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EXPERIMENTAL AND NUMERICAL INVESTIGATION OF CONVECTION HEAT
TRANSFER IN AN ENCLOSURE WITH A VERTICAL HEATED BLOCK AND BAFFLES

Salah H. Abid Aun?, Safaa A. Ghadhban?, Kadhum A. Jehhef 3

ABSTRACT

In this study, the natural and forced convection heat transfer in an enclosure with vertical heated block and
baffles are experimentally and numerically investigated. The enclosure walls are kept as adiabatic, and the heating
block contains extended baffles and receives heat flux. The effect of heat flux, Reynolds number and baffle
configuration on the heat transfer characteristics and flow behaviour inside the enclosure is examined. The
configuration parameter for natural and forced convection involves three heating block models, namely, block without
baffle (plain), block with baffles and block with partially cut baffles. The widths of baffles are 2.5, 5 and 10 cm for the
block with baffle case, and the width of partially cut baffle is 5 cm. The heat flux (q) ranges from 240 w/m? to 1425
w/m? for all the models. The Reynolds number (Re) ranges from 5650 to 15950 for forced convection heat transfer. In
the numerical part, a finite volume method (via Ansys Fluent) is used to solve the governing equations. Result shows
that the increase in baffle width has no remarkable effect on the heat transfer, and the partially cut baffles provide an
enhancement of approximately 30% compared with the plain heating block. The baffle cases have an evident effect in
reducing the block surface temperature by approximately 11% compared with the plain case at Re = 0 and q = 240
w/m?. Empirical correlations for the block with baffles are obtained for each heat flux to predict the average Nusselt
number.
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INTRODUCTION

Modern technologies seek new and efficient heat transfer systems to ensure maximum cooling
effectiveness. Therefore, studying the heat transfer characteristics of natural, forced and mixed convection is necessary.
Many engineering applications, such as heat exchangers, electronic system cooling, air conditioning, nuclear reactor
cooling, industrial furnaces and solar energy storage, require deep investigation for convective heat transfer system.
Different methods, such as Nano fluids, functionally graded materials and extrude baffles, are widely used to enhance
heat transfer which is useful to keep the temperature-dependent material properties at designed ranges, increase
efficiency of cooling units or reduce pump power of heat exchanger [1-5]. Many experimental and theoretical
investigations are performed to study the heat transfer performance in enclosures with baffles.

Laguerre et al. [6] presented an experimental model based on the refrigeration system, where the closed cavity
contains warm and cold vertical walls with insulated horizontal walls. They found that heat transfer is enhanced near
the cold wall with the presence of hollow spherical blocks that fill the refrigerator. Himsar et al. [7] numerically studied
two insulated baffles attached to the horizontal adiabatic wall of a heated square cavity using the finite volume method.
The result shows that the Nusselt number (Nu) increases as a function of Rayleigh number, decreases with baffle
length, and is strongly dependent on baffle position. Nabeel and Selah [8] numerically investigated the laminar forced
convection heat transfer and fluid flow in horizontal channel. Different baffle geometries, including flat plate, square
and triangle are considered. The result shows that the geometry and location of the baffle play a major role in increasing
the value of Nu. The laminar flow and heat transfer performance in a square channel with 30° angled baffles at different
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pitch ratios (PRs) were numerically explored by Withada et al. [9]. They found that optimum thermal performance
enhancement is obtained at PR = 2.5.

Ahmed et al. [10] conducted a numerical analysis for square cavity containing heated rectangular blocks
adjacent to upper wall. Different variables, such as the height of the blocks, Reynolds and Rayleigh numbers (Ra),
were studied. The result demonstrates that the Nusselt number increases with block height. Asif et al. [11] illustrated
the influence of Reynolds and Richardson numbers (Ri) on the Nusselt number and heating efficiency in an enclosure
with baffles placed at the side walls. They found that maximum heat transfer is achieved with high value of Re and Ri
numbers.

Ahammed et al. [12] numerically explored the mixed convection flow in ventilated cavity. Heat was subjected
to the bottom wall of the cavity, and the other walls were kept insulated. The researchers achieved effective heat transfer
at low thermal conductivity ratio of the solid/fluid. Rague et al. [13] numerically investigated the natural convection
in a square cavity. The enclosure consisted of hot bottom and adiabatic upper walls and a vertical wall maintained at a
cold temperature. They found that Nu increases as a function of Ra. Armando et al. [14] conducted numerical and
experimental studies on vertical cavity, where its vertical wall receives heat flux, the opposite wall is kept at a constant
temperature, and its remaining walls are assumed to be adiabatic. The change in wall emissivity from 0.03 to 0.95
increases the heat transfer coefficient from 119.9% to 159.9%. Barka et al. [15] numerically studied a T-shaped cavity
containing two heated blocks using the finite volume method, focusing on the effect of inclination angle, (Re) and (Ra)
on (Nu) and flow field behaviour. They found that the heat transfer decreases by increasing the inclination angle.
Louhibi et al. [16] conducted a numerical analysis for rectangular channel containing inclined baffles. A better heat
transfer enhancement is achieved with the increase in baffle inclination.

Yasin and Filiz [17] numerically explored the effect of an adiabatic fin mounted with a vertical wall on the
natural convection inside a square enclosure. They reported that natural convection and flow field are significantly
affected by (Ra) and fin thickness. Carozza [18] developed a numerical model to simulate air flow through a heat
exchanger inside the engine vane of a helicopter. The best place of heat exchanger is found to be near the lower exit
on the rear to increase the air flow rate. Kumar et al. [19] experimentally tested a \VV-pattern baffle inside a rectangular
channel to understand the influence of attack angle, baffle height and PR on the Nusselt number and friction factor.
The V-pattern baffle provides better improvement in heat transfer compared with different baffle shapes. Amnart and
Withada [20] numerically studied the influence of using a square channel with discrete combined V-baffle and V-
orifice on the heat transfer improvement. They summarised that the channel with discrete combined baffle improves
the heat transfer rate by approximately 2.8—6 times higher than the smooth channel.

Ahmed et al. [21] numerically examined the baffles in exhaust mufflers to improve their transmission loss.
The results show that the temperature of outlet gases decreases by 15% with the change in baffle cut ratio from 75%
to 25%. Amghar et al. [22] reported that spacing between the baffles improves the heat transfer by forced convection
during the turbulent flow with transverse baffles inside a horizontal channel. Eva et al. [23] studied combined
conduction, convection and radiation heat transfer in a closed horizontal airy cavity, where its thickness and inner
surface emissivity are tested with constant heat flux. They found that the increase in cavity thickness decreases the heat
flux. Adis [24] numerically investigated the heat transfer inside a cavity with heated base attached to fins to evaluate
the effects of configuration parameters of the fins on the heat transfer of laminar flow. The heat transfer is enhanced
by around 120% using short, thin fins compared with that of cavity without fins. Sannad et al. [25] numerically analysed
the heating block position inside a cavity filled with nano - fluids. The results illustrate that the volume fraction of
nano-fluid and Rayleigh number (Ra) improve the heat transfer.

The present work focuses on enhancing heat transfer by using different heating blocks containing baffles with
heater in one block. Partially cut baffles are used, and natural and forced convection heat transfer are investigated at
the same operating conditions (inlet temperature, inlet pressure, heat flux) with turbulent flow. The mixed convection
heat transfer in the presence of turbulent flow with the variation of Reynolds number and heat flux is evaluated.
Experimental and numerical models are considered to better understand the heat transfer enhancement and fluid flow
behaviour around the blocks and inside the enclosure. During the enhancement of heat transfer, many parameters, such
as cost, occupied space and applicability, should be considered. The enhancement using forced convection is at the
expense of cost or occupied space because of the use of fans. The design of baffles in natural convection is sometimes
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limited in applications. Consequently, forced convection is preferred in cooling this application without using the
baffles. The above and similar reasons make the present work to study the natural and forced convection at the same
conditions to obtain the comparison between them for all the tested models. The novelty of this work is investigation
the effect of using partially cut baffles, attached to the heated block, on heat transfer characteristics. Moreover,
numerical and experimental methods can examine different convective systems under the same assumption and
condition.

EXPERIMENTAL DETAILS
An experimental test rig shown in Figures 1-A and 1-B was built to study the heat transfer performance inside
the enclosure with baffles under varying heat flux and Reynolds number for different configurations.
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Fan F: Thermocouple temperature indicator

Diffuser section G: Heating block

Air inlet duct H: Enclosure
Stainless steel mesh I : Electrical controller
Anemometer J: Outlet duct
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Figure 1-b. The schematic of experimental test rig setup

The test rig contains enclosure, fan, air inlet duct, exhaust duct and measurement devices. The enclosure
consists of the main part of the testing rig, with a total size of 80 cmx80 ¢cmx60 cm, as shown in Figure (2). The
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enclosure is designed to be suitable for conducting different types of tests involving laminar and turbulent flow as well
as heat transfer by forced and free convection. The enclosure walls are made from wood to prevent heat loss to the
environment. The low thermal conductivity of the wood provides better insulation. Therefore, the walls are assumed
to be adiabatic walls, as presented in Figure 2. The heating block is placed in the middle of enclosure and connected
with front and rear sides for fixing. It is made of galvanised iron with a total size of 80 cmx60 cmx10 cm. The heating
block is designed corresponding with enclosure such the flow field can be studied clearly. Three electrical heaters (600
W) are used inside the block. The supplied heat power varies from 200 W to 1200 W with an electrical controller
(Variac).

W =60 ( All dimensions in cm )
W, =25,5,10 [ Le=Lgp=L; =80 |
[ ~1
} Air out = $ A
Wood ——> S, (3
A =1
—
Heating block —f————> 3] \ =) &
- o
—_— 1
] AN M - 8
= § ;:1 i
L3
- Baffles =
=
Y =
Al b ! —%
W g=10 o
b \
Front view Side view

Figure 2. Schematic diagram of enclosure

The baffles are fixed at the heating block and have the same block material. The length of the baffles is 80
cm, and their width ranges from 2.5 cm to 10 cm. To cool the heating block, air is supplied by the fan because the air
flows inside the air duct, enters the enclosure through the bottom side, flows inside the enclosure, and leaves from the
top side towards the outlet duct. The design of flow path from bottom side to top side is more suitable for natural
convection as well as forced convection tests. The cross-section area dimensions of ducts are 80 cmx10 cm, and the
hydraulic diameter (Dh) is 17.7 cm. The inlet duct contains a divergence section and stainless-steel mesh to ensure
stable and uniform air flow in the enclosure entrance [26], as shown in Figure 3.

Stainless steel mesh

o
T

I

Diffuser section Anemometer

Figure 3. Top view of air inlet duct
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Fan speed control and gate adjustment are used to calculated as the air velocity, and a digital anemometer
(GM8901) is used to measure the air velocity. Fourteen type k thermocouples are located at the test rig. Eight of them
are used to measure the temperatures of the heating block surface, four thermocouples are immersed at the locations
around the heating block, and two thermocouples are used to measure the temperatures of inlet and outlet air. All
thermocouples and readers are calibrated with thermometer at the temperatures of ice melting point, water boiling point
and midpoint between them [27]. The maximum error ranges between 0.8 °C—1.2 °C. According to the methodology
of [28], the accuracy of measurement is predetermined, and the uncertainty of Nusselt number is set (+ 3.27%).

TEST MODELS AND CONFIGURATION

As shown in Figure 4, five heating block models, including plain baffles with width (W, = 2.5, 5, 10 cm) and
partially cut baffles with triangle shape are experimentally tested. All the tests are conducted at steady state condition
and under atmospheric pressure. The Reynolds numbers range from 0-16950 in accordance with the airflow velocity
at the entrance, with ranges at 0, 0.5, 1, 1.5 m/s). The configurations of test models and the studied parameters are
shown in Table (1) in detail.

Plain With baffles ( W, = 2.5, 5,10 cm) With cutting baffles

Figure 4. Heating block configurations

Table 1. Test models configuration and parameters

Plain With baffles Cutting baffles

Lz (cm) 80

Hg (cm) 60

Wg (cm) 10

Wi (cm) 0 2.5-5-10 5

Ly (cm) 0 80 80

Re (0—-5650—-11300—16950)
q (W/m?2) (240 — 475 — 715 — 950 — 1190 — 1425 )
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MATHEMATICAL PROCEDURES
HEAT TRANSFER CALCULATION

A data acquisitor of thermocouples is used to calculate the heat transfer coefficient and Nusselt number. The
measured properties are the temperatures of wall block, inlet and outlet and the air flow inside the cavity. The acquired
data are recorded at steady state under the same inlet temperature.

The experimental value of average heat transfer coefficient is given by the following mathematical
relationship [14].

_ IV—Qjoss
T ATwg—Teg) D

Where (1) is the electric current and (V) is the voltage.

Where (Tw,) and (T, ) are the average temperatures of heated block surface and flow inside the cavity
respectively.

Twaz% , T, = 2le (2)

The average Nusselt number (Nua) can be determined by using the convective heat transfer coefficient, [29].

__ hDh 44

) Dh= == 3)

Nu,

Kair
The Reynolds number at the entrance of enclosure is given by:

Re =2 LLDh 4)

The Richardson number equation is given by:

Ri= — (5)

Re?

NUMERICAL MODEL
In the numerical part, the commercial Ansys Fluent software is used to build the numerical model and to

illustrate the thermal and fluid flow fields inside the cavity.

The enclosure model is presented in Figure 2. Constant fluid properties are considered, except density
variation, which is treated in accordance with Boussinesq law. The present airflow is assumed as incompressible, 2D,
steady and turbulent, [30]. The radiation model for the enclosure surfaces are assumed to be grey and diffuse in
emission/reflection. The viscous flow and heat transfer inside the enclosure are described in terms of the 2 D Navier—
Stokes and energy equations, respectively.

Continuity equation [31]:
V.(pU) =0 (6)

Momentum equation [31]:
V.(pUU) = -VP +V(t+17) (7)
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Energy equation [31]:

V.(pc,TU) = V. (k(VT)) = V({U'T") (8)
The standard k-& model was employed according to Launder and Spalding [30]:

V.(pkU) = V. [(u + Z—;) (Vk)] + Gy, — pe 9

82

V.(pel) = V. [(u + g—:) (Ve)] + Clngk - CZep? (10)

The two terms G and pt appearing above correspond to the shear and buoyancy rates of the turbulent kinetic
energy respectively and are given by [32].

Gy = —puy (V) (11)

k2
He = pCu— (12)

Table 2. Constants used in k-E turbulence model

Cu 0.09 ot 1.0
Cr 1.44 ok 1.0
Ca 1.92 o 1.3

The values for k and € next to the walls are calculated using the wall functions [32]:

k=2 (13)
VCu
ut (14)
£=—"
0.41vy*
The model boundary conditions are presented in Figure 5 as shown below:
At the inlet:
U= Uin , V=0 , T = Tin (15)
At the outlet:
oJ0)
P =Pym , EM =0 (16)

At the insulated walls:
U=V=0 , q=20 (17)

At the heated block walls:
U=V=0 , q=q9" (18)
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Figure 5. The boundary conditions of present study.

The described fluid flow and heat transfer system are discretised using the finite volume method with centred
discretisation scheme. The coupling pressure—velocity is ensured using the SIMPLER algorithm [33], where the
solution considers the conjugated gradient method. The optimal mesh size for the system is 500x250 to allow a better
compromise (precision/calculation time). The average Nusselt number along the block is defined by [34]

Nu—2+f [ +Nr¢r(X=1—H/2,Y)l dy
Xl (x=1-H/2,Y)
1+H/2
v [——
1-n2 | 0Y

GRID GENERATION AND NUMERICAL SOLUTION

The finite volume method is used to generate the grids for the entire geometrical domain. Gambit 2.3.16
software is utilised to simplify the construction geometry and construct the mesh. Figure 6 shows the mesh section of
the enclosure. The 2D mesh of the computational domain is exported to Ansys Fluent 18.0. The inlet and outlet pressure
boundary conditions are considered with the SIMPLE algorithm. The system model adopts residual below 1077 for the
continuity, momentum and energy equations for each simulation evaluated during the course. The under relaxation
factors for pressure and momentum are modified to 0.70 and 0.30, respectively, but the density and energy are kept at
the default values to improve the convergence rate of the models. In these numerical simulations, the convergence
criteria for temperature, pressure and velocity are [35]

+ Nrg, (X, Y = H)l dH (19)
(X=1-H/2,Y)

V=1 Liz1 X1 187k — & ik
Themr L1 27 18]

Error =

<1077 (20)

| [

11

ARENEREANI

Figure 6. The computational domain for enclosure model.
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RESULTS AND DISCUSSION
EXPERIMENTAL RESULTS
In this section, the results are presented and discussed to understand the influence of baffles on the heat transfer

characteristics for natural and forced convection at the same inlet temperature and pressure. The baffles are placed at
the heating block surface to form a single solid object inside the cavity. The tests are completed under varying operating
parameters (heat flux, Reynolds number), and the block geometrical configurations include block without baffle
(plain), block with baffles (W, = 2.5, 5, 10 cm) and block with partially cut baffles (Wy=5 cm). This section provides
the correlations obtained from the experimental results at each heat flux.

THE EFFECTS OF HEAT FLUX AND REYNOLDS NUMBER
The effects of heat flux and Reynolds number on the average block surface temperature and Nusselt number

are illustrated in Figures 7 and 8, respectively, for the plain case. The temperature decreases with the increase in the
Reynolds number because of the increasing momentum of the air supplied to the enclosure that reduces the wall
temperature. Turbulent intensity increases and causes heat dissipation. The Nusselt number increases with the increase
in heat flux because of the increasing buoyancy driven flow inside the cavity. At the same inlet temperature and
pressure with Re = 16950, the forced convection enhances the heat transfer than that of the natural convection by
59.4% because of the increase in the heat transfer coefficient.

Figures 9 and 10 present the variation of Twa, and Nu,, respectively, under the variation of heat flux and
Reynolds number to investigate the effects of adding baffles (W, = 5 cm) to the heating block on the surface
temperature and Nusselt number. The Nusselt number on the block with baffle is enhanced by approximately 7.3% at
Re = 5650 compared with the plain case because of the development of turbulent circulation cells inside the cavity.
Large and intense circulation cells lead to the increase in the heat transfer performance.

Plain model
220 - 80
200 -
180 70 VM
5 160 | 60 r F
~ 140 50 /__‘/
£ 120 4 s
ﬁ 100 4 2 40 —t—Re=0
——Re=0 30 —i—Re= 5650
80 —m—Re= 5650 Re= 11300
60 A Re= 11300 20 ——Re=16950
40 ——Re= 16950 10
20 |
o ] ] ] i , , , , 0 T T T T T T T \
0 200 400 600 800 1000 1200 1400 1600 0 200 400 600 800 1000 1200 1400 1600
q W/m?) q (Wm?
Figure 7. Effect of (q) and (Re) on (Twa) Figure 8. Effect of (q) and (Re) on (Nu,)
[With baffle (W, = 5 em)| .- [With baffle (W, =5 cm)
200 -
180 80 4
160 | 70 1 M
. 140 4 60 4 3
£ 120 4 -
~ k= 50 4
& 1007 ——Re-0 Ly ——Re-0
= 804 —8—Re= 5650 0 4 ~#-Re= 5650
60 | Re- 11300 Re= 11300
——Re- 16950 20 - ——Re= 16950
40
20 10
0 i . - - - - . . .
0 200 400 600 800 1000 1200 1400 1600 0 200 400 600 800 1000 1200 1400 1600
q (Wm?) q (Wm?)
Figure 9. Effect of (q) and (Re) on (Twsa) Figure 10. Effect of (q) and (Re) on (Nua) (Nug)
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Similar results can be observed on the heated block with partially cut baffles, as shown in Figures 11 and 12.
The baffle shape has significant effect on surface temperature and Nusselt number, where the partially cut baffles have
higher heat transfer performance compared with other baffles. The Nusselt number increases with the increase in the
Reynolds number. Compared with natural convection, the percentage of Nu, at Re = 16950 increases by approximately
34.14%.

. 80 - With cutting baffle
70 w
160 ;
140 60 1 =
-~ 120 4 50 4
g =
= 100 s
= 4 401 —+—=Re=10
= %7 TRt -I—R; 5650
Ll —m—Re= 5650 30 1 R
Re= 11300 €= 11300
401 ——Re= 16950 20 1 ——Re= 16950
20 10 4
0 : i : . y y . ) 0 T T T T T T T J
0 200 400 €00 80O 1000 1200 1400 1600 0 200 400 600 800 1000 1200 1400 1600
q (Wm? .
q (W)
Figure 11. Effect of (q) and (Re) on (Twsa) Figure 12. Effect of (q) and (Re) on (Nua)

The distributions of average block surface temperature at Reynolds humber (Re = 0, 5650) with the variation
of heat flux for all the cases are shown in Figure 13. The results of the plain case depict high wall temperature for
natural and forced convection compared with other cases. At heat fluxes of 240-1200 w/m?, low values of Tw are
achieved for the block with partially cut baffles. This condition is because of the effect of circulation cells generated
by the baffle configuration. For the block with baffles, Tw decreases compared with the plain model, and a maximum
decrease in Tw is obtained at g >1200 w/m?. The results show small influence in Tw with the change in the baffle
width 5 cm to 10 cm. For all the cases, the variation of average Nusselt number (Nu) with heat flux (q) at Re =0, 5650
is depicted in Figure (14). The block with partially cut baffles improves the Nu compared with the other models. The
comparison of the partially cut baffles and the plain model shows a major increment of Nu by approximately 30% at
Re = 0 with g = 240 w/m?, and the Nu improves by approximately 32.6% at Re = 5650. This condition is typically
attributed to the buoyancy and circulation cells around the baffle, especially at low Reynolds number, and the high
recirculation flow inside the cavity at high Reynolds number.

. - : 200 - = »
220 |Re =0 (natural convection )| Re = 5650 (force convection) I
200 - 180 4
180 - 160 -
160 4 140 4
140 -
~ 120 {
® m $
< i ~ 100
100 - a
= z 80 4 ~4—Plain
E g —+—plain =
= ) 60 4 ~#—With baffle (Wb = 5 cm)
60 =#—With baffle (Wb= 5 cm)
) .y With baffle (Wb = 10 cm)
40 4 'With baffle (Wb= 10 cm) o
——With cutting baffle
20 - ——With cutting baffle 20 4
0 i . i i . i . i 0 . . . . . . . .
0 200 400 600 800 1000 1200 1400 1600 g 200 w0 o0 S0 1000 12007 1400 o0
q (Wm? q (Wm?)
(a) (b)

Figure 13. (Twa) versus (q) at (Re = 0, 5650)
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Re=5650

10 | 0
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2 0 z 40 —+—Plain
0 ) —+—Plain 30 =&-With baffle (Wh= 5 cm)
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20 A Wil b=
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Figure 14. (Nu,) versus (q) at (Re = 0, 5650)

This work mainly aims to conduct many experiments for studying and comparing the natural and forced
convection of all the models under the same operational conditions (inlet temperature, inlet pressure and heat flux).
Table (3) shows the percentage increment of Nu, at forced convection compared with natural convection.

Table 3. Percentage increment of (Nuj)

Increment percent %

B Block without baffle Blcgéb‘iighngﬂe Block ;‘:gecu"ing
(W/m?) Re=5650 | Re=16950 | Re=5650| Re=16950 | Re=5650 | Re=16950
240 15.659 59.369 12.487 51.832 17.436 34.142
475 17.852 47.469 3.311 29.817 4.149 21.907
715 16.223 37.034 4.967 21.232 6.529 21.406
950 14.974 34.521 5.176 18.400 7.871 22.351
1190 17.709 30.959 6.827 13.608 6.512 17.977
1425 17.821 28.730 6.838 16.521 10.343 17.295

THE EFFECTS OF THE WIDTH OF BAFFLE (Wb):
The baffle width is a parameter that affects the heat transfer performance. Figure 15 shows the trend of Nu

with g at Re = 0, 5650 to investigate the effects of Wy on the Nu for the block with baffles. The Nu at Re =0 and Re =
5650 increases by approximately 6.7% and 3.6%, respectively, by varying Wy, from 0 cm to 2.5 cm. The Nu increases
by 10.4% and 7.3% at Re = 0 and Re = 5650, respectively, when Wy, increases from 0 cm to 5 cm. At Wy, > 5 cm, the
data of the curves show small influence of W}, on the average Nusselt number. Better enhancement is observed at Wy,
=5 cm. As previously mentioned, Nu, enhances because of the circulation cells induced by the baffles, which increase
the heat transfer between the heating block and air flow inside the cavity.
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80 - (Re = 0) (Re = 5650)
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Figure 15. (Nu,) versus (q) at (Re = 0, 5650) for block with baffle case

VALIDATION OF NUMERICAL MODEL
The Nusselt number is used as the main criterion to compare between the experimental and numerical results

for the plain model to verify the present experimental work. The comparison is presented in Figure 16 for two Reynolds
numbers. The data show that the numerical simulation and experimental measurement results are consistent with each
other. The differences can be attributed to the heat loss from the cavity to the environment although the enclosure is
well-insulated.

The results show that the experimental data are smaller than the numerical data, and this condition may be
because of the difference in the values of air thermal conductivity and heat transfer coefficient. The thermal
conductivity is assumed constant in the numerical analysis but it increases with the increase in temperature during the
experiment. The maximum deviation between the experimental and numerical values is approximately 12.5%.

801 Plain model

70 -

60 -

50 -

Nu,

——CFD (Re=0)

30 1 —=-EXP. (Re=0)
CFD (Re =11300)

——Exp. (Re = 11300)

20

10 -

0 T T T T T T T 1
0 200 400 600 800 1000 1200 1400 1600

q (W/m?

Figure 16. Comparison of the results (Num. and Exp.)
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NUMERICAL RESULTS
In this study, the numerical simulation results are obtained for air flow with PR of 0.72. The parameters of

governing physical equations are the Nusselt and Reynolds numbers. All these values vary over wide ranges to study
the effects on the fluid flow and heat transfer inside the cavity. The simulation results are presented as isotherm contours
and stream functions. The variation of inlet velocity, applied heat flux and the width of attached baffles are studied to
analyse the effects of these parameters upon the heat transfer and fluid flow inside the cavity. The isotherm and stream
function contours for various Re = 0, 5650 and 11300 with uniform heating along the heated block wall are plotted in
Figure 17. The fluid moves along the heated vertical block wall and rises up, forming a cell with counterclockwise
rotation inside the cavity because of the interaction between the hot surfaces of the block with the external cold inlet
air that flows from the bottom of the cavity over the heated wall. The hot region rises up with the increase in the inlet
velocity, and different temperatures are found between the regions around the vertical block because of the increase in
the cooling.

Temperature Streamline

23.12 62.10 101.08 140.05 179.03 218.01
| j |
Re = 0

26.19 5630 86.41 11653 146.64 176.75 0.00 002 004 007 009 011
= == 5o —

25.04 5383 8262 11142 140.21 169.00 0.00 004 008 012 016 020
& — B | N 4T f—

Re = 11300

Figure 17. Effect of Reynolds number on the temperature and streamline
contours at (q = 1190 W/m?) (plain model)
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Figure 18 presents the effect of increasing the applied heat flux on the isotherm and stream function contours
inside the cavity. The increase in heat flux increases the temperatures inside the cavity, the buoyancy force cell around
the cavity, and the stream function cell intensity in the left side of the cavity that rises to the top region of the cavity.

Temperature Streamline
. 43.0 00 59.35 75.71 9’06 108.41 0. 5 010 0.14 .1

q = 475 W/m?

24.82  51.06 77.29 103.53 129.76 156.00
N T

q = 950 W/m~>

| b

25 96 57.41 8887 120.32 151.78 183 23

q = 1425 \V/m

Figure 18. Effect of applied heat flux on the temperature and streamline contours at (Re =
5650) (plain model)

Figures 19 and 20 present the isotherm and stream function contours inside the cavity by-comparing the three
cases with attached baffles and different widths (W, =5 and 10 cm). The results show that the increase in baffle width
increases the heat transfer in the two sides of the heated blocks and the temperatures of regions because of the increase
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in the turbulent circulation cells in the flow direction of the inlet air flow. Increasing the width of the baffles increases
the number of cells in the left side of the heated block.

\Vb = 10 cm

2139 33.88 46.37 58.86 71.35 83.84 96.33 23.61 43.23 62.85 82.47 102.09 121.71 141.33
= I . = T N

Re=0 & q= 475 W/m~>

25.67 4093 56.19 71.46 86.72 101.98 117.24
g T

26.63 43.58 60.54 77.49 94.44 111.40 128.35
T el 1 T —

Re = 11300 & q =475 W/m"~

20.88 48.49 76.11 103.72 131.33 158.95 186.56 26.35 53.09 79.83 106.57 133.31 160.05 186.79

Re = 0 & q= 1190 W/m"

20.88 4548 70.07 94.67 119.27 143.86 168.46 26.03 54.45 $2.86 111.28 139.70 168.11 196.53
Re = 11300 & q= 1190 W/m?~

Figure 19. Effect of Reynolds number, applied heat flux and baffle width
on the temperature contours (for baffle model).
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0.00 0.06 011 0.17 023 028 0.34 0.00 0.03 0.06 0.09 011 0.14 0.17
- 4@ T —
Re =0 q =475 W/m?

0.03 0.07 010 0.13 0.7 0.20 0.00 0.04 0.07 011 014 017 0.21
T - ——

Re = 11300 & q =475 W/m?>

“
0.00 0.3 0.06 0.09 013 016 0.19 0.00 004 0.08 013 017 021 025
—

Re =0 & q=1190 W/m?

0.00 0.04 0.07 011 015 018 0.22 0.00 0.03 0.07 010 013 0.17 020
| D |
Re = 11300 & q=1190 W/m?

Figure 20. Effect of Reynolds number, applied heat flux and baffle width
on the streamline contours. (Baffle model)
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HEAT TRANSFER CORRELATIONS
A conventional non-dimensional method is used to correlate the average Nusselt number of the block with

baffle at forced convection state by introducing non-dimensional parameters, including Re, W,, /W, and PR as follows:

Nu, = c Re™ (W, /W,)™mPro33 (21)

Where ¢, n and m are constants determined by experiments.

The experimental data of the block with baffle model at different heat fluxes are obtained, and the least square
mathematical technique is performed to achieve the important correlations. At each heat flux, the summary of
correlations, maximum and average deviations (error) between the correlated and the experimental values are listed in
Table (4) at the Reynolds number from 5650 to 16950 and baffle width (Wy) from 2.5 cm to 10 cm with W= 60 cm.

Table 4. The empirical correlations

Heat flux Biiisiial Cofralatisn Max. error | Average error
(W/m?) = (%) (%)
0.023
240 Nu,y = 5.783 Re%26 (W, /We) pro33 6.70 2375
0.025
475 Nu,, = 18.695 Re®143 (W, /Wg) Pro33 4.99 1.78
0.019
715 Nu,, = 25.792 Re011 (Wb/We) pPro:33 4.76 2.20
0.032
950 Nuzy = 27.910 Re®111(W,/We)  Pro33 3.14 1.91
0.054
1190 Nua, = 48.281 Re%%62 (W, /We)  Pro-33 2.04 1.16
0.053
1425 Nu,, = 50.071 Re%%%¢ (W, /W)  Pro33 1.95 i 99 |
CONCLUSION

In the present study, experimental and numerical analyses are conducted to investigate the enhancement of
heat transfer for natural and forced convection inside the enclosure containing heating block with and without baffles.
The conclusions are provided as follows:

1. The baffles distribute the flow inside the cavity and create many circulation cells that enhance the heat transfer.

2. Increasing the baffle width from 5 cm to 10 cm has no measurable effect on heat transfer improvement.

3. In the forced convection, the enhancement in Nu is approximately 36% compared with the natural convection
at Re = 11300 and q = 240 w/m? for the plain case.

4. Partially cut baffles provides better improvement in Nu by approximately 30% compared with the plain case
at Re = 0 and g = 240 w/m?, whereas the Nu improves by approximately 32.6% at Re = 5650.

5. The baffle cases have an evident effect in reducing the block surface temperature by approximately 11%
compared with the plain case at Re = 0 and q = 240 w/m?.

6. The mixed convection results can be observed at the turbulent flow (Re = 5000). At high heat flux value (q >
900 W/m?), the combined effects of natural and forced convection heat transfer are observed, whereas at low
values of g, the forced convection is dominant.

7. Although the forced convection enhances the heat transfer, this improvement is at the expense of cost or
applicability. Therefore, natural convection is preferred to improve the heat transfer in cooling the devices.

8. This work mainly aims to conduct many experiments for studying and comparing the natural and forced
convection of all the models under the same operational conditions (inlet temperature, inlet pressure and heat
flux).
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NOMENCLATURE
A Heated surface area, m?
Dh Hydraulic diameter, m
g Gravitational acceleration, m/s?
H Height, m
I Electric current, Amp.
h Heat transfer coefficient, W/m?. k
Kuir Thermal conductivity of the air, W/m.K
L Length, m
Nu Nusselt number
P Power supply, (watt)
%4 Voltage, Volt
w Width, m
Pr Prandtle number
PR Pitch ratio, m
Q Heat transfer rate, Watt
q Heat flux, W/m?
Re Reynolds number
Ra Rayleigh number
T Temperature, °C
TF Film temperature, °C
Tw Wall temperature, °C
Too Flow temperature, °C
U Velocity of flow, m/s
N No. of temperature measurements

Greek symbols

P Density of the air, kg/m?®

U Dynamic viscosity of air, kg/m.s

v Kinematic viscosity of air, m?/s

B Coefficient of volume expansion, 1/K

Subscript

a Average

B Heating block

b Baffle

e Enclosure

w Wall
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