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Abstract

Numerical investigations of the supersonic flow over a base of cylinder using Reynolds
averaged Navier-Stokes (RANS) method have been performed in detail in this paper. The flow is
along a cylinder axis and separates suddenly at a blunt base corner. The performance of several
turbulence models have been examined in this study. They include: Spalart-Allmaras (S-A), k-, k-
BSL, and k- SST. Some important statistics computed for engineering in the wake region of the
flow are compared with the experimental results for the same conditions and configurations. For k-®
SST turbulence model, the performance of three compressibility models are examined. In addition,
the performance of numerical scheme for spatial discretization is examined for the supersonic base
flow. In general, k-® SST and k- BSL turbulence model perform better in the near wake than S-4
and k- model, and predict the base pressure and axial length of the recirculation bubble much
better. Three compressibility models for k-« SST turbulence model perform much more different,
and over-predict or under-predict the base pressure. From the numerical scheme point of view,
AUSMPW+ scheme is more suitable for the numerical calculation of the base flow field about the
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supersonic flows.
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1. Introduction

Supersonic flows past an axisymmetric base are fun-
damental and important for many engineering problems
[1]. For instance, reusable launch vehicles, especially
vertical take-off and landing type vehicles with maneu-
vering at a certain speed range, have large base area.
Their aerodynamic characteristics are strongly influenced
by the base flow field in their flight path. Therefore, ac-
curate estimation of the base flow field and the applied
force acting on the base are an important issues for the
design of such vehicles.

Supersonic base flows is in the region where turbu-

*Corresponding author. E-mail: njust203zcf@126.com

lence plays an important role [2]. So numerical simula-
tion reveals to be an appropriate prediction tool though
it is difficult to numerically simulate this complex phy-
sical phenomena. Some previous studies [3,4] of base
flows applied the algebraic turbulence models of Bald-
win-Lomax [5] to eliminate the complexity of numeri-
cal and physical modeling. Several investigations [6—8]
have incorporated k-¢ two-equation turbulence models
and Algebraic Stress Model (ASM) and obtained a bet-
ter agreement with experimental data. The k- two-equ-
ation and its similar models couldn’t predict the size of
the recirculating region, therefore the disagreements be-
tween the mean velocity profiles and turbulent stresses
were still existence. Soo [9] presented an improvement
to the k- turbulence model and examined the effects of
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compressibility and non-equilibrium modifications for
k-g turbulence models. Franck [10] investigated the in-
fluence of four simple corrections of the Spalart-Allma-
ras model in order to better predict the supersonic base
flows, but they highlighted the turbulence modeling’s
shortcomings in predicting levels of the experimental
base pressure.

This paper describe the computational investigation
of the supersonic base flows for the same experimental
model and conditions. The paper are organized as fol-
lows. First, several turbulence models have been exam-
ined for the supersonic base flows in this study. They in-
clude: Spalart-Allmaras, k-®, k-0 BSL, and k- SST.
Then, for k-® SST turbulence model, compressibility is
also investigated. Finally, the performance of spatial dis-
cretization schemes are examined for the supersonic base
flows.

2. Mathematical Method

2.1 Governing Equations
The Reynolds-averaged Navier-stokes equations
can be written in the following form [9]:
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where U is the conservative fluxes, F is convection fluxes
and Fv is viscous fluxes.

2.2 Turbulence Model
The Spalart-Allmaras model [11] (Called S-4 mo-
del) is given by the following equation:
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and the eddy viscosity is computed from:
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The k- model [12] is given by the following equa-
tion:
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The k- SST model [13] is given by the following
equation:
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and the eddy viscosity is computed from:
v = ak
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Considering the compressibility correction, the com-
pressibility correction k-o SST model is given by the fol-
lowing equation:
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where the correction term are given by [12,14]:
MMa=-o2®P & _o006
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where the correction parameter are given by [12]:
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For the correction model of Sarkar [15] (Called k-®
SST-CC1), the additional functions are given by:

g =1, F(M)=M; (1D

For the correction model of Zeman [16] (Called k-®
SST-CC2), the additional functions are given by:
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where H(x) is unit step function, E_,* =0.75,A=0.66, M,

=02542/ (y +1), y is specific heat ratio.

For the correction model of Wilcox [12] (Called k-»
SST-CC3), the additional functions are given by:
£=2 M,=025
, 5 (13)
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The governing equation and parameter of k- BSL
model [17] are consistent with k-® SST model, and only
the eddy viscosity is different. The eddy viscosity for k-®
BSL model is computed from:

v, =— (14)

2.3 Numerical Scheme

In order to improve the accuracy of spatial discreti-
zation, we should reconstruct the primitive variables be-
fore computing the convection flux quantities of the gov-
erning equation using upwind scheme.

In the computational domain, NND scheme [18] is
used. In the variable interpolation approach, extrapolated
values for left and right sides of the interface between
cells are calculated as below:
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where W, W are the state primitive variables (p, u;, p)
to the left and right of the interface between cell / and
cell /+1. The limiter function min mod is given by:

minmod(x, y) = [Sign(x) + Sign(y)| min (|x| , |J’|) (16)

The Steger-warming scheme [19], Van-Leer [20],
HLLC scheme [21], AUSMPW+ scheme [22] and
AUSMDYV scheme [23] are used to compute the convec-
tion fluxes, respectively.

3. Numerical Results and Discussions

The supersonic base flows at Mach number 2.46 ex-
perimentally investigated by Herrin [24] is used as refer-
ence for the present study.

The mesh used for the base flow calculations is pre-
sented in Figure 1. Mach number, density, pressure, tem-
perature, Reynolds number and the cylindrical radius (R)
in the far field are 2.46, 0.7549 kg/m3, 31415.0 Pa, 145.0
K, 4.5x 10’ m™ and 31.75 mm, respectively. The domain
size is 12R downstream the base and 4.8R in the radial
direction. The cylinder length is equal to 3R and corre-
sponds to the extent necessary to the boundary layer to
develop in order to match the experimental height at the
base. The grid density is approximatively 1620000 po-
ints with 36 points in the azimuthal direction due to the
zero incidence case.

The contours of the main flow parameters behind the
base for different turbulence models are shown in Figure
2~Figure 5. As seen from the Mach number contour, the
shape of the recirculation bubble predicted by k- SST is
nearly consistent with the results predicted by k-« BSL.
The axial length of the recirculation bubble predicted by
S-A is very small. The axial length of the recirculation
bubble predicted by k-w is much longer than the results
predicted by k-® SST and k-» BSL, and the recirculation
bubble is relatively oblate. Moreover, the width of the
base wake (The distance between the up and down slip
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Figure 1. 2D computational mesh in the x-y plan.
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lines in base wake) zone predicted by k-m is much less
than the results predicted by k-® SST and k-@ BSL. The
boundary of the base wake zone predicted by S-A4 is va-
gue, but the width of the zone is much greater than the re-
sults predicted by the other models. As can be seen from
the turbulent variable contour, the distributions of the
turbulent kinetic energy k predicted by k-® SST, k-0
BSL and k- are nearly consistent, and the maximum va-
lue of the turbulent kinetic energy k exists near the sec-
ondary compression zone of the free stream. However,
the turbulent kinetic energy & predicted by k-® is much
lower than the counterparts by k- SST and k-» BSL, as
well as the eddy viscosity radio. The maximum value of
turbulent variables v predicted by S-4 distributes in the
recirculation zone, and the eddy viscosity ratio in the
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base wake is much larger than the results predicted by .-
® SST and k- BSL. Exactly, the maximum of the eddy
viscosity ratio in the base wake calculated by k-® model
is proximately twice of the results predicted by k-®» SST
and k-o BSL.

From the engineering point of view, average base
pressure is the most important parameter. Figure 6 shows
the pressure distributions along the base under different
turbulence models. The simulations by £~ SST and k-®
BSL are mainly in accordance with each other. The trend
of the simulation by k-» coincides with the counterpart
of k- SST, but the numerical results by k- is higher
than the results by k-« SST. The tendency of the simula-
tion by S-A is the same as the case of the simulation by
k-® SST, but the numerical results by S-A4 is lower than
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Figure 2. The contours behind the base for the simulation by k- SST.
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Figure 3. The contours behind the base for the simulation by k-« BSL.

Ma 010407 113 16 19 22 25 28 3.4

v 001 005 009 013 0.17 0.21 025 029 0.33

”‘/I‘I 200 1000 1800 2600 3400 4200 5000 5800 6600

=) — o=

(a) Mach number

(b) Turbulent variables (v)

(c) Eddy viscosity radio

Figure 4. The contours behind the base for the simulation by S-4.

Ma 02040608 1 12 14 16 18 2 22 24 26 28

(a) Mach number

k 500 1500 2500 3500 4500 5500 6500 7500 8500

(b) Turbulent variables (k)

He/H 00 300 500700 300 1100

(c) Eddy viscosity radio

Figure 5. The contours behind the base for the simulation by 4-.
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experimental results. However, in contrast to the near- ~ mum backflow velocity position.
constant experimental data, the base pressure which are The base flows is simulated by an original 4-& SST
predicted by all the models show relatively large varia-  turbulence model and three compressible correction k-
tions in magnitude along the base. SST models, and the results of the calculation are shown
The velocity profile along the centerline of the cylin-  in Figure 7~Figure 9. As can be seen from the Mach
der wake under different turbulence models are shownin  number contour, the shape of the recirculation bubble
Figure 6. S-A4 greatly underestimates the shear layer reat-  predicted by k- SST-CC1 and k-« SST-CC2 are rela-
tachment location. k-» greatly overestimates the shear  tively large ,which are similar to the results predicted by
layer reattachment location. However, k-0 SST predicts k- in Figure 5. The volume and axial length of the re-
the location of the shear layer reattachment reasonably as  circulation bubble predicted by k- SST-CC2 is small
well as k- BSL and it is in good accordance with experi-  compared to the results predicted by k- SST-CC1 and
mental results. The peak reverse velocity is overestimated k-« SST-CC3. Simultaneously, the width of the base wake
by all the models, which helps explain the increased vari-  zone predicted by k-@ SST-CC2 is much larger than the
ation in pressure along the base. Streamlines flowing along  results predicted by k- SST-CC1 and k- SST-CC3. As
the centerline towards the base stagnate in the center of  can be seen from the turbulent variable contour, the dis-
the base, leading to the high pressure seen there. In addi-  tribution of both the turbulent kinetic energy & and the
tion, all the turbulence models fail to predict the maxi-  eddy viscosity radio predicted by k-® SST-CC1 is nearly
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Figure 6. Base pressure coefficient along radial position and velocity (normalized by freestream velocity) along the centerline of
the cylinder wake under different turbulence models.
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Figure 7. The contours behind the base for the simulation by k-« SST-CC1.
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Figure 8. The contours behind the base for the simulation by k-« SST-CC2.
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Figure 9. The contours behind the base for the simulation by k- SST-CC3.

consistent with the results predicted by k- SST-CC3.
Both the turbulent kinetic energy k& and the eddy viscos-
ity predicted by k-0 SST-CC1 and k- SST-CC3 are much
lower than the counterparts of k- SST calculations.
However, the turbulent kinetic energy & and the eddy vis-
cosity predicted by k-o SST-CC2 in the base wake are
much larger than the results predicted by k- SST, k-©
SST-CC1 and k-» SST-CC3.

The velocity profiles along the centerline of the cyl-
inder wake under different compressibility correction .-
o SST turbulence models are shown in Figure 10. Com-
bined with the main flow parameter contours, the reat-
tachment point predicted by k-~ SST-CC2 is located at
nearly X/R = 1.8, which is underpredicted by about 33.3%
comparing to the experimental value of X/R =2.7. The
reattachment point predicted by k- SST-CC1 and k-
SST-CC3 is located at nearly X/R = 3.5, which is over-
predicted by about 29.3% comparing to the experimental
value of X/R = 2.7. In addition, all the compressibility
correction models fail to predict the position and inten-
sity of the maximum backflow velocity. However, the
maximum backflow velocity predicted by k- SST-CC1
and k-0 SST-CC3 is much larger than the results pre-
dicted by k-o SST, but the maximum backflow velocity

k-wSST

k-w SST-CC1

——— k-w SST-CC2

= KW SST-CC3
L] Exp.

U/ Ueo

soel 1 T S S | J
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predicted by &-o SST-CC2 is much lower than the results
predicted by k-o SST. In a word, k- SST-CC1 and k-
SST-CC3 reduce the levels of eddy viscosity, and in-
creases the volume and velocity of the recirculation re-
gion. Inversely, k&~-o SST-CC2 increases the levels of eddy
viscosity, reducing the size of the recirculation region
and the peak reverse velocity.

Figure 10 also show the pressure distributions along
radial position under different compressibility correction
k- SST turbulence models. As can be seen, the tendency
of pressure coefficient distributions predicted by k-®
SST-CC2 is consistent with the tendency predicted by
k-® SST, while the values predicted by both k- SST-
CC2 and k-o SST are much lower than the experimental
values. The results predicted by k~® SST-CC1 and k-»
SST-CC3 have much larger variations in the magnitude
of the pressure coefficient than other models along radial
position. In the area of Y/R < 0.3, the pressure coefficient
distributions predicted by k-w SST-CC1 and k-» SST-
CC3 are significantly different. In the area of Y/R > 0.3,
the pressure coefficient distributions predicted by k-
SST-CCI1 is consistent with the results predicted by k-w
SST-CC2.

The calculations predicted by k-« SST, k- SST-CC1,

0
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Figure 10. Velocity along the centerline of the cylinder wake and base pressure coefficient along radial position considering the

compressibility correction.
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k-® SST-CC2 and k-® SST-CC3 are quite different. For
instance, the recirculation sizes they estimate are too big
or too small, leading to the pressure coefficient distribu-
tion in the base plane quite different with experimental
value. However, the compressibility correction has a great
impact on the numerical results on base flows in the su-
personic flows. So, from the point of compressibility cor-
rection, in order to make A-® SST model more suitable
for the numerical simulation of the complex supersonic
base flows, correcting k- SST model will be carried out
in future.

The results predicted by various numerical schemes
(Steger-warming, Van-leer, HLLC, AUSMPW+, AUS-
MDV) are shown in Figure 11. Both the pressure coeffi-
cient distributions and velocity distributions calculated
by all numerical schemes are nearly consistent with an-
other, indicating that the numerical schemes don’t have
much impact on the flow filed calculation under the con-
ditions in this paper. Therefore, there is no need to show
the contours of the main flow parameters behind the base
for different numerical schemes, and it is similar to the
results shown in Figure 2. However, from detail view, the
maximum velocity calculated by using AUSMPW+ scheme
is smaller than other numerical schemes, and the position
of the maximum velocity is closer to the experimental re-
sult. Meanwhile, as can be seen from the pressure coeffi-
cient distribution, the pressure coefficient distribution
calculated by using AUSMPW+ scheme is larger than the
counterparts of other numerical schemes, and it is closer
to the experimental value. Therefore, it can be concluded
that the AUSMPW+ scheme is more suitable for the nu-

08

Steger-Waming
Van-Leer

HLLC
AUSMPW+
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merical calculation for the base flows field in the super-
sonic flows.

4. Conclusions

The performance of several turbulence models are
examined for supersonic base flows in this paper, includ-
ing: Spalart-Allmaras (S-A), k-, k-0 BSL, and k- SST.
Computed some important statistics for engineering in
the wake region of the flow are compared with experi-
mental results for the same conditions and configurations.
k- SST and k-o BSL turbulence model perform better
in the near wake than S-4 and k-® model, and predict the
base pressure and axial length of the recirculation bubble
much better. For &~ SST turbulence model, the perfor-
mance of three compressibility models are examined.
Three compressibility models for k- SST turbulence
model perform a much difference, and they overpredict
or underpredict the base pressure. In addition, the perfor-
mance of numerical schemes for spatial discretization are
examined for the supersonic base flows. From the nu-
merical scheme point of view, AUSMPW+ scheme is more
suitable for the numerical calculation for the base flow
field in the supersonic flow.
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