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Fig. 4 Measured cross� ow velocity vectors and total pressure in the = 120 deg plane on the circular cylinder [conditions as in Fig. 3;
CP0 = (P0 ¡ p 1 )/0 5 U2

J ; 0 0 denotes the difference between local and spanwise ensemble-average values].

vortices whose size and strength were nevertheless comparable to
those with the original dirty slot lip.

The evidence indicates that streamwise vortices develop as a re-
sult of rapid ampli� cation of small initial distortionsintroducedinto
the thin, centrifugallyunstable,free shear layer that forms the upper
boundary of the � ow leaving the slot. Furthermore, the sensitivity
to distortions appears to be such that streamwise vortices would
most probably be present in any practical realization of tangential
blowing over surfaces with substantial convex curvature. Values
of UJ b=º in the present and earlier3;4 experiments are as much as
an order of magnitude lower than in practical applications. How-
ever, the experimental � ows were fully turbulent, with longitudinal
turbulence intensities of about 12% at y D y1=2 (Ref. 3). The ob-
served � ow behavior is thus expected to be representativeof that of
turbulent convex wall jets regardless of the value of the Reynolds
number.
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I. Introduction

T HE modeling of low-Reynolds-number (LRN) turbulence in
the immediate vicinity of a wall has become one of the most

important issues in turbulence modeling work. A number of LRN
versionsof the Reynolds stress models (RSM) have been developed
recently.1¡3 Each new LRN RSM is more complex mathematically
than the original RSM version. Furthermore, these LRN RSM have
mostly been tested with simple isothermal � ows. The generality of
these models to the simulation of complex � ows with/without wall
heat/mass transfer is questionable.An alternativeapproach that was
widely adopted in the past decade is the two-layer model, which
depicts the overall turbulent � ow� eld by dividing it into the near-
wall and fully turbulent� ow zones.The basic idea of this alternative
approach is that even a complex (more anisotropic) � ow would be-
come a simple (less anisotropic) type while being locatedwithin the
near-wall region.This kind of turbulentmodel includesthe k–"/one-
equation model (OEM),4¡7 algebraic stress models (ASM)/OEM,8

RSM/OEM,1 and ASM/LRN k–" model.8;9 Although two-layer
modelshavebeen applied to manykindsof turbulent� ows including
nonisothermalcases, their performanceswere not always plausible.
The reasons are as follows: The two-layer models are a combina-
tion of two turbulence models applicable individually to the high-
and low-Reynolds-number � ow regimes. The shortcomings of the
k–" models and the ASM in applicationson complex � ows are well
known.2 The incapability of the one-equation turbulence model to
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simulate the � ows in which the � ow separationphenomena occur is
also well known.

A two-layer model that is constructedby an RSM and an LRN k–

" model is proposed in this Note to overcome the de� cienciesof the
existingtwo-layermodels.Demonstrationof theproposedtwo-layer
model performance is implemented through two (one isothermal
and the other nonisothermal) recirculating� ows in a pipe-expansion
con� guration.

II. Turbulence Models
Two unknown correlations, i.e., the Reynolds stress ¡½u0

i u
0
j and

the turbulent heat � ux ¡½u 0
i T

0, appear in the Reynolds-averaged
equations of momentum and energy and need modeling.

LRN k– Model
The LRN k–" model developed in our previous work10 [the

Chang–Hsieh–Chen (CHC) model] is used for demonstration.The
Reynolds stress is expressed using the Boussinesq eddy-viscosity
approximation with a scalar eddy viscosity de� ned as

¹t D
½C¹ f¹k2

"
(1)

where f¹ is the damping function accounting for the viscosity-
affected factor. The turbulent heat � ux is modeled using the eddy
viscosity hypothesis (EVH), which appeals to the classical analogy
between momentum and energy transport, given as

¡½u0
j T

0 D ¹t

¾t

@T

@x j

(2)

The CHC model has been shown to be able to yield correct near-
wall limiting behaviors and to avoid the singular problem in the
neighborhood of reattachment points as applied to the � ows in the
investigated con� guration.10;11

RSM
The Reynoldsstress transportequationscanbe symbolicallywrit-

ten as follows:
@

@xk
.½uku 0

i u
0
j / D DV

i j C DT
i j C Pi j C 8i j ¡ ½"i j (3)

Here the production term Pi j and the molecular diffusion term DV
i j

are exact. The turbulent diffusion term DT
i j is modeled using the

generalized gradient diffusion hypothesis12 as
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Note that the damping function f¹ is included in the formulation
of DT

i j because the matching interface between the two � ow zones,
to which the RSM and the LRN k–" model individually apply, is
chosen at the positionof f¹ D 0:9. In otherwords, the zone in which
theRSM appliesstillcoverspartiallythe low-Reynolds-number� ow
regime.Modelingof the pressure-straincorrelationterm8i j follows
that used previously by Nikjooy and Mongia.13 Because the RSM
model is appliedonly to the fully turbulent� owzone in the two-layer
approach, wall correction to the pressure-strain correlation term is
not considered. Local isotropy is made to the viscous dissipation
term because most of the viscous dissipation occurs at small scales
in the � ows with high Reynolds numbers.

The turbulent heat � ux is modeled similarly to the one proposed
by Daly and Harlow12:

¡½u 0
j µ D ½CT f¹

k
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k
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(5)

The preceding formulation was able to yield a more accurate repre-
sentationof heat � uxes in certain anisotropic� ow� elds in which the
modeling of the turbulent heat � uxes based on the EVH [Eq. (2)]
performed poorly.5;8;9 Furthermore, the formulation of Eq. (5) re-
duces the complexity of the equation system at the present stage for
demonstration of the proposed two-layer model by avoiding trans-
port equations for the additional turbule quantities.

III. Numerical Analysis
The � nite volume method incorporatedwith the SIMPLER algo-

rithm and the orthodox QUICK scheme14 is used to solve numer-
ically the transport equations. A grid mesh consisting of 110 £ 90
nonuniformly distributed grid nodes is used for the calculations.
Because of concern for stability in the numerical calculation, it is
necessary to introduce pseudodiffusion terms (represented by the
apparent viscositiesmultiplied by their correspondingvelocity gra-
dients) into the Reynolds-averagedmomentum equations using the
RSM. This approachwas found to bring about a signi� cant increase
in the convergentrate. Formulationof the apparentviscosityfollows
the approach proposed by Hogg.15

Determination of the matching interface between the two � ow
zones to which the LRN k–" model and the RSM are separately
applied is an important issue in the two-layer modeling work.
Rk . D

p
ky=º)was widelyadoptedas theparameter to determinethe

matching interface in the existing two-layer models.4;6;7 For exam-
ple, the values of Rk used for designating the matching interfaceare
between 200 and 250 in the cases of isothermal � ows,4¡7 whereas
the values of Rk range from 50 to 100 in the cases of nonisothermal
� ows.8;9 Obviously, these Rk values are case dependent. Instead of
Rk , the model function f¹, which is expressed in terms of Rk and
an additional parameter Rt .Dk2=º"; Ref. 10), is now chosen as the
parameter to determine the matching interface. As for the original
designof the f¹ function, f¹ D 1 in the fully turbulentzone,whereas
f¹ < 1 in the viscosity-affected layer. A criterion of f¹ D 0:9 is
used to determine the matching interface and will be justi� ed
later.

IV. Results and Discussion
Demonstration using the proposed two-layer model is � rst made

for an isothermal,axisymmetrical� ow in a pipe-expansioncon� gu-
ration with the expansion ratio of 1.904 and the Reynolds number
(based on the downstreamdiameter) of 1.6 £ 105, which was expe-
rimentally investigated by Durret et al.16 No wall boundary con-
ditions are needed for u02; v 02, w02, and u0v 0 because the LRN k–"
is used for the calculation in the near-wall region. Other boundary
conditionsare speci� ed in the usual way (for details see Ref. 17). As
anticipated, the performance of the two-layer (hybrid RSM/CHC)
model is better than that of the CHC (k–" turbulence) model in the
fully turbulent zone. For reasonsof brevity, this part of the results is
not presented here and can be found in Ref. 17. Here special inter-
est is addressed to the model performance in the near-wall region.
The reattachment lengths predicted through the two-layer and CHC
models are 1.94 and 1.92D, respectively,as compared to the exper-
imental data of 1.97D (Ref. 16). There were no other near-wall data
available for model veri� cation reported by Durret et al.16 Figure 1
displays two contour maps of the Rk parameter and the f¹ func-
tion, obtained with the two-layer model, in the near-wall region. A
comparison reveals that the contour of f¹ D 0:9, which was set as
the matching interface in the work, is closer to the wall (located in
the more viscosity-affectedregion) than the contours of Rk D 200–

250, which were usually adopted as the matching interfaces by the
existing two-layer models.

To examine further the near-wall performance of the hybrid
model, a nonisothermal case that was experimentally investigated
by Zemanick and Dougall18 with a similar con� guration but with
the expansion ratio of 1.86 and Re D 9620 is tested as well. Uni-
form distributions of the mean inlet temperature of 300 K and of
the wall heat � ux, which were prescribed in the experiment,18 are
speci� ed as part of the boundary conditions. Two Nu distributions
along the wall, predicted with the two-layer and CHC models and
normalized by a quantity of Nu f d .D0:023Re0:8 Pr0:4/ representing
the fully developedNu valueof a straight-pipe� ow at the same � uid
properties, are presented in Fig. 2. The comparison reveals that the
two Nu predictions using the CHC and two-layer models do not
differ much from each other and both are in fair agreement with the
measurements.

Figure 3 displays two contour maps of the Rk parameter and the
f¹ function,obtained with the two-layer model, in the near-wall re-
gion. A comparison shows that the contour of f¹ D 0:9, designated
for the matching interface in the work, falls into the zone bounded
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a)

b)

Fig. 1 Contour diagrams of the a) Rk and b) f parameters in the near-wall region of the isothermal case.

Fig. 2 Comparison of the Nusselt number distributions along the wall obtained through the CHC and two-layer models with
the measurements in the nonisothermal case.
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a)

b)

Fig. 3 Contour diagrams of the a) Rk and b) f parameters in the near-wall region of the nonisothermal case.

by Rk contours of 100 and 150. In contrast, the usual values of Rk

used for designating the matching interface in the nonisothermal
studies using the two-layer models8;9 ranged from 50 to 100. As in-
dicated in Fig. 3, the positions with Rk D 50–100 are locateddeeper
inside the viscosity-affectedlayer in which the applicability of the
conventional(high-Reynolds-number) RSM might be questionable.

V. Conclusions
A two-layer turbulence model combining an RSM and an LRN

k–" model is proposed. Performance demonstration using the pro-
posed two-layer model is implemented through an isothermal and
a nonisothermal � ow in pipe-expansioncon� guration. It is evident
that the proposed two-layer model can retain, at least, the same
performance level in the near-wall region while yielding better per-
formance in the fully turbulent zone17 as compared to what was
made with the CHC model, which is a pure LRN k–" model. Deter-
minationof thematchinginterfacebetweenthe two layersis suitable
by using the criterion of f¹ D 0:9. Another advantage of using this

two-layermodel is that eitherpartof theRSM or theLRN k–" model
adopted here is readily replaced once a better version of the RSM
or the LRN k–" model is available.
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