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Abstract - The article is an extension of [15] work in which, the study investigatedthe effect of stack- driven airflow across
multiple vents with the absence of indirect flow inthe building. Also, the study considered a building with multiple vertical
openings which increased the exchange of air between the interior and exterior of the building envelope. This leads to the
introduction of another dimensional group parameter (Grashop number Gr) in the study. Dimensional momentum and energy
equations are utilized and solved analytically by means of separation of variable method. The behavior of parameters involved
in the study predicted the results for Velocity, temperature distributions together with volumetric and mass- transfer.
Moreover, the numerical simulations are presented graphically and discussed for varying values of physical parameters
involved in the study.
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1. Introduction

Clearly, natural ventilation is not new. It is only in the past 200 years mechanical ventilation has been introduced. Prior to
that period, all building envelopes occupied by humans were naturally ventilated. The first natural ventilation design can
perhaps be considered as the time when these envelopes started to become purpose-building. Early designs were primarily
empirical and evolved from experience. They might almost be described as long term experiments of full scale. In many
countries, traditional passive cooling systems have developed alongside natural ventilation. Much of the experience gained
over the centuries can be recognized in modern natural-ventilated buildings. A good example of this is the use of wind-assisted
machines. However, modern buildings are more demanding of electricity and energy consumptions; Standards for health and
comfort have to be met, while simultaneously satisfying requirements for low energy consumption and sustainability. Natural
ventilation is process of supplying and removing air from an indoor space to the ambient by natural means. These can either
caused by Wind- driven or Stack- driven effects.The advantages of natural ventilation in building is to save energy
consumption, provide thermal comfort, removed air pollution and improve indoor air quality, with proper design appropriate to
the building location and use, natural ventilation can replace all or part of a mechanical ventilation system. Both work on the
principle of air moving from a high pressure to a low-pressure zone.Works have been carried out by many researchers in field
of Fluid dymanics on Natural ventilation. [1] Performed an experimental investigation on scale effect in room airflow and then
later [2] Studied Air movement on natural ventilated building. [3] Investigated the effect of Stack driven airflow across two
openings. [4] Investigated the effect of indirect flow velocity in rectangular building across three verticalopenings. [5]
Performed an experiment in a room airflow distribution system using computational fluid dynamic(CFD). [6] Studieda
buoyancy-driven natural ventilation of buildings-impact of computational domain.[7] Considered the mixed ventilation when
the interior of the building has uniform temperature. [8] Investigated displacement ventilation when the interior of the building
was stratified. [9] Examined the effect buoyancy- driven forces of airflow on the floor of an enclosure in the presence of wind.
[10] Developed a modelwith the effect of wind forces.[11] Examined the heat- transfer and airflow in interactive building
facade. [12]Simulations were carried out to reproduce the decay of CO, concentration in a large semi-enclosed stadium. [13]
Investigated natural convection flow for heat and mass- transfer in a single- sided ventilated building. [14] Considered
ventilation potential model of airflow in china building. [15] Investigateda transient airflow across two verticalupper-vents in
the absent of opposing flow in rectangular building. Experimentwere performed in heated, sealed room of a test house by [16].
[17] Investigated a vertical temperature distribution by combining natural and mechanical ventilation in an atrium building.
[18] linvestigatedth effect of Stack- driven forces in single- sided ventilated building with large openings. [19] Investigated the
effect of wind- driven flow in domain interacted with wind. [20] Investigated the effect of wind- driven flow in building with
small openings. [21] Investigated the effect of two buoyancy forces on natural ventilation in an enclosure. [22] Studied natural
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convection flow in a single- sided building with partition-1. [23] Studiednatural convection flow in a single sided building with
partition-11. [24] Studied fluid mechanics of natural ventilation. [25] Investigated Stack- driven effectof airflow in cross-
ventilated building with an opposing flow in one of the upper- vent. [26] Considered a Stack-driven air flow through multiple
upper-vents in the presence of constant indirect flow velocity in Rectangular building. [27] A theoretical study on steady
airflow in rectangular building in the presence of indirect flow was investigated. [28] A studied the effect of constant indirect
flow velocity through multiple upper-vents in rectangular ventilated building using theoretical approach. [29] Studied natural
convection flow in rectangular building with four openingsby stack- driven forces. [30] Studied airflow across vertical vents
induced by stack- driven forces with an opposing flow in one of the upper openings.

The objectives of the researchis to investigate the effect of buoyancy forces on transient airflow across multiple vents in
building with the absence of indirect flow.

The equations described the air flow are written in dimensionless form and solved by means of separation of variable
approach. The effect of parameters involved in the research paper predicted the results of velocity profile, temperature profile
together with volumetric airflow and mass- transfer.Lastly, the effect of changes of some selected values of parameters, such as
Effective thermal coefficient (8,), Prandtl number(Pr),Grashof number(Gr) and discharge coefficient (c;) were analyses and
discussed in order find the one for optimal ventilation.

2. Building Discription

The building considered was the same as [15]. In which the building have multiple upper and one lowervertical openings.
The upper openings maintained the area of 0.7m x 1.0m each and the lower opening also maintained an area of 0.7m x 2.0m
with air as the connecting fluid which is illustrated in Fig. 1 and Fig. 2 below.

Insulated reofing

Fig. 1 Diagram of rectangular building with multiple upper vents.
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Fig. 2 Schematic diagram of airflow in rectangular building with multiple vents.
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3. Problem Statement and Mathematical Formulation
The convective motion describing the problem is dimensional Momentum and Energy equations in which the continuity
equation satisfied identically as,

au : a%u

Ty = g[)’AQ + V_Byz (1)
a0 926

o~ %oy @

With the following dimensional boundary conditions as, ' ' ‘ .
0<y<2t=0,U0)=0, U2)=0,U(0,t) =0, U2,t) =0, 8(0) = —0,,0(2) =1—6,,0(0,t) =0,6(2,t) = 0.

By scaling height of the openingy with y*L, velocity U Witthw, time t With%, and introducing temperatured withd*A6 + 6,,,
where A6 = 6 — 6,.

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

au* a%u* Sk ek

o —-Pray* + PrGro*(y*,t*)

au* a%u* Sk ax

7 Pray7+A6 y*t") (3)
6* _ 9%6*

at*  ay*2 4)

Where, A = PrGr

with the following dimensionless boundary conditions as,

0<y" <16 20,U0°(0) = 0,U°(D) = 0,U;(0,£) = 0, Us(1L,¢") = 0,250 = g, §°(0) = —05,6" (1) = 1 -
0,0:(0,t") = 0,0:(1,t*) = 0,0;(1, tigy) = Sint™.

Steady equation for (4) together with the boundary condition for dimensionless energy equation is,
da2o*
&7 =

®)
0<y*<1,6%(0)=—6,0"(1)=1-6,

Yield the resulting solution for steady temperature as,

6s(y") =y — 6, (6)
The separation between the steady and unsteady part of solution are as follows,

0" (y",t") =0;(y") + 6, (y", t*) 7
The Equation (4) is also valid for the unsteady part of the solution as,

20, _ 020}
at*  ay*?

®)

With the following boundary condition for dimensionless temperature profiles as,

0<y" <1,650,t) = 0,6;(1,t%) = 0,6;(1, tax) = Sint".

The separation given by,

Ou(y",t") =Y(y)T(t) 9)
Leads with Equation (8) to the eigen value problem as,

Tl Y” CY’

T =T 4+ =P ForP?>0 (10)

T Y
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With generalized solution of the form,
0:(y*,t*) = Kse~Pit sinhP,y"* (11)

Equation (11), together with the homogeneous dimensionless boundary conditions yields to,
0:(y*, t*) = Kze ™™t sinhnmy* (12)

Similarly, usingd;: (1, t},q,) = sint*, from Equation (12) one obtains,

2.2 %
sint*e " T tmax 135
K3 =Tf07"t*20,n=5,5,5,....

The resulting Equation (12) becomes,

)% (h* % sint* e~ (tmax—t") *
O™ ") = sinhnmy ”

sinnm

The general time dependent solution for dimensionless temperature profiles is,

e a  x sint*e~M2 T (tinax—t") N
0y t) =y" =0y + sinhnmy 14)

sinnm

Steady equation for (3) together with the boundary condition for dimensionless momentum equation is,
d?u* Ak ()%

Prir=—40"(") (15)
0<y"<1U0*(0)=0,U*(1)=0.

Plugging the Equation (6) in Equation (15) yields to,
2%
Pr% = —A(y* — 6,) (16)

Starting with the homogeneous part of Equation (16), one obtained the complementary solution as,
Ue(y™) = €L+ Gy” 7)

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

%3

U ) = 6r (22 -2 (18)

6

The general solution is given by,

%3

%2
Ur(y") = Gy + Cyy* + Gr (22— % (19)
2

6

The two constant which appear in Equation (19) can be determined by prescribing the boundary condition for the steady
velocity field in Equation (5), thus obtaining,

* * e()y*z y*?’ 390_1 *
Ui () = Gr (22 -2 — (o), (20)

6 6

WhereC, = 0,C, = —Gr (% - %) are the two arbitrary constant.
Plugging the Equation (14) in (3) yields to,

au*
at*

sint* e’ (tmax—t*)

2 7%
= Prgy% + AWy —0y) + sinhnmy* (21)

sinnm

The separation between the steady and unsteady part of solution are as follows,

U@y, t) =Us(") + Uy (7, ) (22)
The Equation (21) is also valid for the unsteady part of the solution as,

au;, 22u;, . int*e~"2m* (tmax—t") .

e Pr v +A(y* —6y) + e pr— sinhnmy (23)
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With the following boundary condition for velocity profiles as,
0<y*<1, U;(0,t*) =0, U;(1,t*) =0.

Starting with the homogeneous part of Equation (23), one obtain

W _prdl— o (24)

2y
dat* dy*

The separation is given by the complementary solution as,

Uey™,e7) =Y(y)T(") (25)
Leads with Equation (24) to the eigen value problem as,

I S —PZ forP, > 0 (26)
PrT Y

The generalized complementary solution is of the form,
Us(y",t*) = e P28 (C3c0sPyy" + CysinPyy™) 27)

The particular solution for Equation (21) is given by,

KOk Lk ern Py . OoPry*? int*e~"*m (tnax—t") .
Up(y*, t*) = A(y t* — r;’ - (Qot - )+Sm ¢ — sinnry*(t* — n?m?(1 — Pr))) (28)
The generalized solution of unsteady velocity profiles is of the form,
Up(y™ t7) = Ue(y™, 7)) + Up (y", t7)
This yield to,
Uy, ) = e~PE8 (CacosPyy” + CasinPyy™) + A [yt = P22 — (gyer — fobry®) | since ™ T lnaa ) (£ -
M G7a =e 3C0SPyy 4SinPyy y 5 o > pr— sinnmy
n2m2(1 — m)) (29)

The two constant which appear in Equation (29) can be determined by prescribing the boundary condition for the velocity field
in Equation (22), thus obtaining,
*3

«2 _ . 3 2
U*(y* t*) = Gr (—9";’ - yT - (—392 1) y*) + e Pt (CycosPyy" + CysinPyy™) + A (y*t* - PT: - (Hot* - —GOP:y ) +

sint*e M (tax—t") wf x 2. 2
— sinnmy*(t* — n*n?(1 - Pr)) (30)
Cs = Ot7ef?t, C, = iinZPl (—Hot*costh -t + % - (? - t*) 6, — sint*e """ (tmax~t (e —nPr?(1 - Pr)))

Therefore, the general time dependent solution for dimensionless velocity profiles is given by,

%3

%2 _
U*(y* t*) = Gr (90% — yT — (392—1) y*) + 6yt cosP,y* + CsinhP,y* (—BHOt* -t + % - (% - t*) 6y —
*3 %2 .
sint*e Pmax=t)(¢* — E)) +A (y*t* - PT: — Got* + 9°P;y + Fsint*e P tmax=t) sinnmy* (t* — E)) (31)

The volumetric airflow is defined in Equation (32) below,
v
=z

Q" (y",t7) = Ajcq [, U*(s)dsdt” (32)
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Putting Equation (31) in (32), one obtains

Xl % ok « s=% 905*2 s
Q (y ’t ) = Tcd fszoz Gr(

B3 1300-1\ . . . . « e Pr (Pr
> —?—( ‘; )S)+60t cosP,s* + CsinhP,s (—BGOt —t +?—(7—t)90—

BOPrS*Z
2

Pry*3

sint*e~Ptmax=t) (¢* — E)) + A (s*t* - — Got* + + Fsint*e~Ptmax—t ) sinnms* (t* — E))] dsdt* (33)

The results for Equation (33) yields to volumetric air flow as,

384 48 2

* %2
Q*(y",t") = Ay [(Gr (2y= -yt - My*z)) t'+Gy't? +H(1-BY) (—ItT +JPre* — N(K(t* —

E)(sint* — Kcost*) + 2Lcost* — Msint*)e‘D(tmax_t*)) +A (y*jé*z - Pr:;:t* GOPT;*SH - eotj:y* +0 (1 -

cosnm y?) (N(K(t* — E)(sint* — Kcost™) + 2Lcost™ — Msint*)e'D(tmax't*))ﬂ (34)
The mass transfer is given by Equation (35) below as,

m*(y*, t*) = pQ” (35)

By plugging Equation (34) in (35), one obtains the mass transfer as,

* *2
m*(y*,t*) = AsCapa [(Gr (Ry? -2y - —(390‘1)3;*2)) t+Gy't?+ H(1-B%) (—ItT +JPrt" — N(K(t* —

48 384 48
. . * y*zt*z Pry*4t* GoPry*zt* Got*3y*
E)(sint* — Kcost*) 4+ 2Lcost* — Msint*)e~P(tmax—t )) + A — — +0 (1 —
16 384 48 4
cosnm y?) (N(K(t* — E)(sint* — Kcost™) + 2Lcost* — Msint*)e‘D(tmaft*))>] (36)

4. Analyses and Discussion

The section discussed the main features of the results obtained in equations (14), (31), (34) and (36). The analyses
of the results are plotted in Fig 5- 40. While, comparisons with previous results will be plotted in Fig 41- 43. This is
done in order to see the effect of changes of parameters to the overall flow distributions,while keeping other operating
conditions and parameters fixed, and ascertain the best one for optimal natural ventilation.

The increase of effective thermal coefficient ( 8,) at Fig. 5- 7 shows an increase in the temperature profiles across the
openings. Therefore, the building will be thermally comfortable. Fig. 8- 10, it reveals that increasing the Prandtl number
(Pr) increases the velocity profiles across the openings. The increase of effective thermal coefficient ( 6,) at Fig. 11- 13
shows an increase in the velocity profiles within the building envelope but converges at both end of the walls due to the
homogeneous velocity boundary condition. Fig. 14- 16, it reveals that increasing the Grashof number (Gr) increases the
velocity profiles across the openings. Fig. 17- 19, it reveals that increasing the effective thermal coefficient ( 8,) increases the
volumetric air flow in the building envelope. The increase of Prandtl number (Pr) at Fig. 20- 22 shows an increase in the
volumetric air flow. Fig. 23- 25, it reveals that increasing the Grashof number (Gr) increases the volumetric air flow. The
increase of discharge coefficient ( cq) at Fig. 26- 28 shows an increase in the volumetric air flow. Fig. 29- 31, it reveals that
increasing the effective thermal coefficient ( 0,) increases the mass transfer from the interior of the building. The increase of
Prandtl number (Pr) at Fig. 32- 34 shows an increase in the mass transfer. Fig. 35- 37, it reveals that increasing the Grashof
number (Gr) increases the mass transfer. Almost displays the same flow pattern as Fig. 38-40, where the increase in discharge
coefficient (cq) also increases the mass transfer.

89



Muhammad Auwal Lawanet al. / IJMTT, 68(7), 84-105, 2022

Effect of effective thermal coefficient at 60 = 0.01 to temperature profiles
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Fig. 5 Transient temperature profiles 8*versusy* and t* for 85 = 0.01

Effect of effective thermal coefficient at 90 = 0.03 to temperature profiles
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Fig 6. Transient temperature profiles 6*versus y* and t* for 8, = 0.03

Effect of effective thermal coefficient at 90 = 0.05 to temperature profiles
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Fig. 7 Transient temperature profiles 6*versusy* and t* for 8, = 0.05
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Effect of Prandtl number at Pr = 0.710 to velocity profiles
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Fig. 8 Transient velocity profiles U*versusy* and t* for Pr = 0.710 with fixed value of 8, = 0.03 and Gr = 1.5

Effect of Prandtl number at Pr = 0.711 to velocity profiles
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Fig. 9 Transient velocity profiles U*versusy* and t* for Pr = 0.711 with fixed value of 8, = 0.03 and Gr = 1.5

Effect of Prandtl number at Pr = 0.712 to velocity profiles
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Effect of effective thermal coefficient at 00 =0.01 to elocity profiles
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Fig. 11 Transient velocity profiles U*versus y* and t* for 8, = 0.01 with fixed value of Pr = 0.710and Gr = 1.5
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Fig. 12 Transient velocity profiles U*versus y* and t* for 8, = 0.03 with fixed value of Pr = 0.710and Gr = 1.5
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Effect of Grashof number at Gr = 1.4 to elocity profiles
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Effect of effective thermal coefficient at 6, = 0.01 to volumetric airflow
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Fig. 17 Transient volumetric airflow Q*versus y* and t*for 8, = 0.01 with fixed value of Pr = 0.710,C4 = 0.60and Gr = 1.5

Effect of effective thermal coefficient at 90 = 0.03 to volumetric airflow
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Fig. 18 Transient volumetric airflow Q*versusy* and t* for 8, = 0.03 with fixed value of Pr = 0.710,C4 = 0.60and Gr = 1.5

Effect of effective thermal coefficient at 60 = 0.05 to wlumetric airflow
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Effect of Prandtl number at Pr = 0.710 to volumetric airflow
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Fig. 20 Transient volumetric airflow Q*versus y* and t* for Pr = 0.710 with fixed value of 8, = 0.03,C4 = 0.60 and Gr = 1.5
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Effect of Grashof number at Gr = 1.4 to volumetric airflow
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Fig. 23 Transient volumetric airflow Q*versus y* and t* for Gr = 1.4 with fixed value of 8, = 0.03,C4 = 0.60 and Pr = 0.710
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Fig. 24 Transient volumetric airflow Q*versus y* and t* for Gr = 1.5 with fixed value of 8, = 0.03,C4 = 0.60 and Pr = 0.710
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10.3 Effect of discharge coefficient at Cy=060t0 wolumetric airflow
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Fig. 26 Transient volumetric airflow Q*versus y* and t* for C4 = 0.60 with fixed value of 8, = 0.03, Pr = 0.710 andGr = 1.5

10° Effect of discharge coefficient at C, = 0.675 to wolumetric airflow
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Fig. 27 Transient volumetric airflow Q*versusy* and t* for C4 = 0.675 with fixed value of 8, = 0.03, Pr = 0.710andGr = 1.5
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Effect of Prandtl number at Pr=0.710 to mass transfer
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Fig. 32 Transient mass transfer m*versus y* and t* for Pr = 0.710 with fixed value of 8, = 0.03.C4 = 0.60 and Gr = 1.5
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3 Effect of discharge coefficient at Cd =0.60 to mass transfer
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The results were compared with most closely related results given by [15] in Fig. 41- 43 below. It is worth mentioning that
all the comparisons of the developed model are made in terms of non- dimensional variables are in good agreement with the
previousintervation. And it is observed that, the best value for optimal natural ventilation is found to be in present developed

study.
Comparison between Developed and previous study for velocity profiles
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Fig. 41 Comparison betweenvelocity profiles U*and U*1 for fixed valueof 6, = 0.03,Pr = 0.710,and Gr = 1.5
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Comparison between Developed and previous study for mass transfer
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5. Conclusion

The paper studied the Transient effect Buoyancy forces across multiple vents in rectangular building with the absence of
indirect flow. The governing equations describing the flow are written in dimensionless form and solved by means separation
of variable approach. The effect of each physical parameter involved in the study are discussed with aid of plotted graphs.In
order to examine the accuracy of our results, the results were compared with most closely related results given by [15]. It is
worth mentioning that all the above comparisons of the developed model are made in terms of non- dimensional variables are
in good agreement with the previousintervation. Hence, it is found that the best value for optimal natural ventilation is found to
be in developed study. Therefore, expected objectives in the paper are achieved.

In conclusion, the following have been achieved.

1. Temperature profiles increases with an increasesof each parameters.

2. Velocity profiles across the openings increases with an increase of each parameters involved in the study.
3. Volumetric airflow increase with an increases of each parameters.

4. Mass- transfer increase with an increase of each parameters.

APPENDIX A
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APPENDIX B
Nomencluture
A non- dimensional constant

Cy,C,, C5,Cy, K5 coefficients

P,,P,  separation constant
B,C,D,E,F,G,H,1,],K,L,M,N, O arbitrary constants

At total area of the openings in non- dimensional
Form

s dummy vaiable
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P air pressure in dimensional form

g acceleration due to gravity

Xy constant width of the opening

y height of the opening in dimensional form

y* height of the opening in non- dimensional form
t time in dimensional form

t* time in non- dimensional form

¢y  discharge coefficient

U, constant velocity of airaty = 1,t = tx

U velocity of air in dimensional form

U velocity profile in non- dimensional form

U;  steady velocity profile in non- dimensional form

u; unsteady velocity profile in non- dimensional
form

U  velocity profile in non- dimensional form for
complementary solution

UM velocity profile in non- dimensional form for particular solution

Greek Symbols

Pa ambient density of air

6, ambient temperature of air

0, effective thermal coefficient

0 air temperature in dimensional form

A6  change of air temperature in dimensional form
6*  temperature profile in non- dimensional form

6;  steady temp. profile in non- dimensional form
6; unsteady temp. profile in non- dimensional form

B coefficient of thermal expansion
a thermal conductivity ratio
v kinematic viscosity of fluid

Non Dimensional Groups

Pr Prandtl number
Gr Grashof number
Subscript

w width of the openings
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