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Effect of Operating Conditions on the Mixed Convection in a Channel
with Discrete Heat Sources and Partiaily Filled with Porous Media
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ABSTRACT

An experimenial study of laminar mixed convection in a partinlly filled
porous channel with two discrete heat sources on the bottom wall was performed.
The main object is to show the effect of Reynolds number, the heat flux, and Grashor
number on the heat transfer characteristics. A channel of 120%120mm cross seetion
and length of 200mm is fitted in a low turbulence wind channel. The passages above
the heat sources are filled with porous layers and the channel is non-porous
elsewhere. The air flow veloeity was varied up to 3 m/s which gives a variation of
Rejrnnlds number up to 6000, heat flux and Grashof number were varied up to 7017
W/m® and $8x10° respectively.  Aluminum porous filtration screen sheets of 3mm
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thickness, porosity of 0.95, 122.85 kg/m’ density, 1.28 x10® m® permeability and
Darcy number = 8x107, were used as porous fayers. The results show that with the
increase of Reyneolds number, the surface and maximum temperature of the heat
sources decrease. and both the local and average Nusseit number increase. For
Re>3404 the decrease in maximum temperature and the increase of average Nusselt
number are relatively smali. Therefore, if the maximum temperatures of the heat
sources at Re=3404 are within the safe range of operation, there is no need to
increase the Reynolds number over Re =3404, which corresponds to air flow velocity
of about 1.7 m/s, which cause a decrease in the required cooling power cost. With
increasing the heat flux or Grashof number, the temperatures of the heat sources
increase, the heat transfer coefficient increases, the maximumn temperature increases
linearly and the average Nusselt number increases exponentially. Correlations were
obtained for the maximum temperatures and average Nusslet number for both heat
sources with Reynolds and Grashof numbers.

INTRODUCTION

One of the serious requirements in the design and operation of modemn
electronic technologies is an efficient thermal control of the system. For instance,
the power intensities 1n the state of-the-art of elecwonic computers are extremely
high. Consequently, without an effective removal of the excessive heat generated
within the devices in place, performance of these sensitive electronic devices
deteriorates rapidly.

Recently, the porous subsirates are used to improve convection neat or mass
transfer in channels or ducts in practical applications and in many technological
processes in thermal and chemicul engineering. As examples, heat exchangers, heat
pipes, electronic cooling, filtration, and chemical reactors are mentioned. [ndeed,
{illing the entire channel with a high conductivity sclid matrix can significantly
enhance the heat or mass transfer rate but at the expense of a considerable increase of
the pressure drop.

Extensive survey of the various modes of convective heat transfer and relevant
configurations along with the associated heat wansfer and other correfations have
been made by Incropera [1], Papanicolaou and Jaluna [2], Bejan and Ledezma (3]
and El Kady [4]. Large number of practical situations involve mixed convective heat
transfer in which both modes of forced and natural convection effects are dominant.
Such circumstances arise when a fluid flows over a heated surface with relatively
low velocity. Complete review for the mixed convection in the cooling of profruding
heat sources of electronic components have been presented by El Kady [5

As recently poted by Hu end Vania [6], very little work has been done on
mternal forced convection on porous-fhud composite systems. Forced developed
convection in 4 channel partially filled with a porous medium was studied by
Poulikakos and Kazmierczak [7] for a parallei-plate channel and circular pipe, and by
Chikh et al. [8] for annuli. For both studies, the Dracy Brnnkman model was
considered, and analytical solutions were derived for the condition of constant heat
flux at the wall, Tt was found that there exists a critical thickness of the porous layer
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at which the Nusselt number reaches a maximum. Hadim [9] studied numerically the
forced convection in a porous channel with localized heat sources.

In the above literature, the experimental investigations for the use of porous
media in the cooling of channels, which have concentrated discrete heat sources, is
not found. Therefore, in the previous work of El Kady [5] experiments were done to
show the effect of using porous media in the cooling of the channels with discrete
heat sources on the heat transfer characteristics. Three cases were presented; the
non-porous channel. the fully porous channel, and the partiaily porous channel (the
passages above the heat sources were filled with perous layers, and non-porous are
elsewhere). The results for the partially porous channel indicate that almost the same
increase in heat transfer, the same decrease in the temperatures and a significant
reduction in pressure drop can be obtained compared with the fully porous channel.
[t shows also that the partially porous technique appears to be promising for
application to electronic cooling. Therefore, the present study is another step in this
technique. [t presents the effect of varying the operating parameters; mainly
Reynolds number, heat flux, and Grashof number on the heat transfer characteristics
in the partially porous channel which has concentrated discrete heat sources.

EXPERIMENTAL APPARATUS

Figure | shows the test rig, which is constructed for the experimental work. The
test section (4} in Fig. 1-a is made of wood of 50mum thickness with 120x120mm
square cross section und 200 mm long. Two discrete heat sources (5) are embedded
in the bottom wall of the test section, to make the heat source face in the same
horizontal inside plane of the bottom wall. Each heat source (5) has dimensions of
40 mm length (L), 2.2mm thickness, and 120 mm spanwise with a Iixed source
spacing ratio S/L = 1. O The spuces above the two heat sources are filled with porous

layers, and the te S )n lS non-poreLs :lsewhere. as shown in Fig. 1-h,
The test section k 3 s shown in Fig. 1-a2, in a low-turbulence wind
channel with l.,'i"'('L_"...L.... sopuare cross section and [300 mm long (6). A centrifugal

blower (10), driven by an electri tor (12) s used to draw the air through the
system. The blower discharpes to o graduated throttle walve (11) by means of which
the air velocity throuszh the apparams may be regulated. To ensure a farly uniform
flow with neglizible turhulence throuzh the test section | 1) iris drawn rI* iugh the
apparatus by way of & bell mouth (1) and a fine mesh screen (2) as a setting chamber.
Aluminum filtration porous screen st heets, Whi(‘.h are used for the purpose of air
filtration in the arr conditioning d :5, are used to form the porous me lurn Each
aluminum porous sheet is of 40mm length, 120mm wide, thickness of 3 mm and
consists of 3 lavers of fine aluminum screens. The porous medium is fommed from

several layers of the aluminum porcus screen shects, which are fitted horizontally
above each other to fill the space above the two heaters.

The permeabthrv of the porous medium K is eva]uated experimentally as
mentioned in Appendix (1) and is found to be K=1.28 x10° *m?. The density of the
porous sheets was determined experimentally by measuring the mass and volume of
the used porous sheets. It took the value of 122.85 kg/m’. The porosity is calculated

as [1.0 — (density of the porous sheets/density of the aluminum metal)]. The gorosity
was also checked by putting the used aluminum porous sheets in a boftle, which has
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the same dimensions of the porous block, and the bottle was then filled with water.
The porosity was calculated as the ratio of the water volume to the total volume of
the bottle. The porosity took the value of 0.95.

The heat source face is made, as shown in Fig. 1-d, of polished stainless steel
sheet {19) with 0.2 mm thickness to prevent the conduction through the heat source
surface in the x and z directions. The stainless steel sheet was heated electrically by
an electric heater, Two equal lengths of nickel-chromium wire (18) were used as
eleciric heaters for the heat sources. The wire was wound around a mica sheet (17)
of 0.5mm thickness and then was sandwiched between other two-mica sheets (17).
An auto-transformer (15) is used to control the heat input to the heat sources as well
as one voltmeter (13} and an ammeter {14).

The test section is instrumented by 42 copper-constantan thermocouples. The
surface temperatures of each heater were measured by 13 copper-constantan
thermocouples; nine of them are arranged in the section z={ and the other four
thermocouples are distributed at z == 3 ¢m to ensure the spanwise uniformity. The
surface temperatures of the unheated sections were measured by 11 thermocouples of
the same kind. The thermocouple distribution along the heater surfaces and the base
plate is shown in Fig. 1-¢. The upper channel surface temperature was measured by
means of 4 thermocouples. The entire junction beads (about 0.25 mm in diameter) of
the thermocouples are carefully embedded into the wall, and then grounded flat to
ensure that they are flush with the surfaces. The temperature signals are then
transferred to a data acquisition unit (Yokogawa) of a sensitivity of 0.1°C (16).

The air velocity is measured with the help of a Pitot tube (3) and an inclined
alcohol manometer at the centers of eleven imaginary equal areas into which the
Pitot tube is situated and then integrated numerically to obtain the mean air flow
velocity. The air velocity is also measured by a hot wire probe (7). The difference in
velocity values measured by the two methods is less than + 1.5%.

The pressure drop across the test section is measured by means of an inclined
water manometer.

During the course of the experimental work nearly 1.5 hours were needed to
reach the steady state condition. This condition was satisfied when there were no
change 1n the temperature reading within a time period of about 15 minutes.

DATA REDUCTION

The rate of convective heat transfer from the heat source  was determined from
the electrical power input to the heat source Q. using Q = Q. - AQ, where AQ is a
small correction for conduction and radiation heat losses. The radiative losses are
kept low in the non-porous channel case by employing the polished stainless steel
sheet as the heater surface. The emmisivity of polished stainless stee! is of order
0.17 as mentioned by Incropera and DeWitt {22]. The radiation heat loss was
calculated 10 be less than 2.5 percent of the total electrical power dissipation, using a
simple analytical model. In the case of the porous channel, the radiative losses from
the porous surfaces (sides) to the channel surfaces tend to be zero because of the very
small difference between their temperatures. The conduction heat losses have been
minimized by fixing the heat sources to a wood plate of Scm thickness. The
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conduction losses through such surface never exceeds 3.5% by the non-porous case
and 2.5% by the porous case of the heat electrical heat input to the heat source.

The average convective heat transfer coefficient h for a specific heated section
can be defined by:

h=q/( T-T) (0

Where q is the convective heat flux and is calculated via q = Q/A where A is the
exposed surface area of each heater, T is the average temperature of each heated
surface and T, 15 a reference temperature.

The temperature of the flowing air adjacent to the top surface of the channel was
measured by 4 thermocouples as mentioned before. The values of the measured
temperatures were always equal to the uniform iniet temperature T, which gives that
the thermal boundary layer over both heat sources occurs inside the channel.
Therefore, the reference temperature T, can be taken as the uniform inlet temperature
To. This value is taken also by Hadim [9], Habchi and Acharya [11], Kang et al [12],
Kim and Annand [13], Nakayama and Park [14] Young and Wafia [15] and Tso et al.
[16] among others.

The local Nusselt number Nu along the surface of the heat source may be
expressed in terms of the measured surface heat fiux and the surface temperature with
respect to the thermal conductivity of the air:

Nu=hL/k=(q.L/K)/A(T~T) (2)

Where T is the local surface temperature
h  isthe local heat transfer coefficient
k  is the air thermal conductivity.
The mean Nusselt number Nu for each surface heater is calculated as:

Nu= (VA) aNu.dA=(q L/ )/ T-T,) 3

The other dimensionless parameters which were used in the formulation of
the results were Prandtl number Pr, Reynolds number Re, Grashof number Gr, and
Darcy number Da, accarding to the following:

n} S wn e T 2
Pr = wix Re=y. Liv

Gr=gp q L'k’ Da=K/1? (4)

Where v, a, Uy, and B are the air kinematic viscosity, thermal diffusivity, flow mean
velocity across the channel section, and volumetric coefficient of thermal expansion,
respectively.

RESULTS AND DISCUSSION

Experiments were done of the mixed convection air flow in the channel
partially filled with porous medium and has two discrete heat sources in the bottom
wall. The main object is to show the effect of the operating parameters such as
Reynolds number and Grashof number on the heat transier cheractenistics.
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Therefore, the passage above the heat sources are filled with porous layers and non-
porous clsewhere. The mean air flow velocity was varied up to 3 m/s which gives a
variation of Reynolds number up to 6000. heat fux q was varied up to 7017 W/m®
and Grashol number was varied wp to 60x10°. The Darcy number of the porous
material was calcuiated to be 8x10°, while the geometric parameters were fixed , and
ook the values of S/ =1, H/L =3.

Effect of Reynolds number

To show the effect of Reynolds number on the heat transfer characteristics,
experiments weze doge for a nearly constant values of heat flux q = 5330 W/m® and
Gr = 45x10° and the Reynolds number was varied and took fixed values of Re =
1702, 2127, 3404, 3723, and 3331, Figure 2 presents the varaton of surface
temperature difference (T-T,) of the heat sources surfaces. The surface temperature
is charactenized by neariy ambient temperature until the leading edge of the first heat
source, sharp rise in the surface heat source temperature due to heat input, and
followed by gradual decay downstream. The temperature of the heat sources surface
decreases with the increase of Reynolds number. This fact is shown also in table 1,
which presents the temperatures of the leading and trailing edges and the difference
between them for both the first and second heat sources for the different values of
Reynolds number. Both Fig. 2 and table 1 show that the difference in temperature
between the trailing and leading edges of each heater are nearly constant [t is nearly
13.4°C and 16.8°C with & change of nearly + 4.5 percemt for the first and second heat
sources respectively.  Also the temperature [evels along the secand heat source ane
higher than those of the first heat source due 1o the hotter air flowing over the second
heat source.

Figure 5 shows the variation of the dimension/ess maximum temperatre 8.,
where 0 —'[(FT.:}"Ta] of each heat source with the variation of Reynolds number, at
q_rﬁ.%l.'l Wim® and Gr = 45x10%. The dimensionless maxirmum temperature decreases
with increasing Revnolds number. The decrease of the maximum remperature is
only 0.168 and 0.192 for the first and second heaters with increasing Reynolds
mumber from 3404 to 5331 respectively. Mainly, increasing Reynolds mumber with
about 60 percent decreases the maximum temperamres with about 9 and 7 percent for
the first and second heat spurces respectively. This indicates that there is no need to
increase the Revnolds oumber above Re =3404, which corresponds w0 airflow
velocity of about 1.7 mJs.

Hgmeimmthevmmonofhutumsfamefﬁmma&nngﬂmhm
sources with the variation of Reynolds number, at q = 5330 W/m® and Gr=45x10".
Table 1 shows also the heat transfer coefficient for both heat sources, Both Fig. 4
and Table 1 present that the heat transfer coefficient incresses with incraasing
Reynolds number. They show also that the heat transfer coefficient increases from
1443 10 1584 by about 10 percent for the first heat source and from{05.6 to 113.5
by about 8 percent for the second heat source with increasing Reynolds number from
3404 to 5531 respectively. This relatively small increase presents that if the
maximum temperatures of the heat sources at Re=3404 are within the safe range of
operation, there is no need to increase the Reynolds number above Re =3404 which
corresponds to mean air flow velocity of about 1.7 m/fs.




M. 34 M. S. El-Kady
120 =
noooo Re = 5531 H
aaaanns Re = 3723 Gf = 45x‘0w/ 2
qoooo Re = 3404 q = 5330 m
100 gageo Re = 2127
2 7 amamr Re = 702
; 80-; /
g
e
8]
B /"”’M
| ;
© |
o 204
> 1
— 4
0 e T T T T
0 2 4 5
x/L
Fig. 2 Variation of surface lemperature

(T-T,) of lhe horizonlal base plate of the
channel with the variation of Reynolds
wuniber at y = 5330 W/m? and Gr =45x ! 0¢

ternperature, G

(]

B

o

[x%)

g

3
33 ccooo 1st. heat source
~ A sssaa 2nd. heat source
] \ q = 5330 wW/m’
03 \ Gr = 45xi0vg
|
8
5 -
39
0
a !
5 4 ‘
100D 2000 3000 4000 5000 6000
Reynolds number, Re
Fig. 3 Variation of the dimensioniess

maximum temperature of eaclt heal source
with the variation of Reynolds number, at
q=5330 W/m* and Gr = 45x10°

200 = 400
| W 2 ao0go fm 5531 '
= = Re = 3
] 23504 4, = SEOHT aaha e = 73]
E| | Ea gl A
T‘CTSOJ i o 1 Q_OJ:‘_P;“ <127
R | 5300 sause Re = 1702
a— | L ]
5} 5| i & {
o | ) 250 4 ‘\X
| t 3 4
0120 o 5 = Rsu'\
re . { aE |
n 0 ] "
c 80 | 3150 K’“"w %,%32;2
g 2 _: &"“‘H t,,f'”uf
= i coaoc Ist. heat source 6100 b e {
o %07 sasaa 2nd. heat saurce o !
T q = 5330 W/m’ ‘ 9 304
| Gr = 45x10 i |
O_' E— 0+T"’-"rr|“rv‘rﬁ-r"—|-r;“1‘-r'-.'_.".l' frerT
1000 2000 3000 4000 3S000  EOD0 o 1 2 3 + 3
Reynclds number, Re X/ L

Fig. 4 Variation of heat transfer coeflicient
along the heat sources with the variation of
Reynolds number, at gq=5330 " fm? and
Gr = 45x10°%.

Fig. 5 Effect of Reynolds number on the
local Nusselt number along he hegt
sources al g = 5330 W/in® and Gr =45x10



Mansoura Engineering Journal, (MEJ), Vol. 24, No. 4, Decernber 1999. M. 55

The variation of the local Nusselt number along the surfaces of the first and
second heat sources with the variation of Reynolds number is presented in Fig.5.
Above each heat source the local Nusselt number begins with its maximum vaiue at
the leading edge, then it decreases with the igcrease of the distance from the leading
edge, and the minimum value occurs at the trailing edge. Also the increase of
Reynolds pumber increases the local Nusselt number. Table 2 presents the local
Nusselt number of the leading and trailing edges and the difference between them for
both the first and second heat sources. Both Fig. § and Table 2 show that the
difference in local Nusselt number between the trailing and leading edges along the
heat source, increase with the increase of Reynolds number. Also the local Nusseit
number levels along the second heat source are smaller than those of the first heat
source due to the horter air flowing over the second heat sowrce.

Table 1: The temperatures (T-T,) of the leading and trailing edges and coefficient
of heat transfer for both heat sources at ¢=5530 W/m® and Gr = 45x10°

first heat source Second heat scurce 1

T-T, i T-T, ] |

Re |leadinz ‘Trailin;__lg differ-| h [Leading Trailing| differ-| h |

| edge | edge | ence | edge e { ence | |
1702 ] 558 | 692 | 134 | 821 | 667 | 842 | 175 | 678 |
399 | 527 | 114 | 515 J 68.8 | 17.1 87 |

3404 | 319 | 45 | 3:435 ) 60.1 | 166 | 105.6 |
| 3723| 295 | 435 | 1489 | 415 | 576 | 161 | 1084 |
| 55314 276 | 208 | 132 [ 1584 39.01 | 553 | 172 | 1138 |

b
ot
rd
|

Table 2: Local Nusselt number of the leading and edges, and average
Nusselt number for both heat sources at g =3530 W/m* and Gr = 45x10°

' ' First beat source ! Second heat source

| Nu ! Nu ‘
| Re ']-.:a-.iin-_;ifrmiirlgz uiuer—' Nu |[Leading| Trailing| differ- Nu i
| | edge | edge ( ence | edge | edge | ence l

i?O2i!4lJ.5'.- 1147 ] 258 | 124.8] 1188 [ 94.34 | 2446 | 103
2127 | 186.75| 148.6 | 1733 1508 | 113 | 378 | 1322
‘ 3404 | 2484 | 176.1 | 723 | 2193 1822 | 1369 | 453 | 1605
3723 {27438 183.8 | 90.38 | 226.3(197.43| 141.76 | 55.67 | 164.8
| 5531 (298.48| 202 | 9648 | 240.8| 207 148 59 | 1734

Figure 6 represents the variation of average Nusseit number along the heat sources
with the variztion of Reynolds number, for q = 5330 W/m” and Gr =45x10”. Table 2
shows also the average Nusselt number for both heat sources. Both Fig. 6 and Table
2 presemt that the average Nusselt number increases with the increase of Reynolds
number. With the increase of Reynolds number from 3404 to 5331, the average
Nusselt number increases from 219.3 to 240.8 by about 10 percent for the first heat
source and from 160.5 to [73.4 by about 8 percent for the second heat scurce,
respecively.  This relatively small increase presents that if the maxiorum
temperatures of the heat sources at Re=3404 are withun the safe range of the
operation, there 1s no need to increase the Reynolds number above Re =3404 which
corresponds to air flow velocity of about 1.7 m/s



M. 56 M. S. El-Kady

Effect of Grashof number

To show the effect of Grashof number on the heat transfer characteristics,
experiments were done for a nearly constant values of Re = 1702, 2127, 3404, 3723
and 5531 and the heat flux was increased up to 7017W/m’* with an increase of
Grashof number up to Gr = 58.05x10° Figure 7 presents the surface ternperature
difference (T-T,) of the heat sources. The surface temperature of both the heat
sources decreases with the decrease of the heat flux. This fact is shown also in table
3, which presents the temperatures of the leading and trailing edges and the
difference between them for both the first and second heat sources at the different
values of Grashof number. Both Fig. 7 and table 3 show that the temperature
difference between the trailing and leading edges of the heat sources increases with
increasing heat flux or Grashof number. Also, in spite of the temperature levels
along the second heat source are higher than those of the first heat source, the
temperature differences betwcen the leading and trailing edges of the second heat
source are smaller than those of the first heat source.

Figure 8 shows the variation of the dimensionless maximum temperature of each
heat source with the vanation of Grashof number, at Re = 1702, 2127, 3404, 3723
and 5531. The maximum temperature increases linearly with the increase of Grashof
number or the heat flux

Table 3: The temperatures (T - T} of the leading and trailing edges and
coefficient of heat transfer for both heat sources at Re=3723

[ l ! first heat source Second heat source
; | T=T, | = T
q |Grx10®[leading|trailing| differ-| h [Leading trailing] differ-| .h
edge | edge | ence | edge | edge | ence
104 | 0936 02 1.4 1.2 | 140 1.2 1.5 0.3 (80.23
406 | 363 | 2 3.6 1.6 | 146.7| 34 | 47 1.3 | 86.7

906 | 805 | 2.8 | 81 | 53 | 150 | 7.6 | 108 | 32 | 966
1625 | 1432| 43 | 13.8 | 95 |153.5] 13.1 | 176 | 45 | 9938
2604 | 2225| 65 | 207 | 142 | 158 | 185 | 28 | 9.5 |1025 |

4069 | 37.665| 186 | 347 | 161 | 163 | 31.8 | 462 | 144 | 105
$330 | 44.96| 29.5 | 485 19 | 1643 | 42 | 57.6 | 16.6 [107.3
7017 | 58.054] 352 | 395 | 24.1 | 165 | 533 | 752 | 21.9 |108.5

Figure 9 represents the variation of heat transfer cozfficient along the heat
sources with the variation of Reyvnolds number, for Re=3723. Table 3 shows also the
heat transfer coefficient for both heat sources. Both Fig. 9 and Table 3 present that

the heat ransfer coefficient increases with the increase of Grashof number or the heat
flus.

Figure 10 represents ihe variation of average Nusselt number along the heat
sources with the variation of Grashof number, at Be = 1702, 2127, 3404, 3723 and
5531, With the increase of Grazhof number, the average Nusselt number increases

exponentiaily.
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Carrelations

The variztion of the maximum temperature for the first and <econd heat
sources with the variation of both Reynolds and Grashof numbers can be correlated
for the range of Gir £58.05x10° and 1702< Re<5531 due 1o Fig. § as follows:

Brunt = [102.6-29.8x107 Re+ 3.3 x10° Re”] x107 Gr
= [134 -352x107Re + 3.6 x10*Re’] x10” Gr %)

Where Smey and Geag are the dimensionless maximum temperatures of the
first and second heat sources respectively.

The variation of the Nusselt numbers for the first and second heat sources
with the vadation of both Reynoids and Grashof numbers can be correlated for the
range of Gr <38.05x10° and 1702< Re<5531 due to Fig. 10 as follows:

-5
= [-50.1440.6x10° Re], Gel 0H435-232107 Rel

2 (6)
= [-12.23+12.4x10” Re]. G 0197 27% 107 e}

CONCLUSIONS

Experiments were done on the mixed convection airflow in the channel
partially filled with porous medium (the _&w&snge over the heat sources are filled with
porous layers with Darcy number = 8x 107, and is non-porous elsewhere), and has two
discrete heat sources inthe bottom wall. The effect of Reynolds number and Grashof
number on the heat transfer cheracteristics was testcd, Reynolds number was varied
up to 6000, heat flux was varied up to 7017 Wim" and Grashof number was varied up
to 60x10°. The following conclusions can be considered:

The wmperature levels along the second hest source are higher than those of
the first heat source. While, the lpeal Nusselt number levels along the second heat
source are smaller than those of the first heat source due to the hotter air flow over the
second heat source.

With increasing Reynolds number, the maximum temperatures of both the heat
sources decrense, and both the local and average Nussell number increase. For
Re=3404 the decrease in maximum temperature and the increase of average Nusselt
number are relatively small. Therefore, if the maximum temperatures of the heat
sources at Re=3404 are within the safe mange of operation, there is no needto
increase Reynolds number above Re = 3404 which corresponds to air flow velocity =
1.7 m/s, which cause a decrease in the required cooling power cost.

With increasing the heat flux or Grashof number, the temperature of the heat
sources, the temperature difference along them and the heat transfer coefficient
increase, the maximum temperature increases linearly and the avernge Musselt
number increases exponentially.

The dimensionless temperatures and the average Nusselt numbers along the
two heat sources were correlated with Reynolds number and Grashof number,
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NOMENCLATURE

A Surface area of each heat source, m’
Da Darcy number, Da = K/L*

Gr Grashof number, Gr=gB L* ¢ Tko?

h Convective heat transfer coefficient, W/m®*. K
H Channel height, m

k Fluid thermal conductivity, W/m K
K Permeability of the porous media, m’
L Heater width, m

Nu Local Nusselt number

Nu Average Nusselt number

Pr Fluid Prandtl number, v/a

q Heat flux on the heat source surface, W/m®

Q Power input to ¢ach heat source, W

Re Fluid Reynolds number, Re = u, L/v

S Distance between the heat sources, m

T Fluid temperature, C,

Tg Uniform air temperature at channel entrance, C
U Alr mean velocity at channel entrance, m/'s
Distance in horizontal direction, m

Distance in vertical direction, m

Distance 1n normal direction, m

Fiuid thermal diffusivity, m*/s

Fluid volumerric coefficient of thermal expansien, 1/K
Dimensionless temperature

Fluid kinematic viscosity, m/s

C DT R N M
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APPENDIX 1: CALCULATION OF THE PERMEABILITY

Heary Darcy observed that the volume rate of flow through any pipe packed
with porous medium was proportional to the negative of the pressure gradient. This
relationship. known as Darey’s law, after being modified to include the fluid
viscosity, can be stated as follows:

EPlan = -p uy /K
Where p is the dynamic viscosity of the fluid seeping through the porous material
and §F/5x represents the pressure gradient in the direction of flow.
From this theory the permeability K can be determined as follows:

K= - 1 g /(BP/3%)

Experiments were done for the airflow through the fully flled porous channel.
Both the air velocity and the pressure drop were measured. The relation between the
pressure gradient (VP/Vx) and ﬂum(jiunjwasdmwuandthcpnmmbdnywas
then determine as the negative of the slope of the line which gives K=128 x10¥ m




