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ASSESSMENT OF TURBULENCE MODELS IN OVEREXPANDED ZD-CD NOZZLE FLOW 
SIMULATIONS 

A. Earned' and C. Vogiatzis" 
University of Cincinnati 
CblCiWh. OH -15221 

.4bstna 
An investigation was conducted to assess the 

performance of d e r e n t  turbulence models in the 
numerical simulations of two dimensional convergent 
divergent (2DCD) nozzle flow tields at overexpanded 
conditions. The implicit numerical wlution of the 
compressible two dimensional Navier-Stoke equations 
was &mined using the -ARC code. Five ditferent 
turbulence closure models were used in the 
computations and the results compared to e.&ng 
e.pznmental data at design and overexpanded 
conditions. The results indicate little differences 
among the predictions using the algebraic. one 
equation. and two equation turbulence models at 
design pressure ratio. However large differences in the 
predicted shock location and pressure level behind the 
shock were observed at overe.xpanded conditions. The 
two equation k-c and kw turbulence models. gave the 
best overall agreement with the e.pzrimental 
measurements for thrust and static pressure 
distribution over the flaps. The agreement deteriorates 
with decreased nozzle pressure ratio (M'R) as the 
shock moves upstream and three dimensional flow 
effeas increase downsneam. 
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Innoduction 

There is renewed interest in 2D-CD nozzles 
because of the advantages they offer over -etric 
configurations for supersonic transport. These include 
higher performance. reduced afterbody drag, easier 
integration with airframes, and large mechanical area 
excursion capabilities. It is well known that the take off 
gross weight is very sensitive to n o d e  performance at 
cruise flight conditions', and that high area ratios are 
required for best efficienq at   per sonic cruise. The 
performance of these n o d e s  can suffer at off design 
conditions when the large nozzle area ratio reductions 
required required during subsonic and trarwnic 
acceleration,cannot be achieved under the mechanical 
3nd control system constraints. Since this can 
adversely Sea the acceleration time to cruise, the Fuel 
burnt and range. it is desirable to predict off design 
performance with a high degree of accuracy. J' 
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V c y  few e.qxrimental sNd~es report detailed 
measurements in ovcrexpanded 2D-CD nodes .  Mason 
et at present& intermi performance data for five 2 ~ -  
CD nozzle geomeuies tested in the static test facility of 
Langley's 16-8 transonic tunnel. Hunter' tested 
another 2D-CD nozzle configuration in the same 
facility and reported elrperimentai data for the internal 
thrust and discharge coefficients.and static pressure 
distribution over the flap at different WRs. 

Overexpanded nozzle predictions are complicated 
by the large shock induced separated flow regions in 
the divergent nozzle section. Gerard et al' and Sbieh' 
presented computational results at one overexpanded 
condition, and compared only the static pressure 
dismbution \vi& the eqeximental data of Mason et al'. 
Hamed et a16 presented computational results at several 
overexpanded flow conditions for two 2D-CD n o d e  
configurations tested by Mason' and Hunter'. They also 
modeled the interactions with the external flow by 
extending the solution domain outside the nozzle.. The 
purpose of the present inyestigation is to as- the 
computational results obtained using five different 
turbulence models in terms of the convergence 
characteristics and the agreement of the computed 
pressure distribution and thrun coefficient with the 
e.pzrimenta1 data in overeqanded ZDCD nozzles. 

2D-CD nozzle. Confirnation and owrating 
conditioos. 

' 

The 2DCD nozzle tested by Hunter' in Langley's 
static test facility wasselected for the numerical 
assessment because the large number of pressure taps 
gave a better definition of the shock location. The 
nozzle has a design pressure ratio of S.S for an edt 
Mach number of 2.1. The convergent nozzle secdao's 
area ratio is 2.56 and its convergence angle 22.3'. 
while the divergent n o d e  section's area ratio is 1.7% 
and its divergence angle 11.2'. The distanm beWeu 
the side walls is appro?rimately 4. I times the throat 
height of 1.08 inches. and the throat radius of 
curfame is r,*.625 inches. The nozzle was tested at 
design and several overexpnded flow conditions for 
NPR's rangng between 1.255 and 8.8. The 
e.qxrimental results' consist of flow and thrust 



coefficicnts , 3s well as StahC pressure cfistnbuhon over 
the flaps at the centerline. and 3t 10% of the d e  
uidth From the endwalls In a a h o n  Schlmen 
photographs were also presented showng the lccatlon 
and s h u c m  of the shock in the dwergent n o d e  
WhOn 

Comuutations 

Flow Solver and Boundan. Conditions 

The MARC code- was used to obtain the 
numerical solutionto the compressible two 
dimensional Na%ier- Stokes equations on Cray Y-MP. 
The code is based on the use of the approximate 
factorintion scheme of Beam-Warming in the solution 
of the time dependent Reymlds averaged Navier- 
Stokes equations in conservation law form and general 
amdinear coordinates. The computations were 
performed using five different turbulence models. 
namely Baldwin-Lomax and RNG algebraic models, 
Baldmin-Barth one equation model and the tw 
equation k-E and k w  turbulence models of Chien* and 
Wilco? respecuveiy. The fim four turbulence modeis 
esist in NPARC-2.0. The last was implemented in 
“ARC-2. I by Ycder and Georgiadisio.The flow is 
computed in the lower half of the nozzle, with 
symmeay boundar). conditions at the upper boundary, 
and no slip adiabatic boundary conditions over the flap. 
Free boundary conditions were applied at the n o d e  
inlet and exit. 

Comuutational Grid 

Refering to Egure 1. a one block 161x68 grid 
was generated in the lower halfof the n o d e  using an 
elliptic grid generator (GRIDGEN”), with halfthe 
grid points in the divergent part of the nozzle. The 
for the E m  grid point nat to the wall was equal to 1.0 
in the throat region with at least 1.5 points inside the 
wall boundary layer. 

This grid was selected after a grid refinement 
study was conducted at 2.11 node pressure ratio. The 
results obtained using the 161x68 grid of figure I and a 
coarser(8l~iiJ)withthesamevalueofrforthefint 
grid from the nozzle wall. were very close in predicting 
the pressure distribution before and after the shock 
and diffcred only in the pressure gradient across the 
shock which improved with grid refinement. 

Conbzreence 

‘0 The solution was advanced using low1 time 
stepping and the maximum allowble CFL d u e .  This 
van& From 2.0 for the high pmsure ratio cares to 1.0- 
1.5 for the low prpsurc ratios. The node  thrust aad 
flow coefficients were computed and monitored during 
the iterations. The internal thrust coefficient was 
determined From the integration of the &tal 
momentum 3t the exit plane. and the flow axfficiem, 
60m the integration of the mass flux 3t several normal 
planes upsham of the throat. A variation of Im than 
0.196 in thrust or mass flow over IO00 iterations was 
required to consider the solution converged. 
Additional iterations were sometimes r e q d  to 
converge the mule performance parameten . after the 
residual dormation indicated convergence. typically 2 
to 4 orders of magrutude reduction. Conversely small 
flow regions sometimes kept the numerical residuals 
from further reductions atler the nozzle performance 
parameters have converged. Weterien et ai” reported 
sutlllar bebavior in their numerical computatiom of 
nozzle drag. 

Results And Discussions 

\i: Computational results are presented aod 
compared with the experimental data of Hun& oyer a 
range of n o d e  pressure ratios corresponding to design 
and several overexpanded conditions. 

hedictions at the detim ~1ressu~ ratio 

, The convergence characteristics of the numerical 
solution obtained using the different turbulence models 
at design pressure ratio are shown in figure 2.  In aU 
cases the numerical solution was advanced using local 
time stepping from unSorm initial conditions 
corresponding to one dimensional subsonic flow at the 
n o d e  inlet. The maximum CFL number for these 
cases was found to be equal to 2.0. The al@taic 
turbulence models were used horn the tepnmg of the 
calculation, For the one and two equation models the 
turbulence viscosity field was initialized using 
Baldwin-Lomay turbulence model for 2ooO iterations 
According to Egure 2 the residuals are reducai three 
orden of magnitude within 5.O00 iterations and 
another order of magnitude over the next 5.000 
iterations in all cases but the RNG turbulence model, 
where it does not decrease below two orden of 
magmtude 

The computed pressure dimibutions for the L, 
different turbulence models are shown in figure 3. The 
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curves practically coincide and the agreement with the 
e.qxriment is exallent. A comparison of the 
computcd n o d e  perfomnce prcdictions for the f i ~  
turbulence models at design conditions is summariised 
in table I .  According to ths data. the thrust c d c i e n t  
~ 3 5  predicted wittun f).R% of the experimntal d t s  
in all c3ses except for the RNG model where the 
predictions were withm 1.0%. 

Predictions at overexuanded conditions 
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The computations of the nozzle flow field were 
performed using the five turbulence models at one 
overexpanded condition corresponding to a n o d e  
pressure ratio 2.41 ( 27% of design value ). From the 
convergence hstory shown in figure 4. it is obvious 
that the total fendual decrease is approximately two 
orders of magnitude smaller than the design pressure 
ratio case. Thls is attributed to the massive shock 
induced flow separation which occupies over 60% of 
the divergent nozzle length and 30 ?6 of the exit nidth. 
The typical thrust coe5cient evolution presented in 
figure 5 indicates that variation of less than 0.1% are 
reached after 1O.ooO iterations. 

Typical Mach number and turbulence 
vi~osity contours and velcciy vectors. are presented in 
figures 7a. 7b and 7c. These results. which were 
obtained using the k+ model. indicate 3 n o d  shock 
with a large well defined lambda foot. The leading 
branch of the lambda shock extends to the n o d e  
surface. where the flow separates and remains detached 
to the nozzle esit. The highest turbulence viscosity 
levels are predicted in the separated flow region behind 
the shock. 

.-’ 

The surfice pressure distributions shown in 
figure 7 indicate that there is a sigmficant spread, of 
abut 40Y0 of the thmt opening in the predicted shock 
loation, depending on the Wulence model used. AI 
this pressure ratio Wilcox’s k w  model was the closest 
to the e.uperimental results in prediaing the pressure 
variation behind the shock but Chien’s k-E model was 
closer in predicting the shock location. The algebraic 
and one equation models predicted shock positions 
respectively upstram and downsueam of the 
e..cperimental location. Furthermore. their predicted 
post shock pressures were higher. and contained 
overshoots not observed e.uperimentally. 

The computed exit velocity profiles using the 
different turbulence models are compared in figure 8. 
The results indicate &at the shear layer is independent -J’ 
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of the turbulence model in spite of the difference in the 
predicted shock loc3iion. The p r e d i ~ t i o ~  Using the one 
equation turbulence model of Baldwin-Barth e&iiited 
the largest vctocities in the nrpenonic region above, 
2nd the reversed flow reDon below the shear layer. 
Conversely the predictions using the algebraic 
turbulence models exhibited the lowest velocities in 
both these rcgmns. The predicted velocities were very 
close in the core hnsonic region. with the highest 
values predicted by the k w  model and the lowesr by 
the algebmic models. 

The corresponding thrust coefficients are 
compared with the experimental results in table 2. The 
computed thrust coe5cients using all the turbulence 
models with the exception of Baldwin-Lomy arc 
higher than the e.uperimental value. Despite the fact 
that the pressure disuibution predicted using the 
algebraic turbulence models (Baldwin-Lomax and 
RNG) exhibited the largest deviation from the 
e..cperimeotal results, the thrust coefficients predicted 
by these models are fortuitously closest to the 
e.qxrimental value. 

Further numerical solutions were obtained with 
the two equation turbulence models over a number of 
overe.upanded pressure ratios. Figure 9 and figure 10 
compare the computed static pressure distribution over 
the flap to the eqxrimental results of Hunter‘ at the 
centerline and near the end walls. Satisfactory 
agreement with the e.uperimental results is observed at 
nozzle pressure ratios above 2.41. The three 
dimensional effects dowumeam of the shock increase 
below this pressure ratio as indicated by the ditFerences 
between the static pressure at the centerline and the 
flap end wall. Table 3 and figure 11 compare the 
computed thrust coe5tient using the two equation 
turbulence mdels, with the e.qerimental results at five 
different nozzle pressure ratios. The two quation 
turbulence model thrust coefficient predictions are . 
within 1% of the expimental data for n o d e  pressure 
ratios above 50% design and within 2% abow 3PA 
design. Increased deviations at lower pressure ratios 
are attributed to three dimensional flow effects caused 
by the interactions between the shock and endwall 
boundary layers. 

Conclusions 

An assessment of five turbulence models was 
conducted in a 2DCD nozzle at different operating 
conditions. The mo dimensional flow field wlutions 
using the *ARC code were required to meet w e d  



convergence uiteria including the nozzle flow and 
thrust coefficients. The turbulence models considacd 
are the algebraic models of Baldwin-Low RNG, the 
one cquation model of Baldwin-Earth and the two 
quauon k-r: and kw models of Chien and Wilcox. All 
fivc turbulence models yielded essentially identical 
solutions at design points and correlated well with the 
experimental pressure dimbution over the flaps. The 
internal thrust coefficient predictions were within 0.8% 
of the e.xperimental data under t h m  conditions in all 
cases but the RNG model. 

At overexpanded conhtions agreements among 
the different models and with the expenmend dara 
prevailed only up lo the point of shock induced flow 
separation and then varied sipficantly in the 
predicted shock location and pressure level behind the 
shock The algebraic turbulence models predicted the 
shock location downsueam of the experimental 
position and the one equation model predicted the 
shock lmtion upstream of the e.xperimend postion 
Both overpredicted the pressure level behind the shock 
with overshoots not e'hbited in the experimental 
pressure dismbution. The two equation turbulence 
models gave the best Overall agreement with the 
experimental pressure dismbutions at overexpanded 
conditions. In spite of the massive flow separation the 
thrust coefficient was predicted within 1.0% of the 
e.qxrimental values for n o d e  pressure ratios above 
50% design. Below these pressures. two dimensional 
flow predictions are inadequate because of the strong 
three dimensional flow effects behind the shock.. 
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E.*mt Wilco~kw Chienk-c B a l m -  Baldwin- RNG 

Thrust Coefficient 0.987 0.995 0.995 6.995' 0.995 0.997 
Yenor in thrust 0.8% O.%% 0.8% 0.8% 1.0% 

Banh L o r n  
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Thrust Coe5aent 
%XIOK in thrust 

Wilcoxkw C h i e n k - ~  Baldwia- Baldwin- RNG 

0.904 0.923 0.927 b.941 0.898 0.907 
Banh Lomax 

2.1% 2.5% 4.1% -0.7% 0.3% 



Flgure 1. Computational grid (161x68). 
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Figure 2. Convergence history at deaign 
pressure ratio (NPR=8.8). 
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'U< Figure 3. Surface preriurc distribution at design 
preuurc r.tio(NPR=8.8). 
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Figure 4. Convergence history (NPRd.41) Figure 5. Thnut coefficient evolution (NPRd.41). 
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Figure 6.. M.eh number contours using the k - a  turbulence model (NPIb2.41) 

Figure 6b. Turbulence viscosity contours using the k-m turbulence model (NPR=2.41) 

Figure 6c Velocity vectors using the k-aturbulcncc model (NPR=2.41) 
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Fignre 7. Surface pressure distributions 
(NPR=2.41). 
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Figmre 9. Surface pressure distribution wing 
Chien's k-E turbulence model 
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Fignre 8. Exit velocity profiled (NPR=2.41) 
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Figure 10 Surface pressure distribution using 
Wilcox's k-u) turbulence model. 
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Fignre 11 Thrust coefficient predictions 
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