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Present work numerically investigates three-dimensional non-linear aerodynamic structures of airflow in
a slot-ventilated compartment with three ports. A numerical code based on Reynolds average Navier—
Stokes equations and Reynolds stress turbulence model was validated, and successfully conducted for
simulating the airflow in the studied room. Numerical results are particularly presented to illustrate
the effects of the inlet airflow velocity, enclosure width, supplying ports elevation and Reynolds number
on the multiple flow patterns and the associated ventilation flow rate and blowing-axial momentum
decay for equal-magnitude opposite jet flows. It is shown that the room airflow rate and the shift of
jet flow interface can be promoted or inhibited, depending strongly on the jet velocity, enclosure width
and elevation of supplying ports.
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1. Introduction

Confined convection is of essential importance for a variety of
practical applications, such as air-supply in offices or residential
buildings, the cooling of electronic devices, solar collectors, and
the air-conditioning of vehicle and aircraft cabins (Papanicolaou
and Jaluria, 1992, 1995; Calmidi and Mahajan, 1998; Bilgen and
Yamane, 2004; Mahmud and Pop, 2006; Chen et al., 2006). The pri-
mary goals in ventilation include provision of sufficient fresh air
and satisfactory velocity. In some cases, multi-diffusers would sup-
ply the fresh air into the same zone, provided that the ventilation
flow is appropriately manipulated. In this work, we focus on iso-
thermal ventilation that develops when air is supplied by the slot
ports at both sides, and exits from the top of the room. Actually,
buoyant plumes would develop around any warm object in the
room such as people and electrical equipment, which is not in con-
sideration in this work.

However, this basic steady state regime of that ventilation in
which fresh air is drawn through the bottom vents and displaces
the indoor, old air out through the top vent may not be unique. Un-
der some situations, it is reasonable to expect multiple steady
states of the ventilation flow. This is particularly true if the air flow
rates of the side ports close to each other.

In recent years, several investigations have shown that there
can be multiple solutions in two-dimensional natural convection
and mixed convection problems (Aidun et al., 1991; Mamou et
al.,, 1995, 1998; Kuhlmann et al., 1997; Calmidi and Mahajan,
1998; Mamou, 2002; Bourich et al., 2004a,b; Mahmud and Pop,
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2006; Chen et al., 2006; Li et al., 2006; Zhao et al., 2007a, 2008a).
They have analyzed a number of governing factors in natural or
mixed convections, including discrete thermal and solutal sources,
fluid property, supplying air velocity, size and position of ports,
closed or open cavities. However, the bifurcations of three-dimen-
sional fluid flow in slot-ventilated enclosures have not been con-
sidered. Three-dimensionality is more realistic in building
ventilation, especially when the ventilation forces are opposing
and are of comparable magnitude.

The present study is dedicated to the numerical investigations
of the multiple flow states in a three-dimensional ventilated room.
It was found that secondary flow structures evolve on planes per-
pendicular to the main flow rotation that cannot be predicted and
visualized by two-dimensional models. Only the turbulent flow of
beyond the critical Reynolds number is considered in the present
work.

2. Physical configuration and model

As shown in Fig. 1, three-dimensional ventilated room was
modeled with a rectangular parallelepiped width W m (x-direc-
tion), a height H m (z-direction) and a span B m (y-direction).
The enclosure used in the computational fluid dynamics (CFD) sim-
ulations comprised three openings. The openings were all of equal
area S x Sm?. Two inlet ports were located at each sidewall and
positioned symmetrically about the mid-plane through the center
of the floor (x =0); the distance between the center of the inlet
ports and the bottom wall was C. The outlet vent was centered at
the top plane z=H.

The air that fills and flows through this enclosure is a Newto-
nian fluid with nearly constant density p and viscosity u. Due to
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Nomenclature

A hydraulic diameter

AU average blowing-axis velocity
B enclosure span

FR air flow rate

H enclosure height

1 turbulent intensity

k turbulent kinetic energy
p pressure

Re Reynolds number

S size of vent ports

t time

u, v, w velocity components

w enclosure width
x,y,z  Cartesian coordinates

Greek symbols

é Kronecker delta

€ turbulent energy dissipation rate
u dynamic viscosity

y kinematical viscosity

Ve turbulent viscosity

1Y fluid density

T shear stress

von Karman’s constant

Subscripts

L left supplying port

R right supplying port

i,j, k vector directions in x, y and z

the Coanda effect, this design should allow to the issuing confined
wall jet to entrain the air in the whole enclosure. Combination of
free turbulent shear flows and near-wall effect often complicates
the airflow in the confined enclosure. Simultaneously, interactions
between airflow and pressure gradient result in the primary and
secondary recirculations including high streamline curvature ef-
fect. Thus, Reynolds stress model (RSM) is adopted to improve
the accuracy of prediction (Launder et al, 1975; Hanjalic and
Launder, 1976; Chen, 1995, 1996; Moureh et al., 2002; Moureh
and Flick, 2003, 2004, 2005; Tapsoba et al., 2007; Liu et al.,
2008a). A computational fluid dynamics code was developed to
solve the room airflow. The mathematical model for continuity
and momentum conservation equations is given as follows:
Continuity equation

o _

5 (P =0 M

Momentum equation

opt; 0 _0p 0 ou;

o e PUT) = —3 a—xj(ﬂ - puiu ) (2)
Z

B2

Fig. 1. Schematic view of the full scale ventilated room with three ports of the same
dimensions.

In the above equations, u; and uj, respectively, represent the time-
mean velocity component and the fluctuating velocity component
in the x; direction. While, Tuj’ is the unknown Reynolds stress.

A full RSM closure generally consists of six transport equations
for the Reynolds stresses (Launder et al, 1975; Hanjalic and
Launder, 1976; Chen, 1996; Liu et al., 2008a). The Reynolds
stress-transport equations include the diffusion, production, and
pressure strain terms. The transport equation for Reynolds turbu-
lent stress gives rise to,

apTu]/ a//

ou; ou;
ot + pU—— X,

Xy Ox

/ au’.
=Dy + pGy +p( ’) 3)

0x;
where the diffusive transport term D can be modeled by the
assumption that the rate of transport of Reynolds stresses by diffu-
sion is proportional to the gradients of Reynolds stresses. Here, term
D is represented by a simplified form of the generalized gradient
diffusion hypothesis as (Lien and Leschziner, 1994),

” 0 'u[ 0 T
Dy = axk (07 a—xk (uiuj) (4)
The production term G is given in its exact form,
T Ol Ol
Gij = —uju, — e uiuy e (5)

The pressure-strain term, consisting of the linear return-to-isot-
ropy, is modeled by Launder et al. (1975) as

ou, ou; ef—y 2 2
p(a—x; + a—}j) =-Cipg (u;u; - §a,,.k) —Gyp (G,,- - §5ijc) (6)

where G = 0.5G;;, whereas the constants are maintained at C; = 1.8,
C, =0.60. The pressure-strain interactions constitute at the same
time the most difficult term in Eq. (3) and the most important
one to model accurately.

The dissipation term is modeled by assuming isotropy of the
small dissipative eddies. It is set so that it only affects the normal
Reynolds stresses (i =j) in equal measure. This can be achieved by

ou ou, 2

o = 300 (7)
where the Kronecker delta d;; is given by d;; =1 if (i =), and 6;; = 0 if
(i #j); the dissipation rate ¢ is computed through the following

transport equation:
1\ %
(1 5)%)

ope _ —— Ol pe
+pu]6x = Ca k( P, ax> CaTpr +
8)
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The empirical coefficients appearing in the above equations, C;q, Ceo,
o and o, are 1.44, 1.92, 1.00 and 1.30, respectively. The eddy vis-
cosity concept is adopted to relate the eddy viscosity y to the tur-
bulent kinetic energy k and its rate of dissipation &,

it = pCuk* [z )
Here, C, = 0.09.

3. Boundary condition and dimensional scale

The non-slip impermeable conditions are imposed on all the so-
lid walls. The flow through both inlet ports is purely horizontal
(forming a jet), and the velocity components (u; and ug), kinetic en-
ergy of turbulence (k; and kg) and the energy dissipation rate (&
and &g) of this stream are uniform over the cross-section of the in-
let ports. For the left and right inlets,

ke =3/2(ule)’, & = C)"°k;>/(0.07A) (10a)
ke = 3/2(urlo)®, er = C) k™ /(0.07Ag) (10b)

where I« = 10% represents the turbulence intensity of the x-compo-
nent of velocity at the inlet as obtained from experiments (Craft et
al., 1993; Versteeg and Malalasekera, 1999), whereas A represents
the hydraulic diameter of the inlet section. For the RSM, the turbu-
lence is assumed to be isotropic, Tuj’ = 2kgdy.

The turbulence model is only valid in fully turbulent regions.
Close to the wall, where viscous effects become dominant, these
models are used in conjunction with wall functions (Launder and
Spalding, 1974; Launder, 1988). For this study, the conventional
equilibrium logarithmic law governing the wall is used. Assuming
that the point P is sufficiently remote from its adjacent grid point
W, which lies on the wall; so much greater in fact that the viscous
effects are entirely overwhelmed there by the turbulent ones. The
momentum fluxes to the wall are then supposed to obey the
relations,

Up 1412 l +
‘cw/pC“ ke = = In[Ey,] 1)
where the wall-coordinate y* is given by,
1/4
. PGl yevE 12)
: 1

Here up, 7., and yp are, respectively, the time-average velocity of the
fluid at point P along the wall, the shear stress on the wall in the
direction of the velocity up, and the distance of the point P from
the wall. E is a function of the wall roughness, approximately equal
to 9.0 for a smooth wall. The von Karman's constant k" is in the
range of 0.4-0.42. When calculating kp, it is of course necessary to
assign a value for the average energy dissipation rate over the con-
trol volume.

The location of the cell center away from the wall must be such
that y; > 11.3 for Eq. (11) to be valid. To evaluate the dissipation
rate in the logarithmic layer, we take,

3432
g=-L (13)
K*y
Within the viscous sub-layer we adopt the following expression:
K
= PGy (14)

With (13) and (14), we can compute the dissipation rate over half of
the near-wall cell,

" CHIBPE yr <113
8:l / edy = lsl4 13)/2 lyrfwy*) ' (1)
Ve Jo Gl S,y >113

At the top outflow port, pressure is assumed to be uniform and
zero-gradient is applied for all transport variables.

Recognizing that the convection term must maintain balance
and considering the ranges of governing parameters in the present
work (Zhao et al., 2006), the following dimensionless variables are
used,

Xi =xi/H, (Ui) = () /ug,
k' =kju2,

t=t/(H/ur), p"=p/pug,
¢ = eH/u (16)

The superscript : represents the dimensionless variables. The corre-
sponding Reynolds number is defined as,

Re = pugH/u (17)

where enclosure height H and right inlet velocity ug are utilized for
length scale and velocity scale, respectively. Usually, H = 2.0 m is set
in the present work. The Reynolds number is in a range of 10? to
10°, and the air kinetic viscosity is 1.5 x 10~> m?/s resulting in right
inlet velocity varies from 7.5 x 10~ m/s to 7.5 m/s. The data in the
following numerical simulations are non-dimensional results with-
out special illustration.

4. Numerical method and code validation

Eqgs. (1)-(12) are discretized using staggered, non-uniform con-
trol volumes (Patankar, 1980). In order to minimize the numerical
diffusion errors, QUICK (Hayase et al., 1992) and CDS schemes are
used in approximating the advection and diffusion terms, respec-
tively. To alleviate the convergence problems, the method is imple-
mented in the solution procedure using the deferred correction
approach (Zhao et al., 2006, 200743, 2008a; Liu et al., 2008a). SIMPLE
algorithm is used to couple the momentum and continuity equa-
tions (Patankar, 1980). To obtain better convergence properties,
the unsteady terms in these equations were implicitly treated and
hence approximated by backward differencing. The pressure correc-
tion equation is derived from the continuity equation to enforce the
local mass balance (Patankar, 1980; Liu et al., 2008a). Consequently,
the finite volume representations for the governing equations be-
came fully implicit. For each time step, the momentum equations
and other scalar equations are solved by applying an iteration of
the strongly implicit procedure (SIP) of Stone (1968), which is ex-
tended here to handle three-dimensional problems.

A sine function is used for the orthogonal grid distribution, with
denser grid clustering near the boundaries and ports (Chen et al.,
2006; Liu et al., 2008a). Simultaneously, the relevant grid generation
is strictly symmetric about the mid-plane through the center of the
floor (X =0). The appropriate grid size was selected after several
numerical accuracy tests for different geometries. For example,
the grid size tested ranged between 41 x 21 x 31 and 81 x 51 x
61 for W/H = 1.5 and C/H = 0.25. The results showed that grid inde-
pendence was achieved above 71 x 31 x 41, showing acceptable
differences in flow rate. Therefore, all calculations carried out are
based on 71 x 31 x 41 control volumes for that geometry.

The solutions for the pressure correction equation were iterated
until the local mass balance was achieved to a satisfactory degree
(Patankar, 1980; Liu et al., 2008a). The solutions for the problem
were marched from the initial state to the final steady state. To en-
sure convergence of the numerical algorithm, the following criteria
is applied to all dependent variables over the solution domain,

M<1077 (18)
> |o]

where ¢ represents a dependent variable, i.e., U, V, W, P, K or E, the
indexes i, j, k indicate a grid point and the index m the current
iteration.
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Numerical simulation

Experiment

Fig. 2. Airflow pattern on the symmetry plane: comparison between experiment (Moureh and Flick, 2005) and our numerical results.
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Fig. 5. Vector flow charts for Re=2 x 10°, W/H=1.5 and C/H=0.25. (a) U.=0.0, AU = —0.6716, UC=—0.7267, FR=0.0135; (b) U.=0.5, AU = —0.5383, UC = -0.7421,
FR =0.0155; (c) UL = 1.0, AU = —0.0025, UC = —0.0151, FR = 0.0155; (d) U = 2.5, AU = 1.4765, UC = 1.8420, FR = 0.0359.
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Fig. 6. Vector flow charts for Re=2 x 10°, W/H=1.5 and C/H=0.25. (a) U.=1.0, AU=-0.2632, UC = —0.6938, FR=0.0244 and (b) U, =1.0, AU = 0.2541, UC = 0.6890,
FR = 0.0243.

Additionally, a remark must be made with regard to the numer- arly stable steady states. Each of these states has its own basin of
ical procedure, which would also apply to other cases where any attraction and only initial conditions within this basin will evolve
integration in time is used to solve a problem with multiple line- to the desired steady state within it. Thus, initial conditions have
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to be chosen carefully for each numerical run. So when multiple
steady states do exist, initial conditions determine the final steady
state achieved. If suitable initial conditions are not chosen, the
numerical solution evolves to some other state, which could be
the natural state or multi-cellular flow. Under such conditions,
one has to make a large number of computations with very small
tuning of governing parameter after each computation and use
the previous state as initial condition to assure convergence to
the desired anti-natural state.

The current numerical method has been successfully used in a
series of recent papers, including slot-ventilated enclosure flow
(Chen et al., 2006; Liu et al., 2008a), conjugate heat transfer (Zhao
et al., 2006, 2007b,c; Liu et al., 2008b), double diffusive natural
convection in gaseous enclosures (Zhao et al., 2007a), and porous
enclosures (Zhao et al., 2007d, 2008a,b; Liu et al., 2008c), and tran-
sient convective flows (Liu et al., 2008b; Zhao et al., 2007e).

Further, before applying the numerical scenario simulations to
the proposed problem, the present turbulent airflow numerical
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Fig. 7. Effect of left jet velocity U, on the average blowing velocity AU, central
vector component UC and average flow rate FR for Re=2 x 10°, W/H=1.5 and (/
H =0.25. Fig. 7b is enlarged from Fig. 7a.

model was verified by a three-dimensional trailer given by Moureh
and Flick (2005), which provides reliable experimental data of
velocity. The details of the trailer configuration would be found
in their paper (Moureh and Flick, 2005). Fig. 2 depicts the compar-
isons of streamlines related to the mean flow field on the symme-
try plane in the enclosure between experiments and numerical
simulation. These flow patterns are consistent with the experimen-
tal data of Moureh and Flick (2005). Fig. 3a presents the decay of
the jet velocity. It can be observed that the wall jet separates from
the ceiling at approximately X/L = 8.5/13.3. The primary recircula-
tion located in the front part of the enclosure delimits the reach
and the action of the inlet jet. The results show good agreement
of distributions of the simulated and measured data. The variation
of the mean square of the longitudinal fluctuating velocity along
the blowing axis is also illustrated in Fig. 3b. Due to turbulent jet
expansion and high gradient of velocities near separation, dou-
ble-peak structure is apparently observed for experimental data
and simulations (Moureh and Flick, 2005). Furthermore, the turbu-
lence model may not accurately calculate the turbulent energy.
Therefore, it is not surprising to see the discrepancies between
the computed profiles and measured data.

The validation was also carried out with the comparison be-
tween the simulation and the experimental data provided by Kos-
eff and Street (1984). The cavity geometry was modeled with a
cavity width 1.0 (x-direction), a height 1.0 (z-direction) and a span
1.5 (y-direction). One boundary of the span was modeled as a plane
of symmetry (Y=0.0) and the other a solid end-wall (Y=1.5).
Examining the comparisons between the computed centerline
velocity profiles and the experimental results was conducted and
shown in Fig. 4 with Re =10 Sensitivity analysis indicated that
the flow characteristics do not change, as Reynolds number does
not exceed 10% The averaged error (as compared to the date)
was less than 10%.

5. Ventilation efficiency and evaluation

The flow rate FR is introduced in terms of the volume Vol
comprised between Zy=(C — S/2)/H section and the floor of the
room,

B 0.5 fsz Wi, ds
B e
The flow rate FR is not only composed of the air entering the volume
Vol but also the air flowing out it. They are obtained, respectively,
by the following integrations,

_O.SISZ(\W|—W)ZUds O_0.5 fsz(\WH-W)Zods
N Sz ’ N Sz
Concerning the mass conservation and the boundary conditions of
that volume, the equality FR = FRI = FRO should be set up usually
for each steady state.

The average horizontal velocity along the jet axis AU can be de-
fined as,

FR (19)

FRI

(20)

NI NI
AU = "Ui-AXi/ Y AX (21)
i=1 i=1

where U;, AX; and NI represent the U-velocity on the blowing axis
(=WJ2H <X <W/2H,Y = 0,Z = C/H), cell spacing and the total num-
ber of nodes of x-direction, respectively. Aforementioned grid gen-
eration is strictly symmetric of the vertical mid-plane X = 0, which
means the number of nodes from (—W/2H,0,C/H) to (0,0,C/H) is ex-
actly the same with that from (0,0,C/H) to (W/2H,0,C/H). Thus, the
value of AU can measure the horizontal shift of the interface be-
tween both fronts of opposite jet flows. Particularly, for component
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higher Uy (2.0), AU = 0.2297, UC = 0.7688, FR = 0.0295 and (c) from rest state, AU = —0.0108, UC = —0.0896, FR = 0.0226.

U along the blowing jet line (—W/2H < X < W/2H,0,C/H) being sym-

component on the central point of the jet axis, UC, can also illumi-
metric of X =0, AU tends to be zero. Additionally, horizontal vector

nate the symmetry and the interface shift of the opposite jets
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UC=UX=0,Y =0,Z = C/H) (22)

As expected, UC would also tend to be zero as the component U
along the blowing jet line being symmetric of X = 0.

Actually, the governing system of Egs. (1) and (2), and the
equal-magnitude jets admit two-spatial symmetries in the solu-
tion. Firstly, the solution can be symmetric in the blowing jet line
(X,0,C/H) and it has been numerically denoted by AU and UC. Sec-
ondly, it can be symmetric with respect to the vertical mid-plane
X=0,ie.,

Ua,Y,Z) = -U(-a,Y,Z) (23a)
V(a,Y,Z) =V(-a,Y,Z) (23b)
W(a,Y,Z) = W(-a,Y,Z) (23¢)

However, the symmetric flow structures are not the sole one for
realistic fluid flow. When different initial conditions were achieved,
other flow paths would emerge.

a 03-
A Initial conditions
e L UL=2.0
0.2 o e
) . Rest state
—=—— UL=0.0
0.1 1
e, 3
. .
. 4 ‘o..
30— _:“‘,qoooooh
-0.1 1
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| 1 1 1 1 1
0355 1 1.5 2 25
W/H
b °9
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Fig. 10. (a) AU as a function of W/H for U, = 1.0. (b) FR as a function of W/H Average
blowing velocity AU and average flow rate FR as functions of dimensionless
enclosure width W/H with parameter U, and Re =2 x 10°.

6. Numerical results and discussion

As was already noted above, the problem under investigation is
governed by six groups: the Reynolds number Re, left inlet velocity
Uy, enclosure geometries W/H and B/H, the vertical position of the
slots C/H, and the size of three ports S/H. It is a formidable task to
perform computations covering wide ranges of all these parame-
ters. Instead, enclosure span and size of three ports are maintained
constant at B/H = 0.5 and S/H = 0.1, respectively. Attention is, there-
fore, focused herein on the effects of the left inlet velocity U;, width
of the enclosure W/H, distance between the center of supplying
ports and the bottom wall C/H, and Reynolds number Re on the
ventilated air flow. Without special explanation, vectors depicted
below are at horizontal XOY plane (Z=C/H) and vertical XOZ
mid-plane (Y = 0), respectively.

6.1. Effect of left jet flow

Airflow Reynolds number Re, geometries W/H and C/H are
maintained at 2 x 10° (ug=1.5m/s), 1.5, and 0.25, respectively.
The velocity of left jet Uy is varied from 0.0 to 3.0 (absolute value
u; from 0 to 4.5 m/s). Airflow pattern and velocity characteristics
in this enclosure have some original features that should be
highlighted.

Differing from the unbounded wall jet, for the jet flow in an
enclosure, the maintenance of the jet at floor level is more complex
because it involves the action of the pressure gradient in horizontal
and vertical directions. Observing from Fig. 5a, when the left jet
flow was not started up, the right jet flow spreads at the blowing
level and then rises along the left wall. Simultaneously, the jet in-
duces the surrounding air and the induction causes a reverse flow
in the layer between port and the floor. This flow pattern is similar
to the traditional displacement ventilation system for supplying
cooling air from a low level diffuser (Chen et al., 2006). When
the left jet flow increases up to U, = 0.5, shown in Fig. 5b, the right
jet flow can maintain the original flow structure except that the
upward flow path is shifted rightward pushed by the left jet air-
flow. As expected, the average horizontal velocity along the jet axis
AU decreases in absolute values. However, the central vector com-
ponent UC increases due to the horizontal path of right jet flow
dwindles. Owing to the promotion of airflow rate, the less-mixing
process causes the velocity profile to nib with distance and in turn
implies the increasing of the total flux of momentum. When the
left jet flow increases to the level identical to the right jet flow,
U, = 1.0 (Fig. 5c), the symmetrical flow structures satisfying Egs.
(23a)-(23c) span now completely the enclosure. Observing from
the horizontal XOY plane, two pairs of counter-rotating cells form
in the back and front sides, respectively. When the left jet flow in-
creases abruptly to Uy = 2.5, shown in vertical XOZ plane of Fig. 5d,
the counter-clockwise eddy flow above the blowing axis has been
conversely changed to clockwise one.

Aforementioned flow charts are all achieved for unique steady
solution, and their initial conditions are the rest state
U=V=W=0. However, multiple steady solutions are possible
when different initial conditions are used, particularly for the
equal-magnitude jets flow. As shown in Figs. 6 and 5c, three possi-
ble solutions are obtained for U} = 1. The first solution, Fig. 6a, ob-
tained by using the flow configuration of Fig. 5a as initial
conditions, is observed to have negative values of AU and UC,
which is similar to that in Fig. 5a. For the second solution, Fig.
6b, a flow pattern akin to that of Fig. 5d, is obtained through grad-
ually decreasing U; from 3.0 to 1.0. The results indicate that the
flow structure of Fig. 6b remains approximately symmetrical to
that of Fig. 6a, illuminating by the values of AU and UC. For the
third solution, Fig. 5¢, the air flow rate FR is reduced when compar-
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ing with the aforementioned non-symmetrical solutions of Fig. 6a
and b. The symmetrical flow structure can be maintained when the
left jet flow is perturbed to 1.005 (not shown).

The effect of left jet flow U, on the average horizontal velocity
along the jet axis AU and the U-component UC is depicted in Fig.
7a and b. In general, AU is an increasing function of U, when U
far exceeds unity, while it is a decreasing function of U, when U
is much less than unity. For the former situation, UC positively in-
creases with U and counter-clockwise flow dominates. As the left
jet decays from higher values (such as U = 3.0) to lower values,
similar flow structures can be maintained, but the flow intensity
and the space occupied by the main eddy are reduced. The steady
solutions could be maintained for 0.9 < U; < 3.0. For the latter sit-
uation, the value of UC changes little and clockwise flow domi-
nates. As the left jet flow strengthens from lower values (such as
U, =0, Fig. 5a) to higher values, the flow intensity of the main eddy
dominated by the right jet flow also reduces. The steady solutions
corresponding to the latter situation could be maintained for
0 < Up < 1.1. For the equal-opposite jet flow, around U, =1, AU
should theoretically approach zero. Simultaneously, the symmetri-
cal flow structures are sensitive to the initial conditions and per-
turbations as observed from Fig. 5c. Therefore, the flow structure
similar to Fig. 5c¢ could be sustained only for 0.977 < U < 1.026
(1.466 < up < 1.539 m/s).

For the flow rate FR, as indicated in Fig. 7c, it is generally an
increasing function of Uj. Particularly, the flow rate of the third

possible solution is reduced greatly, and lower than other
solutions.

6.2. Effect of enclosure width

Firstly, the effect of W/H on the unique steady flows is investi-
gated. The right air jet could readily reach to the opposite wall and
its inertial momentum force is much strong to completely inhibit
the spread of left jet for W/H=0.7 and Up = 0.5 (u; = 0.75 m/s), as
presented in Fig. 8a. Subsequently, the main flow induces two cir-
culations separated by the right jet flow in XOZ mid-plane, one is
the clockwise flow eddy above the blowing level, and the other is
the reverse flow induced in the layer between the jet axis and
the floor. Comparing with that of W/H = 1.5 shown in Fig. 5b, both
flow eddies reduce in size and strengthen in intensity due to the
axial distance of jet flow decreases. As shown in Fig. 8b, the right
jet for W/H increasing up to 2.3 spreads over a longer distance
and the velocity decay is greater than that of W/H = 1.5. Conse-
quently, the interface of opposite jets shifts right and approaches
to the vertical central plane X=0. When the air-supply velocity
of the left jet flow is triple high, U = 1.5, the higher momentum en-
trains the room air near the left port and the overall air velocities at
the floor level are larger shown in Fig. 8c and d. As a consequence, a
large amount of room air is entrained such that eddies in the cor-
ners of the rear wall become bigger. For the slender enclosure, W/
H=0.7, the whole flow structure presented in Fig. 8c has been re-

Fig. 11. Effect of C on the steady vector flow for Re =2 x 10°, W/H = 1.50 and U, = 0.5. (a) C/H = 0.05, AU = —0.4582, UC = —0.6895, FR = 0.0000; (b) C/H = 0.40, AU = —0.4947,
UC = -0.6796, FR = 0.0164; (c) C/H = 0.60, AU = —0.4190, UC = —0.4411, FR = 0.0350 and (d) C/H = 0.95, AU = —0.3277, UC = —0.6220, FR = 0.0113.
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versed from that shown in Fig. 8a. However, for the shallow enclo-
sure, W/H = 2.3, the flow pattern shown in Fig. 8d is almost similar
to that in Fig. 8b, excluding that the interface of jet flows shifts to
the right side of the vertical mid-plane X = 0.

Secondly, the enclosure width can affect the multiple steady
flow states significantly. Fig. 9 presents the multiple steady solu-
tions for W/H = 1.2 and U, = 1.0. The first solution, Fig. 9a, obtained
by using the flow pattern of U, = 0.0 as initial conditions, is ob-
served that the jet interface shifts to the left side of vertical mid-
plane X =0. For the second solution, Fig. 9b, is obtained through
gradually decreasing U; from higher value 2.0 to 1.0, and the inter-
face of jet flows is observed to shift to the right side of mid-plane
X =0. Correspondingly, the signs of AU and UC are opposite to
those of the first solution. Apart from the non-symmetrical solu-
tions, the symmetrical solution presented in Fig. 9c is obtained
using the rest state U=V =W =0 as initial conditions. The general
symmetric flow pattern, satisfying Eqgs. (23a)-(23c), seems similar
to that of W/H = 1.5 presented in Fig. 5c. However, closely scruti-
nizing the non-symmetrical steady solutions, the horizontal eccen-
tricity of jet interface from the vertical mid-plane (X = 0) depends
on the enclosure width.

Actually, the eccentricity of jet interface can also be illuminated
by the corresponding values of AU. As shown in Fig. 10a, the aver-
age horizontal velocity along the jet axis AU has been described as
a function of enclosure width W/H with parameter U; = 1.0. Gener-
ally, the flow pattern obtained from rest state maintains symmet-

rical structure, which results in that absolute value of AU
asymptotically approaches to zero. It is noted from Fig. 10a that
the marked non-symmetrical solutions obtained by using initial
conditions of lower and higher U; values could be sustained for
0.9 < W/H < 1.8, where the amplitude of AU is greater than 0.1
and with the prominent eccentricity of jet interface from mid-
plane (X = 0). However, outside the range 0.9 < W/H < 1.8, the span-
wise between jet interface and the vertical mid-plane X = 0 shrinks,
the solutions of non-symmetrical flow patterns are slightly differ-
ent from the symmetrical solution, which substantially attenuates
the amplitude of AU (<0.1).

The flow rate as a function of enclosure width has been pre-
sented in Fig. 10b with left jet flow U, as parameters. For steady
solutions of U. =0.5 and U = 1.5, one can see that the flow rate
FR first abruptly decays with increasing enclosure width due to
the fact that the jet flow spreads wider and the momentum of in-
duced room air at floor level becomes weak, with the increasing of
enclosure width. However, after FR achieves a lower value around
at W/H = 1, FR varies non-linearly with enclosure width, increasing
first and thereafter decreasing as room expands in width.

For the multiple steady solutions of U, = 1.0, flow rates of non-
symmetrical solutions, respectively, represented by the diamond
symbol (using initial conditions of U = 2.0) and the gradient sym-
bol (using initial conditions of U, = 0.0), are nearly identical due to
these flow patterns exemplified in Fig. 6a, b and in Fig. 9a, b are
symmetrical with each other. In the range of 0.9 < W/H < 1.8, the

b

AP
e AP

Fig. 12. Multiple vector flow charts for Re =2 x 10°, W/H = 1.5 and C/H = 0.50. (a) Uy = 1.0, AU = 0.2048, UC = 0.6514, FR = 0.0255; (b) U, = 1.0, AU = —0.2084, UC = —0.6607,

FR=0.0261 and (c) U, = 1.0, AU = —0.0431, UC = —0.2638, FR = 0.0274.
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flow rate of non-symmetrical solutions is significantly greater than
that of symmetrical solutions represented by the delta symbol
(using rest state as initial conditions). Particularly, for non-sym-
metrical solutions of 1.0 < W/H < 1.2, flow rates can be enhanced
greatly such that it exceeds the steady solution of U = 1.5. Outside
the range of 0.9 < W/H < 1.8, FR of U = 1 almost collapses into a un-
ique value, being independent of initial conditions.

6.3. Elevation effect of supplying jet ports

The pitch between the center of the supplying ports and the
floor has a significant impact on the flow pattern and air extraction.
The present investigation assumes that enclosure width maintains
at W/H = 1.5. As shown in Fig. 11a, C/H = 0.05, both jets spread over
the floor and then rise along the interface set up by jet interaction
in the room. Basically, the flow in XOZ mid-plane consists of a
clockwise vortex occupying most of the enclosure and an anti-
clockwise circulation adjacent to the left wall. The flow rate flow-
ing in and out of the volume Vol; decreases to zero due to the fact
that the downward side of supplying ports coincides with the floor.
As the supplying ports are elevated to C/H = 0.25, shown in Fig. 5b,
both jets spread transversely and induce multi-cell vortexes in ver-
tical XOZ mid-plane, while the vector structure on XOY plane at the
blowing axis remains unchanged from that of C/H = 0.05. Similar
flow structure can be observed in Fig. 11b for C/H = 0.40 with the
vortexes below the blowing axis enlarging and those above it
shrinking. As the supplying ports are further elevated up to C/
H =0.60, presented in Fig. 11c, the left jet flow seems to be sup-
plied at some angle downward along the blowing interface
squeezed by the right jet flow of high momentum. Thus, the better
mixing below the blowing axis could be achieved. Correspond-
ingly, the flow rate has been considerably enhanced to 0.035,
nearly two times greater than that of C/H = 0.40. When the upward
side of the supplying ports touches the top wall, C/H = 0.95, as pre-
sented in XOZ mid-plane of Fig. 11d, the multi-cell pattern emerg-
ing evolves into bi-cellular flow below the jet flow axis.
Particularly, the right jet flow is observed to abruptly decay at
the outlet. Comparing with the flow pattern of C/H = 0.6, the left
jet flow seems to own enough momentum to protrude and reach
to the vertical mid-plane X = 0. As observing from vector flows in
horizontal XOY plane at blowing axis, the vortexes induced by
the left jet grow in size and strength, while the cells induced by
the right jet flow are confined in the vicinity of lateral walls. Actu-
ally, the comparative adverse pressure gradient annularly around
the exhaust port accelerates the decay of the flow of higher
momentum, which starts to exert influence resulting in the com-
plicated flow pattern in XOY blowing plane disclosed in Fig. 11d.

Apart from the aforementioned unique solutions, the elevation
of supplying ports could also affect the multiple steady flow states.
For instance, Fig. 12a-c illustrate three different possible solutions
for C/H=0.5 and U, = 1.0. The first solution (Fig. 12a) and the sec-
ond solution (Fig. 12b) are obtained, respectively, by using the flow
configurations of Uy = 0.0 and Uy = 2.0 as initial conditions. For the
third solution, an approximately symmetrical flow pattern is
shown in Fig. 12c, using the rest state as initial conditions. Unex-
pectedly, for the first (second) solutions, the left jet flow pushes
the interface of blowing jets rightward (leftward) if the left jet is
increased (decreased) from lower (higher) value to unity. This is
due to the fact that the shortcut occurs between the higher supply-
ing air port and exhaust port.

The average horizontal blowing velocity AU, numerical notation
of jet interface shift, is depicted in Fig. 13a for Re =2 x 10°, U. = 1.0
and 0.05 < C/H < 0.95. Multiple steady solutions are obtained by
employing different initial conditions, including steady solutions
of U_.=0.0, U_=2.0 and rest state. Generally, the multiple steady
solutions occur at 0.15 < C/H <0.70, with the AU amplitude of

non-symmetrical solutions greatly exceeding 0.1. Here should be
noted that, reverse solutions in the range of 0.35 < C/H<0.70 as
depicted in Fig. 12 for C/H = 0.5, are also on account of shortcuts.
Outside the range of 0.15 < C/H < 0.7, the development of the wall
jet is limited by the effect of both lateral and vertical confinement
due, respectively, to the interaction of the mean flow with the lat-
eral enclosure wall and with top wall or floor. This confinement ef-
fect reduces the entrainment of the jet with its surroundings and
leads to stabilization of the airflow rate and leads the possible flow
states into a single convective mode.

The flow rate FR as a function of supplying ports elevation has
been illustrated in Fig. 13b for different U;. Flow rates of steady
solutions U = 0.5 and Uy = 1.5 almost parallel each other and pres-
ent fluctuation of double-peak structure with supplying ports C/H.
FR increases with promoting C/H and firstly peaks around at C/
H=0.2 and then decays to C/H = 0.35 where the adverse pressure
gradient adjacent to the exhaust port would comparably affect
the horizontal blowing flow. Further increasing C/H continuously,
FR again increases abruptly and the maximum flow rate occurs
around at C/H = 0.7. Subsequently, FR decays with the promotion
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Fig. 13. Average blowing velocity AU and flow rate FR as functions of supplying
ports elevation C/H with parameter Uy, and Re =2 x 10°. (a) AU as a function of C/H
for U, = 1.0; (b) FR as a function of C/H.
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b

Fig. 14. Airflow patterns for W/H=1.5, C/H=0.25 and U =1.0. (a) Re=2.5 x 10?, AU =0.0004, UC =0.0007, FR =0.0072; (b) Re=10% AU=-0.0011, UC=—0.0077,
FR = 0.0124; (c) Re = 10, AU = —0.0020, UC = —0.0165, FR =0.0152 and (d) Re = 8.0 x 10°, AU = —0.0044, UC = —0.0230, FR = 0.0158.

of supplying ports. For the situations of equal-intensity supplying
jets (U.=1.0), that of symmetrical solutions represented by the
delta symbol (using rest state as initial conditions) firstly increases
with C/H, and almost flats at 0.2 < C/H < 0.8. Similar trends can be
found for the flow rates of non-symmetrical solutions, respectively,
represented by the diamond symbol (using initial conditions of
Up.=2.0) and the gradient symbol (using initial conditions of
UL = OO)

6.4. Effect of Reynolds number

In order to analyze the effect of Reynolds number on the enclo-
sure flow, geometries and left supplying velocity are maintained
constants, W/H =1.5, C/[H=0.25, U_.=1.0 (U = Ur). As mentioned
earlier, the right supplying velocity ug is in a range of 7.5 x
10~*m/s to 7.5 m/s, resulting in Reynolds number varies from
102 to 108, which essentially expresses the relative importance of
inertial forces and viscous forces. When Reynolds number is small
(Re =2.5 x 10?), the jet flow is much weak, shown in Fig. 14a. It ex-
pands with an angle of about 15° and entrains the surrounding air.
Between the inlet port and the interface of jets, the airflow rate in-
creases and the decay of the maximum velocity of the jet is similar
to an unbounded three-dimensional wall jet. Further downstream,
the jet decreases faster until its collision. Within the enclosure, the
development of the wall jet is limited by the effect of both lateral
and vertical confinement, respectively, due to the interaction of the

mean flow with the lateral enclosure wall and with reverse flow in
the direction of the outlet. Particularly, with increasing strength of
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Fig. 15. Variations of flow rate as a function of Reynolds number with U = Uy = 1.0.
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both jet flows (Re = 103, ug = 7.5 x 103 m/s), shown in Fig. 14b, the
entrainment of the right and left jets, respectively, with their sur-
roundings is reduced and finally resulted in the stabilization of the
airflow rate. Due to the equal-magnitude jets, the flow structures
on the planes XOY and XOZ are both seen to symmetrical from
X = 0. Particularly, similar flow structures are maintained till Rey-
nolds number exceeds 10°. As a result, the flow plots of Figs.
14b-d and 5c and are seen almost unchanged except the flow
intensity increases continuously and the path of jet flows becomes
narrower. Additionally, the equal-magnitude opposite jet flow is
intrinsically instable, particularly for high Reynolds number flows.
Thus, the time-average values of AU and UC velocities cannot be
compared directly.

As shown in Fig. 15, the volume flow rate FR is enhanced greatly
as Re increases from 102 to 10% However, FR increases little as Rey-
nolds number further increases. Similar flow patterns and associ-
ated causes can be found in Fig. 14.

7. Conclusions

A three-dimensional airflow numerical model is developed
based on atmospheric convection diffusion equation and RSM tur-
bulence model to predict the air motion within an enclosure
employing two-opposite slotted openings. Multiple steady solu-
tions are particularly concerned in terms of inlet velocity, enclo-
sure width, and elevation of supplying ports.

The velocity of left jet affects the airflow pattern and velocity
characteristics in this enclosure. The existence of three different
flow patterns is demonstrated for Re = 2.0 x 10°, W/H=1.5 and C/
H =0.25. The counter-clockwise flow and clockwise flow on vertical
X0Z mid-plane could be maintained, respectively, for 0.90 <
U < 3.00 and 0.00 < U; < 1.10; for the third solution, the symmet-
rical flow structures obtained from rest states could be sustained
only for 0.977 < UL < 1.026. The flow rate of non-symmetrical solu-
tions is significantly greater than that of symmetrical solutions.

Enclosure width would affect the flow states of unique and mul-
tiple steady solutions. Airflow eddies enlarge in size and reduce in
intensity with the increasing enclosure width. The marked multi-
ple steady solutions obtained by using initial conditions of lower
and higher Uy values could be sustained for 0.9 < W/H < 1.8, where
prominent eccentricity of jet interface occurs. Variation profiles of
flow rate with enclosure width are non-linear, depending on the
supplying velocity and initial conditions.

The pitch between the center of the supplying ports and the
floor has a significant impact on the flow pattern and air extraction.
Generally, the multiple steady solutions occur at 0.15 < C/H < 0.70,
where the AU amplitude of non-symmetrical solutions greatly ex-
ceeds 0.1. Flow rates of unique solutions present fluctuation of
double-peak structure with supplying ports C/H. However, for the
situations of equal-intensity supplying jets, flow rates vary slightly
with the port elevation.

As the Reynolds number is small (<10%), the flow has the distinc-
tive characteristics of a jet. After Reynolds number exceeds 10, the
flow pattern changes slightly. The volume flow rate increases with
Reynolds number increasing from 10? to 10% and approaches
approximately constant as Reynolds number increases further.

Only CFD method has been adopted in present work for limita-
tions, whereas, the stability analysis and experimental validation
of the multiple steady flows would be conducted in our further
studies due to the fact that they could give physical insight into
the fluid mechanics and possible flow solutions.
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