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A Navier-Stokes Solution
for a Bulbous Payload Shroud

Sharad C. Purohit*
Vikram Sarabhai Space Centre, ISRO, Trivandrum, India

The unsteady, compressible Navier-Stokes equations in mass averaged variables are solved for flow past a
bulbous shroud. For the freestream Mach number 0.8 and Reynolds number 3.37xl07/m, a time-dependent
computation is performed, using MacC or mack's explicit finite-difference scheme with 64 X 30 grid points. The
entire flowfield along the shroud is analyzed to capture a terminal shock and the separation zones. A comparison
with available experimental results is reported and evaluation of the unsteady data for surface pressure fluctua-
tions is presented.

Nomenclature
Cp = pressure coefficient
D = forebody diameter
D{ =Van Driest's damping factor
e = specific energy, CVT+ 0.5 (u2 + v2)
E,F,H = flux vectors, Eq. (2)
J =Jacobian of transformation, d(xsZ)/d(£tri)
P = static pressure
q =heat flux
SPL = sound pressure level, dB, Re 20 /JV/w2

t = time
T - temperature
TCH = characteristic time
u,v = velocity components
U = mass averaged dependent variable
oj = vorticity
fji = molecular viscosity
e = eddy viscosity
p = density
x,r - polar coordinates
£,rj = transformed coordinates
bmn =Kronecker delta
rmn = stress tensor

Subscripts
oo = freestream conditions
w = surface conditions
m,n = indicial notations, Eq. (1)

Introduction

I N recent years, the prediction of flow-induced unsteady
oscillations around an aerospace vehicle has gained prom-

inence. While the strategic demands of the vehicle require a
critical analysis of the associated mission parameters, the fun-
damental knowledge of the fluid physics is of major concern
to the designers. The bulbous shaped shroud falls in one such
category, where an increase in pay load volume for a satellite
launch vehicle offers numerous attractive dividends. The
estimation of flowfield characteristics around such configura-
tions is of considerable practical, as well as research, interest.
For the ascent flight, during the transonic speed range, the
study is particularly important because of the inherent
phenomenon such as shock movements frequently coupled
with a substantial dynamic pressure. These parameters im-
plicitly depend on the intensity of the vorticity components of

the turbulence, the strength of the shock, and the mechanism
of their interaction, all of which are linked to specific body
shapes. For a geometry such as blunt nose cone-cylinder-flare-
cylfnder (the bulbous pay load shroud shown in Fig. 1), the
probable regions of flow separation impose an additional
complexity due to aerodynamic and structural design
aspects.1"4 Furthermore, as the boundary layer in the boattail
region is comparatively thicker, the evaluation of viscous-
inviscid interaction becomes necessary.

The flow oscillations and the possible separation zones
along the shroud introduce yet another serious concern in the
form of aeroacoustic noise.5'6 The maximum acoustic field
strength for such a shroud is observed during the transonic
phase of the flight with the high dynamic pressure conditions
on the vehicle. This is primarily reflected as surface pressure
fluctuations causing undesirable loads and buffet forces. As
pointed out by Karamcheti,7 to quantify the behavior of such
acoustic source, the basic fluid mechanics of real, unsteady
flow should be utilized to gain physical insight into what the
flow characteristics and the nature of fluctuations are like. In
this context, the objective of the present preliminary investiga-
tion is to analyze the time-dependent pressure fluctuations due
to the fluid-surface interaction and to determine the critical
"noise" parameter, the sound pressure levels (SPL).

Even though the task is of prime importance, the complete
analysis of the flowfield around the bulbous shroud is a real
challenge. The computational and experimental studies are the
two common approaches to solve such problems. Com-
plementing the experimental efforts,8 this paper describes a
computational approach. The prime objectives are to establish
the credibility of the numerical procedure and to compare the
results with the available experimental data.8

A survey of the literature reveals substantial efforts in this
area.9"14 However, for the various body geometries, the
available data are so sparse that a definite conclusion regard-
ing the flow aspects of a bulbous shroud can not be reached
easily. Thus, in order to obtain a fruitful result, the separated
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flow, the shock location, and their domain of influence de-
mand a systematic and step-by-step in depth study. We have
considered as a typical case a freestream Mach number 0.80, a
Reynolds number 3.37 x 107/m, and a zero angle of incidence.
For this set of data, a shock-induced separation is located just
downstream of the cone-cylinder junction.8 The aim is to
compute the mean and the fluctuating flow along the shroud,
the zones of separation, a Gaussian distribution for the
unsteady pressure data, and the range of sound pressure
levels, clB and the corresponding frequencies.

Analysis
Based on the experimental data from the wind tunnel test

facility at zero angle of incidence, the mean flow along the
bulbous shroud appears to be, in general, axisymmetric.
Therefore, to understand the basic fluid physics, a numerical
solution of the unsteady, compressible Navier-Stokes equa-
tions is attempted along a shroud generator. These equations
contain all the terms required to solve viscous-inviscid interac-
tion and the separation region at high Reynolds number.
Neglecting body forces, the governing equations, in mass
averaged variables are written in the following form:

( p ) f t + ( p u n ) t n = 0

(1)(pe)tt + [(pe)un + qn-u

where the values of the stress tensor and heat fluxes are the
total values. With the help of the perfect gas law, Sutherland's
formula, and a suitable turbulence model, the system of equa-
tions is closed.

The fluid motion described by the aforementioned equa-
tions is to be solved along a bulbous payload shroud, Fig. 1.
The forebody diameter of the model is 0.04 m, whereas the
afterbody diameter is 0.035 m. The boattail angle is 15 deg
measured clockwise from the axis with reference to the on-
coming flow direction. For the blunt nosed cone, the inclina-
tion at the forebody junction is (ir-20 deg) and the total
length of the shroud from the stagnation point to the boattail
is 0.083 m. These subscale dimensions were chosen after con-
sidering the blockage and compatibility conditions with the
model system support of the wind tunnel.8

One of the controlling factors for the numerical simulation
is the proper selection of the coordinate system and grid ar-
rangement. In order to avoid any interpolation during com-
putation, the effective way is to opt for body-oriented grids.

We discretize the shroud by 64 points for the cylindrical polar
coordinate system. The origin of the x-r plane is at the stagna-
tion point with the positive x-direction along the shroud. In
anticipation of the close presence of the shock to cone-cylinder
junction, 20 grid points defining the forebody were exponen-
tially stretched for adequate resolution (see Fig. 2). Similarly,
15 grid points defining the afterbody also were stretched up to
four times the diameter. For the blunt nose, 11 grid points
were uniformly placed at an angular interval of 6.1 deg and
the first point was placed at the mirror image location of the
second grid point to accommodate the symmetric boundary
conditions. Using these surface nodes as reference points, the
normal coordinates are then described by 30 field points (x,f)
extending outwards to six times the forebody diameter. The
finer mesh near the surface helps resolve the viscous effects;
the courser mesh helps in reducing the computer time. The
minimum mesh sizes in the normal, and along the solid sur-
face, were 8.138xlO~5 m and 6.047xlO~4 m, respectively.
Using the non-singular Jacobian, J, the Navier-Stokes equa-
tions in the transformed computational plan (£,rj) were rewrit-
ten as

dU

dE i d i H
~r~+T~'?«~5~(*/J) \=~rdrj £ drj J £ (2)

where U=[p,pu,pv,pe]T and E, F, H are the vector fluxes.
While the governing eguations are solved in the computational
space, the knowledge of inverse Jacobian helps interpret the
results in the physical space.

For the present preliminary investigation, a two-layer
algebraic model15 has been used as a turbulence closure. This
model, which utilizes vorticity distribution to determine the
scale lengths, has been used previously and is reputed to offer
acceptable engineering solutions.16'17

In the inner region, the eddy viscosity is given by

e/^O^Z^LJp Ico l (3)

where a? is the vorticity function, L is the distance normal to
the bulbous shroud, and D\ is the Van Driest's damping factor

In the outer region,

= 0.0168(1. (4)

The coefficient Fw is calculated as the minimum of the follow-
ing two values

(/7)0.25Lmaxmax(Vw2 + v2)/Fmax

The scale length Lmax is the maximum value of L when the
function F(=LDl I c o l ) attains its maximum, Fmax. The
Klebanoff intermittency correction factor is given by

= f l .
L

FMF=[1.0 + 5.5|

The effective viscosity is then given by

e = min(e/,e0)

(5)

(6)

Fig. 2 Mesh system of the shroud.

Numerical Procedure
The schlieren photographs for the experimental results show

a significant variation in the flow around the shroud up to one
forebody diameter. Beyond this distance, the flowfield
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changes are very small. This observation indicates that the
primary physical phenomenon consisting of the propagation
of pressure waves and vortices limit the flow variables to the
asymptotic values in the farfield. Thus, if the boundary condi-
tions are specified at a sufficiently large distance from the
shroud, the overspecification is generally acceptable.18 Ini-
tially the shroud is assumed to be immersed completely in the
uniform flow. The upstream boundary conditions are merely
freestream values whereas at the downstream boundary, the
gradient of properties is zero. At the shroud surface, no-slip
and adiabatic conditions were imposed; near the axis sym-
metric conditions were used.

The numerical scheme used for the present study is MacCor-
mack's explicit finite-difference scheme, which involves a
combination of alternating forward and backward differences
for the predictor and corrector steps.19 Fourth-order pressure
damping terms also were introduced during the computation,
which are effective only in the large pressure gradients
associated with the shock wave.20 A conservative choice of the
CFL number (0.80) was made to achieve a stable numerical
solution. The computer used for the analysis was CDC
CYBER 170/730 with 13IK memory available to the users.
The characteristic time, TCH (— forebody diam/freestream
velocity), was 1.53 x 10~4 s. To solve the transformed Navier-
Stokes equations at 64x30 grid points, the data processing
rate (CPU time per grid point, per time iteration) of 3.488 x
10~3 s was attained with almost all the memory utilized. Once
the initial phase of computation was over, and some periodic-
ity in the flow characteristics was observed, the study of
flowfield data was attempted, to assess the separation zones
and shock locations and to compute the sound pressure levels
and the frequencies.

Results and Discussion
The comparison of experimental data and the numerical

solution offers validation of the computational procedure as
well as guidelines for the subsequent analysis. The experimen-
tal results8 are essentially parametric in nature and provide the
pressure measurements at selected stations.

The computed surface pressure data along the shroud was
analyzed for the time mean and the root mean square (rms)
values using the following relations:

\
(7)

(C2 > =^Pk'
1 p t+TM r 1 p / + TM

—— C2 &t-\—— CrMJ/ Pk'm tTMJt Pk>" dt

k =1,2... 64, m= 1,2... 3600 (8)

where Cpkm corresponds to pressure coefficients at the kih
node at time mAt(At = 2A46x 10~6 s) and TM is the total
time period, equal to 0.0076 s and is considered after the 8000
time step computation is over. Since the time increment for the
pressure values is very small, the integral procedures Eqs. (7)
and (8) were adopted. The results are shown in Figs. 3 and 4.
The experimental values of mean pressure are taken from Ref.
8. The computed results compare quite well with the experi-
ment along the entire length of the shroud except at the cone-
cylinder junction where the maximum expansion occurs. Near
the stagnation point and on the spherical region, a steep fall in
pressure coefficients was registered, which is partially re-
covered along the cone. The experimental values also agree to
this trend from the station x/D = 0.22 onwards where the first
pressure measurement was made. On the forebody cylinder,
just after the cone-cylinder junction, the flow characteristics
exhibit a pressure plateau indicating separation. In the boattail
region, the expansions and compressions are comparatively
mild, and the computed results show a remarkable agreement
with the experimental data. Along the afterbody, the pressure

• EXPERIMENTAL
— COMPUTED
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Fig. 3 Comparison of CP distribution.

Fig. 4 RMS pressure fluctuations along the shroud.

4.0 5.0

Fig. 5 Terminal shock wave location.

coefficients recover, as expected, to their freestream values
within one forebody diam distance. The RMS pressure coeffi-
cient fluctuations, however, show a high peak and sharp varia-
tion near the cone-cylinder junction where a shock wave might
be located.

Significant insight into this phenomenon is demonstrated in
Fig. 5. The pressure jumps across the shock near the cone-
cylinder junction are self evident in the graph. The result
tallies qualitatively with the flow patttern indicated by the
schlieren pictures.8 A closer look into these pressure jumps
shows that the shock formation is due to the merger of many
compression waves ahead of the separation bubble. The shock
wave was resolved within four mesh points. However, this
resolution can be refined further by introducing more grid
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points, which strongly affects the available computational
resources.

In Fig. 6 we present a skin-friction coefficient distribution
along the shroud. It can be observed that strongly attached
flow near the cone-cylinder junction and an expansion due to
the typical shroud geometry gives way to a separation follow-
ing a terminal shock wave of the supersonic pocket. This
separation is confined to a short distance and the flow reat-
taches at x/D = 1.572. For a freestream Mach number of 0.80,
the present case, a similar interesting flow pattern is reported
by Ramaswamy.21 Along the boattail region, yet another local
separation results, due to a sharp discontinuity in the
longitudinal curvature. The flow separates at x/D = 2.41 and
the separation point is confined to a very small interval during
the time-dependent computation. A glimpse of the flowfield
structure is given in Figs. 7 and 8 through instantaneous veloc-

Fig. 6 Skin friction distribution.
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Fig. 7 Instantaneous velocity field along the shroud.
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Fig. 8 Instantaneous velocity field for the boattail region.

ity field along the shroud and in the boattail region. A thicken-
ing boundary layer and a strong recirculating flow at the boat-
tail afterbody junction can be noticed distinctly. Computing
the local Mach numbers we note that a supersonic zone, in an
otherwise high subsonic flow, is formed near the cone-cylinder
junction of the shroud. This zone extends from x/D = 0.95 to
x/D=l.22 (and up to maximum height of r/D = Q.H6 at
x/D= 1.0265) compared to the experimental values of
x/D = 0.93 to x/D = 1.28. The computed critical pressure coef-
ficient c* = —0.462 compared with the value - 0.425 deduced
from the experimental data. The pressure values in the boattail
region lie much below the critical level, and thus flow never
crosses the sonic limit.

The prime objective of solving the Navier-Stokes equations
was to study the unsteady flowfield behavior, particularly that
of the surface pressure along the shroud. As mentioned
earlier, the shroud surface was discretized by 64 nonuniformly
spaced grid points. At each grid point during computation a
sufficient amount of time-dependent data was stored for fre-
quency analysis. In order to explore the sensitivity of
unsteadiness, four sample stations along the shroud are used,
viz.,

1) x/D = 0.968 (near cone-cylinder, shock)
2) x/D= 1.146 (forebody cylinder, separation)
3) x/D = 2.461 (boattail, separation)
4) x/D = 2.593 (boattail-cylinder, separation).
A set of histograms for the surface pressure distribution at

the stations is shown in Fig. 9 as a function of computed non-
dimensional time, t/TCH. The axes are not equally scaled and
are enlarged considerably to emphasize the variation. Because
of our choice for the algebraic turbulence model, the oscilla-
tions in the pressure signature might be affected.22 The assess-
ment of such contributions was not attempted in the present
investigation.

Before the analysis of the amplification factor and sound
pressure levels was initiated we wanted to ensure that the data
are free from transitional phase, i.e., the pressure values are
representative of the data, if the computation had been con-
tinued for a very long time. To achieve this objective, a
statistical approach was attempted from the large data sets
with the last 3600 sets of values considered. Out of these data
sets, different subsets were tested and the normalized Gaus-
sian distributions were plotted. It was concluded that if the
last 2000 points were taken, the distribution was normal at
most of the locations (Fig. 10). While the data in the boattail
separation region and everywhere in the attached flow regions
follow a Gaussian distribution,23 a striking contrast is ob-
servd for the forebody cylinder pressure data. Instead
of characterizing 68% data dispersion within the first unit of
standard deviation, 99%, at x/D = 0.968 and 90%, at
x/D= 1.146, data dispersions were exhibited. This suggests
that irrespective of the large computations, the data variations
at the shock location is restricted to a smaller domain of varia-
tion. This, in turn, may trigger an increase in the "noise"
levels and might affect the structural and aerodynamic design
criteria.

A spectral analysis for all possible modes of oscillations was
carried out using a two-hundred-term Fourier series. The fre-
quencies for which the assessment was done are multiples of
the fundamental frequency, 130 Hz. For pressure fluctua-
tions, the sound pressure levels were computed in terms of the
RMS pressure of 20 fiN/m2 (Fig. 11). The functional values of
SPL reveal that, in the boattail region, the significant peaks
appear at approximately 8.2 KHz frequency. However, at sta-
tion x/D = 0.968, the SPL peak is observed at 1 KHz fre-
quency, and at the rest of the points in the first local separa-
tion bubble the highest SPL never seemed to cross 0.3 KHz.
To substantiate our earlier results we plot the SPL for all the
grid point locations near the shock in Fig. 12. The SPL value
increases gradually in the local supersonic pocket and attains
its maximum value of 150.06 dB at x/D= 1.02 which is pro-
bably the closest ordinate to the exact terminal shock location.
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Fig. 9 Typical histogram of pressure oscillations.
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The SPL numbers provided in the graph are at the discrete
mesh points and a continuous function can be predicted easily.
By considering more grid points, the nature of the terminal
shock wave and its interaction with the turbulent boundary
layer can be recalculated, and it is anticipated that the form of
the critical noise parameter will not be significantly different.

Conclusions
For a freestream Mach number of 0.80 and a Reynolds

number of 3.37 x 107/m, the computation of unsteady, com-

pressible Navier-Stokes equations is carried out and a good
comparison with experimental results is established. Qualita-
tive agreement is obtained for the general flowfield, including
the locations of terminal shock and separation zones. Using a
Gaussian distribution, the appropriate unsteady pressure data
are utilized to calculate the SPL and the corresponding
frequencies. The time-dependent calculation reveals that
around the cone-cylinder junction near the shock the SPL
values are high and coupled with the low frequency.
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