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whereas the estimated contribution due to measurement uncertainty
varied from 6 to 13%. Therefore, these measurements can also be
used to estimate the extent of the turbulent fluctuations. In addition,
since each temperature measurement is obtained from simultaneous
measurements of fluorescence signals from two independent tran-
sitions, linear averaging of a series of temperature measurements is
permissible; the possible systematic error in the temperature derived
from averaged, nonsimultaneous fluorescence measurements is
avoided with this technique. With a relatively high data rate (~5 Hz),
a well-characterized measurement uncertainty, and the ability to be
extended to line imaging, this new instantaneous temperature mea-
surement technique can provide single-pulse measurements in high-
temperature reacting flows where temperature, pressure, and species
concentrations are subject to turbulence-induced fluctuations.
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Introduction

URBULENT flow separation is commonly encountered in both

internal and external flows with abrupt changes in geometry.
Practical examples of such flows are found in heat exchangers, turbo-
machinery, combustors, heating and ventilation systems, and cool-
ing of electronic components. The flow over a surface mounted
obstacle or rib considered here is related to the classical backward-
facing-step geometry but is somewhat more complex because of the
formation of multiple primary and secondary recirculation zones and
their interaction. The rib geometry provides a good laboratory con-
figuration for further understanding of the physics of flow separation
and for evaluating turbulence models and numerical discretization
procedures.!

The classical two-equation k—¢ eddy viscosity model (EVM) and
its variants have been the most widely used engineering models
to compute separated flows. The performance of these models in
separated flows is unsatisfactory in many respects,>* even with the
substantial improvements brought about by corrections to account
for extra strain effects an streamline curvature.>* One of the weak-
nesses of EVMs is the use of a single time (or length) scale to
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characterize the turbulence. This leads to poor predictions of the
eddy viscosity in flow situations where large departures from equi-
librium conditions occur.

One approach to address this problem is multiscale (MS) turbu-
lence modeling, first proposed by Hanjalié et al.,* which consists
of partitioning the energy spectrum into several regions, each char-
acterized by a different time scale. In the simplified split-spectrum
method used by Kim and Chen,® turbulent transport is described
by using two time scales: the first corresponds to the large energy-
bearing eddies and describes generation of turbulent kinetic energy,
and the second corresponds to the smaller-scale eddies and describes
dissipation rate. In this Note we examine the performance of Kim
and Chen’s MS model in high Reynolds number flow over two-
dimensional surface-mounted ribs. The computations are performed
using a finite volume method with a higher order quadratic upwind
scheme, which is stable and conservative and which incorporates an
upstream-weighted curvature correction.

Tuarbulence Model

To account for the evolution of the different scales in the large-
eddy production range and the small-eddy dissipation range, the
turbulent energy spectrum can be partitioned into three regions:

1) Production region, characterized by the turbulent kinetic en-
ergy k, and the energy transfer rate ¢,,. )

2) Transfer region, characterized by the turbulent kinetic energy
k; and the dissipation rate &,.

3) Dissipation region, where the turbulent kinetic energy is dissi-
pated into heat.

Kim and Chen’s MS turbulence model formulation® used in this
study is based on a single-point closure with a variable spectrum-
partitioning method. The location of the partition, or the ratio k,,/ k;,
is determined as part of the solution and is dependent on the turbu-
lence intensity, production, transfer, and dissipation rates. The parti-
tion is moved toward the high-wave number region when production
is high and towards the low-wave number region when production
is low. Turbulent transport is described by using a time scale char-
acterizing large eddies, and the dissipation rate is characterized by
using the fine-scale eddies.

The turbulent kinetic energy and the energy transfer rate equations
for the energy containing large eddies are given by®
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The turbulent kinetic energy and dissipation rate equations for the
fine-scale eddies are given by
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where the production rate is given as
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and the empirical coefficients are determined by examining lim-
iting cases of asymptotic turbulence growth and decay rates and
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Fig.3 Wall shear stress distribution.

equilibrium turbulence conditions. Further details are given in
Refs. 6 and 7.

Once the turbulent kinetic energy k = k; +k,,, and the dissipation
rate ¢, are computed, the eddy viscosity is determined using the
Prandtl-Kolmogorov relation p, = C.p(k?/e,). This expression
is similar to that used in the single-scale k— model except that
the dissipation is replaced by the energy transfer rate. In effect,
this implies that the turbulence length scale is related to the energy

transfer rate of the large, energy-bearing eddies rather than to the
dissipation rate.

Computational Procedure

The geometry of the computational domain is shown in Fig. 1.
The blockage ratio (rib height/channel width) of the square rib is
7.8%. The inlet section is located at 104 upstream of the rib, and the
outlet section is located at about 30~ downstream. A one-seventh
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Fig. 5 Contours of the ratio of turbulent kinetic energy production to dissipation rates (MS/QDS).

power-law boundary layer velocity profile is imposed at the inlet
plane with a boundary layer thickness of 0.5k to simulate the exper-
iment of Crabb et al.® A zero-gradient condition is imposed at the
outlet section. No-slip boundary conditions with wall functions are
imposed along solid walls. The ratios of k,/ k; and €, /¢, at the inlet
and along solid walls are based on the computational results of the
fully developed channel flow and near wall analysis, respectively.
Equations (1-4) together with the Reynolds averaged Navier—
Stokes equations are discretized by a finite volume technique with
a staggered, nonuniform grid arrangement. A third-order accurate
quick scheme, incorporating a transverse curvature correction,’ is
used to discretize the convective terms. A deferred correction formu-
lation is adopted to ensure boundedness and to maintain a tridiagonal

structure of the coefficient matrix. The turbulence model and dis-
cretization scheme were implemented by modifying the TEMA
code.!® A more detailed description of the numerical procedure can
be found in Ref. 7.

Results and Discussion

Two important characteristic length scales of the rib flow are the
upstream and downstream separation bubble lengths. The grid sen-
sitivity of the solution was assessed by monitoring the predicted
reattachment length of the main recirculation zones. The results
are shown in Fig. 2 using both the k— and the MS turbulence
models with the first-order upwind differencing scheme (UDS) and
the quick differencing scheme (QDS). The k—/UDS computations
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unpredicted the experimental reattachment length (x,/2 = 12.3)
by about 15% owing to the combined effect of inadequacies of the
k—e model and numerical diffusion associated with UDS in such
flows.2~* In the backward-facing step!! and the bluff plate* cases,
k—e predictions are improved by invoking higher order schemes but
still yield reattachment lengths shorter than experimental values.
In contrast, in the rib flow considered here k—¢/QDS computations
overpredict the reattachment length by about 8%, as shown in Fig. 2.
The better agreement in this case is fortuitous and is the result of
the more complex flow associated with the presence of two primary
separation bubbles. The underpredicted upstream separation bubble
causes an underretarded flow immediately upstream of the second
separation. This results in artificially higher momentum fluxes in the
shear layer separating from the upstream edge, thereby compensat-
ing for the overdiffusive properties of the k— model; the net effect
is an overpredicted reattachment length. The values predicted by
the MS turbulence model with QDS converge to within 1% of the
experimental value. A small secondary recirculation zone behind
the rib is obtained with the fine grid QDS computations.

Various flow zones can be identified in the wall shear stress distri-
butions presented in Fig. 3. The distributions obtained from the k—¢
and MS models show significant differences on top of and down-
stream from the rib. The upstream separation region is almost nonex-
istent in the k—¢ predictions, and the magnitudes of the shear stress
are lower than those of the MS model because of the over diffusive
properties of the k—¢ model.

The predicted longitudinal velocity profiles are compared in Fig. 4
to available measurements. The upstream profiles (at x/ 2 = —2.0)
are almost identical for both models and show a distribution similar
to that of fully developed turbulent flow. At x/k = —0.4, the effect
of the adverse pressure gradients caused by the obstacle becomes
more prominent and the two models start deviating noticeably, with
the MS model showing better agreement with measurements. The
maximum reverse velocity shortly after separation on the top surface
of the rib (x/h = 0.25) is overestimated by the MS turbulence
model, while the zero mean velocity line passes through 0.234 above
the trailing edge of the rib compared to the experimental value of
0.3%. Overall, improved predictions with the MS model are obtained
throughout. However, the first profile in the recovery zone (x/ 4 =
13), though better predicted by the MS turbulence model, is not
entirely satisfactory. The excessive retardation of the boundary layer
in the recovery regionis a discrepancy common to all available EVM
and Reynolds stress model computations of reattaching flows.

An important parameter in the MS model is the turbulent ki-
netic energy generation-to-dissipation ratio (G, /¢,). This ratio de-
termines the location of the variable partitioning of the energy spec-
trum, which is central to the capabilities of the MS model in resolv-
ing nonequilibrium fields. The computed contour lines of the ratio
G, /¢, inFig. 5 show peak nonequilibrium state associated with large
turbulent kinetic energy production around the upstream edge of the
rib. The ability of the MS model to resolve turbulence dynamics in
this region yields less damping and hence improved predictions of
the downstream flow.
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Introduction

HE presence of a cavity in a surface bounding a fluid flow

can cause large pressure, velocity, and density fluctuations in
its vicinity, as well as propagating acoustic waves. In addition, the
drag on the surface can be altered and structural failure due to res-
onance can occur. A persistent problem with the numerical simula-
tion of cavity flow is the choice of an appropriate turbulence model.
Many researchers have opted for the simplicity of the Baldwin—
Lomax algebraic model, although many modifications to its basic
form have been employed. Suhs! applied the standard Baldwin—
Lomax model above the up- and downstream flat plates and bottom
wall of the cavity, while assuming laminar flow in the region above
the cavity. Rizzetta? used the Baldwin—Lomax model with the re-
laxation model® for three-dimensional supersonic open cavity flows.
Baysal et al.* have researched supersonic open cavity flows using the
Baldwin-Lomax turbulence model and a combination of the relax-
ation modification, the Degani and Schiff® first peak modification,
and the multiple-wall modification.

Although many turbulence model modifications for cavity flow-
fields have been proposed, little evidence has been offered as to the
suitability of a particular choice. Time-averaged surface pressure
data appear to agree quite well for all models but, apparently, dif-
ferent flowfield behavior has been reported. This Note presents the
numerical results® of a two-dimensional open cavity flowfield study
that employed the double thin-layer Navier-Stokes equations and
various versions of the Baldwin-Lomax algebraic turbulence mod-
els, including the upstream relaxation,>* first peak,* multiple-wall,*
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