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The present paper describes an evaluation of three Navier-Stokes 
computational fluid dynamics codes simulating supersonic retropropulsion flow 
fields from a Ames 9’7' Unitary Tunnel entry. Three codes—DPLR, FUN3D, and 
OVERFLOW—have been exercised (using lessons learned from a previous round of 
simulations) for both single- and multi-nozzle configurations for two Mach numbers 
and three thrust coefficients, all at zero degrees angle of attack. The focus of the 
present work is on high thrust coefficients and low supersonic Mach numbers, 
which were not considered by a previous supersonic retropropulsion wind tunnel 
test performed in the Langley Unitary Plan Wind Tunnel.  Surface pressure 
measurements and shadowgraphs have been used to evaluate the flow prediction 
tools. All codes predict pressure measurements to within ±1.8% for the smooth (no-
nozzle) configuration. The effect of the sting mount was also simulated to access its 
influence on predicted flow fields. The single- and three-nozzle configurations show 
periodic oscillation in triple point regions but little variation in the bow shock and 
plume termination shock features. The three-nozzle configuration becomes steadier 
with increasing thrust coefficient while the four-nozzle configurations become more 
chaotic. The predictions of unsteadiness and periodicity, however, do not seem to 
effect the predictions of time-averaged surface pressure coefficients. 
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compared to the LaRC UPWT, which was run at M = 2.4 to 4.6. At the higher Mach number of the Ames 
Unitary, M = 2.4, and multi-nozzle configurations, a maximum thrust coefficient of up to 10 was reached. 
Although this test does not reach flight-like thrust coefficient values, which could be on the order of CT = 
20, it comes closer than previously experienced. Preliminary data show that the plumes can behave much 
differently at these higher thrust coefficients and counter to what was observed during the LaRC UPWT 
test. 

Understanding the aerodynamics of a vehicle experiencing SRP will contribute to the success of the 
mission. The objective of this paper is to apply the CFD codes at thrust coefficients greater than 3 and 
assess their ability in predicting surface pressure. The presence of an unsteady flow has been seen in the 
wind tunnel tests; and it is important to understand whether or not the ability to predict that unsteadiness 
will affect the ability to predict surface pressures, and hence forces and moments. Surface pressure 
measurements and shadowgraphs are used to evaluate the flow prediction tools. While the uncertainty 
quantification analysis has yet to be completed for this test, initial results are available for comparison. 

II. Computational Method 
The SRP team has applied three CFD codes to the problem: DPLR12, FUN3D13,14 and OVERFLOW.15 

The codes all solve the Unsteady Reynolds-Averaged Navier-Stokes (URANS) equations, but differ in 
implementation, grid type, and numerical methods. Time-accurate CFD simulations have been performed 
due to the inherent unsteadiness of the flow fields observed in both the LaRC UPWT and Ames Unitary 
tests. 

A. DPLR 

The Data Parallel Line Relaxation (DPLR) CFD code12 is a parallel, structured multi-block, finite 
volume code that solves the reacting Reynolds-Averaged Navier-Stokes equations for continuum flow, 
including finite rate chemistry and thermal non-equilibrium. In the present study, the thermally- and 
calorically-perfect URANS equations for air are solved implicitly with first-order time accuracy. The Euler 
fluxes are computed using modified Steger-Warming flux vector splitting16 with third-order spatial 
accuracy via MUSCL (Monotone Upstream-centered Schemes for Conservation Laws) extrapolation 
coupled with a minmod limiter.17 The viscous fluxes are computed to second-order spatial accuracy with a 
central difference approach. For the current analysis, the Shear-Stress Transport (SST) turbulence model 
was employed with a vorticity-based production term18 and no compressibility corrections. The overset 
gridding option available in DPLR is used extensively in the present study. 

B. FUN3D 

The Fully Unstructured Navier-Stokes Three-Dimensional suite of codes (FUN3D) contains a node-
based finite-volume flow solver.13,14 The FUN3D website, http://fun3d.larc.nasa.gov, contains the user 
manual and an extensive list of references. The present study employs Edwards’ LDFSS flux function19 and 
a smooth Van Albada limiter20 to solve the compressible URANS equations coupled to a modified Delayed 
Detached Eddy Simulation model that uses the Spalart-Allmaras (SA) near-wall model. All node-based 
conservative variables are computed by driving a second-order accurate spatial residual to steady state with 
an implicit point-iterative method.  An optimum second-order backward difference formula (BDF) scheme 
is used in conjunction with a temporal error controller that assures design order.21 

C. OVERFLOW 

OVERFLOW 2 (OVERset grid FLOW solver) is an implicit URANS flow solver that uses structured 
overset grids.15 For the current work, the HLLE++ numerical flux function22 with the Van Albada limiter20 
was used for spatial terms, and the Symmetric Successive Over Relaxation (SSOR) algorithm with Newton 
subiterations for temporal terms. All viscous terms were included, and turbulence was modeled with a SST-
DES hybrid model.23 The overall scheme is second-order accurate in space and time. The calculation of 
inviscid fluxes for both the flow solver and the turbulence model use third-order accurate MUSCL 
reconstruction. 
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III. Validation Wind Tunnel Test 
In Figure 2 is the 5-inch diameter, 70o sphere-cone with cylindrical aftbody wind tunnel model 

mounted in the 9'7' test section of the NASA Ames Unitary Wind Tunnel. The same model was 
previously tested in the NASA Langley Unitary Plan Wind Tunnel. The nozzle configuration layout for this 
study is illustrated in Figure 3 for a single-, three- and four-nozzle configuration; a zero-nozzle 
configuration is a smooth forebody with no exposed nozzles. The model is designed with interchangeable 
nozzle plugs to accommodate a variety of configurations. The wind tunnel test included the four different 
nozzle configurations at Mach 1.8 and 2.4, at angles of attack ranging from up to 20o and Reynolds number 
of 304,800/m and 457,200/m. Thrust coefficients ranged up to 10, with nozzle plenum pressure being the 
limiting factor, rather than tunnel blockage as was the case for the LaRC UPWT. Surface pressure 
measurements and visual information contained in shadowgraphs have been used to evaluate the flow 
prediction tools. The surface pressure port instrumentation layout is shown in Figure 4.  
 

 
Figure 2: Mounting apparatus and 5-inch diameter wind tunnel model (single-nozzle configuration 
shown) in the test section of the NASA Ames 9'7' Unitary Wind Tunnel. The same model was 
previously tested in the NASA Langley Unitary Plan Wind Tunnel. 
 

 
Figure 3: Nozzle configurations: single-nozzle (left), three-nozzle (center) and four-nozzle (right). 



 
 

5

 
(a) Forebody of the model.  (b) Aftbody as viewed from the side of the model. 
 

Figure 4: Pressure port (open circle) and 40 kHz pressure transducers (filled circle) locations for the 
baseline configuration. Larger circles in (a) are outlines of nozzle plug locations, which can be altered 
to adjust for the configuration desired: 0, 1, 3, or 4 nozzles. 

IV. Results 
The previous work performed by the SRP CFD team was focused on establishing best practices for the 

codes, including grid resolution, time stepping, and turbulence modeling.8,9 This process used the LaRC 
UPWT test10 and the uncertainty analysis24 that came from it. The focus of the present paper, for the Ames 
Unitary test, is to implement these established best practices and evaluate SRP at higher thrust coefficients 
(CT > 3) and lower freestream Mach numbers. The uncertainty analysis for the Ames Unitary is not yet 
complete. For each nozzle configuration, each freestream Mach number was evaluated at a high thrust 
coefficient (Table 1). All cases here are at zero angle of attack. All runs examined in this paper were tested 
at Re = 457,200/m. 

 
Table 1: Selected SRP runs from the Ames Unitary test for post-test CFD analysis. 

Run No. of Nozzles φ (deg) M CT 
106 1 180 1.8 4 
116 1 180 2.4 4 
130 3 180 1.8 6 
143 3 180 2.4 8 
172 4 0 1.8 8 
179 4 0 2.4 4 

 
The analysis of the Ames Unitary test began with assessing the influence of the sting on the surface 

pressure coefficient. Two nozzle configurations were examined to assess the presence of the sting on the 
CFD predictions. Next, the smooth (no-nozzle) configuration was simulated to validate the ability of CFD 
to predict simple flow fields within the Ames Unitary. The single-, three- and four-nozzle configurations 
are then examined at each freestream Mach number for high thrust coefficients. 

A. Sting Study 

One concern of the test was the large sting used to mount the model in the tunnel. With a subsonic 
pocket behind the model, it was possible that influence from the sting could travel upstream and affect 
pressure measurements. To quantify these possible sting effects, two run conditions, each with and without 
the sting, were computed using OVERFLOW to make comparisons. 
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Figure 8: Pressure coefficient for the zero-nozzle configuration at Run 30. 

 
(a) Initial Wind Tunnel Data  (b) Corrected Wind Tunnel Data 

 
Figure 9: Pressure coefficient for the zero-nozzle configuration at Run 40 before (a) and after (b) 
corrections to the data were made. 

 
 (a) Initial Wind Tunnel Data  (b) Corrected Wind Tunnel Data 

 
Figure 10: Pressure coefficient for the zero-nozzle configuration at Run 50 before (a) and after (b) 
corrections to the data were made. This is an overlap case with the LaRC Unitary SRP Test. 

C. Single-Nozzle Configuration 

From the LaRC UPWT tunnel test a single-nozzle configuration was used to establish the CFD code 
best practices.9 The case that was focused on was Run 165, M = 4.6 and CT = 2. Each code captured 
different variations of the unsteady oscillation of the triple point, which created pressure waves that 
propagated both to the model and to the bow shock. The frequencies found in the CFD codes were 2.1 kHz 
for OVERFLOW and FUN3D, and 1.8 kHz decaying toward steady for DPLR. The differences in 
frequencies between the codes are attributed to differences in turbulence modeling and grid refinement as 
shown in Ref. 9. 
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For Run 106 at M = 1.8 and CT = 4, the pressure coefficient on the forebody of the model is relatively 
constant, which the CFD codes capture within ±5% (Figure 11 (a)). The test data lie in between the 
DPLR solution and the OVERFLOW and FUN3D solutions. The Run 165 from LaRC UPWT test 
saw positive pressure coefficient on the forebody. The negative pressure coefficient seen from the 

Ames Unitary test indicates that with the higher thrust coefficient there is separation on the forebody 
and the plume is shielding the forebody from the freestream flow. The trend in rising pressure 

coefficient as x/L increases across the side of the model is captured by the codes, however, at the aft 
end of the model the predicted pressure coefficients are lower than test data by as much as 355% 

(Figure 11 (b)). In  
Figure 12 (a) are shadowgraphs taken at four time instances during the test are shown. These show 
unsteadiness in the free stagnation and triple point regions while the bow shock and plume barrel 
shocks remain fairly steady (features described in Figure 1). Simulated schlieren images and/or 

shadowgraphs extracted from the flow fields computed by the three codes are shown in  
Figure 12. Instantaneous snapshots in computational time are shown to illustrate modes of 

unsteadiness. The lesser amount of variation of flow features within the DPLR solution is seen 
through the simulated shadowgraph flow field ( 

Figure 12 (b)), where there is little deviation between snapshots. OVERFLOW and FUN3D have a 
periodic oscillation at the triple point ( 

Figure 12 (c) and (d), respectively). The OVERFLOW and FUN3D simulated shadowgraphs show 
similar periodic behavior as the test. The aero component of the axial force as a function of time is shown 
in Figure 13. From this plot the steadier nature of the DPLR solution is reinforced, along with the 
periodicity of the OVERFLOW and FUN3D solutions. Dominant frequencies were found from fast Fourier 
transforms of the aero component of the axial force from each CFD code and are listed in Table 2, where 
DPLR is nearly half that of OVERFLOW and FUN3D. The differences in frequency can be attributed to 
DPLR modeling with a RANS turbulence model, while OVERFLOW and FUN3D are using DES 
turbulence models. 

 

 
(a) Forebody    (b) Model Side 

 
Figure 11: CFD predictions of pressure coefficients of Run 106 show excellent agreement with 
measurements on the forebody (a). The rise in pressure coefficient on the aft end of the model (b) is 
captured but not the level since CFD did not model the sting. 
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Figure 13: Aero component of transient axial force in DPLR, OVERFLOW, and FUN3D. 

 
Table 2: Dominant frequencies in CFD codes for Run 106. 

 
 
For Run 116 at M = 2.4 and CT = 4, all codes over predict the pressure coefficient on the forebody, 
where the pressure coefficient remains fairly constant (Figure 14). The differences between the CFD 
codes ranges up to 22% and the test pressure coefficients are over predicted by as much as 24%. The 
pressure coefficient remains negative on the forebody for this case indicating separation. Again, the 
trend in rising pressure coefficient as x/L increases across the side of the model is captured by the 
codes, however, at the aft end of the model the level of pressure coefficient is under predicted by as 
much as 620%. In  
Figure 15 (a) the shadowgraphs at four time instances from the test are shown. These show a 
periodicity in the triple point regions while the bow shock and plume barrel shocks remain fairly 
steady. The steadier nature of the DPLR solution is again illustrated through the simulated 
shadowgraph flow field snapshots ( 
Figure 15 (b)) and seen in the transient axial force (Figure 16). OVERFLOW and FUN3D have a 
periodic oscillation at the triple point yet the bow shock and plume barrel shocks remain fairly 
steady ( 
Figure 15 (c) and (d), respectively). Simulated shadowgraphs from OVEFLOW and FUN3D solutions 
show similar behavior to the test indicating a good prediction of the unsteadiness. Figure 16 is the aero 
component of the axial force with computational time. From this plot the DPLR solution is shown to also 
experience a periodicity along with the FUN3D solution. The dominant frequencies were found from each 
CFD codes and are listed in Table 3, where DPLR is again nearly half that of OVERFLOW and FUN3D. 
The differences in frequency can be attributed to DPLR modeling with a RANS turbulence model, while 
OVERFLOW and FUN3D are modeling with DES turbulence models. The behavior between Run 106 and 
Run 116, where only freestream Mach number changes, is very similar. The higher Mach of Run 116 gives 
higher, yet still negative, pressure coefficient on the forebody and model side. This is important to 
understand since the controllability of a vehicle under SRP will be critical to mission success; and 
understanding the aerodynamics of SRP will aid in the controllability. However, the thrust has been shown 
to be the dominant contributor to axial force.8,9 The aero component of axial force is shown here to evaluate 
unsteadiness. 
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(c) Simulated schlieren from OVERFLOW 
flowfield solutions at four time instances. 

(d) Simulated shadowgraphs from FUN3D flowfield 
solutions at four time instances. 

 
Figure 15: Flowfield images from wind tunnel shadowgraph and simulated shadowgraph/schlieren 
from CFD for Run 116. Instantaneous surface pressure coefficients are shown to qualitatively 
illustrate variations in time. 
 

 
Figure 16: Aero component of transient axial force in DPLR and FUN3D. 

 
Table 3: Dominant frequencies in CFD codes for Run 116. 

 

D. Three-Nozzle Configuration 

In the cases of the three-nozzle configuration, as with the single-nozzle configuration, all test data 
show a trend of rising pressure coefficient with increasing x/L along the model sides. The CFD codes are 
able to capture this rising trend, but because the sting is not modeled they are under predicting the pressure 
coefficient at the aft end of the model. Due to the steady nature of the DPLR simulations there is very little 
variation in the average pressure coefficient in the radial direction, this is seen in the line plots as  = 0o 
and  = 180o lie nearly on top of one another. OVERFLOW and FUN3D, modeled with DES turbulence 
models experience higher frequencies and show variation between  slices. 

The three-nozzle configuration cases examined using CFD for the LaRC UPWT tests were Runs 262 
and 263 (M = 4.6 and CT = 3); the only difference in the two cases was the roll angle. The pressure 
coefficients seen from the LaRC UPWT test were much higher, mostly positive and near zero, than seen 
here in the Ames Unitary test, where they are mostly negative. The codes again have difficulty in capturing 
the peak pressure coefficient on the nose of the model as they did with the LaRC UPWT three-nozzle cases.  

From both three-nozzle configuration cases, formation of a central feature within the region between 
the three plume barrel shocks is seen. This feature leads to a further thrusting out of the bow shock and 
steadier behavior. This observation of increased steadiness as thrust increases is counter to what was seen 
in the LaRC UPWT test with the three-nozzle configuration.  In the earlier test, thrust coefficients were 
limited to below 5 due to wall interference concerns, which is approximately the point at which the flow 
structures tend to become steady with the Ames data.25 There was one run in the LaRC UPWT test at M = 
3.5, CT = 6 that was steady and further supports this claim. 

In Run 130 at M = 1.8 and CT = 6, the pressure coefficient on the forebody (Figure 17 (a)) of the model 
is relatively uniform on the flank with a rise at the nose, with large deviations between the codes. 
Differences in simulated jet expansion and jet-to-jet interactions could be the source of deviation. The CFD 
codes under predict the pressure coefficient on the forebody of the model by up to 52%. The trend in rising 



 

pressu
howev
The sp
region
These 
shocks
variati
reinfor
(Figur
shadow
compu
solutio
to det
nature
pressu

 

Figu
pres

 

(a) In

ure coefficient 
ver at the aft en
pikes in the D

ns and are not p
show moveme

s remain fairly
ions seen in the
rced through th
re 18 (d)) have
wgraphs show 
utational time. 
on experiences
ermine the do

e of the DPLR
ure coefficient. 

ure 17: CFD s
ssure coefficie

nstantaneous w

as x/L increase
nd of the mode

DPLR line plot
physical. In Fig
ent in the free s
y steady. Each 
e free stagnatio
he simulated s
e a periodic o
similar behav
From this plo

s some periodic
minant freque

R solution does

(a) Forebo

simulations of 
ent on the side

wind tunnel sh

es across the s
el the level of p
t near x/L = 0
gure 18 (a) sha
stagnation and 
code shows th
on and triple p
hadowgraphs (

oscillation at th
ior to the test.

ot the DPLR so
city. There are

ency from the 
 not appear to

ody 

f Run 130 show
 (b) is capture

hadowgraphs.

 
14

side of the mod
pressure coeffi
0.45 and 0.5 a
adowgraphs at 
triple point reg

he bow shock a
point regions. T
(Figure 18 (b))
he triple point
In Figure 19 i

olution is show
e many frequen
axial force fo

o adversely aff

 
 

w excellent ag
ed but not the 

 
(b) Simula

del is captured
icient is under 
are an artifact 

four time insta
gions where th
and plume bar

The steadiness 
). OVERFLOW
t. The OVERF
is the aero com
wn to be comp
ncies acting on

or each CFD c
fect its ability 

(b) Mode

greement on th
level since CF

ated shadowg
solutions at fo

d by the codes 
predicted by a
of blanking fr
ances from the

he bow shock a
rrel shocks rem
of the DPLR s

W (Figure 18 (
FLOW and FU
mponent of the 
pletely steady a
n this flow and
code for this c
to predict the 

el Side 

he forebody (a
FD did not mo

graphs from D
our time insta

(Figure 17 (b)
as much as 93%
from the overs
e test are show
and plume barr
main steady wi
solution is aga
(c)) and FUN3

UN3D simulate
axial force wi
and the FUN3
d it was difficu
case. The stead

average surfac

 

a). The rise in 
odel the sting.

DPLR flowfield
ances. 

)), 
%. 
set 

wn. 
rel 
th 

ain 
D 
ed 
th 
D 

ult 
dy 
ce 

 

d 



 

(c) S
flow

 
Figur
from 
illustr
 

 
Fo

sim
stron

in R
much
with
at th

mode
This 

Figur
in th

Simulated schl
wfield solution

e 18: Flowfiel
CFD for Ru

rate variations

or Run 143, w
milar to Run 13

ger. The centr
Run 130, howe
h better job fo
the experime

he nose, 22% b
el is captured b

excludes the t

e 21 (a). Each
he free stagnat
the central fea

Figure 

lieren from O
ns at four time

ld images fro
un 130. Instan
s in time. 

Figure 1

where M = 2.4 a
30 even thoug
ral feature bet
ver. Only OV

or this three-n
ent (Figure 20 
by OVERFLO
by the CFD co
tap at x/L = 0.

 code shows th
tion and triple
ature between
21 (b)) captur

OVERFLOW 
e instances. 

m wind tunne
ntaneous sur

19: Aero comp

and CT = 8, th
gh both the fre
tween the plum

VERFLOW an
ozzle case tha
(a)). Again, b

OW and 47% 
odes, varying u
.65, which app

the te
he bow shock 
e point regions
n the plume ba
re the smaller 

 
15

(d) Simula

el shadowgra
face pressure

ponent of tran

he bow shock a
eestream Mach
me barrel sho

nd FUN3D are
an Run 130 in 
oth of these co
by FUN3D. T
up to 92% at 
pears out of fa
st are shown i
and plume ba
s. Also, each c
arrel shocks. T
scales better w

ated shadowgr
solutions at fo

aph and simul
e coefficients 

nsient axial for

and plume bar
h number and

ocks is more pr
e displayed for
predicting for
odes over pred

The pressure c
the back end 

amily. Instant
in  
arrel shocks re
code displays d
The OVERFL
while FUN3D

raphs from FU
our time insta

lated shadowg
are shown t

 
rce. 

rrel shock sha
d the thrust co
ronounced for
r this case. Th
rebody pressu
dict the pressu

coefficient on t
of the model (
aneous shadow

emain steady 
different char

LOW schlieren
D shadowgraph

UN3D flowfiel
ances. 

graph/schliere
to qualitative

apes appear 
oefficient are 
r this case tha

he CFD does a 
ure coefficient
ure coefficient
the side of the
(Figure 20 (b)
wgraphs from

with variation
racteristics for
n images ( 
hs ( 

ld 

en 
ly 

an 
 
s 
t 

e 
)). 

m 

ns 
r 



 

Figure
compu
freque
force f

 

Figur
measu
the lev

(a) In

e 21 (c)) show
utational time.
encies acting o
for each CFD c

e 20: CFD p
urements on th
vel since CFD

nstantaneous w

ws them more s
. From this p
on this flow an
code for this ca

(a) Forebo

predictions of 
he forebody (a
 did not mode

wind tunnel sh

smeared out. In
plot the period
nd it was diffi
ase. 

ody 

f pressure coe
a). The rise in
el the sting. 

hadowgraphs.

 
16

n Figure 22 is 
dicity of the F
icult to determ

 
efficients of R
n pressure coe

 

 

the aero comp
FUN3D soluti

mine the domin

 (b) M

Run 143 show
efficient on the

ponent of the 
ion is seen. T
nant frequency

Model Side 

w excellent a
e side (b) is ca

 

 

axial force wi
There are man
y from the axi

 

agreement wit
aptured but no

th 
ny 
ial 

th 
ot 



 

(b) S
flow

Figur
from 
illustr

 

E

C
and ro
cases f
relativ
runs. 
observ
shieldi
within
The f
previo
show 

Simulated sch
wfield solution

e 21: Flowfiel
CFD for Ru

rate variations

E. Four-Nozzl

omparable fou
oll angle differ
from the same 

vely close to th
In the instanc

ved, the pressu
ing the model 

n the experimen
four-nozzle co
ously seen in th
the flow to be

lieren from O
ns at four time

ld images fro
un 143. Instan
s in time. 

Figure 2

le Configuratio

ur-nozzle runs 
red by 180o. F
test. A periodi

he model. The 
ces where the 
ure coefficient 

from the free
ntal uncertainty
nfiguration re
he LaRC UPW
e highly chaoti

OVERFLOW 
e instances. 

m wind tunne
ntaneous sur

22: Aero comp

on 

from the LaRC
From these run
ic oscillation a
three CFD co
bow shock s

prediction did 
estream flow. T
y bars of the L

esults from the
WT test. The in
ic. The trend o

 
17

(c) Simula

 
el shadowgra
face pressure

 

ponent of tran

C UPWT test a
ns a steadier b
t the triple poin
des had differi
standoff distan
not suffer. Th

The pressure c
aRC UPWT.8

e Ames Unita
nstantaneous im
of large scale 

ated shadowgr
solutions at fo

aph and simul
e coefficients 

nsient axial for

are Run 307 an
ehavior was o
nts was seen. T

ring amounts o
nce was predi
his could be att
coefficient pre

ary test led to
mages for thes
flow unsteadin

raphs from FU
our time insta

lated shadowg
are shown t

 
rce. 

nd 311, where 
observed than t
The bow shock
of variation bet
icted to be m
tributed to the 
edicted by the 

o different ob
se high thrust 
ness at higher 

UN3D flowfiel
ances. 

graph/schliere
to qualitative

M = 4.6, CT = 
the three-nozz

k was steady an
tween these tw

much larger tha
plume structu
CFD codes fe

bservations tha
coefficient run
thrusts was n

ld 

en 
ly 

 2 
zle 
nd 
wo 
an 

ure 
ell 

an 
ns 
ot 



 

seen in
to tunn
Run 1
in the
bow 
shoc
OVE

Figu
limi

Figure
aero c
solutio
windo
probab
determ

 

Figu
pres

 

(a) In

n the LaRC UP
nel wall interfe
172, where M =
e paper. This l
shock is unste
k is barely rec

ERFLOW and
nearly cons

ure 24 (a) the b
itations of the 

e 24 (c)) do ex
component of t
on is seen. OVE
ows between th
bly “converged

mine the domin

ure 23: CFD s
ssure coefficie

nstantaneous w

PWT test due 
erence and bloc
= 1.8 and CT =
low Mach num
eady and the s
cognizable and
d FUN3D. The
stant. The two
bow shock and
shadowgraph

diffi

xperience simil
the axial force
ERFLOW app
he CFD codes
d” averages. T

nant frequency 

(a) Forebo

simulations of 
ent on the side

wind tunnel sh

to the thrust co
ckage. The Am
= 8, is unlike t
mber, high thr
standoff dista
d has large de
e pressure coe
o codes bound 
d plume termi
h window view
icult to charac

Figure 24
lar variations i

e with computa
ears to indicate
s and the test 
There are man
from the axial 

ody 

f Run 172 show
 (b) is capture

hadowgraphs.

 
18

oefficient bein
mes Unitary tes
he previous fo
rust coefficien
nce has large 

eviation. Again
fficient on the
Cp on the mod

ination shocks
wing area the f
cterize. The OV
4 (b)) and FUN
in bow and plu
ational time. F
e the same scal
greatly differ 

ny frequencies 
force for each

 
w excellent ag
ed but not the 

 

ng limited to va
st was able to r
our-nozzle cas

nt case is highl
variation. Th
n, the only CF
e forebody (Fi
del side (Figu
s experience a
full extent of t
VERFLOW (

N3D ( 
ume terminatio

From this plot 
le of unsteadin

r and with suc
acting on this

h CFD code for

 (b) M

greement on th
level since CF

alues no highe
reach up to CT =
ses and other c
ly unsteady an
e plume barre

FD codes displ
igure 23 (a)) fr
re 23 (b)). As 

a lot of variatio
the flow field 
( 

on shocks. In F
the periodicity

ness as FUN3D
ch a chaotic fl
s flow and it 
r this case. 

Model Side 

he forebody (a
FD did not mo

 

 

er than three du
= 10. 
cases examine
nd chaotic. Th
el termination
layed here are
rom the test is
seen in  
on. Due to the
interaction is 

Figure 25 is th
y of the FUN3
D. The averagin
low, neither a
was difficult 

 

a). The rise in 
odel the sting.

ue 

ed 
he 
n 
e 
s 

e 

he 
D 

ng 
are 
to 

 



 

(b) S
flow

Figur
from 
illustr
 

 
The
LaR

see sig
fairly

ha
OV

locati
mod
with
and

Figu
ba

Simulated sch
wfield solution

e 24: Flowfiel
CFD for Ru

rate variations

e Run 179, wh
RC UPWT run

gnificant mov
y constant alon
ave insufficien

VERFLOW ap
ions and vary
del is also in go
h up to 22% d
d 0.5 are an ar

ure 27 (a)) sho
arrel shock an

solution

lieren from O
ns at four time

ld images fro
un 172. Instan
s in time. 

Figure 2

ere M = 2.4 an
ns is again not 
vement. The pr
ng each  slic

nt averaging fo
pears to be qu
ing as much a
ood agreemen

difference (Fig
rtifact of blank

ow a lot of var
nd free stagnat
s show steadin

OVERFLOW 
e instances. 

m wind tunne
ntaneous sur

25: Aero comp

nd CT = 4, the 
present. The 

ressure coeffic
ce, not unlike t
or pressure co
uite good with
as 21% for oth
nt between the
gure 26 (b)). A
king from the

from t
riation in all ch
tion regions. T
ness in the bow

 
19

(c) Simula

 
el shadowgra
face pressure

ponent of tran

steady nature
bow shock an
cient on the fo
the LaRC UP

oefficient value
h the experime
her locations. T
e DPLR and O
Again, the spik
e overset regio
he experimen
haracteristic f

The simulated
w shock and p

ated shadowgr
solutions at fo

aph and simul
e coefficients 

nsient axial for

e of the lower 
nd plume barr
orebody (Figu

PWT test. The 
es. The agreem
ent, lying on e
The pressure 

OVERFLOW 
kes in the DPL
ons and are no
nt ( 
features includ

d shadowgraph
plume barrel s

raphs from FU
our time insta

lated shadowg
are shown t

 
rce. 

thrust coeffic
rel shocks are 
ure 26 (a)), how

FUN3D solut
ment between
xperimental d
coefficient on
and the exper

LR line plot ne
ot physical. Sh

ding the bow 
hs of the DPLR
shocks with tim

UN3D flowfiel
ances. 

graph/schliere
to qualitative

cient from the 
unsteady and

wever, remain
tion appears to
n DPLR and 
data for some 
n the side of th
rimental data, 
ear x/L = 0.45 
hadowgraphs 

shock, plume 
R flow field 
me ( 

ld 

en 
ly 

d 
ns 
o 

he 
 



 

Figure
itself a
Figure
in the 
There 
from t

Figur
measu
the lev

(a) In

Fi

e 27 (d)) simul
and bulging in 
e 28 is the aero
level of period
are many freq

the axial force 

e 26: CFD p
urements on th
vel since CFD

nstantaneous w

igure 27 (b)). T

lated shadowg
regions not ad

o component o
dicity between 
quencies acting
for each CFD 

(a) Forebo

predictions of 
he forebody (a
 did not mode

wind tunnel sh

The level of un
Figure 27

raphs/schlieren
djacent to each 
of the axial forc

the DPLR solu
g on this flow 
code for this ca

ody 

f pressure coe
a). The rise in
el the sting. 

hadowgraphs.

 
20

nsteadiness se
7 (c)) and FUN
n images is gre
other. This lev

ce with compu
ution with the 
and it was dif

ase. 

 
 

efficients of R
n pressure coe

 

 
(b) Simula

een in the OVE
N3D ( 
eater, where th
vel of unsteadi
utational time. 
OVERFLOW
fficult to deter

(b) Mode

Run 179 show
efficient on the

ated shadowg
solutions at fo

ERFLOW ( 

he bow shock 
iness is also se
From this plot
and FUN3D s

rmine the dom

el Side 

w excellent a
e side (b) is ca

graphs from D
our time insta

is folding in o
en in the test. I
t the difference

solutions is see
minant frequenc

 

agreement wit
aptured but no

DPLR flowfield
ances. 

on 
In 
es 

en. 
cy 

th 
ot 

d 



 

(c) S
flow

Figur
from 
illustr

Th
thrust 
and 2.
The N
simula

Su
predic
within
predic
at the 
region

Simulated schl
wfield solution

e 27: Flowfiel
CFD for Ru

rate variations

Figur

he present pap
coefficients (C

.4) – condition
Navier-Stokes 
ations of the pr
urface pressure

ction tools. All 
n ±1.8%. An a
cted flow fields
aft end of the 

n yet little varia

lieren from O
ns at four time

ld images fro
un 179. Instan
s in time. 

re 28: Aero co

per was focuse
CT > 3) of singl
ns tested in the

codes DPLR,
revious SRP w
e measuremen
codes predict 

analysis of inc
s was performe
model. The si

ation in the bow

OVERFLOW 
e instances. 

m wind tunne
ntaneous sur

mponent of tr

V
ed on the pred
le- and multi-n
e second of tw
, OVERFLOW
ind tunnel test 

nts and shadow
the baseline sm

corporating the
ed. The sting c
ngle-nozzle co
w shock and pl

 
21

(d) Simula

 
el shadowgra
face pressure

 

ransient axial 
 

V. Summary
diction of supe
nozzle configur
wo tests in the 
W, and FUN3

in the LaRC U
wgraphs from t
mooth (no-noz
e sting into the
can be said to h
onfiguration sh
lume terminati

ated shadowgr
solutions at fo

aph and simul
e coefficients 

force in DPLR

y 
ersonic retropr
rations at two f
Ames Unitary

3D, with best 
UPWT, were ex
the test have b
zzle) configurat
e simulations 
have some infl

hows a periodic
ion shock featu

raphs from FU
our time insta

lated shadowg
are shown t

 
R and FUN3D

ropulsion flow
freestream Ma

y wind tunnel i
practices est

xercised in the
been used to ev
tion pressure m
to determine 

fluence on the 
c oscillation in
ures. The CFD 

UN3D flowfiel
ances. 

graph/schliere
to qualitative

D. 

w fields for hig
ch numbers (1
in August 201
ablished durin
 present work.
valuate the flo
measurements 
its influence o
surface pressu

n the triple poi
codes predicte

ld 

en 
ly 

gh 
.8 
1. 

ng 

ow 
to 
on 

ure 
nt 
ed 



 
 

22

different frequencies of the system, but all codes predicted the pressure measurements to within 24%. The 
three-nozzle configuration also has a periodic oscillation in the triple point region and little variation in the 
bow shock and plume termination shock features. This is counter to what was seen in the previous LaRC 
UPWT test, where at low thrust coefficients (CT ≤ 3) the flow field was chaotic and saw a lot of movement 
in the shock locations at different instances in time. Meanwhile, the four-nozzle configuration at higher 
thrust coefficients (CT > 3) was highly unsteady and chaotic. All features, including the bow shock, plume 
barrel shocks, free stagnation and triple point regions had large variations in time. The CFD codes were 
able to capture the large variations in all the flow features with computational time. The prediction of 
surface pressure coefficient for the four-nozzle cases did not agree as well with test data as with the steadier 
cases. 

Between the codes, the largest differences were in the frequencies and unsteadiness predicted. The 
turbulence models used by each code were different and could attribute to these differences. DPLR showed 
the lowest level of unsteadiness and used the RANS SST turbulence model with vorticity-based production 
term. The OVERFLOW code used DES with SST submodel, while FUN3D used DES with SA submodel. 
Each of these turbulence models generates varying levels of eddy viscosity, which adds dissipation to the 
solutions making them steadier.9 In general, the RANS models were steadier than the DES. The ability to 
properly capture the unsteady effects appeared to have little effect on comparing with the time-averaged 
surface pressures. 

Future study in SRP flows would involve further examining the Ames Unitary test data across a larger 
range of thrust coefficients and the effect of non-zero angle of attack. Also, further examination of 
unsteadiness would be warranted as well. Some of the unsteadiness is driven by differences in numerical 
dissipation employed by the various schemes implemented in the three codes. One way to get an 
understanding of this would be to refine the grids to see if that would increase the level of unsteadiness. Yet 
another way would be to apply a “low dissipation” scheme. Obtaining a laminar solution from each CFD 
code would inform the effect of turbulence modeling on the steadiness obtained. It would be important to 
assess how the unsteadiness could affect the vehicle stability as well. 
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