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Natural and Mixed Convection Heat Transfer
Cooling of Discrete Heat Sources PlacezhNthe
Bottom on a PCB

Tapano Kumar Hotta, S P Venkateshan

Abstract—Steady state experiments have been conducted
natural and mixed convection heat transfer, frome filifferent sized
protruding discrete heat sources, placed at theimoposition on a
PCB and mounted on a vertical channel. The charisiitelength (
Ly ) of heat sources vary from 0.005 to 0.011 m. 3tuely has been
done for different range of Reynolds number and ifreztl Grashof
number. From the experiment, the surface temperadistribution
and the Nusselt number of discrete heat sources bagn obtained
and the effects of Reynold number and Richardsenben on them
have been discussed. The objective is to find #ie of heat
dissipation from heat sources, by placing thenhatottom position
on a PCB and to compare both modes of cooling af $@urces.

Keywords—Discrete heat source, mixed convection, natural Choi and Kim

convection, vertical channel

|. INTRODUCTION
EAT transfer from heated surfaces, in relation to capli
of electronic equipments, has been the area ofeisite
since last decade, because of the advances ohtbgrated
circuit technology. Microminiaturization of elechic
components for digital computers, has resultednigraased
circuit densities with large power dissipation safger unit

for Convective cooling of electronic components mourded
substrate has been the subject of large numbeapsrp since
last decade. Baskaya et al. [1] have
experimentally, the convective heat transfer framaaray of
discrete heat sources in a rectangular channefamt! that,
there will be enhancement of heat transfer, wittréase in
buoyancy induced secondary flow and onset of inlgkab
Steady state experiments have been performed byiBHhoet

al. [2] in a vertical rectangular channel with wates the
working fluid. Based on the experimental resultsgyt have
proposed an empirical correlations between Nu, ReGr.

[3] have numerically investigated tBB

conjugate mixed convection heat transfer in a reptbr

channel and have proposed a modified 5% rule ieffomt to

define various flow regimes. Culham et al. [4] hawede a
review for the available models and correlations ratural
and mixed convection heat transfer in a verticalifarmly

heated parallel plate channel. Ermolaev and Zhb@blovave

done numerical solutions of 2D, unsteady Naviek&so
equations, for mixed convection heat transfer imiZomtal

area of components. Rapid advances in semiconducfdlannel, with Boussinesq approximation and obtaitteel

technology have led to miniaturization in circuigsign and
hence the amount of heat, that must be dissipatedupit
volume of a device continue to increase enormousty.
reliable operation of electronic components, tragierating
temperature must not exceed the manufacturer’scipboes!
temperature limit, that is usually about 85°C. Rartmore, the

temperature difference among the electronic compmsne

should be maintained as small as possible to Kesphtermal
stresses to a minimum value. Mixed convection caplas
been used for wide range of engineering domaiks, lieat
exchangers, electronic equipments and similar imdls
applications. So the researchers of electronicicgdiave had
increased interest for the analysis of heat tranffan the
surfaces of discrete heat sources, under mixed exion
regime. In many of the above situations, vertidermnel is a
preferred geometry for mounting of heat generatiroglules.
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solutions by Galerkin finite element method. Ghasamd
Aminossadati [6] have numerically investigated tumling
performance of electronic devices by emphasizirgeffects
of various arrangements of electronic components fanond
that, an increase in Rayleigh number, leads togaifgiant
improvement in heat transfer. Kumar and Rao [7] ehav
numerically investigated, the interaction of suefaadiation
with conjugate mixed convection heat transfer fram
discretely heated vertical plate with three nomitdml heat
sources, placed along a plate, in the descendibgy af their
heights, from bottom to top end of the plate. LeaRet.al [8]
have studied experimentally, the free convectioraiofin a
vertical channel with one of the channel walls bdatvith
uniform heat flux.
correlation between Nusselt nhumber and Rayleigh baim
Lee et al. [9] have carried out the analysis ofjegate mixed
convection from a plate with two iso-flux heat smes
mounted in-line with the vertical plate. They hatadied the
effects of flow velocity, strength of heat sourcepacing
between heat sources, emissivity and substrateuctiwity,

on the rate of heat transfer. Rao and Narasimhdah Have
studied numerically the conjugate mixed convectiosat
transfer arising from protruding heat generatiris rattached
to the substrate, forming channel walls and founad, tthe heat
transferred to the working fluid through the suétgr accounts
to around 41 - 47% of the total heat removal fréma tibs.
Sawanta and Rao [11] have solved numerically, tioblpms
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of combined conduction, mixed convection and s@&fac

radiation heat transfer from a vertical electrorbioard
provided with three identical, flush mounted, diter heat
sources and studied the effects of various parameli&e
modified Richardson number, surface emissivity gmefmal
conductivity, on temperature distribution along theard.
They found that, surface radiation and buoyancyy pa
important role for the cooling of electronic moduld@urkoglu
and Yucel [12] have numerically analyzed the 2Dmitear
mixed convection flow in vertical channels, withdescrete
heat source and found that, at low Reynolds numigexding
is more effective when the channel width is larggH > 1),
and at high Reynolds numbers it is more effectivenarrow
channels.

Although number of papers have been published & th

general area of cooling of similar size of discie¢at sources
mounted on a PCB and placed in horizontal chanmetsot

much work has been done in this area by considetiffigrent

size of heat sources, which is closely related tpractical

problem, used in electronic industries and by tgkinto

account the effect of surface radiation heat temeh them.
Again the vertical channel geometry is rarely stddior the

cooling of electronic modules. The earlier work dohy

sudhakar et al. [13] has been based on heat traasid

optimization studies, by considering similar sizé heat

sources. So the present work emphasizes the inmpertaf

surface radiation along with natural and mixed @mtion

heat transfer, from the surfaces of different sifediscrete
heat sources mounted on a vertical channel.

[l. EXPERIMENTAL SETUP

The experimental set up used for the present studigown
in Fig. 1. The test section is made by a parallpkgh (1) and
consists of four identical wooden boxes (2), whdiseensions
are given in Table I. The wooden boxes are filldthwgilica
glass wool to reduce the heat loss through thedmates (4).
A substrate (PCB) (3) of low thermal conductivityaterial
(Bakelite), is fixed on one of the faces of each.bbhese
faces are exposed to ambient. The position of thedb are
adjusted by nut and bolt arrangement (5). So the foxes
form a channel, with heat sources mounted on thetsate of
one of the wooden box. The top and bottom faceheftéest
section are open to atmosphere. Rubber gaskets lhese
provided on the sides of the channel, to preveatdin leak
from the corners of the channel. A hole is madethia
parallelepiped to insert the anemometer probe, thoe
measurement of velocity.

The heat sources are made up of aluminum, whictcatre
into rectangular blocks of sizes as given in Tablavith a
cavity made at their center for placing of heatéresv and
thermocouples. A 80/20 coil type Nichrome wire $&d as the
heating element and is inserted into the cavityhWaflon tape
wound around it, to avoid metal to metal contacheT
temperature of heat sources are measured by plabiognel-
alumel K-type thermocouples at 4 different posiiam the
heat source.
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Fig. 1 Schematic of the test section (a) Naturalvection (b) Mixed
convection 1. Parallelepiped 2. Wooden box packitid iwsulation 3.
Substrate 4. Heat source 5. Nut and bolt arrangemen

Thermocouple —1 Nut and Bolt

/ 4 Teflon
: covering
\* the
Heat Sourc:

Power supply \

wires

Fig. 2 Schematic of the heat source with heateesvéind
thermocouples

The beads are prepared by using a capacitanceadigch

type bead making apparatus. All the thermocoupée® tbeen

calibrated with a standard thermometer, at ice tpdiniling
point of water and at room temperature and fourad, tthey
are having a maximum measurement error of +0.2Tl&
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heat sources are embedded onto the substrate efittea to
it, with four screws of 2 mm diameter. The schemati the
heat source with heater wires and thermocoupletiasvn in
Fig. 2.

TABLE |
SPECIFICATION OF THE TESTSECTIONWITH DISCRETEHEAT SOURCES

Objects Specification in mm

Heat source 1 15x10x1

Heat source 2 15x7 x4

Heat source 3 15x14%x6

Heat source 4 30x10x 4

Heat source 5 40x15x 4
Substrate 200 x 200 x 5

Wooden box 200 x 130 x 200 x 130

Parallelepiped 550 x 450 x 450 x 20

The heat input to each of the five heat sources ar

independently controlled by DC power supplies, \Wwhare
having a voltage range of 0 - 12 V and a currengjeaof 0 — 2
A. The temperature data of heat sources are reddrgder PC
based data acquisition system. The data logger Imisde
34970A, manufactured by Agilent technologies limjterhich
can display and also store the data recorded bynthmuples.
A digital multimeter is used to cross check theadaith DC
power supplies. It is connected in series with éredor
measuring the current and parallel with heater violtage
measurement. The velocity of air at the inlet st tgection is
measured by an anemomet&ir{ low™ T A5).

The experiments have been conducted in a low spe

vertical wind tunnel, as shown in Fig. 3.
lTest section »

Data acquisition 5
system "

7 |
7l |
Settli/ng cw y

A l‘.
1%

fof;user Y

DC power supplies
Fig. 3 Vertical wind tunnel used for the experimemith data
acquisition system and DC power supplies

The experimental set up consists of a diffusertlisgt

chamber, nozzle and test section. All these pagtsssembled
into a single unit and are supported on a standaxdal flow
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fan is mounted on a separate stand just below ifheser of
the wind tunnel, to avoid vibration, when the fanON. The
fan is connected to a variable frequency driveamlifate the
variable flow rates in the test section, as reqliby the
experiment. The variable frequency drive runs te ffom a
speed range of 60 rpm

to 2500 rpm, giving a flow velocity range of 0.06snto 8

m/s. The settling chamber consists of honeycombctstre,
fabricated from Aluminum E channels of dimensioba®m x
12.5 mm and two fine wire meshes, which act astariiulent
screens, to reduce the velocity fluctuations intést section
and to straighten the flow.

A. Experimental Procedure

The procedure of conducting the experiment is dsviis.
For Natural convection heat transfer experimeng C
power supply is switched ON and the voltage is stéjg in
order to obtain the desired power input for eacht ls®urce.
The data logger is switched ON and the scan imiad. When
the variation in thermocouple temperature readargswithin
a range of +0.1°C in ten minutes, it is assumed ste@ady
{fate has been reached and the scanned data re istdhe
computer. The voltage, current from the DC poweppsias
and the temperature from the computer are recordibd.
experiments have been repeated for two differemtepanputs
of 0.5 W and 1 W and for both polished and blackteal
surfaces. For mixed convection heat transfer erpati, the
above procedures are repeated by switching ON iz fan
and the fan speed is adjusted to get the requjped After
steady state is reached, the above parameters eseurad
along with the air velocity in the channel, whichmeasured
by using an anemometer. Here the experiments haea b
reed)eated for power ranges of 1.5 to 3 W in an vatieof 0.5 W
and for fan speeds of 60 to 300 rpm in an inteo¥&l0 rpm.

In each experiment, the temperature of all the fiemat
sources and the ambient temperature are recordedhhen
temperature excess is calculated. The heat tranefdficient
due to convection is calculated and a comparisa been
made for all the five heat sources. Then the nomedsional
numbers for natural and mixed convection heat fesirtsave
been calculated and an empirical correlation hagnbe
proposed between Nusselt number (Nu), Richardsanbeu
(Ri) and characteristic length of the heat sounggs). The
calculations of the above parameters have been plotige
following way.

qupplied = VI (1)
andia(inn = FSGA (’I‘dlmn[snurce = lelllhil‘lll) (2)
Qconduction ot Kaubstrate A (Theat source = Tsubstrate)/t (3)
Qussutation = Kusuaiow A (T, I T (4)
Qconvection = qupplim - Qradiation = Qeonduction = Qinsutation (5)
hcanvection = Qconvection /A (Tlmntsuur(t‘ ambiem) (5]

Q:adiation /A (Theatsource = Tambient) (7)

hral!inlmll

I1l. RESULTSAND DISCUSSION

A. Natural Convection

Five heat sources are placed at the bottom of ubstsate
in ascending order of their areas as shown in &ig.The
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spacing between the heat sources follow the gatakesn ratio
of 1.618, as reported by Choi and Kim [3], by whittey

the thermal environment of other heat sources.alk heen
seen that, the heat source 2 is having the highegterature

found a significant temperature drop of heat sairceamong other heat sources, because of the facit tisahaving

Experiments have been conducted, by supplying &mmi

least area, and is under the thermal interactiootloér heat

power of 0.5 W to all the heat sources in the fimte and in sources. The temperature drops down from heat s®ito 5

second case, by giving a higher power of 1 W to ahthe
heat sources and by maintaining others at a unifmower of
0.5 W. So six set of experiments have been conduoteboth
polished heat sources and by painting them witbkogeint.

Substrate of bakelite material

All dimensions are in mm.

Heat sources of Aluminum material
40x15x4

30x10x4

15x10x1/ 15x7x4 15x14x6

-
1 17

Fig. 4 Placing of five different size of heat seegdorizontally at the
bottom of the substrate

1. Variation of maximum temperature excess and maxi
convective heat transfer coefficient of five heairses

50
] o © Polished surface
8 ® Black surface
¥ %7
@ . * o
8 1 .
o ]
s 407
E -
a ] °
g 35
=% E o .
=] 4 .
5 i
= 30_, o
] .
25 “+rrrrr e
0 1 2 3 4 5 6

Heat source number

Fig. 5 Variation of maximum temperature excesswa heat sources

It is seen from Fig. 5 that, the minimum temperatamong
the heat sources have been obtained for heat sbuiaeboth
cases of polished and black painted surfaces. iSHiecause
of the fact that, heat source 5 is having highesa among
other heat sources, so that the rate of heat &afisim the
surface of heat source 5 to surrounding is morectwled to
decrease the temperature of this heat source. Alsis
surrounded by large cool ambiance and doesn’tantewith
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(in the ascending order of their characteristigteh So it has
been found that, size of the heat sources playnaoitant role
for their cooling. There is a temperature drop of 3% from

polished to black painted surface, because thesaritis of

black painted surface is quite high that is 0.8&cduse of
which the rate of heat transfer from surface ofséhdeat
sources to surrounding is more and greater coolmg
achieved.

160

o Polished surface

140 8 e Black surface

120
100

80

h-Conv: W/m2 °C

60

40 ] 3

tradaa e ba v bbb el e

o
20+
0.004 0.006 0.008 0.01 0.012

Characteristic length (Ls), m

Fig. 6 Variation of maximum convective heat transfeefficient with
the characteristic length of five heat sources

It is seen from Fig. 6 that, the convective heangfer
coefficient for the smallest sized polished heatrse is very
high and decreases as the characteristic lengttheofheat
sources increase. This is due to the fact thatstualler width
of the heat source, the boundary layer formed as iery
thin, which led to increase the value of heat ti@ns
coefficient. It is seen from the experimental cidton that,
the percentage contribution of radiation heat tiemdor
polished heat sources is only 0.5 — 2%, as theisgwity is
very low, that is 0.08 but the contribution is ¥% for black
painted surfaces, having an emissivity of 0.85.imyeasing
the characteristic length of the heat sources,cthdribution
of radiation heat transfer increases.

B. Mixed Convection

Mixed Convection heat transfer experiments havenbee
carried out in a vertical channel for the same icumétion as
shown in Fig. 4. To delineate the three differeggimes of
heat transfer, experiments have been conductedifi@rent
power ranges of 1.5 - 3 W in an interval of 0.5 Wi dor
different speed ranges of 60 - 300 rpm in an irlenf 40
rpm. The experiments have been conducted for a fraddi
Grashof number range of 2.7 x'46 Gr < 1.4 x 16",
Reynold number range of 5.4 x*8 Re< 2.5 x 1¢ and
Richardson number range of 0.8Ri < 4.5. The results have
been discussed below.
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1. Variation of temperature excess of five heatrses! for
different speeds at constant heat input

80 1Q=1.5W, Re =
o 705 ° 5.4x10° o 8.4x10° ¢ 1.1x10*
- 14 1.6x10* v 2x10* + 2.3x10*
7 1 * 2.5x10* = Natural convection
5} 60
(] 7
o 207 " .
5 ] 0
E 40‘2 " o o o
- 1 u] - ¢ L
& 307 o < & 2
= 135 ¢t L 5 g
= 209 = ¢
10 +——r+———1— 1
0 1 2 3 4 5 6
Heat source number
Fig. 7 (a)
100 1Q=2.5W, Re =
905 © 5.4x10° o 8.4x10° ¢ 1.1x10*
1 & 1.6x10% v 2x10* + 2.3x10%
o 4 x 2.5x10* = Natural convection
L 80
o 70+
g 60 - R &
E ] o o °
7] 50 ) & 4 a "
g' ] o A v
] v * + o
K 40 ; M x x =
304  * g
20 ] L | LI C. L I L SECL IR LI LA T' ‘
0 1 2 3 4 5 6
Heat source number
Fig. 7 (b)

Fig. 7 Variation of temperature excess of five rematrces for
different speeds, at constant heat input. (a) Q¥4 (5) Q=3 W
(Only two heat inputs have been shown)

It is seen from Fig. 7 that, the maximum temperataf
around 85°C is obtained for heat source 3 (having
characteristic length of 0.009 m) at a power ingu8 W, at a
speed of 60 rpm and its temperature drops dowhespeed
increases (Re increases) and the power input lodeve.
This is due to the fact that, heat source 3 is write
interaction of other two heat sources which arethetmally
interacting with ambient. In all cases the heatre®® (having
highest characteristic length of 0.011 m) attains towest
temperature, as it is surrounded by large cool anda. It is
seen that, when the fan is switched off, that ideurthe case
of natural convection, the heat source temperajoes up to
95°C at the same power input of 3 W, which is gdiegond
the safe temperature limit of heat source. So moatection
heat transfer is a better method, than that ofrahtwnvection
heat transfer, as far as cooling of discrete heatces are
considered.
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2. Variation of convective heat transfer coeffi¢iemith
different speeds for five heat sources at constaat input

450 1 Q = 1.5 W, Heat source number =
400‘; o 18 2¢ 3 4 4 ¥ 50
o 3501 . o
[=] ] o
= 300- 5
= ]
B o
S 2507 o
£ 200 o @ "
S ] o
£ 1507 ,
100 - g s
] 4 §
Goie ¥ F .
80 160 240 320
Fan speed (N), rpm
Fig. 8 (a)
4SOEQ=3W, Heat source number =
4001 c 10 29 34 4 v 5
o 350 T
g 3005 °
S 2507 o )
2 200 ,os "
= ] [u]
£ 1507 o
3 o 3
00 o34
50 % T
80 160 240 320
Fan speed (N), rpm
Fig. 8 (b)

Fig. 8 Variation of convective heat transfer caséfint with different
speeds for five heat sources, at constant heat (ap@=1.5 W (b)
Q=3 W (Only two heat inputs have been shown)

It is seen from Fig. 8 that, by increasing the $peed, the
heat transfer coefficient of heat sources incretessling to

tter cooling. This is because of the fact thgtjnereasing
the speed, the temperature of heat sources falhdewich
led to increase the value of heat transfer. Iteisnsthat, for
different heat inputs, there is no significant afgain the heat
transfer coefficient of heat sources, so the heatiti to the
heat sources has no effect on the heat transfdfiaeet.
Among the heat sources, the heat transfer coeffigieops
down from heat source 1 to 5 (in the ascendingroofi¢heir
characteristic length). So the size of the heatcasuplays an
important role for their cooling.

3. Variation of Nusselt Number (Nu) with Richardson
Number (Ri) and Reynold number at different heauts for
five heat sources

When the Nusselt number has been plotted against

Richardson number for different heat sources, gesn from
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Fig. 9 that, the value of Nusselt number decreasitb
increase of Richardson number. From this graph,titiee
regimes of heat transfer have been delineatedj aslReads
to forced convection, R 1 leads to mixed convection and Ri
> 1 leads to natural convection heat transfer. @imtitends
have been found for all the heat sources. The waillidusselt
number decreases from heat source 1 to 5 (in tbendmg
order of their characteristic length), which is doethe fact
that by increasing the size of the heat sources, tonvective
heat transfer coefficient reduce, leading to des@eim the
value of Nusselt number. So it is seen that, sizthe heat
sources play an important role for their cooling.

4,000
1Heat source 1, Q =
Te 15W o 2W < 2 5 W A 3W
=3 3,600— : :
= 8 H Mixed
E g oo¢ 4——— convection
= 1 A d : regime
g 3,200 ] o, , : :
e 1 Forced o °AI:| Natu.rai-
% 2,800 convection A- BUII.VECHDH
2 | regime & i regime
= J : :
“ 2,400~ 054
§ éo o
i 5 g LY
2,000 T T T T T T Ly T T
0.01 0.1 1 10
Richardson number (Ri)
Fig. 9 (a)
1,600
{Heat source 3,Q =
40 15W o 2W 2 5 W A 3W
% 1’200_ i1 Mixed
5 ! convection
E ) DDV:A ‘_'- regime
i ot C
E 800- og® , i i
=] o o @A :
) :
ko) 1 S ot
2 : P} o
Z 400~ .
1 Forced :  Natural
convection convection
1 regime regime
0 T T T T [ T T ‘F T [ : T T T
0.01 0.1 1 10
Richardson number (Ri)
Fig. 9 (b)
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1,600
{Heat source 5,Q = : :
1o 15W o 2W ¢ (25W 4 3W
é 1’2007_ : Mixed
: . convection
E l ¢ . regime
E 1 O¢a : .
3 800 ® o :
- l o |:| o
E 1 9“ oa
g i : o fa
Z, 400 - Forced Natural
convection convection|
regime regime
0 T T T — —TT
0.01 0.1 1 10
Richardson number (Ri)
Fig. 9 (c)

Fig. 9 Variation of Nusselt number (Nu) with Rictlaon number

(Ri) at different heat inputs for five heat sour¢&s Heat source 1

(b) Heat source 3 (c) Heat source 5 (Only thre¢ $@arces have
been shown)

When the Nusselt number has been plotted againstdie
number for different heat sources, it is found frBig. 10 that,
the value of Nusselt number increases with theegme in
Reynold number and all the values lie on a lingsThdue to
the fact that, by increasing the speed, the valegnBld
number increases and also there is a rise in thee \a& heat
transfer coefficient. The Nusselt number valuesfaflown
from heat source 1 to 5 (in the ascending orderthefr
characteristic length) and are due to the sameoneas
explained earlier.

4,500 :
| Heat source 1, Q =
1 © 15W o 2W:
S 4,000 ¢ 25W &4 3W:
g . :
b 4
o 3,500 -
5 ] PA
= 1 P
= 3,000 . %
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g ] g convection
Z 2,500 ) : dominant
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2,000 T T —
1,000 1e+04 le+05
Reynold number (Re)
Fig. 10 (a)
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Fig. 10 Variation of Nusselt number (Nu) with Reljcdhaumber (Re)
at different heat inputs for five heat sourcesHaat source 1 (b)
Heat source 3 (c) Heat source 5 (Only three heatse have been
shown)

C. Proposed Correlations

Based on the above results an empirical correldt@ween
Nusselt number, Richardson number and the chaistater
length of heat sources has been proposed. Thiglation is
based on 140 data points and have an index oflatiore of
0.97. The percentage RMS error is found to be 15%e
relation is as follows

Nu = ﬁ.i-]I:LJ 21811 4

H 3:22
1 + Ri

Ly
This equation is valid for following range of parates.

472 < Nu < 3430
0.04 < Ri <45
28 < H/L, <5

4,000
] +20% o3/
3,000 -
5 2,000
= ] X 3!:5 -20%
i < A
1,000 ;
"y A A .
0 1,000 2,000 3,000 4,000

Nu data

Fig. 11: Parity plot showing the agreement of Nliseember data
(Nu data) and Nusselt number fit (Nu fit)

IV. EXPERIMENTAL UNCERTAINTY
The uncertainty in the primary quantities have been
obtained by calibration of the instruments and darived
guantities it is calculated, by using the uncettaivalue of
primary quantities and the formula given in [14]heTl
uncertainty value of different quantities are shawable II.
The formula for calculation of uncertainty is giviealow.

.' ; 2
I|I f.]i'_,l' = )
L \-‘I Z (;’}u') Az

TABLE Il
UNCERTAINTY IN PHYSICAL QUANTITIES

Sl. No Measured quantities % Uncertainties
1 Current +3.23
2 \oltage +1.33
3 Temperature +6.25
4 Power input +7

where y is the derived quantity, x is the measuyeahtity and
Ax is the error involved in the measured quantity.

V. CONCLUSION
The following observations have been made from the
experimental study. For both natural and mixed ection
heat transfer regime, when the heat sources areegla
horizontally near the bottom on the PCB, the largee heat
generating module should be placed at the poshicor 1,
where the minimum of the maximum temperature exéess
comparable with other positions. Radiation heatsfer plays

Based on the above correlation a parity plot hasnbea significant role, as the temperature of heatsssireduce by

plotted between Nusselt number data and Nusselbauffit,
as shown in Fig. 11 and it has been found thatstadter in
the data falls within a range of £ 20%.
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3 - 7%, by painting them with black paint, leaditogbetter
cooling. The size of the heat sources has a grgadét on the
heat transfer coefficient. From mixed convectioathteansfer
experiment it is seen that, the heat input to &t kources has
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no effect on their heat transfer coefficient, ame tvalue
increases by increasing the speed and charaatdestjth of
heat sources. The three regimes of heat transfee been
delineated on the basis of Richardson number (fd)is seen
that the value of Nusselt number decreases witte@se in
Richardson number and increases with increase yndte
number. Mixed convection is a better method thanrtatural
convection heat transfer, as far as cooling of rdisec heat
sources concerned.
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