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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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Symbols
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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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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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Figure 1.7: Comparison of Direct Operations and Investment costs of regional
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10 CHAPTER 1. INTRODUCTION

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




2.2. STEADY VERSUS UNSTEADY ANALYSIS

(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
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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




2.5. DISTURBANCE OF PROPELLER FLOW FIELD 35

psi=0 deg
psi= 27 0 deg psi= 90 deg

psi=180 deg

View : Jooking upstream

1 I
-0- psi=0 deg /l/'\u
0.8 +pSi=90 deg /O/ ‘l\\
. \
0.6 | —© psi=180 degﬁz)y/v/@’—\@\ ,

o
S~

& 04 5
’ A
0.2

et

-0.2

0.2 0.4 0.6 0.8 1.0
r/R

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




2.8. EFFECTS OF PROPELLER POSITION 45

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.




66 CHAPTER 3. SIMPLIFIED ANALYSIS

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