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ABSTRACT

In this study an experimental work has been cotedlito investigate the natural convection
through a rectangular enclosure fixed horizontdllye upper surface for the apparatus has beencheate
and cooled. The test apparatus has been manufaditste and then thermocouples have been fixed in
proper positions. Then many readings, for tempeegaithave been registered for each thermocouple.
These readings have been taken for different nlass rfates of cooling water with different heat
fluxes. These experiments have been conducted fdre trange of Rayleigh

number(4* 10° < Ra< 5*10°), and for the rangeof water mass flow rates in cooling region

(0.009 kg/ssm <0.04 kg/s). Four tests for each mass flow ratesatér have been conducted, for each

one of them five values of heat flux have been ugseldeating. It has been noticed that the surface
temperature of experiments section increased toaph from heating region and the same behavior of
temperature inside the section, with appearangmatan region and not change of air temperature on
center region for the apparatus. The study shbatsMusselt number decreases by (50.4 %) in cooling
region, and Nusselt number value increases by (38%eating region as the mass flow rate of water
decreases by (77.5%) for the highest and lowedtflusa Also, Nusselt number decreases by (57.5%)
as the heat flux decreases by (95%) for the higlredtlowest water mass flow rate. An experimental

correlation has been adopted between average Nusseber against average Rayleigh number (Ra)

Ra%*®
for both heating and cooling regionis 0.016( 0303 —1)

Key words: Natural convection, Rectangular, enclosure, heating and cooling, Horizontal .
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Nomenclature
Symbol Description Unit
A Surface area m?
B Enclosure width m
Cp Specific heat J.kg-1. K-1
EIP Electrical input power Watt
g Acceleration due to gravity m/s
h Heat transfer coefficient w.mZ2°c?
I Electrical current Ampere (A)
k Thermal conductivity w.m'°ct
L Enclosure length m
m,, Mass flow rate of water kg.s*
Nu Nusselt number
Ra Rayleigh number
Pr Prantel number
Q Heat generated W. m*?
Qe Convection heat flux W. m?
o Radiation heat flux W. m*?
Quw Cooling heat Watt
T Temperature °C
Vv Heater voltage Volt (V)
X Axial distance m
Greek symbols
e Emissivity -
d Enclosure thickness m
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0 Density kg.m*
a Thermal diffusivity m?s?
y Kinematic viscosity m?.st
u Dynamic viscosity kg.mt.st
B Volume expansion coefficient K*

6 Stefan-Boltzmann constant ~ =5.67 x 10 W m? K™

Subscripts

C Cold --
fL Film --

f Fluid (air) --

H Hot --

[ Inlet or (inside) --

0 outlet --

S surface --

w water --

INTRODUCTION

Steady state natural convection from rectang@aclosures and square ducts has many
engineering applications in cooling of electronmmponents, design of solar collectors and heat
exchangers. Survey of the literature shows thatetations for natural convection from vertical and
horizontal plates, vertical and horizontal cylirglespheres, vertical channels and elliptic cylisdine
reported for different thermal boundary conditioH®wever, limited numbers of experimental studies
were concerned with heat transfer through rectamgemclosures and square ducts heated and cooled
from abové¢Zeitoun and M ohamed, 2005).

(Al-Bahi et al., 2002); had studied numerically laminar natural convectieat transfer in an
air filled vertical square cavity differentially aeed with a single isoflux discrete heater (heater
length/enclosure height= 0.125) on one wall andohygosite wall represented a heat sink with top and
bottom adiabatic surfaces. The time dependent iwitsional conservation equations of mass,
momentum, and energy are solved employing a forwiard central space implicit finite difference
scheme. The streamlines and isotherms for diffehewiter locations (the distance from the heater
center to the bottom of the cavity/ enclosure higigh25-0.75) and Rayleigh numbers a0F) were
obtained. Their results showed that for small hedtee flow was characterized by a single circalati
cell, which prolonged to an elliptical shape atrhiRayleigh numbers (£pwith distortion towards the
location of the heater. At low Rayleigh numbers®@l@), heat transfer by conduction was dominating
and Nusselt number was nearly constant. The coadubat the local Nusselt number decreased along
the heater length from the leading edge with slegiftancement at the trailing edge.

Effects of thermo-acoustic wave motion on the tgvag natural convection process in a
compressible gas-filled (Nitrogen and Helium) sguanclosure were investigated numerically by
(Murat and Bakhtier, 2003); the left wall temperature was raised rapidly (ingpegly or gradually)
while the right wall was held at a specified tengpere. The top and the bottom walls of the enclsur
were considered thermally insulated. The numesoAltions of the full Navier—Stokes equations were
obtained by employing a highly accurate flux-coreelctransport algorithm for the convection terms
andby a central differencing scheme for the viscaoddiffusive terms. Thermo acoustic waves were
generated by increasing the left wall temperatdréh® enclosure impulsively (suddenly) or gradually
and rapidity of the wall heating process was olb=@ito be the leading parameter on the strengtheof t
thermo acoustic waves.
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(Rahman and Sharif, 2003); investigated numerically free convective lamirlawf of a fluid
with or without internal heat generation in rectalag enclosures of different aspect ratios and at
various angles of inclination. Two principal parders for this problem were the external Rayleigh
number which represented the effect due to themifitial heating of the side walls, and the interna
Rayleigh number which represented the strengthefiriternal heat generation. Results were obtained
for a fixed external Rayleigh number (2%),0vith internal Rayleigh number (0) (without imet heat
generation), and also with internal Rayleigh numt2x10F) (with internal heat generation).Flow
patterns and isotherms did not show any significifierence between the cases with and without
internal heat generation other than slight shiff ahanges in stream function and isotherm values as
long as the internal Rayleigh number was less titaaqual to the external Rayleigh number. Local
heat flux ratios along the hot and the cold wabsrdased monotonically in the flow direction for a
major downstream portion. At certain inclinatiohg focal heat flux ratios increased initially ahert
decreased.

The Steady laminar natural convection in air-fi/lédD rectangular enclosures heated from
below and cooled from above, was studied numeyicllt a wide variety of thermal boundary
conditions at the sidewalls ljlassimo C., 2003). He used mass, momentum and energy transfer
governing equations which was solved by developatharical model based on the SIMPLER
algorithm. The study was carried out for the ranfi@spect rati¢0.66 < A < 8), and the range of

Rayleigh numbe(l0® < Ra<10°). He found that the heat transfer effectivenesthefbottom wall

increased as each adiabatic sidewall, and thetreatfer rate from any heated or cooled boundary
surface of the enclosure increases as the Rayteigtber increased. While the local heat fluxes from
the top and bottom walls are strictly dependenthenthermal boundary conditiorthe heat transfer
rate from the heated or cooled sidewalls was inadeéget of the thermal configuration of the enclosure

(Zeitoun and M ohamed,2006); had reported numerical simulations of natural emtion heat
transfer from isothermal horizontal rectangularssrgection ducts in air. Their results showed as th
aspect ratio increases, separation and circulatoars on the top surface of the cross section atuct
fixed Rayleigh number and the corresponding beldwad been observed through the isotherms. They
had also obtained a general correlation usingsbed ratio(I") as a parameter:-

Nu = [0.9r 2% + 03718 *™Ra*5[ 700 < Ra< 10°

The study of laminar and transition to turbulenatural convection heat transfer from the outer
surface of rectangular ducts in air with their akisrizontally, was investigated experimental by
(Mohamed,2007); Five ducts had been used with aspect ratios 0&d2¢10.5. The ducts heated using
internal constant heat flux heating elements. Tigtirett flow regimes were observed; namely laminar
and transition to turbulence. Their results shovetdlow values of convection heat flux and
characterized due to decrease in value of Nussetibers at any fixed longitudinal x station on the
duct’s surface, and Nusselt number increasediasrgased along the duct’'s surface for any value of
the heat flux. They had also obtained a generaklaiion of average Nusselt numbers by using a
parameters, aspect rat(ﬁ), area ratio(K) and (Ra):-

Nu = 0.256(Ra)* " k**'F °%  k(100,,3* 10" < Ra< 6* 10°

Numerical simulation of turbulent natural conventim a square enclosure with localized
heating from below and symmetrical cooling from thertical side walls were reported by
( Sharma A. etal. ,2007), The heat source was considered to be centralbtddcat the bottom wall
with different heated widths, which was assumebdaither isothermal or with isoflux. Distributions
of streamlines and temperature fields were obtaiiié@ dependence of the Nusselt number on the
heated width was found to be completely differentine isothermal and isoflux heating cases.

(Hakan f. & Eiyad A., 2008), studied Numerical of natural convection in palyidieated
rectangular enclosures filled with nanofluids. Thisgd finite volume to solve the governing equation
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The Calculations were performed for Rayleigh nunib@r<Ra<5*10°), height of
heate0.1<h < 0.75), location of heat0.25<y, <0.75), aspect rati0.5<A<2) and volume

fraction of nanoparticlg® < ¢ <0.2). They found the heat transfer increased with imsee of height

of the heater. Also, the heater location affectetlftow and temperature fields when using nanofluid
The nanofluids increased with increasing the vabfevolume fraction of nanoparticles. the
enhancement of heat transfer in rectangular endesdependent on the presence of nanoparticles.

Mathamitical simulation of the transient turbulenatural convection in the rectangular
enclosure having finite thickness walls, were stddby(Geniy V. etal.,2010), they used the Navier-
stokes equation to solve the turbulence model widll function. The study was carried out for

Grashof numbegl0® < Gr <10%), the transient factor(0(t(1000)and thermal conductivity ratio

(K1 -=5.7*10% 6.8*10°). They found that increasing Gr is reflected iduetion of a thermal boundary
layer thickness, and the increased in transiembfdeads to increment in average Nusselt numbee. T
decrease in thermal conductivity ratio leads to thminution of the generalized heat transfer
coefficient and increased in average Nusselt numBecorrelation was obtained between Grashof

number and average Nusselt number iU, , = 0.53* Gr **

EXPERIMENTAL WORK

Natural convection heat transfer is one of tiest important convection transfers so we
conduct an experiment natural convection in a regtkar enclosure. Ahoto (A-1) shows the test
section , andig.(B-1) illustrates the schematic drawing of the testisact

A rectangular enclosure made of galvanized iroented horizontally is used. The cross
section area of enclosure is square, its thickﬁﬁésmd widthenclosure (B) are (10cm), and the length
was (100 cm). The dimensions of cooling tank afex{Dx50cm). The active heated length is only (50
cm) and cooling length is only (50 cm).

The rectangular surface temperature was measur€d8ythermocouples (T type) which are
positioned on all apparatus surface, four thermplesu are positioned for five locations, (2)
thermocouples to measure the temperature at the tedapparatus section and (5) thermocouples in
five locations to measure the inside air tempeeaiarthe center of the apparatus section, also (2)
thermocouples has been used to measure the teomgeddtthe inlet and outlet water from cooling
tank. Another thermocouple is used to measureathe atory ambient temperature.

The upper surface test section was heated eldbtricsing coil and an electrical resistance on
the upper wall of (5m) in length with a resistaift@/m). To reduce the heat losses the test section is
thermally insulated with fiber glass of (10cm) mckness. The two ends of the apparatus section and
other surfaces were insulated electrically andntfadlly using fiber glass only.

The heater was supplied with an alternative eleatpower using converter that supplies with a
steady voltage through a voltage regulator (220Ar).Ameter was used to measure the current pass
through the heater with accuracy (1A).

The cooling water flow rate can be controlled by tvalves for inlet and outlet water from the
cooling tank, the mass flow rate of water is cated by using a (1000 ml) glass container and stop
watch.

CALCULATION PROCEDURES

Before the experiments test starts, the thermoesuate calibrated using distilled water and
crushed ice bath in the range of (0-f@)Mercury bulb thermometer was immersed togethr w
thermocouple and water temperature was recordedpl8acalibration curve is shown fig.(2). The
laboratory ambient temperature is within the ra(i@-20°C). The test procedure can be listed as
follow:-
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1-  Control the water mass flow rate by inlet valve.

2- The test section is set to the proper voltage hisdg achieved using a variable transformer.

3- After (1.5-2 hr) the system reaches the steadye staindition. The enclosure surfaces
temperatures, the inlet and outlet water tempezatithe water mass flow rate through the cooling
tank, the laboratory temperature and the heatéag®land current have been registered.

The heat generatedgfds dissipating from the enclosure surface by eation and radiation.

EIP=1*V 1)
EIP
Qq = AL )
Where A, =0.5B0OL
Q,=0d.+q, 3)

Where @ and q, are the fraction of the heat flux dissipatingnfrahe enclosure surface by
convection and radiation, respectively which carcdéleulated agV ohamed, 2007):

a, =eolTy* - T¢) )

Where (T and T¢) is represented iRigrel:

Tu= Twa: is the upper surface temperature in heating refgioright side.

Tc=Tcy: is the lower surface temperature in heating redpo right side.

Tu= Tho: is the lower surface temperature in cooling redar left side.

Tc= Teo: is the upper surface temperature in cooling redpo left side.

¢ is the surface emissivity of the enclosure and @stimated as 0.3 for galvanized i{&egel, 1992).

The film temperature for the air is calculated gdine following equatiofHolman, 1977):
T =——— ®)

The characteristic of the air are calculated thiotlge test section which are varied depending
on in the film temperature of the air and these aaleulated using the following empirical equation
(John, 2003):

p, =121003+7.4715 10°T, —3.8919-10°* T +4.54786 10°T; (6)
W, =1577*10™ - 1.285* 10°T, +3.836* 10°T? —3.662* 1072 T} @)
k, =0.155-1.236* 10T, +3.760* 10°T? —3.588*10°T; (8)
Pr, =2.692-1.691* 10T, —-4.799* 10°T? —3.588*10° T 9)
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C,; =825.885+1.627T, —-4.97*107°T¢ +5.205*10°T (10)

o, = -0.2315+2.362* 10T, +2.143*10°T? -6.99* 10° T} (11)

Where the quantity of the heat transfer,Y@om the air in cooling region is calculated adldw
(Holman, 1977):

Qu =M, Cpy(Tu, = Tu) (12)

Local convection heat transfer coefficient and loaisselt number have been calculated
indirectly measured respectively using the follogveguationgM ohamed, 2007):

dc
h, = (13)
© (Thy —Tex
N, =52 a

Then the overall longitudinal averade can calculated as flogM ohamed, 2007):
_ 5
h=>h/5 (15)

The non-dimensional overall average Nusselt andeRgy numbers are calculated as follow
(Mohamed, 2007):

h.5
Nu=—— 16
u=-- (16)
_ 3
Ra = gB(THx Tey )-6 (17)
va
Where v=u—f and B=i
Ps T

Four tests have been carried out (0.04, 0.02, &nt40.009 kg/s). Water is used to cool the half
upper surface. And for each mass flow rate the peaerated is changed (147, 490, 1054, 1708 and
2940 W/nf). The previous test have been repeated onesdbrarmnge in water mass flow rate.

RESULTSAND DISCUSSIONS
Twenty tests had been carried out for each ofdaheviing variables.
1. the mass flow rate of water have been varied witténrange (0.009-0.04 kg/s) and this was
done four times.
2. the heat flux have been varied within the range7{2840 W/ni ) and this was done five
times.
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The effect of mass flow rate on the temperatur@ r&he ratio between the top surface
temperatures and the temperature of the air ice¢héer of the enclosure) at constant heat flukasve
in Figures 3-7. In the cold region this ratio is almost constantmater what is the mass flow rate at
any heat flux. This is happening because the cold anoving downward and the air in the center of
the enclosure is almost has the temperature ofofneold surface, then the temperature ratio niges
as moving toward the hot region because the ait naither moves downward because it's density is
getting lower nor cross the top solid surface,tsmoves sideward preferring the cold half side. For
these reasons the temperature ratio is increasidgyets it's highest value at (x/L=0.67), this oegi
can be considered a stagnation region. The dengeasthe section apparatus temperature ratioeat th
end is justified by the heat loss at that regionaApecific heat flux when the mass flow rate eases
more heat is convected which decreases the temperatio.

Figures 8-11 show the effect of changing heat flux at constar@ss flow rate on the
temperature ratio. The same previous general behesv/observed. At a specific mass flow rate as the
heat flux increases the top surface temperatutkerot region is getting higher than the tempeeatu
of the air in the center of the enclosure which msdaigher temperature ratio particularly at (x/L650.

, then because of the thermal losses from thelentemperature ratio decreases.

Figures 12-16 illustrates the effect of mass flow rate on IoNaisselt number (NJi along the
enclosure at constant heat flux for each figure, Mistribution suffers from fluctuating along the
enclosure. The highest Nwalue is related to the convection created by tiye cooling at
(x/L =0.33), while the lowest can be observed &t I =0.67) where the top surface is heated. This
means that the lowest heat transfer occurred sgait of the enclosure. Referring to the valudlof
(nearly equal 1) this region can be considered stagnation region, that's happened because the hea
transferred by strong bouncy- induced flows can betransferred upward so that the heat is rather
transferred sideward practically toward the colgioa causing high heabnvection in this region. All
heat fluxes Nw distribution has the same behavior. The Increabieat flux will increase the heat
convected in the enclosure leading to increasg Mhen the mass flow rate decreases at (0.014 and
0.009 kg/s) less heat will be convected at low ffieat(147 and 490 W/R) and causing convergence
Nuy values in the cold half of the enclosure, as shmigures 12 and 13.

The same general behavior for,Ndistribution is observed when the heat flux chaagéxed
water mass flow rate as shown kigures 17-20. As the mass flow rate increases more heat is
convected from the hot surface to the cold surfaloesh will cause higher Nufor any heat flux, so
that at (h = 004 kg/s) witness the highest Nat (x/L =0.33), this is because of increasing the heat
convected between the coming hot air from the Bgion and the cold surface. AtAL =0.67) Nuy
does not affected by changing mass flow rate dadiill presents a stagnation region. Also ,it t&n
seen at higher heat flux (Qg=2940 V¥jriWhen the mass flow rate decreases at (0.014 09 &g/s)
more heat will be convected at/L =0.33) causing higher Nuvalue and causing convergence in
Nuy values in the cold half of the enclosure, as shmigures 19 and 20.

The increase of average Rayleigh number causesdeoalsle increasing in the average value
of Nusselt number for different value of heat flax&nd this was shown iRigure 21, this is because
of the effect of increasing convected heat as #a fenerated increases. The average value of INusse
numberis decreasing by (57.5%) as the heat generatedatezs by (95%).

Figure 22 shows the relation ship between the average Nussehber and the average
Rayleigh number for different values of water més® rates. It could be seen that the average value
of Nusselt number is increasing with the increabeawerage Rayleigh number and this is for all
different water mass flow rates, this is becauseeimsing heat transfer coefficient. The averagaeval
of Nusselt number decreases by (50.4%) as the wadss flow rate decreases by (77.5%), this is
because the water gets hotter and the heat traesfieced and Nu will be reduced subsequently.
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The case when there is no mass flow rate is chts@mnedict the results of present work, as
declared inFigure 23. In this case since the enclosure is heated fromnealand there is no fluid flow
(Nu equals 1) Bgan and Kraus, 2003). The maximum difference between the present watkthe
case above is (19%) which can be accepted.

Figure 24 compares the regression of the lines and expetahdata. The following correlation
is obtained for the present data is:

0.348
Nu=1+ 0.016( Ra™" _ J (18)

0.303

For (4* 10° < Ra< 5* 10°) ,With an error band of# 15%) .

The comparison between the correlation obtaineth feguation (18) with referend@ean and
Kraus, 2003) is shown inFigure 25, it can be seen the error percentage don't ex(E®do), which
can be accepted.

CONCLUSIONS
From this study the following conclusion be dedueed

1. The internal temperature increases with increasiadieat flux and decreases with increasing the
water mass flow rate. This is because of the Phenomof separating the cold air to be settled in
the bottom and the hot air to be settled in theeup.

2. A stagnation region is observed below the teatéd surface. This happens because the heated
fluid always rises up, but since the hot surfade ithe top the air can’t move upward and instead
it moves sideward. In this case the hot air prefersmove toward the cold region causing the
highest heat transferred in the enclosure.

3 The stagnation region and the highest heasfieanegion can be observed in the same location in
the enclosure at any mass flow rate and any haadfer flux.

4. Increasing the mass flow rate and the heat flanses increasing the bouncy- induced flow
strength which benefits the heat transfer.

5. When (hW =0 kg/s) the present data has a good agreement Wiéhcase of horizontal

rectangular enclosure heated from above with rid flaw.

6. The values of locally Nusselt number have ighést values for highest value of water mass flow
rate with increases the value of Rayleigh number.

7. An empirical relation between the average \&lo& Nusselt number with average value of
Rayleigh number for all caséxuation (18)).
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Figure 1-A A photo graph showing the test a parties.
1- Test section, 2- glass container. 3- Thermometer, 4- Meter panel.  5- Stop watch
6- Cooling tank. 7- Valves. 8- Voltage regular, - voltmeter, 10- Ameter

T,

B

“
e

A R A R R A R A R AN

£
Y

Figure 1-B schematic drawing of the Test section
1-thermal resistance, 2- thermal insulator,3- fibber glass 4- water valves
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Figure 3 Effect of mass flow rate on the temp. ratio
distribution along the enclosure at (QfH?WImz}.

1.4

1.2 -

T=Ti
|

1.0 -

08 77T T T T T T T 1

o0 02 04 06 08 10

XL
Figure & Effect of mass flow rate on the temp. ratio
distribution along the enclosure at (Q~1054 me;"j.
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Figure 7 Effect of tnass flow rate on the temp. ratio
distribution along the enclosure at (Q=21940 mezj.
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Figure 8 Effect of heat flux on thetemp. ratio Figure 9 Effect of heat flux on thetemyp. ratio
=0.009 kgfs). WL distribution along the enclosure at ( =(1.014 kgfs). W distribution along the enclosure at |
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Figure 10 Effect of heat flux on the temmp. ratio Figure 11 Effect of heat flux on the temp. ratio
=0.02 kg/fs). M distribution along the enclosure at ( =0.04kg/s). I distribution along the enclosure at (
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Figure 12 Effect of mass flow rate on local Musselt Figure 13 Fffect of mass flow rate on local Musselt
distribution along the enclosure at (Q=147 Wi, distribution along the enclosure at (=490 mezj.
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Figure 14 Effect of mass flow rate on local Nusselt
distribution along the enclosure at (Q=1054 Wihn™).
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Figure 16 Effect of mass flow rate on local Nusselt

distribution along the enclosure at (D=2740 Wim™.
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Figure 18 Effect of heat flux on local Nusselt
distribution along the enclosure at (T =0.02 kg/fs).
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Figure 15 Effect of mass flow rate on local Musselt
distribution along the enclosure at (Q~=17058 Wim®).
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Figure 17 Effect of heat flux on local Musselt

distribution along the enclosure at (ML =0.04 kgfs).
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Figure 19 Effect of heat flux on local Nusselt
distribution along the enclosure at (T =0.014 kgfs).
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Figure 20 Effect of heat fluxz on local Nusselt Figure 21 Average Nusselt number versus
distribution along the enclosure at (I =0.009 kgfs). Faleigh numbers at different heat fluzes.
100 — 10—
_ m | I TR S —,
] 1| — @it
E 10— ﬁ’ E 1 - * s &
1 I I ||||||| I T TTTTI o I I ||||||| I T TTTTI
1E+5 1E+6G 1E+7 1E+5 1E+G6 1E+7
Ra Ra
Figure 22 Average Nusselt number versus Figure 23 comprizion hetween precent expenimental
Raleigh numbers at different mass flow rates. work with (Bejan& Kraus, 2003) at (Tt =0.0 kg/s).
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Figure 24 comprizion between precent expenimental Figure 25 comprizion hetween the correlation
data with the correlation obtamned (18}, obtained {18) with (Bejan& Kraus, 2003).
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