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Abstract An investigation of the performance of the two-equation turbulent k-co model has been conducted
for recirculating flows in ventilated spaces. In conjunction with either the wall-function method or an extended-to-
wall method, the original k-cw model of Wilcox was compared with the standard and low-Reynolds-number k-¢

models.

It was found that the original k-co model predicts a longer reattachment length for the flow over a

backward-facing step with a large expansion ratio to which the mixing room ventilation is relevant. In order to
enhance the accuracy in predicting ventilation flows, some modifications to the original k-co model were proposed.
A turbulent cross-diffusion term was added to the w-equation in analogy to its molecular counterpart. Several
model coefficients were re-evaluated in an attempt to find the optimum choice. The behavior of both the original
and modified k-co models was analyzed, and the computational efforts with different models to achieve a converged
solution were compared. The modified model is shown to be more robust in convergence.

In comparison with both experimental data and predictions by other models, the results calculated by the
modified model are quite encouraging. It is shown that this model can be an alternative to the conventional k-&
model for calculating complex ventilation flows. With the extended-to-wall method, the k-co model integrates the
solution directly to the wall surface without using any damping functions, and the prediction accuracy for mean
flow profiles is generally similar to that with the Lam-Bremhorst low-Reynolds-number (LRN) k-£ model. Without
suffering the uncertainty from specifying ¢ at the wall surface, the k-co model uses an exact asymptotic solution as
the boundary condition of cwwhen using the extended-to-wall method. The solution procedure usually is more stable
than using an LRN k-& model.
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height of inlet Greek letters

height of computational domain a, a*  model constants

turbulent kinetic energy B, B* model constants
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_prlessbure 4 Reviold o K von K&arman constant
Ir?e‘ia;htaosfeoutlsgno S humber y coefficient ir_1 Eq._(20)
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velocity components in Cartesian He tL_eruIen_t eddy V'SCOSIFy .
coordinates v kinematic molecular viscosity
friction velocity Vi kinematic turbulent viscosity
fluctuating velocities in- andy- P density of air

directions respectively Ok 0w Model constants

height of backward-facing step T turbulence time scale
coordinate directions(y) w specific dissipation rate &f
reattachment length G specific dissipation rate ¢fat
dimensionless distance from inlet



1 Introduction

Redrculating flow phenomena exist in most ventilated spaces where an efficient mixture with
supdied fresh air is required to dlute the mntaminants. With a mixing ventil ation system, for
example, fresh air is geded into the room through an inlet under the celing to produwce an
overal redrculation which grealy affeds the indoa air quality, thermal comfort and energy
consumption. Redrculation is also a powerful generator of turbulence and hence mixing and
losses. This flow phenomenon, therefore, has been the subjed of many studies, particularly for
benchmarking the performance of turbulencemodes, e.g. in[1] and[2].

The standard high-Reyndds-number k- model is reasonably well-behaved in conjunction
with ether wall functions or low-Reyndds-number corredions, and hes been widely used for
solving avariety of ventilation problems. Nevertheless the k- model has some limitations when
used for simulating indoa air flows and hed transfer, as documented by Chen and Jiang [3]. In
addition, locd laminar regions usualy exist in a ventilated space na only in the nea-wal
region bu also in areas far from the wall surface For example, in the flow field creaed with a
displacement ventil ation system where the fresh air is supdied at a small velocity and with a
lower temperature than the ambient air, an upwvards plume-like ar flow with some laminar
charaderistics is triggered in the lower zone of the ventilated spaceowing to the influence of
buoyancy. Davidson [4] showed that a low-Reyndds-number k-€ model usualy renders this
flow a pure and pradicdly untrue laminar solution. The k-co model, by contrast, is expeded to
be @le to reasonably capture the dharaderistics of this type of flow becaise the w-equation
possesEs a solution as the turbulent kinetic energy approadies zero. To acarately smulate
complex ventil ation flows, investigating the performance of various turbulence models therefore
bewmmesincreasingly important.

Over the past two decales, several dternative two-equation turbulence models have been
developed, including the k-ki model by Rotta [5], the k-kt moddl by Zeierman and Wolfshtein
[6] and the k-1 model by Spezide d a [7]. Most natably, a significant development has been
made on the two-equation k-« moddl and/or its variants [8]-[12]. A standard k-« model, which
iswell-developed for engineeing appli caions, has been propased by Wilcox [11]. Thismode is
cgpable of yielding more acarrate results than ather two-equation models for predicting adverse
presaure gradient flows and separate flows, as reparted by Wilcox [11] and Menter [13]. Liu and
Zheng [14] applied this model to solving cascade flows, and oliained predictions in good
agreement with experimental data. Patel and Yoon[15] used it for separated flows over rough
surfaces, and the results were shown to be remarkably acarate mmpared to those by k-£ models.
More recently, a low-Reyndds-number k-co model has been proposed by Wilcox [12] for
simulating transitional incompressble flat-plate boundxry layer flows, redistic descriptions on
the transitional regions were reported. The alvantages of the k-co model have emerged mainly in
agodynamic gpplications. For predicting redrculating ventil ation flows, however, the perform-
anceof thismodel remains unclea.

Unlike with the standard k-¢ modd, the solution d Wilcox's gandard k-co moddl can be
integrated diredly to nea-wall regions withou using the wall functions as a bridge, i.e. with the
extended-to-wall method. In contrast to the uncertain determination d € on awall surfacewhen
using LRN k-& models, the wall boundxry condtion d w is replaced with its exad asymptotic
solutionin theimmediate wall proximity. With the extended-to-wall method,a refined grid must
be employed to resolve nea-wall behaviors of turbulence To avoid a high computer power
requirement, onthe other hand, the standard k-comodel can also be used in conjunction with the
wall -function methodin engineeaing appli caions.



This paper implements the k-co model to simulate redrculating ventil ation flows, and investi-
gates the model's performance It was foundthat Wil cox's original k-co model overpredicts the
reatadhment length for a backward-faang step flow with alarge expansion ratio. Modificaions
to this model are propaosed to enhance its prediction acarracy. The physicd arguments with the
modificaion are described. A turbulent crossdiffusion term is added to the c-transport
equation, and the dosure @nstants are re-evaluated by a straightforward argument within the
context of two-equation turbulence models. In conjunction with ether the wall-function method
or the extended-to-wall method, cdculations were performed for two typicd flows relevant to
room ventilation, including a separated flow over a badkward-fadng step with alarge expansion
ratio and aredrculating flow in atwo-dimensional confined enclosure. Comparisons were made
between predictions and experiments, and ketween predictions with various two-equation
turbulence models. The behavior of the k-co model was analyzed. The mwmputational effort to
adiieve a onverged solution with various models was discussed besed onthe cdculation d the
redrculating flow in the cnfined enclosure.

2 Modd Formulation

This dion describes the mathematicd formulation d the k-co model, including the governing
equations, the physicd arguments for the modificaion, and the boundary condtions.

2.1 Governing Equations
By using Boussnesg's hypathesis, the governing equations of Wil cox's origina k-co model [11]
for steady-state turbulent flow are & foll ows.

For continuity,
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The produwction d kinetic energy, Pk, for incompressble flowsis expressed by
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The eldy viscosity, L, is defined in terms of the turbuent kinetic energy k and the spedfic
disspationrate w:

. pk
H=a L (6)
w

In Wil cox's moddl, the dosure wmnstants are determined as a* = 1.0, 8* = 0.09,a = 0.56,3 =
0.075and gy = g,= 2.0.

2.2 Argumentsfor Modd M odification

The Turbulent Cross-Diffuson Term. In the @owe euations, the k-equation is diredly
modell ed after the time-averaged, exad equation for the turbulent kinetic energy. This equation
is thus consistent with the onein ather two-equation models. As Wil cox indicated, havever, the
greaest amourt of uncertainty and controversy usudly lies in the scde-determining equation,
i.e. the w-equation. Indeed, the cdculations for channel flows [17] painted ou that the origina
modd returns a too-low nea-wall pe&k of the turbulent kinetic energy owing to the spedfic
disgpation rate overpredicted. Thisin turn makes the nea-wall eddy viscosity underestimated.

Therelation between wand € can be written as
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where ¢, = 0.09, a model constant in the standard k-£ model. Equetion (7) implies that the
spedfic disgpation rate w is equivalent to the rate of disspation d turbulence per unit kinetic
energy. On the other hand, w can also be regarded as a redprocd of turbulent time scde or the
so-cdled turnover time of turbulence T = k/e. Since Da/Dt = (Dé&/Dt)/k - «(Dk/Dt)/k, the exad
w-transport equation can be derived with the ad o the exad e-equation and k-equation, and
takesthe form:
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where P,, 1, and D, are the production, destruction and dff usive transport terms respedively in
the exad e-equation, while P and D are the production term and transport term in the exad k-
equation. Aswith aher turbulencetransport equations, the mnvedion d the spedfic disgpation
rate w is balanced by its production, destruction, and turbulent and moleaular diffusion onthe
right-hand side of equation (8).

Inspeding the exad w-equation suggests that it is more reasonable to modd the turbulent
diffusonterm in anaogy to its viscous courterpart, i.e.
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Wilcox [11] negleded the viscous crossdiffuson term and modelled the turbulent diffusion
withou employing the turbulent crossdiffusonterm, see guation (4). It can be agued that it is
the excluson d the viscous crossdiffusion term that leads to the incorred asymptotic behavior
of the turbulent kinetic energy [7]. However, if the viscous crossdiffusion term remains in the
modelled w-equation as the wall approades, i.e.

2
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then the asymptotic anaysis to equation (10) indicaes that a negative spedfic disspation rate
will result unlessthe modelled destruction term is pasitive, which contradicts the redi zability
principle of turbulence modelling by Lumley [18]. In addition, the influence of the viscous
crossdiffusion term is negligible in areas where the turbulenceis fully developed and u << .
The viscous crossdiffusion term is thus omitted in the present modified w-equation.

On the one hand, the adition d the turbulent crossdiffusion term in the w-equation hes no
effed on the nea-wall asymptotic behavior of bath k and w. On the other hand, this term may
play a nontnegligible role in transporting the turbulent kinetic energy and its gedfic disspation
rate in turbulent redrculating flows. Nea the wall, the gradients of k and w are of oppasite sign,
the term as a whae reduces w and hence raises k as desired. With the new turbulent cross
diffusionterm included, the modified w-equation becomes
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The Values of the Constants. Wil cox's original k-« model was applied to the backward-fadng
step flow with a large expansion ratio (Wh = 5), which is relevant to the general situation o
room ventilation with a mixing system where the ar-supgy inlet is usualy installed uncer
cdling. It was foundthat the predicted reatachment length was longer than the measured by
Restivo [16]. This inacaragy agrees with the fad foundin the caculations for channel flows
[17] where the nea-wall turbulent kinetic energy is underpredicted by the turbulence euations
in the origina model. The straightforward remedy is to suppressthe spedfic disgpation rate by
reducing its production through constant a in the w-equation, i.e. equation (11). Consequently
the turbulent kinetic energy can be enhanced. To refine the dosure @nstants, several condtions
must be taken into acourt in order not to bre&k the physicd argument for modelling two-
equation turbulence models.

In the wall-layer of alocd-equili brium boundxy layer flow, the log-law is valid. Using this
relation and assuming that the production equals the disspation d turbulent kinetic energy, ore
gets

Ja*B* :% = —uv (12)

Experimental dataindicae that u;/k = 0.3, which gives

a' B =0.09 (13)



Thisisone of the important pre-condti ons to corredly predict the cnstant-stresslayer.
Under the mndtion d a deca/ing homogeneous, isotropic turbulence, equations (4) and (11)
become

dk ] dw
SRk =B’ (14)

Thisgivesthe solutionto k as
k = X_B*/ﬁ (15)

Experiments suggest that the exporent (3*/[) has avaue of 1 [11.25 duing the initia period d
the decging turbulence Equation (15) thus requires that

B /B =1~125 (16)

Furthermore, an additional constraint is impased in the reduced w-equation when the logarith-
mic velocity distribution is applied to zero-presaure-gradient locd-equili brium boundry layer
flows. Thisgives
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Equations (13), (16) and (17) form the prerequisites for refining the dosure wnstants of the
standard k- model. The re-established model constants, therefore, must satisfy with these
condtions.

Asindcaed by Wilcox [11], setting a* = 1 possesses the generality of using other values for
a*. Indedl, it can be theoreticdly shown that varying a* only aters the cw-distribution by a
fador of a*; the kinetic energy and thus the eddy viscosity will remain urchanged if equation
(13) hdds. Modd constants ok and g, which control the diffusion rate of turbulence from
higher-level regions to lower-level ones, are usualy obtained by computer optimization. The
inclusion d the turbulent crossdiffusion term may reinforce the transport of w. To render a
compatible transport for k, the diffusion d the turbuence energy thus needs to be enhanced.
This can easlly be atieved by setting gk < g, The efficient of the turbulent crossdiffusion
term, c,, can be reproduced from the standard k- model by transforming the e-equation into an
w-eguation, which gives ¢, ~ (2.0a;), where o, is the wefficient for the diffusion term in the &-
equation. Nevertheless ¢, was aso ogimized in this gudy. The results cdculated by the
modified k-co model were foundto be fairly insensitive to the cnstant c,, in the range between
0.6and 1.25.

Based onthe @ove aguments, the dosure constants for the modified k-w modd have been
establi shed as follows

(17)

a’ =10, a =042, B =009 B=0075c, =075 0, =08, 0, =135 (19)

2.3 Boundary Conditions
Inlet. The k-co model takes winstead o ¢ as an independent variable. The velocities aaossthe
inlet boundry are usualy prescribed. The turbulent kinetic energy and its gedfic disspation
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rate ae spedfied either by the pre-cdculated dstributions in the dannd flow or by the
foll owing equations

kin = 1.5(1 inUin)zi gin=Cokin?/lin (19
a)m - C[_igir‘l - y kin (20)
a kin |in

Here, the turbulence length scde d the inlet, lin, is usualy set as a fradion d the whde inlet
height, and ¢;, isa @nstant. In the present cdculations, the Lam-Bremhorst LRN k-£ model was
used to get the distributions of the variables in channd flows, which then were used as the inlet
profiles for cdculating the backward-fadng step flow. When computing the flow in the two-
dimensional confined enclosure, the inlet condtions were spedfied by equations (19) and (20).

Outlet. The streamwise derivatives of the flow variables were set to zero at the outlet for
cdculating the backward-faang step flow, i.e.

—= (p=u v,k w.....) (21

Moreover, it is necessary to ensure global mass conservation. When cdculating the flow in the
confined enclosure, the velocity was required to satisfy the following relation aong the
boundhries of the mmputational domain

[.oulhds=0 (22)

where c is the boundry of the computational domain with n as the normal diredion, and the
other variables are spedfied acording to equation (21).

Wall Boundary. The w-equation haes an exad solution in the immediate proximity of a wall
surfacewhere the viscous diffusion kalances the destruction. With a refined grid in nea-wall
regions, this asymptotic solution is used to cdculate the spedfic disspation rate w at the first
noce dose to the wall surface In the present caculations, at least one nock is required below y*
= 5. This makes it passble to integrate the solution d the k-co model diredly into the viscous
sublayer withou using the nventional wall functions or low-Reyndds-number corredions as a
bridge. In such an extended-to-wall method, a zero value can be impaosed a the wall for the
velocity comporents and the turbulent kinetic energy, i.e.

u=v=0, k=0 (23

The exad limit for wis

qu—;zasyqo (29

When using the Lam-Bremhorst LRN k-£ model, the boundxy value of ¢ at the nodes closest to
thewall surfaceis gedfied as
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In engineaing appli caions the wall -function methodis often preferred to avoid a highly refined
grid rea thewall. The wall functions used with the k-comodel can be derived by smplifying the
modd equationsin the logarithmic layer of aboundry layer flow as

0 ould_
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The veocity profileis assumed to oley the logarithmic law. It can be shown that the following is
satisfied with equations (26)-(28) along a smooth wall surface

u’ au

Vg VB

Equation (29) serves as the wall functions for bath the modified and the origina k- modelsin
the caculations.

u=¥inEYY, k = (29
K

3 Numerical Method

The differential equations for k and w, together with thase governing the velocity comporents,
were solved with a computer code CALC-BFC [19]. A collocaed grid was used, in which all
variables are stored at the ceter of the same @ntrol volume. To avoid the unphysicd oscill a
tions in the presaure field owing to using a @llocaed grid, see Patankar [20], the Rhie-Chow
interpolation method [21] was used to cdculate the velocity comporents at the cntrol volume
faces.

In order to reduce numericd diffusion, the mnwedion terms in the momentum equations
were discretized by the third-order acarate QUICK scheme of Leonard [22], which is an
upwind-biased scheme and is hence stable for solving redrculating flows of €lli ptic nature. The
hybrid scheme [20] was applied to the mnvedion termsin the k and w equetions, and the central
differencing scheme was used to ded with the diffusion terms. In the discrete w-equetion, the
turbulent crossdiffusion term was added to the right-hand-side of the dgebraic equation when it
was positive, atherwise to the left-hand-side.

The discrete dgebraic equations were solved with an iterative procedure, and the under-
relaxation methodwas used to promote the solution stability. The SIMPLEC algorithm was used
to ded with the wugding between the pressure ad the velocity. The solution o algebraic
equations for the velocity comporents was achieved by applying the Tri-Diagona Matrix
Algorithm (TDMA), and the presaure crredion equation was lved with the Strongly Impli cit
Procedure (SIP) algorithm [23].



A solution procedure was terminated when the normalized sum of absolute cédl residuals
satisfies

IR
“os) (30)

In equation (30), F, is typicdly the inlet momentum flux, R is the residual of the dgebraic
equations, and A isa mnvergence aiterion, which was of the order of 107,

The solutionis usudly affeded by the grid arrangement. In particular, when the cdculationis
used to verify the turbulence models, the grid-independent solution is desired. The way to
determine the number of the grid nods is to perform cdculations with gradually refined grids
until no obvous difference ocaurs between the solutions with two grids. This pradice was
adopted here.

4 Results and Discussion

The cdculation for the badkward-fadng step flow isfirst carried ou. The redrculating flow in a
two-dimensional confined enclosure is then considered. Results between various models and
experimental data ae compared. The model behavior is anayzed and the dfed of the modifica-
tionisdiscussed.

4.1 Backwar d-Facing Step Flow

The flow over abackward-fadng step with alarge expansionratio is relevant to room ventilation
with a mixing system where fresh air is often supgied through a dot under caling to creae
redrculation and mixing. The ar velocity at the inlet shoud be large enowgh to fully dilute the
indoa contaminants with the induced flow field. On the other hand, this velocity is limited to
avoid the patential locd drafts, which are aciated with the locd air velocity and turbulence
level in the flow domain. The badkward-fadng step geometry used here has an expansion ratio
of Wh=5:1, seeFigure 1.

X
Xy

A
\

100h

Figure 1. Backward-fadng step configuration.

The distributions of the velocity, turbulent kinetic energy and its disgpation rate a the inlet
were spedfied by solving for channel flows with the Lam-Bremhorst LRN k- model [24]. The
inlet c-profile was obtained from equation (7), which ensures an identicd distribution d the
eddy viscosity at the inlet whether using the k-co moddl or the standard k-€ model (SKE). With
the k-co mode, two methods were gplied as described in Sedion 2,i.e. the extended-to-wall
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method (Egs. (23)-(24)) and the wall-function method (Eq. (28)). The grids used to oltain the
solutions with these methods were 202 x 86 and 120x 67 respedively, and they bath covered a
domain with adownstrean length of 100timesthe inlet height.

The prediction d the reatachment length, x,, was first investigated. The mwmputed redtadch-
ment lengths at Re =5050with various models and methods are ammpared in Table 1, where the
Reyndds number, Re, is based onthe inlet parameters, i.e. Re =Ugh/v. The redtachment length
was overestimated by Wilcox's k-w moded (WKW) with bah the wall-function and the
extended-to-wall methods. By contrast, the modified model is able to predict the reatachment
length with amuch better acaragy.

Table 1. Comparison of the reattachment lengtlat Re = 5050.

{ SKE* LSKE" WKW* WKW Present* Present
}Experimen
t

6.12V 6.16V 6.10NV 6.80N 7.40NM 6.12V 6.32V

* computed in conjunction with wall functions.
T computed by Skovgaard and Nielsen [25] with the Launder-SharmadsRhbdel.

With the aldition d the turbulent crossdiffusion term in the co-equation, the predicted x. can
be dtered by abou 10 %. The solution, havever, was found to be fairly insenstive to a
coefficient ¢, ranged from 0.6to 1.25.A value of c,, larger than abou 1.8 will make the solution
procedure unstable. The efficient a, by contrast, had a significant effed on the prediction o
the reatachment length, x;, which changes by abou 1.4 times the step height with an a variation
of 0.1.

3 I I I I I
500 1500 2500 3500 4500 5500 R€

Figure 2. Reattachment length versus Reynolds numiéf~ Re.— [+ [BKE, — — - LSKE,
MMMMNVKW, —o— Present, » Experimental data[16].

Figure 2 shows the dhange of the relative reatachment length, x./W, with the Reynadds num-
ber, Re. The results with the Launder-Sharma LRN k-¢ modd (LSKE) were computed by
Skovgaad and Nielsen [25]. In conjunction with wall functions, the modified k-cw model
predicts smilar x, values to thase given by the standard k-£ modd for Re >2500.At and below

1C



Re =2500,the caculations with the k-co model were dl performed with the extended-to-wall
method. The inlet boundxry condtion d w at such alow Reyndds number canna be obtained
by solving for channel flows with the Lam-Bremhorst LRN k-¢ model becaise the model
produces a laminar solution and thus feeds badk a zero value to bah k and ¢. Instead, the
solution d the laminar w-equation for channel flows was used. This lution, together with the
laminar parabdlic profile of velocity and a very low kinetic energy, e.g. 10, were used as the
boundry condtions at the inlet for Re < 2500.

As laminar effeds become important, there is a range (Re <1000 where the k-€ moddl fail s
to give a onverged solution [25]. However, this does nat ocacur when using the k-co model. The
w-eguation, urike the g-equation, peesses a solution as the turbulent kinetic energy k — 0
with the conwedion kalanced by the production d w. Below Re = 1000, therefore, bah the
origind and modified k- models are cgable of yielding a mnverged solution. However the
predictions differ significantly from the experimental data of Restivo [16]. At Re =500, the
reatadhment lengths computed respedively by the modified and aiginal models are very close,
because the moleaular viscosity now dominates over the eldy viscosity so that bath the models
tend to return alaminar flow. The models behavior thus beacomes smilar.

For the badkward-fadng step flow a Re =5050, the distributions of the normalized mean
streamwise velocity and the turbulent kinetic energy along different verticd crosssedions are
shown in Figures 3 and 4,where U, isthe ar velocity at the inlet. The predictions are compared
with Restivo's experimenta data[16)].

y/H X =5h y/H « = 5h
1,0 X 10
0,8 - 0,8:
0,6 B 0,6:
0,4 7 0,4:
0,2 - 0,2:
0,0 0.0 ]
04 00 04 08 12 0,0 0,2 0,4
kY2/U
y/H
1,0
0.8
0.6
04
0,2
0.0
04 00 04 08 12 0,0 0,4
u/Ug kY2lU
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y/H X = 15h y/H X =15h
1,0

0,8 -
0,6 -
0,4 -

0,2 -

-04 00 0,4 0,8 1,2
u/U 0

y/H X =20h

04 00 04 08 172
u/U, kY2lU

y/H X =30h y/H x = 30h

0,0 ' ! !

04 00 04 08 12 0.4
u/U, kY2/U

Figure 3. Distributions cd culated with the wall -function method.— — — SKE, [IMMMVKW,
—— Present, » Measured \/F /U, , © Measured u/Uy,.

12



Figure 3 shows the results cdculated in conjunction with the wall-function method. The
variations in the predicted streanwise velocity profiles are very dlight, except in the vicinity of
the reatachment paint. The obvious differencelies mainly in the turbulent kinetic energy, which
was overpredicted by al threemodels. Nea the inlet (x = 5h), the standard k- model produces
the dosest result to the measured data.

Figure 4 shows the comparison etween the modified and the origina k-co models by means
of the extended-to-wall method. Using Launder and Sharmas LRN k-& moddl, Skovgaad and
Nielsen [25] reported a similar prediction. In comparison with the wall-function method, the
predictionin Figure 4 is hardly improved even though the grid hes been largely refined. Closeto
bath the upper and lower walls, the turbulent kinetic energy predicted by the original mode! is
lower than that by the modified model. Nea the upper wall, the underpredicted turbulence level
by the origina model implies that this model underestimates the nea-wall turbulent velocity
scde, and thus the elddy viscosity. This explains why the original model overpredicts the
redtachment length. The present modificaion, as expeded, enhances the predicted nea-wall
turbulence energy, particularly after x = 5h. The mean streamwise velocity is consequently
suppresed in the nea-wall region, and the predicted reatachment length thus deaeases as
desired. The sameisdso refleded in Figure 3 with the wall -function method.
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Figure 4. Distributions cdculated with the extended-to-wall method. IIIMMWVKW, —— Present,
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The results srown abowve indicae that the modified model is abd to yield satisfadory mean
flow profiles, and predict a more acarate redtachment length whether using the wall-function
method o using the etended-to-wall method. The nea-wall turbulent kinetic energy is
enhanced as expeded. The predicted tendency of kis smilar to that in the experiment. However,
al the mode s considerably overestimate the turbulence level (nate that the measured datain the

figures are for Ju? , and approximately k2 ~ 1.1Ju? [26]). Thisinacarragy is undesirable in
ventilation pradicebecause the turbuencelevel isassociated with locd drafts.

4.2 Recirculating Flow in a Ventilation Enclosure

The cdculations for the backward-fadng step flow have shown that an acarate reatachment
length can be predicted by the modified k-comodel, which shows asimilar performanceto the
standard k-£ model in conjunction with the wall functions. To further verify this model, the flow
in atwo-dimensional ventil ation enclosure was cdculated (Figure 5a), where the inl et-based
Reynadds number is 5000.In this flow, awall-jet initi ated from the inlet reades the oppasite
wall, and an owerall redrculationis creaed, seeFigure 5b. Thisisagenera situation that occurs
inamixing room ventilation. In the foll owing cdculations, Lam and Bremhorst's LRN k-&
modd (LBKE) was aso used for comparison. The cdculations were performed with 50x 47
cdlsfor the wal-function method,and 102x 132cdlsfor the extended-to-wall methodandthe
LRN k-£ model. The caculated results with various models are cmmpared with Restivo's
experimental data[16] (summarized aso in [26]) measured along two haizonta crosssedions
(y=h/2andy=H - h/2) andtwo verticd cross gdions (x=H and x = 2H). Note that the

measured data used for comparison d the turbulence anergy are for Ju? , andthe cdculated
resultsin the foll owing figures have been namalized by parameters based onthe inlet velocity
and the height of the enclosure, i.e. Up = Uin and ay = ui/H.

1

FT__UZ ' h - 0. 056H
T = 0.16H
H
T
/ >
3H LK

a. Geometry of the ventilation enclosure.

b. Flow field in the ventilation enclosure.
Figure 5. Configuration of the ventilation enclosure.
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Figure 6 shows the distributions cdculated with the wall -function method. As for the bad-
ward-faang step flow, al three models give smilar predictions for mean flow profiles. The
turbulent kinetic energy is generaly well-predicted in the redrculation area @& can be seen from
the distributions at verticd cross ®dions x = H and x = 2H. In nea-wall regions, however, the
turbulence level is underestimated by those models. This is adso refleded in the distributions
along thetwo haizontd sedions, i.e. y = h/2 (battom) andy = H — h/2 (top). The original model
gives the largest discrepancy in predicting the turbulent kinetic energy. The result, again,
suggests that the origind model underpredicts the nea-wall turbulent velocity scde. The
modification daes enhancethe turbulencelevel in the nea-wall region, bu the increment is quite
limited. The modified modd performs in nealy the same way as the standard k- model does.
This can aso be observed from the distributions of the mean streanwise velocity. In the corner
uncer the inlet (the lower crosssediony = h/2), the original model predicts a paositi ve velocity
region like in the experiment, bu afterwards gives the largest error in the next region. Neverthe-
less it means that the secondary eddy in the @rner is reproduced by this modd. Along the
centerline of the inlet (the upper crosssedion y = H — h/2), the negative velocity nea the
oppasite wall, where asemndary eddy exists, is apparently underpredicted by all the models,
and realy non-negative velociti es predicted by the standard k- model.
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Profiles at horizontal cross ®diony =H — h/2.
Figure 6. Distributions cd culated with the wall -function method.— — — SKE, [IIMMWKW,

— Present, » Measured \/F /U, , © Measured u/Uy.

With the extended-to-wal method, the predictions are wmpared in Figure 7. The Lam-
Bremhorst LRN k- model (LBKE) is now aso invaved in the cmparison. The results shown
in Figure 7 are similar to those caculated with the wall-function method in Figure 6. The
uncerestimation by the original model beames more obvious for the nea-wall turbulence leve,
particularly nea the celing. The Lam-Bremhorst LRN k-& mode gives a highest kinetic energy
while the origina model predicts the lowest. As the wall-jet approadhes the oppaite wall (see
the distributions at the sediony = h/2), bah the origina and modified k-« models reproducethe
negative-velocity region though a discrepancy is suffered. The LBKE model, hovever, does not
resolve this smndary buble in the upper corner nea the oppaite wall, and thus the negative
velocity is hardly predicted. Thiswas aso foundin [25 which used the Launder-SharmaLRN k-
£ modd. The result predicted by the modified model is more satisfadory in thisregion.
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Figure 7. Distributions cdcul ated with the extended-to-wall method. - — — LBKE, IIIMIIMVKW,

— Present, » Measured \/F /U, , © Measured u/Uy,.

The distributions of the spedfic disspation rate, w, and the Reyndds sea stress - u'V', are
shown in Figure 8. The w-profil e of the LRN k- model was cdculated from equetion (7). In the
verticd cross edions, with the modified modd, the results are similar to those obtained by the
LBKE. The variation can be mainly observed from the horizontal distributions, where the
spedfic disspation rate of the origina model changes quite differently with a pe&k emerging
aong the sediony = h/2. A sharper pe& arises aso in the sedion d y = H — h/2. The pe&sin
the distributions of Reyndds dea stress are aociated with the positions where the mean
velocity changes dramaticdly. A large dange in the velocity may result from alarge dhangein
w or k or bath, because they determine the dhanges in the eldy viscosity that is the only fador
the turbulence dfeds the momentum in the two-equation models. Along the horizontal cross
sedions, the generally higher w values computed by the original model are resporsible for the
lower predictions of the turbulent kinetic energy. All three models give asmilar tendency for
the Reyndds dea stress bu the cnfidence of the predictions must be further verified by
experiments.
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The @owve results show that the modified k-co model and the k-€ model have asimilar per-
formance in the prediction d the redrculating flow in a ventilation enclosure. Althouwgh the
origind model works fairly well for predicting the mean flow profiles, it underestimates the
turbulence level with the largest error, particularly in the nea-wall regions. In generd, this
model is dightly wedker than the others whether using the wall-function method o using the
extended-to-wall method.

The turbuent crossdiffusionterm in the modified w-equeation days arole mainly in the nea-
wall region, where the gradients of k and w are rather large and wudly of oppaite signs. This
will t herefore drag down the spedfic disspation rate andincrease the kinetic energy.

Loss Gain Loss Gain
Origina cw-equation. Modfied w-equation.
a). Budget at sedionx=2H .
70 70
_ 50- 50 -
8 - = ,
& 30- & 30-
10 10 -
N M
-10 -10 +
0 b (7)) 4
g -30 - 8 -30-
3 4 |
-50 ~ -50 -
-70 -70 # ‘ ‘ ‘ ‘
0 1 2 3 0 1 2 3
x/H x/H
Origina w-equation. Modfied w-equation.

b). Budget at sediony = H-h/2.
Figure 9. Budget for thertransport equationllIIIConvedion,—— Production,
— — — Destruction, — [+ [Diffusion, — [1+ Turbulent cross-diffusion.
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Figure 9 shows the budget of the origina and modified w-equations at the sedions x = 2H
andy = H — h/2. The adition d the turbulent crossdiffuson term has redistributed the
contribution d ead term. Close to the wall, thisterm in the wall-jet (e.g. a x = 2H) isreatively
large. The production term, as expeded, hes been reduced. Along the central li ne of the wall-jet
(y = H = h/2), there is a pe& in the budgets of bath models in front of the oppasite wall. This
pe& is largely damped in the modified w-equation, aving to the turbuent crossdiffusion term.
It explains why the pe&k in the horizontal w-distribution at sediony = H — h/2 islarger with the
origind model than that with the modified model. This pe& corresponds to the turn-
ing/separation pant in front of the oppasite wall, where the wall -jet flow startsto descend.

It shoud be painted out that bath the original and modified models give an incorred asymp-
totic behavior of k with k ~ y*23, With the @rrea asymptotic behavior for wandk, i.e. w~y™?
andk ~y?asy - 0, the turbulent crossdiffusion term shoud have a onstant limit behavior as
the wall i s approadhed. In bah the original and modified models, this term will tendto zero asy
- 0.

To investigate the numericd performance of the models, Figure 10 shows the maximum
normali zed residual change with the iteration numbers when cdculating the redrculating flow in
the confined enclosure. With the Lam-Bremhorst LRN k-£ model, the maximum residual canna
be reduced to 0.001when starting the caculation with the QUICK scheme. Instead, the results
were obtained by using the QUICK scheme re-started with a converged solution oliained by
means of the hybrid scheme. The mnwvergence procedure with the LBKE in Figure 10bisthusan
illustration d using the hybrid scheme.
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0,001 | N ‘ ‘

0 500 1000 1500 0 1000 2000 3000
Iteration Number Iteration Number
a). Using wall functions. b). Withou using wall functions.
Figure 10. Comparison d the mnwvergence procedure with various models. — — — SKE or

LBKE, [IMMMNKW, —— Present.

It is srown that the modified model is more robust in computational efficiency, and the LRN
k-¢ modd has the dowest convergence One of the reasons for this lies in the fad that the
spedficaion d ¢ at walls hasto be cuded with the turbulent kinetic energy during the iteration
as fown in equation (25). By contrast, the k-co models use the asymptotic solution (at the first
grid pant) as the boundxry condtion d «w. Moreover, the turbuent crossdiffusion term in the
modified w-equation is usualy negative in nea-wal regions, which in turn increases the
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diagonal dominance of the dgebraic equation system and makes the solution procedure more
stable when solving the w-equation. This is refleded in Figure 10 with bah the wall-function
method and the extended-to-wall method. The modified model achieves a cnverged solution at
the fastest rate. When using the extended-to-wall method, the modified model needs much less
iterations than the Lam-Bremhorst LRN k- model does. Thisis cetainly preferred in enginea-
ing applicaions snce the modfied mode, on the other hand, ps®sses a smilar numericd
performance

5 Concluding Remarks

The two-equation turbulent k-co model isimplemented to predict redrculating ventil ation flows,
and the modd's performance has been investigated. Both the extended-to-wall method and the
wall-function method are used in the cdculations. The results have been compared with
experimental data and predictions by other models.

In comparison with experimental data, Wilcox's original k- moddl overpredicts the red-
tadhment length for the flow over a badkward-fadng step with an expansion ratio of 5:1. The
nea-wall eddy viscosity is underestimated by this model. To improve the prediction acaracy,
some modificaions have been propased. The modd constants are re-evaluated and a turbulent
crossdiffusion term is introduced into the c-transport equation. With these modifications, afar
more acacirate redtacdhment length can be predicted when solving for the backward-fadng step
flow, and the results for the redrculating flow in the two-dimensiona ventil ation enclosure were
also dightly improved, particularly for the prediction d the kinetic energy. The modified model
shows a similar performance to the standard k-¢ model when using the wall -function method,
andto the Lam-Bremhorst LRN k-£ model when using the extended-to-wall method.

The computational effort to achieve a onverged solution deaeases when using the modified
k-co model. This reduction results from the exad asymptotic boundry condtion d w and the
addtion d the turbulent crossdiffusion term. This term is usualy negétive in the nea-wall
region, and thus able to increase the diagona dominance of the eguation system. The solution
procedure cnsequently beames more stable. Less computational effort withou any loss in
computational acairagy is certainly preferred in engineaing applicaions.

The results cdculated by the modified modd are very encouraging. The present model can be
apotentia alternative to the cnventiond k-£ model for smulating air flows in ventil ated spaces.
In particular, when cdculating low-Reyndds-number ventil ation flows, the modified k-cw model
is worth considering for acceptable predictions of mean flow profiles. Other advantages include
the cnwvenience of spedfying the wall boundry condtion for w, and nd using damping
functions aswith LRN k-& models.
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