (vortex sheet fully developed)
e on Sg : V-n =0 and p is continuous (stream surface)

Hence the surface integrals (7.33) can be reduced to:

0= // p(V -n)dS

Su+Sq

Di=— [[ one+puvomyas

Su+Sa+Sp

(7.34)
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The propeller thrust is defined by:

Ty = — / (pna + pu(V - ) dS (7.35)
SP

Thus the second integral of (7.34) may be rewritten as:

D;=- (pngz +pu(V-n))dS+T (7.36)
A

When there is an active propeller with surface S, there will be an energy increase
which may be regarded as negative dissipation. Introducing the velocity potential ®
the induced drag can be written as:

D;=— // (pnx +p§§(v'1> . n))dS+T (7.37)

Su+Sq

Let us introduce the perturbation potential, ¢, defined as & = Uz + -, then eq.
(7.37) can be further simplified leading to the so-called Trefftz plane analysis. In the
Trefftz plane (St) it is assumed that the flow is fully developed which means that no
velocity gradient and pressure gradient exist in streamwise direction. With Sp = S,
the final result becomes:

D; = g// (—02+ 2+ dS+T (7.38)
St

which can be further simplified accepting the fact that ¢2 = 0 in the Trefftz-plane. It
should be noted that in this analysis , based on inviscid theory, the velocity change
that normally occurs in the vortex cores is neglected:

D; = g// (P2 +2)dS+T (7.39)
St

Now exclude force from eq. (7.39) since the interest is focused to the optimization of
the induced drag for a given propeller condition (fixed thrust force and torque). This
simplification is allowed as long as the thrust force and the propeller torque do not
change significantly when adapting the geometry of the wing behind the propeller. In
general, this is the case for all practical designs where the distance between propeller
and wing is not small.

The perturbation potential ¢ is built up of a disturbance due to the wing/body
(index b) and a disturbance due to the propeller (index p).
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Neglecting O¢/0z (the flow is fully developed), the induced drag (without the
thrust contribution) becomes:

{— //(pb—l—cpb dS+poo//‘Pb<Ppy+\Pb90pz)dS+

(7.40)
/ (92 +¢5.)

Using Green’s identity the integral over St is transformed into an integral over the
curve(s) Cr formed by the intersection of the wake and the Trefftz plane.
The first integral of eq. (7.40) is rewritten in the form:

// ((g—z)“r (2—5)2) ds = /g—igodc - //@(%ﬁ + ‘?;2> ds  (7.41)
St Cr St

while the second integral becomes :

/ / (Vep - Vip)dS = / (Vep-n) dC — / / (3% 4 %‘%’i) s (7.42)
St

where Vo, =V, = (up, vp, wp) is the velocity vector induced by the propeller.

At the Trefftz plane the second terms in the right hand side of eq. (7.41) and
(7.42) vanish. The jump in the velocity across the wake is equivalent to the local
circulation. Hence with Ay = I" and 8¢/0n = v,, the induced drag in the Trefftz
plane becomes:

2

Cr

D} =P [Ty (v, +2(0,)) dC + 2 f [ 63+ ubyis (7.43)

Three terms can be distinguished:

A = ’%” / Tyvn, dC (7.44)
Cr

which is the induced drag without the presence of a slipstream

Ap = poc / Ty vy, dC (7.45)
Cr

which is the propeller-wing interaction effect. And finally:

Poo
= 7// (v2 + w}) dS (7.46)
SP
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which is the ”swirl loss” of the propeller.
Now eq. (7.43) can be written as a "drag” coefficient:

N,

1 -
C, = 775 / Ty (vn, +2(00,))C + 3 CF (7.47)
with :
. 1
Ck = VEC—ST—FJ// (’Ug +w§) dS (748)
SP

and N, is the number of propeller (2 or 4).
Without further proof it is stated that in an analogue way the following relation
can be derived for the lift coefficient:

2

CpL= ——Vo%Sref

/ Ty (Voo + up) cos () dC (7.49)
Cr

where u,, is the axial velocity increase due to the propeller and ( is the wing dihedral
angle. Since we will only deal with the I'-distribution of the "body” the subscript b
will be omitted in the following analysis.

7.3.2 Viscous drag

An optimization in which only the induced drag is minimized, may result in a lift dis-
tribution that differs considerably from the one in which the total drag is minimized.
The wing profile drag contribution can be found from:

— 1 2
Co. = prs / Cu. (Voo + )2 cdS (7.50)
Cr

The profile drag coefficient can be determined either through the input of two-
dimensional airfoil characteristics or alternatively by using empirical relationships.
The relation between local lift and drag coefficient (for a given airfoil) is estimated
using a simple quadratic relation:

Cu, = f(C)) = Cyqp + £1C1 + fo2CF (7.51)

with the local lift coefficient being :

- 1 (Q(Vm—kup)coscr) _ I (7.52)

2
c VZ c
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the viscous drag becomes :

1

CDu = Vozcsref

/(Voo +up)(ag + a1l + axI'?)dC (7.53)
Cr

Expressions (7.47), (7.49) and (7.53) may now be employed to find an optimum load
distribution (I' = I'(y)) in which for a given lift coeflicient and propeller setting, the
drag coefficient is minimized.

7.3.3 Optimization formulation

With the equations for the vortex drag, the viscous drag and the lift established, the
problem of finding the optimum loading distribution remains.

The problem is to find either a minimum induced drag or a minimum total drag,
given certain constraints. Typical constraints that may be imposed for a complete
aircraft are:

e lift constraint (loading for a target lift coefficient)
e pitching moment constraint (aircraft is trimmed)

e root bending moment constraint (to minimize structural loading and stresses)

Since, in this thesis, the emphasis is on the propeller-wing configuration, the op-
timization of the spanwise loading distribution will be limited to minimization of the
drag for a given, predefined design (or ”target”) lift coefficient, Cr, .. Hence the
problem can be stated in the following way: determine the load distribution function,
I'(s) that minimizes the functional Cp, + Cp,,,. that is subject to the lift constraint
Cr =Cy,..-

The equations for the induced drag and the viscous drag that are needed in the
optimization process are given by eq. (7.47), (7.49) and (7.53).

To perform the optimization an object function is needed that incorporates the
constraint given. For this purpose the method of Lagrange multipliers is introduced.

If the function that is to be minimized (extreme value at this point) is defined as
the drag coefficient and for the constraint function, J, the lift Cr — Cy,,, is taken,
the optimization problem reduces to:

visc

I=F+XJ

7.54
=Cp, +Cp,;,. + A (CL —CLy,,) (7:54)

where the Lagrange multiplier, }, is to be determined.
As indicated in Appendix G, a necessary condition for a function to have an
extremum is that its differential vanishes. Consequently, the necessary condition for
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the functional I to have an extremum is that its variation vanishes as well. Given
that 8y is an arbitrary variation in y, the condition éy = 0 implies that:

£ - %’ —0 (7.55)

Apparently the parameters of eq. (7.55) can be replaced as follows: f — [Cbp,
y — T(s), v — T'(s), z — s, where [ Cp represents the total drag integral(s) of both
the induced and the viscous drag as given by eq. (7.47) and (7.53). Eq. (7.55) then

states: f f
8fCp d (8[Cp
ar _Zl§< T’ ) (7.56)

In general (especially when propellers are active) the loading distribution is so complex
that it cannot be described by analytical functions. This makes the evaluation of
(7.56) in a direct form impossible. Consequently it is obvious that some discretization
is needed to solve the optimization problem.

For the point at which the discretization is applied, prior to the solution of the
problem, we have two options.

When first the circulation distribution is discretized expressions for the drag and
the lift will be found in terms of the unknown discretization variables. Following
this approach a set of algebraic equations is obtained the solution of which requires
the calculation of double integrals. Because of the rather high calculation effort and
the reduced accuracy of this approach the second option, described hereafter, will be
employed.

First of all, to form the first variation 61 of I with respect to the first variation of
the circulation distribution, we write:

I'(s) =T*(s) + dT(s) (7.57)

and
A=A+ (7.58)

where the optimal solution for the circulation distribution is given by I'*(s) while A*
is the optimal value for the Lagrange multiplier, A.

Next, the variations of the object function I, as given by (7.54) is calculated by
substitution of the expression for I'(s) and A from (7.57) and (7.58).

The normal velocity can be written as:

n(s) = VESres [ gls, 0T (O (7.50)

where g(s,t) is the influence function that expresses the effect of the gradient in the
circulation distribution at the spanwise station ¢ on the normal velocity at stations.
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Then, I + &1 becomes:
1

I+ 61 = gy / (T*(s) + 6T(s))g(s, £)(T*(£) + ST(£))dsdt+
Cy

N,

/(F*(s) + 6I(s))(V, - n(s))ds + Zp Cr+

k=1

2
V2 Sref
Cy

_1_ ()2 ag(s) +ai(s) (T*(s) + 6T(s)) +
7 smf/ (Voo & up(5)) <a2<s> (T*(s) + OT(s)) )ds+

o0
t

¥+ ) | e [ (©(5) 4 D) (Ve + 05(9)° cosv s - O,
core &

(7.60)

As stated earlier, the necessary condition for attaining an extremum of the object
function (minimum drag) is that its variation 4 vanishes for arbitrary values of 6I'(s)
and dA. The variation §I can be found by subtracting I from eq. (7.60). Neglecting
second order terms like 472 and 6T'6\ this leads to an integral for §7 whose integrand
must be zero. Hence:

(Voo + tp(s))?

@Z—f/ 9o O (s)ds + gg g (als) + 2m{o)T(s)) +
) (7.61)

2\ T*(s) (Voo +up(s))cosr =0

V2 Sres

This equation, containing the unknown Lagrange multiplier and the unknown opti-
mum circulation distribution I'*(s), must hold for all values of the spanwise coordi-
nate, s.

Combined with the constraint Cr, = Cp,,:

5 ! /F*(s) (Voo + up(s)) cosvds = Cr,,, (7.62)
VooSrefc

eq. (7.61) leads to a system of equations that can be constructed for all spanwise
stations defined. Note that in the inviscid case and for the propeller off condition we
have u, = v, = w, = Cy, = 0 eq. (7.61) reduces to:

Un + Acosv =0 (7.63)

which is the classical result of Munk [127] stating that the normal velocity is
constant along the span and proportional to the cosine of the dihedral angle of the
wing.
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7.3.4 Numerical approach

A direct integration in eq. (7.61) is possible only for simple bound circulation distrib-
utions. With the propellers active a strong deformation of the elliptic-like distribution
is, however, expected which makes discretization based on an approximate shape of
the circulation distribution necessary. An example of such model can be found in refs
[128, 129, 130, 131].

To perform the discretization of the governing equations the contour Cj in the
Trefftz plane is divided into linear elements referred to as panels.

Assuming the strength of the vortex sheet to change linearly in spanwise direction
the bound circulation becomes a quadratic function of s because v(s) = 0I'/0s =
cg + c15. Looking at eq. (7.61) we need to work out the integral over the function
g(s,t) which represents the downwash at location s.

With the given quadratic distribution of the circulation an approach comparable
to the one described by Munk [127] is employed. The situation for the panel ¢ is
sketched in Fig. 7.4.

For ~(s) at location s; and s,we may write respectively:

Y(s1) = co,i = %@'

I\ Ty (7.64)

h

where h = As; = As,, = As, is the panel width. In eq. (7.64) the coefficient cg ; and
¢1,; can easily be obtained. To find the bound circulation at the local coordinate s’ a
simple integration suffices:

~v(sr) = coi + 61,2‘3] =

(s = /"/(s')ds' +T(s;) (7.65)

sl
Once the piecewise varying coefficients, ¢y (m = 1,2 ; k = 1,2,...,n) are avail-
able the normal velocity due to a single panel element, j at location s can be obtained
by applying the relation derived by Munk that is based on the panel layout sketched
in Fig. 7.4:

s
Up, (8) = / %IC;'_JS cos (B — a;)ds’ (7.66)
Ppj
where 8, « and |r| are functions of s.
Expanding eq. (7.66), based on the geometry given in Fig. 7.5 gives the normal

velocity due to a panel i(p;} on control point j:

Un;, (S) =TI;_4 /Bi,jll‘i(s)ds + Fi‘/Biyjlg,i(S)dS +Tin /Bivjlg,i(s)ds) (767)

pi Di bi
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Figure 7.4: Distribution of bound circulation and vorticity around panel i.

where:

s 1
=2 (Asm(Asl T Asy) | Asmt Asm>

1 1 s 1
P = — 2 .
2 =2 (Asl S — AST) Asm (Asl n Asm) (7.68)

s
fai =2 (Asm(Asr + Asm)>

and B;; is a geometrical parameter that depends solely on the panel distribution
layout:

cosai{ yfw ~ Y T }+sinai { Zf’z._ o T }
s’ cos(a; ¢ sinfa;
B = (a5) (o) (7.69)

2 | cosa (Ypy, — yp, ) + B 2 B 2
gy { G )t g G )

The terms in the integrals of (7.104) are all in the form:
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Figure 7.5: Panel layout for the calculation of the downwash velocity on panel
1.

ax(s) . .
T = — .
k_/bk(s)ds k=i1—1,i,1+1 (7.70)

where:

ar(s) =c1k +coxs+ 03,;.;52

7.71
bk(s) = dl,k + dg,ks + d3yk82 ( )

The expression (7.67) for the normal velocity can now be written as a summation
of panel integrals. With the implementation of the discretization outlined above the
following expression for the total normal velocity induced at panel j:

n i+l
vy =Y Fk/‘;:g;ds (7.72)

p=1k=i—1
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Here p is the panel counter.
Substitution of this expression in the extremizing condition of eq. (7.61) yields:

Zn: Ei r; (s) (Voo +up(3))2 (ai(s) 4+ 2a2(s)I*(s)) +
V2 Sref 8 Vozosref ay Gz2(s 8
33 (7.73)
221 (5) (Voo + tp(5)) cos v = 0
i o + up(s)) cosv =

Moreover, the constraint for the lift coefficient can be replaced by a summation
as well:
2

Vig 75,07 2 Zr* o + Up)° cosVAS, (7.74)

CLdes =

where As,, is the panel width of panel p. Eq. (7.73) and (7.74) constitute a system of
linear equations expressed in the unknown parameters I'* and \* which can be solved
using standard techniques.

With the optimum loading known the relevant aerodynamic coefficients of the
propeller-wing configuration can be calculated with relations (7.47),(7.49) and (7.53)
discussed.

7.3.5 Calculation results

Initial calculations In the next sections some calculation results of both methods
presented above will be discussed. For convenience the method based on the Fourier
analysis (program optimizer) is referred to as the F-method whereas the optimization
approach based on the Trefftz plane analysis combined with the Lagrange multiplier
technique is denoted as the T-method in subsequent sections.

To validate the optimization program(s) first the PROWIM model was analysed.
The propeller induced velocities are adapted from the measured flow-field behind the
tractor propeller of the APROPOS configuration.

During the initial calculations, an axis-symmetrical slipstream was used which is
equal to the case of a zero (effective) propeller angle of attack. Furthermore, induced
flow angle at the propeller plane due to the wing upflow is neglected.

The configuration was optimized for the constrained lift value Cp,,, = 0.4.

An easy check on the accuracy of the optimization programs can be obtained by
considering the propeller-off case. Without the slipstream distorting the incoming
flow to the wing, the optimum loading distributions that are predicted should be
elliptical and the span efficiency factor, defined as:

CZ

__t1
e= TACD, (7.75)
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Figure 7.6: Optimized loading distribution for a straight wing without propeller
active as predicted with both the F- and the T-method ; (a) compar-
ison of methods ; (b) effect of number of panels (F-method).

4.00 1.05
<
@ prop on 100 t--——~——Fg—w—B— o """ - ——E—-———p
3.00 » prop off E °
< ¢ 0.95
o
< 2.00 3
= 3 0.9
< 1.00 8 s o 3 ¢ - read
' ~ 085 o calculated
0.00 . - 0.80 . .
0 50 100 150 0 10 20 30 40 50 60
number of F-terms number of panels

Figure 7.7: Effect of the number of Fourier terms in the F-method and the num-
ber of panels in the T-method ; Left: F-method , prop on (a; = 0.1
over the complete propeller radius) and prop-off ; Right: T-method,

prop-off.

should become 1.

In Fig. 7.6 the results for a propeller-off case are shown. As seen in Fig. 7.6a
indeed the elliptical loading is found.

Fig. 7.6b and Fig. 7.7 show clearly that the accuracy of both methods depends on
the number of control points (i.e. number of Fourier terms) in the F-method or the
number of panels in spanwise direction in the T-method. For the propeller off case the
F-method reaches the theoretical value of e = 1 already for 1 Fourier term because of
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Figure 7.8: Effect of the azial (a) and the tangential velocity component (b) on
the lift distribution of the optimized APROPOS configuration : both
components are multiplied by factors 1,2 and 5.

its procedure that is capable of exactly reproducing the elliptical loading (see section
7.2). For the case with a propeller running, however, the number of Fourier-terms (F-
terms) must be increased considerably. It appears that the change of the induced drag
versus the nrumber of F-terms levels of at 128 terms. The accuracy the T-method
can be found in Fig. 7.7 (prop off case). The solution converges to the theoretical
optimum of e = 1 with increasing number of panels. With a model containing 25
panels the induced drag is already computed with an accuracy of 0.2%.

Effect of slipstream velocity components When the propeller slipstream is
included in the optimization process, the optimal distributions will change and the
elliptical distribution of the clean wing configuration is distorted. To get an idea
about the effect of the individual velocity components on the optimal circulation
distribution both the axial and the swirl component were changed by multiplying the
original components depicted in Fig. 7.8 with an arbitrary factor (1,2 and 5).

When only the axial velocity is taken up in the optimization process, the circula-
tion distribution starts to deviate from the expected elliptical one (7.8a). An increase
of the axial velocity will result in an increase of the lift on the geometry. However,
due to the lift constraint , the mean value of the circulation is decreasing when the
axial velocity is increased.

For the swirl velocity a quite different result is obtained, as illustrated in Fig.
7.8b. In the wing upwash region, the local circulation is increased and for the wing
downwash region, the local circulation is decreased. This effect, due to a change in
local angle of attack, is strengthened when the swirl velocity is increased, as expected.
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Figure 7.9: The downwash velocity, v,/Veo, in the Trefftz plane behind the
APROPOS maodel at Cp,,,, = 0.4 for an inboard up rotating pro-
peller ; effect of the wing (w) and the propeller swirl velocity (p).

Downwash and induced drag The optimizated propeller-wing configuration is
obtained when the downwash distribution reaches an optimum. In this respect it is
interesting to consider the downwash velocities that are calculated by the optimization
program.

In Fig. 7.9 the downwash at the Trefftz plane as calculated with the T-method is
depicted for the inboard-up rotating propeller of APROPOS at Cp, , = 0.4.

A lift increase at the up-going blade side results in an increase of the downwash
behind the wing. When the downwash due to the swirl is now superimposed, the
resulting downwash is opposite to the one directly induced by the propellers at position
of the wing,.

The local induced drag as calculated with the T-method is presented in Fig. 7.10
for the inboard-up rotating propeller.

As can be seen, the induced drag at the upwash region results in a negative
local induced drag contribution due to a more forward rotated lift vector. In the
downwash region, the local induced drag is increased. The positive and negative drag
contributions at both sides of the thrust axis are of unequal magnitude due to the
gradient in wing lift distribution. In case of the running propeller a considerable wing
drag reduction can be established when the forward rotated force is larger than the
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Figure 7.10: Comparison of the spanwise distribution of the induced drag coef-
ficient for the wing-only and for an inboard up rotating propeller
calculated with the T-method; APROPOS at Cr,,, = 04.

Table 7.2: The effect of the rotation direction on the induced drag of APROPOS

at Cr,,, =04
Case Chp,
Propeller off 0.00954

Inboard up rotation 0.00781
Outboard up rotation | 0.00900
Co-rotating right 0.00840

backward rotated force.

The resulting induced drag values are presented in Table 7.2. As can be seen, the
inboard-up rotating propellers lead to a most favourable configuration with respect
to the minimum induced drag. The outboard-up rotating case results in the least
favourable configuration. For the co-rotating case, both the positive and negative
contributions of the starboard and port wing result in an intermediate induced drag.

Viscous drag contribution To get further insight in the effects of the viscous drag
component in the optimization process some additional calculations on the APROPOS
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Figure 7.11: Drag curve of the NACA 642-A015 airfoil taken from ref. [132],
used in the optimization process to express the effects of the viscous
drag component.

model were performed.

First of all the drag-curve of the airfoil NACA 64,A015, that is used in the model
was estimated based on data given in ref. [132] (see Fig. 7.11).

As can be seen at low lift coefficients, between —0.3 and 0.3, the curve is rather
flat ("low drag bucket”). Consequently, an optimization with a constrained lift value
in that particular range will hardly result in a changed optimal lift distribution.
To demonstrate the influence of the profile drag into the optimization results the
constrained value of the design lift coefficient for the current calculation, is set equal
to CLdes =0.9.

The calculation results obtained with the T-method in the cases with and without
the profile drag contribution is depicted in Fig. 7.12 for the inboard up rotating
propeller.

When both drag contributors are used in the optimization process, the optimal
lift distribution is somewhat changed compared to the inviscid case. Due to the high
values of the local angle of attack, some (though limited) viscous drag effects occur.
Apparently the inclusion of the profile drag results in a reduction of the high local
lift values and a shift of the loading to a more outboard position.

Fig. 7.13 shows the influence of the profile drag in the optimization process on
both the induced and profile drag distribution for an inboard up rotating propeller.
The changes, ACy, ("dCdi”) and ACy, ("dCdv”), are the result of the optimization
including the viscous effects minus the result based on the induced drag only. The
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Figure 7.12: Effect of the inclusion of the viscous drag component in the opti-
mization process ; APROPOS at C,,,, = 0.9.

Table 7.3: Effect of the viscous drag component on the wing drag coefficient for
various optimization cases of APROPOS at Cp,, . = 0.9.

Case Minimization | Cp, Cp, Cp,.,.

Inboard up Cp, 0.04371 | 0.01067 | 0.05438
Inboard up Cp, +Cp, 0.04373 | 0.01063 | 0.05436
Outboard up | Cp, 0.04629 | 0.01054 | 0.05683
Outboard up | Cp, + Cp, 0.04631 | 0.01051 | 0.05682

local profile drag distribution is calculated afterwards. Fig. 7.13 shows clearly that
the local profile drag is reduced on the upwash region due to a decrease of the local
lift values resulting in a reduction of the local induced drag. On the outboard region
of the wing, where a lower lift is found than on the inboard region, both the local
induced drag and the local profile drag increase.

The values of the drag coefficients of the wing are given in Table 7.3 for both the
inboard-up as well as the outboard-up rotating propeller. It should be noted that
the differences are very small for this test case. Nevertheless, it is clear that for the
inboard up rotating propeller the induced drag is larger when the sum of the induced
drag and the profile drag is minimized than when the induced drag alone is optimized.
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Figure 7.13: Spanwise distribution of changes in induced and the profile drag
coefficient due to inclusion of the viscous drag contribution in the
optimization process ;APROPOS ot Cr,,, = 0.9.

However, the profile drag becomes smaller towards a more optimized value. The total
drag, as a result of the optimization of the sum of the induced and viscous drag, is
less than it would have been if only the induced drag was minimized and the viscous
drag was added afterward.

Optimization of F50-like configuration The previous optimization results on a
simple propeller-wing model showed the possibilities to obtain a higher performance
when the wing is changed according to the typical impact that the propeller has
on the wing. The APROPOS layout, though, does not represent a very practical
configuration compared to modern turbo-props.

Hence, to estimate the possible effects of the wing optimization a more realistic
propeller wing configuration is investigated. For this purpose a typical Fokker 50 like
configuration (further denoted as F50 model) was selected (Fig. 7.14).

Two typical cases were investigated : the so-called "high speed case” and the "low
speed case” (Table 7.4).

The slipstream data for these cases, which were taken from Janssen [133], are
symmetrical with respect to the propeller axis i.e. the propeller is positioned perpen-
dicular to the local flow. Hence it is assumed that the upflow in front of the wing is
compensated for.
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Table 7.4: Flight conditions for a typical low speed and high speed case of the
Fokker 50 aircraft [133] as employed in the optimization process.

Parameter high speed | low speed
density, p[kg/m?] 0.934 0.872
temperature, T[K] 264 261
true airspeed, T AS[m/s] 119.5 75
revolutions per second, n[Hz] 20 20
blade angle, By 75r[ "] 37.61 33.78
advance ratio, J 1.633 1.025
design lift coefficient, Cp,_, 0.6 1.2
thrust coefficient, T, 0.10 0.60

The effect of the rotation direction on the optimal lift distribution was investigated
by examining three different cases:

e inboard up rotating propellers (Case A)
e outboard up rotating propellers (Case B)

e co-rotating propellers (Case C)

Looking at the current fleet of turbo-prop aircraft, we see that the configuration
with two co-rotating propellers is the actual situation (like the F50) for most aircraft.
The (unconventional) inboard up and outboard up (BA Jetstream 41) rotation case
may be beneficial to reduce trimming drag and directly enhance the performance of
the aircraft.

Propeller rotation direction In Fig. 7.16 the optimum bound circulation distrib-
ution and the lift coefficient distribution respectively as calculated with the T-method,
are presented for the F50 case.

In this case the optimization problem was limited to finding minimum induced
drag for a given lift coefficient (Cr, ., = 0.6 for the high speed case and Cr, = 1.2
for the low speed case). As was found for the APROPOS model the circulation
distribution differs significantly from the elliptical one that is found for a clean wing
configuration due to the action of the propeller. Both the local circulation strength
and the local lift coefficient show a jump going from the inboard to the outboard
side of the wing, since the magnitude of the lift vector tilted forward is bigger than
the one tilted backward. As a consequence the propeller produces both positive and
negative contributions to the drag induced at the spanwise locations. The negative
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Figure 7.14: Fokker 50 configuration investigated in the optimization process.

contribution at the up going blade (UBS) side exceeds the positive contribution at
the downgoing blade side (DBS) resulting in the reduction of the overall induced drag
(Fig. 7.18).

The effects described are directly related to the selected form of the spanwise lift
distribution which shows a negative gradient going from the wing root to the wing tip.
Thus the best rotation direction seems to be prescribed by the form of the spanwise
lift distribution. In case of a backward swept wing, where the root lift is generally
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Figure 7.16: Optimal spanwise bound circulation distribution for different rota-
tion directions ; K50 model at Cp,,,, = 0.6 ; (a) high speed case ;
(b) low speed case.

smaller than the lift at the tip, outboard up rotation could be beneficial.

For the inboard up rotating propeller the local profile drag contribution is sketched
in 7.19. The "scrubbing drag”, which is the net profile drag increase due to the higher
dynamic pressure in the slipstream is clearly visible. The higher value at the inboard

side is the result of the higher lift coefficient in this area compared to the outboard
side.
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Figure 7.17: Optimized local lift distribution for the F50 model ; (a) high speed
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Figure 7.18: Induced drag distribution for optimized loading on F50 model ; (a)
high speed case ; (b) low speed case.
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Figure 7.19: Distribution of the profile drag coefficient for the optimized loading
of the Fokker 50 in the high speed case ; inboard up rotation.

Optimum twist and chord distribution As described in eq. (7.29) the sectional
shape can now be adapted to realize the optimum lift distribution. In Fig. 7.20 the
optimum twist distribution is presented when the local chord and airfoil shape are left
unaltered. The resulting maximum twist angle is about 4° for the high speed case and
10° for the low speed case. These strong differences in the twist distributions indicate
that the optimized wing geometry can only be attained for a specific flight condition
(generally the cruise condition). Since the mission fuel required is mainly determined
by the cruise phase of the airplane, the optimum should be sought for the cruise lift
coefficient. It is clear that the twist distribution, as given in Fig. 7.20, should be
”smoothed” resulting in a wing efficiency value lower than the given optimum.

In 7.3.5 the optimum local chord distribution for the high speed case is sketched
in case the twist is left unchanged. Clearly this results in very unrealistic chord
values. Hence, a twist and a camber adaptation seem to be the only acceptable
design variables.

It should be remarked that for the low speed case the relative magnitude of the
slipstream velocities has increased compared to the high speed case. This makes the
results somewhat less accurate since in the Trefftz plane analysis the perturbation
velocities were assumed to be small. Due to the higher slipstream velocities the wing
induced drag in the low speed case with inboard up rotation is about 60 counts lower
than for outboard up rotation. For the high speed case this influence is limited to
approximately 10 counts in favor of the inboard up rotation case (Table 7.5).
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Figure 7.20: Optimum twist distribution for the high speed case of the Fokker 50
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: (b) low speed case.
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Figure 7.21: Optimum chord distribution for the high speed case of the Fokker
50 aircraft at Cr,,, = 0.6.

Propeller at angle of attack As indicated by the experiments on the PROWIM
model, the wing performance may be significantly influenced by the propeller angle of
attack with respect to the wing reference chord line. The so-called PTD- configuration
(propeller-tilt-down) used by Veldhuis [12, 93] suggests a reduction of overall wing

induced drag.
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Table 7.5: Effect of the propeller rotation direction on the lift and drag coefficient
for the F50 high speed case (original and optimized configuration) at

Cr,.. = 0.6.

Rotation | Configuration o Ct, Cp
inboard-up original -0.925 | 0.6 | 0.012744
outboard-up original -0.850 | 0.6 | 0.013358
inboard-up optimized -1.400 | 0.6 | 0.012216
outboard-up optimized 71400 | 0.6 | 0.012946

AS slipstream

Figure 7.22: The generation of an non-azi-symmetrical (NAS) and azi-
symmetrical (AS) slipstream as a result of the propeller angle of
attack with reference to the local streamlines.

To quantify the effects of the propeller angle of attack in the optimization process a
test with both an axi-symmetrical (AS) slipstream and a non-axi-symmetrical (NAS)
(see Fig. 7.22) slipstream was performed with the F-method . In this case the effect
of the viscous drag component was not taken into account and the optimization of
the loading distribution was performed for a design lift coefficient of Cp,,,, = 0.4. The
tangential slipstream velocities that were used for a typical F50-case are depicted in
Fig. 7.23

Note that the NAS slipstream represents the case where the propeller axis is fixed
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Figure 7.23: Ezample of non-axi-symmetrical slipstream (NAS) tangential ve-
locity distributions used in the optimization of an F50 model.

to the wing at an angle of o, = 0° with reference to the wing reference chord line.
Hence the effective propeller angle of the wing becomes positive due to both the
positive wing angle of attack (required to obtain the design lift coefficient) and the
upflow in front of the wing due to the positive wing loading. Contrary to this situation
the AS slipstream implies that the propeller axis is always pointing in the direction
of the local flow (Fig. 7.22).

The wing efficiency as calculated by the F-method is given in Fig. 7.24 for both
slipstream distributions and the three cases, A, B and C mentioned earlier. For the
AS slipstream only a slight difference between the 3 cases is found, case B being the
most promising. Apparently the efficiency of the wing increases as the propeller is
brought down to create a more symmetrical slipstream compared to the one obtained
with a positive effective propeller angle of attack, ap,,, > 0.

The swirl velocities used in the calculations for the AS slipstream are equal on
both sides of the propeller axis. As a consequence due to the relatively high downwash
generated by the downgoing blade the performance benefit resulting from tilting the
lift vectors almost vanishes. Accordingly, a swirl velocity distribution with lower
values at the DBS and higher values at the UBS should increase the wing efficiency
factor.

In the case of the AS slipstream, the effect of the propeller induced flow field results
in wing efficiency factor that exceeds the value 1 found for elliptic loading distributions
for wing-only configurations. The reason for this performance increase relative to the
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Figure 7.24: Wing efficiency of cases A,B and C for the azi-symmetrical (AS)
and the non-azi-symmetrical (NAS) slipstream (o, . > 0°) for
the F50 model at Cp,,, = 0.4.

"clean” elliptic wing loading is the propeller induced flow field. It should be remarked
that the theoretical maximum of e = 1 can be derived for a wing in an undisturbed
flow field with a flat trailing wake. When the condition of the oncoming flow changes,
through action of the propeller, there is no reason why the optimum value of e = 1
should not be exceeded. Kroo [10] subscribes this phenomenon in his theory.

To increase the performance of the propeller-wing configuration further, a logical
consequence from this analysis would be to generate a swirl velocity distribution with
even more favorable characteristics.

When «, becomes more negative, the local blade angle of attack of the downgoing
blade increases while that of the upgoing blade becomes smaller. This results in an
asymmetrical slipstream. Since the lift vector at the side of higher local lift coefficient
is tilted forward and the lift vector at the other side is tilted backward a net drag
reduction remains. Accordingly, a swirl velocity distribution with lower values at the
DBS and higher values at the UBS should increase the wing efficiency factor. Besides
this, the whole slipstream will be placed at an angle which attenuates the forward
tilting process (resulting in increased leading edge suction) at both sides of the nacelle.

The obvious way to accomplish this is utilization of a bigger negative propeller
angle of attack (propeller tilt down). In this way two beneficial effects are combined.
First the swirl distribution itself will become more favorable, secondly the whole
slipstream will be placed at an angle which attenuates the forward tilting process at
both sides of the nacelle.
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Figure 7.25: Effect of the propeller angle of attack on the wing efficiency for a
NAS slipstream.

The following cases are all based on slipstream velocities generated with the BEM
propeller model, adapted for angle of attack effects, as discussed in Chapter 2. The
propeller loading characteristics employed in the next examples are more or less typ-
ical for a Fokker 50 like geometry, although only rough estimates of the slipstream
velocities are found. This is due to the fact that no further detailed information of the
Fokker 50 propeller was available (like slipstream velocities for the propeller under
angle of attack and the so-called "Blade Tape”, containing Cr and Cp as functions
of @, Re and M). The slipstream data from the BEM-model are only meant to in-
corporate a more or less realistic propeller angle of attack effect in the calculations.
Therefore no further comparison with experimental data is presented at this point.

For a negative propeller angle of attack both the axial and swirl velocity distribu-
tion become highly non-axi-symmetric. As discussed earlier this effect, in which the
upwash on the inboard side is increased compared to the downwash generated on the
outboard side, could be exploited to improve wing performance. As can be seen in
Fig. 7.25, a significant performance improvement is found for increasingly negative
ap. This is the result of the strong upwash effect tilting the local lift vector forward.

Since the induced drag produced by the wing is generally written as C% /7 Ae, this
effect can be regarded as an increase of the effective wing aspect ratio. In our case
the effective aspect ratio changes from 6 for o, = 0° to approx. 21 for o, = —10°.
It should be remarked that, in contrast with what one would expect, the reduction
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Figure 7.26: Effect of the propeller angle of attack, oy, on the wing efficiency
for various wing angles of attack, o, on the lift/drag ratio found
from the APROPOS experiment ; J = 0.92.

of wing lift and effective thrust, through direct forces acting on the propeller (see eq.
(7.25)), are smaller than the benefits in the sense of reduction of the overall induced
drag.

An inevitable disadvantage of a configuration with high negative values of oy (de-
noted as the Propeller-Tilt-Down or PTD-configuration) is of course the appearance
of cyclic blade loading. The resulting variation in blade stresses with azimuthal po-
sition and the possible increase in noise level are problems to be addressed before a
PTD-configuration can be practically implemented.

The given effects for the optimized propeller-wing configuration, are qualitatively
in agreement with experimental results of the APROPOS model.

Fig. 7.26 illustrates the effect of the propeller angle of attack on the lift/drag
ratio. In this case the propeller spanwise position was y,/b/2 = 0.469 and its height
position z, = 0. In the same figure the theoretical curve is given for a, = —4° found
with the F-method. The trend is remarkably comparable to the experimental result.
The differences are mainly caused by the fact that the experimental lift distribution is
not optimized. Therefore the induced drag reduction and thus the performance could
in practice even be higher. Apparently the performance benefit is not disturbed by
viscous losse, which might occur when local flow angles at the wing become to high.

The effect of the propeller angle of attack was investigated again with the T-
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Figure 7.27: Effect of propeller angle of attack on the wing span efficiency factor
(a) and the effective thrust coefficient (b), T, ., of the F50 model
in the high speed case.

eff?

method for the given F50-like configuration. The normal force gradient of the six-
bladed propeller was taken from windtunnel tests on a generic propeller-wing model
(APERT-JRO1), data of which were published by Kusomo et al. [98]. To express the
performance of the propeller-wing configuration incorporating the direct forces acting
on the propeller we use :

TC/eff = —(Cp, + ACDP + ACD,) (7.76)

with :
ACDi = (CD,r)noprop - (CD1 )prop

(7.77)
203 - ACL, + ACE,

TAe

where index p denotes the effect due to the propeller. Again the profile drag is ignored
in the optimization process.

Fig. 7.27 shows the effect of propeller angle of attack on the wing span efficiency
factor, e for the F50 model. The odd values of the propeller angle of attack at the z-
axis are due to the restricted values of ¢, that were available from the BEM-program
that was used to determine the velocity components in the slipstream.

The highest ”effective thrust” is found at relatively large negative angles of attack.
Apparently the benefits of the wing drag reduction due to the presence of the propeller
increase with negative propeller-angle of attack, ayp.
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Figure 7.28: Effect of propeller angle of attack, oy, on the optimum circulation
distribution of the F50 model; propellers rotating inboard up.

Again the configurations with inboard up rotating propellers demonstrate a su-
perior performance compared to the outboard up rotating cases. In Fig. 7.28 the
optimum circulation distribution is presented for several propeller angles of attack .
Apparently the propeller angle of attack strongly influences the form of the optimum
distribution.

Spanwise propeller position With the presented methods it becomes easy to
analyze the effect of the spanwise position of the propeller. In Fig. 7.29 the wing
induced drag coefficient of the APROPOS model, as calculated with the T-method,
is plotted as a function of the spanwise propeller position denoted as y,.

The wing efficiency increases for the inboard up rotation case and decreases for the
outboard up rotation when the propeller is moved towards the tip. Apparently a wing
with tip mounted propeller is the most advantageous. This has already been proven
by several authors [12, 14, 10, 11]. Evidence was also found from the experimental
data of the APROPOS tests, discussed in chapter 5.

Streamwise propeller position Besides the spanwise propeller position the effect
of different streamwise positions was also analyzed for the optimized configurations.
Again the APROPOS model was used in combination with the F-method. The results,
given in Fig. 7.30, show that the effect of a change in z,/R seems to have a much
smaller influence on the wing efficiency than changing the propeller angle of attack,
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Figure 7.29: Effect of the propeller spanwise position, yp, on the induced drag
coefficient of APROPOS at Cr,,_ , = 0.4.

o

The reason for this is the fact that with increasing x,/R the axial flow velocity
within the slipstream tube increases whereas the effective angle between slipstream
center line and wing reference line decreases. Apparently the two effects compensate
each other such that e is changed only slightly. Again the APROPOS tests indicate
that the influence of streamwise position is negligible [104, 12]. Further evidence of
the restricted influence of the propeller streamwise position was found in the VLM-
calculations discussed in chapter 5.

7.3.6 Comparison of optimization and analysis

The cases presented in the previous paragraphs were all based on a typical cruise lift
coeficient, since this is the most important condition with regard to minimization of
the required mission fuel. It should be clear, however, that the optimum lift distri-
bution, obtained through an adaptation of wing twist and camber distribution, may
result in a lower wing performance for off-design points. Solution of this problem
requires a computer code based on an analysis-approach. In subsequent sections the
optimization process was analyzed using the panel method FASD.

To verify whether the panel code confirms the optimization results, calculations
were performed on both the original and the optimized configuration using the panel
code FASD. With the details of these calculations described more extensively in ref.
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Figure 7.30: Effect of the streamwise propeller position on the induced drag of
APROPOS at Cr,,,, = 0.4, AS slipstream.

[14] the main conclusions will be summarized here.

Fig. 7.31 shows an overview of the simplified F50 panelled geometries that were
investigated with the FASD program. The original wing planform was compared
with a modified wing nacelle modelled and with the optimized wing found from the
results described in section 7.2.2. As can be seen in the lower part of Fig. 7.31 the
optimization was realized by adapting the twist distribution in the wing area washed
by the slipstream.

To incorporate the power effects the slipstream velocity components and the pres-
sure rise in all prop on cases were determined with the sliptube model (see Appendix
D). In this case both the typical low speed case (LSC) and the high speed case (HSC)
were investigated.

All calculations have been performed on a symmetrical configuration i.e. only
the contra-rotating case is investigated. The number of strips in spanwise direction
used in the analysis is equal to the number of panels used in the optimisation of the
configuration. Except for the outboard segment on which a cosine distribution is
applied, the panel distribution is uniform.

High Speed Case First calculations were carried out at the Mach number for the
'high speed’ case equal to M = 0.35. For every flow case the angle of attack is chosen
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(b) original nacelle-wing layout

(d) Front view

(c) optimized wing

Figure 7.31: Simplified Fokker 50 wing and wing-nacelle layouts investigated
with respect to the effect of optimization.

such that the resulting lift coeflicient is equal to Cp = 0.6.

Calculations with the nacelle-wing model indicated that the effect of the (mod-
ified) nacelle on the wing pressure distribution was small. As can be seen in Fig.
7.32, the presence of the nacelle does not introduce extensive deterioration of the C,
distribution for a typical low angle of attack case. With this in mind and the fact
that the add-on procedure in the panel method is quite laborious, the effect of the
optimization on the calculated characteristics was investigated for the model without
the nacelle present.

Fig. 7.33 shows the surface pressure distribution for the original wing model and
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TOP VIEW BOTTOM VIEW

Figure 7.32: Surface pressure distribution at the upper side (left picture) and
lower side (right picture) for the simplified wing nacelle model ;

prop off.

for the optimized wing model where the twist distribution was adapted. As can be seen
from these results, the change in angle of attack due to the swirl in the slipstream
results in an increase of the pressure on the upper side at the inboard slipstream
segment and an increase of the pressure on the lower side at the outboard slipstream
segment. When the optimized wing is considered we see that the spatial gradients
of the pressure are weakened in chordwise and spanwise direction compared to the
original wing.

The lift and drag coeflicients, as found from surface pressure integration for the
complete configuration, are presented in Table 7.6 and 7.7 for the original and the
optimized geometry respectively.

The results exhibit the expected effect since due to the presence of the slipstream,
the lift is increased while the drag is decreased. The lift increase for the inboard-up
rotating propeller at a configuration angle of attack of o = —0.925° is about 0.02.
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Figure 7.33: Typical surface pressure distribution for the Fokker 50 original wing

model (a) and the optimized wing (b) ; M =0.35 ; a = —1° ; prop
on ; high speed case.

For the outboard-up rotating propeller at & = —0.85°, the increase in lift is about
0.012. Tt should be noted that this increase in the lift is only due to the propeller
slipstream affecting the flow field at the wing because the contribution of the vertical
component of the normal and thrust force on the propeller at the propeller plane is
not accounted for.
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Table 7.6: Lift and drag coefficient for the initial wing-nacelle configuration in
the high speed case.

Configuration a(®) Cr Cp

prop off -0.75 | 0.599 | 0.01444
prop on, inboard up rotation -0.925 | 0.599 | 0.01274
prop on, outboard up rotation | -0.850 | 0.600 | 0.01336

Table 7.7: Lift and drag coefficient for the optimized wing configuration in the
high speed case.

Configuration al®) | Cp Cp

prop off -1.10 | 0.599 | 0.01417
prop on, inboard up rotation -1.40 | 0.599 | 0.01222
prop on, outboard up rotation | -1.40 | 0.600 | 0.01295

The drag coefficient decreases due to the presence of the slipstream. For the
inboard-up rotating propeller a = —0.925° the drag is decreased about 10 counts
and for the outboard-up rotating propeller &« = —0.850° about 7 counts. At the
lift coefficient of Cy, =~ 0.6, the difference in drag between the inboard-up and the
outboard-up rotating propeller is about 6 counts for the original wing and 7.5 counts
for the optimized wing.

Low Speed Case From the real propeller-wing interference point of view it is not
very interesting to consider the low speed case with an inviscid code since strong
viscous effects may occur. The case could be typical for the first segment climb of
the aircraft, a phase that has a short duration compared to the cruise phase. Hence
its impact on the operation of the aircraft with respect to specific fuel consumption
is limited. The fact that for this case the lift is higher and the relative effects of
the propulsion system are stronger due to the higher slipstream velocity components,
however, makes it an interesting case for comparison purposes.

Therefore additional flow calculations were performed with FASD for the low speed
case at a Mach number of M = 0.22 and a, lift coefficient of Cr, = 1.2.

The lift distribution on the wing of the initial geometry as well as the optimized
geometry is given in Fig. 7.34. The wing part washed by the slipstream clearly shows
the increase and decrease of the local induced drag generated at the downgoing and
the upgoing blade side respectively. When the optimized wing is calculated small
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Figure 7.34: Lift (left) and drag (right) distribution of the initial wing (upper
pictures) and the optimized wing (lower pictures) in the low speed
case ; M =0.22 ; C, =1.2.

changes in the lift distribution occur (lower part of Fig. 7.34). Especially the peaks
in the drag distribution have become sharper compared to the initial wing.

Finally the characteristics of the wing under influence of the slipstream have been
calculated for the low speed case as well, the results of which are summarized in Table
7.8.

For the inboard-up rotating propeller at a configuration angle of attack of & = 4.2°,
the lift increase is about (.11 and the drag decrease is about 77 counts.

For the inboard-up rotating propeller at o = 4.4°, the lift increase is about 0.09 and
the drag decrease is about 50 counts. The difference in drag between the inboard-up
and outboard-up rotating propeller at the lift coefficient Cy, = 1.2 is about 40 counts.

The optimized wing was calculated in the low speed case only for the inboard
up rotating propeller. At an angle of attack of o = 3.3° and Cp = 1.2005 a drag
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Table 7.8: Lift and drag coefficient for the original wing configuration in the low

speed case.
Configuration a(®) Cr Cp
prop off 5.3 1.2005 0.04365
prop on, inboard up rotation 4.2 1.2008 0.02812
prop on, outboard up rotation | 4.4 1.1996 0.03217

coefficient of Cp = 0.02790 was found, which is only 2 drag counts smaller than that
of the original wing.

Considering the panel calculation results on the optimized F50 wing especially in
the 'high speed’ case, a remarkable drag reduction of a propeller configuration can
indeed be established with an optimization of the geometry.

When the results are studied in more detail, the tendency of the results of the
optimized geometry corresponds to the predicted results, but there is a little difference
in the resulting circulation and lift distribution. For example for the inboard-up
rotating propeller, the local lift on the inner wing is smaller and on the outer wing
larger than the optimization results predicted. The consequence is that the resulting
drag distribution differs from the optimal distribution, resulting in an increased drag
with respect to the minimum induced drag. This is probably due to an error in the
optimum twist distribution and the effect of wing thickness.

For the ’low speed’ case, the results of the analysis of the optimized geometry are
less satisfactory as would be expected, since no performance increase was found. The
reason for this may be the afore-mentioned differences in propeller induced slipstream
velocities used during the analysis and optimization of the configuration. Another
possibility is that the optimization, performed by a Trefftz plane analysis, is less
suitable for the highly loaded propeller of the 'low speed’ case in which the increase
in velocity due to the propeller can not be assumed small anymore.

Final remarks on the optimization process The following conclusions may be
drawn with respect to the optimization of a wing in a tractor propeller layout.

Aerodynamic optimisation of wings in multi-engined tractor propeller arrange-
ments is discussed and analyzed with two approaches: a simple lifting line Fourier-
analysis and a calculation based on a Trefftz-plane analysis where the conservation
laws of mass, momentum and energy are fulfilled in a control volume surrounding the
configuration.

The computer programs that were developed for the optimization of propeller-wing
configurations in the preliminary design phase enable investigations of the effects of




7.3. TREFFTZ PLANE ANALYSIS 313

propeller position, slipstream velocity distribution and adaptations to conventional
wing designs.

The example calculations show that the lift distribution for minimum induced
drag differs significantly from the elliptic loading.

Furthermore, the propeller angle of attack seems to have a dominant influence
on the wing performance. Mounting the propeller at a negative (tilt down) angle
with reference to the wing suggests a reduction of overall wing induced drag. This
effect is mainly due to the asymmetry in the slipstream velocity distribution that is
introduced. However, in an analysis including viscous effects in high subsonic flow
there will be a maximum in the attainable effective efficiency since the drag rise with
Mach number and separation effects may nullify the local leading edge suction.

For a practical use of a PTD-configuration, it should be noted that small changes
in thrust line orientation can produce significant changes in flow field uniformity and
thus propeller performance and blade stress levels. This might also affect the overall
noise production. In this field, further research is needed taking into account all
beneficial and detrimental effects to define the optimum propeller /wing configuration.

It is shown that the inboard-up rotating propeller exhibits a superior performance
compared to the conventional co-rotating or the outboard-up rotating case. Further
investigation of this configuration will be needed to arrive at a practical implementa-
tion of this propeller-nacelle-wing layout.

Some numerical studies show that optimisation of a modern medium speed tur-
boprop aircraft leads to performance increase by adapting the wing shape.







Chapter 8

Conclusions

In this chapter, conclusions on the work accomplished in this thesis are drawn and
some recommendations regarding future research for possible improvements are given.

In the previous chapters, various aspects of propeller wing aerodynamic inter-
ference were discussed, based on both a numerical and an experimental approach.
Calculations were performed at different levels of complexity to be able to find trends
in the effect of propeller location on the one hand and reveal possibilities in the op-
timization of the propeller wing combination on the other. In the following sections
the main conclusions regarding the aerodynamic interference between the propeller
and the wing will be discussed briefly.

8.1 Experimental approach

The experimental investigations were performed with a limited number of windtunnel
models that were all used in the low speed range (M < 0.3). Typical twin-engined
turboprop aircraft operate in a higher Mach range during their cruise flight but the
characteristic trends found during the windtunnel tests are still expected to be pre-
dictive for the cruise condition of the full-scale aircraft.

Although every propeller-wing configuration exhibits its own specific features,
characteristic conclusions on the interference effects could be drawn from the models
used.

Especially the flexible set-up of the APROPOS model proved to be valuable for
the determination of the propeller position effects. The simple geometry selected for
both PROWIM and APROPOS reduced the numerical modelling complexity. It also
prevented unwanted side effects in the form of secondary flow structures that could
conceal the primary propeller-wing interactive flow phenomena.

All models were successfully measured with the windtunnel external 6 compo-
nent balance, delivering directly all relevant forces and moment necessary to draw
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conclusions on the overall performance of the configuration in the form of drag at
a given lift coeflicient. However, limited information was available for the experi-
mental thrust-drag bookkeeping as the thrust of the propeller could not be measured
separately. The alternative approach by which the thrust is calculated through the
measurement of the total pressure jump across the propeller disk proved to be an
acceptable alternative.

The pressure measurements on the model surface were invaluable for the compar-
ison with the numerical calculations performed later on.

Finally the quantitative wake analysis (QWA), performed with the 5-hole probe
behind the model, provided detailed insight in the deformation process of the propeller
slipstream. This is necessary to estimate possible modelling errors when simplified
undistorted slipstream envelopes are used in numerical approaches (for example for
the inclusion in a panel code).

The knowledge gained during the windtunnel tests formed the basis for a further
analytical and numerical approach of the problem. The primary disadvantages of the
windtunnel environment like wall effects and scaling of the Reynolds number were
reduced by adapting the boundary conditions in the numerical models accordingly.

8.2 Numerical approach

During the numerical investigations of the propeller-wing interference problem, several
models of increasing complexity were developed and adopted. The main reason for
the application of this range of models was the ease of use and reduced calculation
time per flow case for the simpler models on the one hand, and the ability of delivering
relevant flow details by the complex models on the other. All models require some
simplification of the propeller influence on the wing, either by accepting time average
effects of the propulsive system or by simplification of the propeller itself through the
application of an actuator disk representation.

Besides the analysis codes based on: the vortex lattice technique, the surface sin-
gularity approach (panel methods) and the solution of the Navier-Stokes equations an
optimization code, dnoted pwopt2, was developed and applied to determine optimum
wing designs in the presence of a slipstream.

The VLM code, which is the most flexible from a problem setup point of view, was
coupled with an advanced Blade Element Model allowing a single interaction mode
(SIM) and a full interaction mode (FIM). The latter incorporates the effect of the
trailing wing on the propeller, a coupling that researchers ignore in most cases.

The optimization code employs the method of multipliers, which combines the
Lagrangian method and the penalty function method. The method can handle general
wing propeller layouts and it shows to be efficient in calculating optimized wing
designs for typical twin engined configurations.

The NS-code that was used delivered the highest level of flow detail about the
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propeller-wing configurations. It was combined with an actuator disk approach that
allowed input of time-averaged jumps in the propeller domain.

To validate the capabilities of all codes, comparison was made between data ob-
tained during the windtunnel test campaign and data found in open literature.

8.3 Results

The experiments reveal a very complex flow with high levels of vorticity and consider-
able shearing forces in the wing area that is washed by the propeller slipstream. The
unsteady nature of the flow shows a frequency that coincides with the blade passing
frequency. However, the time-averaged forces acting on the propeller and the wing
dictate the performance of the configuration.

The time-averaged non-uniform velocity and pressure distribution in the slip-
stream were measured successfully with a 5-hole probe and the data were used as
input for subsequent numerical simulations.

The surface pressure measurements clearly showed the effect of the swirl velocity
and the increased total pressure due to the propeller. Its local influence is directly
coupled to the propeller rotational direction. The force measurements and the sur-
face pressure measurements demonstrated a performance benefit when the propeller
rotational direction is inboard up. Small adaptations of the spanwise lift distribu-
tion, by applying differential flap deflection on both sides of the nacelle, revealed a
small performance increase (higher C/Cp at given thrust and power). This finding
indicates the possibilities to design optimum wing shapes of which exact shaping and
profiling depends on the structure of the incoming slipstream.

With the focus on optimizing the complete propeller-wing configuration the thrust-
drag bookkeeping becomes an important issue. Earlier research [35] has already shown
that the separate determination of thrust in a closely coupled propeller-wing design is
difficult, not to say impossible. The main reason for this conclusion is to be attributed
to the difficulties found in the definition of propeller produced thrust and drag and
partly in the difficulties in measuring the thrust force and torque separately. The latter
problem can be overcome by applying a so-called rotating shaft balance, an instrument
that was not available for the experiments performed in this work. Moreover, with
respect to the coupling between thrust and drag it seems that in many investigations
the accuracy as well as the changes in the propeller thrust forces due to interference
received limited attention. This approach is mostly reflected in ignoring the wing
effect on the propeller (SIM). The full interaction mode (FIM), that is used in the
VLM calculations, showed that even for a normal layout, with the tractor propeller
well in front of the nacelle, small effects on the thrust coefficient are found in the
range of several drag counts.

A parametric analysis was performed to demonstrate the effects of changing pro-
peller z,y and z direction and the inclination angle with respect to the wing. From
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the measurements as well as the numerical simulations the following conclusions may
be drawn.

e Propeller inboard up rotation is beneficial, as higher lift /drag ratios are obtained
at constant power settings

e The effect of the propeller spanwise position is negligible for locations well within
the range that is normally used for modern turboprop aircraft. Nevertheless,
an inboard up rotating propeller positioned close to or at the wing tip delivers
a considerable performance increase.

e When the vertical position of the propeller is changed, high positioned propellers
obtain the highest lift coefficients. The drag coefficient, on the other hand, rises
for both high and low propeller positions and shows a relative decrease for 2, =0
due to the "donut” effect. It is important to notice that the calculations prove
a low propeller position to be beneficial regarding the propulsive efficiency. The
reason for this effect is attributed to the reduced propeller inflow distortion due
to the wing.

e The streamwise variation of the propeller position shows small variations in the
propulsive efficiency of the configuration. For positions more upstream of the
wing the propulsive efficiency increases slightly due to the rise in the axial flow
velocity inside the slipstream and the diminished wing effect on the propeller.

¢ Negative propeller inclination angle with respect to the wing are generally ben-
eficial for values less than 15°. The main reason for this positive effect is the
change in the slipstream velocity distribution where increased asymmetry is
introduced and the fact that the complete slipstream envelope is rotated to
produce an average increase in the local wing flow angle of attack.

e The over-the-wing propeller (OTW) location showed very specific characteristics
in the lift, the drag and the propulsive efficiency. First of all a considerable
increase in the lift coefficient was observed for aft located propeller positions
with a maximum Cf close to zp/c = 1.0. The location for minimum drag
coefficient was found at a more upstream position at z,/c ~ 0.3. Even if the
OTW arrangement of the propeller shows positive effects on the obtainable lift
and drag coefficient, calculations showed that the propulsive efficiency of the
configuration reduces when the propeller is positioned above the wing. Again,
the strong deformation of the propeller inflow field with a resulting reduction in
propeller efficiency, is the main cause for this. When the distance between the
propeller and the wing is increased, however, the propulsive efficiency increases
and it exceeds the value that is obtained with the same propeller positioned in
tractor fashion in front of the wing.
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The optimisation code proved to be capable of defining optimized wing shapes that
are influenced by a typical propeller slipstream. For the optimized wings, generally,
the same effects are found as described for the standard layout, i.e. inboard up
rotation and increased propeller tilt down angle both lead to a performance increase.
Calculations with and without the effect of the viscous drag component, showed a
limited effect of the viscous effects on the final optimized wing shape for a given lift
coefficient and power setting of the propeller.

The calculations performed with the different codes described here conform to
the trends found in the windtunnel experiments. The VLM-approach delivered quite
accurate results compared to the panel methods and NS-code. This close agreement
was found only after applying a swirl recovery factor (SRF). The absence of the
SRF in the panel methods based on the slipstream envelope model, always leads to
an overestimation of the slipstream swirl velocity component and hence the local lift
effect. In the inclusion method where the slipstream generated velocities and pressure
are prescribed on a the slipstream washed panels, SRF can be incorporated without
difficulty. Hence this panel method approach is preferred over the slipstream envelope
model.

Once accurate results are needed for the propeller-wing interference problem and
details of the flow are needed to determine the secondary flow effects that influence
the lift and drag performance of the model, the NS-code becomes indispensable.

The calculations with the NS-code produced results that are very similar to the
data obtained from the experimental flow field survey.

The NS-approach facilitated the identification of typical flow phenomena, like the
deformation of the slipstream when passing the wing. The spanwise distributions of
lift and drag are sensitive to the form the velocity distribution in the slipstream as
well as the way the slipstream deforms when passing the wing. Hence, a calculation
model based on the NS-equation yields a more realistic estimation of the propeller
wing interactive flow since the slipstream is allowed to develop and deform freely and
no artificial swirl recovery (the application of the SRF) is needed.

The quantitative wake analysis (QWA), as applied to the propeller-wing model,
delivered detailed information on the slipstream deformation. This was helpful in
the validation of the theoretical prediction codes. The integrated lift and drag data
agreed well with the experimental data obtained from the pressure and the balance
measurements. Moreover, applying the QWA to field data generated with the NS-code
showed that acceptable lift and drag data can be obtained in this case as well.

The measurements and computations on the problem of propeller-wing interfer-
ence revealed the existence of a highly complex flow with strong vortical flow phenom-
ena combined with significant boundary layer effects. From the fact that performance
benefits were found for several adaptations of a "standard” propeller-wing layout and
the wing shape, the main conclusion that integrated design of propeller and wing may
lead to more fuel efficient aircraft, is justified.
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8.4 Concluding remark

Although several topics play a role in the final design stage of a typical multi-engined
propeller aircraft, the design space in this thesis was limited to the aerodynamics
related areas. The fact that in some cases benefits were found for a certain propeller-
wing layout does not necessarily imply that these benefits can be obtained in real
practice. Many design considerations that have not been discussed herein are unde-
niably important for the conclusions on performance benefits. Issues like structural
and flutter behaviour, maintenance, asymmetrical power cases (engine out conditions)
etc. will have to be addressed before the practical feasibility of alternative tractor
propeller-wing configuration can be determined.



Appendix A

Engineering methods for the
estimation of propeller data

A.1 Introduction

To be able to work with the flow phenomena that occur in propeller flow it is beneficial
to shortly restate the typical propeller flow characteristics and discuss methods by
which both the propeller force as well as the slipstream parameters can be obtained.

A logical step towards the analysis of the propeller is to consider a propeller that
operates in an undisturbed uniform flow generating a slipstream that is free of any
disturbance caused by the proximity of a nacelle or any other airframe part. The flow
field that is generated is very similar to that of a wing. The local lift on the blade
section at any radial position is associated with the local circulation around the blade.
This circulation varies from the blade root to the blade tip resulting in the shedding
of a vortex sheet from the blade trailing edge, as sketched in Fig. A.1.

The vortex sheets of all blades pass downstream in a helical path together forming
the slipstream. The vortex sheets springing from all propeller blades are free to move
under their own self-induced influence and the influence of the other sheets. The
resulting slipstream shows a contraction as it moves downstream due to the increas-
ing axial velocity inside the slipstream tube. The bound vorticity on the propeller
blades and the trailing vorticity generate a propeller induced velocity vector, V,,. This
local induced velocity can be added vectorially to the free stream velocity and the
local rotational velocity of the blades to form the total local velocity vector in a
fixed (Eulerian) frame of reference. Once the slipstream is generated in the form of
helical wakes its geometry will change gradually as it progresses downstream. This
“deformation” of the slipstream tube is the result of both the contraction and the
rolling up of the vorticity sheets into a discrete tip and root vortex. The distance
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Figure A.1: Sketch of a vortical wake generated by a propeller blade; (a) high
loading (low advance ratio), (b) light loading (high advance ratio);
deformation and roll up neglected.

over which this process takes place is dependent on the propeller loading since this
strongly determines the advance ratio of the blade wakes (see Fig. A.1).

For the propeller-wing interference problem a clear description on the effect that
the inflow field has on the propulsive efficiency (i.e. the thrust for given flight speed
and shaft horse power) is essential. An attractive starting point to describe possible
losses and gains for the propeller is found in the description of the so-called free air
thrust. This is the thrust of the propeller blades without any other aircraft part
present. The efficiency of this propeller can simply be written as:

avm
Nfa = fP_ (A1)

With AP, defined as the power loss arising from profile losses on the propeller
blades and A P;the induced losses, the free air efficiency can be written as:



A.2. PROPELLER COEFFICIENTS 323

_,_ABR,_ AR
e =2""p " 7p (A.2)
=1- A77p — An;

The induced losses are typically the effect of the axial and swirl velocity compo-
nents generated by the helical vortex sheets that emanate from the blades. In case
of interference with other aircraft parts these velocities will of course be strongly
affected.

The loss in efficiency due to blade airfoil drag, Amn,, is related to the drag of
the blade airfoil sections and are insofar rather independent on the selection of the
3-dimensional propeller blade geometry! and the propeller position relative to other
aircraft parts. To reduce the profile losses the airfoil sections will be designed to pro-
duce a high lift to drag ratio, C;/C4y, over a wide range of propeller inflow conditions,
i.e. a range of advance ratios that the propeller experiences going from take-off to
cruise condition. The final selection of the airfoils is therefore based on a compromise
aiming at high efficiency at a specified flight condition (generally the cruise phase)
whilst maintaining acceptable penalties for other flight phases. Accordingly the pro-
file loss associated effects are part of the propeller design process which is only loosely
related to the propeller wing interference problem.

On the other hand, the induced loss of the propeller is an important issue when
treating the propeller wing interaction effects. Because the inflow conditions of the
propeller are mainly dictated by the propeller-airframe configuration the loading dis-
tribution on the propeller blades and, consequently, the trailing vortex system will
change with reference to the uninstalled propeller condition. Even though the free air
efficiency is an interesting property as far as propeller design is concerned the most
important condition for the treatment of the performance of the complete aircraft
will be the installed propeller case. In the next sections first of all the main features
of the uninstalled propeller and various methods to calculate the performance will be
discussed.

A.2 Propeller coefficients

For propellers different dimensionless coefficients are in use:

T

T, = VID? (A.3)
T- (A.4)
oo p

lthe spanwise distribution of blade angle and chord
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T
Tox = ——— A5
qooSwz'ng ( )

T
Cr= 2D (A.6)

In the discussion of the propeller characteristic the choice for one of these defini-
tions is not always obvious although it is clear that eq.(A.5) enables direct comparison
with the aircraft’s coefficients since Sying and g are both selected as the reference
variables. In some presentations of the propeller performance the torque coefficient is
used to represent the power delivered by the propeller. Standard definitions include:

__Q
Co = 2D (A.7)
and: 0
c= A.
where @ is the propeller shaft torque.
The power coefficient is defined as:
P
Cr = oiDs (4.9)
With P = 2mn@Q an alternative form that is often used is:
P, = 271'% (A.10)

where J is the propeller advance ratio defined as J = V. /nD. This advance ratio is a
direct indication for the propeller blade section angle of attack and hence the loading
as can be seen from the velocity diagram sketched in Fig, A.2.

The propeller efficiency is defined as the ratio between the effective propulsive
power and the shaft power, n» = TV, /P, which leads to two alternative expression
for the propeller efficiency:

Cr
= — A1l
(ires J (A.11)
and: C
_ Cr
= v (A.12)

In the remainder of this text a description of engineering methods is presented
that are available for the calculation of the propeller and slipstream characteristics
under axial flow conditions (zero inflow angle). Because of their importance for the
aircraft’s propulsive efficiency, this discussion is limited to the thrust and the torque
coefficients only.
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Figure A.2: Velocity diagram at the propeller tip with the propeller induced ve-
locity components neglected; 3 is the blade angle; « is the angle of
attack.

A.3 Actuator disk theory

The thrust delivered by a propeller can be achieved by imparting axial momentum
to the passing fluid to force a backward motion. The energy associated to the fluid
is an inevitable loss. The original theory, as first formulated by Rankine and Froude,
excludes the viscous effects, the rotation of the slipstream, and the uneven load dis-
tribution, with the scope of evaluating the ideal efficiency of such a propulsive system
(also called actuator disc).

The rotor is degenerated into a disc perpendicular to the direction of the thrust,
and is capable of sustaining a pressure difference between its two sides, and of gener-
ating/imparting linear momentum to the fluid that passes through it. The determi-
nation of the thrust requires the evaluation of the mass flow through a stream tube
bounded by the disc. In a later refinement the load distribution on the disc was
taken into account with the momentum equation, and led to the conclusion that the
load (i.e. the pressure difference), in fact, must be constant over the actuator disc to
produce optimal thrust (e.g. with minimum energy losses). With this in mind the
actuator disk theory is discussed briefly.

The momentum theory of propellers, as proposed decades ago by Rankine and
Froude, provides a basic understanding of various aspects related to the performance
of propellers. As sketched in Fig. A.3 the propeller is approximated by a infinitely thin
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Figure A.3: Actuator disk model with control volume for the application of the
momentum equation.

actuator disk across which the static pressure rises in a discontinuous way. Important
simplifications that are applied in this model can be summarized as follows:

e both the pressure and the velocity are distributed uniformly over the disk

o the rotation (swirl) imparted to the flow as it passes the disk plane is completely
neglected

e the flow passing through the propeller disk can be separated from the rest of
the flow by a streamtube

e the flow is assumed to be incompressible

In order to apply the momentum theory, four planes, 0 to 3, all perpendicular to
the thrust axis, are defined. Planes 0 and 3 are assumed to be lying far upstream and
far downstream of the disk respectively. Planes 1 and 2 are positioned just in front
of and behind the propeller (Fig. A.3). This means that the local static pressure in
the these planes is constant and equal to the undisturbed pressure, po.

A volume exists across the inflow plane, with surface area S, the outflow plane
with the same area and the cylindrical surface S,y¢. The flux passing out of the
surface across plane 3 minus the flux entering across plane 0 will be:

AQ = S3Vs + (S — S3)Veo — SVie (A.13)

or:
AQ = S5(Vs — Vo) (A.14)
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If V3 # Vi, a flux enters the control volume from the side. When the cylindrical
control volume is chosen large enough the external pressure forces cancel out. In this
case the momentum equation results in:

T = pS3Vi + p(S — S3)V2 — pSV2 — pAQVs (A.15)
With equation (A.14) this leads to:
T =pS3Va(V3 — Vi) (A.16)

where pS3V3 is equal to the mass flux passing through the propeller plane. Alterna-
tively the thrust of the propeller can be derived from the pressure force acting on the

actuator disc plane:
T = Sp(pz - pl) (A17)

where S, = S1 = 53 is the propeller disk area.
To relate p; and p; Bernoulli’s equation can be applied both for the domain
upstream and downstream of the propeller:
Poo + 30V2 = p1 + pV7 (A.18)

P2+ 50VE = poc + 30V3 (A.19)
Subtracting equation (A.18) from equation (A.19) and noting that the velocity is
continuous across the propeller disk (V; = V, = V},) leads to:

p2—p1 = 5p(VE - V2) (A.20)

From the continuity equation it follows that: S3V; = SpVp. Combining this with
equations (A.16), (A.17) and (A.20) results in:

Vi+ Vo
2
So, we conclude that the velocity at the location of the propeller is equal to the

average of the velocity far upstream and far downstream of the propeller. With the
propeller induced axial velocity increase at the propeller plane, vg:

V, = (A.21)

Vo = Vo + g (A.22)
the thrust can be written as:
T =2pSp(Voo + va)vg (A.23)

To determine the efficiency of the propeller a relation for the power has to be
established. From the increase in kinetic energy of the flow the power can be written
as:

P = 5pSp (Voo 4 va) { (Vo + 204)? — V2 } (A.24)
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or:
P =2pSpv, (Voo + va)? (A.25)
Substitution of equation (A.23) leads to the following important result:
P=T(Vy +vq) (A.26)

The efficiency of the propeller, 7 , is the ratio between the useful power, TV, and
the power, P, that is absorbed. Hence:

TV TVs

TP T TV + va) (&.27)
or: . 1 s
1+ (%) '
Solving equation (A.23) for v, leads to:
va=14(-Voot V2 + ) (A.29)

With the definition for the thrust coefficient, T, = T'/(3pV.2S,), the combination of
equation (A.28) and (A.29) the efficiency of the propeller can be written as:

9
TVt T

This means that the propeller efficiency approaches unity when the disk loading (and
therefore the thrust coefficient) approaches zero.

Expression (A.30) represents the theoretical maximum value of the efficiency. This
value is however not attainable in practice since the momentum equation neglects
viscous losses due to the boundary layer on the propeller blades. Moreover, additional
induced losses arise due to the loss of lift near the propeller tips. The helically shaped
vortex system that is produced as a result reduces the efficiency even further similar
to the performance degradation of a wing due to the tip vortices.

Although the actuator disk model, based on the momentum equation, fails to
accurately predict the power of a propeller it is very useful for estimating the propeller
induced axial velocity in the slipstream, as indicated above.

(A.30)

A.4 Vortex Theory

The actuator disk theory helped in the understanding of propellers but failed to relate
the blade loading with the propeller geometry and operating conditions. Prandtl
[134] introduced the lifting line theory in which he described the lift of finite wings
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in three dimensional flow introducing the idea of a trailing vortex sheet. The basis
effect of the vortex sheet is to induce velocities at the location of the wing (or bound
vortex) which can be calculated with the Biot-Savart Law. For the special case of an
elliptically loaded wing the induced angle of attack will be constant.

In reality, the vortex sheet is not stable and tends to roll up behind the wing
into two distinct "tip vortices”. If however if the vortex sheet that leaves the wing is
assumed to stay flat its position will vary in a state of uniform motion perpendicular
to itself. The downwash angle far downstream will then be twice the value as found
at the location of the wing. This picture led the way to the vortex theory of propellers
assuming that an equivalent vortex system will be produced by the rotating propeller
blades (6.3.6).

The vortex theory, developed by Betz [135], assumes a rigid "wake” and can be
used to design a minimum induced loss propeller in analogy with the elliptical wing
which produces minimum induced drag. The optimum distribution of the circulation
along the propeller blade produces a propeller with maximum efficiency excluding any
viscous losses due the profile drag of the propeller blade sections.

From the known optimum circulation distribution the optimum value of the local
loading, expressed in Cj - ¢, is found for one specific operation condition of the pro-
peller. Now combinations of blade angle distributions and chord distributions can be
produced delivering an optimum (minimum induced loss) propeller.

If the focus is on the analysis of a given propeller, rather than the design of a
new propeller, the vortex theory of propeller is of little use. Especially when the
slipstream characteristics of a given propeller are the subject of research a more
extended procedure as outline in section A.5 is to be used as a starting point. One
concept however that can be described based on the original vortex theory of propellers
is the so-called " Tip loss factor”, denoted with F. To understand its importance for
the description of the inflow field of a propeller the derivation of an expression for
will be summarized here, based on the so-called displacement velocity.

Consider an elementary helical vortex filament being part of in a helical vortex
sheet which forms part of the slipstream of a propeller as shown in Fig. A.4. The
vortex filament is constrained to move everywhere perpendicular to itself with a ve-
locity ws, which is the same as the local slipstream velocity. When the local helix
angle is ¢, the axial velocity becomes wy cos(ps) and the circumferential velocity
w; sin(ps)/rs, where 7, is the local helix radius. For an observer that is unaware of
the angular velocity it seems that the vortex filament has a displacement velocity:

Up, = Ws cos(s) (A.31)

Betz [135] shows that for a propeller of minimum induced loss the displacement
velocity is constant in blade spanwise direction (i.e. radially constant). The axial
component and the swirl component of the vortex sheet are then given by:
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Figure A.4: True and apparent transport velocity of the vortex sheets behind the
propeller blades.

Waz = Wy c08(@s) = vy, cos®(ps)

A.32
Wew = Ws Sin(0s) = vy, cos(s) sin(ps) ( )

When the advance ratio is small or the number of blades is high enough the
distance between the vortex sheets, produced by two succeeding blades, will be small.
Based on this model Prandtl showed that the fluid velocity between the sheets is a
fraction F of the vortex sheet velocity.

Prandtl realized that that at small values of r; the velocity between the vortex
sheets will be approximately the same as the local displacement velocity of the sheets.
Further he indicated that then local flow velocity at the outer edge of the vortex sheet
will be different from the displacement velocity. This flow type now exhibits much
similarity with the 2-dimensional flow along the edges of parallel plates in a uniform
flow as sketched in Fig. A.5.

For this particular flow field the ratio between the local average flow velocity
between the plates, 7,, and the speed of the plates with reference to the undisturbed
flow at great distance from the plate, vy, becomes:

Un 2 _-
In = p arccos(er) (A.33)

Un

To put this in a form that is directly related to the propeller vortex sheet geometry,
distance d is replaced by R — r and s by the distance between the two succeeding tip
vortices (index t):
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Figure A.5: Two-dimensional potential flow along a row of semi-infinite parallel
plates as used by Prandtl in the derivation of the tip loss factor, F.

2
s = —ZE sin(pe,) (A.34)

where index 3 again indicated plane 3 far downstream of the disk. Thus for a
circle with radius 7:

Jas _ 2 _ (A.35)
Vag Uty
where:
2 5
F= p arccos(e™7) (A.36)
and:
T(R—r) B(1-¢)
= = A»37
! % sin(;) 2sin(yy) ( )

where £ = r/R. It should be noted that for the limiting case were the propeller is
lightly loaded the induced velocities become very small.
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Figure A.6: Velocity and force diagram acting on a propeller blade element.

A.5 Blade element theory

As indicated before, in order to estimate the performance of the propeller and assess
the slipstream that is generated it is necessary to examine the aerodynamics of the
blade in detail. A relatively simple method of predicting the performance of a pro-
peller is the use of blade element theory. The propeller is divided into a number of
independent sections along the blade spanwise direction.

Fig. A.6 contains the velocity and force diagram for a blade section positioned at
radius , 7. Before the forces acting on the propeller can be determined from the known
airfoil characteristics of the blade sections, it is necessary to calculate the effective
velocity, Ve, or equivalent : the induced velocity components, v, and v;.

To calculate the induced velocities one could start using the Biot-Savart law in
the process of calculating the velocity induced by every single vortex filament in the
slipstream. This leads to a rather laborious calculation technique that not necessarily
produces more accurate results than the method based on conservation of momentum
as sketched hereafter. In case the number of propeller blades is limited the induced
velocity components will exhibit a fluctuating character at the location of the propeller
disk. This again makes the Biot-Savart techniques complex since unsteady equations
have to be solved. However, a very acceptable result is obtained by considering the
case that the number of blades B = co [59].

Following a simplified conservation of momentum approach only requires the avail-
ability of the Prandtl tip loss factor.

Considering a circular streamtube, between r and r + dr the conservation law of
momentum in axial direction becomes:
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2nrdrp (Voo + Ta) Ta, = dT (A.38)

where index 0 refers to the condition were the profile drag of the blade element
is zero (Cy = 0). The right hand side, dT{, is the force acting on the fluid inside
the tube element which is equal to Btimes the force acting on the blade element. In
tangential direction we may write:
_ dQq

2nrdrp (Voo + Tg) Tty = " (A.39)

The attribute Cy = 0 is essential since the left hand sides of the equations (A.38)
and (A.39) are based on an idealized vortex system in which the effect of the profile
drag is not represented for the moment. With the lift force dL acting on the blade
element the thrust and torque can also be expressed as:

dTy = B dL cos(p) = BCi3p V2 edr cos(p) (A.40)

/
-ng = BdL sin(p) = BCi3pVZcdr sin(p) (A.41)

where dL denotes the lift force acting on an element of a single propeller blade. The
velocity V. can be written as :
_ Voo + 00 _ VOO(1+G‘)
~ sin(p)  sin(p)

(A.42)

or:
_r—v Qr(l-d)
~ocos(p)  cos(y) (A.43)

The axial and tangential velocity ratio at the location of the propeller and at cross
section 3 may be approximated by:

Ya %t _Ya _ s _p (A.44)
Vq Ut Vag Ut
In theory T, /v, will be different from g, /T, due to the influence of the bound cir-
culation on the blades and the ”development” of the trailing vortex system that is
influenced by self-induction. However, the angle ., will differ only slightly from
©w,- This is especially the case for lightly loaded propellers. Accepting the value of
F as calculated by the method described in section A.4, the blade element model now
proceeds as follows.
Substitution of eq. (A.44) and (A.40) into eq. (A.38) leads to:

dnrp (V + Fuvg) Fvg, = BCi3pV2cdr cos(yp) (A.45)
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or:
dmrp (V + Fug) Fv, = BC 3 p et ;:;’1(’;‘0) cdr cos(¢p) (A.46)
Thus:
V +Fv, Fu, _ ECI cos() (A.47)
V4ve V4+u, 277 4sin’(p) '
In an analogue way for the tangential direction we find:
V+Fv, Fv  Be () (A.48)

V4ve Qr—v, 277 4cos(yp)

For the known values of V,Q,r, B, 3 and ¢ equations (A.47) and (A.48) constitute
a relation between the induced velocities v,,v; and the angle ¢ (or a). The value
of the lift coefficient C; for all blade sections is known at every angle of attack from
a look-up table. Remember that « is simply found from o = 8 — . The Prandtl
Tip-loss-factor, F, is known for a given value of ¢ but an initial guess is needed for
¢, which is unknown at the start of the calculation process.

For a lightly and optimal loaded propeller V 4 w3 may be approximated as being
independent of r. Hence:

% tan(@way, ) (A.49)

Using the assumptions based on the use of the Prandtl tip-loss-factor it is beneficial
and acceptable to start the calculation process with sin(¢suw,) = % sin(yy,). Thus
factor f in eq. (A.37) becomes:

tan(‘Pts) =

,_ BO-3)
2% sin (<Pw3)
Initially the relation between ¢,3 and ¢ must be predicted appropriately. For

lightly loaded propellers a start value of .3 = ¢ is acceptable. For a non-zero flight
speed, Vi, eq. (A.47) and (A.48) may be put in the form :

(A.50)

1+ Fa Fa _O_Clcos(gp)
l4+a 1+a  4sin®(p)

14+ Fa Fd C

l+a 1—a U4cos(<p) (A-52)
where ¢ = Be/2nr denotes the solidity of the propeller blade section. With equation
(A.51) the axial induction factor can be determined for all values of . Subsequently
the value of the tangential induction factor, a’, can be calculated with eq. (A.52).

In cases where the axial velocity increase, v,, is small compared to the undisturbed

flow velocity (i.e. cruise condition), the term (1 + Fa)/(1 + a) may be approximated
by 1. Thus equations (A.51) and (A.52) become:

(A.51)

a Cl cos(np)
l1+a  4Fsn 2(p)

(A.53)
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CL/ — 0 Cl
1—a  4F cos(yp)
These expressions relate the induction factors a and a’ with the flow angle p. To

calculate these three variables a third equation is needed which fixes the operating
condition of the propeller. For this purpose the advance ratio, .J, is used :

(A.54)

|4 Vv Vv
J_—TLD_—__%QT—}; —’ﬂfﬂ—r (A'55)
where { = . Hence:
L V(Q+4ae(1-d) 1—-d
J= ﬂer A—a)(ta) 7€ tan(p) Tra (A.56)

Equations (A.53), (A.54) and (A.56) now have to be solved for a,a’ and ¢ by per-
forming an iterative process.

In reality the propeller blade section, beside the lift force, produces a profile drag
force which means that eq. (A.40) and (A.41) have to be rewritten as :

dT’" = B (Cjcos(p) — Cysin(p)) 1p V2 cdr (A.57)
dQ’ : 1,172
= B (Cysin(p) 4+ Cqcos(p)) 5p Ve cdr (A.58)

With V, = V(14 a)/sin(p) and dP = QdQ and the definitions for the thrust and
power coefficient:

T
=—— A.
Cr 2 DA (A.59)
P
equations (A.57) and (A.58) can be rewritten :
dCrp anc (1 +a)? .
— J?2B= ot - A.
i R3sin®(g) (Cy cos(p) — Cysin(e)) (A.61)
dCp o7 cn(l+a) i
& = J RBR 8 sin’(y) (Crsin(p) + Cqcos(ip)) (A.62)
and the propeller efficiency can be calculated from :
Vv Cr
=— == A.
1= =g’ (A.63)

With these equations the system that determines the propeller characteristics is now
complete. As input parameters we need the blade geometry (chord and blade angle

.
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distribution) and the characteristics of the blade airfoil sections. The latter may be
taken either from experiments or calculations on 2D-airfoils. Two factors that need
further attention before appropriate lift and drag coefficients can be used in the BEM-
analysis, as discussed above, are the effect of compressibility and the tip relief effect
(TRE).

A.6 Effect of compressibility

In contrast to the Mach numbers that are attained on the wing, the local propeller
blade section Mach number may be quite high. At a flight speed of V = 100m/s with
a 3.65m diameter propeller running at an RPM of 2200 in standard atmosphere at
height of h = 3000 m the tip Mach number already reaches a value of M = 0.815. This
means that the lift and drag characteristics taken from experiments or calculations
under incompressible conditions should be corrected for compressibility effects. For
Mach numbers below 0.7 the Prandtl-Glauert correction may be applied, leading to

acceptable results:

G (A.64)

C. =
where the coefficient C,, is either the lift or the drag coefficient of the blade airfoil
section. For M > 0.7 the airfoil characteristics have to be corrected through dedicated
prediction codes or should directly be taken from appropriate high speed windtunnel
tests.

A.7 Tip relief effect

Experiments on rotating propeller blades have shown that the pressure distribution
and the local lift curve slope, C_, may differ significantly from the 2D-airfoil data
of the particular blade section [136]. This phenomenon can be attributed to the
existence of centrifugal and Coriolis forces that act on the boundary layer flow over
the propeller blades. The total effect is comparable to a favorable pressure gradient.
Fig. A.7 shows the situation on the propeller blade. The Coriolis acceleration is given
by:

Geor = —2w X Vel (A65)

where V. is the velocity vector relative to the rotating propeller frame of reference.
The centrifugal acceleration is given by:

Qeen = w X (wr) (A.66)

We see that material in the boundary layer that moves with the propeller is swept
outward due to the centrifugal acceleration while the Coriolis force depends on the
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Figure A.7: Effect of the Coriolis force on the propeller blade boundary layer.

direction of the relative velocity vector, V,¢;. In case V,; is directed outward due to
the action of acen, the Coriolis force will be in the direction of the blade trailing edge,
as indicated in Fig. A.7

Comparison of results of boundary layer calculations of rotating blades with those
of 2-dimensional stationary ones showed that the secondary flow induced over the
rotating blades has strong effects by suppressing the boundary layer growth which
results in delayed transition and separation of the boundary layer [136].

An indication of these effects can be found from the measurements of Himmel-
skamp [137]. Himmelskamp performed measurements on a rotating propeller and de-
termined the local blade section lift coefficients from surface pressure measurements.
Some of his results are reproduced in Fig. A.8 where the Cj-ar curves at various radial
stations are compared with 2D windtunnel data. A significant increase in lift coeffi-
cient can be found going from the tip to the hub, combined with separation delayed
to a higher angle of attack.

These effects on the lift curve slope can be explained by the influence of the
Coriolis force acting on the boundary layer material. Additionally the centrifugal
force transports boundary layer material away from the hub. The resulting boundary
layer at the inner portion of the blade thus becomes thinner, leading to favorable Cj-«
behavior.

To incorporate these effects in the calculation process of the propeller forces the lift
coefficients should somehow be corrected. This procedure however is not straightfor-
ward since the correction needed depends very much on the state of the local boundary
layer. Several attempts have been made to derive a convenient correction formula. A
quite acceptable method was developed by ECN and NLR as described by Bosschers
(138] in the form of an empirical formula. This method is based on the work of Snel
[139] on incompressible boundary layers. The method proposed is particularly suited
for high lift conditions were separated flow is affected by the Coriolis force pressure
force and shear stresses. An acceptable correlation between the predicted and the
measured data was found for some typical wind turbine applications. The empirical
relation for the rotational effects on the flow in the stall region is based on the dif-
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Figure A.8: Typical example of the effect of blade rotation on the sectional lift
coefficient of the propeller blade [137]. Airfoil: Géttingen 625.

ference between the 2D inviscid and the viscous lift curve slope, Cj_, as expressed by

ClsD,rot = Cl2D,1n's + (C5zu,inu - Cl?D,uis) ' fc (C/R) (A'67)

where Ci,, ., is the local blade lift coefficient on the rotating propeller, Cy,,, . and
Clyp,in. are the 2D lift coefficients for the viscous and the inviscid flow respectively.
The function f.(c/R) is a function of the chord distribution. Although it is evident
that f. will be affected by parameters like the airfoil shape, local Reynolds number,
etc. the following approximation produces interesting results :

fe(¢/R) = tanh (3(c/R)?) (A.68)

The procedure as described above should however be treated carefully since the
boundary layer transition process may influence the lift enhancement process [140].
The resulting decrease in lift and increase in skin friction drag complicates the effect
of blade rotation which in general is thought to increase lift and decrease drag for the
inboard blade sections.

A.8 1Nacelle effects

In most cases the nacelle has a relative large dimension compared to the blade root
chord and the propeller tip radius. The presence of the nacelle therefore alters the
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Figure A.9: Azial velocity increase due to the blockage effect of the nacelle.

flow field by changing the axial flow velocity, u, and the radial flow velocity, v, , as
sketched in Fig. A.9.

To get a first estimate of the performance of the installed propeller the axial force
acting on the nacelle can be estimated by calculating the change in static pressure up-
stream and downstream of the thrusting propeller. For this purpose the approximate
relation as presented by Koning [141] can be used. Downstream of the propeller, the
static pressure change becomes:

AP T, R
e P (4.69)
2PVo0 (z/R)* +1
while upstream:
AP T. R
-1+ z/ (A.70)

Ve 2\ Ju/mPin

Here z is the distance downstream of the propeller. The axial pressure gradient
that exists causes a buoyancy force on the nacelle that can be calculated with the
known area distribution

S, () :
Ln
1 AP \ (dS
A - [ (2L ) (& _
o= 5., [ (o) (i22) o (a1

0

where Srey is the reference area used in the calculation of drag coefficients, L,, is
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the nacelle length. The net thrust of the propeller-nacelle configuration then becomes:

Cr. =Cr (1 - S”f; ACD,,W> (A.72)

TR

A.9 Propeller at angle of attack

The effective velocity vector at the blade section in the propeller axis reference system
is the sum of the undisturbed flow vector and the induced flow vectors induced by all
aircraft parts (index ap) and by the propeller itself (index p) :

(Vers)p = Vao)p + (Vap), + (Vp),, (A.73)

This velocity vector is defined in the orthogonal propeller axis system, denoted by( ).
To find the velocity vector in the cylindrical propeller axis system, denoted by( )pe,
the velocity vectors have to be transformed from the global axis system,X,Y, Z. Thus:

(V)pe =M N Vy (A.74)

where M and N are the transformation matrices respectively from global to orthog-
onal propeller axis system and from orthogonal to cylindrical propeller axis system.
Index gl denotes the global axis system.

The general form of the matrix M is:

ivip Joip kedp
M= i Jp i Jp i-Jp (A~75)
i-ky ik i-ky

where i, 7,k and ip, jp, kp are the unit vectors in the global and the orthogonal axis
system respectively and the vector product merely represent the cosine of the angles
between the different axes. The matrix N simply becomes:

1 0 0
N={ 0 sin(d) cos(d) (A.76)
0 cos(f) —sin(8)

In flight there will generally be some angle of attack to the free stream and therefore
a component of the forward speed will act in the plane of the propeller that will
combine with the rotational component to produce a periodic variation of the angle
of attack as the propeller rotates. To get some understanding of the resulting effects
on the propeller performance assume the propeller flow is only affected by a plain
op-effect.
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In this case M becomes:

cos(ap) 0 —sin(a,)
M=1{0 10 (A.77)

sin(ap) 0 cos(ay)
and the effective velocity vector, V. s, can be written as :

Voo (1 + a) cos(ep)
Vegs = | Voosin(ay,) cos(6) (A.78)
Voo sin(a,) sin(8) + 7nDE (1 — a')

This means that the expressions for the local thrust and power of the blade element
change to:

2
dCr _JZBC (14+a)

e EW (Cyoos(p') — Cysin(p')) cos?(ayp) (A.79)
% 2; Ic-?, 78r illn;_(:)) (Cisin(p’) + Cycos(y’)) cos2(ap) (A.80)

with:
tan(p') = Voo (1 + a) cos () (ASD)

Voo sin (ap) sin (¢') + 7anDE (1 — o)

The coefficients now show a periodic variation which will cause an asymmetric
loading over the propeller disk and moments about the axes normal to the propeller
axis. With the relation between the power and the torque, P = QQ, the torque
coefficient of the blade sections can be found. Resolving this into the force components
in direction normal and lateral to the propeller axis the normal force and lateral force
contribution can be calculated through:

dN, = ? sin(f) ; dY, = g cos(8) (A.82)

The pitching moment contribution and yawing moment contribution can be found
from :

dM, = rdT cos(8) ; dM, = rdT sin(8) (A.83)

To find the magnitude of the forces and moments an integration over the propeller
disk is needed. The normal force for example can be found from:

1 27r

1

:-2?/ ?sm 6)d¢ (A.84)
£=00=0
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Appendix B

Aircraft database

To establish an acceptable range of characteristics for the target airplane discussed
in this report, a brief database was generated containing data relevant for discussing
the problem of propeller-wing interference. The target aircraft, denoted with TA, is
compared with existing designs in Tables B.1 to B.5. The geometrical parameters
that are used in the database are given in Fig.B.1.

¢ propeller
!
]
i
i

c/4

Top
view

Span, b

Front
view

Figure B.1: Geometrical parameters used in the aircraft database.
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Table B.1: Typical parameters for some twin-engined propeller powered aircraft

(D

ID# Name P Ver hor Meor Dy, Disk
(kW) (Km/br)| (m) (m) load
(kw/m?)
1 Antonov AN-32 3760 530 6000 0.47 4.70 216.72
2 ATR-42/300 1342 490 5180 0.43 3.96 108.96
3 ATR-72 1849 526 4575 0.45 3.96 150.13
4 BAe 748-2b 1700 452 4575 0.39 3.66 161.58
5 BAe ATP 1978 496 4575 0.43 4.19 143.45
6 BAe jetstream 31 701 488 4570 0.42 2.69 123.35
7 BAe jetstream 41 1230 547 6100 0.48 2.90 186.22
8 Beech 1900 820 442 7620 0.40 2.78 135.09
9 Beech 1900 D 954 5156 7620 .46 2.78 157.17
10 Beech 99 410 409 3050 0.35 2.33 96.20
11 Beech Super King Air 350 783 576 7315 0.52 2.76 130.87
12 Beechcraft 2000 Starship 895 626 10670 0.59 2.54 176.63
13 CN-235 1305 460 4570 0.40 3.35 148.06
14 Convair CV-580 2797 550 6100 0.49 4.11 210.82
15 DHC -6 Twin otter 486 210 3050 0.18 2.59 92.25
16 DHC -8(dash 8)-100 1491 491 4575 0.42 3.96 121.06
17 Dornier 228-200 579 428 3050 0.36 2.73 98.86
18 Dornier 328-100 1625 620 6100 0.53 3.60 159.65
19 Embraer 110 507 454 3000 0.38 2.36 115.90
20 Embraer 120ER 1342 555 7620 0.50 3.20 166.86
21 Embraer CBA-123 969 648 9150 0.60 2.59 183.92
22 Fairchild Metro 3 746 516 4575 0.45 2.69 131.18
23 Fokker F27 1529 474 6100 0.42 3.87 129.98
24 Fokker 50 1864 526 7620 0.45 3.66 177.17
25 LET 410 533 370 3000 0.31 2.59 101.17
26 LET 610 1358 490 7200 0.44 3.50 141.15
27 Nurtanio N-250 2386 611 7620 0.55 3.81 209.28
28 Piaggio Avanti P-180 597 740 8230 0.67 2.16 162.92
29 Piper Cheyenne 4 1227 620 10670 0.58 2.69 215.81
30 Saab 340b 1305 522 4575 0.45 3.35 148.06
31 Shorts 330 893 352 3050 0.30 2.82 142.98
32 Shorts 360 1062 394 3050 0.33 2.82 170.03
33 TA 1860 520 7000 0.45 3.66 -
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Table B.2: Typical parameters for some twin-engined propeller powered aircraft

(10).

ID# Name MTOW OEW Range Pass. Year
(Km)

1 Antonov AN-32 27000 17308 2520 50 1955
2 ATR-42/300 16700 10200 4482 46 1959
3 ATR-72 21500 12500 3889 66 1960
4 BAe 748-2b 21092 12206 2372 58 1966
5 BAe ATP 22830 13585 3444 64 1968
6 BAe jetstream 31 6950 43860 2053 19 1969
7 BAe jetstream 41 10886 6416 1433 29 1969
8 Beech 1900 7530 3947 1578 19 1970
9 Beech 1900 D 7688 4815 2778 19 1990
10 Beech 99 4717 2621 1770 15 1974
11 Beech Super King Air 350 6804 4111 2319 12 1990
12 Beechcraft 2000 Starship 6350 4044 3691 11 1991
13 CN-235 15100 9800 3908 44 1976
14 Convair CV-580 24766 19958 2980 52 1968
15 DHC -6 Twin otter 5670 3180 1198 20 1981
16 DHC -8(dash 8)-100 15650 10251 1546 37 1981
17 Dornier 228-200 5700 3547 600 19 1982
18 Dornier 328-100 13990 8920 1666 33 10982
19 Embraer 110 5300 3200 2050 16 1983
20 Embraer 120ER 11980 7560 3017 30 1983
21 Embraer CBA-123 8500 5640 3521 19 1986
22 Fairchild Metro 3 6577 4164 1065 19 1986
23 Fokker F27 19731 11639 1805 48 1957
24 Fokker 50 19950 12520 2033 50 1985
25 LET 410 5700 3570 1300 19 1988
26 LET 610 14000 9000 2406 40 1988
27 Nurtanio N-250 24800 15700 1270 64 1995
28 Piaggio Avanti P-180 4767 3130 3335 9 1991
29 Piper Cheyenne 4 5466 3431 3375 9 1894
30 Saab 340b 13155 8140 1491 35 1989
31 Shorts 330 10387 6680 876 30 1989
32 Shorts 360 11999 7666 1667 36 1989
33 TA - - - - -
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Table B.3: Typical propeller related geometrical parameters for some twin-
engined propeller powered aircraft.

ID# Name Yp (m) Zp (m) Xp (m) Xpg (m) Sp (m?2)
1 Antonov AN-32 3.80 0.77 2.31 3.42 17.35
2 ATR-42/300 4.07 -0.32 1.91 2.55 12.32
B ATR-72 1.04 ~0.30 2.01 2.64 12.32
1 BAe 748-2b 3.54 G.56 2.55 3.32 10.52
5 BAe ATP 118 0.60 2.30 3.18 13.70
8 BAe jetstream 31 2.70 0.30 1.30 1.81 5.68
7 BAe jotstream 41 2.99 0.45 1.69 2.20 6.61
8 Beech 1900 2.70 0.43 1.29 1.89 6.07
9 Beech 1900 D 2.46 0.41 1.23 1.79 6.07
10 Beech 99 1.94 0.10 1.94 2.53 4.26
11 Beech Super King Air 350 2.59 0.32 2.16 2.75 5.98
12 Beechcraft 2000 Starship 1.56 5.55 1.09 2.19 5.07
13 CN-235 4.18 0.60 2.39 3.18 8.81
14 Convair CV-580 3.93 0.17 2.39 3.33 13.27
15 DHC -6 Twin otter 2.76 0.00 1.50 1.94 5.27
16 DHC -8(dash 8)-100 3.99 -0.33 1.66 2.33 12.32
i7 Dornier 228-200 2.49 70.34 0.90 T.47 5.85
i8 Dornier 328-100 377 .40 2.56 3.09 10.18
19 Embraer 110 2.45 0.21 1.70 334 4.37
20 Embraer 120ER 3.34 0.67 187 2.41 8.04
21 Bmbraer CBA-123 2.13 1.54 1.49 5.02 5.27
22 Fairchild Metro 3 3.37 0.11 1.80 3.26 5.68
23 Fokker F27 3.64 0.48 2.26 2.98 T1.76
24 Fokker 50 3.67 -0.39 2.32 3.09 10.52
25 LET 410 2.36 -0.47 1.18 1.71 5.27
26 LET 610 3.40 20.32 1.78 2.43 9.62
27 Nurtanio N-250 3.83 -0.37 2.31 3.00 11.40
28 Piaggio Avanti P-180 2.08 0.35 0.87 1.25 3.66
29 Piper Cheyenne 4 2.70 0.37 1.68 2.19 5.68
30 Saab 340b 3.48 0.72 2.03 2.61 8.81
31 Shorts 330 3.12 -0.16 1.56 2.03 6.25
32 Shorts 360 3.20 -0.28 1.67 2.16 6.25
33 TA 3.60 -0.4 2.30 3.10 10.52
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Table B.4: Wing related geometrical parameters for some twin-engined propeller

powered aircraft.

ID# Name b cpr ct A—l-c
4
1 Antonov AN-32 29.20 3.60 1.26 6.83
2 ATR-42/300 24.57 2.57 1.41 3.10
3 ATR-72 27.05 2.57 1.59 3.10
4 BAe 748-2b 31.23 3.48 1.19 2.90
3 BAe ATP 30.63 3.83 1.53 2.90
6 BAe jetstream 31 15.85 2.19 0.80 0.57
7 BAe jetstream 41 18.29 2.70 0.89 0.57
8 Beech 1900 16.61 2.18 0.91 0.00
9 Beech 1900 D 17.67 2.18 0.91 0.00
10 Beech 99 14.00 2.15 1.07 0.00
11 Beech Super King Air 350 17.65 2.18 0.90 0.00
12 Beechcraft 2000 Starship 16.60 5.53 1.11 24.40
13 CN-235 25.81 3.00 1.20 3.91
14 Convair CV-580 32.12 3.76 1.37 3.00
15 DHC -6 Twin otter 19.81 1.98 1.98 0.00
16 DHC -8(dash 8)-100 25.91 2.56 1.00 0.00
17 Dornier 228-200 16.97 2.38 1.70 8.00
18 Dornier 328-100 20.98 2.48 0.29 0.00
19 Embraer 110 15.32 2.32 1.35 0.00
20 Embraer 120ER 19.78 2.81 1.40 0.00
21 Embraer CBA-123 17.72 2.50 0.99 4.13
22 Fairchild Metro 3 17.37 2.59 0.79 0.90
23 Fokker F27 29.00 3.46 1.40 0.00
24 Fokker 50 29.00 3.46 1.40 0.00
25 LET 410 17.48 2.53 1.27 0.00
26 LET 610 25.60 2.92 1.46 1.00
27 Nurtanio N-250 28.00 2.80 1.45 0.00
28 Piaggio Avanti P-180 14.03 1.82 0.62 0.00
29 Piper Cheyenne 4 14.53 3.12 0.97 0.00
30 Saab 340b 21.44 2.75 0.87 3.60
31 Shorts 330 22.76 1.85 1.85 0.00
32 Shorts 360 19.79 1.78 1.78 0.00
33 TA 29.0 3.46 1.40 0.00

Table B.5: Propeller models used

on typical turbo-prop aircraft

Model Aircraft B[ D W RPM | SHP | BAF
(£t) (ibs)

568F-1 ATR-42-400 6 13.9 303 1200 1806 | 76
568F-1 ATR-42-500 6 12.0 393 1200 3309 | 76
568F-1 ATR-72-210 6 120 303 1200 3748 | 76
247F-1E ATR-72-210 1 13 373 1200 3748 | 108
14SF-5 ATR-42-300 1 13 320 1200 1856 | 93
14SF-7 DHC-8-100 1 i3 320 1200 2144 | 03
14SF-11E ATR-72-200 1 i3 320 1200 3401 | 93
14SF-15 DHC-8-200 1 13 320 1200 3300 | 93
14SF-15 DHC-8-300 1 i3 320 1200 3492 ] 93
145F-17 CL-215/415 1 i3 320 1200 2379 | 08
14SF-23 DHC-8-100 q i3 320 1200 2144 | 93
145F-23 DHC-8-200 1 13 320 1200 2300 | 903
T4SF-23 DHC-8-300 1 13 320 1260 2402 | 93
T4RF-9 EMB-120 3 10.5 332 1300 1782 | 90
TdRF-10 Saab-3408 B 11 232 1384 1869 | 90
TARF-21 CN-235 1 1 332 1384 1749 | 90
TaRF-23 610G 1 1 232 1384 1749 | 90
TA-prop TA 6 12 - 1300 1860 | 92
54H60 C-130, P-3C 2 13.5 560 1020 2600 | -
54460 B-2C, C-2A 1 135 845 1106 §100 | -
63E60 DHC-5, G.222 | 3 14.5 710 1260 3400 | -

RPM = Revolution per minute ; BAF = Blade activity factor ; SHP = Shaft horse power. Source :

Hamilton Standard






Appendix C

Slipstream contraction

Due to the velocity increase induced by the propeller the slipstream will contract.
This is an important aspect as this results in a region of influence that is smaller
than the volume occupied by the cylinder with constant radius R. Besides this the
slipstream contraction causes an inflow angle that affects the local angle of attack of
the wing.

An attractive way to study the slipstream contraction is to realize that its form
is determined by the forces that the propeller exerts on the air. In view of the fact
that in general the problem in its most general form is very complex it is beneficial
to simplify the propeller again as a this disk. Realizing that the function of the
propeller is to generate a force in z-direction it is expected that the axial components
of the general force system will dominate the slipstream geometry. Accepting the
simplification that these axial forces are constant over the propeller disk we arrive at
the definition of the so-called ”ideal propeller”.

To be able to find the velocities that in their turn determine the slipstream bound-
ary and contraction the flow is simplified even further by neglecting the effects of
viscosity and compressibility.

A simple procedure that can be followed to find a first estimate for the contraction,
is described here.

The boundary of the slipstream can be modeled as a body of revolution with
a radius, R, that changes with the axial coordinate, z. By considering the law
of continuity the amount of fluid that has passed the propeller disc is equal to the
amount found in all cross section of the slipstream. With the acceptance of a uniform
velocity distribution this leads to:

TR2Vo (1 +vg) = TR*Vo (1 + a) (C.1)

Here a is the axial inflow factor representing the axial velocity increment at the
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location of the disc. Its value follows from the axial momentum theory of propellers,
in which the tangential velocity component, vy, is neglected :

a=1(-1+,/1+T.) (C2)

For a given value of the axial inflow factor the contraction ratio, R,/R, depends on
the streamwise development of the axial velocity perturbation, vz(z). This function
can be determined by considering the Navier-Stokes equations for inviscid, incom-
pressible flow with only an external force in z-direction active. For small perturba-
tions due to the propeller:

dv,  Op
5; = % + F,
Ovy,  Op
B 3y (C.3)
Ov,  Op
v 8z 0Oz
Ovy,  Ovy  Ov,
. By + 52 =0 (C.4)

The external force only acts on the disc while the pressure, apart form the propeller
disc surface, is continuous everywhere. By eliminating the velocity components, v,,
vy and v, , from eq. C.3 combined with eq. C.4 the Laplace equation for the pressure
is found:

2 2 2
9p + op Lo p _
8z2 ' Oy? 922

The potential function for p can now be obtained by a distribution of doublets of
strength (p2 — p1) per unit disc area. Point 1 is taken in front of the propeller disc
and point 2 directly behind it. The pressure in a point Q located at a distance lg
from any point on the disc then becomes:

_p2—p [ 0O
PQ=—p— /8n ( > ds for g >0 (C.6)

Rewriting eq. C.6 in cylindrical coordinates leads to:

(C.5)

27

R
pz'm//rl o ( )drldol (C.7)
63)1
00

or:
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27

R

P2 —p 7y

pQ = // drydf (C.8)
© 4 g4 [rf+7%—2rricos (61— 6) + 22/

The flow inside and outside the slipstream has a velocity potential and it shows a
discontinuity in vy at the disc. Let the value of p at 7 = 0 be representative for the
flow in the slipstream (uniform velocity distribution). In this case the expression for
the pressure becomes:

R
p= B2 S drydf
* Of‘! [r1+w2]3/2 e (C.9)

T
S )
For = > 0 this leads to:

P2 — M z
= 1 - C.10
p="P ( - +mz) (C.10)

Integrating the first expression of (B.3) and combining this with eq. C.10 results
in:

P2 — D1 z
Vg = 1+ C.11
? 2pVe ( VR? + 22 ) ( )
which represents the streamwise development of the axial induced flow velocity

in the slipstream. Combining eq. C.1 and eq. C.10 now determines the slipstream
radius as a function of the streamwise z-coordinate:

2 D2 —D1 T 2
TRV, (1+ 50V ( + R2—|—:c2)) TR*Ve (1 + a) (C.12)

At z = 0 the axial component becomes aV’, hence the term (p2 — p1)/2pV can be
replaced by aV. Working out eq. C.12 results in the contraction ratio, Rs/R:

Ry 14+a
5= (C.13)

1+a(1+ﬁ)

Accepting the assumptions made with respect to the actuator disc with uniform
axial force distribution over the disc, expression C.13 produces very acceptable values
of the contraction ratio. It should be noted however that the introduction of a nacelle
has strong effects on the contraction due to the mirror vortex system inside the nacelle
geometry. Mindless usage of eq. C.13 then leads to erroneous results.







Appendix D

Slipstream Tube Model

D.1 Vorticity tubes

The calculation of the velocity field induced by the helicoidal vortex sheet model of
the slipstream is quit complex. However, the overall induced effects can be modelled
by a much simpler model, representing the main features of a given propeller. Such
a model is the vorticity tube model. In this model, the helicoidal vortex sheets are
replaced by two continuous distributions of vorticity: the axial vorticity and the
tangential vorticity, as shown in Fig. D.1

The axial vorticity ~, is parallel to the axis of rotation and distributed on con-
centrically placed cylinders (tubes). The tangential vorticity ~; is distributed on the
same cylindrical surfaces but perpendicular to the axial vorticity. For the axial and
tangential vorticity distributions yields [1]:

B dr

Ve = 27ro dr (D-1)
nB dI’
Yt = U dr (D.2)

where: B is the number of blades, n is the number of revolutions per second, r is
the blade station radial distance, rq is the vortex tube radius, Usis the free stream
velocity and dI'/dr is the blade spanwise gradient in the circulation with respect.

For an arbitrary blade circulation distribution, the gradient in the circulation
distribution is illustrated in Fig. D.2. To be able to calculate the velocity induced
by the vorticity tube model the T'-distribution needs to be given. The source for this
may either be a separate BEM-based propeller code (prop1b) code or an experimental
data set.
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Vortidty tubes

Ny

d))
P

Figure D.1: The slipstream tube model

With the given circulation distribution, the calculation of the velocity field induced
by the vorticity tube model of the propeller is rather straightforward.

Let the z-axis in a Cartesian coordinate system coincide with the propeller axis,
then the velocity vector and its components in z,y and z direction is presented by:

Vp = (Up, Vp, Wp) ¥ (D.3)

The velocity induced at an arbitrary point P by an infinitesimal vortex segment
dl and strength T is then given by:
' rxd
dV, = —
LY
where 7 is the radius vector from point P to the element.

(D.4)

D.2 Tangential vorticity

Consider a ring vortex of strength I'; as sketched in Fig. D.3.
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are)

ar()

ag

1.0

Figure D.2: Arbitrary radial circulation distribution and notation.

Figure D.3: Induced velocities in point P due to the tangential vorticity.
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For the infinitesimal small ring element of length dl we can write:

dl = |ro| dpe, (D.5)
with:
0
e, = | cose (D.6)
sin ¢

Hence the position vector r becomes:
Ty — Tp
r=| rosing—y, (D.7)

—T0COS P — Zp

in which z, is the position in z-direction of the ring vortex. Combining (D.5), (D.6)
and (D.7) gives:

r X dl = (r X e,)rodp

Ty — Tp 0
= | rosingp —y, X cos@ | rody

—TQ COS Y — 2p sin ¢

—YpSiny + 1o sin? @+ zp o8 + 719 cos? @ (D.8)
= | (v —zp)sing rodp

(@y — xp) cOS P

~YpSing + zpcosp + 1y

= | (@y —xp)sing rody
(2, — 2,) cos

Hence the components of the induced velocities contributions in point P, due to
the tangential vorticity are:

duy = C(—ypsing + z, cos ¢ + 7o)
dv, = C(zy — zp) sing (D.9)
dw, = Clzy — zp)cosp

where:
_ Tirodp
¢= dr 73

(D.10)

r= \/(xp — Zy)2 + (rosing — yp)? + (—rocosp — 2,)? (D.11)
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To find the resulting induced velocities in point P, the velocities must be integrated
over the complete contour of the ring vortex. Hence:

2w
Vo= / dVp (D.12)
»=0
resulting in:
2
= 22 / Le(—ypsing + 2 cos o + 1o)dp (D.13)
T dn . 3 :
=0 —2,)2 + (rosing — yp)? + (—rocos g — 2,)?] 2
27 ]
v, = 2 Ty(xy — ap) sin pdyp (D.14)
T an . 3 :
o=0 [(Zv — Tp)? + (rosing — Yp)?2 + (—rocosp — zp)?] )
2m
w. = 0 Ty(zy — xp) cos pdep D15)
P dn 2]3/2

=0 [(Zy — 2p)? + (rosiny — yp)? + (—rgcosp — 2p)

Now, the bound vorticity I'; at z, can be replaced by a distributed vorticity vy;dz
between z = , and z = oo. For the induced velocities this yields:

w=a 7 7 (bsin — ccos x,a)dqadx (D.16)
z2z, =0 [(T — 2p)? + b7 + 2] /2
o 2m
a / / (z — zp) sin pdpdz (D.17)
ez, g0 (@ — Tp)? + b2 4—02]3/2
oo 2
w, = a / / (x — xp) cos god(pd:vg (D.18)
iz ol (@ —2p)2 + 82+ 2
where:
_ o
4
b=rosing — yp (D.19)

C=—TgCoSP — 2p



358 APPENDIX D. SLIPSTREAM TUBE MODEL

This can be integrated in x-direction, resulting in:

27

a (bsinp — ccos)(z — zp)dp
Jy G ) (@ =22 + 1+ )

/ — sin pdp
((x —xp)2 + b2 + 2)'2
2m i

S / — cos dp
’ (@ = 2p)2 + b2 + c2) '
»=0 4z,

Ty

7 o0

which leads to the final expressions for the induced velocities:

27
bsiny — ccos ¢ Ty — Tp
Uy, =a 1-— d
? / b? + c2 ( V{(zy — )% + % + 2) i

w=0
27
/ sin @dyp
Vp =a
V@ =22+ 0+ 2

/ coscpdgo
wp=a
p V@, 218242

(D.20)

(D.21)

(D.22)

(D.23)

with the coefficients a,b and ¢ according to D.19. The velocity components can be
found by performing a numerical summation. For this reason dy is replaced by 27 /n
and ¢ by iAyp, where n is the number of summation steps. Consequently the final

form of eq. D.23 becomes:

b2 +c2

b; sin(iAp) — ¢; cos(iAp) Ty — Tp
E 1—
w72 VI

sin zAgo)dgo
Vp=a
P Z P b2 ¥ Cz)

cos( zAgo)dcp
w, = a
p Z + b2 + ¢4 )

b; = rosin(iAp) —

‘ ¢i = —rgcos(iAp) — zp

o

Ty — xp)? + b7 + c2)

(D.24)

(D.25)
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P(x,y,2)

r4

Figure D.4: Induced velocities in point P due to the azial vorticity.

D.3 Axial vorticity

In an analogue way the axial vorticity is taken into account: (see Fig. D.4):

1

dl=(dz)eg =1 0 |dz (D.26)

0
So, combination of D.7 and D.26 gives:
rx dl = (r x eg)dx
Ty — Tp 1
= | rosing—yp x| 0 }dz

—ToCOS P — zp 0 (D.27)
0

=| —rocosp—2, |dx
—rosing + yp

Then, the components of the induced velocity contributions in point P, due to the
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vortex element aligned in tangential direction are:

du, =0
dv, = C(—rgcosy — zp) (D.28)
dwp, = C(—rosiny + yp)
where: rod
z dx
C=7""7 (D.29)

and r is given by eq. D.11. To find the resulting induced velocities in point P, the
velocities must be integrated from z = z, to £ = oc. Hence:

o0
v, = / av, (D.30)
T=Tqy
resulting in:
up =0 (D.31)
27
o 1 Tz(—rocosp — zp)dz (D.32)
P Ag . 3 '
=0 [( —2p)% + (rosing — yp)? + (—To cosp — z,)?] 2
27
w — 1 Ty(—rosing + yp)dz (D.33)
P 4 3/2 '

=0 [(x —2p)? + (rosing — yp)? + (—ro cos ¢ — 2,)?]
As was done for the tangential vorticity component, the bound vorticity ', at z,

is now replaced by a distributed vorticity vy;rody between ¢ = 0 and ¢ = 27. The
expressions for the induced velocities yield:

u, =0 (D.34)

co 2

vy =a / / cdpdz (D.35)

3
oo oo [z~ )2 + 12 4 2] 72
T T bdd
e / / — (D.36)

3
o=z, p=0 (T —Tp)? + b2+ c?] 2

3

where:
W 0
47
b=rosing —yp (D.37)

C=—TpCOSY — Zp
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This can be integrated in z-direction, resulting in:

Uup =0 (D.38)
B 27 B
v, = |2 / oz = zp)dyp (D.39)
T2 0P (@) B
L o= Zo
[ 2 7>
wy = |2 / —blz — zp)dp (D.40)
PTGt
L =

-z,

The resulting equations for the induced velocities become:

up, =0

2T
a c Ty — Tp
V. T ]_— d
P9 /062+c2< \/(:cv—xp)2+b2+c2)> ¥
(p.__

(D.41)

2w b
— Ty — T
Wy =@ 1- v P de
’ /ob2+02( \/(xv_xp)2+b2+02)> 7
=

with the coefficients a,b and ¢ given by D.37. By performing a numerical integration
as described in paragraph D.2 the velocity components can be found.

D.4 Vorticity at the propeller disk

Besides the slipstream envelope the propeller disk also carries (bound) vorticity. When
the elementary segment with length dl, as sketched in Fig. D.5 is considered we see:

0
dl =dre, = | sing dr (D.42)
—cos @
So, D.7 and D.41 give:
rxdl=(rxe.)dr
Ty — Tp 0
= | rosing —y, x | sing dr
—TrpCoOS Y — 2p —cos ¢ (D.43)

—7o 8in  cos ¢ + Yy, cos @ + 7o cos Ysin @ + 2, sin @
= | (xy —zp)cosy dr
(Ty — xp) sing
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z

Figure D.5: Induced velocities in point P due to the vorticity in the propeller
plane.

The components of the induced velocity contributions in point P, due to the
tangential velocity are now:

dup = C(yp cos p + 2z, sin )
dvp = C(zy, — Tp) cOS @ (D.44)
dw, = C(z, — zp)sing

where:
'y dr
T 4r 3
and r according to D.11. To find the resulting induced velocities in point P, the
velocities must be integrated over the complete radius of the propeller plane. Hence:

(D.45)

R
Ve = / vy (D.46)
r=0
resulting in:
R
1 Ty (yp cos ¢ + zp sin p)dr

up = E (D47)
rZo (@0 — 2p)2 + (rosing — yp)? + (=ro cos @ — 2,)2] /2
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R
1 r — d
v, = ?4_’” / P(fcv ‘T;D) cos par 3/ (D.48)
r=0 [(zy — zp)? + (rosing — yp)? + (—rocosp — zp)?] 2
R
wy = 1 / Tpxy — xp) sinpdr (D.49)
4

reo [(@y — 2p)? + (rosing — yp)? + (—Tocos v — 2p)?) 72

Now, the bound vorticity ', at the propeller plane can be replaced by a distributed
vorticity (Yp/o,)d¢ between ¢ = Oandyp = 27, where 7, is the sum of the circulation
round each blade element at radius r. For the induced velocities this yields:

R 27
Up =@ / fdpdr 3 (D.50)
r20p=0 [(@y = 2p) 4 b2 + 7] 72
R 2
vp = a / / (xy — 2p) cOS :pdgodrg (D.51)
r2opto (@ — 2p)? + 2 + 2 2
R 27 .
w, —a / / (@y — 2p) smcpdgadr3 (D.52)
rZopko (@) = zp)2 + 2 + ¥ 2
where:
= Ir
872
b= (rosing — yp) (D.53)

c=(—rgcosy — zp)
f=1ypcosp+ z,sing

Summarizing the equations for the propeller and slipstream induced velocities
yields:

Up = f(’)/ta 7p)
vp = f(6: Y2 Vp) (D.54)
wy = F (Ve Ve Vp)

Again the velocity components can be found by performing a numerical integration
as described in paragraph D.2.

The calculation procedure according to eq. D.54 was coded in the program sliptube.
This program can be combined with any application that requires the value of the
slipstream velocity components in a 3-dimensional domain.
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Appendix E

Quantitative Wake Analysis
Program, WAKE

E.1 General aspects

Based on the theory presented in preceding paragraphs the code WAKE was devel-
oped. This program processes flow field data to calculate:

1. total viscous drag
2. total induced drag
3. total lift force

4. the spanwise distribution of the local lift, profile and induced drag coefficient

The procedure can be applied either to wind tunnel data or to data obtained from
CFD calculations. In Fig. E.1 the setup of the QWA program WAKE is depicted.

Depending on the position at which the flow field data were taken (for example
using a 5-hole-probe) also a reasonable indication of the lift- and drag distribution
is calculated. WAKE accepts data files containing total pressure distributions and
velocity-components in rectangular fields (Fig. E.1).

Throughout the program use is made of dimensionless quantities given by:

. .y .z
=R V=R TR

(E1)
. U ~ v ~_w
U T U YT Us
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This leads to the dimensionless axial vorticity, source terms, and circulation:

90 R
T8y 07 Uy

Qe
i
Il
q

(E-2)

.
I
-

Ay
Il
3
oy
AN

(E.3)

The total lift and the lift distribution are then given by respectively:

2R?
Cr=(141y) / Ci ( )dy-l— // 4" — @) wdydz (E.4)
ref
g=-—1

and:

C (9= (—57 _]o £dzds (E.5)

s:~ zZ=

The term, u; due to wake blockage [142] in dimensionless form becomes:

R—é / (@ — @) djds (E.6)
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To determine the so-called 'Betz velocity’, @* the definition of the following defi-
nition of the total pressure is used:

pe=p+ 1 (@ +0%+w?) (E.7)

- Ipe . —p  u?
u = + — E.8

The profile drag is split into two separate contributions:

Hence:

CD,, = CDpl + Cng (Eg)

The first term, Cp,, , is the main contributor to the profile drag while the second term
constitutes a small correction that takes the wake blockage into account. Writing the
two terms leads to:

R2
Cp,, = /f {1 —Cp, + (& — @) (@ — 0 — 2)}dydZ (E.10)
S'r'ef
4i2C
Cp,, = o E.11
Do =75 . ; ( )
where the total pressure coefficient is given by: Cp, = ;:; fe +1
The induced drag is also split into two parts:
Cp, =Cp,, +Cb,, (E.12)

As discussed earlier, the second term generally is very small compared to the first. In
dimensionless form the contributions are calculated with:

R? ~
Cp, = —— / / PEdidz (E.13)
! Sref
R? ~
Cp,, =— // pfdgdz (E.14)
2 Sref

Besides the total (integrated values) of the drag coefficient the spanwise distrib-
utions of the integrands in the equations for the drag components are calculated as
well. In case of the profile drag the local value of the profile drag coeflicient, Cgy,,
is obtained. Contrary to this, a similar explanation can not be maintained for the
induced drag coefficient. Now the integrals (E.13) and (E.14) just produce the con-
tribution to the induced drag and an ambiguous relation to the local induced drag
coefficient, Cy,, does not exist.
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Solution of the Poisson equations

The solution of the Poisson-equations discussed in Chapter 5 is performed using two
different fast Poisson-Solvers that can be selected by the user. The first solver, hwscrt,
that solves the equations on rectangular domains with an equidistant grid, is taken
from the well-known FishPack library [143].

The second solver, denoted SPS, solves the same equations on non-rectangular
domain with the ability to use non-equidistant grids. Details on this solver and the
range of applicability were described by Veldhuis [86].

Data reduction

To work out the lift and drag formulae practically all variables are first non-dimensionalized.
The profile drag can simply be resolved from integration in the survey plane. Deter-
mination of the vortex drag though, requires calculation of the axial vorticity £and
the axial velocity gradient U /0. Since the survey plane is build up with a very fine
mesh size (h/% = 0.0003125) no cubic splines fit through the data points is needed as
suggested by Brune [144]. Instead a simple and straightforward five point difference
scheme is used to acquire the velocity derivatives.

Depending on the geometry of the wake survey grid either the solver hwsert or
SPS is used to solve the Poisson equations. The latter procedure takes approximately
20-30 times as much CPU time as the FishPack routine.
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Start

|

Input configuration-file

l

Input field data file

Data check, sorting, etc.

Determination of gradients

Calculation of axial vorticity, & and source term, o

Calculation of lift, bound vorticity, I and
distributed vorticity, v

Calculation of profile drag component

Solution of Poisson equations for van y and ¢

Calculation of induced drag component

Calculation of lift and drag contributions in spanwise direction

|

TecPlot® output and visualization

Stop

Figure E.1: Global setup of program WAKE.
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Figure E.2: Ezample of typical wake survey data field structure accepted by
WAKE, consisting of 8 subfields.



Appendix F

Modelling of propeller
induced velocities

F.1 Introduction

The development of computational methods for the aerodynamic analysis of the
propeller-wing interference problem requires some form for the propeller slipstream
model that can be readily incorporated in available programs. In the discussion
of the VLM-method and the NS solution of the interference problem the need to
quantify the main slipstream characteristic parameters like the axial velocity increase
va(x, Yy, z), the tangential (or swirl) velocity increase v;(x, vy, z) and the dynamic pres-
sure ¢oo(z,y, 2) became apparent.

Since in the current analysis of the propeller-wing characteristics the focus in on
the interference problem, there is no need to obtain the details of the flow around the
propeller as long as the slipstream induced velocity components at the location of the
wing are appropriately predicted.

In most cases, where the streamwise distance between the propeller and the wing
is moderate to large a SIM-approach (Single Interaction Mode) is acceptable. Hence
a simple description of the slipstream is sufficient and the details of the propeller
are unimportant. However, the FIM-approach (Full Interaction Mode) requires the
modeling of the propeller as well to be able to determine the effect of the wing on the
propeller.

For the purpose of performing both SIM and FIM calculations 4 propeller/slipstream
models were developed, a description of which is presented in the following sections.
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F.2 Arbitrary model

The first simple model, denoted ‘arbitrary model’ is used to a perform a quick analysis
of the interaction problem by assuming the axial velocity and the tangential (swirl)
velocity can be approximated by a sin-function of the form:

o =af - fisin (¢ )
,bff (F.1)
Vo= sf-g1sin (C”gﬂ')

where af and sf are multiplication factors selected by the user such that values
for the axial and swirl velocities are obtained that are representative for the specific
propeller loading condition. The factors p; and po are shape factors, again chosen to
obtain an acceptable form of the velocity distributions. Their value may be selected
based on given representations of experimental data. As discussed earlier a non-
zero propeller angle of attack results in a an asymmetry in the loading where the
downgoing blade at positive o, shows a increased loading and the upgoing side a
diminished loading. To incorporate this effect of the propeller angle of attack the
factors f; and g; are introduced. The magnitude of these multiplication factors is
based on BEM-calculation with non-zero o, following the procedure discussed in
Appendix A. Apparently f; and g; depend linearly on the effective propeller angle of
attack, ap,,;:

fl = asfaw : apeff

(F.2)
g1 = asfsw “Qp sy

where as f,. and asfs,, are the axial and the swirl asymmetry factors obtained from
the BEM-analysis, respectively. An example of the slipstream velocity components
calculated with the arbitrary model is depicted in Fig. F.1.

It should be noted that in case of known experimental or numerical data used to
prescribe the slipstream velocity components the selection of all the parameters that
determine v, and v; should be based on the representative location of these velocity
data (either the propeller or the wing position). Furthermore, the arbitrary slipstream
model translates the swirl components into an induced vertical velocity component,
vp. Hence this model is only valid for the cases where the propeller thrust axis is
located on the wing reference chord (i.e. z, = 0). A more complete model that
contains the effect of the radial component in the slipstream (and thus the effect
of contraction), allowing high and low propeller positions (|z,| > 0) is discussed in
section F.3.
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Figure F.1: Ezample of the azial and tangential (swirl) velocity distribution ac-
cording to the arbitrary slipstream model ; f1 = g1 = 1.1 (right),
fi=91=09 (left), af =02, sf =0.15, p; =2, po = 1.

F.3 Analytical slipstream model

In the analytical slipstream model, further denoted as ASM, either an user defined
slipstream distribution is given or experimental data are synthesized directly.

In case of the synthesized version of the ASM the axial and the tangential velocity
components are calculated from:

(")
=qisin ((RLS (1-g3)+ 93>q2 W)

where the radial coordinate is given by: r = \/(y — yp)? + (2 — 2,)2.

The shape factors py, pa, g1, g2, g3 are chosen such as to approximate a realistic slip-
stream that may be given by experimental data. The parameter R, is the function
that describes the contraction of the slipstream (Appendix B). When experimental
data are available, the ASM employs spline functions that allow an adequate repre-
sentation of the true velocity distributions.

Fig. F.2 contains a calculation example of the ASM combined with the experi-
mental data that were used to find the shape factors.
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Figure F.2: Ezample of azial and tangential velocity distribution acquired with
the ASM.

F.4 Blade element model

When the blade element model (BEM) model is used to calculate the velocity com-
ponents at the location of the propeller disk, the true geometry of the propeller as
well as the exact operating conditions are used.

Fig. F.3 shows a nice example of axial and tangential velocity components for a
zero degree propeller of attack (o, = 0°),which leads to a symmetrical slipstream.

Velocity data are obtained at specific coordinates (7,4). The wing control points
in a Vortex Lattice Method approach, however, can be located in any position with
reference to the propeller. This necessitates the application of a cubic spline function
through the given (r,). Once these functions are generated the velocity components
in the BEM-version are found from:

v, T
L = Haw o 0
Ut T
= = st hr=unbl
Us (Rs ¢)

where 7 is the azimuth angle and the functions II,, and II,, represent the cubic
spline functions for the axial and the swirl velocity respectively.

(F.4)
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Appendix G

Lagrange multipliers analysis

Assume an extremum (minimum drag) is sought of f(z1,®s,...,z,) that is subject
to the constraint g (z1,z2,...,Z,) (the design lift coefficient). When f and g are
functions with continuous first partial derivatives on the open set containing the
curve g (z1, Za, ..., L) an extremum exists when:

of of of _
df = 8x1d 1+ 8_2d 24+ = . ——dz, =0 (G.1)
but also: 5 5 3
dg = B2, 1 + B3 dro+ ...+ Bz, dz, =0 (G.2)

Now multiply eq. (G.2) by the, as yet undetermined, parameter A (denoted as the
Lagrange multiplier) and combine this with eq. (G.1) into:

of of of _
(aml 8x1>daz1+(a2+A8m2)dz2+...+(a +,\axn de, =0 (G.3)

It should be noted here that the differentials in eq. (G.3) are all independent. Hence
we can set any combination equal to zero and the remainder must still give zero. This
requires that:
of
— =0 VvV k=12, G4
Ba:k 8$k ( )
From eq. (G.4) we see that in fact the value of the Lagrange multiplier at the so-
lution of the problem is equal to the rate of change in the maximum value of the
objective function, f(of which the extremum is sought) as the constraint is relaxed.
If the function that is to be minimized (extreme value at this point) is defined as the
drag coefficient and for the constraint function, J, the lift Cr — Cp,,,, is taken, the
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optimization problem, as given by eq. (G.4) reduces to:

I=F+\J

G.5
=Cp,+Cp (©.5)

+A(CL —CL,,,)

visc

where the Lagrange multiplier, ), is to be determined.

The next step to solve this optimization problem is based on the application of
the Calculus of Variation.

The utilization of this technique for the current optimization problem is best
illustrated by considering the conditions at which an integral shows extremes under
constraints in general.

The constraint function may take the form of a definite integral of which the value
is fixed, leading to a so-called isoperimetric problem.

Now consider a simple isoperimetric problem that consists of finding a function
y(z) that extremizes an integral in the form:

I=ffmwywx (G.6)

relative to twice-differentiable functions on the interval [z;, 3], which satisfies the
integral constraint

J=/ﬁuww®m (G.7)

and where J is a fixed constant. Additionally end conditions are prescribed: y(x;) =
y1 and y(z2) = y2 while f and g will be assumed twice-differentiable with respect to
their arguments. The selection of this problem is relevant from the standpoint of the
drag minimization problem sketched earlier since at a later stage the integral I can
be replaced by the drag integral(s) while the fixed value J integral relates to the fixed
lift coefficient constraint Cr — Cr,,, = 0.

Treating the problem in a general way for the moment, however, leads more clearly
to the specific conditions needed for obtaining an optimization, in general.

To find the twice-differentiable function y(x) consider the set {y} of all twice-
differentiable functions Y on the interval [z1,z2], which take on the values y; and
yo at respectively z; and za. The required set can now be created by introducing a
two-parameter family of comparison functions:

Y(z) = y(z) + e1m(z) + eame(z) (G.8)

where 7,(z) and n2(x) are arbitrary twice-differentiable functions on [x;,z2] such
that:

m(z1) = m(x2) = na(z1) = m2(x2) = 0 (G.9)
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These restrictions ensure that all comparison functions Y (z) satisfy the same end
conditions as the extremizing function y(z). Moreover, for every 1 (z) and n2(z) the
function Y (z) becomes y(z) if 1 = &2 = 0.

Returning to the integral functions I and J substitution of an arbitrary comparison
function Y leads to:

Ier,e0) = / Fayy o )de (G.10)
and:
J(El>€2) :/g(xayvyl)dx (Gll)

T1

Note that the functional relation exists: J(e1,e2) = J for J = constant, which means
that g1 and e5 are not independent. Now, since by definition y(z) extremizes I subject
to the constraint (G.7), I(e1,€2) has an extremum relative to the values of £; and &3
when g; = g2 = 0. Hence, the isoperimetric problem has become that of finding the
condition(s) that y(z) must take when it is known that, for €; = £5 = 0, the function
I(e1,e2) of the two variables €; and e has an extremum subject to the constraint
given by J(e1,e2) = J for J = constant.

To implement the method we make use of the Lagrange multiplier that was intro-
duced earlier. The object function now becomes:

I*(El,Eg) = 1(61,52) + )\(61,52)

T2

G.12
- [ £ @y (G127
where the function f* is defined by f* = f + Ag. We know that:
or  or
= = = = .1
Ber = 9es 0 for e, =62=0 (G.13)

Computing these derivatives leads to:

z2

ﬂ_/ ofr oy  oft oY’y .
de, dy 9e; | oy 0e, )

o (G.14)

T2

_ of af .
_/(8ynz+ ay,m)dx i=1,2

Z1
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Because of the fact that y and ¢’ become the extremizing function y(x)and its deriv-
ative y'(z) when e, = g2 =0, eq. (G.13) and eq. (G.14) lead to:
z2
or
681;

of” or ,
= [ (L + ) dz=0 i=1,2 1
(0,0 x/(f"y " oy m) =02 (G15)

1

When the second term in the integrand of eq. (G.15) is integrated by parts and eq.
(G.9) is recalled, we get:

2

of* d [of* _ .
/(ay _dx(é)y’))mdm_o i=1,2 (G.16)
And since 1, and 15 are arbitrary, for ¢ = 1 or 2 we obtain:
of* d [(8f*\ _
8y dr <3y') =0 (G171

This is the Euler-Lagrange equation which the function y(z) must satisfy if it is to
extremize integral I that is subject to an integral constraint as given by eq. (G.11).
The complete solution of eq. (G.17) will contain two constants of integration as well
as the Lagrange multiplier.

At this stage the variation of a real function F (functional) is introduced. The
domain of F is a set of real functions {y}. To determine the change of the functional
F corresponding to an assigned change in the value of y(z) for a fixed value of xthe
variation en(z), denoted with dy, is applied to y(z). That is, y(z) is changed to:
y(x) — y(x) + en(z) or y — y + dy. Furthermore: y'(z) — v'(z) + en(z) and
5y (z) = en' (a).

With the given variation in y(z) the corresponding change to the functional F
that depends on y(z) becomes:

AF = F(z,y+eny +en) — F(z,y,y') (G.18)

Expanding this equation in a MacLaurin expansion in powers of £ and neglecting
powers of € higher than 1 finally leads to:

oF oF
F=— —n 1
A 8yn6+ay,ne (G.19)
SF = .aﬁ(ﬁy + 6_F6y’ (G_Q())

Oy oy
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where §F is the variation of F that results from the variation dy on y(z). For a
functional expressed as an integral:

b
I= / f(@,y,y')dz (G.21)

of the kind discussed earlier, the variation becomes: AI = I(y +en) — I(y). Hence:

Al = /f(x,y+677, ¥ +en')dz —/f(x:y, y')dz
(G.22)

b
= /Af(x,y, y')dx

The variation of I is now defined as the expression resulting when Af in the last
integral is replaced by the first-order approximation, Jf:

b
5I=/6f(m,y,y')d33 (G.23)

Following the analysis as given above for the object function I* results in an expression
for the variation of I:

oI = / fo— fy Syda (G.24)

A necessary condition for a function to have an extremum is that its differential
vanishes. Consequently it can be stated that the necessary condition for the functional
I to have an extremum is that its variation vanishes as well. Given that dy is an
arbitrary variation in y, the condition éy = 0 implies that:

dfy

=0 (G.25)

fy =
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Samenvatting

De prestatie, de stabiliteit en de besturingseigenschappen van propelleraangedreven
vliegtuigen hangt sterk samen met de bijdrage die het voortstuwingssysteem levert.
Voor het ontwerp van propellervliegtuigen is het daarom van belang nauwkeurig in
kaart te brengen hoe de stroming zich manifesteert in het deel van de vleugel dat
wordt getroffen door de slipstroom van de propellers. Om de bijdrage van propellers
en vleugels apart te kunnen bepalen is het noodzakelijk het gehele interactieproces
nauwkeurig te beschouwen; d.w.z.het effect van de propeller op de vleugel en vice
versa. Het doel van deze studie is het verkrijgen van beter inzicht in de propeller-
vleugel interactie die optreedt bij twee-motorige propellervliegtuigen om daarmee de
configuratie van dergelijke vliegtuigen te kunnen optimaliseren.

Bij deze experimentele en numerieke studie werd gebruik gemaakt van 4 verschil-
lende propeller-vleugel configuraties. Tijdens de experimenten werden 2 eenvoudige
modellen gebruikt bestaande uit een rechte vleugel voorzien van een dunne, losneem-
bare, motorgondel. Een derde model betrof een schaalmodel van een turboprop vlieg-
tuig (Fokker F27) waarbij het horizontale staartvlak was verwijderd. Bij de numerieke
studie werd een vereenvoudigd model van de Fokker 50 beschouwd.

Voor het verkrijgen van inzicht in de optredende fenomenen en het vastleggen
van referentiedata voor de numerieke berekeningen werd een experimentele database
geproduceerd van krachten, oppervlaktedrukken, stromingsvisualisatie data en stro-
mingsgegevens verkregen uit een veldanalyse achter een van de modellen.

Uit de metingen blijkt dat de axiale en de tangentiéle snelheidscomponent in
de propellerslipstroom leiden tot een sterke verandering in de draagkrachtsverdeling
waardoor de totale lift en weerstand worden beinvloedt. Bij plaatsing van de pro-
peller voor de vleugel wordt een aanzienlijk lagere vleugelweerstand gevonden door
de toegenomen zuiging op de vleugelneus; een verschijnsel dat bekend staat als 'swirl
recovery’. De mate waarin de propellerverliezen in de vorm van tangenti€le snelheden
(’swirl’) worden gecompenseerd door de vleugel werd onderzocht door het uitvoeren
van 5-gats buis metingen in het zog van een van de modellen. Uit deze kwantitatieve
veldanalyse bleek een sterke vervorming van de slipstroom die bij de numerieke analy-
ses niet kan worden verwaarloosd.

Om de afzonderlijke bijdragen van propeller en vleugel te kunnen vaststellen werd
de motorgondel bij het tweede windtunnelmodel los genomen en op verschillende posi-
ties en invalshoeken t.o.v. de vleugel gepositioneerd. Uit de metingen bleek dat het ef-
fect van de verplaatsing van de propeller in stromingsrichting (voor de vleugel) slechts
geringe effecten teweeg bracht. Het effect van een variatie van de spanwijdtepositie,
de hoogtepositie en de effectieve invalshoek laten echter een beduidende invloed op
draagkracht, weerstand en voortstuwingsrendement zien. Met name de toepassing
van een meer negatieve propellerinvalshoek lijkt een gunstig effect te hebben op de
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prestatie van het propeller-vleugel model door een sterke afname van de weerstand
en een toename van de lift. Tevens werd een prestatieverbetering gevonden bij een
draairichting van de propellers waarbij het binnenste blad omhoog beweegt.

Aanvullend inzicht in de interactie-effecten werd verkregen via metingen aan een
model waarbij de propeller op verschillende posities boven de vleugel werd geplaatst
(OTW-configuratie). In tegenstelling tot hetgeen wordt gevonden in de literatuur
wordt voor posities vlak boven de propeller weliswaar een grotere draagkracht en
lagere weerstand gevonden maar het voortstuwingsrendement neemt af. Dit blijkt
te worden veroorzaakt door de sterke reductie van het propellerrendement als gevolg
van veranderingen in het aanstroomveld veroorzaakt door de vleugel.

De numerieke simulaties aan de verschillende modellen werden uitgevoerd met 3
verschillende methoden met oplopende complexiteit: een ”Vortex-Lattice” methode
(VLM), twee panelenmethoden en een Navier-Stokes (RANS) code. De berekeningen
laten zien dat m.b.v. de VLM-code een redelijke afschatting van de aérodynamis-
che grootheden als lift en weerstand wordt verkregen als in het propellermodel, dat
gebaseerd is op een Blad-Element-Model, een ’'swirl recovery’ factor (SRF) van ca.
0.5 in rekening wordt gebracht. De panelencodes, waarbij het effect van de propeller
werd gesimuleerd met een slipstroommodel gebaseerd op een ”Tube-model” leidde
in alle gevallen tot een overschatting van de slipstroomeffecten op de vleugel. De
meeste gedetailleerde data werden verkregen met behulp van de Navier-Stokes code.
Omdat hierbij de vervorming van de slipstroom in rekening wordt gebracht, werd een
goede overeenkomst met de experimentele data verkregen. De vereenvoudiging van
de propeller in deze code in de vorm van een trekkende schijf model, met opgelegde
randvoorwaarden volgend uit de experimenten, lijkt daarmee te zijn toegestaan.

Op basis van de uit de experimenten en numerieke simulaties verkregen data werd,
tot slot, onderzocht of bestaande propeller-vleugel configuraties kunnen worden geop-
timaliseerd. Hiertoe werd een optimalisatie-code ontwikkeld waarbij d.m.v. een aan-
passing van de draagkrachtsverdelingen de weerstand, bij gegeven lift, werd gemini-
maliseerd. Uit deze berekeningen bleek dat voor zowel in de kruisvlucht als in het
tweede klimsegment een prestatieverbetering kan worden bereikt door toepassing van
de welving of de wrongverdeling in het vleugeldeel dat door propellerslipstroom wordt
bestreken.




396 DANKWOORD

Dankwoord

Dit proefschrift is mede tot stand gekomen dankzij de hulp van onderstaande perso-
nen.

Allereerst de technische staf van de leerstoel Aérodynamica die hulp hebben ge-
boden bij het opzetten van de diverse windtunnelexperimenten.

Diverse studenten die onder mijn begeleiding hun afstudeerwerk hebben verricht
aan het probleem van propeller-vleugel interactie.

Ton Veldhuis die als alfa-wetenschapper in de engelse taal- en letterkunde hulp
heeft geboden bij het finale correctieproces, zich beseffend dat de alfa- en beta-
wetenschappen twee volkomen verschillende werelden zijn.

Collega’s die hebben gezorgd voor een prettige en ongestoorde sfeer waarin ik de
afgelopen jaren heb kunnen werken.

Tot slot, mijn meest dierbaren, mijn vrouw Ansje en kinderen Lotte en Bart die
altijd voor mij klaar stonden, mij op de juiste momenten ontzagen en mij ontelbare
keren voorzagen van koffie en thee op mijn werkkamer.



CURRICULUM VITAE 397

Curriculum Vitae

De auteur van dit proefschrift werd geboren op 16 December 1960 te Denekamp. In
1979 behaalde hij het VWO diploma aan het ” Thij-college” te Oldenzaal waarna werd
gestart met de studie Luchtvaart- en Ruimtevaarttechniek aan de Technische Univer-
siteit Delft. Tijdens deze studie was hij enkele jaren in dienst als student-assistent
met als taak het opzetten van nieuwe practica in de lage snelheids windtunnels van
het laboratorium. In 1987 werd de universitaire studie succesvol afgerond met de titel
Vliegtuigbouwkundig ingenieur. Het afstudeerwerk werd verricht op het Lage snel-
heids windtunnellaboratorium op het gebied van Laser Doppler snelheidsmetingen in
het zog van een superkritiek profiel. Vanaf 1987 is de auteur aangesteld bij de leerstoel
Aérodynamica als universitair docent met als specialisatie experimenteel en numeriek
onderzoek op het terrein van de toegepaste vliegtuig-aérodynamica en ’flow control’.
Naast het lidmaatschap van diverse onderwijscommissies van de Faculteit Luchtvaart-
en Ruimtevaarttechniek is de auteur bestuurslid van de Nederlandse Vereniging voor
Luchtvaarttechniek (NVVL).

The author was born on December 16, 1960, in Denekamp, the Netherlands. In 1979
he finished high school at the " Thij-college” in Oldenzaal. In the same year he started
the MSc study in Aerospace Engineering at Delft University of Technology , where
he graduated in 1987 at the Low Speed Windtunnel Laboratory on Laser-Doppler
measurements in the wake of a supercritical airfoil. During his MSc. study the author
was employed several years at the Low Speed Windtunnel Laboratory as student-
assistent to develop new windtunnel labs for undergraduate students. From 1987 on,
he is employed as assistant professor and lecturer in the Aerodynamics Group of the
Faculty of Aerospace Engineering to perform experimental and numerical research in
the fields of applied aircraft aerodynamics and flow control. Besides the participation
in several educational committees at the Faculty of Aerospace Engineering the author
is board member of the Dutch Society of Aeronautical Engineers (NVVL).


















