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Abstract

An investigation was conducted to assess the
performance of different turbulence models in the
numerical simulations of two dimensional convergent
divergent (2DCD) nozzle flow fields at overexpanded
conditions. The implicit numerical solution of the
compressible two dimensional Navier-Stoke equations
was obtained using the NPARC code. Five different
turbulence closure models were used in the
computations and the results compared to existing
experimental data at design and overexpanded
conditions. The resuits indicate little differences
armnong 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 overexpanded conditions. The
two equation k- and k-® murbulence models, gave the
best overall agreement with the experimental
measurements for thrust and static pressure
distribotion over the flaps. The agreement deteriorates
with decreased nozzle pressure ratio (NPR) as the
shock moves upstream and three dimensional flow
effects increase downstream.

Introduction

There is renewed interest in 2D-CD nozzles
because of the advantages they offer over axisymmetric
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 nozzle performance at
cruise flight conditions', and that high area ratios are
required for best efficiency at supersonic cruise. The
performance of these nozzles can suffer at off design
conditions when the large nozzle area ratio reductions
required required during subsonic and transonic
acceleration..cannot be achieved under the mechanical
and control system constraints. Since this can
adversely affect the acceleration time to cruise, the fuel
burnt and range. it is desirable to predict off design
performance with a high degree of accuracy.
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Very few cxperimental studies report detailed
measurements in overexpanded 2D-CD nozzles. Mason
et al” presented internal performance data for five 2D-
CD nozzle geometries tested in the static test facility of
Langley's t6-ft transonic tunnel. Hunter’ tested
another 2D-CD nozzle configuration in the same
facility and reported experimental data for the internal
thrust and discharge coefficients.and static pressure
distrtbution over the flap at different NPRs,

Overexpanded nozzle predictions are complicated
by the large shock induced separated flow regions in
the divergent nozzle section. Gerard et al* and Shieh®
presented computational results at one overexpanded
condition, and compared only the static pressure
distribution with the experimental data of Mason et al®.
Hamed et al® presented computational results at several
overexpanded flow conditions for two 2D-CD nozzle
configurations tested by Mason” and Hunter’. They also
modeled the interactions with the externai flow by
extending the solution domain outside the nozzle.. The
purpose of the present investigation is to assess the
computational results obtained using five different
turbulence models in terms of the convergence
characteristics and the agreement of the computed
pressure distribution and thrust ceefficient with the

- experimental data in overexpanded 2D-CD nozzles.

2D-CD nozzle. Configuraton and operating
conditions.

The 2D-CD nozzle tested by Hunter’ in Langley's
static test facility was setected for the numerical
assessment because the iarge number of pressure taps
gave a better definition of the shock location. The
nozzle has a design pressure ratio of 8.8 for an exit
Mach number of 2.1. The convergent nozzle section’s
area ratio is 2,56 and its convergence angle 22.3°,
while the divergent nozzle section’s area ratio is 1.796
and its divergence angle 11.2°, The distance between
the side walls is approximately 4.1 tirnes the throat
height of 1.08 inches. and the throat radius of
curvature is r.=(1.625 inches. The nozzle was tested at
design and several overexpanded flow conditions for
NPR's ranging between 1,255 and 8.8. The
experimental results® consist of flow and thrust



coefficicnts . as well as static pressure distribution over
the flaps at the centerline. and at 10% of the nozzle
width from the endwalls. In additon Schlieren
photographs were also presented showing the location
and structurce of the shock in the divergent nozzle
section.

Computations

Flow Solver and Boundarv Conditions

The NPARC code was used to obtain the
numerical solution to the compressible two
dimensional Navier- Stokes equations on Cray Y-MP.
The code is based on the use of the approximate
factorization scheme of Beam-Warming in the solution
of the time dependent. Reynolds averaged Navier-
Stokes equations in conservation law form and general
curvilinear coordinates. The computations were
performed vsing five different rurbulence models,
namely Baldwin-Lomax and RNG algebraic models,
Baldwin-Barth one equation model. and the two
equation k-¢ and ko turbulence models of Chien® and
Wilcox respectively. The first four turbulence models
exist in NPARC-2.0. The last was impiemented in
NPARC-2.1 by Yoder and Georgiadis'® The flow is
computed in the iower half of the nozzle, with
symmetry boundary conditions at the upper boundary,
and no slip adiabatic boundary conditions over the flap.
Free boundary conditions were applied at the nozzle
inlet and exit.

Computational Grid

Refering to figure 1. a one block 161x68 grid,
was generated in the lower half of the nozzle using an
elliptic grid generator (GRIDGEN'"), with haif the
grid points in the divergent part of the nozzle. The Y~
for the first grid point next to the wall was equai to 1.0
in the throat region, with at least 15 points inside the
wall boundary layer.

This grid was selected after a grid refinement
study was conducted at 2.41 nozzle pressure ratio. The
results obtained using the 161x68 grid of figure 1 and a
coarser (81x34) with the same value of Y™ for the first
grid from the nozzle wail. were very close in predicting
the pressure distribution before and after the shock,
and differed only in the pressure gradient across the
shock. which improved with grid refinement.

Convergence

The solution was advanced using local time
stepping and the maxamurn allowable CFL vatue. This
varied from 2.0 for the high pressure ratio cases to 1.0-
1.3 for the low pressure ratics. The nozzle thrust and
flow coefficients were computed and monitored during
the iterations. The internal thrust coefficient was
determined from the integration of the axial
momentum at the exit plane, and the flow coefficient,
from the integration of the mass flux at several normal
planes upstream of the throat. A variation of less than
0.1% in thrust or mass flow over 1000 iterations was
required. to consider the solution converged.
Addittonal iterations were sometimes required to
converge the nozzie performance parameters . after the
residual information indicated convergence. typically 2
to 4 orders of magnitude reduction. Conversely small
flow regions sometimes kept the numerical residuals
from further reductions after the nozzle performance
parameters have converged. Weterlen et al'” reported
similar behavior in their numerical computations of
nozzle drag.

Results And Discussions
Computational results are presented and A .
compared with the experimental data of Hunter’ over a
range of nozzle pressure ratios corresponding to design
and several overexpanded conditions.

Predictions at the design pressure razio

. The convergence characteristics of the numerical
solution obtained using the different turbulence models
at design pressure ratio are shown in figure 2. [n all

‘¢ases the numerical solution was advanced using local

time stepping from uniform initial conditions
corresponding to one dimensional subsonic flow at the
nozzle inlet. The maximum CFL number for these
cases was found to be equat to 2.0. The algebraic
turbulence models were used from the beginning of the
calculation. For the one and two equation models, the
turbulence viscosity field was initialized using
Baldwin-Lomax turbulence model for 2000 iterations.
According to figure 2 the residuals are reduced three
orders of magnitude within 5,000 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 orders of
magnitude

The computed pressure distributions for the
different turbulence models are shown in figure 3, The



curves practically coincide and the agreement with the
experiment is excellent. A comparison of the
computed nozzle performance predictions for the fve
tutbulence models at design conditions is summarized
in table I. According to this data. the thrust coefficient
was predicted within ). 8% of the experimental results
in all cases except for the RNG model where the
predictions were within 1.0%.

Predictions at overexpanded conditions

The computations of the nozzle flow field were
performed using the five turbulence models at one
overexpanded condition corresponding to a nozzle
pressure ratio 2.41 ( 27% of design value ). From the
convergence history shown in figure 4. it is obvious
that the total residual decrease is approximately two
orders of magnitude smaller than the design pressure
ratio case. This is attributed to the massive shock
induced flow separation. which occupies over 60% of
the divergent nozzle length and 30 % of the exit width,
The typical thrust coefficient evolution presented in
figure 5 indicates that variation of less than 0.1% are
reached after 10,000 iterations.

Typical Mach number and turbulence
viscosity contours and velocity vectors, are presented in
figures 7a. 7b and 7c. These results, which were
obtained using the k-» model. indicate a normal shock
with a large well defined lambda foot. The leading
branch of the lambda shock extends to the nozzle
surface, where the flow separates and remains detached
to the nozzle exit. The highest turbulence viscosity
levels are predicted in the separated flow region behind
the shock.

The surface pressure distributions shown in
figure 7 indicate that there is 3 significant spread, of
about 40% of the throat opening in the predicted shock
location, depending on the turbulence model used.. At
this pressure ratio Wilcox's k-o model was the closest
to the experimental results in predicting the pressure
variation behind the shock, but Chien's k- model was
closer in predicting the shock location. The algebraic
and one equation models predicted shock positions
respectively upsiream and downstream of the
experimental {ocation. Furthermore, their predicted
post shock pressures were higher, and contained
overshoots not observed experimentally.

The computed exit velocity profiles using the
different turbulence models are compared in figure 3.
The results indicate that the shear layer is independent

of the turbulence model in spite of the difference in the
predicted shock location, The predictions using the one
equation turbulence modet of Baldwin-Barth exhibited
the largest velocities in the supersonic region above,
and the reversed flow region below the shear layer.
Conversely the predictions using the algebraic
turbulence models exhibited the lowest velocities in
both these regions. The predicted velocities were very
close tn the core transonic region. with the highest
valyes predicted by the k~s model and the lowest by
the algebraic models.

The corresponding thrust coefficients are
compared with the experimental results in wable 2. The
computed thrust coefficients using ail the turbulence
models with the exception of Baldwin-Lomax are
higher than the experimental value. Despite the fact
that the pressure distribution predicted using the
algebraic turbulence models (Baldwin-Lomax and
RNG) exhibited the largest deviation from the
experimental results, the thrust coefficients predicted
by these models are fortuitously closest to the
experimental value.

Further numerical solutions were obtained with
the two equation turbulence models over a number of
overexpanded pressure ratios. Figure 9 and figure 10
compare the computed static pressure distribution over
the flap to the experimental results of Hunter” at the
centerline and near the end walls. Satisfactory
agreement with the experimental results is observed at
nozzle pressure ratios above 2.41. The three
dimensional effects downstream of the shock increase
below this pressure ratio as indicated by the differences
between the static pressure at the centertine and the
flap end wall, Table 3 and figure 11 compare the
computed thrust coefficient using the two equation
turbulence models, with the experimental results at five
different nozzle pressure ratios. The two equation
turbulence mode! thrust coefficient predictions are
within 1% of the experimental data for nozzie pressure
ratios above 50% design, and within 2% above 30%

- 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 two dimensional flow field solutions
using the NPARC code were required to meet several



convergence criteria inciuding the nozzle flow and
thrust coefficients. The turbulence models considered
are the algebraic models of Baldwin-Lomax. RNG, the
one cquation model of Baldwin-Barth and the two
cquation k-¢ and k-o models of Chien and Wilcox. All
five turbulence models vielded essentially identicai
solutions at design points and correlated well with the
cxperimental pressurc distribution over the flaps. The
internal thrust coefficient predictions were within 0.8%
of the experimental data under these conditions in all
cases but the RNG model.

At overexpanded conditions agreements among
the different models and with the experimental data
prevailed ondy up to the point of shock induced flow
separation and then varied significantly in the
predicted shock location and pressure levei behind the
shock. The algebraic turbulence models predicted the
shock location downstream of the experimental
position. and the one equation moiel predicted the
shock location upstream of the experimental position
Both overpredicted the pressure level behind the shock
with overshoots not exhibited in the experimental
pressure distribution. The two equation turbulence
models gave the best Overall agreement with the
experimentai pressure distributions at overexpanded
conditions. In spite of the massive flow separation. the
thrust coefficient was predicted within 1.0% of the
experimental values for nozzle pressure ratios above
30% 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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Experiment | Wilcox k-o Chien k-¢ Baldwin- Baldwin- RNG
Barth Lomax
Thrust Coefficient 0,987 (.995 0.995 0.995 0,995 0.997
Y%error in thrust - 0.8% 0.8% 0.8% 0.8% 1.0%
Table 1. Thrust coefficient at design pressure ratio (NPR=8.81).
Experiment | Wilcox k-o Chien k-g Baldwin- Baldwin- RNG
Barth Lomax
Thrust Coefficient 0.904 0.923 0.927 0.941 0.898 0.907
%error in thrust 2.1% 2.5% 1.1% 0.7% 0.3%
Table 2. Thrust coefficient at NPR=2.41 (27% of design pressure ratio).
NPR=2.0 NPR=2.4 NPR=3.4 NPR=4.6 NPR=8.8
Experiment 0.866 0.904 0.935 0.959 0.987
k- Thrust Coefficient 0.900 0.927 0.947 0.966 0.995
%%error in thrust 3.9% 2.5% 1.3% 0.7% 0.8%
k-® Thrust Coeflicient 0911 0.923 0.952 0971 0.995
5.2% 2.1% 1.8% 1.2% 0.8%

Yoexror in thrust

Table 3. Thrust coefficient at different pressure ratics
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Figure 1. Computational grid (161x68).
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Figure 2. Convergence history at design
pressurc ratio (NPR=8.8).
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Figure 4. Convergence history (NPR=2;41)

Figure 3. Surface pressure distribution at design
pressure ratio(NPR=8.8).
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Figure 5. Thrust coefficient evolution (NPR=2.41).
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Fignre 6x. Mach number contours using the k- tutbulence model (NPR=2.41)
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Figure 6b. Turbulence viscosity contours using the k- turbulence model (NPR=2.41)
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Figure 6¢ Velacity vectors using the k- turbulence model (NPR=2.41)
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