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Nomenclature
a = Bradshaw constant, =0.31
Fi = shear stress transport blending function
k = turbulent kinetic energy
Ty = wall temperature
Ty, = temperature at nozzle inlet
v = kinematic turbulent viscosity
Q = mean flow vorticity magnitude
w = specific turbulent dissipation rate
Introduction

IGNIFICANT resources have been spent on creating accurate

and robust turbulence models for flows with adverse pressure
gradients. Capturing correct boundary-layer profiles under adverse
pressure gradients is of particular importance to the accurate model-
ing of separated flows. In favorable pressure-gradient flows, small-
scale features of boundary layers generally do not couple to larger-
scale flow features such as flow separations. As a result, problems
that can occur in regions of favorable pressure gradients are more
difficult to spot in standard benchmarks. However, accurate model-
ing of such flows will be required for reliable predictions of surface
heat fluxes or shear stresses. Here we investigate the performance
of Menter’s two equation shear-stress-transport (SST) turbulence
model' for heat-transfer computation under strongly favorable pres-
sure gradients found in choked nozzle flows (such as required in
rocket nozzle analysis and design).

We have observed anomalous behavior of the SST turbulence
model for strongly favorable pressure-gradient flows. We shall
demonstrate the anomaly using an experimental choked nozzle prob-
lem published in the open literature.? The anomaly in the computed
heat transfer appears to be caused by the shear-stress-transport cor-
rection term of Menter’s model. By design, this term should be active
in near-wall regions under adverse pressure gradients. However, it
also appears to incorrectly become active under strongly favorable
pressure-gradient conditions.

SST Turbulence Model

The SST turbulence model' is a two-equation turbulence model
that combines the best aspects of several turbulence models. For
example, the k—w model of Wilcox® has superior numerical stabil-
ity to the standard k—e model. However, because of a nonphysical
dependency on freestream values of w the model is not suitable for
free-shear flows. To achieve the best of both models, Menter uses
a smooth blending function that transitions from the application of
the k—w model in near-wall regions to the k—e model in the wake
and free-shear flow regions. The resulting baseline model, denoted
BSL, provides a reasonable compromise between both models.

Menter noted that turbulence models that employ Bradshaw’s
assumption (whereby the shear stress is proportional to turbulent
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kinetic energy) are generally better suited to capturing adverse
pressure-gradient flows. Menter observes that this is as a result of
the term correctly accounting for the transport of principle turbu-
lent shear stress. Using this observation, Menter modifies the BSL
eddy viscosity, defined by v, =k /w, such that the turbulent viscos-
ity is suitably limited by Bradshaw’s turbulent viscosity, defined by
v, =ak/ Q. The resulting “limited” turbulent viscosity formulation
is given by

alk
V= — (1
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where the blending function Fy is a function that has a value be-
tween zero and one that disables the modification (i.e., goes to zero)
in free-shear regions. This modification to the BSL model creates
the SST model. The SST model is now widely used and has demon-
strated good results on a wide range of flows under adverse pressure
gradients. We observe that the SST correction given in Eq. (1) harms
the performance of the model under conditions of strongly favorable
pressure gradients found in choked nozzle flows.

Validation Case

To validate the model for strongly favorable pressure-gradient
flows, we select the experimental data provided by Back et al.
Their paper documents an experimental investigation of convec-
tive heat transfer from accelerated turbulent boundary layers in a
cooled converging-diverging nozzle. The geometry of the nozzle
used in their investigation consisted of a throat diameter of 4.58 cm, a
contraction-arearatio 7.75 to 1, an expansion-arearatio of 2.68 to 1, a
convergent half-angle of 30 deg, and a divergent half-angle of 15 deg.

In the experiment, compressed air was heated by the internal
combustion of methanol before it entered the cooled nozzle. The
ratio of methanol-to-air mass flow rates was small enough so that
the products of combustion could be treated as air. The convective
heat transfer to the cooled wall was measured by arrays of ther-
mocouples embedded along the nozzle wall. As reported in Back
et al., measured heat-transfer coefficients were repeatable to within
2% both from measurements at different axial stations and among
experimental runs.

Although many cases were measured in the experimental setup,
we only consider case no. 262, as this is the only case for which
both the heat fluxes and the measured wall temperatures have been
published in the open literature. The wall temperatures for this case
are found in a separate paper by Bartz.* Case 262 conditions consist
of air heated through methanol burners at a pressure of 5.17 x 10° Pa
and a temperature of 843 K. This heated air flowed along a 45.7-cm-
long cooled-approach section, whereby it entered the converging-
diverging nozzle just described.

Related Results

The SST turbulence model has been validated for nozzle flows
described by Back et al. in a technical report by Vieser et al.> We
also note that this validation case has been repeated in a recent val-
idation of a compressible wall-law boundary condition.® In both of
these cases, it is found that the SST turbulence model accurately
predicts the experimental heat-transfer coefficient, contrary to our
findings. Our simulation setup differs in one important aspect: we
used a prescribed wall temperature from the experimental measure-
ments, whereas their validation used a fixed wall temperature given
by Twa1 =0.5T). Based on the wall temperatures of case 262, this
wall temperature is a good approximation of the mean wall temper-
ature. However, the measured wall temperature varies over a range
that exceeds 100 K, particularly in the critical throat region of the
nozzle. We shall demonstrate that there is significant uncertainty
introduced by this assumption. We also seek to show that because
of this error the report of Vieser et al.” incorrectly concludes that the
SST model outperforms all other tested turbulence models for this
case. Despite these concerns, we verify that our simulation code is
able to duplicate their validation result using the same fixed wall
temperature boundary condition.
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Simulation Preliminaries

For the results presented here we use a finite volume flow solver
for generalized grids, known as CHEM. Details of the numerical
formulation are presented in the CHEM user guide.” This solver
implements Spalart—Allmaras,8 k—w (Ref. 3), BSL, and SST turbu-
lence models.! We have simulated this case using all of the listed
turbulence models, where the first three models produced similar re-
sults; the SST model produced markedly different results. For this
presentation we will limit the discussion to the BSL and the SST
model predictions as this is the most salient in the explanation of
the difference in the SST model predictions.

For the thermodynamic properties of high-temperature air, we
use a curve fit for y that is fit to measured air properties from 300
to 850 K. Molecular viscosity and thermal conductivity were pre-
scribed by Sutherland’s law. We also note that we performed a grid-
convergence study using three different grids. These grids ranged
from 1) 151 x 96 x 2,2)201 x 79 x 2,and 3) 401 x 115 x 2, where
the finer grids were refined through the boundary layer as well as in
the inviscid region. Because we are using a low-Reynolds-number
model in the wall region, all grids had a y* < 1 for the first point
off the wall. Numerical results for all grids varied at most a few
percent. The results from grids 2 and 3 were identical establishing
grid independence. The numerical results presented here are those
computed on the finest (401 x 96 x 2) grid.

Simulation Results

To determine the effect of assuming a fixed wall temperature,
we compare the SST turbulence model for case 262 using both a
constant wall temperature of Ty, = 0.5, and the prescribed ex-
perimental wall temperature. For this case we use a constant y of
1.35 to match the assumptions of Vieser et al.’> Figure 1 shows the
computed heat-transfer coefficients for both conditions. The throat
of the nozzle is located at approximately 9.27 cm downstream of
the nozzle inlet, and the peak in the heat-transfer coefficient occurs
slightly before the throat. We note that the prescription of the actual
experimental temperature lowers the peak computed heat-transfer
coefficient by about 30%, quantifying the effect of using detailed
experimental wall temperatures compared to prescribing an average
fixed temperature. As can be seen and expected, heat fluxes have
significant sensitivity to the prescribed wall temperature. We find as
aresult that the validation results of Vieser et al. for this case cannot
be trusted, as the errors of this assumption alone are too significant
for the case to be discriminatory.

We now perform a comparison of the BSL and SST turbulence
models using the experimentally measured prescribed wall temper-
atures and a curve-fit y for high-temperature air for case 262. The
results of the simulations are shown in Fig. 2. Although the BSL
model provides reasonably good agreement with he experimental
data, the SST model predicts nearly a 20% lower peak heat transfer
in the throat region. In addition, it appears that this lower heat trans-
fer continues beyond the throat to the supersonic flow that follows.
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Fig. 1 Comparison of heat-transfer coefficients for different pre-
scribed wall temperatures.
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Fig. 2 Comparison of heat-transfer coefficients for BSL and SST
models.

Comments on the SST Model Behavior

Why would the SST model produce different results from the BSL
model? The main feature of the SST model that distinguishes it from
the BSL model is the turbulent viscosity limiter given in Eq. (1),
whereby the turbulent viscosity is limited to not exceed viscosity
computed using Bradshaw’s assumption. It is therefore reasonable
to expect that the activation of this turbulent viscosity limiter would
reduce the heat transfer. We have confirmed this by setting the blend-
ing function Fg to zero and observing results consistent with the
BSL model. Although this limiter dramatically improves the perfor-
mance of the turbulence model in adverse pressure-gradient flows,
it appears to be inappropriate in highly favorable pressure-gradient
flows.

The turbulent viscosity defined by the SST model is essentially
a heuristic correction to viscosity based on the observation that
traditional two-equation eddy-viscosity models overpredict turbu-
lent viscosity when turbulent energy production exceeds turbulent
dissipation,! or when Q > w. The SST model transition between
the standard two-equation eddy-viscosity model and Bradshaw’s
assumption occurs when Q Fy, > a,w. Because of the inclusion of
Bradshaw’s coefficient @, in this condition, the activation of the
viscosity limiter occurs slightly before production exceeds dissipa-
tion. This slight adjustment of the activation point is justified by the
need for continuity in the definition of turbulent viscosity. Sacrific-
ing continuity, the correction can be applied only when production
strictly exceeds dissipation, which results in a corrected turbulent
viscosity of

QFy <o

B k/w if @
V= QF > w

ark)QFy  if

This adjustment corrects the problem for the nozzle benchmark.
Also, moving the switching point did not degrade the performance
of the SST model on a sampling of adverse-pressure-gradient flow
benchmarks. However, the discontinuity this fix introduces can frus-
trate numerical solvers. Continuity could be achieved by introducing
an additional blending function perhaps based on the ratio of 2 and
w to provide a smooth transition. However, such an approach would
also require the expense of recalibrating the model.

Conclusions

We have illustrated the importance of using experimental wall
temperatures when performing heat-transfer validation work. In the
specific example given here, the difference in the computed heat-
transfer coefficient between using an average temperature and a
specified temperature is about 30%. Once establishing an appropri-
ate validation framework, we have identified a potential problem
with the shear-stress-transport (SST) turbulence model. This prob-
lem is related to the model inappropriately applying Bradshaw’s
assumption in strongly favorable pressure-gradient conditions such
as found in choked nozzle flows. As a result, we would recommend
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disabling the SST model in these flow regions. However, we also
suggest that it is possible to correct this shortcoming by slightly
modifying the heuristic used to “turn on” the SST feature of the
model. Extensive recalibration of the model by validating against a
large body of cases would be required before such a modification
should be trusted for general applications.
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Introduction

OBED mixers are used in a number of applications to aug-
ment the mixing rate between co-flowing fluid streams. These
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devices enhance mixing by two mechanisms: the increased initial
interface area associated with their convoluted trailing-edge shape
and the introduction of streamwise vorticity.'™ The focus of this
Note is an assessment of the impact of compressibility on the mixing
associated with streamwise vorticity.

In this work, the compressibility of the mixing layers is char-
acterized by the convective Mach number M, and the high-speed
(primary) stream inflow Mach number M p. The convective Mach
number is defined as M. = (U, — U,) /a, where U, is the high-speed
(primary) stream velocity, U; is the low-speed stream velocity, and a
is the mean inflow speed of sound. In planar shear layers, a threefold
drop in the growth rate of planar shear layers has been observed® as
the convective Mach number increases from O to 1.

In lobed mixer flows with a supersonic high-speed stream, in ad-
dition to the mixer-generated vorticity, streamwise vorticity may be
generated downstream of the mixer trailing edge via the interac-
tion of trailing-edge shocks and density gradients across the mixing
layer. Depending on the density ratio between the high-speed and
low-speed streams, this baroclinic-torque-generated vorticity can
either enhance or retard the mixing rate.

Description of Approach

The impact of compressibility on the streamwise-vorticity-
enhanced mixing process was assessed in a series of wind-tunnel
experiments and with the aid of a numerical discrete vortex model.

Experimental

The experiments were conducted in the Supersonic Shear
Flow Facility at United Technologies Research Center.”® Two
converging/diverging nozzles provided supersonic inflow Mach
numbers of 1.3 or 2.4. A converging nozzle was used for the sub-
sonic stream. The subsonic stream Mach number was varied by
adjusting the inflow total pressure and mixing duct backpressure.
The mixing duct was 10 by 10 cm in cross section and 64 cm long,
and the inflow streams were of equal area. The two stream Mach
numbers were varied in such a way that the velocity ratio remained
constant, but the convective Mach number changed.

In addition to the compressibility of the mixing layers, the stream-
wise circulation shed from the trailing edge of the lobed mixers was
independently controlled by the use of four different geometries: one
planar splitter plate and three lobed mixers. Lobed mixers with ei-
ther a 15- or a 25-deg ramp angle were designed to shed streamwise
circulation; the third mixer was a convoluted plate with the same
trailing-edge shape as the two lobed mixers but was not ramped and,
therefore, shed little streamwise circulation. The mixers were of an
approximately square lobe design with a height-to-wavelength ratio
of h* =1.25. (The lobe wavelength was A =0.31 cm.) The nondi-
mensional streamwise circulation shed by the two forced mixers
were estimated by the scaling law developed by Barber et al.’:

r'*=r/Uh=2tana (1)

where I' is the circulation, U is the average inflow velocity of the two
streams, £ is the mixer height, and « is the ramp angle. The estimated
nondimensional circulations for the 15- and 25-deg mixers were 0.5
and 0.9, respectively. The circulation shed by the convoluted plate
mixer was estimated to be 0.1 based on Navier—Stokes computations
performed by O’Sullivan* for similar geometries.

The compressibility of the mixing layer as defined by the con-
vective Mach number and primary Mach number was controlled by
varying the inflow Mach numbers of the two streams. The convec-
tive Mach number ranged from 0.3 to 0.8 and the primary stream
Mach number from 1.3 to 2.4.

The experimental diagnostics included schlieren photographs,
Mie scattering imaging, and pitot/static pressure surveys. Mie scat-
tering sites were provided by seeding the supersonic stream with
methanol liquid upstream of the plenum chamber.'® Laser illumi-
nation was provided by a frequency-doubled Nd: YAG laser formed
into a sheet roughly 5 cm wide and 1 mm thick. The planar Mie
images were obtained with a charge-coupled device camera with an
array of 576 x 384 pixels. The schlieren photographs and Mie im-
ages were used to develop a qualitative understanding of the mixing



