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Mean and Fluctuating Pressure in Boat-Tail

Separated Flows at Transonic Speeds

Rajan Kumar* and P. R. Viswanath'
National Aerospace Laboratories, Bangalore 560 017, India

and

A. Prabhu?
Indian Institute of Science, Bangalore 560 012, India

Experiments were carried out investigating the features of mean and unsteady surface pressure fluctuations in
boat-tail separated flows relevant to launch vehicle configurations at transonic speeds. The tests were performed
on a generic axisymmetric body in the Mach-number range of 0.7-1.2, and the important geometrical parameters,
namely, the boat-tail angle and diameter ratio, were varied systematically. The measurements made included
primarily the mean and unsteady surface-pressure fluctuations on nine different model configurations. Flow-
visualization studies employing a surface oil flow, and schlieren techniques were carried out to infer features like
boundary-layer separation, reattachment, and shock waves in the flow. The features of mean and fluctuating surface
pressures are discussed in detail including aspects of similarity. It has been observed that, on a generic configuration
employed in the present study, the maximum levels of surface-pressure fluctuations in the reattachment zone are
appreciably lower than those found on launch vehicle configurations having a bulbous or hammerhead nose shape.
A simple correlation is suggested for the maximum value of rms pressure fluctuations in the reattachment zone at

different freestream Mach numbers.

Nomenclature
Cp = static-pressure coefficient, (p — p,)/q;
Coms = unsteady surface-pressure coefficient, pms/gs
Coms@®L = Cpms for attached boundary layer
(at x/D =-0.33)
Comsmaxy = maximum value of Cpmyg (at x,)

Cpms.co = unsteady surface-pressure coefficient

. based on freestream conditions, Pms/Goc
D =

forebody diameter (90 mm)
d = rear-body diameter
h = step height, (D —d)/2
M = Mach number
D = local static pressure
24 = pressure fluctuation
Prms = rms pressure fluctuation
q = dynamic pressure, 0.5y pM?
R = reattachment location
S = separation location
u = local velocity B
1k = friction velocity .
X = streamwise distance (x = 0 at boat-tail corner)
X, = reattachment distance
y = distance normal to the surface
B = boat-tail angle
ACprms = C|prms (max) — Cprms (BL)
do = boundary-layer thickness at x = —30 mm
Subscripts
s = reference conditions (at x/D = —1.0)
(] = freestream conditions
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Introduction

HE relatively high levels of surface-pressure fluctuations aris-

ing in zones of turbulent boundary-layer separation, reattach-
ment, and shock-wave-boundary-layer interaction can be a source
of buffet excitation of a flight vehicle structure, particularly at tran-
sonic speeds.!~* The effects are amplified in the presence of a normal
shock wave at transonic Mach numbers. Even though it is desirable
to have a shape that would maintain an attached boundary layer
over most of the vehicle surface, space vehicle configurations are

* not aerodynamically clean because of certain design requirements
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and have shapes that disturb the flow causing local shocks, regions
of flow separation, and highly disturbed attached flow.

In the context of a launch vehicle having a bulbous or hammer-
head nose shape, buffeting caused by the aerodynamic excitation
in the nose as well as boat-tail regions of the configuration has
been of significant concern in design.!™ The boat-tail region of a
launch vehicle leads to separation of flow, and relatively high levels
of pressure fluctuations occur in the reattachment zone. Pressure
fluctuations in the nose region are essentially caused by unsteady
shock waves, which are localized. At higher transonic Mach num-
bers (1.0 < M, < 1.2) the flow over the launch vehicle configuration
becomes supersonic, and the shock gets shifted downstream. The
boat-tail region takes added emphasis because vital electronic in-
struments are often housed in that zone, and vibrations transmitted
into the structure can affect the performance of such equipment.

In most earlier studies,'~* particularly involving launch-vehicle-
type configurations, not much attention has been given to aspects
of shear-layer reattachment (following separation at boat-tail cor-
ner); in particular, the data available on pressure fluctuations in the
reattachment zone as influenced by the important geometrical pa-
rameters such as diameter ratio (or step height), boat-tail angle, and
flow parameters such as the Reynolds number and Mach number
are very limited. Furthermore, difficulty exists in modeling tprbu'
lence in complex flows involving strong adverse pressure gradients,
shock waves, and three-dimensionality, and therefore estimates of
the aerodynamic excitation caused by separated flows for design
needs would depend on engineering methods, which are based on2
good database. ) _

The present study is an attempt to understand certain major fea-
tures of mean and unsteady surface-pressure fluctuations in boat-tail
separated flows relevant to launch vehicle configurations. The exper-
imental results have enabled a clear description of the major effects
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of the geometric parameters on boat-tail flows and identification of
certain trends in both the mean as well as unsteady surface-pressure
characteristics associated with shear-layer reattachment. A simple
correlation is also suggested for the maximum value of rms pressure

fluctuation in the reattachment zone at different freestream Mach
numbers.

Experiments

Experiments were carried out on a generic axisymmetric body,
representative of a launch vehicle configuration, in the Mach-
number range of 0.7-1.2. The axisymmetric body employed (Fig. 1)
enabled the study of the surface-pressure fluctuations in reattach-
ing flows with a turbulent boundary layer, which is reasonably well
developed upstream of the boat-tail corner, unlike a typical bul-
bous cone or a hammerhead configuration used in launch vehicle
applications. All of the tests were carried out at zero incidence.
The test Reynolds number varied from 7.5 x 106 at My, =0.70 to
11.2 x 10° at Mo, =1.20 (based on the distance of boat-tail corner
from the nose of the model).

Test Facility and Freestream Flow Quality

The tests were made in the National Aerospace Laborato-
ries (NAL) 0.6-m blowdown transonic wind tunnel. The tunnel,
equipped with an annular sleeve valve and a set of five screens,
provided good freestream flow characteristics. Figure 2 shows the
measured rms level of freestream pressure fluctuation coefficient
(Cprms.oo) In the 0.6-m tunnel for the transonic Mach-number range
of 0.7-1.2; also shown are the results from other tunnels reported in
the literature for comparison.® It can be seen that the freestream pres-
sure fluctuation levels in 0.6-m tunnel are significantly lower than
many high-speed tunnels elsewhere and comparable with some of
the best in the world. The tunnel therefore provided an excellent en-
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Fig. 1 Geometrical details of the generic axisymmetric body.
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Fig. 2 Comparison of test-section pressure fluctuation levels,

vironment for the study of surface-pressure fluctuations in separated
flows.

Test Models

The generic axisymmetric body (Fig. 1) features an ogive nose
followed by two cylindrical portions of different diameters separated
by a boat-tail region. The forebody diameter of the model (D) was
90 mm, and the total length was 650 mm (7.22D). The cylindrical
section ahead of the boat-tail was 310 mm (3.44 D) in length, provid-
ing a reasonable distance (about 508, where &, is the boundary-layer
thickness ahead of boat-tail corner at x = —30 mm, 8o & 6 mm) for
the growth of the turbulent boundary layer at nearly constant pres-
sure. Three different cylindrical sections of diameter (d)58.5,67.5,
and 76.5 mm, corresponding to the diameter ratio (¢/D) 0.65, 0.75,
and 0.85, were fixed to the forebody to study the effect of diameter

-Tatio. Cone frustums were added to the cylinder to generate boat-tail

angles (B) of 15 deg (shallow angle), 31.5 deg (typical of launch
vehicle configurations), and 90 deg (a rearward-facing step). The
boundary layer on the nose was tripped using carborandum parti-
cles of 120 size over a width of 4 mm at a distance of 38 mm from
the nose of the model. Static-pressure distributions on the model
were measured using 40 pressure taps of 0.5-mm internal diameter
located on the top generator; the holes were drilled normal to the
surface of model. .

Measurements and Instrumentation

The measurements made consisted of streamwise surface-
pressure distributions on the forebody, boat-tail, and downstream
cylindrical section on all of the nine configurations. The unsteady
pressure measurements were made using miniature Kulite trans-
ducers at selected streamwise locations with emphasis on the reat-
tachment zone. The boundary-layer mean velocity profiles mea-
surements were made on the cylindrical portion of the forebody
(ahead of the boat-tail corner) at x/D = —0.33 using a pitot-rake;
the streamwise position of the rake was selected such that it is in the
zero-pressure-gradient region. Extensive surface flow-visualization
studies were conducted in the separated zone to infer features like
separation, reattachment, and the presence of a shock wave on the
model. Schlieren flow visualization was utilized to see features of
separated shear layer and shock waves, particularly at higher tran-
sonic Mach numbers.

All of the steady pressure measurements on the model were made
using two, +68-kN/m? differential, 32-port electronically scanned
pressure scanners. Special care was taken in the measurement of
unsteady pressures. This involved choice of pressure transducers,
installation of transducers, subtraction of steady pressure from the
instantaneous signal, and data acquisition and processing, which are
discussed next.

The unsteady surface-pressure fluctuations were measured at
desired locations on the model, with emphasis on the boat-tail
region, using 0.0016-m diameter, +68-kN/m? differential range,
cylindrical-type Kulite pressure transducers. Each transducer was
statically calibrated, which showed excellent linearity.® The trans-
ducers were mounted carefully in flush with the surface of the model
so that loss in frequency response was kept to a minimum, as com-
pared to housing the transducer surface in a cavity of small vol-
ume. To determine the frequency response of the system, tests were
conducted in the acoustic test facility at NAL up to a (maximum)
frequency of 16 kHz. A corparison of the pressure spectra obtained
from the Kulite pressure transducers with that from a precision con-
denser microphone (which was used to measure the applied acoustic
pressure) showed that the frequency response of the Kulite pressure
transducers used were better than +1dB over the applied test fre-
quency range of 31.6 Hz to 16 kHz (Ref. 6).

Special measures were adopted to maximize the measurement
accuracy of unsteady pressures. Important among these was the
scheme to balance out the steady pressure across the diaphragm
of the Kulite pressure transducer. Because the magnitude of the
fluctuating pressure is low relative to the steady pressure, the output
of the transducer will correspondingly contain a small unsteady
signal and a relatively high mean signal. Processing of such a signal
can lead to alow measurement accuracy of unsteady pressures unless
sufficient care is taken. To avoid this problem, the reference side of



each pressure transducer was connected to the static-pressure port
located at same longitudinal position adjacent to it, balancing out
the steady pressure across the transducer diaphragm. However. to

prevent the unsteady pressure from acting on the reference side of the

diaphragm a suitable damper was designed and connected between
the reference side of the transducer and the static-pressure port.

The use of the preceding scheme ensured that the transducer out-
put will be essentially caused by the unsteady pressure on the flow
side of its diaphragm and enabled the use of a lower range trans-
ducer and also a high amplifier gain tailored primarily for the un-
steady pressure levels. Another important feature of instrumentation
scheme used was the use of small sized, fixed gain booster ampli-
fiers to improve the signal-to-noise ratio. These amplifiers were
housed within the model and located as close as possible to the
pressure transducers. Outputs from these booster amplifiers were
fed to the signal conditioners placed outside the tunnel. Other pre-
cautions taken to reduce the noise were the use of battery for the
excitation of pressure transducers. Adoption of the various measures
just noted resulted in a high signal-to-noise ratio. More details of
the instrumentation used are reported in Ref. 6.

Measurement Uncertainties

The uncertainty in the steady pressure measurements was es-
timated using the method suggested by Kline and McClintock.”
The estimated uncertainty taking into account of repeatability was
AC, <=£0.02C,. In the context of unsteady pressure measure-
ments, the major sources of error include transducer measure-
ment accuracy, transducer flushness, instrumentation noise, flow
unsteadiness in the tunnel, and the record length. As already in-
dicated, the Kulite transducers were-statically calibrated, and the
uncertainty obtained from static calibration was within £=1% of full
scale. Sufficient care was taken to mount the transducers flush to
the surface. The pressure fluctuation data include the contribution
caused by the inevitable flow unsteadiness in the tunnel. Unsteady
pressure signals were acquired at a sampling frequency of 25.6 kHz
for about 8 s for obtaining the rms value and spectra of pressure
fluctuations. The maximum uncertainty in the measurement of un-
steady pressure coefficient, taking into account of repeatability, was
estimated to be within +£5%.
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Fig. 3 Mean velocity profiles in wall coordinates.
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Results and Discussion

Boundary-Layer Properties

The boundary-layer mean velocity profiles (ahead of boat-tail cor-
ner on the forebody) at x = —30 mm were measured using a pitot-
rake in the Mach-number range of 0.7--1.0; the streamwise location
ofthe rake was chosen to be in the zero-pressure-gradient zone. as we
shall discuss in detail subsequently. The measured boundary-layer
thickness 8, at the different freestream Mach numbers was essen-
tially constant around 6 mm. The associated transverse parameter
8o/ R = 0.13 (where R is the forebody radius) is quite small, and
therefore the boundary-layer properties might be expected to be
similar to those in two-dimensional flows. The measured velocity
profiles (Fig. 3) at different freesteam Mach numbers display a siz-
able logarithmic region suggesting that the turbulentboundary layer
ahead of boat-tail is reasonably well developed.®

Surface Flow Visualization

Typical surface flow-visualization photographs on three boat-tail
configurations for the diameter ratio of 0.65 and at a Mach number
of 0.8 are shown in Fig. 4 (the vertical line at location A in Fig. 4a
is a weak tool mark and does not represent any flow feature). The
boundary-layer separation generally occurred at the boat-tail corner
and reattachment downstream on the cylinder at a distance, which
depended on the diameter ratio /D, boat-tail angle B, and M.
Although the test configuration is axisymmetric, a small degree of
circumferential variation in the location of reattachment was seen
in some cases: the presence of three-dimensional perturbations in

&) dID = 0.65, 3 = 15 deg, Mo = 0.8

Fig. 4 Typical surface flow-visualization photographs.
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nominally two-dimensional separated flows are not uncommon.™
In contrast to the preceding observations. at 4/ = 1.0 and 1.2 and
p =15 deg the separation of the boundary layer occurred along the
boat-tail surface.”

Schlieren Flow Visualization

The schlieren photographs were taken in the M. range of 0.8—1.2
fo capture certain broad features of separated flow and presence of
shock waves in the flow (Fig. 5). Although boundary-layer sepa-

a) dID = 0.65, 3 = 90 deg, Mo, = 0.8

b) dID = 0.65, 3 = 31.5 deg, Mo, = 0.8

c)d/D = 0.65, 3 = 15 deg, Mo, = 1.0

Fig. 5 Typical schlieren flow-visualization photographs.

ration generally occurred at the boat-tail corner and reattachment
downstream on the cylinder in ntost cases (Figs. 3a and 3b), the
presence of a shock wave and subsequent separation of the bound-
ary layer in the boat-tail region can be seen for the configuration
with f = 15 deg (Fig. 5¢).

Classification of Boat-Tail Flows

Over the range of Mach numbers and different model configura-
tions studied, two types of boat-tail flows were observed (Fig. 6);
1) boundary-layer separation at the boat-tail corner with shear-layer
reattachment downstream on the cylinder surface for most of the
configurations (type 1) and 2) shock-induced boundary-layer sepa-
ration along the boat-tail with subsequent reattachment on the cylin-
der surface (type II) for few cases involving low 8 (=15 deg) and

at freestream Mach numbers of 1.0 and 1.2.

Mean Surface-Pressure Distributions

In what follows, we shall present the measured surface-pressure
distributions in terms of C, [defined as (p — p,)/q,]. Because
the turbulent boundary layer grows under a nearly zero-pressure-
gradient condition ahead of the boat-tail corner, it is meaningful
and appropriate to define a surface-pressure coefficient C, based
on these (local) conditions on the cylinder (M, and p,) measured at
X /D = —1.0 rather than M, and p..

A typical plot of surface-pressure distribution on the complete
model for d/D =0.65 and 8 =31.5 deg at M., =0.8 is shown in
Fig. 7. As might be expected. the flow accelerates on the tangent
ogive surface, reaches a minimum around the ogive-cylinder junc-
tion, and is then recompressed to a nearly constant pressure along
the cylindrical portion of the body. The lower surface pressures
in the boat-tail region are the result of boundary-layer separation at
the corner. The subsequent increase in surface pressures indicates

0.2

T
A/D = 0.65, B = 31.5 deg.

waﬂw

p
0.2
Ogive-cylinder junction
0.4 u / Boat-tail corner (S)
0.6 ‘ w
5.0 3.0 1.0 0.0 1.0 3.0
x/D

Fig. 7 Typical static-pressure distribution at M, = 0.8.

CLASSIFICATION OF BOAT-TAIL FLOWS

AN

-

Separation at the boat-tail corner (Type 1)

!

M.=0.7,0.8,0.9,1.0 and 1.2
4/D = 0.65. 0.75, 0.85
B =31.5 deg., 90 deg.

M.,=0.7,0.8 and 0.9
d/D = 0.65. 0.75, 0.85
B =15 deg.

~

Shock-induced separation (Type IT)

M.=1.02and 1.2
d/D = 0.65. 0.75, 0.85
B =15 deg.

Fig. 6 Schematic of boat-tail flows observed.
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Fig. 8 Effect of diameter ratio on surface-pressure distributions,
Mo =0.8. )

reattachment of the separated flow, reaching a maximum and relax-
ing gradually to the freestream static pressure.

Effect of Diameter Ratio and Boat-Tail Angle

First, we will discuss the features for type I flow for which flow
separates on the boat-tail corner and reattaches on the cylinder
downstream. The mean surface-pressure distributions in the boat-
tail zone for the type I flow were qualitatively similar on all of
the configurations and Mach numbers tested (Figs. 8~10), except
for the case of d/D =0.85 and B =15 deg for which the pres-
sure changes were weak because the step height A4 s small and the
boat-tail angle is shallow; the surface flow visualization showed
a weakly separated flow.® In such a case the gross features of
the flow will be essentially those of an attached flow leading to
a weak perturbation in surface-pressure distribution, as observed in
experiments.

Figure 8 shows the effect of diameter ratio at fixed values of 8
at Mo =0.8. The results show that the step height h, associated
with the boat-tail angle f, is a useful length scale to normalize the
streamwise distance in the description of the surface-pressure dis-
tributions (Fig. 8); this is to be expected from our knowledge of
base flow dynamics.''~!> The use of the distance to reattachment
from separation x, resulted in a significant collapse of the pressure
distributions for a given B (Fig. 9). Figure 10 shows the effect of
B on C, distributions for a given diameter ratio and Mach num-
ber; interestingly, the results are seen to be essentially the same, in
a nondimensional sense, for 8 =31.5 and 90 deg suggesting rela-
tively weak effects of 8 beyond 31.5 deg. The preceding features of
similarity were found at other Mach numbers as well.®

For type II flows involving shock-induced separation along the
boat-tail and reattachment downstream, the pressure distributions
were broadly similar to type 1 flows.® Figure 11 shows the effect
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Fig. 9 Effect of diameter ratio on surface-pressure distributions,
My, =0.38.

of diameter ratio for type II flows (with the origin for the x axis at
the separation point along the boat-tail as opposed to the boat-tail
corner). The pressure distributions are similar except at 8 =15 deg,
d/D =0.85 at M, = 1.0, for which the pressure changes in the
boat-tail zone are small (Fig. 11a) for the reasons described earlier.

Effect of Freestream Mach Number

For type I flow, two families of pressure distributions were
observed; typical results are shown in Fig. 12 for the case of
B=31.5 deg. The data at Mo, =0.7, 0.8, and 0.9 were closer (0
each other, whereas the data at M, = 1.0 and 1.2 had broadly sim-
ilar characteristics in the separated and pressure recovery region.
The surface pressures following separation at the boat-tail corner
are generally lower at My, = 1.0 and 1.2 (compared to Mo =0.7,
0.8, and 0.9) because the flow approaching the corner is mildly su-
personic and therefore encounters an expansion fan. In contrast, the
surface-pressure distributions for type II flow did not exhibit simi-
larity (Fig. 13), indicating stronger effect of Mach number; the Cy
values in the separated flow region for type I flows were relatively
lower as compared to type I flows.

Features of Unsteady Pressure Distributions
RMS Pressure Distributions

The unsteady features of surface pressure were obtained at s&-
lected streamwise locations on each model configuration with em-
phasis on the reattachment zone. The rms pressure levels in the
attached turbulent boundary layer (x =—30 mm) showed good
comparison® with the experiments of Coe made at NASA Ames
Research Center in the 14-ft transonic wind tunnel.' Figures 14 and
15 show typical results of the effect of d/D and f (respecnvely)
on Cpms 8t Moo = 0.8. Some of the interesting features observed for
type I flow include 1) occurrence of the maximum value of rms pres-
sure fluctuation in the vicinity of shear-layer reattachment (Fig. 14)
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Fig. 12 Effect of- freestream Mach number on surface-pressure
distributions. ’ ’

as found in earlier investigations'*!3; 2) a systematic trend gener-
ally involving an increase in the value of Cpms with step height (or
a decrease in d/D) (Fig. 14); 3) similarity in the streamwise dis-
tributions of Cppys for 8 =31.5 and 90 deg (Fig. 15), as seen with
the mean surface-pressure distributions (Fig. 10); and 4) a progres-
sive decrease both in maximum value as well as the value corre-
sponding to attached boundary layer with an increase in freestream
Mach number® (reflecting progressive increase in the dynamic pres-
sure in the tunnel). Qualitatively similar results were observed
at other Mach numbers.® For type II flows, two peaks in Cprms
(Fig. 16), corresponding to separation and reattachment locations
were seen similar to the observations made in supersonic separated
flows?; the peak value at separation was about twice higher than at
reattachment.

Typical Specira of Pressure Fluctuations

Typical amplitude spectra of surface-pressure fluctuations cor-
responding to type 1 flow (Fig. 17) reveal the following features:
1) the spectra in the vicinity of reattachment has higher energy lev-
els (about twice) up to a frequency of about 6 kHz than the attached
boundary layer, 2) the energy level in the separated bubble is neg-
ligible because the local dynamic head is very low, and 3) there is
no evidence of any periodicity in the reattachment zone. For type II
flow involving shock-induced separation (Fig. 18), the shock spec-
trum showed a steep slope and high intensities at low frequencies (as
observed in supersonic separated flows in the vicinity of the shock
wave?); the reattachment spectrum was similar to those observed
for type I flows (Fig. 17). ‘
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Fig. 13 Effect of freestream Mach number on surface-pressure distri-
butions in shock-induced separation.
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induced separation.
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rations.

Correlation for the Maximum Value of Cprms

Based on the measurements made, a correlation is suggested for
the maximum value of rms pressure fluctuation in the reattachment
4 zone at different freestream Mach numbers. Figure 19 shows the
it correlation in which the difference in the C prms At reattachment and
attached boundary layer (at each Mach number) is plotted against
M. The preceding correlation involves the important geometrical
5 and flow parameters of the problem.

Comparison of rms Levels with Launch Vehicle Configurations

Figure 20 shows a comparison of Cpnys With v /x, obtained on the
generic configuration in the present tests with those on launch vehi-
cle type configurations." " The different cases compared in Fig. 20
correspond to type I flow and the value of geometrical parameters
and M., are very close to each other making the comparisons very
relevant. The results indicate that the maximum values of Clorms
on launch vehicle configurations involving bulbous or hammerhead
nose are much higher (about 35%) than those obtained in the present
tests on a generic configuration with a well-developed turbulent
boundary layer ahead of boat-tail corner. It seems likely that the
higher levels of Cpms in the reattachment zone are associated with
distorted turbulent boundary layers ahead of the boat-tail corner in
launch vehicle designs, which result from the strong streamwise
pressure gradients and shock-wave boundary-layer interaction in
the nose region.

Conclusions

With a view to gain further understanding of mean and unsteady
surface-pressure field associated with boat-tail separated flows rel-
evant to launch vehicle configurations, a detailed parametric study
was carried out at trarsonic Mach numbers. The effects of diame-
ter ratio and boat-tail angle were systematically studied in the M,
range of 0.7-1.2. The present study, possibly the first attempt with
emphasis on the reattachment zone, has resulted in a broad under-
standing of mean flow features, surface-pressure fluctuations, and
their similarity at transonic speeds. In particular, the results show
that the maximum level of surface-pressure fluctuations occur in the
vicinity of shear-layer reattachment for different configurations, as
found in some of the earlier investigations. A comparison of the
data on rms surface-pressure fluctuations in the reattachment zone
of launch vehicle-type geometry (available in the literature) with
the present results on a generic configuration shows that bulbous or
hammerhead nose shapes generate much higher levels, which are
probably a result of distorted turbulent boundary layers ahead of
the boat-tail corner in such designs. The database generated in the
present study has resulted in a useful correlation for the maximum
value of Cpms, Which would be valuable in the development of en-
gineering methods for the calculation of unsteady loads relevant to
launch vehicle-type configurations.
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