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Chapter 1 

INTRODUCTION 

A combined experimental and computational study of the flow field along an axi-symmetric 
body with a single operating exhaust nozzle has been made for the FESTlP Aerothermodynam
ics [3] investigation. This study was carried out in the scope of the Future European Space 
Transportation Investigations Program (FES TIP) in the Delft University of Technology tran
soniclsupersonic wind tunnel and was part of a joint computational/experimental research pro
gram on base flow-jet plume interactions. The model was mounted in supersonic free streams 
of Mach 1.96 and 2.98, the jet exhausting from the nozzle had an exit Mach number of 4 and 
operated at various jet stagnation pressures. The Reynolds numbers based on the length of the 
model were greater than 5.106. In addition, to ascertain a turbulent boundary layer, the bound
ary layer on the model was tripped for accurate comparison with numerical simulations. The 
present investigation embroiders on this theme. 

The supersonic jet emanating from the centrally protruding exhaust nozzle in the base interacts 
with the extemal main flow around the body. In the interaction zone a turbulent mixing layer, 
a re-circulation region and a shock system, consisting of a plume shock and a barrel shock, are 
formed. Flow reattachment at the base, important with respect to heat-transfer, is likely. The 
present report aims to investigate these different flow phenomena. 

In order to explore and explain the before mentioned flow phenomena, experiments have to 
be conducted to determine the physics of the flow field. To examine the exhaust plume and 
its influence on the co-flowing supersonic stream, detailed five-hole probe surveys behind the 
model across the plume will be made. In this way a number of flow quantities can be determined 
simultaneously at single points in the flow field. 

The question arises what the influence of the exhaust plume is on the base pressure. Steady base 
pressure measurements have been presented in previous studies. However, the base pressure 
signals might show a dynamic behaviour caused by the exhaust plume andJor the co-flowing 
supersonic stream. To gain physical insight in the base flow-jet plume interactions, dynamic 
base pressure measurements will be made. Analysis of the spectrum of a dynamic signal pro
vides insight in the physical behaviour of the flow field. It will be considered whether or not 
physical phenomena, such as vortex shedding, cause dynamic behaviour. 





Chapter 2 

THE STRUCTURE OF UNDER-EXPANDED JETS IN A 
CO-FLOWING SUPERSONIC FREE STREAM 

2.1 Description of Under-expanded Jets 

The structure of under-expanded jets has, among others, been investigated in detail by Adam
son & Nicholls [1], Moran [12], and Peters & Phares [15]. These three studies are restricted 
to plumes exhausting into quiescent media. In the present (two-dimensional) description the 
results of these studies are extrapolated to under-expanded jets in a co-flowing supersonic free 
stream. 

The pressure at the exit of an isentropic supersonic nozzle is a function of the upstream stagna
tion pressure and the nozzle to throat area ratio. The ambient pressure and the static pressure at 
the nozzle exit will generally show a difference in magnitude. The jet is called under-expanded 
when the exit pressure of the exhaust gas, Pe, is higher than the ambient pressure. The following 
description is based on the under-expanded jet. 

When the nozzle operates at design conditions, i.e., the Mach number Me at the nozzle exit has 
reached its design value, the exhaust air expands in a fan centred at the nozzle lip ( Fig. 2.1). 
Streamlines close to the nozzle wall are deflected through an angle Ct, sufficient to expand the 
gas to the ambient pressure. More inside the jet the flow is expanded more and causes the gas 
to fall to pressures below the ambient pressure. Recompression to the ambient pressure partly 
takes place through compression waves, formed at the intersection of expansion waves with the 
jet boundary, coalescing into the barrel shock. The barrel shock is a line of demarcation between 
the interior region, which is independent of the ambient pressure, and the outer region, which 
is influenced by the ambient pressure. 

The jet flow upstream of the barrel shock assumes a source-like nature, and can be described by 
the source-flow-model. The barrel shock is an oblique axi-symmetric shock that is being driven 
towards the nozzle axis by the extemal pressure further downstream. Through the expansion at 
the nozzle lip the exhaust gas acquires a velocity of which the radial component initially sweeps 
the barrel shock away from the nozzle axis. The flow downstream of the barrel shock is rota
tional as the barrel shock strengthens with distance from the nozzle exit (compression waves co
alesce into the barrel shock) producing an entropy gradient across the shock layer. The 'inner 
shock layer' covers the region between the jet boundary and the barrel shock and contains the 
jet boundary and the shear layer growing along the jet boundary. To allow the gas to follow the 
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Figure 2.1: Schematic Geometry of an Under-expanded Jet 

curvature of the barrel shock a significant static pressure gradient across the shock layer due to 
the centrifugal acceleration is also required. The under-expanded jet in a co-f1owing supersonic 
stream has got, in contrary to an under-expanded jet issuing into a quiescent gas, a boundary of 
inconstant pressure. 

The external flow, which has been deflected by the centered expansion at the end of the model, 
again changes direction because of the expanding jet and an oblique shock, called the plume 
shock, develops in the supersonic extern al stream. Consequently the pressure at the jet boundary 
is increased. Compared to its quiescent counterpart the expansion of the plume is significantly 
reduced this way. When the plume jet boundary turns back towards the nozzle axis, the free 
stream expands and as aresuIt the ambient pressure drops. This in turn tends to reduce the 
contraction of the jet. Both processes help to adjust the jet pressure to the ambient pressure and 
tend to dampen the formation of downstream shock cells, which are evidently present in the 
flow field of under-expanded jets issuing into quiescent media. The mechanism of adjusting 
the jet pressure to the ambient pressure is called the 'supersonic pressure relief effect'. 

In the case of moderately and highly under-expanded jets the barrel shock is too strong to re
f1ect in a regular manner from the axis of symmetry. A Mach stem is formed which in the axi
symmetric case is known as a Mach disco Cain [8] cIearly describes this phenomenon. Peters 
& Phares [15] showed that in the case of slightly under-expanded jets, like in the cases stud
ied in the present investigation, the barrel shock reflects in a regular manner from the axis of 
symmetry. 
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2.2 Plume Similarity 

The plume length Lp/, representing the axial di stance from the nozzle exit plane to the Mach 
disc or the reflection point of the barrel shock at the axis of symmetry, may serve to describe a 
plume similarity quantity. Lpl increases with increasing pressure ratio N = Ptj/Poc. Morris et 
al. [14] expressed the plume length as 

(2.1) 

where D* is the nozzle throat diameter. Due to slight differences in derivation or for conve
nience in analysis VN D* is often multiplied by a weak function of Me and "te that has a value of 
the order 1. Moran [12] derived a plume length similarity parameter for a cold under-expanded 
jet, which is invariant for a fixed nozzle and a constant free stream Mach number. It is expressed 
as 

(2.2) 

CM can be found by substituting the plume length equation of Morris et al. (2.1) into the plume 
length equation of Moran (2.2). 

The extent of the shear layer (Fig. 2.1) is influenced by the ratio of the inner shock layer thick
ness {; to the plume length L p1 , since the length over which the shear layer grows varies with 
Lpl. The Mach number at the barrel shock mayalso influence the growth rate of the shear layer, 
and since it is a function only of "t and N, N is also an important similarity parameter, see Moran 
[12]. 

2.3 Models of Under-expanded Jets 

2.3.1 Initial Expansion 

In the literature some approximate modeIs of the exhaust plume flow field exist. Here we will 
adopt a two-dimensional description in order to obtain a first insight in the flow physics. The 
initial expansion at the nozzle lip may be solved starting from the characteristic (in this case a 
Mach line) running from the nozzle lip to the centerline. The Prandtl-Meyer expansion close 
to the nozzle lip generates additional right running characteristics. Intersections of these right 
running characteristics with left running characteristics from arbitrary points along the starting 
line are found by assuming straight Mach lines between each successive point. From the com
patibility equations the properties at an intersection point are found. 

2.3.2 Souree Flow Model 

The (two-dimensional) model by Simons [18] analytically approximates the jet core flow. It is 
assumed that far from the nozzle the static pressure is very low compared to the dynamic pres
sure. Now, the approximation is made of the zero pressure limit in the Euler equations. Then, 
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the velocity takes the value of the limiting velocity and its direction is along a ray emanating 
from a source point near the exit of the nozzle (Fig. 2.2). The density at the co-ordinate (r, B) 

~ 
~se: 

--------~ ----p,' Kob'" ~ - - - - - - - -" - - - --

Figure 2.2: Barrel Shock and Plume Boundary 

is related to the density at the sonie line by 

(2.3) 

where r is the spherical radius, R* is the radius of the nozzle . throat, B is measured from the 
plume centreline, and A is a constant obtained from continuity of the rocket-mass flow. 

The density distribution f(B) is an unknown function. Boynton [5] suggested that f(B) was best 
duplieated by a eosine law 

f ((J) = COS2j(-y-l) 7r(J 
2(Joo 

(2.4) 

where Boo is the limiting tuming angle in case of inviscid su pers on ic flow. Boynton derived 
this cosine law from a formula for the density distribution, which is found by considering a 
two-dimensional expansion at the nozzle lip. The density distribution may be approximated 
by a series expres sion or a cosine law. The density profile, suggested by Boynton, provides a 
reasonable fit to numerical results. Integrating the profile over the exhaust plume shows that 
in case of a cold jet (')' = 1.4) the plume axial moment is very accurate indeed (within a few 
percent of numerical results, see Cain & Jones [6] & [7]). 

However, the density distribution f(B) does not accurately represent the density near the lim
iting angle Boo (Simons [18]). Therefore, Simons extended the source flow model to obey an 
exponential deeay law, 

f(B) = c OS2/(-y-l ) 7r(Jo e - f3(O- 8o) 

2Boo 

where (Jo and (J are based on a mass flow balance for a given boundary layer profile. 

2.3.3 Jet Boundary 

(2.5) 

The structure of the jet boundary has been investigated into detail by Adamson and Nicholls 
[1], and Korst et al. [11] . Adamson and Nicholls investigated plumes exhausting into quiescent 
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media, whereas Korst et al. investigated plurnes exhausting into a co-flowing supersonic free 
stream. An analytical approach is used. 

The ideal two-dimensional fluid jet boundary can be calculated using characteristic theory. This 
gives a good approximation to the real jet boundary, although there is actually a viscous mix
ing region along the boundary. However, the work involved for each nozzle and pressure ratio 
is considerable and is still only approximate for the above reason and because there is some 
question about continuation of the characteristic net beyond the intercepting shock. 

The initial expansion angle at the nozzle can be found by considering the flow at the lip of a 
nozzle with half angle Ó N. At the nozzle lip, before expansion, the Mach number is Me and 
the corresponding Prandtl-Meyer angle is ZIe. Af ter expanding the Mach number is ME with a 
corresponding Prandtl-Meyer angle ZIE. Thus, the flow at the nozzle lip tums through an angle 
of ZIE - ZIe relative to the nozzle wall, and the overall flow expansion angle with respect to the 
flow axis is a, where 

(2.6) 

The flow is tumed from this initial expansion angle by the intersection of expansion waves of 
the opposite nozzle lip with the boundary; the expansion waves are reflected as compression 
waves, which eventually coalesce into the barrel shock. 

A two-dimensional physical description of the plume boundary up to its maximum diameter was 
formulated Albini [2] and Hubbard [10]. The source model of the core flow is the basis of their 
solutions. Determination of the boundary is done by equating the pressure required to balance 
the centrifugal acceleration of the shock layer gas along the curved barrel shock and the extemal 
pressure to Newtonian pressure of the core flow, which results in the following equation: 

(2.7) 

where Pb is the pressure at the boundary, r.p the angle between the barrel shock and the ray em
anating from the source, and Re the radius of curvature of the streamline. The first term on the 
right hand side of the equation describes the Newtonian term, whereas the second term on the 
right hand side of the equation describes the centrifugal correction. It is assumed that Ó, the in
ner shock layer thickness, is small compared to Re and y such that during integration the radii 
may be assumed constant and the integral becomes 

m" 

(2.8) 

The difference between the methods of Albini and Hubbard is that Albini assumed u to be con
stant across the shock layer and equal to the local tangential jet velocity component at the bar
rel shock, whereas Hubbard assumed u to be constant along a streamline in the shock layer 
and equal to the tangential jet velocity component at the point the streamline crossed the barrel 
shock. The boundary pressure Pb is constant if the jet exhausts into a quiescent medium. In the 
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case of a co-f1owing stream with a high Mach number the boundary pressure Pb may be caIcu
lated from an equation similar to equation (2.7) for the outer shock layer, but Boynton [5] found 
it better to neglect the centrifugal term in this case. Chemyi [9] showed that on convex bod
ies the pressure distribution is better approximated by Newtonian theory without a centrifugal 
correction. This is a well-known result for the Busemann centrifugal correction in hypersonic 
f1ows. 

Using this method the problem is reduced to a set of integral-differential equations that are nu
merically integrated. Boynton [5] showed that the approach of Hubbard agrees quite weil with 
CFD caIculations if the density distribution function suggested by Boynton (equation (2.4)) is 
used and the centrifugal term is neglected for the outer shock layer. The caIculations were not 
overly sensitive to the core flow model and firm conc1usions about the core flow cannot be 
drawn from comparisons of boundary positions alone. 

2.3.4 Viscous Solutions and Instability 

The laminar shear layer of a plume was subject of an analytical study by Moran [13]. The invis
cid flow in the inner shock layer, consisting of the barrel shock, and the jet boundary inc1uding 
the shear layer, had a higher velocity and density than the adjacent inviscid flow in the outer 
shock layer, consisting of the plume shock and the region between the plume shock and the shear 
layer. Moran conc1uded that this was an unstable process. A pressure gradient sufficient to bal
ance the ceritrifugal acceleration of the low velocity, low-density gas in the outer shock layer is 
too low to constrain a high velocity, high density gas particIe from the inner shock layer. A gas 
particIe will therefore not be drawn back when migrating outwards from the inner shock layer. 
Likewise, migration into the inner shock layer by gas in the outer shock layer is not prevented. 

A jet issuing into a quiescent medium only has an inner shock layer with a shear layer growing 
in its outer edge. The shock layer would be stable without the shear layer since the entropy 
decreases from the inner edge (near the barrel shock) to the outer edge. Hence if a heavy outer 
gas partic1e were to begin travelling towards the inner edge and expanding isentropically to the 
local pressure it would always be heavier than the surrounding gas. This prevents migration 
across the shock layer by partic1es, in a manner analogous to a meteorological inversion layer. 
The gas at the outer 'edge of the shock layer is slowed down by the shear layer and decreased in 
density as kinetic energy is tumed into an increase of intemal energy and temperature at constant 
pressure. The low density and velocity of the partic1es in the shear layer makes them unstable 
in the shock layer pressure gradient, because the migration is no longer prevented. 



Chapter 3 

EXPERIMENTAL APPARATUS 

3.1 Wind Tunnel 

The supersonic and transonic wind tunnel TST-27 of the Aerospace Department of the Delft 
University of Technology (see Figures 3.1 & 3.2) is a blow-down facility with a test section of 
280mm width and of a height varying from 250mm to 270mm depending on the Mach num
ber (see Fig. 3.3). Test Mach numbers range from 0.5 to 0.85 in the subsonic test region and 

Figure 3.1: Photograph of the TST-27 Wind Tunnel 

from 1.15 to 4.2 in the supersonic test region. Supersonic Mach numbers are set by means of a 
continuously variabie throat and flexible upper and lower nozzle walls; the Mach number may 
be varied during a run. Subsonic Mach numbers are controlled using a variabie choke-section 
in the outlet diffuser. Small deviations of the Mach number during a run are corrected by auto-

9 



10 EXPERIMENT AL APPARATUS 

Figure 3.2: Schematic Layout of the TST-27 Wind Tunnel 

matic fine adjustment of the choke. Downstream of the nozzle and supersonic test section the 
wind tunnel may be equipped with separate modules, supported on wheels. The modules can 
be connected by quick-Iock couplings to the nozzle part. This allows using the wind tunnel in 
several configurations. For transonic tests, a transonic test section with either slotted or perfo
rated walls may be inserted downstream of the cJosed- wall test section. Either of two differ
ent model carts may be used, one of which is equipped with an angle of incidence mechanism 
for sting-mounted modeIs, and the second with a mechanism for traversing probes in three di
rections through the flow field. The comparatively long running time of the wind tunnel (up to 
300s) allows exploring the flow field over a model in detail. The wind tunnel has been designed 
for operation at high stagnation pressures; the maximum unit Reynolds number varies from 38 
million per meter in the transonic range to 130 million per meter at Mach = 4. 

3.2 Model Geometry 

The selected geometry is axi-symmetric having a spherically blunted cone as forebody and a 
cylinder of about the same length as the cone as afterbody. The model is supported at the lower 
side of the aft part and has a free base. From the centre of the base a nozzle protrudes; its outside 
shape is a circular cylinder. The nozzle itself is conical with a total divergence of 150

• This 
angle has been chosen to obtain a satisfactory radial flow at the nozzle exit and to minimize the 
possibility of flow separation. The exit diameter of the nozzle is about one third of the model 
base diameter. The maximum mass flow through the nozzle was restricted to I kg/s because 
of structural design reasons. An extemal high- pressure supply was used to supply the gas for 
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Figure 3.3: Test Section of the TST-27 Wind Tunnel with the FESTIP-model 

Nr. y (mm) z (mm) r (mm) <t>[" l 
15 6.96 16.81 18.20 22.50 
23 -5.92 14.30 15.48 -22.50 
26 -4.36 10.53 11.40 -22.50 

Table 3.1: Positions of Pressure Taps 

the exhaust jet. For a realistic jet Mach number of 4 at the nozzle exit, taking into account the 
requirements imposed by the interior construction length of the nozzle, a nozzle throat diameter 
of 5mm resulted and an internal exit diameter of 16.4mm. The conical forebody has a semi 
apex angle of 11° and a fair amount of bluntness in a nose radius of 7.5mm. The cylindrical 
afterbody has a length of 90mm and the total length of the model is 186.81 mmo The model 
configuration in the TST-27 wind tunnel is depicted in Figures 3.4 & 3.5. Details of the model 
are shown in Fig. 3.6. Fig. 3.7 shows the distribution of the pressure taps. The distribution of 
the pressure taps 1 through 27 was used for the FESTlP Aerothermodynamics [3] investigation. 
In the present investigation the pressure taps 15,23, and 26 are used. The exact location of the 
taps is given in Table 3.1. The base pressures were measured using three ENDEVCO high 
sensitivity piezoresistive pressure transducers of the model 8507C-5, which are mounted in the 
base of the model. 
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Figure 3.4: Schlieren Photograph of the FES TIP-model During a Run 

3.3 Five-hole Probe 

To determine flow quantities in a three-dimensional flow field, for example flow fields contain
ing vortices, five-hole probes can be employed. If the direction of flow is not known five-hole 
probes can be used to determine the total pressure, static pressure and the direction of flow. This 
kind of probe consists of a cylindrical tube with a small diameter and a specific shape of the 
head of the tube. The shapes mostly used for the head of the tube are the frustrated cone shape 
and the spherical shape. The head is provided with one central orifice and four orifices equally 
divided along the head, 90° apart. 

For the present investigation a five-hole probe with a spherically shaped head has been utilized. 
The diameter of the cylindrical tube is 1.65mm and the internal diameter of the pressure holes 
is O.2mm. Calibration-coefficients for a probe with a spherically shaped head can be derived 
by means of the theoretical pressure distribution around a sphere. This provides the possibility 
to develop calibration-coefficients, which are in theory merely depending on the flow quantity 
for which the coefficient is valid. Spherical probe-head shapes are Mach-insensitive. 

The principle of the measuring technique employing five-hole pro bes is as follows. At first 
the five-hole probe is being calibrated in a known uniform parallel flow and a known probe 
disposition with respect to that flow field. Then pressures, velocities and direction of flow at the 
head of the probe are also known. The re\ationship between the flow quantities and measured 
pressures is determined through calibration- coefficients. Once the relationship between the 
flow quantities and measured pressures has been established, the five-hole probe can be used for 
measurement in a flow field of which the flow quantities are unknown. Through interpolation 
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in the calibration data the flow quantities were determined. 

Because of the fact that employment of a five-hole probe in the jet region involves high risks 
of damaging the probe, calibration-coefficients of an identical five-hole probe were used. As a 
result only the Pitot-pressure and the direction of flow could be determined. 

3.4 Set-up for Base Pressure Measurements 

The base pressures were measured using three ENDEVCO high sensitivity piezoresistive pres
sure transducers of the model 8507C-5, mounted in the base of the model. It has a 2.34mm 
cylindrical case and features an active four-arm strain gage bridge diffused into a sculptured 
silicon diaphragm for maximum sensitivity and wideband frequency response. The resonance 
frequency is 85,000 Hertz. Pressure ranges can be considered bi-directional. The model 8507C-
5 can be used to measure + or - 0.345 bar. Sensitivity in the positive direction is typically within 
1 % of sensitivity in the negative direction. 

The pressure transducers were connected to a Philips and Fluke PM3335 oscilloscope, which 
can be used to transfer data to a computer. Due to the fact th at this type of oscilloscope has 
two channels, only two out of three pressure transducers were read out simultaneously. The 
oscilloscope has two memory registers , which were used to store data from both channels us
ing a different time-base during one run . Consequently, during one run both channels produce 
two sets of measurements. The data was subsequently transferred to a computer where the mea
surements were stored in 'raw data' files. Using the program Testpoint from Capital Equipment 
Corporation programs were written to process these data files. 
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Chapter 4 

RESULTS OF THE FIVE-HOLE PROBE TRAVERSES 

4.1 Procedure of the Investigation 

Five-hole probe surveys (3 series) at the base of the model and behind the model across the 
plume were made in order to investigate the nature of the flow field . Each series consists of a 
number of traverses executed at different axial distances, i.e., x, behind the base of the model. 
The free stream Mach number was kept at Moe = 2.98 and the ratio of jet stagnation pressure 
to free stream static pressure N = Ptj/Poe was maintained at a certain level, different for each 
series. Table 4.1 shows the test matrix for these radial five-hole probe traverses. For each series 
three traverses were performed in the base region (up to x=17.0mm) and five traverses were per
formed behind the model across the plume (from x=17.0mm to further downstream positions). 
Dimension of the model can be found in Fig. 3.6. It was attempted to capture the complete 
core flow and the most downstream traverse was performed right after the reflection point of 
the barrel shock at the axis of symmetry of the jet. Because of the fact that employment of a 
five-hole probe in the jet region involves high risks of damaging the probe a substitute five-hole 
probe was put to use. This probe was not re-calibrated, but calibration-coefficients of an iden
tical five-hoIe probe were used. Experience with similar probes has shown that Pitot-pressures 
and flow directions may be measured with accuracy without actual calibration [4]. determined. 
Because of the di stance between the probe head and the pressure transducers a time lag is in
troduced. This time lag is mainly dependent on the length and thickness of the tubing, which 
connects the probe to the pressure transducer. The time lag causes the pressure to reach its final 
measured value exponentially. Consequently a substantial amount of time is needed for a single 
traverse. As aresuit the traverse could only contain a certain number of measurement points 
and the final result may not be as refined as desirabie. 

Moe Ptj/Poe axial position of traverse, measured from base [mm] 
2.98 no-jet 2.0,7.0,12.0,17.0,26.5,36.5,51 .5,66.5 
2.98 200 2.0,7 .0,12.0,17.0,26.5,36.5,51.5,96.0 
2.98 400 2.0,7.0,12.0,17.0,36.5,51.5,66.5,125.0 

Table 4.1 : Test Matrix for the Radial Five-Hole Probe Traverses 
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18 FIVE-HOLE PROBE TRAVERSES 

4.2 Pitot-pressure 

The Pitot-pressures obtained by the radial five-hole probe traverses are graphically represented 
in Figures 4.1, 4.2, 4.3, 4.4, 4.6 and 4.7. A distinction has been drawn between the traverses in 
the base region and the traverses in the jet region. All axial di stances are measured starting from 
the base; all the radial di stances are measured starting from the axis of symmetry. The Schlieren 
photographs of Figures 4.5 and 4.8 show the flow fields in the jet cases. Lines indicate the axial 
distances of the traverses. The geometry of the flow field might be cIarified by Figures 2.1 
and 2.2. 

4.2.1 Base Region 

In case of the traverses in the base region, the traverses up to an axial di stance of 17.0 mm, a safe 
distance between the probe and the model had to be taken into account. The probe travelled from 
z=12.0 mm to z=28.5 mm for most traverses. However, for the traverse at the axial di stance of2 
mm in the case of no-jet the probe travelled from z= 1 0.0 mm to z=26.5 mmo The measurements 
were made intermittently with steps at an interval of 1.5 mmo This interval was dictated by the 
time period provided by the capacity of the extemal high-pressure supply, which was used to 
supply the gas for the exhaust jet. A smaller interval might have been useful to obtain more 
detailed pressure distributions, however, the present procedure provided a global picture. In 
order to obtain dimension-less values the Pitot-pressures, PP' were divided by the static pressure, 
poo. For cIarity the Pitot profiles representing measurements at increasing di stances downstream 
from the base, at one ratio of jet stagnation pressure to free stream static pressure N = Ptj/Poo 
are represented in one figure. 

4.2.2 Jet Region 

For the traverses in the jet region, the traverses from an axial di stance of 17.0 mm (the end 
of the nozzle is located at x= 16.4mm), a distinction was drawn between an inner and an outer 
region. In the outer region the jet was of little influence and a relatively large step was applied to 
obtain a picture as complete as possible within the Iimited time interval, dictated by the extern al 
pressure supply. The radial di stances over which the probe travelled, as weil as the transition 
point from the inner to the outer region and the interval steps belonging to the inner and outer 
regions, are given in Table 4.2. The minimum and maximum radial positions of the probe were 
z=-3 .0mm and z=48.0mm, respectively. Table 4.2 shows the data for all the traverses in the jet 
region for the different ratios of jet stagnation pressure to free stream static pressure. Because of 
the high jet pressure, at Ptj / Poo = 400, the traverse at the axial di stance of 17.0mm was Iimited 
to z~9.5 mmo The probe travelled from z=9.5mm to z=28.5mm and steps were taken at an 
interval of 1.5mm. In the graphical representation of the Pitot-pressures this traverse is shown 
together with the traverses in the base region . The Pitot profiles representing measurements at 
increasing di stances downstream from the base, with the pressure ratio N = Ptj / Poo maintained 
at the same level, are represented in two separate figures. 
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Ptj/Poo x [rnrn) Zbegin [rnrn) Zend [rnrn) Ztran s [rnrn) stepi [rnrn) stepo[rnrn) 
no-jet 17.0,26.5, -1.5 40.5 27.0 1.5 4.5 

36.5,66.5 
no-jet 51.5 -3.0 37.5 24.0 3.0 4.5 
200 17.0,26.5 -1.5 43.5 19.5 1.5 6.0 
200 36.5 -1.5 43.5 21.0 1.5 7.5 
200 51.5 -1.5 48.0 24.0 1.5 12.0 
200 96.0 -3.0 39.0 - - 3.0 
400 36.5,51.5 -2.0 44.0 28.0 2.0 8.0 
400 66.5 -2.0 40.0 24.0 2.0 8.0 
400 125.0 -3.0 42.0 - - 3.0 

Table 4.2: Radial Five-Hole Probe Traverses in Jet Region 

4.2.3 Results, No-jet 

The Pitot-pressure curves for the base region, measured by the five-hole probe, in case of no-jet 
are shown in Fig. 4.1. Moving from the expansion fan, emanating from the end of the cylindri
cal part of the model, into the base region the pressure falls quickly from the undisturbed value 
before entering the shear layer to a low, al most constant, value. The further downstream the 
traverse, the later the pressure drop ends. For the axial distance of 2mm the transition to the re
gion of almost constant pressure occurs at z=22mm, whereas for the axial distance of 12mm the 
transition takes place at z= 19.5mm. The shape of the shear layer causes this effect. In the actual 
base region all three traverses show nearly the same pressure distribution. The pressures are low 
and increase slightly travelling towards the nozzle. This indicates th at the region between the 
base of the model and the nozzle is a reg ion of low, nearly constant pressure, physically similar 
to a wake. The expansion fan from the edge of the base and the shear layer cause the pressure to 
drop tremendously. On average the Pitot-pressure has dropped to a value of 0.6 times the free 
stream statie pressure. 

The Pitot-pressure curves for the jet region, generated by the five-hole probe measurements, in 
case of no-jet are shown in Fig. 4.2. (Although in this case no jet is present the designation 'jet 
region ' is maintained for practical reasons. ) Moving from outside the expansion fan, emanating 
from the end of the afterbody, towards the axis of symmetry the pressure drops due to the passing 
of the expansion fan. Travelling through the shear layer causes the pressure to fall more quickly. 
The locations of the expansion fan and the shear layer are indicated in Fig. 4.2. At axial distances 
further downstream the shear layer is located c10ser to the axis of symmetry. Like in the case 
of traverses in the base region, the pressure is almost constant for each traverse after having 
passed the shear layer. The region of circulation, or inner region, has been entered. At larger 
axial distances the cross-section of this region decreases and the Pitot-pressure itself slightly 
increases. The co-f1owing supersonic flow brings about an increase in pressure while travelling 
downstream along the axis of symmetry. Nevertheless, at an axial distance of 66.5 mm the Pitot
pressure is only approximately 1.2 times the free stream statie pressure. 
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Figure 4.1: Five-Hole Probe Measurement, Pitot-pressure Base Region, No-jet, Moe = 2.98 

4.2.4 Discontinuities in the Flow Field Caused by the Jet 

Discontinuities in Pitot-pressure are due to the five-hole probe passing through shock waves. 
The physics of the flow field containing a jet can be ascertained by looking at the changes in 
Pitot-pressure. Figures 4.4b and 4.7a clarify the following description. The influence of the 
plume shock, shear layer and barrel shock on the Pitot-pressure profile at an axial di stance of 
51.5mm is depicted for pressure ratios N = Ptj/Poe = 200 and N = 400. 

Moving from the free stream into the plume, the non-dimensional Pitot- pressure starts to fall 
slightly. This effect is most Iikely caused by the Mach number gradient between the expansion 
fan and the plume shock due to rotational flow generated by the model. Next there is a pressure 
rise caused by the plume shock (illustrated in Figures 4.4b and 4.7a). Because of the relatively 
large step interval the plume shock is not accurately captured. The pressure rise is followed by 
a dip in the profile, caused by the passage of the probe through the shear layer. The pressure 
rises again to indicate the region of high-density plume gas that has been compressed by the 
barrel shock. The fall in Pitot-pressure shows passage through the barrel shock (see Figures 4.4b 
and 4.7a). The core flow inside the plume causes the pressure to rise. The 'flat' region within the 
core represents the flow from the nozzle which is expanded conically while the points either side 
of this region where the pressure starts to fall (when moving inside out) represent the position 
at which the leading characteristics from the nozzle exit intersect the source flow. 
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Figure 4.2: Five-Hole Probe Measurement, ~tot-pressure Jet Region, No-jet, Moo = 2.98 



22 FIVE-HOLE PROBE TRAVERSES 

40 1- x= 2.00mm 
------ x= 7.00 mm 

-6-- x= 12.00 mm 

z[mm] 

30 
..--.& --

~ ~ 
~ 

20 

10 

o 
o 2 4 6 8 10 p,!p", 12 

Figure 4.3: Five-Hole Probe Measurement, Pitot-pressure Base Region, Ptj/Poo = 200,Moo = 
2.98 

4.2.5 Results, Jet, N = Ptj/Poo = 200 

The Pitot-pressure curves for the base region, measured by the five-hole probe at ajet pressure 
ratio of N = Ptj/Poo = 200 are shown in Fig. 4.3. The same physical effects as in the case 
of no-jet can be found in this case. The jet causes the shear layer to curve towards the axis of 
symmetry. In addition to the decrease of Pitot-pressure caused by the co-f1owing supersonic 
stream, the jet also causes the pressure in the base region to decrease. On average the Pitot
pressure has dropped to a value of 0.4 times the free stream static pressure. 

Fig. 4.4 shows the experimental Pitot-pressure distribution in the jet region. The physics of the 
flow field can be determined by looking at the Pitot-pressure curves generated by the five-hole 
probe traverses. Section 4.2.4 describes the nature of these pressure curves. The influence of 
the plume shock, shear layer and barrel shock on the Pitot- pressure profile at an axial di stance 
of 5l.5 mm is depicted in Fig. 4.4b. At x= 17.0 mm (the jet exits at x= 16.4 mm) the shock 
system caused by the jet is not significantly developed yet. As from x=36.5 mm the complete 
shock system is c1early present. At larger axial di stances the shock waves have gained strength 
and their effects are more evident. To illustrate the positions of plume shock and barrel shock 
with increasing axial di stance Fig. 4.5 depicts a Schlieren photograph of the flow field. The 
Pitot-pressure in the plume core decreases for increasing axial distance. The traverse at an axial 
di stance of 96.0 mm passes behind the barrel shock reflection at the axis of symmetry. The effect 
of the plume shock and the shear layer on the Pitot-pressure is vi si bIe, also, the pressure at the 
axis of symmetry has substantially increased. 
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Figure 4.5: SchJieren Photograph, N = Ptj/Poe = 200, Moe = 2.98 

4.2.6 Results, Jet, N = Ptj/Poe = 400 

The measured Pitot-pressure curves for the base region for Ptj/Poe = 400 are shown in Fig. 4.6. 
The physical effects are not fundamentally different from the previous cases. The effect of in
ward bending of the shear layer is not as prominent as in the previous case, because the plume is 
larger at higher jet pressures. The average Pitot-pressure has dropped to a value of 0.4 times the 
free stream static pressure, the same as for Ptj/Poe = 200. The pressure curve at the x-Iocation 
just behind the nozzle exit has a similar physical nature as the pressure curves discussed above. 
The start of the Pitot-pressure rise caused by high-density plume gas that has been compressed 
by the barrel shock is c1early visible. 

The results for the jet region are given in Fig. 4.7. A Schlieren photograph of the flow field in 
which the axial distances of the traverses are indicated is shown in Fig. 4.8. Wh en comparing 
to the case of N = Ptj/Poe = 200 no additional remarks are necessary, the overall quaJitative 
picture is similar. 

4.3 Flow Directions 

Fig. 4.9 shows the flow directions in the case of no-jet, obtained by means of five-hole probe 
measurements. In this case there is only an extemal supersonic flow causing an expansion fan 
emanating from the end of the edge of the base, a shear layer and a large low-pressure region 
with vortices. The supersonic flow expands towards the axis of symmetry. The shear layer 
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Figure 4.6: Five-Hole Probe Measurement, Pitot-pressure Base Region ,Ptj/poo = 400,Moo = 
2.98 

shows up at the sudden change of direction in each traverse. 

Figures 4.10 and 4, II show the measured flow directions at a pressure ratio N = Ptj / Poo = 200 
and 400,respectively. Here, in addition to the co-flowing supersonic flow and the phenomena 
present in the no-jet case, a plume shock, a shear layer and a barrel shock are measured. In 
comparison with the previous case there is a relatively small expansion of the co-flowing su
pers on ic flow. The location of the plume shock, shear layer and barrel shock may be deduced 
from the changes in direction . 
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Figure 4.8: Schlieren Photograph, N = Ptj/Poo = 400, lVIoo = 2.98 
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Figure 4.9: Five-Hole Probe, Direction of Flow, No-jet, lVIoo = 2.98 
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Chapter 5 

RESULTS OF TUE BASE PRESSURE MEASUREMENTS 

5.1 Introduction 

The three high sensitivity piezoresistive pressure transducers (see section 3.4) are, combined 
with their high resonance, very suitable for measuring dynamic pressures. The object of this 
investigation was to study the dynamic behaviour of the base pressures. In the present inves
tigation the pressure taps 15, 23, and 26 are used (Fig. 3.7). The exact location of the taps is 
given in Table 3.1. The three pressure transducers were cyclically interchanged, which made 
comparison of all three signals possible. 

Two series of measurements were conducted. For the first series the free stream Mach number 
was kept at Moo = 1.96 and the free stream total pressure at Ptoo = 2.05bar. The ratio of jet 
stagnation pressure to free stream static pressure N = Ptj / Poo was maintained at a fixed level, 
which was different for each run. The free stream Mach number for the second series was kept at 
Moo = 2.98 and the total pressure at Ptoo = 5.71bar. Again, the ratio of jet stagnation pressure 
to free stream static pressure N = Ptj / Poo was maintained at a constant level, different for each 
run. Table 5.1 shows the test matrix for these dynamic base pressure measurements. The data 
was subsequently transferred to a computer where the measurements were stored in 'raw data' 
files. Using the program Testpoint from Capital Equipment Corporation programs were written 
to process these data files . 

M oo Ptj/Poo time-base [ms] pressure tap 
1.96 no-jet 1&2 15 & 23 
1.96 50 1&2 15 & 23 
1.96 90 1&2 15 & 23 
1.96 170 1&2 15 & 23 
1.96 350 1&2 15 &23 
2.98 no-jet 1&2 15,23 & 26 
2.98 115 1&2 15,23 & 26 
2.98 200 1&2 15,23 & 26 
2.98 400 1 15,23 & 26 
2.98 600 1 & 2 15,23 &26 

Table 5.1 : Test Matrix for the Base Pressure Measurements 
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5.2 Test Runs 

Test runs were conducted with two of the pressure transducers connected to the before men
tioned Philips and Fluke PM3335 oscilloscope and the remaining pressure transducer connected 
to a similar oscilloscope, which, however, could not be connected to a computer. Test runs with 
jet and co-flowing supersonic flow showed th at a specific frequency was prominently present 
in all three signais . At first sight this frequency was estimated to be roughly 70 kHz. To exam
ine whether or not this frequency was a phenomenon caused by the flow field, test runs were 
conducted with a supersonic extern al flow and no jet and with no external flow and only a jet. 
Again, these test runs showed that the same specific frequency was prominently present in all 
three signais. It could be concluded th at this frequency was not a phenomenon of the flow field, 
but that this frequency was introduced by the pressure transducers. To obtain the dynamic pres
sure signals caused by the flow field itself, the anomalous frequency had to be analyzed and 
filtered out. This process is described in section 'Filtering the Data' . 

5.3 Processing of Raw Data 

The 'raw data' files transferred from the oscilloscope to the computer include both the chan
nels A and B in screen units or counts. The screen of the oscilloscope consists. of 256 counts 
vertically and 4096 counts horizontally. Using the oscilloscope settings for the time-base, volt
age, and the offset of both channels separately the signals can be converted to the voltage-time 
plane. Using the specific pressure-voltage calibration for the accompanying pressure transducer 
the desired pressure signal is reproduced. Because of the fact th at each pressure transducer is 
accompanied by a different calibration the reproduced pressure signals were stored into separate 
files for each channel. 

5.4 Spectrum Analysis 

The pressure signals were transformed from the time domain to the frequency domain and vice 
versa by means of Fourier transformation. Because, the signal is complex in the frequency do
main it can be represented by two separate, but coherent figures in which, respectively, the mag
·nitude and the phase shift of the complex signal is plotted as a function of the frequency. The 
amplitude plot of the signal can now be used to determine at which frequencies interesting phe
nomena occur. With this spectrum analysis phenomena Iimited to a certain frequency range can 
now be isolated. For instance, spectrum analysis can be used to isolate the resonance frequency 
of a pressure transducer. The isolated frequency can be filtered out. 
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5.5 Filtering the Data 

To analyze the frequency measured during the test runs a spectrum analysis was performed for 
all measurements. The phase shift and amplitude of the pressure signals were determined for a 
range of frequencies using a Fast Fourier Transform (FFT) technique. All measurements for a 
single pressure transducer gave similar results. 

Fig. 5.1 shows the pressure plots for pressure tap 15 in the time domain and the frequency do
main (amplitude and phase shift plot), measured at Moo = 2.98 and N = Ptj/Poo = 200. The 
filtered pressure signal in the time domain is also given. In the amplitude plot, the high peak at 
zero frequency represents the mean pressure without the fluctuations. As can be seen there is a 
distinct peak at about 90 kHz. Examination of the pressure signal shows that this represents the 
frequency found during the test runs . The resonance frequency of the model 8507C-5 pressure 
transducer is, according to the specifications, 85,000 Hertz. Apparently the frequency disorder
ing the dynamic pressure measurements is the resonance frequency of the pressure transducer 
itself. This resonance frequency is found for both free stream Mach numbers and without regard 
of the ratio of jet stagnation pressure to free stream static pressure. 

Pressure plots in the time domain and the frequency domain for pressure tap 23, measured at 
Moo = 2.98 and N = Ptj/Poo = 400, are shown in Fig. 5.2. The same representation as used in 
the previous case is used here. In this case a resonance frequency of 89.0 kHz is found. Again 
this resonance frequency was independent of the ratio of jet stagnation pressure to free stream 
statie pressure and for both free stream Mach numbers. 

Fig. 5.3 shows the pressure plots for pressure tap 26 in the time domain and the frequency do
main, measured at Moo = 2.98 and N = Ptj/Poo = 400. In this case a resonance frequency of 
86.0 kHz is found. 

For the purpose of finding the dynamic pressure signals of the flow field a program that ap
plies notch filtering to the pressure signal was written using the program Testpoint from Capital 
Equipment Corporation. A Fast Fourier Transform (FFT) technique was utilized. 

5.6 Dynamic Pressure Signals 

5.6.1 Introduction 

The procedure of notch filtering the dynamic base pressure signals has been applied to all me a
surements, in order to eliminate the influence of the resonance frequency. Because of the fact 
that only for the measurements with the free stream Mach number of Moo = 2.98 all three 
pressure transducers were used, the following description is based on these measurements. The 
figures in the present section only show the notch filtered base pressure signal (in the time do
main). Results from the following description are tabulated in Table 5.2. 
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Figure 5.1: Base Pressure Signal, Pressure Tap 15,Moo = 2.98,N = Ptj/Poo = 200 
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o 50 100 frequency [kHz] 

o 50 100 150 200 frequency [kHz] 

(d) Origina] Signal, Ph ase Shift Plot 

Figure 5.2: Base Pressure Signa), Pressure Tap 23,Mao = 2.98 ,N = Ptj/Pao = 400 
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100 frequency [kHz] 

100 150 200 frequency [kHz] 

(d) Original Signal, Phase Shift Plot 

Figure 5.3: Base Pressure Signa), Pressure Tap 26,Moo = 2.98 ,N = Ptj/Poo = 400 
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Moo Ptj / Poo average Pb FESTIP96 Pb freq .range concentration 
[mbar] [mbar] dynamics [kHz] dynamics [kHz] 

2.98 no-jet 50 53 0-10 3,5 
2.98 115 36 36 0-15 4,9 
2.98 200 39 37 0-15 3,<10 
2.98 400 42 45 0-10 < 6 
2.98 600 48 50 < 8 

Table 5.2: Dynamic Behaviour Base Pressure Signals 

5.6.2 No-jet, Moo = 2.98 

The notch filtered base pressure signals for the case of no-jet and a free stream Mach number of 
Moo = 2.98 are shown in Fig. 5.4, for all three pressure taps. For pressure tap 23 the resonance 
frequency is more prominently present than for pressure taps 15 and 26. All three pressure trans
ducers show a similar pressure signal af ter the influence of the resonance frequency has been 
eliminated and show an average pressure just below 50 mbar. This corresponds to the steady 
base pressure measurements conducted for the FESTlP Aerothermodynamics [3] investigation, 
where an average value just below 53 mbar was found. 

From the spectrum analysis it can be deduced that there is no specific frequency at which the 
amplitude of the pressure signal is substantially large. The dynamic behaviour mainly occurs 
within the frequency range of 0 to 10kHz. A concentration of dynamic behaviour can be found 
around 3 and 5 kHz. However, no specific frequency dictates the dynamic behaviour, and there
fore no regular disturbances are present. This indicates that in these base pressure measurements 
there seems to be no physical phenomenon like altemating vortex shedding present. The am
plitudes of the disturbances are within a few percent of the average base pressure value. The 
dynamic behaviour is a relatively minor effect. . 

5.6.3 Jet, N = Ptj/Poo = 115, Moo = 2.98 

The average value ofthe filtered pressure signal isjust below 36 mbar (see Fig. 5.5). The steady 
base pressure measurement in the FESTlP Aerothermodynamics [3] investigation showed a 
value slightly above 36 mbar. No significant difference considering the average value of the 
base pressure is shown by the three pressure taps used. 

As in the previous case the spectrum analysis does not show a specific frequency with a pro
nounced amplitude of the pressure signa\. The frequency ranges between 0 and 15 kHz, with a 
concentration of dynamic behaviour close to 4 and 9 kHz, with amplitudes within a few percent 
of the average base pressure value. 

5.6.4 Jet, N = Ptj/Poo = 200, Moo = 2.98 

The average value just bel ow 39 mbar (Fig. 5.6) was found as compared to an average value 
slightly above 37 mbar for the FES TIP Aerothermodynamics [3] investigation. The pressures, 
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Figure 5.4: Filtered Base Pressure SignaIs, No-jet, Moo = 2.98 

measured at the three different taps, show no significant difference in the average value of the 
base pressure. 

The dynamic behaviour is primarily limited to the frequency range of 0 to 15 kHz and is gener
ally found bel ow 10 kHz. A concentration of dynamic behaviour can be found around 3 kHz. 

5.6.5 Jet, N = Ptj /Poo = 400, Moo = 2.98 

The average value of the pressure just above 42 mbar (Fig. 5.7) is measured by the signals of 
the pressure taps 15 and 23. The signalof pressure tap 26 shows a slightly higher average value. 
For the steady base pressure measurements conducted in Ref. [3] the average pressure was 45 
mbar. The dominant frequencies are found in the range of 0 to 10kHz, generally below 6 kHz. 

5.6.6 Jet, N = Ptj/Poo = 600, Moo = 2.98 

The average value of of the dynamic measurements (Fig. 5.8) and the result of the the steady 
measurements [3] are respectively 48 mbar and 50 mbar. The frequencies are primarily found 
below 8 kHz. 
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Figure 5.5: Filtered Base Pressure SignaIs, N = Ptj/Poo = 115, Moo = 2.98 

Moo Ptj/Poo average Pb [mbar] FESTIP96 Pb [mbar] 
1.96 no-jet 130 146 
1.96 50 88 80 
1.96 90 93 89 
1.96 170 100 100 
1.96 350 110 115 

Table 5.3: Dynamic Behaviour Base Pressure SignaIs, Pressure Tap 15 

5.6.7 Pressure Tap 15, Moo = l.96 

Since no significant difference in pressure signal was found for the three separate pressure holes 
for the series of measurements with Moo = 2.98, the discussion of results of the series of mea
surements with Moo = l.96 is restricted to those of pressure tap 15. Tabulated quantities may 
be found in Table 5.3. 

The pressure signals for the various cases considered are shown in Fig. 5.9. The average pres
sure of 130 mbar of the no-jet case does not correspond to that of the steady base pressure mea
surements conducted for the FESTIP Aerothermodynamics [3] investigation, where an average 
value of approximately 146 mbar was found. The discrepancy of 12.5 percent might be ex
plained by the fact that a slight difference in jet pressure causes a relatively large difference in 
base pressure for minor jet pressures, due to the entrainment effect. The difference will be ex
plained in more detail in the next section. The extern al high-pressure supply adjustment was not 
that accurate. The just described discrepancy decreases with increasing jet stagnation pressure, 
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Figure 5.6: Filtered Base Pressure Signais, N = Ptj/Poo = 200, Moo = 2.98 

see Table 5.3. 

Similar to the results for the series of measurements at Moo = 2.98, there is no specific fre
quency at which the amplitude of the pressure signal is substantially large. The dynamic be
haviour is primarily limited to the frequency range of 0 to 10kHz and is generally found below 
5 kHz. However, in the case of N = Ptj / Poo = 170 a small peak is found at 0.6 kHz and 
in the case of N = Ptj/Poo = 350 small peaks at 0.2 and 0.5 kHz are found. Nevertheless, 
no evidence is found that these results are not incidenta!. The amplitudes of the disturbances 
are within a few percent of the average value of the base pressure signa!. The disturbances are 
more distinctly present for the series of measurements with Moo = 1.96 than for the series of 
measurements with Moo = 2.98. In conclusion, the dynamic behaviour may be considered as a 
secondary effect. 

5.7 Statie Pressure 

Fig. 5. lOa shows the static pressures of both series of pressure measurements (divided by the 
free stream static pressure) . A curve has been fitted through the static pressure points from the 
runs with jet in order to study the development of the graph. For each ratio of jet stagnation 
pressure to free stream static pressure, at constant free stream Mach number Moo, the deviation 
of the static pressure to the average value never exceeds 5%. The statie pressures for Moo = 1.96 
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Figure 5.7: Filtered Base Pressure SignaIs, N = Ptj/Poo = 400, Moo = 2.98 

are higher than those for Moo = 2.98, thus for a lower free stream Mach number the co-f1owing 
supersonic stream causes a higher base pressure. 

The graphs shown in Fig. 5.1 Oa show two distinct stages. The first stage concerns the no-jet case 
and in the second stage (cases with jet) the base pressure increases for increasing jet pressure. 
For steady base pressure measurements Schoones [17] found similar graphs, which are shown 
in Fig. 5.lOb. For a thorough understanding of the physical nature Reid and Hastings [16] ex
plored the effect of jet pressure ratio on the base pressure for the complete range of jet pressures, 
starting at the no-jet condition. A distinction was drawn between three different physical phases 
(see Fig. 5.lla). Schematic diagrams of the base flow are shown in Fig. 5.11 b through d. The 
starting point of phase I corresponds to the no-jet-f1ow case. Under these conditions all the air 
entrained by the external stream is returned to the base region by the pressure rise across the 
trailing shock, and a cIosed region of circulating flow results as shown in Fig. 5.11 b. The in
ternal jet supplies part of the entrained air when Ptj is increased, and the mass and momentum 
of the trapped circulating air decrease. Consequently the pressure rise necessary to return this 
trapped air to the base region decreases also and the base pressure rises. This trend continues 
until all the air entrained by the external flow is supplied by the internal jet so that the origi
nal eddy and trailing shock disappear. As the velocity of the internal stream increases a small 
pair of eddies will be created in the region bounded by the external and intern al streams and the 
base. The flow pattern at this point will therefore be as shown in Fig. 5.llc. The flow is still 
subsonic throughout the nozzle. 

In the second phase the flow in the nozzle has has developed such that a supersonic flow region 
exists in the nozzle throat involving a forked shock system which causes separation from the 
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Figure 5.8: Filtered Base Pressure SignaIs, N = Ptj/Poo = 600, Moo = 2.98 

nozzle wall. This shock system moves downstream with increasing jet pressure. At the same 
time the base pressure decreases. Finally the initial shock reaches the nozzle exit plane. At this 
point the Mach number at the nozzle exit Me reaches its design value. Thereafter the nozzle runs 
full, so that Me and Pj/Ptj are constant. Consequently, as Ptj is increased, Pj increases also and 
the shock weakens until Pj = Pb and the internal flow is discharged parallel to the axis. The third 
phase has now been entered. Beyond this point Pj rises above Pb and an expansion fan forms 
at the nozzle lip (under-expanded jet, Fig. 5.11d). The compression waves on both sides of the 
dividing line a-b-c-d coalesce on the upper side into the plume shock and on the lower side start 
to develop the barrel shock for high Ptj / Poo values. In this third phase a trend of increasing base 
pressure with increasing jet pressure is visible. 

The measurements for the current investigation were made under conditions of a full running 
nozzle, as indicated in Fig. 5.11d. The graph of Pb/Poo versus Ptj/Poo obtained from these data 
consists therefore of third phase data, and a single first phase point (the no-jet case). 
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Chapter 6 

CONCLUSIONS AND RECOMMENDATIONS 

The structure of under-expanded jets in a co-flowing supersonic free stream has been described 
using analytical and physical modeis. 

Results of a single nozzle plume with a high supersonic exit Mach number of 4 exhausting in 
co-flowing supersonic free streams of Mach 1.96 and 2.98 have been presented for a number of 
conditions, ranging from Ptj / Poe = 350 to no-jet flow at Mach 1.96 and from Ptj / Poe = 600 to 
no-jet flow at Mach 2.98. The Reynolds numbers based on the modellength were greater than 
5x l06 and in addition the boundary layer on the model was tripped. 

The data consists of dynamic surface pressure measurements at the base of the model and of 
detailed radial five-hole probe pressure surveys behind the model across the plurne. 

After filtering out the resonance frequency no distinct frequency is present in the dynamic base 
pressure signais. In general the dynamic behaviour occurs within the range of 0 to 10kHz or 0 
to 15 kHz with a concentration of dynamic behaviour generally below 5 kHz. 

The dynamic effect appears to be a secondary effect. It can be conc1uded that the base pressure 
signals show a steady behaviour. No difference in behaviour was found for the different pressure 
holes. 

The data of the statie surface pressures at the base of the model are confined to the third phase: 
under-expanded supersonic jet exit flow. 

The radial five-hole probe pressure surveys show the physical nature of the flow, e.g., the 10-
cation of the various shock waves, expansion fans, and shear layers. As aresuit Pitot-pressures 
and the flow direction were determined. 

The Pitot-pressure in the base region is 0.6 times the free stream static pressure for the no- jet 
case. In the cases with jet a Pitot-pressure in the base region of 0.4 times the free stream static 
pressure is found. A relationship between the Pitot-pressure in the base region and the jet pres
sure is not evident, because only two different jet pressures were used. 

In addition to the Pitot-pressure curves, the measured direction of the flow field also gives an 
indication of the location of the shock systems. 

The time lag, found at the five-hole probe traverses, causes the pressure to reach its final mea
su red value exponentially. In order to reduce the interval time between two measurements it is 
recommended to evaluate the (exponential) relationship. Once this relationship is known the 
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56 CONCLUSIONS AND RECOMMENDATIONS 

measurement can be stopped before the final value is reached. 

Finally, it is recommended to acquire more data concerning the circulation,because no compar
ison of computational results with experiments can be made due to lack of experimental data 
concerning the circulation. 
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An experimental study of the flow field along an axi-symmetric body 
with a single operating exhaust nozzle has been performed in the 
scope of an investigation on base flow-jet plume interactions. The 
structure of under-expanded jets in a co-flowing supersonic free 
stream was described usirig analytical ánd physical modeis. Results 
of a single nozzle plume with a high supersonic exit Mach number 
of 4 exhausting in co-flowing supersonic free streams of Mach 1.96 
and 2.98 are presented for a number of jet stagnation pressure to 
free stream statie pressure ratios, ranging from Ptjl P 00 = 350 to no
jet flow at Mach 1.96 and from Ptj l P 00 = 600 to no-jet flow at Mach 

2.98. 

The data consists of detailed five-hole probe Pitot pressure and 
flow direction surveys behind the model across the plume ànd of 
dynamic surface pressure measurements at the base of the model 
using three separate pressure taps. 

The five-hole probe Pitot pressure surveys clearly show the physical 
nature of the flow, e.g., the location of the various shock waves, 
expansion fans, and shear layers. 

The dynamic base pressure signals showed aresonanee frequency 
of the pressure transducers. After filtering out the resonance 
frequency no distinct frequency was present in the dynamic base 
pressure signais. Apart from signal n<~ise the base pressures 
showed a steady behaviour. 
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