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Fig. 1 Mach number contours, downstream of the throat, using
the k-v turbulence model (NPR = 2.41).

Fig. 2 Convergence history (NPR = 2.41).
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Introduction

T HERE is renewed interest in two-dimensional– conver-
gent-divergent (2D– CD) nozzles because of the advan-

tages they offer over axisymmetric con� gurations for super-
sonic transport. These include higher performance, reduced
afterbody drag, easier integration with airframes, and large me-
chanical area excursion capabilities. The performance of these
nozzles can suffer at off-design conditions when the large noz-
zle area ratio reductions required during subsonic and transonic
acceleration cannot be achieved under the mechanical and con-
trol system constraints. Because this can adversely affect the
acceleration time to cruise, the fuel burnt, and the range, it is
desirable to predict off-design performance with a high degree
of accuracy.

The purpose of the present investigation is to assess the
computational results obtained for overexpanded 2D – CD noz-
zles using � ve different turbulence models. Overexpanded noz-
zle � ow predictions are challenging because of the large
shock-induced separated � ow regions in the divergent nozzle
section. The 2D –CD nozzle tested under static conditions by
Hunter1 was selected for the numerical assessment because the
large number of pressure taps gave a better de� nition of the
shock location. The nozzle has a design pressure ratio of 8.8
for an exit Mach number of 2.1.

Approach
The implicit numerical solution of the compressible two-

dimensional Navier– Stokes equations was obtained using the
NPARC code.2 The computations were performed using � ve
different turbulence models, namely, Baldwin–Lomax and
RNG algebraic models, Baldwin– Barth one-equation model,
and the two-equation Chien k-« and Wilcox k-v turbulence
models. A one-block 161 3 68 grid was selected after a grid
re� nement study. The Y 1 for the � rst grid point next to the
wall was equal to 1.0 in the throat region, with at least 15
points inside the wall boundary layer. The computed Mach
number contours at nozzle pressure ratio (NPR) of 2.41 are
presented in Fig. 1 to illustrate the � ow structure at overex-
panded conditions.
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In all cases the numerical solution was advanced using lo-
cal time stepping with a maximum attainable Courant–
Friedrichs– Lewy number of 2.0. The internal thrust coef� cient
was determined from the integration of the axial momentum
at the exit plane. A variation of less than 0.1% in thrust or
mass � ow over 1000 iterations was required to consider the
solution converged. The convergence characteristics of the nu-
merical solution obtained using the different turbulence models
are shown in Fig. 2. One can see that the convergence char-
acteristics at overexpanded conditions are strongly dependent
on the turbulence model.

Results and Discussions
The computational results for the surface pressure distribu-

tion at NPR = 2.41 are presented in Fig. 3 together with Hun-
ter’s experimental data along the � ap centerline.1 The results
exhibit a signi� cant spread in the predicted shock location,
depending on the turbulence model used. The algebraic and
one-equation models predicted shock positions, respectively,
upstream and downstream of the experimental location. Fur-
thermore, their predicted postshock pressures were higher and
contained overshoots not observed experimentally. The shock
location was best predicted by the two-equation turbulence
models; however, Wilcox’s k-v model was the closest to the
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Table 1 Thrust coef� cient at different pressure ratios

NPR

2.0 2.4 3.4 4.6 8.8

Experiment 0.866 0.904 0.935 0.959 0.987
k-«

Thrust coef� cient 0.900 0.927 0.947 0.966 0.995
% error in thrust 3.9% 2.5% 1.3% 0.7% 0.8%

k-v
Thrust coef� cient 0.911 0.923 0.952 0.971 0.995
% error in thrust 5.2% 2.1% 1.8% 1.2% 0.8%

Fig. 3 Surface pressure distributions (NPR = 2.41).

Fig. 4 Surface pressure distribution using Wilcox’s k-v turbu-
lence model.

Fig. 5 Thrust coef� cient predictions.

experimental results in predicting the pressure variation behind
the shock. In general, the two-equation turbulence models gave
the best overall agreement with the experimental results for
the pressure distribution and thrust coef� cient at overexpanded
conditions. Figure 4 compares the computed pressure distri-
bution over the � ap using the k-v model to the experimental
results at the centerline and near the end wall at � ve overex-
panded NPRs.

The computed thrust coef� cients using the two-equation
turbulence models are compared to the experimental results
in Fig. 5 and Table 1. One can see that the thrust coef� cient
was predicted within 1.0 and 2% of the experimental values
for NPRs above 50 and 30% design, respectively. At lower
nozzle pressure ratios, two-dimensional � ow predictions are
inadequate because of the strong three-dimensional � ow ef-
fects behind the shock, which are observed in the experimental
results.
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Introduction

E FFICIENT mixing between two streams of � uids is im-
portant in many applications. The existence of large-scale
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