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ABSTRACT

The present paper is an extension of [2] work, in which, the
study was concerned with an investigation of airflow through
multiple upper vents in the presence of indirect flow, in
which, the tendency of buoyancy force effect was strong due
to the high temperature difference between interior and the
ambient. A flow of this type represents a new class of
boundary- layer flow problems in the building. Moreover, this
is an exact solution of the complete Navier- Stokes Equations
(including, buoyancy force term), which were then
dimensionalised using some dimensionless parameters to
reduce the Equations to ordinary differential Equations and
then solved analytically by variation of parameter method and
obtained the solutions, in which the behavior of parameters in
the results were predicted the velocity, temperature profiles
together with volumetric airflow and mass transfer. The
results were then evaluated numerically for several sets of
values of the parameters in order to ascertain the best for
optimal ventilation. We performed comparison based on
assume numerical values and parameter values of [2]. From
the simulations in Figures 15-17, our Developed study is
better and more efficient for ventilation. In conclusion, the
main feature to be observed as the temperature changes
increases the corresponding airflow is also increases this leads
to the increase in velocity profiles. As the velocity of airflow
increases the corresponding volumetric airflow is decreases,
this leads to the increase in mass transfer in the building
envelope. Therefore, the greater number of vertical vents in
the building, and the greater temperature difference between
the interior and exterior, the stronger is the effect of the
buoyancy forces.

General Terms
Prandtl number, Grashof number, Discharge coefficient,
Effective thermal coefficient.

Keywords
Velocity profiles, Temperature profiles, Volumetric airflow,
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1. INTRODUCTION

Natural ventilation of building provides improvement of
internal comfort and air quality conditions leading to a
significant reduction of cooling energy consumption. Design
of natural ventilation systems for many types of building is
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based on buoyancy forces. However, external wind flow can
have significant effects on buoyancy- driven natural
ventilation. Of course natural ventilation is being pursued by
humans, who are increasingly spending more time indoors, to
extend the possibilities of living in uncongenial or squally
conditions etc. The improvements of the quality of the interior
space both in its attractiveness, spaciousness, luminosity, and
more importantly its proper natural ventilation are major
concerns for designers of modern structures. Considerable
attention has been given to inter-zone heat transfer in passive
solar and conventional buildings so that algorithm energy
models were developed by [5]. Experimental and theoretical
work has been carried out by various researchers to study
natural convection via doorways in small- scale models and
full- size rooms [6]. [10] studied a convective heat and mass
transfer through large openings, which plays an important role
in the thermal behavior in buildings. [1] airflow process in
single-sided natural ventilation by using a computational fluid
dynamics (CFD) method together with analytical and
empirical models. [12] Considered building having two
openings at different vertical level on opposite walls, the
heights of the two openings are relatively small, and the areas
of the top and bottom openings are A, and A, respectively.
The study also considered an indoor source of heat E, and the
wind force can assist or oppose the thermal buoyancy force,
when the indoor temperature is uniform. [11] Presented an
experimental and numerical analyses of heat transfer and air
flow on an interactive building facade. [7] Investigated air
flow rate across a vertical opening induced by a thermal
source in a room, various parameters were used in designing
natural ventilation. [9] Considered wind-driven cross
ventilation in building with small openings. Airflow process
across vertical vents induced by stack- driven effect with an
opposing flow in one of the openings was presented by [2].
An investigation of stack- driven airflow through rectangular
cross- ventilated building with two openings using analytic
technique was also recently presented by [3]. [4] Presented a
simple mathematical model of stack ventilation flows in
multi-compartment buildings, with a view to providing an
intuitive understanding of the physical processes governing
the movement of air and heat through naturally ventilated
buildings. In which, the solution for the velocity, temperature
distributions and volumetric airflow, mass- transfer rates were
obtained.
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The main objective of this paper is to analytically determine
the temperature-, velocity profiles together with volumetric
airflow and mass transfer in a rectangular building with
multiple upper openings. The effect of indirect flow of air in
each of the upper openings were also investigated and the
results will be compared with the one in previous intervention
given by [2], in order to ascertain the best for optimal
ventilation.

2. BUILDING DESCRIPTION

The building considered, is un-stratified cross- ventilated
rectangular building with multiple upper openings on vertical
wall. In which the building has multiple upper vents and one
lower opening. Each of the upper opening has an area
of 0.7m x 1.0m, while the lower opening is 0.7m x 2.0m.
Dimension of the building is 5.3m x 3.6m x 2.8m with air as
the connecting fluid. The building envelops were separated
from one another by a vertical rectangular openings of
height y* and width x,,,, which is illustrated in Figure 1. The
density of air in the building is maintained at p, with
temperature at 6 and pressure p.

Insulated roofing

Figure 1: Diagram of un-stratified cross ventilated
rectangular building.

3. MODEL FORMULATION

Figure 2. shows a schematic diagrams of building, in which
the air can infiltrate from outside through the lower opening
(doorways) and remove through the upper vents (windows) to
the ambient. Figure 3. shows a Schematic diagram of airflow
across each of the vertical vents in the presence of indirect
flow. From the analysis it has been assumed that the interior
temperature in the building is uniform, airflow is at low speed
so that it will behave like incompressible fluid (see [8]) and
the flow of air is one- dimensional, viscous effect and internal
heat source has been neglected ((¢, < 1,q < 1).
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Figure 2: Schematic diagram of airflow in building
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Figure 3: Schematic diagram of airflow across each of the
upper vents in the presence of indirect flow

The convective motion induced by stack- driven effect as
illustrated in Figure 2 and 3 is described by one dimensional
Navier- Stokes Equation with appropriate boundary
conditions in which, an approximation of reduced gravity is
invoked. The model Equations are written in a dimensionless
form and solved analytically by means of separation of
variable methods.

oy
Po (dxw + dy =0 1
qu o Gy _ _ 4o (d_u d_u)
Po (u dx,, * o dy) T dx, TH dx2, + dy? 2
o a0\ _ k (d?0 | d%0\ , q
Po (u dx,, + Vo dy) - cp (dva + dyz) + cp by 3

U =u(y), vy = const.T = 0(y), x,, = const.,P =
p(xy), po = const. = 0 4

Equations are (1), (2) and (3) are further simplified by the
assumptions, in which mass conservation Equation in (1) is
satisfied identically then, Equations (2) and (3) can be reduced
to,

au dvg
—+20=0 5
dxy, dy
du d?u
vo— = gPAT + v— 6
0 dy g:B + dyz
dT d?T
Vo-=a—— 7
dy dy

With the dimensional boundary conditions as,

0<y<2U(y=0=0U(y=1)=0, T(y=0) =
_Go,T(yz 1)=1_60 8

By scaling y* with % velocity, U* with % " with ’%L and

T* with T2
AT

In dimensionless form the above Equations (1) and (2) may be
expressed as,

d?u*
dy*z

Priv 4 — Gy 9
dy*
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With the dimensionless boundary conditions as,

0<y* <1,U7(0) =0,U"(1) =0,T*(0) = =8, T*(1) =
1-6, 11

L3gBT*AT
= L9B

PoCp Po a v?

4. SOLUTION OF THE
DIMENSIONLESS MODEL EQUATIONS

4.1 Dimensionless temperature profiles
Equation (10) is homogeneous differential equation (D.E) in
which, the D.E and boundary conditions are given by,

where,C = —v*Pr,a =

dzT ars _ 0
dy*z dy* -

T*(0) = —6,, T*(1) =1 — 6,

Equation (10), together with the boundary conditions in (11)
yields to,

T*(y*) = C, + C,e™Y" 12

The two constant which appear in Equation (12) can be
determined by prescribing the boundary condition for the
velocity field in Equation (11), thus obtaining,

_ 1-65(1-e7) _ 1
T 1-eC 2= 1-e=C’ 13

Gy
Inserting equation (13) into (12), yield to the temperature
profiles as,

1_90(1_evoPr)_euoPry*

1—eVoPr

14

T*(y*) =

4.2 Dimensionless velocity profiles
Equation (9) is non homogeneous differential equation (D.E)
in which, the D.E and boundary conditions are given by,

du* auv*
Pre—+C>==—GrT"
ay* ay*

Uu*(0)=0,U*(1)=0

Plugging Equation (14) in Equation (9) yields to,

15

d?U* | € du* _ Gr [1-8,(1-eVoPT)—eVoPTyV"
oy 1—eVoPT

ay? " prdy-  pPr

Starting with the homogeneous part of Equation (15), one
obtained the complementary solution as,

(o
UC(y*) = C3 + C4e_Ey ) 16

By employing the variation of parameter methods, one can
write the particular solution as,

U,y = ﬁ[(eo(l —e ) —1Cy* - e~ Cy’ (1 +

)+ Pr(1=65(1— )] 17

Pr
1-Pr
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The general solution is given by,

S 7 % _ L Gr -
U (y)=C3+C4_€ [ +m[(90(1—€ C)—

ey — e (1+2) +Pr(1-6,(1—e"9))| 18

The two constant which appear in Equation (18) can be
determined by prescribing the boundary condition for the
velocity field in Equation (11), thus obtaining,

e L ()

Cs = C -
Cz(l—e‘c)(1-e‘ﬁ)

1 pr _
peweel Gare b R G
801—e—-C 19

) — G P B c
Uy )_m[(1+1_;r)<e C—epr—

e—CPryxe—C—1—e—Cy*1—e—CPr+1—-6001—e—CC—Pri—
e—CPr—Ce—CPry++1—e—CPrPr—Cy*
20

4.3 Dimensionless volumetric airflow
The volumetric airflow is defined in Equation (21) below,

-
Q') = A'cq [_y? U*(s)ds 21
Where, s is a dummy variable.
The results for Equation (21) yields to volumetric airflow as,

e e Q=] (GRRTROER

Pre—C—1e—C2Pry*C+1—e—CPre—Cy+2C—Pre—C—1C—1—efPrC
+1—801—e—C—Pr—CPr+1—e—CPry*2+Pre—C2Pry*+1—e—CP
7Pry*2—Cy*28—Pr 22

A*Grcq

Q)=

4.4 Mass Transfer Dimensionless mass

transfer
The mass transfer is defined in Equation (23) below as,

m*(y*) = poQ*(y"). 23

By plugging Equation (22) in (23), one obtains the mass
transfer as,

m (") = —>[(1 +) [( e

C
62(1—e-0)<1—e'ﬁ

o

*Lry‘ c -Cc_ __Pr
Priec ~ )2 4 (1 - ) pplt ]
c c c c
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(1-6,(1—e9) [—Pr (—% + (1 - e"%)>y?* +Pre s +
(1-e ) (pre—c22) - p” 24

5. ASYMPTOTIC BEHAVIOR,
COMPARISON WITH THE PREVIOUS
RESULTS AND DISCUSSION OF THE
RESULTS

In this section the main features of the solutions found in the
previous section (4.0) and comparison with the previous
results will be discussed. This is done in order to see the effect
of changes of effective thermal coefficient 6,, Prandtl
number Pr, and Grashof number Gr to the overall
distributions, while keeping other operating conditions and
parameters fixed, and ascertain the best one for optimal
natural ventilation.

A Physical interpretation of dimensionless temperature
profiles for three incremental values of 6, Pr are presented in
Figure 4 and 5. In which Figure 4 depicts the effect of
effective thermal coefficient 6, on temperature profiles T*. It
is observed that, as effective thermal coefficient 6, increases
the corresponding temperature profiles T*across the opening
decreases. Due to the opposing flow in each of the upper
openings in the domain, the effect of buoyancy forces is found
to be strong. Figure 5 depicts the effect of Pr on temperature
profilesT*. It is observed that, as Pr increases the
corresponding temperature profiles T* increases. The obvious
features to be observed is that, the temperature distributions
are within comfortable condition and all the lines of flow for
temperature profiles are linearly and uniformly distributed.
The greater vertical distance between the openings, and the
greater temperature difference between the interior and
exterior of the domain, the stronger is the effect of the
buoyancy forces. Therefore, it is found that the best value of
T* for optimal natural ventilation is when 8, = 0.01.

Effect of effective thermal coefficient (90) to Dimensionless temperature profiles (T')

1.2 T T T T T T T T T
s 0,=0.01
i 90=0. 10
9010. 19

0.8

0.6

0.4

0.2

Dimensionless temperature profiles (T*(y*))

r r

r r
0 0.1 0.2 0.3 0.4 05 06 0.7 0.8 0.9 1

0.2 r r ' r '

Dimensionless height of the openings(y*)

Figure 4: Dimensionless temperature profiles T* versus y*
at different values of 8, = 0.01,0.03,0.05.

Effect of Prandtl number (Pr) to Dimensionless temperature profiles (T*)
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Figure 5: Dimensionless temperature profiles T* versus y*
at different values of Pr = 0.110,0.710,1.310.

A Physical interpretation of dimensionless velocity profiles
for three incremental values of 6,, Pr,Gr are presented in
Figure 6, 7 and 8. Figure 6 depicts the effect of effective
thermal coefficient 6, on velocity profiles U*. It is observed
that, as effective thermal coefficient 6, increases the
corresponding U™ decreases. Figure 7 depicts the effect of Pr
on velocity profiles U*. It is observed that, as Pr increases the
corresponding U* decreases. Figure 8 depicts the effect of Gr
on velocity profiles U*. It is observed that, as Gr increases the
corresponding U* increases. Therefore, the main feature to be
observed is that, as the temperature changes increases the
corresponding airflow is also increases this leads to the
increase in velocity profiles. Therefore, it is found that the
best value of U* for optimal natural ventilation is when

,
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Figure 6: Dimensionless velocity profiles U* versus y* at

10.3 Effect of effective thermal coefficient (60) to wolumetric airflow (Q*)
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Figure 7: Dimensionless velocity profiles U* versus y* at
different values of Pr = 0.110,0.710,1.310.
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Figure 8: Dimensionless velocity profiles U* versus y* at
different values of Gr = 10,20, 30.

A Physical interpretation of dimensionless volumetric airflow
for three incremental values of 6,, Pr,Gr are presented in
Figure 9, 10, and 11. In which Figure 9 depicts the effect of
effective thermal coefficient 6, on volumetric airflow Q”. It is
observed that, as effective thermal coefficient 6, increases the
corresponding Q* decreases. Figure 10 depicts the effect of Pr
on volumetric airflowQ. It is observed that, as Pr increases
the corresponding Q decreases. Figure 11 depicts the effect of
Gr on volumetric airflow Q*. It is observed that, as Gr
increases the corresponding Q* increases. The main feature to
be observed is that, as the velocity of the airflow increases the
corresponding the volumetric airflow is decreases. Therefore,
it is found that the best value of Q* for optimal natural
ventilation is when 6, = 0.01.

Height of the openings(y*)

Figure 9: Dimensionless volumetric airflow Q* versus y*

at different values of 8y = 0.01,0.03,0.05.

*

Effect of Prandtl number (Pr) to volumetric airflow (Q )

- - 1 r
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Figure 10: Dimensionless volumetric airflow Q* versus y*

at different values of Pr = 0.110,0.710,1.310.
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Figure 11: Dimensionless volumetric airflow Q* versus y*

A Figure 12: Dimensionless mass transfer m* versus y* at
at different values of Gr = 10, 20, 30.

different values of 8y = 0.01,0.03,0.05.
A Physical interpretation of dimensionless mass transfer for

three incremental values of 8,, Pr, Gr are presented in Figure Effect of Prand number (Pr) to mass transfer (m’)
12, 13, and 14. In which Figure 12 depicts the effect of 0.04 S S
effective thermal coefficient 6, on mass transfer m*. It is m— P=(,110
observed that, as effective thermal coefficient 8, increases the 0.035~ Pr=0.710
corresponding m* decreases. Figure 13 depicts the effect of Pr=1.310
Pr on mass transfer m*. It is observed that, as Pr increases -
the corresponding m* decreases. Figure 14 depicts the effect 0031
of Gr on mass transfer m*. It is observed that, as Gr increases A
the correspondingm increases. The main feature to be 200251
observed as the wvelocity of airflow increases the £
corresponding the volumetric airflow is also decreases this % 0.021-
leads to the increase in mass transfer. Therefore, it is found g
that the best value of m* for optimal natural ventilation is s
when 8, = 0.01. ﬁ 0.015F
3
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Figure 13: Dimensionless mass transfer m* versus y* at
different values of Pr = 0.110,0.710,1.310.
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Effect of Grashof number (Gr) to mass transfer (m*)
001 T T T T T 13 13 T 13

— (=10
Gr=20

Gr=30
0.008 [ Ny

0.009 -

0.007 |- N

*,

Mass- transfer (m (y ))

*

0.006 [

0.005 1

0.004 - Ny

0.003 -

0.002 -

0.001~

0

0 01 02 03 04 05 06 07 08 09 1

Height of the openings(y*)

Figure 14: Dimensionless mass transfer m* versus y* at
different values of Gr = 10, 20, 30.

The comparison between developed study and the one studied
by [2] is done in order to see the main contributions from the
Developed study. A Physical interpretation of dimensionless
velocity profiles is presented in Figure 15. In which Figure 15
depicts the comparison between U*and U*1. It is observed
that, the effect of parameters in the U* is more effective than
the one in the U*1, in which, the airflow moving at U* is
higher than the one in U*1. Therefore, it is found that the best
value of velocity profiles for optimal natural ventilation is
found to be in developed study (U*).

Comparison between previous and Developed study to velocity profiles (U*)
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Figure 15: Comparison between velocity profiles U* and
U-1.

A Physical interpretation of dimensionless volumetric airflow
is presented in Figure 16. In which Figure 16 depicts the
comparison between Q*and Q*1. It is observed that, the effect
of parameters in the Q* is more effective than the one in the
Q*1, in which, due to the strong effect of buoyancy forces
effect the volumetric airflow Q* in the building envelope is

much more higher than the one in Q*1. Therefore, it is found
that the best value of volumetric airflow for optimal natural
ventilation is found to be in developed study (Q*).

x 10 >Comparison between previous and Developed study to volumetric airflow (Q*)
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Figure 16: Comparison between volumetric airflow Q*
and Q*1.

A Physical interpretation of dimensionless mass transfer is
presented in Figure 17. In which Figure 17 depicts the
comparison between m*and m*1. It is observed that, the
effect of parameters in the m* is more effective than the one
in the m*1, in which, the mass transfer m* is much more
higher than the one in m*1. Therefore, it is found that the best
value of volumetric airflow for optimal natural ventilation is
found to be in developed study (m*).

X 10'3 Comparison between previous and Developed study to mass transfer (m*)
7 T T T T T T T T T

m1=A L MUHAMMAD(2015)
— = Deweloped study (2018)

(2]
T

*,

*

Dimensionless mass transfer (m (y ))
(8]
T

w IS
T T

N
T

r r r

13 3 2 i T
0 01 02 03 04 05 06 07 08 0.9 1

Height of the openings(y )

Figure 17: Comparison between mass transfer m* and
m1.

6. CONCLUSION

Considerable research efforts have been made in the
developed study on understanding the airflow process through
openings on vertical wall. In this paper, we studied airflow
process through multiple upper vents in un-stratified
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rectangular building in the presence of indirect flow and 8. BIBLIOGRAPHY
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8.1.2 Dimensionless parameter

Pr

Prandtl number;

8.1.3 Subscripts

w

9.
(1]

(2]

(3]

(4]

(5]

width;
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