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The effects of an exhaust plume and nozzle length on the flow organization of axisymmetric base flows have been
studied experimentally at Mach numbers of 0.76 and 2.2 using particle image velocimetry. From the measured
velocity data, the mean pressure field was computed. The application of different nozzle lengths resulted in flow cases
in which the shear layer impinges on the model, on the flow downstream of the model, or intermittently on the model
and on the flow. The results showed that, for intermediate nozzle lengths, the overall pressure level downstream of the
base decreased in the transonic flow cases and increased in the supersonic flow cases, indicating an entrainment effect
in transonic flow and a displacement effect in supersonic flow. An increase in nozzle length was found to lead to a
higher local pressure at the nozzle exit, which seemed to result in more overexpanded plumes in the transonic flow
cases and less underexpanded plumes in the supersonic flow cases.

Nomenclature

= cross-sectional nozzle area, m?

pressure coefficient

main body diameter, m
turbulent kinetic energy, m? - s~
length of afterbody, m

Mach number

ensemble size

pressure, Pa

specific gas constant
temperature, K
velocity, m - s~
ratio of specific heats
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Subscripts

condition at nozzle exit

condition of plume flow after isentropic expansion to the
freestream pressure

= point of reference at the main body of the model

total condition

sonic condition

= freestream condition
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I. Introduction

URING the ascent of a launch vehicle, its nozzle and other
structures near the base are subject to severe mechanical and
thermal loads. The relatively low pressure in the base region
contributes significantly to the overall drag of the vehicle. In addition,
the large-scale unsteadiness of the flow gives rise to fluctuating
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pressure-induced side loads on the nozzle. In particular, during
transonic flight, the low-frequency component of these side loads
may excite a structural response (buffeting) that introduces the risk of
potential structural failure. On top of that, the entrainment of hot
exhaust gasses in the recirculation region may lead to significant heat
loads. The quantification of pressure and heat loads is therefore
essential for the safe and efficient design of launch vehicles.

The geometry of the launcher base can be simplified to a
cylindrical main body and a cylindrical afterbody with a smaller
diameter that represent the main stage and nozzle, respectively.
Although a number of studies have considered realistic scale models
(e.g., [1]), the use of such a generic geometry facilitates the
comparison and generalization of results and is therefore a more
common practice in the context of more fundamental research. To
illustrate the typical base flow topology, Fig. 1 shows cross-sectional
views of generic subsonic and supersonic axisymmetric base flows
with afterbodies and plumes (based on [2,3]). Compression—
expansion systems internal to the plumes are not shown.

Due to the abrupt change in geometry, the flow separates at the
trailing edge of the main body. A recirculation region is formed that is
separated from the outer flow by a shear layer. Depending on the length
of the afterbody (the design of the launcher), the shear layer impinges
on the afterbody (nozzle) or on the flow further downstream. A special
situation exists if, in view of the unsteadiness of the flow, the
reattachment intermittently occurs on the afterbody and on the flow.
During the ascent of the launch vehicle, the Mach number of the
external flow increases. Meanwhile the typical plume state at the
nozzle exit changes from initially overexpanded to increasingly
underexpanded because of a decrease in ambient pressure. Based on
the launch profile of the Ariane 5 [4,5], the transition to an
underexpanded plume occurs at about a 14 km height when the
launcher travels at about Mach 1.9. When the flow becomes
supersonic, a Prandtl-Meyer expansion fan is formed at the trailing
edge of the main body, whereas a shock wave is formed at reattachment
as the flow is deflected back in the direction of the freestream flow (see
Fig. 1b). An additional shock wave may form at the nozzle exit,
depending on the plume conditions and the nozzle length [6].

The presence of an exhaust plume causes displacement of the outer
flow, and furthermore causes the flow to accelerate due to entrainment.
The displacement effect tends to increase the pressure felt at the base,
whereas the entrainment acts to decrease the pressure [7]. The impact
of the plume is dependent on the type of reattachment and can be small
when reattachment occurs on the afterbody, sufficiently upstream of
the nozzle exit [§]. On the other hand, strongly underexpanded jets
have been shown to cause detachment of the shear layer from the
afterbody, leading to a significantly larger recirculation region with
stronger pressure fluctuations and an increase in base pressure [9].

Check for
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Fig.1 Schematics of flow topology for base flows with an exhaust plume.

The base flow has been investigated in numerous experimental and
numerical assessments that aimed to uncover the driving mechanisms
of the flow dynamics and quantify the associated pressure loads. The
majority of studies has considered freestream Mach numbers around
0.7, for which the critical mechanical loads typically occur (e.g.,
Refs. [8,10-13]). Others have addressed supersonic flow conditions
(e.g., Refs. [14-17]). In view of the importance of quantifying
(fluctuating) pressure loads to assist future design activities, many
previous experimental assessments analyzed surface pressure data
obtained with pressure transducers. The large-scale unsteady
behavior of the flow may, however, be more conveniently
characterized by means of global flow visualizations [18], including
multipoint measurement techniques like particle image velocimetry
(PIV) [1,12,13,19]. The latter has also been used to obtain
measurements of the mean flowfield and Reynolds stress
distributions [20], as well as to assess the impact of control devices
[21,22]. A small number of studies used PIV in configurations with
exhaust plumes [15,23,24]. However, despite the high relevance
of quantifying pressure loads, the possibility of processing PIV
velocity data to reconstruct pressure fields [25] has largely been
left unexplored. In low-speed flows, the possibility of obtaining
time-resolved PIV measurements allows the reconstruction of
instantaneous pressure fields. In high-speed flows, this approach is,
as of yet, not feasible, but the use of ensembles of uncorrelated PIV
measurements still permits reconstruction of the mean pressure field
[26]. This technique of deriving the pressure from the velocity data is
particularly beneficial when the model geometry imposes spatial
limitations for the installation of surface pressure taps or sensors,
as is the case for a model equipped with a nozzle to generate an
exhaust plume.

In view of the preceding, the particular focus of the present study is
to assess the impact of an exhaust plume and of nozzle length on
subsonic and supersonic axisymmetric base flows by characterizing
the overall flow topology and pressure distribution. Ensembles of
velocity fields are obtained by planar two-component PIV and
processed to produce the spatial flow organization, which is
expressed in terms of the mean velocity, mean pressure, turbulent
kinetic energy, and the occurrence of reversed flow and mean
pressure.

II. Experimental Arrangements
A. Flow Configuration and Model

The experiments were performed in the transonic-supersonic wind
tunnel (TST-27) of the high-speed aerodynamics laboratories at Delft
University of Technology. The facility has a test section with
dimensions of 280 mm (width) X 270 mm (height). The wind tunnel
was operated at nominal Mach numbers of 0.7 and 2.2. The transonic
condition was selected because, in that regime, the maximum
unsteady aerodynamic loads typically occurred. The Mach number of
2.2 was selected because, for this Mach number, the flow region of
interest remained free from shocks reflected by the wind-tunnel wall.

Due to the presence of the model and the nonnegligible blockage
ratio of approximately 6%, we chose to use the conditions near the
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Fig.2 Schematic of the model: side view (BL denotes boundary layer).

N

base of the main body as a reference. To quantify these conditions, the
mean static pressure was conveniently measured via a pressure port
located on the main body at 65 mm (1.3D) upstream of the base
(see Fig. 2).

Table 1 lists the most relevant flow characteristics for the transonic
and supersonic flow cases. Indicated ranges correspond to variations
during a run and between different runs. Mach numbers and
freestream velocities have been calculated using isentropic flow
conditions. Due to the presence of a (curved) shock wave in front of
the model, the total pressure is not constant. For the imposed
deflection angles by the forebody and corresponding freestream
Mach number, the variation in total pressure was estimated to remain
below 3%.

A schematic of the model geometry is provided in Fig. 2. It has a
conical nose with a semiapex angle of 11 deg and a nose radius of
7.5 mm. The cylindrical main body has a diameter D of 50 mm. The
nose and main body have a total length of 187 mm. The afterbody
contains a nozzle that allows generation of an exhaust plume of dry,
unheated air that is supplied through tubing in the model support.
Compressed air is delivered to the model from four 50 liter tanks, with
each filled to a pressure of 300 bar. The model is equipped with a trip
strip (0.15 mm diameter) applied at about 40% of the nose to ensure a
fully developed, turbulent boundary layer. The thickness of the
boundary layer on the model just upstream of the base is about 3 mm,
as estimated based on PIV velocity data (see Sec. IIL.B). A more
detailed characterization of the boundary layer over the model for
Mach 0.7 was provided by Schrijer et al. [27].

Considering the internal geometry of the afterbody in more detail,
it incorporates part of the settling chamber, the nozzle throat, and a

Table 1 Flow characteristics

Parameter Symbol  Unit Transonic  Supersonic

Reference Mach number M ¢ —— 0.76 £0.01 2.20+£0.01
Total pressure Do ref bar 1.98 £0.01 2.41+0.01

Reference static pressure Dref bar 1.38 £0.01 0.23 +£0.01
Total temperature Ty K 273 £3 277+3
Reference velocity Ue m-s7! 236 £2 522+2
Reynolds number Rep ——  1.5x10° 0.8 x 10°
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Table 2 Jet flow characteristics

Parameter Symbol  Unit  Transonic  Supersonic
Nozzle area ratio A A —— 6.8 6.8
Exit Mach number M, —_— 3.5 3.5
Total pressure Po bar 22+2 27+2
Exit static pressure Pe bar 0.29+0.03 0.35+0.03
Jet pressure ratio Pe/Ps —— 020£0.02 1.57+£0.12
Total exit temperature Ty, K 273 273

diverging section of the nozzle with a conical geometry (half-angle of
7.5 deg). The area ratio between the nozzle exit and the throat
diameters (A, /A*) is 6.8. Variations in nozzle length L are achieved
by sliding different collars over the nozzle. The present experiment
considers four nozzle lengths: L/D = 1.8,1.2,0.9,and 0.6. The case
of L/D = 1.2 represents a commonly used geometry that has been
investigated in both the transonic flow regime [10,16,28] and the
supersonic flow regime [17,29,30]. An original version of the model
without adjustable nozzle length was used within the framework of
the Future European Space Transportation Investigation Program
(known as FESTIP) [31] and has been tested extensively in a series of
experimental and numerical assessments (e.g., Refs. [12,32-34]).

The jet conditions are selected based on the exhaust conditions of
the Ariane 5 Vulcain 2 engine, and they are shown in Table 2. The
ranges correspond to variations observed during a run and between
different runs. Although the exit Mach number of the Vulcain 2 is
4.56, the jet Mach number at the nozzle exit is limited to 3.5 in order
to avoid condensation.

The jet total pressure p, was measured in the settling chamber
compartment inside the model and was found to decrease by
approximately 10% over the duration of each run (about 30 s) due to
the control system of the compressed air supply. The exit pressure
ratio showes that the jet was overexpanded (p, < prg) for Mo =
0.76 and underexpanded (p, > p,er) for Mo = 2.2. The compressed
air that was fed to the model was stored at an ambient temperature of
about 288 K. From previous measurements in which the velocity in
the plume exit was measured by PIV [34], it is known that the total jet
temperature T , decreases by approximately 15 K due to heat losses
in the piping to the model.

B. Similarity

At sufficiently high Reynolds numbers, the most important
parameters to be duplicated in order to achieve a similar flow
topology around a plume in the wind tunnel as in actual atmospheric
flight are 1) the freestream Mach number, 2) the jet pressure ratio
(p./Ps), and 3) the jet velocity ratio (U, /U,) [6,35].

The jet pressure ratio is especially important to achieve similarity
in the shape of the jet boundary, and the displacement of the outer
flow. The total pressure of the jet was therefore selected such that the
jet pressure ratios in the experiments at Mach 0.76 and 2.2
[(Pe/Poo)Exp. = 0.21 and 1.57] were similar to the jet pressure ratios
during the ascent of the Ariane 5/Vulcain 2 [(p, / P o )rea. = 0.21 and
1.53 [4,5]]. At similar jet pressure ratios, freestream Mach numbers,
and ratios of specific heats in the freestream, the similarity in jet
boundary shape is governed by y, M, (M2 — 1)~'/2 [6]. Based on this
parameter, the similarity of the jet boundary in the present
experiments was as high as 91%.

The jet velocity ratio is important for achieving similarity in the
growth rate of the shear layer and in the entrainment and acceleration
of the outer flow. To allow rough indications of the similarity, first the
velocity U, and density p,, of the plume flow near the plume shear
layer were estimated by considering isentropic expansion of the
plume to the reference pressure of the outer flow. Using these results,
velocity differences over the plume shear layer (U, — U,) in the
present experiments at reference Mach numbers of 0.76 and 2.2 were
estimated to be about 12 and 27 times smaller than in the real
application, respectively; the shear layer growth rates at Mach 0.76
and 2.2 were estimated to be about 2.5 and 5 times smaller,
respectively, by inserting the velocity ratios U, /U ¢ and the density
ratios p,/prs in the correlation proposed by Papamoschou and

Roshko [36] while accounting for differences in compressibility
effects; and the entrainment velocity, being proportionate to the shear
layer thickness & and the velocity difference over the shear layer AU
[37], was estimated to be many times smaller than in the real
application.

The aforementioned analysis underlines that, when using plumes
of cold air, only a limited similarity with actual exhaust plumes can be
achieved. This explains the use of gases different from air (e.g.,
Ref. [29]) and hot plumes [38—44], although such investigations are
rare due to the practical challenges involved.

It should be noted that the jet pressure and velocity ratios can
strictly only be used as a scaling parameters for flows around similar
geometries. The precise shape of the plume is not so much defined by
the ratio of the static jet pressure and the pressure in the freestream
but, rather, by the ratio of the static jet pressure and local static
pressure at the plume exit, which depends on the geometry. A similar
argument holds for the jet flow velocity.

C. PIV Measurements

PIV measurements were performed in a streamwise-oriented
plane. The field-of-view, sized 2.8D x 1.0D (140 x 50 mm),
encompassed part of the main body, the full nozzle, and part of the
flow downstream of the nozzle. Figure 3 provides an overview of the
PIV setup. The flow in the wind tunnel was seeded with titanium
dioxide (TiO,) particles of the Kemira P580 type. The particles had a
primary crystal size of 30 nm (the actual particles form agglomerates
of approximately 500 nm [45]), a nominal density of 150 kg - m~3,
and a particle response time 7, of 2.56 us [46]. The particles were
introduced in the tunnel by a seeding rake placed in the settling
chamber, which was connected to a cyclone seeding generator. At
M, = 0.76, the distribution of particles was uniform in the field of
view and the seeding intensity was relatively constant over different
snapshots. For the case of M, = 2.2, however, the seeding was
observed to be intermittent; and strong variations in particle image
density occurred throughout the field of view (see also Ref. [34]). The
particles were illuminated by a double-cavity Nd:Yag laser of the
Spectra-Physics Quanta Ray PIV-400 type. A 2-mm-thick laser light
sheet was realized in the test section by means of an optical probe that
was located downstream from the model.

Recording was performed by four LaVision Imager LX
2-megapixel cameras (pixel resolution of 1628 x 1236 pixels, and
pixel size of 4.4 x 4.4 ym?) equipped with Nikon objectives of
105 mm operated at an aperture of f/8.0. The fields of view of the
different cameras were placed next to each other in the streamwise
direction with an overlap of about4 mm. This arrangement resulted in
a digital resolution of 30.3 pixels - mm™' (optical magnification of
0.19). Recording was performed at 5 Hz in a double-frame mode. The
time separation between two consecutive laser pulses was set at 2.5
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Fig.3 Schematic of PIV setup: top view. (Cam denotes camera.)
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and 1.0 ps for M = 0.76 and M ; = 2.2, respectively, leading to
maximum particle displacements of about 25 and 23 pixels,
respectively. The synchronization of all components and the
acquisition of image data were ensured by an external timing unit
controlled by LaVision DaVis software, version 8.1.2. For each
configuration, at total of 500 snapshots were obtained, divided over
four runs (125 snapshots per run). In total, 16 test configurations were
considered (four nozzle lengths and two Mach numbers, with and
without the jet). Based on a visual inspection of the recorded images
and the final vector fields, 5-15% of the snapshots were found to
suffer from insufficient seeding quality, depending on the case
considered. These snapshots were removed before performing any
subsequent analysis.

The contrast of the particle images was enhanced by subtracting
the local minimum intensity in each run and the minimum intensity
within 31 x 31 pixel-sized windows. The resulting intensity was
normalized by a minimum-maximum filter with a kernel of 6 X 6
pixels. The velocity vector fields were obtained by a multigrid
correlation procedure. Intermediate vector fields were processed by
removing spurious vectors, which were identified by universal outlier
detection [47], replacing them using linear interpolation and by a
polynomial denoise filter. The final three iterations were performed
using Gaussian-weighted elliptical interrogation windows (2:1) with
a nominal window size of 48 pixels. As for the intermediate steps,
spurious vectors were removed after the final step by universal outlier
detection and replaced using linear interpolation. The overlap of the
interrogation windows was 75%, resulting in a vector spacing of
0.40 mm (12 pixels). The instantaneous results were used to calculate
the mean velocity fields and velocity fluctuation levels in a two-pass
process. In the first pass, a preliminary standard deviation and
preliminary mean value of the velocity were calculated for each point
based on all snapshots in the ensemble. In the second pass, the
standard deviation and mean value were recalculated using only
instantaneous vectors that deviated less than three preliminary
standard deviations from the preliminary mean.

The recorded images from the four cameras were analyzed
separately. The aforementioned statistical results were combined and
transferred to a common grid by linear interpolation. The final grid
consisted of 420 X 137 points. PIV processing was performed using
LaVision DaVis software, version 8.3.1.

Finally, the turbulent kinetic energy k was computed according
to k = (62 + 02)/2.

D. Pressure Calculation

The velocity results were used as input data to calculate the
pressure fields according to a Reynolds-averaging approach [26,48—
50], for which the Reynolds-averaged momentum equation was
formulated as follows:

dln ((p)/Per) _ _ 1 (<uj)0("j>+0(“f”}))

0xl~ ﬁ 0)6, ().X/

ey

where u; denotes the velocity component in direction x; and “<>"
indicates the averaging operator. Note that Eq. (1) does not contain
temporal derivatives because these vanish in the averaging procedure.
Terms associated with viscosity, the spatial gradient of the mean
density, as well as density fluctuations only make a negligible
contribution in the pressure determination, and are therefore omitted
[26]. The density is eliminated from the original momentum equation
with the gas law, whereas the temperature in Eq. (1) is related to the
reference quantities and the local velocity magnitude by assuming the
flow to be adiabatic [49,50]:

2 _ 2 (172 — ([]\2
p = Ve (= D/DM (U = (UP) o
yRM

ref

The validity of assuming adiabatic flow for the purpose of pressure
determination has been demonstrated for compressible flows with
shocks [30] as well as for a transonic axisymmetric base flow [26].

Equation (1) was solved for pressure using a similar
discretization method as in Ref. [51]. The pressure obtained from
isentropic flow relations was used to formulate a Dirichlet boundary
condition at the top of the domain for —0.1 < x/D < 0.5. This range
was selected because of its availability and similarity in all flow
cases considered. The validity of assuming isentropic flow at
distances larger than two step heights from the afterbody was
confirmed in Ref. [52]. To facilitate comparison of the different
cases, the boundary condition was normalized with respect to the
flow case with the longest nozzle (L /D = 1.8) without a plume. For
amore detailed description of the procedure, the reader is referred to
the work of van Gent et al. [26]. All pressure values were normalized

aCCOTding to Cp = 2([7 - pref)/(prefyMzef)'

E. Measurement Accuracy and Pressure Validation

Errors in the PIV measurement may stem from various sources such
as particle slip, system calibration, image noise, refraction of light due
to density gradients, reflections of laser light, inhomogeneous seeding,
the cross-correlation algorithm, and velocity gradients, as well as
others [53-55]. These errors can be classified as systematic (or bias)
errors or random errors. In general, based on inspection of the results,
the velocity measurement errors can safely be assumed to be small as
compared to the influence of changing the freestream Mach number
from 0.76 to 2.2, significantly changing the model geometry or
introducing an exhaust plume. Whereas it remains important to
characterize the quality of the presented results, the measurement
errors therefore do not constitute the dominant source of the observed
differences between the flow cases considered.

In general, important sources of bias errors are the finite spatial
resolution of the measurement and particle slip with respect to the
flow. With the exception of flow regions with very high-velocity
gradients such as in the shear layer in the direct vicinity of the step and
near shocks, the errors associated with spatial resolution are
estimated to be below 0.02U ¢, based on Ref. [52]. With regard to the
particle slip, based on a flow time scale of 0.3D/1.3U ¢, with 0.3D
being the step height and 1.3U,; the approximate maximum
difference in mean streamwise velocity, the Stokes numbers are
estimated to be 0.12 and 0.05 for M,y = 0.7 and M = 2.2,
respectively, indicating errors below 1.5% [56]: again, except in flow
regions with very high-velocity gradients.

The propagation of random velocity errors to statistical quantities
was discussed in various works (e.g., Refs. [57] and [58]). An
indicative estimate of the uncertainty in mean velocity due to
instantaneous velocity random errors was obtained by assuming that
the errors had a Gaussian distribution. Under this assumption and
based on an ensemble size N of 500 images, the statistical convergence
uncertainty in the mean velocity was estimated to be N~'/2 = 4.5% of
the standard deviation of the measured velocity fluctuations, which
translated to a maximum uncertainty of about 1% U,. Safely
assuming that, in the flow regions of interest, the instantaneous velocity
errors were small as compared to the velocity fluctuations in the flow,
the uncertainty in the turbulent kinetic energy levels was estimated
according to Uy = ((6% + 6%)/2N)'/? [58]. Noting that

Uy < (on + 03)/2N)'/* = k(2/N)'/?

the maximum uncertainty was 6.3% (of the local level). Based on
Ref. [50], the impact of random velocity errors on the value of the
pressure coefficient C,, was estimated to be equal to twice the relative
error in the absolute mean velocity.

The procedure for calculating pressure fields was validated for the
present arrangements using earlier experiments on an axisymmetric
base flow [26]. In those experiments, the model was supported by a
rear-mounted sting that also acted as afterbody and that contained
pressure sensors for a direct comparison with the PIV-based pressure
results. The original validation considered tomographic PIV
measurements that provided full volumetric velocity information.
For the purpose of the present study, the validation has been extended
to the use of planar two-component PIV and supersonic flow
conditions (in that case, the experiments had been performed for a
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Mach number of 1.5). The results of this additional assessment are
presented in Fig. 4, which shows a comparison of PIV-based pressure
and reference pressure measurements on the afterbody for reference
Mach numbers of 0.75 and 1.5. The figure shows a good agreement
between the two methods and confirms the suitability of planar, two-
component PIV-based pressure determination.

III. Qualitative Flow Visualization and Incoming
Boundary-Layer Profile

Before discussing the PIV results for the flow region near the base,
a qualitative visualization of the complete flow around the model is

a) Myer = 0.76; L/ID=0.6

©) Myef = 0.76; LID=1.8

given by means of schlieren visualization (Sec. IIL.A). In addition,
specific attention is given to the boundary-layer velocity profiles
upstream of the base to verify their similarity for the different flow
cases (Sec. IIL.B).

A. Schlieren Visualization

Figure 5 shows schlieren visualizations for the transonic and
supersonic flow cases with the shortest and the longest nozzles with
the exhaust jet. Labels indicate 1) nose shock; 2) Mach wave from
tripping wire; 3) expansion; 4) reflections; 5) Mach waves from
pressure holes; 6) expansion over base; 7) shear layer;
8) recompression shock; 9) expansion of plume; 10) plume shear
layer; 11) barrel shock; and 12) exit shock.

The two transonic cases on the left clearly show the growth of a
shear layer from the base and an overexpanded jet at the nozzle exit.
The shock wave at the nozzle exit seems to emanate from the interior
of the nozzle and not from the nozzle tips. This suggests separation of
the jet in the nozzle interior, which is a feature that conical nozzles are
known to be particularly sensitive to.

Due to increased compressibility effects, the supersonic flow cases
(right column) show more distinct features: a shock (point 1)
emanating from the nose of the model due to displacement of the flow
and, subsequently, an expansion fan (point 3) as the flow turns back in
the horizontal direction. In addition, the figures show the Mach waves
formed by the boundary layer trip (point 2) and the pressure taps
(point 5). It can be verified that the reflections of the nose shock (point
4), the expansion fan, and the Mach waves from the wind tunnel wall
do not intersect the area of interest downstream of the base. At the
location of the step, an expansion fan can be observed (point 6) by
which the flow turns toward the afterbody, as well as a shear layer
(point 7) and a recompression shock (point 8) over which the
flow turns back in the horizontal direction. Downstream of the

d) My = 2.2; LID=1.8

Fig. 5 Overview of schlieren visualizations.
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Fig. 6 Model boundary layer upstream of separation at x/D = —0.1.
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Fig.7 Mean streamwise velocity for M. = 0.76 for increasing nozzle lengths (top to bottom): no plume (left), and with plume (right). Solid black lines

indicate zero streamwise velocity.
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recompression shock, a shear layer (point 9) can be observed that
separates the plume and the outer flow. The underexpanded plume
shows an expansion fan at the nozzle exit (point 10) and a barrel
shock (point 11). Figure 5d shows that, for the longest nozzle length,
a separate shock exists at the nozzle exit (point 12) due to the
displacement of the flow by the plume.

Apart from the flow features mentioned previously, the figure
shows that, due to the impact of the model support, the flow is not
fully axisymmetric. This should be kept in mind when interpreting
the results of this study.

B. Main Body Velocity Profile

To assess the flow over the main body upstream of the base and to
verify that the flow upstream of the base flow interaction is similar
for the different flow cases, Fig. 6 shows the mean streamwise
velocity profile just upstream of the step, at x/D = —0.1. Due to
limitations in the PIV spatial resolution and practical difficulties to
view close to the model surface, the profile does not extend all the
way to the model surface (see Ref. [27] for a more detailed
characterization of the boundary layer over the model for Mach
0.7). The figures show that the inflow velocity varies by more than

0.01U,¢ between corresponding cases with and without the plume
and by no more than 0.04U ; between cases with different nozzle
lengths.

IV. Baseline Flow Organization

Before discussing the differences between different flow
configurations, the following sections subsequently discuss the
general organization of the mean velocity (Sec. IV.A), turbulent
kinetic energy (Sec. IV.B), and mean pressure (Sec. IV.C).

A. Mean Velocity

Figures 7 and 8 show the mean velocity fields for M ; = 0.76 and
M, = 2.2, respectively. Colors indicate the value of the mean
streamwise velocity component. Black contour lines indicate zero
streamwise velocity. The left-hand-side figures correspond to flow
cases without a plume, and the right-hand-side figures correspond to
flow cases with a plume. The nozzle length increases from top to
bottom, from L/D = 0.6 t0 0.9, 1.2, and 1.8. The origin is located at
the streamwise location of the trailing edge of the main body
(x/D = 0)and at the centerline of the nozzle (y/D = 0). Bright gray

Mean velocity, <u>/U,

| [ I I I

-04 -03 -0.2 -01 0 01 02 03

04 05 06 07 08 09 1 1.1

Fig.8 Mean streamwise velocity for M,.; = 2.2 for increasing nozzle lengths (top to bottom): no plume (left), and with plume (right). Solid black lines

indicate zero streamwise velocity.
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areas indicate the geometry of the model, whereas dark gray indicates
the shape of the plume.

In general, the figures show a uniform incoming flow that deflects
toward the nozzle as the flow moves past the step. A large-scale
recirculation region with significant backflow (u# <0) is present
downstream of the base. The outer flow and the recirculation region
are separated by a shear layer that thickens toward reattachment.
Depending on the configuration, the recirculation region extends to a
stagnation point on the nozzle, to a point on the plume shear layer, or
to a wake stagnation point downstream of the nozzle. In absence of an
exhaust plume (left figures), there exists a recirculation downstream
of the nozzle. As the nozzle remains open during the tests without
plume, the recirculation in those cases likely extends to inside the
model. At the junction of the base and nozzle at x/D = 0, the
majority of cases show evidence of a small secondary recirculation
region, which is formed due to separation of the backflow over the
nozzle.

Compared to the transonic cases, the supersonic flow cases exhibit
more pronounced deflections of the outer flow over the base, which is
associated with a Prandtl-Meyer fan (compare Figs. 7 and 8).
Furthermore, the supersonic cases show smaller recirculation regions
and thinner shear layers. The latter is attributed to a reduced shear

layer growth rate due to compressibility effects (e.g., Ref. [39]) in
combination with a reduced unsteadiness of the shear layer, which is
known to exhibit a pronounced flapping-type motion for transonic
conditions [2,60].

B. Turbulent Kinetic Energy

The shear layer and reattachment region are associated with
elevated levels of turbulent kinetic energy [k = (62 + 62)/2], as
shown by Figs. 9 and 10. Note the difference in scale between both
figures. These elevated levels can be attributed to the presence of
small-scale structures in the instantaneous flow organization as well
as to the large-scale unsteadiness of the flow, which is known to
encompass a flapping-type motion of the shear layer, vortex
shedding, and growth/decay of the separated region [2,60]. These
motions also account for part of the thickening of the shear layer
toward reattachment, as observed in the time-averaged results.
Typical turbulent kinetic energy levels above the shear layer and the
model correspond to turbulence intensity levels in the range of 1-2%
U,.s» Which corresponds to the typical measurement uncertainty.
More accurate hot-wire anemometry measurements performed
in the same wind tunnel have been performed in Ref. [61] at a

Turbulent kinetic energy, k/Ure?
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.04 .05 .06

05 0 05 1 15

2

Fig. 9 Turbulent kinetic energy (k /U,

ref

) for M.y = 0.76 for increasing nozzle lengths (top to bottom): no plume (left), and with plume (right).
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Turbulent kinetic energy, k/Uref2
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.02 .025 .03 .035

Fig. 10 Turbulent kinetic energy (k/ Ufef) for M,.; = 2.2 for increasing nozzle lengths (top to bottom): no plume (left), and with plume (right).

freestream Mach number of 1.7, in which a turbulence intensity of
approximately 0.5% U, was found.

Compared to the transonic flow cases, the supersonic flow cases
exhibit much smaller relative turbulent kinetic energy levels.
Furthermore, because the regions of highest levels coincide with the
shear layer, they occur closer to the nozzle. The color scale of the
figure does not reveal the signature of a recompression shock, which
suggests that its position is relatively steady.

C. Mean Pressure

The mean pressure fields depicted in Figs. 11 and 12 show
a low-pressure region downstream of the base. Further
downstream, a high-pressure region is present, resulting from the
recompression and realignment of the flow. Strong pressure
gradients exist between the high- and low-pressure regions. The
bottom figures show that, downstream of the location of maximum
pressure, the pressure decreases again as the flow recovers from
reattachment.

Large differences can be observed between the pressure fields for
the transonic and supersonic flow cases. For M s = 0.76, the isolines
around the low-pressure region extend to upstream of the step.
The supersonic cases, on the other hand, exhibit more oblique
organizations of the pressure fields and high-pressure gradients at the

locations of the expansion fan at the step and the recompression
shock waves at reattachment, which agree with typical features of
supersonic flow.

V. Impact of Nozzle Length and Plume

The impact of the nozzle and plume is assessed by considering the
location of flow reattachment (Sec. V.A), the pressure in the base
region (Sec. V.B), the shape of the plume (Sec. V.C), and the
unsteadiness of the flow (Sec. V.D).

A. Location of Flow Reattachment

The mean reattachment length was determined as the streamwise
location where the zero mean streamwise velocity contour (black
lines in Figs. 7 and 8) intersects with the geometry or the plume. To
facilitate Table 3 specifies the mean reattachment lengths for the
different flow cases.

Focusing on M, = 0.76, it can be observed that, for the two
shortest nozzles (Figs. 7a—7d), the mean reattachment of the shear
layer does not occur on the nozzle. In the other two cases with the
longer nozzles (Figs. 7e—7h), mean reattachment occurs on the nozzle
at about x/D = 1.1, which is similar to values reported in the
literature for a freestream Mach number of 0.7 [10,16].
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Mean pressure. <Cp>
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Fig. 11 Mean pressure for M_.; = 0.76 for increasing nozzle lengths (top to bottom): no plume (left), and with plume (right).

For the supersonic flow cases, the mean reattachment length is
generally smaller than under transonic conditions and increases with
the nozzle length. This latter observation is speculatively attributed to
the upstream propagation of the pressure rise associated with
reattachment, which becomes more pronounced for the case of the
longest nozzle (see also Fig. 12). For the cases without the plume,
only for the shortest nozzle (Figs. 8a and 8b), mean reattachment does
not occur on the nozzle. For the case of L/D = 1.2, the mean
reattachment length of about 0.8D is similar to the lengths in the
range of 0.8-0.7D reported in the literature for freestream Mach
numbers of three and six [17,62].

With respect to the impact of the plume, at M, ; = 0.76, the
plume does not affect the reattachment length (compare first two
columns in Table 3). It is noted that Wolf et al. [23] observed a
shortening effect for low subsonic freestream velocities for an
otherwise similar configuration. At M .; = 2.2, the plume leads to a
elongation of the mean reattachment length (compare last two
columns in Table 3). This effect becomes less pronounced for longer
nozzles. Similar to before, the elongation of the separated region is
speculatively attributed to the upstream propagation of the pressure
rise associated with the displacement of the flow by the plume (see
also Fig. 12).

The probability of reversed flow (P(u < 0)) for each location is
determined as the share of the instantaneous snapshots for which

reversed flow occurs (Figs. 13 and 14). Whereas the foregoing
discussion considered the location of mean reattachment, the range of
instantaneous reattachment locations is estimated from the reversed
flow probability as the streamwise distance at y/D = 0.2 between
P(u<0)~0.9and P(u<0)=~0.1.

Using this approach, it can be inferred from Fig. 13 that, at
M s = 0.76, for L/D = 0.6 reattachment always occurs down-
stream of the nozzle (fluidic reattachment); for L/D = 0.9
intermittently on and downstream of the nozzle (hybrid reattachment)
and 1.2; and for L/D = 1.8 always on the nozzle (solid
reattachment). Similarly, it is inferred from Fig. 13 that at
M, s = 2.2, the reattachment is fluidic for L /D = 0.6, and it is solid
for L/D = 1.2and 1.8. L/D = 0.9 seems to be a case that is on the
limit between hybrid and solid, depending on the presence of
the plume.

B. Base Pressure

To assess the impact of the nozzle length and the plume on the overall
pressure level in the base region, Table 4 lists the minimum pressure in
the base region and Fig. 15 shows the pressure profile over the nozzle
(y/D = 0.2). The results show that for the shortest nozzle, for which
fluidic reattachment occurs, the plume leads to a drastic reorganization
of the pressure field (see also Figs. 11a, 11b, 12a, and 12b). For the
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Mean pressure, <Cp>

0

Fig. 12 Mean pressure for M .; = 2.2 for increasing nozzle lengths (top to bottom): no plume (left), and with plume (right).

longest nozzle, however, the impact of the plume on the pressure
directly downstream of the base is very small or even negligible, which
is in line with observations in Ref. [8]. For the two intermediate nozzle
lengths for which the reattachment is hybrid or “only just” solid, the
overall pressure level downstream of the base decreases in the transonic
flow cases (Figs. 11c—11f) and increases in the supersonic flow cases
(Figs. 12c—12f). These trends agree with the literature [7,8,23,63].
The pressure decrease in the transonic flow regime can be attributed to
the acceleration of the flow downstream of reattachment due to its
entrainment in the plume shear layer. As discussed in Sec. IL.B, this
effect is much smaller in the present experiments than in the real
application. The pressure increase in the supersonic flow regime can be
attributed to displacement of the reattaching flow by the plume. In fact,
both entrainment and displacement occur in both flow regimes. During

Table3 Mean reattachment length (L /D)

M, =0.76 M =0.76 M =22 My=22
L/D o plume plume no plume plume
0.6 —_ 0.9 —_ 0.7
0.9 —_ 1.0 0.8 0.9
12 1.1 1.1 0.8 0.9
1.8 1.1 1.1 1.0 1.0

the ascent of launchers, the plume becomes increasingly under-
expanded, leading to a larger displacement.

C. Nozzle Exit Conditions

Comparison of the mean pressure fields for flow cases (Figs. 11
and 12) shows that the location of the low-pressure region
downstream of the base typically lies at x/D ~ 0.50 and y/D = 0.35,
and that it is relatively invariant for the different flow cases. As the
nozzle length increases, the nozzle therefore extends into the high-
pressure region. The nozzle exit is then located in a flow region with
higher pressure, which seems to result in more overexpanded plumes
in the transonic flow cases and less underexpanded plumes in the
supersonic flow cases. These differences in the state of the plume are
confirmed by means of schlieren visualization.

D. Flow Unsteadiness

The difference in unsteady flow behavior for the different cases is
assessed on the basis of the turbulence kinetic energy shown in Figs. 9
and 10. The first of these figures shows that, for M ; = 0.76, the
greatest turbulence levels occur for L/D = 0.9 and 1.2 (Figs. 9¢-9f),
which may likely be the result of increased flow unsteadiness due to
the intermittent occurrence of reattachment on the nozzle and on
the downstream flow (hybrid reattachment). The longest nozzle for
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Reversed flow probability, P(u<0)
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Fig. 13 Probability of reversed flow (P(u < 0)) for M, s = 0.76 for increasing nozzle lengths (top to bottom): no plume (left), and with plume (right).

which solid reattachment occurs, exhibits the lowest turbulent kinetic
energy levels.

For M, ; = 2.2, it is remarkable that the flow cases with the three
shortest nozzles (Figs. 9a-9f) all have similar maximum turbulence
kinetic energy levels, whereas the levels for the longest nozzle
(Figs. 9g-9h) are about twice as high. These higher levels are of
similar magnitude as the maxima obtained for the validation
experiment, with a long afterbody described in Sec. ILE, as well as
the maximum of 0.044 U2, reported by Herrin and Dutton [64] based
on laser Doppler velocimetry measurements in the wake of a blunt
base. It is noted that, apart from actual physical variations in the
degree of flow unsteadiness, the fact that the observed turbulence
levels for the shorter nozzles are relatively low could be the result of a

Table4 Minimum pressure in base region C,, ,in

M. s =0.76 My =0.76 Mo =22 My =22
L/D _ no plume plume no plume plume
0.6 -0.28 -0.26 -0.09 -0.15
0.9 -0.21 —-0.23 —-0.14 —-0.13
1.2 -0.21 -0.22 —-0.14 —-0.12

1.8 -0.23 -0.23 -0.14 -0.14

more pronounced underestimation of turbulent kinetic levels due to
limitations in spatial resolution or due to a different distribution of
fluctuations over the in-plane and out-of-plane velocity components.

With regard to the impact of the plume, for M = 0.76, the
presence of the plume does not seem to greatly affect the organization
of turbulence kinetic energy or the maximum levels, except for the
shortest nozzle (Figs. 9a and 9b). This also becomes apparent from
Table 5, which lists the maximum turbulence kinetic energy observed
in the shear layer. The observation that the presence of a plume is not
accompanied by higher fluctuation levels is consistent with the results
reported in the literature [8,23]. For M s = 2.2, the region with
elevated turbulence levels extends farther downstream in the presence
of a plume, and may contain higher maxima (see also Table 5).

Table 5 Maximum turbulent kinetic energy (k/U2,;) in the
shear layer

Ms =0.76 M. s =0.76 My =22 My =22
L/D no plume plume no plume plume
0.6 0.057 0.061 0.018 0.022
0.9 0.061 0.064 0.018 0.021
1.2 0.062 0.061 0.020 0.019
1.8 0.052 0.051 0.038 0.043
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Reversed flow probability, P(u<0)
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Fig. 15 Mean pressure over the nozzle.

acold jet. The total pressure of the jet was set to achieve approximate

VL. Conclusions similarity with the ascent of the Ariane 5, such that the jet was

An experimental assessment has been carried out to study the overexpanded at Mach 0.76 and underexpanded at Mach 2.2. The use
effects of an exhaust plume and nozzle length on transonic and of different nozzle lengths resulted in flow cases in which the shear
supersonic axisymmetric base flows. A generic geometry was layer impinged on the model (solid reattachment), on the flow
considered with four different nozzle lengths (L /D = 0.6, 0.9, 1.2, downstream of the model (fluidic reattachment), or intermittently on

and 1.8). The impact of the exhaust plume was simulated by means of the model and on the flow (hybrid reattachment).
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At M s = 0.76, no effect of the plume on the reattachment length
could be observed. At M,.; = 2.2, however, the introduction of the
plume was accompanied by a longer mean reattachment length. This
effect was found to become less pronounced for longer nozzles.
The elongation of the separated region was speculatively attributed to
the upstream propagation of the pressure rise associated with the
displacement of the flow by the plume.

For the shortest nozzle, for which fluidic reattachment occurred,
the plume led to a drastic reorganization of the pressure field. For the
longest nozzle, the impact of the plume on the pressure directly
downstream of the base was very small or even negligible. For the two
intermediate nozzle lengths for which the reattachment was hybrid or
justsolid, the overall pressure level downstream of the base decreased
in the transonic flow cases and increased in the supersonic flow cases.
These observations could be explained by the effects of entrainment
and displacement, respectively [7,8,23,63].

Comparisons of flow cases with a long nozzle without a plume and
flow cases with a short nozzle but with a plume suggest that the
presence of the plume cannot accurately be modeled by replacing the
plume with a solid geometry. This is because:

1) It is difficult to a priori know the shape of the plume.

2) Whereas the flow will decelerate toward the surface of a solid, in
the presence of a plume, the outer flow accelerates due to entrainment.

From observations of the transonic flow cases, hybrid reattach-
ment was associated with increased turbulent kinetic energy levels
and solid reattachment with the lowest, thus indicating a stabilizing
effect on the flow, which was also observed in previous publications
[8,23]. In contrast, the supersonic flow case with the longest nozzle,
for which solid reattachment occurred, showed a remarkably strong
increase in the occurrence of reversed flow and in-plane turbulent
kinetic energy.

An increase in nozzle length was found to correspond to a higher
local pressure near the nozzle exit, which seemed to result in more
overexpanded plumes in the transonic flow cases and less
underexpanded plumes in the supersonic flow cases, with otherwise
equal internal nozzle geometries and freestream pressures. This effect
was likely confined to the vicinity of the nozzle exit, where the impact
of flow separation from the base was felt. Even so, the difference
between the exit pressure and local ambient pressure is of key
importance to the performance of a nozzle in terms of the amount of
thrust generated. This study therefore highlighted the need of
considering, during vehicle design, that a longer nozzle in which the
plume expands further, not only corresponds to a lower exit pressure,
but also to a different ambient pressure near the nozzle exit.
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