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Abstract

Turbulent flow in two-dimensional ventilated room has been numerically
simulated in the present research. A modified form of Wilcox's two-equation LRN
k-w model is proposed for predicting internal turbulent ventilation flows. The
modifications include adding a turbulent cross-diffusion term inuttegjuation,
and re-establishing the closure constants and damping functions, with the
application of the wall-function method. The turbulent cross-diffusion for specific
rate,w, is modeled with two parts: a second-order diffusion term and a first-order
cross-diffusion term.

The air was used as the working fluid, and the length of ventilation enclosure (9
m), and height of ventilation enclosure (3 m). The study was made for Reynolds
number values of (Re=7.58°).

A finite volume method is used with a staggered grid arrangement. The
continuity, momentum and turbulence model equations are solved with hybrid
method by using SIMPLE algorithm. A computer program in FORTRAN (90) was
developed to carry on the numerical solution. The Computational algorithm is
capable of calculating the hydrodynamic and turbulence properties such as the
velocity, and turbulent kinetic energy, specific dissipation ratg {urbulent
Reynolds stress, and terms of convection, production, diffusion, destruction,
turbulent cross-diffusion and square root mean of fluctuating velocity. The results
showed the peak value of velocity near the wall jet region and negative value of
velocity near the bottom region (floor region) i.e. recirculating zone. The
maximum value of turbulent kinetic energy near wall jet region in the first
horizontal section of ventilation enclosure, and the profile become flattened in the
second section of ventilation enclosure room. The same behavior in the turbulent
Reynolds stress distribution because depending on velocity in his calculations. The
same behavior between production term and destruction term but the values of
production term is positive and the value of destruction term is negative. The
distribution approximately symmetry.

The numerical results were compared with other previous theoretical results.
The agreement was good, confirming the reliability of the proposed mathematical
model and computational algorithm in investigating the performance of turbulence
model in numerical simulation of turbulent ventilation flows.

Keywords: Turbulence Parameters, Ventilated Rooms, turbulent ventilation,flows
LRN k-«w>o model, CFD.
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Nomenclature
The following symbols are used generally throughout the text. Others are defined
as and when used.

Symbols Meaning

Ck, Gy Cup Turbulence model constants

fu, fio T Damping functions of turbulence model
h Height of inlet

H Height of computational domain

I Turbulence intensity

k Turbulent kinetic energy

K" Dimensionless turbulent kinetic energy
L Length of computational domain

p pressure

Re Reynolds number, Resld/i

R Turbulent Reynolds number

t Height of outlet

u Velocity component in x-direction
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Friction velocity
Fluctuating velocities in x and y direct

u', v
respectively.

uz vz uv Turbulent Reynolds stresses

u’ Dimensionless velocity

¥ -
me Root mean square of Reynolds strgas?

Y Velocity component in y-direction

X; Cartesian space coordinate

X,y Cartesian coordinates

y* Dimensionless distance from wall surface

Greek Symbol
K

Van karman constant
Exchange coefficient of dependent variable

r
U Molecular dynamic viscosity
Mt Turbulent dynamic viscosity

Vv Kinematics viscosity

Vi Turbulent kinematics viscosity
P Density of air

Ok, O, Turbulence Model constants
T Shear stress

Tw Wall shear stress

W Specific dissipation rate of k
(0] Dependent variable

Subscript Symbols

i
in
p

1. Introduction

he air motion in a ventilated
room is generally of an

incompressible, non-isothermal

Tensor notation subscript

Inlet
First node near wall

modeling in order to make reliable
system analyses by means of numerical

and turbulent type. Nonetheless, indoor
air flow possesses some specific
features stemming from practical
requirements on building ventilation. In
many cases, ventilation flows are
characterized by low-Reynolds-number
(LRN) turbulence with mixing and
recirculating air motion. Such general
and specific flow characteristics must
be well accounted for in turbulence
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simulations [1] .

CFD has been widely applied to
various engineering flow problems. A
field in which CFD is becoming
increasingly active for system design,
optimization and diagnosis is heating
and ventilation in buildings. One of the
basic objectives of ventilation is to
Control and remove pollutants and/or
excess heat to achieve the desirable
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Indoor air quality and thermal environ-
ment. CFD has been proven to be an
efficient approach for analyzing indoor
air flow, heat transfer and contaminant
dispersion processes. Particularly, it has
often been employed to explore
ventilation efficiency and effectiveness
to indicate whether the air motion in a
room is well organized. During the last
few years there has been great interest
in developing computational fluid dy-
namics (CFD) computer programs for
predicting the air flow in ventilated
rooms. The majority of these CFD
programs are based on the solution of
Navier—Stokes  equations, the
energy equation, the mass and
concentration equations as well as the
transport equations for turbulent
velocity and its scale. The numerical
solution of these equations in two
and three dimensions has been
applied to flow problems ranging
from the ventilation enclosure to the
prediction of smoke and fire spread in
buildings [2].

This research is devoted to the
application of CFD to predict the air
movement in ventilated rooms. The
fundamental flow and turbulence
model equations are presented first
and the methods used in solving them
are then described. A brief review is
given of the turbulence models that
can be used to describe the effect of
turbulent eddies in the flow. The
application of CFD models to solve a
range of ventilation problem is also
given. The turbulence model is
specially an important aspect of
CFD. It is obvious that room air flow
will  be turbulent because of
geometry and practical velocity
levels, but it will not always be a
fully developed turbulent flow. Some
of the widely used models are
discussed such as thedamodel.
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2. Objectives of the Present Work

The primary objective of this
project is to evaluate the usefulness
of computational fluid dynamic
techniques in modeling room air
flow. This evaluation process
involves the implementation of
turbulent modeling to air flow, by
examining the effect of turbulence
parameters on the accuracy of the
predicted results. This will be
achieved by numerical simulation to
continuity, momentum, and turbulent
equations for steady incompressible
flow in ventilation room. Pressure
based finite volume method with
staggered grid is used in numerical
solution. Cartesian velocity
components and pressure are used as
a dependent variable.
3. Mathematical Model

The partial differential
equations are the best way to
represent the physics of any
engineering problems, like the
turbulent flow problems. In this
section can be used to predict the
turbulent flow in two-dimensional
ventilation room. Figure (1) shows
the configuration and dimensions of
the investigated flow field, for steady
state, incompressible, two-
dimensional Turbulent flow. Where
the dimensions are: L=9.0 m, H=3.0
m, h =0.168 m, t=0.48 m.
3.1 Governing equations

The governing equations of

motion based on Navier-Stokes
equations conservation form for
continuity, momentum and transport
equations of turbulence (k-
turbulence model equations) are as
follows [2], [3]:
For continuity equation

J
For momentum equation
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Where the term—(,owj) is

the viscous stress tensor (turbulent
Reynolds stress)

—— fau ou) 2
- oud’ = T -Z 4k (3
puluj ﬂt{aX» axl ] 3[1( 1) ( )

J
%=1 for i=j and §;=0 for ®&j, in

Cartesian coordinates system
expressed as
ou 2
- pu'? =24, I fpk
ov) 2
-pv'i=2 — 4
p m( ayj Y (4)
— PUN =V = ou av
! ay ax

3.2Turbulence Transport
Equations

The k& model is gaining in
popularity, the model was proposed
by Wilcox [3]. In this model the
standard k equation is solved, but as
a length determining equatiow is
used. This quantity is often called
specific  dissipation  from its
definition wle/k. In the ked model,
it is assumed that the turbulence is
characterized by a velocity scalé?k
and a length scale”Kw. The eddy
viscosity is thus formulated as
vilk/w. Wilcox termed w as the
specific dissipation rate of k, which
is actually the reciprocal turbulent
time scale, I The transport
equations for k ando, together with
the equations for continuity and
momentum, form the mathematical
description. In Wilcox's ko model
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the model transport equations for k
andwin are as follow:

ooy ]

Where R is the production of
turbulence  energy, and  for
incompressible flow takes the form

P, =—puV; 7;
R
(3(%;0)) = cm%Pk —C,, P
sl o
With  the  Kolmogorov-

Prandtl relation, the eddy viscosity,
M, is obtained from

)
The values of model constants are

tabulated in table (1).

3.3 The Low Reynolds Number
(LRN) k- w Model

A model which is being used
more and more is the Wilcox's ok-
model (standard ks model). The
standard ko model can actually be
used all the way to the wall without
any modifications. The Low
Reynolds Number (LRN) ks Model
read as the same equations above but
the changes on the standard model
are [4], [5].
The cross diffusion terms will be add
to thew equation as
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k| ox 6xj
The turbulence constants for Low
Reynolds Number turbulence model
becomes as

c,=c,f, ,c.=cf

crossliffusiotern= cwﬁ(% oK ](9)

C

Hr-w
(10)

The damping function for
high Reynolds 1, The damping
functions for low Reynolds number
for the eddy (turbulent) viscosity by
the turbulence models are listed
below:

f, = 0.025+{1— ex%—(l%fq}
x{O.Q?&%lex%—(%cI} (11
f, =1- 0.722exr{— (%ﬂ (12)

fo=1+ 4.3ex;{— (%jﬂ (13)

Where R is the turbulent Reynolds
number, and

R =k/(wv) (14)
OrR =v, Jv (15)

In low Reynolds number
(LRN) k-w turbulence model, the
closure constants are revised in table
(2) [4], [5]-

If z represents k o, the
turbulence transport equations in a
two equations model, in general form
for the turbulent kinetic energy K,
and the dissipation rate of turbulent
kinetic energyw, these equations can
be written as [6].

=c,f 4
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o Jox,
(Le)

olen2) _ +i{(”+&j az}

-E, +CD,

Where R is the production
term, E is the destruction term and
CD, is cross-diffusion term. The two
additional terms inw-equation as
compared with Wilcox's model.
These terms are given in tal®).

3.4 Boundary Conditions

Several different boundaries
were encountered in this work,
inflow, outflow, solid wall and
homogeneous boundaries. Each has
its own specification, which are
summarized below.

3.4.1 Inlet Flow

These have been used in the
computation of ventilation flows with
two equation turbulence models. The
velocities and transport quantities
over the inlet boundary are usually
prescribed, either from experimental
data from pre-calculated distribution
for, e.g., channel flow [2], [7].
u= Uin

v=0
kin :g(luin)z (17)
kl/Z
w =C
n w gin
Where | is the turbulence
intensity and can take a value
between 0.01 to 0.1 (it is usally set
been in a range of (0.020.04) for
reciculating flows), see [8], £is a
constant (G=1/0.09) and /;, is

specified as fraction of inlet
size(¢,, = h/10).
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3.4.2 Outlet Flow

Neumann conditions have
often been set for the flow variables
at outlet flow boundaries, giving as

3.4.3 Wall Boundary Condition

The common kinematic
(non-porous wall) and viscous (no
slip) conditions were used at the
walls. The wall boundary conditions
can be summarized as [5].
u=v=k=0

0 0,
X &

(19)

The natural way to treat wall
boundaries is to make the grid
sufficiently fine so that the sharp
gradients prevailing there are
resolved. Often, when computing
complex flow, that requires too much
computer resources. An alternative is
to assumehat the flow near the wall

behaves like a fully developed
turbulent  boundary layer and
prescribe  boundary  conditions
employing wall functions. The

assumption that the flow near the
wall has the characteristics of that in
a boundary layer if often not true at
all. However, given a maximum
number of nodes that can afford to
use in a computation, it is often
preferable to use wall functions
which allows us to use fine grid in
other regions where the gradients of
the flow variables are large. When
wall functions used k ando are
prescribed as [9], [10].

kp - (Ck )—0.5u‘2)
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3.5 Turbulent Quantities
For the components parallel
to the wall we prescribe the friction

velocity, wall shear stress, and
dimensionless quantities as [11], [7].
KU
U = ——" (22)
In{Ey
u
Ty = Hyp—> = o7 (23)
Yo
+ m*y
y' =" (24)
7]
u
u"=— 25
- (25)
. _k
k—a? (26)

Where K is Von Karman
constant and its value 0.4187, the
value of the E constant is 8.8 [12].
Generally the law of the

wall is valid for 30 <y < 60.
4. Numerical Analysis

The mathematical
formulation of the fluid flow problem
is governed by basic conservation of
mass, momentum and turbulence
model equations.
4.1 Descretization Equation for
Two Dimensions
A portion of a two-dimensional grid
is shown in Fig. (2). For the grid
point (P), points (E) and (W) are its
x-direction neighbors; (N) and (S)
are the y-direction neighbors,
locations of them exactly midway
between the neighboring points [13],
[14].
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The descretization equation
based on the differential equations of
the momentum equations and
turbulence model equations can
easily be seen to be:

a'P ¢P = a'E(LE + a'\N¢W + aS¢S
tayg + S,

And

ap=ag +ay tag+ay +Sy (28)

At this point, it is interesting to
examine the physical significance of

(27)

viscous  coefficients in  the
descretization equations. The
neighbor coefficients (@..,a)

represent the connective between the
point (P) and the corresponding
neighbor. The  center  point
coefficient (a@) is the sum of all
neighbor coefficients. But the source
term (%) in the momentum equations
and turbulence model equations.

4.1.1 Dimensional
Descretization

The general form of the
transport equation may be written
as [13]:

0 _
a_xi(‘]i )=s, (29)
Where
_ _r 9¢
hEme-T,o (30)

Where J; represents all the

flux due to both diffusion and

convection. The source term may be

expressed as a linear expression:

S, =bg, +c (32)

The source term in above equation

can be summarizing in table (4).

4.2 Solution of the Descretized
Equation (Pressure-linked
Descretization Method)

One of the most widely used
method that links the velocity field to
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the pressure field; in order to satisfy
the continuity is the (SIMPLE)
presented by [13] [Semi Implicates
Methods for Pressure Linked
Equation], in the solution presented
below a staggered grid is employed.
The SIMPLE assumes that,

P=P +P' ; u=u +u,
}(sz)

v=Vv +V

For the

convenience,
dau, Y av are set to zero,
i i

we get

computational

(R -R)ay

U, = U, a. X

33

v’ , (P — Ry )ax (53
a

n

Substituting these velocities
into the continuity equation we
obtain,

> aP,=>aP+c

Where ¢ must equal to zero
to get more accuracy.

Zai =a. +a, +a, +as (35)

(34)

ZaiPF,’ =a. P +a,R, +a, P

+agP (36)
The procedure for applying
the SIMPLE method can be
summarized as:

The procedure for applying
the SIMPLE method can be
summarized as:

1. Use any suitable initial values.
2. Guess the pressure fighd.
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3. Solve the momentum equations to

find out u and v, equation
(32).
4. Solve thep'equation, equation
(34).

5. The pressure field is obtained by
addingp'top” .

6. Obtain the velocity components u
and v from equation (33).

7. Any variable that influences the
solution is solved for (k andw)
equations.

8. Iterate using the correct pressure p

as the new guessed presspFe

return to step (3) and
repeat the whole procedure until
converged solution is obtained.

Since the solution is non-
linear, it is sometimes necessary to
under relax the solution to avoid
divergence. Under-relaxation is
implemented as,

@' =ap+(l-a)g
Where

(57)

r .
@ is the new under-relaxed value

of @s.

@ °is the value of @ from the
previous iteration.

@ is the obtaining value.

The value of the under-relaxation
factor @) should be in the range (0 <
a < 1). Typical values foro( = 0.5)
for [u, v, k andw] and @ = 1) for (P).

A computer program in (Fortran 90)
was developed to execute the
numerical algorithm which is
mentioned above.

5. Results and Discussion

The present calculations was
carried out for the flow at
Re=7.5%10° (Re=(U,hN), U,=0.71
m/sec, ) as Low Reynolds Number
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for turbulent ventilated flow and
L/H=3 in a two-dimensional
turbulent flow of confined enclosure
ventilation room. A Finite volume
code is used, the calculations were
performed with (7858) cells for x
and y direction respectively. For
space discretization, hybrid scheme
is used.

Figure (3) shows velocity vector
plots of computational domain of
ventilation enclosure. This accounts
for the entrainment process between
the wall jet and it's surrounding. A
wall jet initiated from inlet reaches
the opposite wall and overall
recirculation (vortex) is created.

Figure (4) shows the distribution
prediction of velocity profiles at
vertical cross section x=H and x=2H.
We see positive values of velocity
near wall jet region as peak velocity
in the wall jet region. Then decrease
toward the region of recirculation
(re-attachment region) i.e. near the
floor. This is also reflected in figure
(5) in the distributions along the two
horizontal section bottom (y=h/2)
and top (y=H-h/2).

Figures (6) and (7) show the
distribution of turbulent kinetic
energy in vertical section at x=H and
x=2H, notice that the maximum
value of the kinetic energy in region
near the wall jet and decreases in the
region near the floor also we see the
profile more flattened in x=2H
Figure (7) illustrates the distribution
of turbulent kinetic energy in top
(y=H-h/2) and bottom (y=h/2), we
show the value of turbulent kinetic
energy in top region is grater than in
bottom region because the value of
velocities in these region.

Figure (8) shows the distribution
of Reynolds stress in the section of
the vertical at x = H and x = 2H,
where we note that the largest value
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of Reynolds stress at a section
blowing wall jet of any slot-equipped

because of the velocity have the
greatest value in this region and
gradually decreases in other areas
that up to its lowest value in the

region close to the floor region. A

figure (9) shows the distribution of

Reynolds stress in the horizontal

section at the bottom y=h/2 and the
top y=H-h/2 where we note clear

oscillation in the values of Reynolds

stress in the bottom region than it is
in the top region.

Figures (20) shows the
distribution of specific dissipation
rate,w, the profile ofwin the vertical
cross section at x=H and x=2H the
results are similar in behavior, the
variation can be mainly observed
from the horizontal distribution as
shown in figure (11), where the peak
value of the specific dissipation rate
in section y=H-h/2 as sharper peak a
riser. The largest contribution,
usually, occurs in the immediate
proximity of the wall, where the
gradients for both k ana are rather
large. This peak corresponds to the
turning separation point in front of
the opposite wall, where the wall-jet
flow starts to descend.

Figure (12) shows the vertical
distribution of the production and
destruction, terms at x=2H, where we
note that the values of production
term are positive and which
represents the gain while the values
of destruction loss. We observe the
same behavior in the values of the
positive end of production and the
losses represented by the dispersion
term, but the behavior is different as
shown in figure (13). The production
term, as expected, has been reduced.
Along the central line of the wall jet
region (y = H1[1h/2), there is a peak
in the balance (budgets) in front of
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the opposite wall. This peak is
largely damped in theao-equation,
owing to the turbulent cross-diffusion
term.

Figure (14) shows the
distribution of the convection and
diffusion terms in a vertical section at
x = 2H, where the behavior a close
between them, while we note the
different (disposal) of the various
through section of the horizontal at
y=H-h/2 and the values are close in
the middle of the field arithmetic,
while there is variation in the values
in the areas of the beginning and the
end of the horizontal section and as
shown in figure (15).

Figure (16) shows the distribution of
turbulent cross diffusion through the
vertical section at x=2H, where we
note that a value ranging between 0
and -8 and close to zero in the middle
of the vertical section. As shown in
figure (17) the distribution of the
turbulent cross diffusion through the
horizontal section at y=H-h/2 where
we note there oscillating (fluttering)
in values, especially in the region
near the blowing wall jet while takes
the stability form in the region far
from the slot processing. The
turbulent cross-diffusion term plays a
role mainly in the near wall region,
where the gradients d&f and [ [Jare
rather large and usually of opposite
signs. This will therefore drag down
the specific dissipation rate and
increase the kinetic energy.

Figure (18) shows horizontal
distribution for u,s (root mean
square of fluctuating velocity) where
we note the different behavior in the
area near the exhaust wall jet, but
here the disposal or different
behavior in the vicinity of the ground
floor region also built figure (19)
vertical distribution at the center line
of section x=2H.
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Figures (20) and (21) show
comparison between velocity profile
at x/H=2 and y=H-h/2 respectively
with the experimental results of [15].
The best agreement at bottom region
and the difference reach to (12.7%)
approximately at y/H=0.93 in figure
(20), while in figure (21) the best
agreement in wall jet region and the
maximum difference between these
results reach to (15.8%)
approximately at (x/H=2.7). Figure
(22) shows the comparison between
distribution of velocity profile at
center line of vertical section with
experimental data [16], this shows
good agreement. Figure (23) show
the distribution of dimensionless
streamwise velocity in comparison
with data predicted from models by
[8] for channel flow and Re=1p
with aspect ratio (AR=5). Where the
program was executed to these
conditions, the present model yield
very good agreement with this result.
6. Conclusions

A modified form of Wilcox's two-
equation LRN ko model is used for
predicting internal turbulent flows in
ventilation rooms. The modifications
include adding a turbulent cross-
diffusion term in thew-equation, and
re-establishing the closure constants
and damping functions. The model
combines a wall function and low-
Reynolds-number (LRN) approach.
The modified model reproduces
correct near wall asymptotic
behaviors, and leads to prediction of
turbulent flow in ventilated rooms.

The peak value of velocity near
the wall jet region and negative value
of velocity near the bottom region
(floor region) i.e. recirculating zone.

The maximum value of turbulent
kinetic energy near wall jet region in
the first horizontal section of
ventilation enclosure, and the profile
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become flattened in the second
section of ventilation enclosure

room. The same behavior is seen for
turbulent Reynolds number.

A similar behavior between
production term and destruction term
was seen. The distribution is
approximately symmetry.

The distribution of turbulent
cross diffusion term is symmetry
approximately and the value lies
between 0 and -8. A turbulent cross-
diffusion term was added to the w-
equation in analogy to its molecular
counterpart.

Turbulent cross-diffusion term in
modified w-equation play a role in
the near wall region where the
gradients of k and are rather larger.
This will drag down the specific
dissipation rate and increase the
turbulent kinetic energy.

The peak in the horizontady-
distribution at section y=H-h/2 is the
greatest and its due larger to the
turning or separation point in front of
opposite wall where the wall-jet flow
starts to descend.

The present model has shown a
reasonable ability to simulate the
turbulent flows in two-dimensional
ventilated rooms.
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Table (1) Turbulence model constants for the ko equations.

Constant C,

Ck

Ce1

Cu2 Ok Oy

Value 1.0

0.09

0.56

0.075 2.0 2.0

Table (2) Turbulence model constants for low Reynds number k-w» model.

Constant Cy

Ce Ca

Ce1 Cu2 Ok O,

Value 1.0

0.09

0.75

042, 0.0/ 08 1.35

Table (3) Production, destruction and cross diffusin terms in k-wy model

Term _ R E CD,
k-equation %4-% oy c foak |0
lox,  ox Jox,
k ox, ox, “k | ax; ox,
Table (4): Source term in the governing (PDE's).
Equation Q|r S
Continuity 1,00 0
Momentum ap a( auj 6( avj
Ul He -t l/e_ t— Ve
ox Ox\ ~0x) oy\ ~ox
op 0 ou| 0 ov
Vv l..le T T e ~ + e 5. .
dy 0OXx y ) oy oy
Turbulent  Kinetic| k P —-C,f.ak
+
energy H
Specific dissipation | ¢ M KOw, Kiw
M+ AcufR o+ T
k k{oxox oyoy

1064




Eng. & Tech. Journal, Vol.29, No.6, 20 A Numerical Prediction of the Turbulence
Parameters in Twidimensional Ventilated

Rooms
<
Ui y
n—-> A
AN
~~
< I
I
1 R
> iA
o
_v
. L J s
>
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Figure (2): Show control volume for two-dimensional

Ip = = = ==X %
o -~ T T =< puny T T
0.8 - - - — - - o~
- - - - - ~ ™ \
- - . e ey,
r °°F NN
~ - . i |
o . : < z N oL L
] S S
- : : - - T T Z Z = zZ zZ z '3
o E P IR N T NSl el st mai W il S S e
0 0.5 1 1.5 2 2.5 3
x/H
Figure (3): Velocity vector in ventilation room.
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Figure (5) Distribution of axial
velocity profile at horizontal cross
section for different location of y.
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