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EFFECT OF [IEATING ELEMENTS POSITION ON FREE
CONVECTION IN A VERTICAL RECTANGULAR ENCLOSURE
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ABSTRACT

Free convection mi heated (wao-dimensional rectangular verical enclosure is
investigated experientally for different twa heater configurations.  The study is
carried out for the stecady laminar How of air in an enclosure swith constant heat {lux
{wo leaters at one adiabatic insulnted vertical wall, an isotherrnally cooled facing
vertical  wall and insulated hovizontal walls  The enclosure is ¢f 30x 100300 mm
width, height and spanwise dimeusions respectively with an aspect ratio A=2. The
parameters considercd are 4.33x104<Ra%6.29x 103 and Pr = 0.7 Three dilterent cases
for the position of the two leaters are donsidered.  The work concentrates on the
elfect of the position of the lieat sources, the wake distanee between them. and
Rayleigh naniber on the heat sonrces maxinuim and local surface temperatares { T+
T) and the local and average Musselt number {(Nn, Mu ), which are considered as the
design parameters of any electronie equipment  To get minimum Ty and 1 and
maximum Nu, and Nu for the apper and lower hieat sources, the position of the lower
heater nmiust be ncarer to the lower horizontal wall and the position of vhe upper liepter
must be in the middie of the distance between the imver heater and the upper horizenial
wall.  The results also show the increase of T . T, Nu, and Nu for the upper and
lower heat sourecs with the mcrease ol Rayleigh number. Tyqy and Nu as¢ aleo
correlated with Rayleigh number
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INTRODUCTION .

An area in which has seen a considerable ot of rescarch activiny in the
recent years is that ol lieat removal lrom electronie cireuitry, With continued cllint 1o
deerease the size of electronic cquipimens. the energy dissipated per it aren as
increased subsiantially in most engincering applications. Sice  the perliimance ol
clectronic components is olien strowgly temperature dependent. there is 3 growing need
10 develop suitable methnds [or the cooling ol electronic packages that are enployed in
a wide variely ol applications, such as air space Iravel systems, counmmnication systens,
naval systems and computers  Heat removal rom clectronic devices usually ipases
the major coustraint on further reduction in size,

Previoushy, many investigalors sludied  the various modes of beat transler and
relevant cenfigurations alomg with  the associaled heal ransfer Fxtensive sueveys ol
this ficld have been presented by Jalura {1 [. Incropera (2], Papanicolaon and Jaluris ]3]
and Bl Kady and Araid [4].

Many electronic instruments, devices and  systems are cooled only by nataral
convection. making W imponant 1 study therelevant mechanisn underiyving thermal
transport,  Jaluria {5] studied the buoyaney-induced Row due to thersnal sowrces on o
vertical iselated plate. The natoral cousectian between seies of vertical plite channels
with embedded Tine heat sonces hag been stdied in order 1o meet the relatively Joner
operating temperatse requireiients ol integrated cirenits by Anand et al ol and Kim
et al. [7, 8]. Anether inpartant configuration im olves camplere and partial enclosnres
Sueh as those that are encauntered i siall electranic devices and personal computers
Not much work has been done on such enclosure flows, Bul there 15 a growing interes
in these problems, Keyhani et al. [9] investignmied experimentails the natural convection
flow mud hieat trans(er characteristics ol an array of discrete eat sonrees i enclo<ires
and in | 10] they showed the aspect ratio cllect an nawral consection. Carona and
Keyhani [11] showed the cavity width effeet on cooling of ive heaters on one vertical
wall of an encloswre Gl Kady and Araid (4] showed the effect al size and locatian af a
surface heater embedded i the vertical wall ol a two dimensional rectangular
enclosure

Fraom the surveved luerature it ig found thar | there ic a lack ol experimental
knowledge nid data of the natural conveetion fienchieal sources in the enclosures aff
the electrovie equipment  The aim of the present work is 1o present experimental
Taminar heat transler  data of two dimensianal rectangnlar enclosures, which have tweo

heat sources an onc yerlical  side wall 6 ¢concentrates on the effect af the
pasition of the heat sources, wake distance andl Ravlcigh munher on the smlice and
maximum (temperatures of the et sowrces as well as the focal and average hest
transfer from (lhiem,

EXPERIMENTAL WORIK
The schematic diagram of the constmeted tesCapparatus i< showen in Fig | A

two diticasional rectangular enclosure is used with dimensions ol height TE= 100
asd width W=30 mm and 300w in the spaswise direction, The wpper amd lower
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orizontal surfaces of the enclosurc{4) and {5) were vmintained a1 constant temperature
by constructing them from thenmal insulating material {expanded polystyrene) of 50
mm  thickness. The right wverlical wall of the encloswre (7] was maintained
approximately at constant temperature by fitting 4 copper counter-[low heat exchanger
(6) in which the cily water was used as a coalant tiquid. The lefl vertical wali of the
enclosure was made of the closed-pore extruded polysiyrene insutalion (8) of 50 mm
thickness. Two clectric henting elements (1) and (2) with dimensians of 20 mm hetght.
2.5 mm thickness, and 300 nuy Jong was einbedded in the feflt vertical adiabatic wall 1o
make (he heater face in the same vedtical inside plane of the wall. The study is carried
oul for three cases of the 1wo heaters positions. The lelt vertical wall with the two
heaters positions for the three cases is shown in Tigs {1-a) to {1-¢). in the first casc
which is shown in Fig. (l-a), (he leading edge of the fuwer heater is 10 nun height
above the horizontal lower wall and the distance between the npper and lowet heaters
is 10 mm: PB/H=0.2 and ByTl= 0.5 where B and B, are the hicights of the lovwer
heater center amd 1he upper heater center respectively. In the second case which ix
shown in Fig. (1-b). the leading edge of the lower hicater is 10 mm height above (he
horizontal lower wall and the distance between the upper and lower heaters is 40 ni;
B,/H=0.2 and By/ll= 0.8, In the third case which is shown in Fig, {1-c). the leading
edge of the lower heater is 40 mm height abuve the horizantal lower wall and the
distance Lietwween the upper and lower heaters is 10 iy B /=05 amd By/Hi= 0.8,

The heat input 1o Lhe henting elements was controlled by an aute-transformier
{10} as well as one voitmeter (11} and an ammeter {12}, The heat input to the healing
clernents was also checked using a wattmeler (13). Onee the power switch closed. the
heating system starls

The heating clemeint construction is shown in Fig. 2. The heating clement [ace
is made of polished stainless steel sheet (1) with 0.5 mm thickness. This shect metal
was heated electrically by an electsic nickel-chromium heater (2) with rectangular cross
section of 0.25x0.5 mu and an electric resistance of 8.3 Olmineter length. The
electric heater which hag total resistance of aboul 50 Ohun is wounded araund a mica
shicet of 0.5 mm thickness (3}

The temperatures ©of each leating  elenent are measurcd by six coppei-

consiatan thermocouples of 0.3 i wire diameter and lixed on the back surface of
the sheet mctal. The positions of the six thermoconples on the sheet metal are shown
in Figs. 1 amd 2. Four thermocouples arc lixed v the middle ventical plane ol the
spanwise as shown m Tig. 2. The other twvo thermocouples are fixed in the mididle
height of the shect at 100 num distance in buth  sicles lrem the middle plane of the
spanwise. The temperaturc of the unheated parts of the wall is measured by another
twelve thermocouples frowi the smme kind.  The distance between each (wo
thermocouptes is 5 mm.  The temperature ol each of the unheated right vertical and
horizontal walls is  measured by two thermocouples fromn the same capper-constiantan
type which are used (0 measure the heating clements. The total number of
thermocouples which are uscd Lo measure he tempernture ol thic heated and unbeated
surfaces of the enclosure was thidy-two thermocouples. These thermocouples were
connected 1o a Yokogawa 24-poiats digital temperature recorder witl scale division of
0_LC through a sclection connecting swilch



Mansoura Engineering Joumnal, (MEJ), Vol. 23, No. 4, December 1998 M. 18

During the cowse of the experimental wark nearly three hours were needed 1o
reach the sleady stale condition. This condition was recognized when the tenmperature
reading did not change within a time peciod ol about 15 minutes

The loeal and average heat transfer coelficients along the suiface ol the heater
are prescnied hy mems of a local and average Nussel numbeis according to their
definition for isoflux heating as:

Nu=hi/k=(qgL/ky/(1-T)
Nu = (g L/ T- T )
where T, and T are the mean couling wall teinperature amd 1he average heater surface

tcrperature, respectively.
The other dimensionless parameters  which are used i the presettation of the

results i this study were the Prandtt vumber Proand the Rayleigh uuiber Ra:

Pr-via and  Ra = gf LY ¢/(kovy
Where k, v, o, and [} are the uid theral cowductivity, kinematic viscosity, thermal
difTusivity, and thernml expansion voellicient, respectively.

RESULTS AND DISCUSSTON

Two heating elements were placed i the cavity on the verical wall sad sindied
experintentally for an enclosure aspect ratio A~ 2, Prandt!l mumber Pr=0 7 and diiTercin
values of Rayleigh number Ra = 0433x10, 1.73x105, 2.6x10". 3.68¢10>, 4.9x10% and
6.29x105.  Three cases were considered, with different heating element locations, Tor
case (1} the heater locations are B/T1=0.2 and D5/11=0 5. for casc (2) B/1=0 2 and
Bo/Ml= 0 & and fur case (3) B/11=0.5 and B/T1=0.8. The eltect ol the henting element
positions, wake distance betsseen the lower and upper heating clements, and Rayleigh
mruber on the local and maximum surface temperatures awd the local and average
Nusselt number were presented,

Effect of the lower heating clement pusition

Figures 3 and 4 present the effect ol tie fuwer heater position an both the local
surface temperature mud the local Nusselt mumber for Ra= 0433x105, 1 73x105.
3.68x105 and 6.29x10%. In these Figures, casc (1) and case (3) are cousidered. They
have equal wake distances between the lewer and upper heaters and different lower
heater position of By/H=02 and 0.5 respectively  The local surface leruperatures of
both healers of case (I} arc smaller than those of case (3). While. the local Nuyssell
number of both heaters for case (1) are higher than those of ease (3).

Figures 5 and 6 show the belavior of both tle maximar temperatures and the
average Nusselt number for both the lower and upper lieaters, witl the variation of
Rayleigh number for the three cousidered cases. Considering cases (1) and (3). Figures
5 and 6 show that for constant Rayleigh nnmber. the maximmn temperatire of the
foawver and upper heaters for case (1} are smaller than these of case {3) While the
average Nussclt number of the lower and upper heaters fn case (1) are larger than
those ol case (3).
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For constant wake distance and Rayleigh number. as the lower heater is moved
nearer to the Jower honzontal wall, the local and maximam temperamres for the tower
and upper hienters decrcases and the focal and average Nusselt number o the linver
and uppcer hieaters increases which is (he required case

Effect of upper healing element position

Figures 3 and 4 show the clTect of the upper heater position on both the lyeal
surface temperaturc and Nussclt number lor the upper and lower  heater . The wake
distance between the lieaters are lixcd and the upper heater position varics [fam
By/11=0.5 to 0.8 for cases (1) and {3) respectively. Figures 3-6 show thal lor constant
wake distauce aml Rayliegh number, with the decrease af B2/, i e as the upper heater
becomes more [ar (rom (he upper harizontal wall the heater surface local and maxinum
temperatures deercase while the Tocal and average Nussclt uumber increases which is

Lhe required case.

Effect of walie distance

Cases (1) and (2} were considered. The Tower heater has liked position with
B;/H=0.2, while the wake distance between the (wo heaters increases to make Byl
increases rom 0.5 Lo 0.8, Figures 7 and 8 represent the elleet ol wake distance on the
local surface temperature and Nusselt number for Ra= 0.433¢10%, 1735105 3.6R<10°
and 6.29x105. Figures 7-8 show that for constant Rayleigh nunber and (ised lower
heater pasition, as 1he wake distance increascs the upper heater becomes nearer to the
upper  harizontal wall, the local lemperature of the upper heater increases whicl
increases the temperature ol the flow reaching the vertical cold wall, the ow leaving
the cold wall and the flow reaching the leading cdge of the lovwer heater Thereflore.
the local temperature of lower heater increascs marginally. shich in tums, decreases
the lacal Nusselt muwmber. These resulte are supported by the resulis of Figs 5 anidl 6.
In which the maxivumn surlace tcmperature of the Juwer healer increases aml the
average Nussell numiber decreases with the crease of the wake distanve.

To show the effect of the wake distance an the upper heater, cascs (2) and (3)
were censidercd.  The position of the upper heater i lixed with D2/H=0.8 and the
wake distance between the heaters decreases (o nuke B/ inereases front =0 2 g 0§
respectively. It is shown from Figs 9 and (0 that with the iwcrease of the wake
distance, i.c as the lower heater is moved moe far from the upper heater, the tocal
surface  temperature of the upper heater deereascs and the Tocal Nusselt number
increases.  Figures 5 and 6 show alzo that for cases (2) and (3), with the incrcase of'the
wake distance helween the upper and lower heater the maximuan surface temperature
ol the upper lieater decreases and ihe Nusselt number increases  These resulls supports
that the positien of the upper heater must be as far as possible from the upper
lwrizontal wall and as far as possible [romn the lower heater. A compromise must be
done to make the Lest position for the upper leater Lo be in the middle of the distance
betsveen the loaver heater and the upper horizonial wall,

Elfect of Rayleigh number
Figures 3, 4, amd 7 lo 10 present the effect ol Rayleigh number variation on

lrotly the local suface temperature and Nusselt nuniber of the upper and Tmyver heater.



Mansoura Engineering Journal, (MEJ), Vol. 23. No. 4, December 1998. M. 32

With the increase of Ravleigh nurber both the local suwrlace temperature and Nusselt
munber increase for the two heaters. As <howa in Figs 5 aud 6, the miaximon sarlface
temperatnre aud the average Nusselt number fov both heaters increases as the Rayleigh
number increases. The maxiinum heater surface temperatute and the averape Nusselt
number for both the upper and fower heaters are correlated as a lnetion of Ravleigh
nuniber by equations as fullows.

Ty =€ Rad . No = m ¥
where ¢, d. m, and w are constants and are expressed in tie Toilasing tahle
Lower heater I_ Upper heater |
¢ d | m n 1 ¢ d m n
case {1} { 0.356 0.-13% 0,900 0134 0367 [ Od4dd 106012 | 0519

case (2) J0.358 | 0.428 |0n9ge o137 D310 463 10538 [0 lod |
case (3) [0.324 [ 0445 J0.923 [0.136 [ 0224|040 0578 [0.155 |

CONCLUSIONS

The effect of the Tawer and upper hearer pesitions, the wake distance between
them aud Rayleigh wnmber on the henters surface temperature and heat transfer
characleristies are studied experimentaily. The considered parameters are P=0,7, and
Ra = 0.433x105, 1.73x105, 2.6x105. 3 68x10%, 4.9x10% and 6.29x105 The resuits
shrow the following couclusions,

For constant wake distairce and Ra. as the lower hester is moved nearer tu the
lawer horizootal wall, T and T, for the fower and upper heaters decrease shile Nu
and Nu Tor the lower and upper heatets increase which is the required case. As the
upper heater becomes mose Tar front the upper hovizoatal wall the heater sinface ‘1 and
Tonax decrease white Nu and Nu increase which is the requiretl case.

Far conslant Rayleigh number, as the wake distance increases with fixed lower
heater position. T and Ty, increase marginally lor the lower heater, which in tums.
decreases Nu and Nu. For fived npper heater position, the increase ol tie wake
distance, decreases T and T, and increases Nu for the npper heater.

To get minimam T and T, and maxicwm Nu and Nu for the lower and
upper heaters, the position of the Tower heater must be nearer to the lower horizontal
wall and (he position of the upper heater nmst be as far as possible from the tpper
horizontal wall and as far as possible from the lower lieater A comprontise position
for the upper heater is in the middle of the distance betw een the lowee heater and the
upper hosizontal wall.

With the increase of Rayleigh mumiber, 1. T .. Nuand Nu increase lin both
heaters. Ty, and Nu for both the apper and tower heaters are comrelated as a (unetion
of Rayleigh number by equations as [ollinys.

Trnax-‘c-nﬂd . Ne — Rt

wlhere ¢, . m, and 1 are constants



M. 33 F. F. Araid

NOMENCLATURE

A aspect ratio, H/W

B height of the lower heater cenler, m

B, height of Lhe upper heater center, m

g gravitational acceleration. mvs?

H enclosure hoight, m

k fuid 1henmal conductivity, WHuk

[ heater height. m

Nu local Nusselt numiber along the heater surface, Lq. (9)

Nu average Nussell number, Eq. (10)

Pr Prandtle number, via

q heat flux at the heater surface. W/m?2

Ra Rayleigh number, Ra~g L4 g Stk
temperature. €

| mean temperature for the cooled wall. C

w enclosure width, m

o fluid thermal difTusivity coeflicient. m2/s

i) fluid volumetric coellicicnt of thermal expansion. LK

v fluid kinematic viscosily of the fluid, mé/s

P Auid density, kg/m3
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