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Abstract:

Heat transfer by mixed convection of air inside an enclosure is investigated
numerically. The top wall of the enclosure is assumed to oscillate horizontally with the
velocity defined asu = up, Sin (wt). The bottom wall was subjected to a constant heat flux
while the other two vertical walls were assumed to be insulted. The basis of the
investigation was the two dimensional numerical solutions of the governing equations by
using the finite difference method. The effects of Richardson number, Aspect ratio of the
enclosure, and lid oscillation speed, on the flow and thermal behavior of the air inside the
enclosure were investigated.. The results shows that the fluid flow and energy distributions
within the enclosures and heat flux are all enhanced by the decrease in the Richardson
number. Theresults are presented in the form of flow and thermal fields, and a profiles for
horizontal components of velocity, temperature , and the local heat flux were also
presented.
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List Of Symbols

Symbols Definition
Y Dimensionless length of the y-axis
AT,  Temperature difference T, — T,
Nuae Average Nusselt number
S Dimensionless frequency
H Height of the enclosure(m)
L Length of the enclosure(m)
u Horizontal velocity component
v Vertical velocity component
Uo Amplitude of the oscillation
g Acceleration due to
gravity(m/s’)

P Pressure(N/m?)
Greek symbols

7} Stream function

v} Thermal diffusivity

o Angular frequency

m Viscosity (m?/s)

v Kinematic viscosity (m?/s)

p Density (Kg/m®)
Subscripts
Symbols Definition

C Cold
H Hot
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Height-to- length aspect ratio
Grashof number

Reynolds number

Richardson number

Dimensionless horizontal velocity
Dimensionless vertical velocity
Dimensionless period

Prandtl number

Nusselt number

Differential pressure

Dimensional length of the x-distance
Dimensionless length of the x-axis
Dimensional length of the y-distance
Time(sec)

Vorticity
Dimensionless stream function
Dimensionless vorticity
Dimensionlesstime
Dimensionless temperature
Thermal expansion coefficient
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1. Introduction

The problem of heat transfer by mixed convection has been the subject of intensive
theoretical, numerical, and experimental investigations in the recent years because of its
significant applications in nature and in many scientific and engineering practices. The
analysis of mixed convective flow in the enclosures and cavities is found in many
applications, such as in heat exchangers, ventilation of rooms, solar energy collection,
chemical processing equipment, microelectronic cooling, crystal growth in liquids, and have
attracted many researchers 3. The analysis of heat transfer by mixed convection in the
enclosures is very complex due to the interaction of the shear driven force and the buoyancy
effects. The flow governing dimensionless parameter, Richardson number, (Ri), is defined as
the ratio of the Grashof number, (Gr), to the square of the Reynolds number, (Re). The
Richardson number is a measure of the relative importance of the buoyancy- driven natura
convection to the lid-driven forced convection. Depending on the values of the Richardson
number, the problem of the combined shear and buoyancy-driven convection can be classified
into three flow regimes as follows; pure forced convection for Ri<<1, mixed convection for
0.1 <Ri < 10, and pure natural convection for Ri>>1, O 4%

Many researchers have studied the mixed convection hesat transfer problems. These
studies are conducted to investigate the effects of Richardson number, aspect ratio and the
Prandtl number on the characteristics of the flow and therma fields. Iwatsu et al.®
investigated the effect of an external excitation on the flow characteristics of aviscous fluid in
a sguare cavity numerically. In their model, the top diding wall with sinusoidal oscillations
drove the flows. They found that an enhancement in heat transfer rate was obtained at
particular lid frequencies. Aydin and Yang!” investigated the heat transfer mechanism on a
laminar mixed convection in a shear- and buoyancy-driven cavity with the fraction of its
lower wall heated and cooled from moving upper wall. They found that for the ratio of the
length of the heated portion of the lower wall to the entire length of the enclosure, equals to
0.2.The mixed convection region with comparable shear and buoyancy forces is more
effective for the range 0.5 < Ri < 2, which increases with the ratio. Mixed convection heat
transfer in atwo-dimensional rectangular cavity with constant heat flux from partially heated
bottom wall with isotherma sidewals moving in the vertical direction, was studied by
Guanghong et a. Their results indicate improve flow and temperature fields With the
increase the Richardson number and dimensionless length of the heat source.

Khanafer et a.!¥ investigated the effects of oscillatory motion of the upper wall. Their
obtained results reveal that the Reynolds and Grashof numbers would either enhance or retard
the energy transport process and drag force behavior depending on the velocity cycle.
Mahmud® investigated mixed convection fluid flow and heat transfer in lid—driven
rectangular enclosures filled with the Al,Os-water nanofluid The object from his work was
study the effects of the Richardson number, the aspect ratio of the enclosure and the volume
fraction of the nanoparticles on the fluid flow and heat transfer inside the enclosure. The
results shows that for the range of the Richardson number considered, 10~ to 10?, the
average Nusselt number of the hot wall, increases with increasing the volume fraction of the
nanoparticles.
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2. Problem Analysis

Periodic mixed convection in the square enclosure filled with air was considered for the
present study with the physical dimensions as shown in the Figure .(1). The Bottom wall of
the enclosure is maintained at higher temperature than its top wall while the vertical walls are
assumed to be perfectly insulated. The top wall oscillates compulsorily and horizontally with
variable velocity according to u=uesin (ot), in which (t) is time, (u,) is the amplitude of the
oscillation, and (o) is the angular frequency of the motion.

u = u, sin (o t)

a0 80
ax ax ~?
U=0 U=0
H
av av
“Z‘Gﬂ “Z‘%ﬂ

&
-
v

au
0=1,Vv=0, nzh-(%)

Fig .(1) schematic representation of the physical model

The flow of the enclosed fluid is considered to be two-dimensional, incompressible, and
laminar. Thefluid is assumed to be Newtonian and all other properties of the fluid were
considered to be constant, the density is treated as constant in the continuity equation and the
inertiaterm of the momentum equation but allow changing with temperature in the gravity
term of the momentum equation, this assumption known as Boussinesq approximation. The
heat transfer by radiation is neglected.

The governing equations for the system of the enclosed fluid are the expression for the
conservation of mass, momentum, and energy transports at every point of the system within
the limit of the basic assumptions and the use of appropriate boundary conditions. These
equations which can be seen in any classical textbook of heat transfer ' are stated for a two-
dimensional rectangular domain in Cartesian coordinates as follows:

The continuity equation for unsteady state two dimensions flow condition, in the x- and y
directions respectively:

du odv
ax " ay
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The momentum equations, for unsteady state two dimensions flow condition, in the x- and y
directions respectively:

6u+ 6u+ ou 1ap+ 62u+62u )
at T Yax T Vay T Toax T U\ axe T ayz @
6v+u 6u+ Vc’)v_ 16p+ 02V+62V + By(T—T.) 3)
U Vay T hay T\ Ty )t PIT - Te

Where Bg(T — T.) stands for the buoyancy force term which is the body force per unit
volume in the Y-direction. The Boussinesg approximation for density variation with
temperature is expressed as

p=p(1-B(T-T) e L)
The thermal energy transport equation is:

(6T+ oT | 6T>_k P, T ]
P \at " ax T Vay) T ez T ay2 ®)

The Navier—Stokes equations (2) and (3) are reduced into one non-dimensiona equation by
the introduction of the expressions describing the velocity components as the derivatives of
the stream function

_ oy oy

u= a—y V= a_X ———————— (6)
the vorticity equation,
_ov au 7
T ax  ady (7

and the dimensionless parameters

_T-T t.u,
_Th_Tc’ B H'

u \)
U=— V=—0
uO uO

P _
pzﬁ where P =P+ pgh
X y
szp—PO, Xzﬁ, Y_ﬁl
w U H
Q=%, V= S=9,
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Pd =2n/S
The results of the analysis are the stream function equation describing the flow kinematics:

GE R

xz =% TTTTTs ®)

and the vorticity transport equation

aQ+UaQ+VaQ_1 6ZQ+E)ZQ +Riae ©
ot X aY Rel\oxz = 9gY2 X

The energy equation (5) is aso non-dimensionalzed to give

—+U— +V — —_—t—
v v 0X?  0Y?

90 90 9 1 (9% 0%
ot X dY RePr

The principal non-dimensiona parameters appearing in the above equations are the Reynolds
number, (Re), the Prandtl number, (Pr), and the Richardson number, (Ri).

In this work, the problem governing equations (8) — (10) are solved numericaly with the
prescribed boundary conditions for the velocity, stream function, vorticity, and temperature
fieldsin dimensionless form

1- The bottom of enclosure, Y =0,0 < X< AR
6=1,v=0, Q= (GU) 11
=1V=0, Q=—(= (11)
2- TheTopof enclosureat, Y=1,0<X<AR
§=0,V=0,U=sinSt, Q= <au) (12)
=0,V=0,U=sInSr, = P
3- Theleft side (insulated boundaries), X=0,0<Y<1
® ou=0, 0= <av) 13
ox o T T X (13)
4- Theright side (insulated boundaries), X=AR ,0<Y<1

N ou=0. a= av> (14)
ox o T T Tt (ax

The vorticity is obtained by a Taylor series out from the wall and is independent of the
wall orientation.
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The loca heat transfer coefficient h=q"/ [T,— Tc] at agiven point on the heat source
surface whereT,, is the local temperature on the surface. Accordingly the average Nusselt
number

_hH _[q"/(Th — To)H

Nu =~ — === (15)
.ot
q=—kzy  mmm——- (16)
Where
Y = %(ay) . 00 = T (97T)
1 a7 a9 a6
Nu = — Tty My w00 T T (17)
the average Nusselt number
NU,ye = ifAR(—@) e S (18)
e AR J, aY

3. Numerical Solution

The governing equations (8) — (10) together with the boundary conditions were solved
numericaly using finite difference method, which reduces the continuum problem to a
discrete problem prescribed by a system of agebraic equations. The vorticity transport and
energy equations were solved using the Alternating Direction Implicit (ADI) method and the
stream function equation was solved by the Successive Over Relaxation (SOR) method. The
first and second spatia derivatives of the equations were thereby approximated by the central
difference scheme, while the second order upwind difference scheme was used to discretize
the convective non-linear terms due to its better stability and convergence of the computation
process since the direction of the flow was considered. The resulting systems of linear
algebraic equations were solved iterative using successive relaxation method.

At timet = 0, the values for the temperature, the stream function, the vorticity, and the
velocity components at all the interior grid points were set to zero. The solution algorithm was
such that the temperature distribution was foremost determined by solving the energy
transport equation. This was followed by the computation of the vorticity and the stream
function fields. The wall vorticities were updated from the solution of the stream function
equation, while the velocity components were obtained in the dimensionless form from
equation(6). The steady state was determined by monitoring the convergence of the
temperature, stream function, and the vortex fields using the relative error test

i=N;—1,j=N;-1

(@65~ Ppl < Emax — == ===~ (19)
i=2j=2
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The parameter @ stands for 6, W, Q, and k denotes the number of iterations. The value of
EnaxUsed as stated in different literatures varies between 1073 and 1078, A value of equals
10~* was however used in this work because any further reduction in this value did not yield
any change in the result of the computed fields.

4. Results And Discussion

At the first step the present computer code was validated by comparing the results
with other researches. The accuracy and the reliability of the code used in this work were
tested by checking the grid refinement sensitivity of the results generated on the average
Nusselt number for Richardson number in a square enclosure. The optimal number of nodes
were determined when the solution was in terms of main quantity of interest, such as average
Nusselt number, It was nearly independent of the number of nodes considered. Figure.(2)
shows the effect of grid fineness on the average Nusselt number on the hot surface. The
number of iteration step required to satisfy the convergence condition, is increasing with
decreasing the grid size, in other word, increasing the number of grids.

il
17x17 19x18 21x21 23x23

Musslte Number
i
1

09 4
0.7 A
05 T T T T T )
0 100 200 300 400 a00 B00
Gird Fineness

Fig .(2) the Nusselt number according to grid size, Ri=0.01

This practice is always a balance of convergence and computational time. Equal spacing
grid of (21x21) can be expected to yield acceptable accuracy. It is important to validate the
present calculation by trying to duplicate the results obtained by different investigators. Table
(1) shows excellent agreement between the present numerical results in terms of the average
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Nusselt number along the hot wall, under the effect of Richardson number equal (0.01), and
other numerical results which obtained from previous works.

The steady state results obtained from the solution of transient equations (8)—(10) subject
to the boundary conditions (11) and (14) presented in terms of the streamline and isotherm
patterns, and the profiles of the velocity, temperature and the local Nusselt number.

Table (1): Comparison of the average Nusselt number computed in this work
with those of the previous works at Richardson number, Ri =0.01.

Ri Present Khanafer et lwatsu et Abdelkhal
results a.l® a @ ek
0.01 2.0 2.02 1.940 1.9850

4.1. The effect of the upper plate speed on the dimensionless
parameters, velocity and temperature

Figures 3, 4 and 5 shows the streamlines and isotherms inside the enclosure with aspect
ratio (AR=1) for various Richardson numbers (Ri=1, 0.01, & 100) at different period times
for dimensionless plate oscillation frequency (S=2). The flow is established by moving the top
plate to produce Ri=1, the therma and flow field shows an interaction between forced and
natural convection flow as in Figure.(3). The flow field is presented in the form of lines at
constant stream function consist of one cell pattern, affected mainly by the oscillating speed
of the top wall. For Ri=0.01, it can be observed from Figure .(4) that the forced convection is
the dominant regime while the effect of natural convection seems to be less ,that is mainly
due to the increasing of the amplitude of the top wall oscillation speed. Also the figure shows
that the flow field consists of one cell at different period’s time. With increasing of
Richardson number (Ri=100) Figure .(5), the fluid flow inside the enclosure dominated
by natural convection. This can be clearly seen from the distribution of the isotherm in the
figure. The flow field will shows to be consist from two cells occupies all the space inside the
enclosure. Figures (6) and (7) shows the variation of horizontal component of dimensionless
parameters (U) and (©) respectively across the vertical mid-plane of the enclosure (X=0.5) for
Richardson number (Ri=0.01) with aspect ratio (AR=1) and (S=2) at different period times.
From Figure.(6) we can observe that the velocity component is increasing with y-coordinates
towards the top wall. This is attributed mainly to the shear stress which developed by the
oscillating moving of the applied at the bottom wall. It has been observed that there is a
coinciding between the profile of the thermal and flow fields for the periods of (0 Pd & 1 Pd),
as well thereisamirror symmetry in the (1/4 Pd & % Pd) & (0 Pd with %; Pd) due to the sin-
motion of the upper plate.
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Fig.(3).Thermal field (left)and flow field (right) for Ri=1, $=2 , AR=1

Fig .(3) Thermal field (left) and flow field (right) for Ri=1, S=2, AR=1
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Fig.(4).Thermal field (left)and flow field (right) for Ri=0.01, 5=2 . AR=1

Fig .(4) Thermal field (left) and flow field (right) for Ri=0.01, S=2, AR=1
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Fig.(5) Thermal field (left)and flow field (right) for Ri=100, 5=2 , AR=1

Fig .(5) Thermal field (left) and flow field (right) for Ri=100, S=2, AR=1
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Fig .(6) variation of U along the vertical centerline Ri= 0.01 at different
period time

Figure. (7) represent the variation of the temperature profiles for different (Pd), for
(Ri=0.01) which showing that the gradient of temperature curves in the enclosure decreases
with y-coordinate towards the top wall as a result of the forced motion of the wall which
dominate the buoyancy effect in the core of the enclosure..

1 -
--------- period time =0 Pd
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Fig. (7) Variation of & along the vertical centerline for Ri = 0.01 at different Period
time
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Figure .(8) shows the variation of horizontal component of dimensionless velocity (U),
along

The vertical centerlines at (Ri=1) for the same time periods as in Fig.(6). Itis
clear

from Figure .(8) that the flow speed near thetop wal isless than that when
(Ri=0.01)

shows in Figure .(6) and the flow velocity at the bottom wall is greater than that of
(Ri=0.01),

17 L Perind time =0 Pd

----- Period time =1/4 Pd
— Period time =12 Pd
=« = Periodtime =34 Pd

= = = Period time = Pd

Dime nsionless Vertical Coordinte, ¥

[==]

T
- 05 a 05 1

Dimensionless Horizantal Velocity, U

Fig. (8) Variation of U along the vertical centerline for Ri = 1 at different Period time

that was due to the effect of the force convection at the top wall which seems to be less
comparing with that when (Ri=1).The flow velocity at the top and bottom wall are shown to
be equal because the equality of the shear stress developed by the moving of the upper plate
with the buoyancy forces induced by the heat applies at the bottom wall.
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Fig.(9) Variation of & along the vertical centerline for Ri = 1 at different Period time

Figure.(10) shows the variation of (U) along the vertical centerlines at (Ri=100) for the
same time period as in Figures.(6) and (8). From this figure we can observe that the fluid
flow velocity gradient isdecrease with y-coordinate towards the top wall. Comparing with
the previous

......... Period time =0 Pd

----- Period time =1/4 Pd
=+ = periodtime -1/2 Pd
— - - Periodtime = 3/4 Pd

= = Period time = Pd

Dimensionkess Vertical Coordinte, ¥

as 1,

Dimensionless Horizantal Velocity , U

Fig. (10) Variation of U along the vertical centerline for Ri = 100 at different Period
time
cases, the flow velocity at the bottom wall is more than that when (Ri=1) asin Figure.(8)
and (Ri=0.01) asin Figure.(6) for the same time period, that is because the buoyancy motions
dominate the forced motion in the core of the enclosure.
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Figure.(11) shows that the temperature values (O) at the top wall when (Ri=100) is
greater than that when (Ri=0.01) and (Ri=1) shown in Figure.(7) and in Figure.(9)
respectively, for the same time periods. The reduction in the velocity amplitude of the top
wall causes areduction in force convection heat transfer, combine with Ri increase. This will
cause heat accumulation at the top wall, which is produce high temperature with increasing
Richardson number.

14 e Period time =0 Pd

09 - =« = Periodtime =1/4 Pd

08 - — - - Period time =1/2 Pd

= = = Peripd time = 3/4 Pd
0.7 -

----- Periodtime = Pd
06 -
05 +
04 -

0.3 -

Dimensionless Vertical Coodinte,Y

0.2 -

0.1 -

0 0.2 04 06 0.8 1

Dimensionless Temperature, 8

Fig. (11) Variation of & along the vertical centerline for Ri = 100 at different Period
time

Comparing Figure.(7) with Figures (9 & 11) for (Ri=1 & 100) respectively, we can
observe that the temperature gradient decreases with the increases of Richardson number due
to the evolution of flow stratification. Figure.(12) presents the variation of average Nusselt
number versus time for Ri=0.01, 1, 100 and S=2 with aspect ratio AR=1. For all vaues of
Richardson numbers, Nusselt number, starts to increase from zero with some delay. The delay
time is more noticeable at low Richardson numbers. After the first cycle the periodic Nusselt
number reached its maximum value. This maximum value of periodic Nusselt number starts
to decrease from itsinitial high value until it reaches a periodic steady state condition value.
The periodic steady state condition is reached faster at high Richardson numbers. Also from
Figure.(12) it is shown that maximum value of Nusselt number increased when the
Richardson number is decreased. This is because the amplitude of wall oscillations is high at
low Richardson number, Ri=0.01. Therefore, forced convection is a dominant regime and a
better heat transfer is achieved.
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Effect of Aspect Ratio (AR)

4.2.

The profiles of average Nusselt number are presented in Figure.(13) to illustrate the

influence of
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Fig. (13) The effects of the Aspect Ratio , AR, on the Average Nusselt number at Ri

The Figure show that higher heat flux is predicted for an aspect ratio of (0.5). The

profiles of the curves for the aspect ratios of (1 and 2) are almost similar expect as they have
two points of inflection due to the flow fields that are characterized by two symmetric cells.
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4.3. Effect of oscillation frequency

The effect of oscillation frequency (S) of the top wall on the periodic steady state
average heat transfer rate (in terms of average Nusselt number, Nuae) has been studied while
Richardson number is assumed constant (Ri=1, 100). The variations of Nuae aong the cold
and hot walls with (S) are presented in Figure.(13) & Figure.(14) respectively. The results
show that as the oscillation frequency of the dliding top wall (S) decreases, the oscillation
amplitude of the average Nusselt number increases. The main reason for this behavior is that
as the wall oscillates with a higher frequency, there is not enough time for the interaction
between the shear and buoyancy effects, whereas at lower frequencies, the shear forces can
either strengthen or weaken the buoyant fluid flow.

25 1 avsnss =1

0 It i

15 i

10 +

Nusselt Number, Nu

Dimensionless time, T

Fig. (14) The effects of oscillation frequency, S, on the Average Nusselt number at Ri=1

5. Conclusions

Numerical solutions for unsteady laminar mixed convection flow and heat transfer in a
two-dimensional square enclosure have been presented. The enclosure is configured such that
the bottom wall was at higher temperature than its top wall, while the two vertical walls were
insulated. In addition, the top wall was moving horizontally by a certain sinusoidal motion.
The natural convective flow is sustained due to the temperature gradients generated inside the
enclosure while the forced convective flow is attained due to the movement of the sliding
wall. Air was the working fluid with a constant Prandtl number of (0.7). The effects of the
Richardson number variation, Aspect ratio and oscillation frequency on the streamlines,
isotherms, and heat transfer characteristics are investigated. The results of this study shows
that, when the period time was more than (0 Py) up to (1/2 Py), the velocity of the top lid isin
the positive direction, and thus applies positive shear stress to the fluid layers. On the other
hand, when the period time more than (/2 Py) up to (1 Py), velocity of the top lid isin the
negative direction, so it applies negative shear stressto the fluid layers. It is aso shown that at
Ri = 0.01, velocity profiles at (period time= 1/4 Py) and (period time= 3/4 Py) are mirror
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symmetric. Similarly, this behavior happens at (period time= 1/2 Py) and (period time= 1 Py).
However, a Ri = 1, 100 the symmetry of velocity profile decreases. It is also observed that
the average Nusselt number increased when the Richardson number is decreased and the
periodic steady state condition is reached more quickly at higher Richardson numbers. while
an increase in the aspect ratio suppresses the heat flux on the heated wall. Furthermore, the
results shows that, as the oscillation frequency of the sliding top wall decreases, the
oscillation amplitude of average Nusselt number will increases at constant Richardson
number.
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