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Analysis of Unsteadiness in Afterbody Transonic Flows
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Separated flows behind afterbodies in the high subsonic regime are investigated experimentally. Measurements of
mean and unsteady wall pressure have been performed in a transonic wind tunnel on axisymmetric configurations
with a propulsive jet. It is found that the distance between the base plane and the nozzle exit section, namely,
the rear-body extension, is a determining parameter. For a long enough rear-body extension, the separated flow
reattaches at the end of the external nozzle wall. The spectra in the reattachment region exhibit a weakly defined
maximum, which is associated with the shear layer vortices impinging the downstream surface. For a short rear-
body extension, the reattachment on the downstream nozzle wall is not possible. The spectra in the whole region
exhibit a well-defined periodicity that corresponds to the formation of large-scale structures in the wake, as observed
for bluff bodies. This is confirmed by a two-point correlation analysis of the turbulent signals, which shows that
the flow is dominated by a highly coherent antisymmetric mode at the vortex shedding frequency.

Nomenclature
C = complex coherence function, Cr + iCi

Cp = wall static pressure coefficient, (p − p∞)/q∞
Cp rms = unsteady wall pressure coefficient, prms/q∞
D = forebody diameter (100 mm)
d = rear-body diameter (40 mm)
f = frequency
G = power spectral density
L = rear-body extension, distance from the base
M = Mach number
p = local static pressure
prms = root-mean square of the pressure fluctuation
pst = jet stagnation pressure
q = dynamic pressure, 0.5γ pM2

S12 = cross-spectral density
Srl = Strouhal number based on length l = L or D, f l/U∞
U = streamwise velocity
X = streamwise distance (0 in the base plane)
γ = modulus of the coherence function, |C |
δ = boundary-layer thickness
� = coherence phase angle, deg
ϕ = azimuthal position, deg

Subscripts

r = reattachment
∞ = freestream conditions
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Introduction

T HE afterbody flow around a launcher is characterized by a
large separation because of an abrupt change in the geome-

try. The first consequence of this base geometry is the creation of
a specific drag due to a low-pressure level in the separated region.
Second, the base region is submitted to dynamic loads generated by
aerodynamic excitation, especially during the high dynamic pres-
sure phase of flight. More precisely, this buffet is induced by the
unsteadiness of the separated flow, which generates strong low-
frequency wall-pressure fluctuations. These oscillations can excite
a response of the structural modes called buffeting. With the constant
need of improving the aerodynamic performances of launch vehi-
cles, the design of afterbodies requires knowledge of wall-pressure
characteristics and of the unsteady flow mechanisms involved in the
buffeting phenomenon.

The base pressure properties of blunt axisymmetric bodies have
been studied experimentally by Eldred,1 Mabey,2 and Merz3 for
compressible subsonic flows. These investigations deal with the
most simple rear geometry of revolution. Experimental results ob-
tained on more complex axisymmetric afterbodies have shown that
the wall pressure is highly dependent on the geometry and the pres-
ence of a propulsive jet, for instance, as shown in the compilation
made by Délery and Sirieix.4 Indeed, mainly two different kinds of
base flow separation can be considered: whether a downstream reat-
tachment of the shear layer on a solid surface does occur or does not.

In the case of the blunt-based body, the flow does not reattach
on a downstream surface and is characterized by a mutual interac-
tion of the separating shear layers, which results in the formation
of large-scale vortices in the wake. The flow organization must be
similar to that behind bluff bodies such as a sphere5 or a circular
disk,6,7 which have been studied both at moderate Reynolds and low
Mach numbers. It has been shown that the wake is dominated by
a vortex shedding process possibly organized in a helical structure
randomly oriented in the azimuthal direction.5,6 These large-scale
coherent structures are associated with an antiphase relationship
of the velocity or pressure fluctuations between diametrically op-
posed positions across the wake. Strouhal numbers of 0.135 and
approximately 0.2 have been reported for the disk and the sphere,
respectively (Reynolds number dependent value). Unsteady vortex
shedding in the sphere wake has been observed7,8 for Reynolds num-
bers in the range from 400 to 3.7 × 105, where the boundary layer
at separation is laminar. Boundary-layer transition at the critical
Reynolds number 3.7 × 105 was associated with a drastic change
in the wake flow regime, which became basically steady but with
streamline organized non-axisymmetrically. However, in the case
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of the blunt-based body,9 a vortex shedding process was shown
to exist in the wake for high Reynolds numbers at high subsonic
speeds. Indeed, a periodicity was found in the streamwise velocity
fluctuations that was related to the wake oscillations. The corre-
sponding Strouhal number in the wake was 0.2, which should be
compared to the 0.246 value reported by Calvert.10 Nevertheless,
these large-scale structures did not seem to induce any particular
wall-pressure fluctuations on the base.

Let us now consider more complex afterbody shapes character-
ized by an interaction of the separated shear layer with a downstream
surface through the reattachment process. The review of Mabey11

on wall-pressure fluctuations in recirculating regions, which covers
a wide range of separating and reattaching flows, has shown that a
good scaling parameter is the separation bubble length Xr . In the
reattachment zone, the main flow unsteadiness is characterized by
a Strouhal number f Xr/U∞ ≈ 0.6 associated with a weakly pro-
nounced maximum in the wall-pressure spectra. In their rearward-
facing step study, Driver et al.12 showed that this unsteadiness could
be related to the vortex rollup and pairing process as seen in free
shear layers.

This paper presents an investigation of wall-pressure character-
istics in the high subsonic regime for generic axisymmetric con-
figurations representative of a launch vehicle afterbody. The main
goal is to determine the major features of the mean flow structure
and the predominant unsteady aerodynamic mechanisms involved
in the generating process of wall-pressure fluctuations. Several con-
figurations are considered. They range from the simple blunt-based
body, which should be seen as a reference case, to more realistic
geometries equivalent to an axisymmetric rearward-facing step of
finite downstream extension and equipped with a nozzle. The choice
of such afterbody configurations allows two parameters to be tested,
the downstream extension of the axisymmetric step (herein referred
to as the rear-body) and the influence of a supersonic propulsive
jet on the external subsonic flow. The two categories of separated
flows, with and without solid reattachment, should be obtained, de-
pending on the rear-body extension compared to the reattachment
distance.

Experiment
A series of tests were carried out at the Fundamental and Experi-

mental Aerodynamics Department in the transonic S3Ch continuous
wind tunnel whose test cross section is a square of 760 × 800 mm2

area. The tunnel works with atmospheric air, and a heat exchanger
in the settling chamber maintains a constant stagnation temperature
during the tests. The freestream turbulence have been measured pre-
viously and was estimated to be 0.15%. Four model configurations
were tested (Fig. 1). The first one was a cylindrical simple base
(forebody diameter D = 2R = 100 mm). This geometry was chosen
because it was the simplest one and it had already been investigated
by several authors. From this configuration, a truncated ideal nozzle
with a throat diameter of 12.93 mm was added at the base center.
The exit nozzle diameter was 33 mm, and the Mach number at the
lip was 3. The external nozzle surface was a cylindrical body of di-
ameter d = 40 mm. The exit section was first located in the base area
plane X = 0. Then, the nozzle was shifted downstream at a distance
L from the base. Two extensions of the cylindrical rear-body were
investigated corresponding to L/D = 0.6 and 1.2. The test mod-
els were mounted at the end of a cylindrical forebody fixed in the
wind-tunnel settling chamber. The nozzle was supplied through this
forebody by a compressed air system with a maximum stagnation
pressure of about 40 bar.

About 80 pressure taps were mounted on the cylindrical forebody
(before the base corner), the base area, and the rear-body region, both
in the streamwise and azimuthal directions. The wall static pressures
were measured using PM131-Statham transducers, whereas XCQ-
062-15A Kulite sensors were chosen to record simultaneously the
fluctuating component at a sampling rate of 10,240 Hz. This allowed
good resolution of the fluctuations regarding the low frequencies
involved in the separated region. Because of the curvature of the
surface, it was difficult for the unsteady transducers to be mounted
flush with the wall. They were housed in a cavity of small volume.

a) Blunt-based body b) Blunt-based body with nozzle

c) Nozzle exit section downstream of base, L/D = 0.6 and 1.2

Fig. 1 Schematic of axisymmetric afterbody models.

This induced a cutoff frequency of about 18 kHz that was much
greater than the frequencies under consideration in this study.

To evaluate measurement uncertainties, a statistical approach was
used based on a series of repeated independent experiments. In this
way, all of the potential sources of error in the determination of
the quantities are included, such as instrumentation noise or vari-
ations in the inflow conditions. The estimated uncertainties were
typically 2 and 5% for the steady and unsteady pressure coefficients,
respectively.

The different afterbody models were tested at zero incidence for
three different freestream Mach numbers, 0.6, 0.7, and 0.85. The
incoming flow was checked to be axisymmetric by using surface
flow visualization and measuring the boundary-layer profile in each
quadrant of the forebody. The initial external boundary layer, which
was growing on the upstream cylindrical sting over a distance of
about 10D before reaching the base corner, was fully turbulent. The
thickness δ was measured using a pitot rake at X/D = −2.45, and the
ratio δ/D was found to be approximately 0.20 for the three Mach
numbers. The Reynolds number based on the forebody diameter
D was about 1.20 × 106. The three model configurations equipped
with a nozzle were first tested without jets as a reference. In this
case, an airtight stopper was used to fill the nozzle exit to avoid
cavity effects. Then, three internal flow regimes were considered
through the nozzle pressure ratio (NPR) = pst/p∞: jet at adaptation
(NPR ≈ 33), overexpanded jet without separation (NPR ≈ 12.5),
and overexpanded jet with separation (NPR ≈ 8.4).

Results and Discussion
No particular effect of freestream Mach number was observed

in the measurements. Therefore, unless otherwise mentioned, the
results are discussed for the M∞ = 0.85 case.

Mean and Fluctuating Pressure Distributions
Reference Case: Blunt-Based Body

Figures 2 and 3 show that the static pressure is approximately
constant over the blunt surface with a value lower than p∞, that
is, Cp < 0. The negative value of the pressure coefficient before
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Fig. 2 Radial distribution of static base pressure for the blunt-based
body, ϕ = 0 deg.

Fig. 3 Azimuthal distributions of static base pressure on the forebody,
X/D = −−0.3, and on the base, X/D = 0 and r/R = 0.7.

separation at X/D = −0.3 (Fig. 3) shows the upstream influence
of the recirculation region on the attached boundary layer. The in-
flow is accelerated to match the base pressure in the X = 0 plane.
The experimental data on the base area exhibit a small scatter in
the azimuthal direction around a mean value Cp = −0.124. Merz3

has reported a slightly higher constant value of Cp = −0.11 on a
blunt-based body that was also mounted on an upstream sting. The
pressure coefficient Cp measured in the present experiment is in
good agreement with the commonly determined value for subsonic
base flows4 (M∞ ≤ 0.85), that is, Cp ≈ −0.125. The measurements
have been checked to be well reproducible inasmuch as at least two
independent pressure acquisitions have been performed for each
configuration. Hence, it is likely that these azimuthal pressure vari-
ations are due to some irregularities of the body shape or to the
inflow in the test section of the wind tunnel. Moreover, the same
azimuthal evolution of the static pressure is obtained for the other
configurations, although with a different mean value, as shown in
Fig. 3 for the blunt-based body with jet.

The rms distribution of the pressure fluctuations in the radial
direction, together with Eldred’s1 and Mabey’s2 results, is plot-
ted in Fig. 4 using the Cp rms coefficient. In the present measure-
ments, the rms pressure level is higher at the base center with
Cp rms ≈ 0.027 and decreases steadily as r/R increases to reach
Cp rms ≈ 0.014 in the outer base region. This distribution is not in
agreement with Eldred’s1 results, where the opposite behavior is ob-
served. In Mabey’s2 experiment, the Cp rms levels are almost identical
at r/R = 0.3 and 0.65. These apparent discrepancies can be partly
explained with the azimuthal Cp rms distribution in Fig. 5, which is
far from being homogeneous, suggesting a non-axisymmetric un-
steady flow feature. In the present experiment, the base area of the
blunt body can be divided into two regions, a first one with low rms
values and another larger one with stronger pressure fluctuations.
Hence, the radial Cp rms evolution on the base area depends on the

Table 1 Average azimuthal valuesa of Cp and Cp rms
pressure coefficients at r/R = 0.7

NPR

Coefficient 32.4 12.4 8.3 No jet

〈C p〉 −0.223 −0.187 −0.179 −0.124
〈C p rms〉 0.0175 0.0137 0.0130 0.0184

aBlunt body with and without jet.

Fig. 4 Radial distributions of rms base pressure fluctuations,
ϕ = 0 deg.

Fig. 5 Azimuthal distributions of rms base pressure fluctuations,
r/R = 0.7.

azimuthal position of the pressure taps. For instance, at ϕ = 240 deg,
Cp rms ≈ 0.025, which is not very far from the value at the center
(Cp rms ≈ 0.027; Fig. 4). The other results shown in Fig. 5 show
that the azimuthal Cp rms distributions are more or less uniform for
the models with rear-body. This point suggests that the nonaxisym-
metric unsteady flow feature of the blunt-based body is inherent to
that configuration. In particular, it is not directly related to some
irregularities in the incoming flow or to the model geometry.

Effect of Supersonic Jet
The supersonic jet directly interacts with the external recircula-

tion region and strongly modifies the flow topology of the earlier
afterbody configuration. As can be seen in Fig. 3 and Table 1 for the
blunt-based body with jet, the wall pressure is noticeably decreased
compared to the no-jet case. This behavior is known to be produced
by the suction effect of the jet shear layer, which tends to empty
the external recirculation region. The reduction of this effect when
the NPR is decreased can be explained by the smallest size of the
overexpanded jet radius, which induces a smaller circumferential
surface of the jet shear layer.

Compared to the simple blunt-based body situation, the rms base
pressure is not higher with a jet, but the external flow is obviously
more axisymmetric, as shown in Fig. 5. The jet probably stabilizes
the whole near-wake flow. As shown in Table 1, the Cp rms level
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depends on the NPR, and the highest value is obtained at adap-
tation. Notice that an internal separation of the jet induces strong
wall-pressure fluctuations inside the nozzle as demonstrated by pre-
vious studies.13,14 These have been checked in the present experi-
ments using the unsteady transducers mounted in the nozzle wall
just upstream of the lip. Hence, the present results show that the jet
separation (NPR = 8.3) does not produce additional fluctuations of
the external base pressure.

a)

b)

Fig. 6 Sample time series of base pressure fluctuations for r/R = 0.7 at ϕ = a) 0 and b) 240 deg.

The turbulent pressure signals in Fig. 6 appear to be highly ran-
dom and broad-band. In the no-jet case, a low-frequency oscillation
at ϕ = 240 deg is clearly visible, which explains a part of the dif-
ference in the rms value with the ϕ = 0 deg position. When the jet
is running, this component is attenuated and brief occurrences of
positive high-pressure fluctuations are observed. These oscillations
may be the signature of the jet noise generated after the nozzle
exhaust.
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Fig. 7 Streamwise distributions of static pressure in the present tests,
L/D = 1.2 and M∞ = 0.85, and in a previous investigation,15 L/D >> 1 and
M∞ = 0.80.

Fig. 8 Instantaneous schlieren photograph in the L/D = 1.2 case with-
out jet at M∞ = 0.7.

Effect of Rear-Body with No Jet

The effect of the ratio L/D corresponding to configurations with
a protruding rear-body placed downstream of the base is now in-
vestigated. In these situations, the separated shear layer that starts
developing at X/D = 0 can interact with the rear-body in a man-
ner that depends on the geometric parameter L/D, whether a solid
reattachment does occur or does not.

In the L/D = 1.2 case, Fig. 7 shows a small decrease of the wall
pressure in the separated region up to X/D ≈ 0.5 (Cp ≈ −0.17). It is
followed by a strong recompression, which indicates the beginning
of a reattachment process on the rear-body surface. The maximum
pressure is reached at the end of the rear-body and is slightly higher
than p∞. Hence, although the exact flow topology is unknown, it
can be inferred that the shear layer reattaches at the end of the pro-
truding cylinder (Xr ≈ L). This is confirmed by the instantaneous
schlieren photograph shown in Fig. 8. The separated shear layer
starts curving at the middle of the rear-body and then impinges the
wall. Figure 7 also shows the pressure measurements obtained from
previous experiments15 performed at M∞ = 0.8 in the same wind
tunnel on an axisymmetric afterbody equipped with a very long
cylindrical rear-body (L/D = 9). The values of the diameters D and
d were the same as in the present study. This configuration corre-
sponds to the axisymmetric rearward-facing step in the literature. In
this case, the reattachment length was estimated to be approximately

Fig. 9 Streamwise distributions of the rms pressure fluctuations in
L/D = 1.2 case.

Fig. 10 Streamwise distributions of static pressure in L/D = 0.6 case.

Xr/D = 1.3 using surface flow visualization and reattachment was
located just upstream of the maximum pressure position. With re-
gard to the pressure fluctuations, the Cp rms level (Fig. 9) increases
steadily from the base in the streamwise direction with a growth
rate more pronounced for 0.6 < X/D < 1. This behavior in the re-
circulation region has already been described by Mabey.11 Mabey
has shown that the maximum rms of the wall-pressure fluctuations
is reached just upstream of the mean shear layer reattachment po-
sition. In the present situation, a plateau seems to be reached near
the end of the rear-body at X/D ≈ 1 (Cp rms ≈ 0.035). This behavior
should be seen as another sign of a solid reattachment at the end of
the rear-body.

When L/D = 0.6, the wall-pressure distribution on the rear-
body (Fig. 10, square symbols) is characterized by a slow decay
as the streamwise position increases. The average value of the
mean pressure coefficient on the rear-body, Cp ≈ −0.14, is, how-
ever, slightly higher than in the L/D = 1.2 case for X/D ≤ 0.6,
where Cp ≈ −0.17. Finally, there is no recompression process at
the end of the rear-body, which is too short for a solid reattachment
to occur. Hence, the flow organization should be dominated by the
formation of discrete vortices in the near wake, as for the blunt-
based configuration.9 The Cp rms streamwise distribution shown in
Fig. 11 is similar to that obtained with L/D = 1.2 for X/D ≤ 0.6.
However, here the maximum of the pressure fluctuations is reached
at the end of the rear-body and Cp rms is only 0.015.

Effect of Supersonic Jet with Rear-Body
The jet influence in the preceding configurations is now inves-

tigated through the streamwise wall-pressure distributions. In the
L/D = 1.2 case, both the mean and fluctuating pressure (Figs. 7
and 9) are weakly modified by the presence of the jet. This result
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Fig. 11 Streamwise distributions of rms pressure fluctuations in the
L/D = 0.6 case.

is consistent with the solid reattachment of the external flow on
the rear-body surface because, in this case, the jet is located far-
ther downstream and does not directly interact with the subsonic
recirculation region.

When the rear-body extension is reduced to L/D = 0.6, the sit-
uation changes drastically. For a given NPR, the static pressure all
along the protruding surface (Fig. 10) decreases an approximately
constant value compared to the no-jet situation. This strong depres-
sion in the recirculation region, which is due to the jet suction effect,
influences the attached boundary layer up to X/D = −0.4. The de-
crease of the static pressure in the separated region is weaker for
an overexpanded jet, and the situation approaches the no-jet case.
This indicates a reduction of the jet influence. Concerning the rms
values in Fig. 11, the highest levels by far are obtained for the jet
at adaptation. With comparison to the no-jet situation, the Cp rms

coefficient strongly increases in the base region and at the end of
the rear-body, where it is more than twice as high. For the two other
NPRs, the rms pressure levels are almost identical to the case with-
out jet up to X/D ≈ 0.45. The jet influence is obvious only at the end
of the rear-body, where the Cp rms coefficient is about 60% higher.
As already pointed out for the blunt-based body with jet, the inter-
nal flow separation13,14 for the lowest NPR value and the resulting
shock–boundary-layer interaction still do not change the external
rms pressure fluctuations.

The pressure time series provide additional information on the
interaction between the separated shear layer and the jet in the
L/D = 0.6 case (Fig. 12). The more or less periodical large fluctu-
ations can be related to the already mentioned discrete vortices that
form in the near wake. This will be discussed in the next section
by considering the power density spectra. At X/D = 0.39, random
and high-frequency perturbations are superimposed on the pressure
signal when the jet is running. Hence, the interaction mechanism ap-
pears to generate small-scale turbulence, which could be related to
the coherent structures in the separated shear layer. The time series
at X/D = 0.55 demonstrate that rapid oscillations, although more
regular, can also exist without the jet.

Power Density Spectra
The wall-pressure spectra are now investigated to estimate the

most energetic frequencies involved in the flow unsteadiness. This
analysis should help to identify some aerodynamic mechanisms re-
sponsible for the pressure fluctuations. In the following, the Strouhal
number Srl is based either on the forebody diameter l = D or the
rear-body extension l = L . The power spectral density G is then
normalized by (lq2

∞)/U∞ so that

C2
p rms =

∫ ∞

0

G(Srl) d(Srl) =
∫ ∞

0

Srl G(Srl) d(log Srl) (1)

As suggested by Owen16 for buffet studies, spectra are plotted as√
[Srl G(Srl)] in linear/log axes.

Spectra on Base Surface
The base pressure spectra of the blunt-based body are plotted in

Fig. 13 at ϕ = 0 and 240 deg. They are representative of the two
unsteady regions identified earlier on the base. The differences in
the rms levels result mainly from energy at low frequency, for ex-
ample, SrD ≤ 0.2. A peak centered around SrD = 0.08 is clearly
visible at ϕ = 240 deg but is replaced by a broad peak with no
definite frequencies (SrD ≈ 0.1) at ϕ = 0 deg. However, the fre-
quency ranges are similar in the two spectra and should be due to the
same physical phenomenon but with a different intensity. Moreover,
these base spectra are in good agreement with the measurements of
Eldred1 and Mabey,2 who found a broad maximum for SrD ≤ 0.1
and SrD = 0.06, respectively. With regard to the other configura-
tions with a jet or a rear-body, the base pressure spectra exhibit the
same behavior at low frequency, although with a lower intensity.

Low-frequency oscillations were observed for all of the after-
body configurations tested in this study and especially in the case
L/D = 1.2, where a reattachment occurs. They should be attributed
to a flapping motion of the shear layer. This phenomenon has been
identified by a number of authors for a wide range of separated
flows and is a result of a large-scale unsteadiness in the bubble.
In separating and reattaching flows, including the backward-facing
step12,17 or the plate with a blunt leading edge,18,19 the flapping
motion was related to successive enlargement and shrinkage of the
bubble due to an oscillation of the instantaneous reattachment point.
A low-frequency unsteadiness was also observed in separated flows
without reattachment, such as the wake of a disk,5 corresponding to
SrD ≈ 0.05. It was attributed to a simple axisymmetric pumping of
the recirculation bubble.

Spectra on Rear-Body Surface
The wall-pressure spectra for L/D = 0.6 and 1.2 (Figs. 14–16)

suggest that several kinds of flow unsteadiness can exist in the sep-
arated region other than the low-frequency flapping motion of the
shear layer.

For the short rear-body extension L/D = 0.6 without shear layer
reattachment, the spectra in the recirculation region are dominated
by a narrow peak at a nearly constant frequency SrD = 0.18 in the
no-jet case. The near-wake flow is characterized by a global un-
steadiness, and the periodicity is attributed to the vortex shedding of
large-scale turbulent structures, as observed for several axisymmet-
ric bluff bodies.5,6 The present measurements suggest the existence
of coherent vortices in turbulent flows at very high Reynolds num-
bers. Further evidence of this phenomenon will be demonstrated
in the next section by the consideration of the azimuthal coher-
ence. Notice that the same Strouhal number was found by Flodrops
and Desse9 for the blunt-based body but only in the far wake at
X/D = 12. In the present study, the wall-pressure spectra show that
for this configuration the presence of a well-defined peak is less
clear than in the L/D = 0.6 case (Fig. 13). Two hypotheses can ex-
plain this difference between the two afterbody configurations. First
is the overall level of fluctuations at the base, which is much higher
in the case of the blunt-based body (Fig. 5). Hence, in this situa-
tion, the wake unsteadiness at the wall is possibly hidden by random
oscillations at low frequency. The second explanation could be an
influence of the protruding cylinder downstream of the base, which
enhances the wake unsteadiness in the L/D = 0.6 case. The effect
on the vortex shedding process of a splitter plate with a moderate
length in the wake of a blunt body was demonstrated by Bearman20

for two-dimensional configurations.
When a supersonic jet is running, the pressure spectra shown in

Fig. 15 still exhibit a narrow peak but at a slightly higher Strouhal
number SrD = 0.2. Its amplitude, however, is noticeably weaker
than for the no-jet case. This may be because the jet is located on the
wake center and then obstructs the development of large-scale vor-
tices. Hence, the organization of the coherent structures is probably
modified, and their predominance in the wall-pressure fluctuations
is reduced. Finally, the sharp increase of the rms pressure levels at
the end of the rear-body earlier reported (Fig. 11) appears to result
mainly from broadband energy at frequencies higher than the one as-
sociated with the large-scale vortices in the wake. These oscillations
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a)

b)

Fig. 12 Sample time series of pressure fluctuations L/D = 0.6 case at X/D = a) 0.39 and b) 0.55.

have been attributed to the interaction between the separated shear
layer and the jet located downstream of the rear-body.

For the long rear-body extension L/D = 1.2 (Fig. 16), the flow
reattaches at the end of the rear-body. As suggested by Mabey,11

in such situations the Strouhal number based on the reattachment
length, that is, approximately L , is used. The pressure spectra exhibit
different predominant frequencies, depending on the streamwise po-
sition in the recirculating bubble. Close to separation, the flow is

dominated by the flapping of the shear layer, which corresponds to
SrL ≈ 0.1. Farther downstream, the contribution of higher frequency
components becomes progressively predominant. At the end of the
rear-body, a weakly defined maximum around SrL ≈ 0.6 can be seen
in the spectra. This frequency, which is five or six times greater than
the one associated with the flapping motion of the shear layer, has
been found in a wide range of separated flows with reattachment11

and was related by several authors18,19 to the shedding of shear layer
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Fig. 13 Base pressure spectra at r/R = 0.7.

Fig. 14 Pressure spectra on rear-body for L/D = 0.6 with no jet.

Fig. 15 Pressure spectra on rear-body for L/D = 0.6 with jet,
NPR = 33.

vortical structures from the recirculation region in the reattachment
zone. In the second-half of the external rear-body surface, and es-
pecially at X/D = 0.72 where the reattachment process has not yet
begun, the spectra exhibit a peak centered around SrL ≈ 0.2. This
frequency can be related to the coherent structures in the near wake
as already pointed out for the L/D = 0.6 case. However, for the long
rear-body extension, this unsteadiness is of weaker intensity with a
less definite frequency. This should be related the reattachment of
the shear layer, which tends to prevent the formation of large-scale
vortices in the near wake.

Fig. 16 Pressure spectra on rear-body for L/D = 1.2 with no jet.

Azimuthal Coherence
Emphasis is now placed on the spatial organization of the flow us-

ing a two-point correlation analysis. More precisely, the azimuthal
coherence is investigated in the afterbody configurations where
the wall pressure is influenced by the vortex shedding of large-
scale structures in the near wake. Consider the random signals
p1(r, X, ϕ1, t) and p2(r, X, ϕ2, t) obtained from two pressure trans-
ducers, located in a normal plane to the inflow. The complex coher-
ence function may be defined as

C = S12(r, X, ϕ1, �ϕ, f )√
G1(r, X, ϕ1, f ) G2(r, X, ϕ2, f )

= Cr + iCi (2)

where S12 is the cross-spectral density, �ϕ = ϕ2 − ϕ1. Note that |C |
is the classical coherence function γ .

The hypothesis of a strictly axisymmetric flow in a time-averaged
sense allows two assumptions to be made regarding the cross-
spectral density properties, as pointed out by Michalke and Fuchs.21

The first assumption is homogeneity. There should not be any
preferred angle of reference ϕ1:

S12 = S12(r, X, �ϕ, f ) (3)

The second assumption is isotropy. When it is assumed that there
is no mean swirl, the disturbances should no exhibit any particular
direction of propagation:

S12(−�ϕ) = S12(�ϕ) (4)

With regard to the coherence function, the isotropy condition (4)
implies that

Ci = 0 ⇔ � = 0(π) (5)

where � is the coherence phase angle. Finally, the 2π periodicity of
the Cr function with respect to �ϕ allows a Fourier decomposition
in azimuthal modes:

Cr (�ϕ, f ) =
∞∑

m = 0

Cr,m( f ) cos(m�ϕ) (6)

The Cr,m coefficients can be seen as the percentage of the fluctuating
energy relative to the azimuthal constituent m at a given frequency.

Practically, several rings of pressure taps nonuniformly dis-
tributed were installed at different streamwise positions on the mod-
els. A high number of transducer distances �ϕ could be obtained
by varying the reference transducer located at angle ϕ1.

The formalism described earlier is now applied to the present
measurements in the L/D = 0.6 case without jet, where the un-
steadiness associated with the coherent structures in the wake is the
most obvious. The flow axisymmetry of this afterbody configura-
tion has already been suggested by single-point measurements with
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Fig. 17 Circumferential coherence distribution at the vortex shedding
frequency, X/D = 0.55 (L/D = 0.6, no jet).

a) b)

Fig. 18 Vortex shedding frequency, X/D = 0.55 (L/D = 0.6, no jet):
a) phase angle Φ and b) Fourier coefficients Cr,m.

the nearly uniform circumferential distribution of the rms pressure
levels as shown in Fig. 5 (opposite that of the blunt-based body
case).

The γ (�ϕ) curve at the vortex shedding frequency shown in
Fig. 17 exhibits a particular behavior. A classical turbulent flowfield
would normally result in a monotonous decrease in the coherence
with the distance between the two transducers. In the present situa-
tion, the coherence is very low for �ϕ = 90 deg but reaches a local
maximum γ ≈ 0.90 for �ϕ = 180 deg. Similar quantitative results
have also been obtained on the afterbody at X/D = 0 and 0.12.

The flow is not exactly axisymmetric, as shown in Fig. 17, with
the Ci (�ϕ) distribution where some scattering, although limited,
around the Ci = 0 value is observed. The Fourier decomposition of
the Cr function (Fig. 18) exhibits a strong dominance of the first az-
imuthal mode m = 1, which is associated with an antiphase relation-
ship of the signals for �ϕ = 180 deg. More than 90% of the pressure
fluctuations at the vortex shedding frequency are due to this antisym-
metric mode, the other azimuthal constituents being of negligible
importance. The highly coherent pressure field for large transducer
distances clearly indicates the presence of large-scale structures in
the near wake. These properties of the turbulent fluctuations have
ever been reported for bluff bodies,5,6 but for probes located far-
ther downstream in the wake. Flow visualizations5 showed that the
predominance of the m = 1 mode could be related to helical vortex
structures randomly oriented in ϕ. The occurrence of highly coher-
ent antisymmetric fluctuations on the afterbody surface should be of
particular importance for further consideration of the buffet prob-
lem. Indeed, the side loads exerted on the body that can be obtained

a) b)

Fig. 19 Circumferential coherence distribution at the vortex shed-
ding frequency for a) L/D = 0.6 with jet (NPR = 33), X/D = 0.55, and
b) L/D = 1.2 without jet, X/D = 0.72.

by a circumferential integration of the instantaneous wall-pressure
field only result from the m = 1 mode.

For the other afterbody configurations, such as the L/D = 0.6
configuration with a jet and the long rear-body extension, L/D =
1.2, the particular azimuthal correlation of the wall fluctuations at
the vortex shedding frequency still exists, although more weakly
defined, as shown in Fig. 19. The minimum of the γ (�ϕ) function
is not precisely localized, but the level for �ϕ = 180 deg remains
higher than 0.5. Consequently, in these cases, the first azimuthal
mode and the related helical wake structure are not as dominant
as in the no-jet case for L/D = 0.6. This result suggests some less
organized and more random large-scale structures, probably due
to the small-scale turbulence generated by the separated shear layer
interaction with the jet or the reattachment process on the protruding
rear-body.

Conclusions
Experiments have been carried out to investigate the mean and

unsteady surface-pressure field on afterbodies of revolution at high
subsonic speeds. Two parameters have been tested, the extension
from the base center of a cylindrical rear-body (representative of
a propulsive nozzle) and the presence of a supersonic jet. It turns
out that the geometric ratio L/D plays a key role in the mean and
unsteady flow features.

For L/D = 0.6, there is no reattachment of the shear layer on
the downstream surface. The wall-pressure fluctuations are affected
by the formation of large-scale vortices in the wake at a frequency
SrD ≈ 0.2. The jet directly interacts with the recirculation bubble,
which results in higher rms pressure levels on the rear-body. Al-
though the jet constitutes an obstacle in the afterbody wake, the
formation of large-scale vortices is still persistent.

For L/D = 1.2, the shear layer reattaches near the end of the pro-
truding wall, where the rms pressure fluctuations are maximum. The
predominant oscillations at SrL ≈ 0.6 are related to the convection
of turbulent eddies in the separated shear layer. The jet, which is
located downstream of the recirculation bubble, has little effect on
both the mean and the unsteady pressures. Finally, although less
clearly dominant in the spectra, the same narrow peak at SrD ≈ 0.2
as in the L/D = 0.6 case still exists. This shows that the flow reat-
tachment does not totally inhibit the formation of large-scale vortex
structures in the wake.

The large-scale flow phenomena have been revealed by a two-
point correlation analysis. In the L/D = 0.6 case without jet, the
instantaneous pressure field at the vortex shedding frequency is
strongly dominated by the antisymmetric mode m = 1, although the
flow is axisymmetric in a time-averaged sense. The presence of a jet
or a long protruding cylinder reduces the predominance of the first
mode. Note that previous flow visualizations behind bluff bodies5,8
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suggested that the coherent vortex structures are helical. As a conse-
quence, their development is not impossible with an obstacle, such
as a jet or a long protruding cylinder, located on the wake axis.
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Inst. de Mécanique des Fluides de Lille, Rept. IMFL-85/19, Lille, France,
April 1985.

10Calvert, J. R., “Experiments on the Low-Speed Flow past Cones,” Jour-
nal of Fluid Mechanics, Vol. 27, Pt. 2, 1967, pp. 273–289.

11Mabey, D. G., “Pressure Fluctuations Caused by Separated Bubble
Flows at Subsonic Speeds,” Royal Aircraft Establishment, RAE-TR-71160,
Bedford, England, U.K., Dec. 1971.

12Driver, D. M., Seegmiller, H. L., and Marvin, J., “Time-Dependent
Behavior of a Reattaching Shear Layer,” AIAA Journal, Vol. 25, No. 7,
1987, pp. 914–919.

13Reijasse, P., Morzenski, L., Blacodon, D., and Birkemeyer, J., “Flow
Separation Experimental Analysis in Overexpanded Subscale Rocket-
Nozzles,” AIAA Paper 2001-3556, July 2001.

14Hagemann, M., Terhardt, M., Frey, M., Reijasse, P., Onofri, M., Nasuti,
F., and Ostlund, J., “Flow Separation and Side-Loads in Rocket Nozzles,” 4th
International Symposium on Liquid Space Propulsion, Deutschen Zentrum
für Luft- und Raumfahrt, Lampoldshausen, Germany, 2000.
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