Available online at www.sciencedirect.com
Intzrnzitionzl
SGIENCE(dDIREGT“ _JL)_'.JJ*IJ’-.IJ .C)f
Triarrnzl

Sclzneaes

e G
ELSEVIER International Journal of flermal Sciences 44 (2005) 121-135

www.elsevier.com/locatel/ijts

Mixed convection in a shallow enclosure
with a series of heat generating components

Mayur T. Bhoite, G.S.V.L. NarasimhamM.V. Krishna Murthy*

Department of Mechanical Engineering, Indiarstitute of Science, Bangalore 560 012, India

Received 4 November 2003; received in revised form 8 June 2004; accepted 8 June 2004

Abstract

The problem of mixed convection flow and heat transfer in a shallow enclosure with a series of block-like heat generating components is
studied numerically for a range of Reynolds and Grashof numbers and block-to-fluid thermal conductivity ratios. The flow and temperature
distributions are taken to be two-dimensional. Regions with the same velocity and temperature distributions can be identified assuming
repeated placement of the blocks and fluid entry and exit openings at regular distances, neglecting end wall effects. One half of such a
rectangular region is chosen as the computational domain taking into account the symmetry about the vertical centerline. On the basis of the
assumption that mixed convection inlet velocity can be treated as the superposition of forced convection and natural convection velocities
at the inlet and that mixed convection pressure drop across the enclosure is due to the forced flow contribution alone, the individual flow
components are delineated. The Reynolds number is based on forced convection velocity, which can be determined in practice from the far
characteristics. This is believed to be more meaningful unlike the frequently used total velocity based Reynolds number, which does not
vanish even in pure natural convection and which makes the fan selection difficult. The results show that higher Reynolds numbers tend to
create a recirculation region of increasing strength at the core region and that the effect of buoyancy becomes insignificant beyond a Reynold:
number of typically 600. Results are also presefteé number of qudities of interest such as the flow andrperature distributions, local
and average Nusselt numbers and the maximum dimensionless temperature in the block.
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1. Introduction inantly forced conection or free convection according as
Ar < 1 orAr>» 1. WhenAr ~ 1, both the mechanisms be-

Combined free-forced or mixed convection is the name €ome important. The external flow mixed convection prob-

given to that régime of convective heat transport in which |ems have been first studied by van der Hegge Zijnen [1] and
there is a significant intertion between forced and free Acrivos [2]. Mixed convection heat transfer over submerged

convection effects. Mixed convection can occur both in ex- bodies and in channels/ducts has received considerable at-
ternal flows and in internal flows. The parameter of im- tention in the literature as revealed in the reviews by Chen

portance in mixed convection is the Archimedes number €tal. [3], Churchill [4] and Aung [5]. Chen et al. [3] present

Ar(= Gr/Ré). The heat transfer mechanism is predom- c_orrelating equations for Nusselt ngmber in mixgd convec-
tion over plates, cylinders and continuously moving sheets.
Relations forNu/ Re"2 in mixed convection over isother-
" Corresponding author. ) _ . mal vertical flat plates and cylinders are presented in terms
E-mail addressesrpayur@mecheng.usc.ernet.m (M.T. Bhoite), of Ar, and for horizontal plates and continuously moving
mecgsvin@mecheng.iisc.ernet.in (G.S.V.L. Narasimham), sheets in terms oBr / R&/2. By means of a scale analvsis
mvk@mecheng.iisc.ernet.in (M.V.K. Murthy). - : /2y 13, ; . y !
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Technology, Vellore 632014, India. over an isothermal vertical flat plate correlates well with the
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Nomenclature

a thermal diffusivity of the fluid ........ st Greek symbols
Ar Archimedes numbe: Gr Re™> o heat transfer coefficient . ... ... .. w2.K-1
r constant pressure specific heat capac_itly oi'ihe B volumetric expansion coefficient of the
fluid .............. sreeeseeens <o HgT KT AU . oo #®
? Z?:\;;g%gﬁ:lt ;sg;grtztg;he solid kg ‘Ksﬂz 14 angle made by channel wall with the gravity
""""""" ' vector[21] ......................... degrees
Gr Grashof number= gBAT H3/v? Ap pressu[re Arop across the enclosure.. .. ... .. g .. |Pa
H He!ght of the enclosure . . SEERERRTRRTRRTRS m AT characteristic tempature difference,
Hi Height of the heat generating block . ... .... m — OuHZ A K
L; i=1,...,4) various horizontal dimensions in A thermal conductivity of the fluid . Wh~1.K~1
Fig. L(C) oo m g, thermal conductivity of the solid . Wh—1.K~1
n distance measured normal to block surface into kinematic viscosity of the fluid. . . .. ... ~1
thefluid................... .o i i m 5 density of the fluid .. ................ kp—3
Nuocal local Nusselt number (Eq. (11)) 0s density ofthe solid.................. kg3
Nuw average Nusselt number (Eq. (12)) ¥ stream function,
Nuwp Nusselt number based on maximum = Yret+ [(udy —vdx) ... m-s~1
temperature (Eqg. (14)) _ Subscripts
p excess pressure over the hydrostatic........ Pa
Pe Péclet number= Re Pr bs block surface
Pr Prandtl number= v/a fc forced conv_ectlon
0, volumetric heat generation rate in the !ocal _Iocal quantity on the block surface
SO ... w3 in inlet
Ra Rayleigh number= Gr Pr max . maximum _ o
Re Reynolds numbets vin c H /v nc natural _convectlon contribution in mixed
s distance measured along the periphery CDE of convection
the block starting from C (Fig. 1(c))........ m out outlet .
t Me . s Pne pure natural convection
T temperature............ K ref refgrence
u,v velocity components in the-direction and s solid
y-direction. . ......ooooiiei sl Superscript
X,y Cartesian coordinates ..................... m = dimensionless quantity

parameteiRa’4 /(Re/2Prl/3) whenPr > 1 and with the the effects of inflow/outflow, wind shear, buoyancy and heat
parameteBo/4/Pe/2(= Arl/%) whenPr < 1, where the  losses from the surface by convection, evaporation and radi-
Boussinésq numbdBo is the product of the Rayleigh num-  ation. In air-conditioned rooms, the buoyancy created due to
ber and the Prandtl numb&aPr or GrPr2. Metais and human occupancy influences the forced air circulation to a
Eckert [7] have presented régime maps for horizontal and significant extent as reported by Nielsen et al. [11].
vertical ducts, with abscisgar Pr(D/L) or GrPr, and or- Combined free-forced conviéon in electronics cooling
dinateRe for delineating the laminar and turbulent, forced, has also received considerable attention in the literature.
free and mixed convection regions. This remains the most Oosthuizen and Paul [12] have investigated mixed convec-
important work for the prediction of flow régimes in mixed tion heat transfer in a cavity with uniformly heated, isother-
convection duct flow. Dalbert [8] has prepared régime dia- mal vertical walls and horizontal adiabatic walls. A forced
grams for aiding laminar mixed convective flow in channels. flow, with either aiding or opposing effect on the buoyancy,
In thermal energy storage tanks, the water extracted fromenters and leaves the enclosure across the cold wall. The heat
the tank undergoes heating in solar collectors or other equip-transfer results obtained at various values of Grashof number
ment and the heated water is returned to the tank. In theseand the aspect ratio of the cavity are compared with the pure
instances, the interaction bexen forced and free convection natural convection case. In the study of Simoneau et al. [13],
becomes important as shown, for instance, by Chan et al. [9].the forced flow enters a shallow enclosure through the hot
Mixed convection occurring in water bodies like lakes and wall and leaves through the opposite cold wall. Again, both
ponds due to thermal discharges is studied by Oberkampfaiding and opposing flow circumstances are investigated and
and Crow [10], who have systematically taken into account the results are compared with the asymptotic cases of forced
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convection and pure natural convection. Mixed convection resent an electronic cabineith electronic packages or an
transport from an isoflux heaburce attached to an enclo- air-conditioned computer room. The components and open-
sure wall has been studied numerically by Papanicolaou andings are deployed in such a way that, neglecting end wall
Jaluria [14]. The authors have studied the effects of the po- effects, they form a series of domains in which flow and
sitioning of the heat source and outlet opening on the flow temperature fields are identical. In addition, in each such
pattern and temperature distribution. Results are presentediomain, there is a symmetry about the vertical centreline, en-
for the maximum temperature attained by the heat source.abling one half of the domain to be considered for analysis.
The study has also been extended to encompass the effects dh the earlier studies on mixed convection, the inlet velocity
wall heat conduction, protruding heat sources and transitionto the enclosure, containing contributions from both forced
from steady laminar régime to a periodic régime [15-17]. and natural convection, is takes the characteristic veloc-
Further study devoted to the transition process has revealedty. However, in this paper, a more convenient approach of
that mixed convection may become unstable beyond a criti- basing the Reynolds number on the forced convection com-
cal value of the Archimedes number. The instability due to ponent alone, is adopted.
localised heating is found to affect the temperature distrib-
ution all over the enclosureyhile affecting the flow field
mainly in the core region of the enclosure. The frequency of 2. Physical model and computational domain
the thermal oscillations is found to be an increasing func-
tion of the Grashof number and a decreasing function of  Fig. 1(a) shows the physical model of the shallow enclo-
the Reynolds number. In particular, the Reynolds number is sure consisting of a series of heat generating components (al-
found to have a stabilising effect, suggesting that the insta- though for simplicity only three are shown), floor admission
bility is of a thermal origin. Computations of turbulent flow openings for conditioned air and ceiling extraction openings
inside the enclosure [18] have revealed that most of the tur-for exhaust air. The analysis assumes the heat source to be a
bulence develops near the right vertical wall of the cavity, solid block with uniform and time-invariant heat generation.
opposite to the location of the heat source and near the out-At times less than or equal to zero, the fluid inside the enclo-
flow opening. The production of turbulence at that location sure is assumed to be quiescent with uniform temperature.
is predominantly due to shear. A small amount of turbulence For times greater than zero, the admission of conditioned
is generated due to buoyancy, along the left vertical wall, air, extraction of used air and volumetric heat generation
right above and in the thermal boundary of the heat source.within the block ae initiated. A rectangular velocity pro-
The average Nusselt number from the source is only slightly file is assumed for the inlet air. The inlet velocity is the sum
affected by the Reynolds number and is found to vary as of forced and natural convection components. The enclo-
Gr%26, in the range of Ix 107 < Gr < 5 x 108, which is sure can be divided into a number of modules in which the
close to the numerically and experimentally derived correla- flow and temperature distributions are identical, assuming
tions for pure natural convection in closed cavities. Transient that the effects of leftmost and rightmost end modules are
laminar mixed convection in a partitioned enclosure with an negligible (Fig. 1(b)). Moreover, for simplicity, the flow and
isoflux heat source embedded on a vertical wall has beentemperature fields are taken to be two-dimensional, assum-
investigated numerically by How and Hsu [19]. They have ing negligible variation in a direction perpendicular to the
found that the time required for the attainment of steady state plane of the figure. For this assumption to be reasonable, the
and the transient behavior depend strongly on the govern-inlet and outlet openings should resemble transverse slots
ing parameters and the configuration of the divider. Hsu and and the heat generating devices should resemble transverse
Wang [20] have investigated numerically mixed convection rib-like components. The objectives of the work are to find
in a enclosure with discrete isoflux heat sources placed onthe temperature and velocity distributions inside the enclo-
a baffle of finite thickness. If the heat sources face the out- sure and the maximum temperature inside the block, which
let, the Nusselt number is found to be independent of the helps to ascertain whether the device represented by the
location of the sources, while sources placed to face the in-block is working within the safe temperature limit. Since
let have been found to result in considerable variation in the there is a symmetry of flow and temperature distributions
Nusselt number. Higher thermal conductivity of the baffle about the vertical centreline in each module (for instance,
enhances the cooling of the sources. The papers by Choi andibout the line LP in the module marked with letter symbols),
Ortega [21] and Kennedy and Zebib [22] represent typical one half of a module can be taken as the computational do-
studies of mixed convection in channels with discrete heat main as shown in Fig. 1(c), in which the origin is placed at
sources. Mixed convection irtlier geometries and applica- the bottom left corner with positive direction of theaxis
tions has also received some attention [23,24]. towards right and positive direction of theaxis vertically

The objective of present analysis is to investigate the upwards. The gravity vector is oriented parallel to fhaxis
mixed convection heat transfer in a shallow enclosure with with an opposite sense.
a series of floor-mounted block-like heat generating com-  The choice of limiting the computational domain to a rec-
ponents and with multiple floor admission and ceiling ex- tangular region introduces the free boundaries AB and ML
traction openings. The enclosure can be visualised to rep-at the inlet and outlet as shovin Fig. 1(c). Specification
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Fig. 1. (a) Physical model, (b) A module comtigg heat source, (c) Computational domain.

of accurate boundary conditions on these free boundaries isof the fluid and the thermophysical properties of the solid are
difficult because of the effect of duct extensions or plenums assumed to be independent of temperature.
that may exist beyond the inlet and outlet. On the other hand, The governing equations in non-dimensional form read:
the computational effort becomes more involved if the do-
main is extended to include the upstream and downstreamdu™  9v* _ )
geometrical details. Hence in the interest of eliminating the dx* = dy*
specific geometrlcal details beyond thg |_nlet and outlet and Ju* L u* L du* ap* 2u* 92y
yet obtain flow and temperature predictions of reasonable +u v =— 2 T3 (2)

. - . e ar* ax* ay* ox* ax* ay*
accuracy, a simpler domain is chosen with specification of
plausible boundary condiths on the free boundaries. dv* 0V £ OV

FTCRM PRI

ap* v 9p*
3. Mathematical formulation =- 2y (W + a2 +Gr7* (3)
) ) 9T* oT* 9T* 1 aZT* 82T*
3.1. Governing equations e +u* e . 0y =5 < o + 7 ) (4)
The flow and temperature distributions are governed by *C*aT;" _A 3%T* N 32T N 1 5)
continuity, Navier—Stokes and, fluid and solid energy equa- Ps Cs arr  Pr\ ax*2 = gy*? Pr

tions. The radiative heat transfer, viscous heat dissipation
and compressibility effects of air are considered to be neg-
ligible. The effect of the density variation causing the buoy-

ancy force is taken into account through the Oberbeck—
Boussinésq approximation. Other thermophysical propertiesx™ = 0 y =

The definitions of the various quantities appearing in the
above equations are as follows:

tv
" H?

*
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H vH H?
u*:u—, = P*=p2
v v pv
T—T ), H?
T* = N whereAT = 2 pPr=2
AT A a
%« Ds % Cs % As
= —, L=, )\‘ = — 6
pS )O C.S Cp s )\‘ ( )
The geometrical parameters are defined as follows:
L1 L> L3
L* =, * == L* [
1™ H 27 H 3T H
Ly H1
L*:_, *:_’ L*:L*+ *+L* 7
A= 1=g 1+ Lo+ L3 (7)

3.2. Initial andboundary conditions

The initial conditions (corresponding tb < 0) areu™ =
v* =T* = T} = 0 throughout the computational domain.
The hydrodynamic and thermabundary conditions (corre-
sponding ta* > 0) can be stated as follows:

The hydrodynamic boundaryonditions for the mix-
ed/forced convection problem for the fluid region
ABCDELMNA are zero normal gradients of normal and tan-
gential velocities on the symmetry boundaries AN and EL,
no slip and mass impemability on the slid boundaries
BC, CD, DE and MN, prescribed dimensionless velocity
at the inlet AB with time-invariant and rectangular profile
and prescribed pressure at the exit LM. The thermal bound-
ary conditions for the fluid region ABCDELMNA are zero
dimensionless temperature at the inlet AB, zero normal gra-
dient of temperature on the symmetry boundaries AN and
EL, zero normal gradient of temperature at the exit LM, no
temperature jump and heat flux continuity on the solid—fluid
interfaces CD and DE and adiabatic condition on BC and
MN. For the solid domain CPEDC, adiabatic conditions are

used on the boundaries CP and PE and heat flux continuityCan be s

with no temperature jump is prescribed on CD and DE.
In mixed convection, the dimensionless inlet veloaify
can be written as:

*® *
Uin = Re""vin,nc

(8)

where the Reynolds numbReis defined asin tc H /v (vin
being is the forced convection inlet velocity) and the dimen-
sionless natural convection inlet velocity, . is defined as
vin.ncH /v (vin,nc being the natural convection inlet velocity
in the mixed convection case).

The forced convection velocityin tc corresponds to the
velocity produced by the fan in isothermal flow and the nat-

125

and mixed convection pressure drops for the sRaeould
not be different. The pressure drop here is defined as:
1 1

inlet outlet

The natural convection is entirely driven by buoyancy and
it does not produce any pressure drop across the enclosure.
This is applicable when the flow is inducted from and exits
into atmosphere or plenums which are substantially at con-
stant pressure. Although pressure defects of small magnitude
may occur at the inlet and outlet, the zero global pressure
drop assumption appears to yield realistic natural convec-
tion predictions in case of vertical ducts/channels [25,26]
and open/vented enclosures [27,28]. Following these studies
equal inlet and outlet pressures are assumed in the present
study while solving for pure natural convection. However, in
cases where the natural convection flow enters the enclosure
from an elaborate suction manifold, an estimate of the de-
pression of the inlet pressure over that of the exit is desirable
to obtain accurate results.

To proceed with the solution, first the pure forced con-
vection problem withv;, = Reand Gr =0 can be solved
for various values oReand a correlation can be established
between the pressure dragp* andRe The mixed convec-
tion problem is then solved for a prescribed dimensionless
total inlet velocityv;;, and Gr, and the pressure drofap*
is determined. Since by assumption, the mixed and forced
convection pressure drops are the same for a given Reynolds
number, the value oRein mixed convection can be found
using the forced convection correlation relating the pressure
drop and the Reynoldsumber. The quantity;, . (denoting
the dimensionless average natural convection inlet velocity
in the mixed convection case) can be determined by subtrac-
tion, i.e., vy, o = vi, — Re ForRe=0 and a giverGr, the
dimensionless pure natural convection inlet veloeify, .
eparately determined by solving the natural convec-
tion problem with equal pressure values at the inlet and the
outlet and taking the average of the vertical velocity across
the inlet. It should be noted that for the same valu&of
the mixed and pure natural convection quantitigs,. and
Vin.pnc CANNOL be expected to be the same because of the
differing temperature distributions in mixed convection and
pure natural convection for the sar@e.

In the literature on mixed convection problems one fre-
guently comes across the definition of Reynolds number
based on the total velocity, which is the sum of the veloc-
ities vin fc @anduin ne. Since the flow rate versus the pressure
drop characteristic of a fan can yield only, ¢ but notuvin,

ural convection velocityin nc corresponds to that induced with such a definition of Reynolds number, the selection of

by the buoyancy effect. The basic assumption in this paper
is that the mixed convectiomliet velocity can be treated as

a super-imposition of forced convection inlet velocity over
natural convection inlet velocity. Accordingly, any mixed
convection pressure drapp* produced across the enclosure
is due to the forced flow contribution alone and the forced

an appropriate fan in a practicsituation becomes very dif-
ficult. Secondly, the quantitiRe which is conventionally a
forced convection parameter, would be non-zero even in the
pure natural convection case becaugaemains finite. The
decomposition of the inlet velocity into forced and natural
convection components, as is done in the present paper, is
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believed, apart from exhibiting more clearly the characteris- flux in the fluid energy equation is approximated by a power-
tics of the mixed convection, to be more helpful in practical law scheme [31].

applications. The pressure-velocity coupling is handled using an im-
plicit version of the SMAC (Simplified Marker and Cell)
3.3. Nusselt numbers method [32] combined with an iterative time advancement

strategy, in which sufficient number of global iterations are
The local heat transfer cdafient at any location on the  performed over the same time step on the discretised equa-

block surface can be defined with the aid of the relation: tions. Line-by-line sweeps are performed with the tridiag-

9T onal matrix algorithm, by obtaining the solution for all the

ocal(Tbs — Tin) = _A(E>b (10) grid points on a horizontal line at a time. When solving for
S

) the temperature, if a line of grid points involves both solid
wheren denotes the distance measured normal to the blockand fluid regions, the temperature in the two regions is ob-

surface into the fluid and the Subscript bs denotes the bIOthained Simu'taneous|y, by an appropriate modification of the

surface. The local Nusselt number is given by: discretised energy equations for control volumes on either
1 /aT* : 3 side of the interface. The hefitix continuity at the solid—
qbs 4bs . . . .
NUocal= | 2~ | =70—F7 =7x (11) fluid interfaces is effected via the harmonic mean thermal
Tys\ 0n* J s Tos—Ti Tys o
. conductivity method of Patankar [31].
The average Nusselt numbeéu (= o1 H /1) may be defined For the natural convection problem, the boundary condi-
in the conventional fashion as: tions are applied in such way that pressure drop through the
HF+L3} enclosure becomes equal to zero while velocities at inlet and
1 . . . . .
Nup = — / NUocal ds* (12) outlet are calculated using the.contllnwty constraint. Since
Sps the steady state results are ofdrest in the present paper,
0 the thermal capacitance of the solid during some runs is cho-
wheres™* is the dimensionless distance measured along thesen such that faster convergence to steady state is obtained.
periphery of the block. Convergence to steady state is monitored by relative error

However, since this is a problem involving known heat criteria. Based on preliminamyumerical experimentation, a
generation rate in the block, it is more useful to define an relative error criterion of 10° on dimensionless velocities
average heat transfer coefficient based on the maximum  and an absolute criterion of 18 on dimensionless tempera-
temperature of the block as follows: ture are found to be satisfactory. The overall energy balance
on the computational domain is used as an additional check

o2(H1+ L3)(Tmax = Tin) = QuHiLs (13) for the attainment of steady state.

which gives: By incorporating the above mentioned features, a com-
oo H HXL: 1 puter program is written in Fortran 90 to solve the present

Nwp, = =13 (14) problem. Results are obtained by running the code on an

A Hy + L3 Tihax ALPHA server. The computer program is validated by repro-
ThusNu, is a measure of the reciprocal of the maximum ducing the results of published papers on mixed convection
dimensionless temperature in the block. in enclosures [14] and channels [21,22] with wall-mounted
thin isoflux heaters and natural convection in an air-filled dif-
ferentially heated square cavity [33]. As shown in Table 1,
4. Method of solution the published results compare favourably with the results re-
produced using the present computer program. Kennedy and
A numerical formulation is developed by discretising the Zebib [22] studied mixed convection in a horizontal chan-
primitive variable equations on a staggered mesh. The gridnel with discrete heating of the bottom plate and/or upper
is such that the pressure and temperature nodes are placeplate for various sizes and placements of the heat sources.
midway between the veldy nodes. Boundary conditions They obtained numerical results using parabolic equation
are set via an extra layer of pseudo-cells. For the estimationmodel for one case with the dimensionless channel length
of the allowable time step, guidance is obtained from the 49.8 and with discrete heating of the bottom plate extend-
Courant—Friedrichs—Lewy and diffusive restrictions [28]. ing over a dimensionless length of 11.5 starting from the
It is desirable to employ a high accuracy scheme for the entry of the channel. For the other cases, they used an el-
convective terms of the momentum equations [29]. Hence liptic equation model (i.e., the model with full equations in
these are discretised using a hybrid linear-parabolic approx-two-dimensions) for the numerical solution. Detailed exper-
imation developed by Zhu [30]. This scheme has the de- imental temperature distributions over the heat source length
sirable features like third der accuracy, boundedness and were presented for the case solved with parabolic equation
low false diffusion. The diffusive terms of the momentum model, for various values of (= 4Gr/Ré&, whereGr is
equations and the solid energy equation are discretised withthe Grashof humber based on heat flux and channel width
central differences. The combined convective and diffusive and Re is the Reynolds number based on channel width),
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Table 1 120- J
Validation results of the preseptogram against published papers s & Exporimantal results (Kannody and Zabib, 1983
S * ical results with i i ( y and Zebib, 1983)
Parameters Papanicolaou and Jaluria (P & J) [14] T 00l — results (present with elliptic 1
c
Trhax Nu é x = 4Gr/Re?
P&J Present P&J Present s ool |
Re=50,Ar = 0.04 099 0946 110 1096 g
Re=50,Ar=0.4 0.69 0663 14 1.288 § 6 . i
Parameters Choi and Ortega (C & O) [26]; = 10* < x * *
- N 5 R P
= ¥
Timax u g ol - _
Cc&O Present Cc&O Present £
2 * k= 0.156
Re=1,y =-90° 0.5 0.520 35 5024 ool X
Re=5,y =-90¢° 0.42 0431 27 2692 <=0.06 |
Re=50,y = —9(° 0.22 0248 575 5690
Re=50,y = +90° 0.22 0250 55 5290 o : p s . ; s PEEETRET
Ra de Vahl Davis (dVD) [33] Dimensionless axial coordinate
*
Nu Vmax Fig. 2. Validation of present code agat the experimental and numerical
dvD Present dvD Present  results by Kennedy and Zebib [22].
10° 4.509 4562 9612 9636
108 8.817 8953 1675 16740 ' ' ' ' '
1k |
Table 2
Sensitivity of the results to different grids
Grid size" Pure natural convection.f = 100)
0.8r b
Gr=10° Gr=5x10°
U?;Lpnc Tnﬁax UiTq,pnc Tnﬁax
50x 50 3153 00379 20380 00363
50x 75 3691 00342 21872 00364 o6k i
60x 75 3650 00341 21363 00367
75x 75 3615 00341 20776 00368
Grid size Mixed convection (MC) and forced convection (FC)
Ay =100,v =1710 Ay =100,v}, = Re=1500 0.4+ 4
Gr=5 x 10° (MC) Gr=0(FC)
AP*/RGZ Thax AP*/RGZ Thax
50x 50 05803 00082 04639 00089 BH
50% 75 06787 00085 05270 00092 0.2}
60x 75 06805 00085 05282 00092
75x 75 06838 00084 05306 00091
* Number of control volumes in* andy* directions, respectively.
O L
although a limited amount of experimental data was also
1 1 1 1 1 1

presented for two other cases. Hence, the case of isoflux bot- 0
tom plate heating over the dimensionless length of 11.5 units
from the entry is chosen for validating the present code and
the results are shown in Fig. 2. While there is a good agree-
ment between the computed and measured distributions forthe heat source as observed experimentally by Kennedy and
« = 0.06 and 0.156, the measured results £o& 0.28 re- Zebib [22].

veal a more uniform distribution due probably to pronounced  In order to select the grid sizes which yield reasonably ac-
channel plate conduction. Moreover, the temperatures com-curate predictions, grid sensitivity tests are conducted with
puted from the present code are considerably less than thos®r = 0.7, L7 = 0.1, L5 = 0.15, L5 = 0.25, L} = 0.1 and
computed by Kennedy and Zebib [22] using a parabolic H; = 0.25. Based on the results shown in Table 2, &
equation model fok = 0.28. Although measured temper- is grid is adopted as a compromise between accuracy and
ature distribution was also presented fo= 0.57, our code computing time. The distribution of the grid points is shown
did not produce steady converged results for this case. Thisin Fig. 3, where the control volume faces are shown by con-
could be due to the formation of vortex rolls downstream of tinuous lines and the pressure and temperature nodes, by

Fig. 3. Grid point distribution in the 68 75 mesh.
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dots. The extra layer of pseudo-cells used for setting the Table 3

boundary conditions is also shown. Dimensionless induced veloci%,pnc in pure natural convection
Gr Solid-to-fluid thermal conductivity ratia;
. . 1 10 50 100

5. Resultsand discussion 10t 9.299 9149 90627 8690
) . 5x 10* 25424 25470 25690 25000
Results are obtained for various values of Reynolds and 1¢° 36,720 36880 37150 36470
Grashof numbers with the values of the geometrical para- 5 x 10° 79.980 80400 80420 79300
meters chosen & =0.7, L7 =0.1,L5=0.15,L5 =0.25, 1° 109760 110260 109962 108460
L; = 0.1 andH; = 0.25. The thermal conductivity ratio* 5x10° 215140 210320 215958 213630

is varied from 1 to 100.

5.1. Pressure drop across the enclosure in pure forced
convection

For low values ofRe (0 < Re< 20), Ap*/10° corre-
lates as B7 x 10~*Re while for the range 50 Re <
3000, Ap*/10° correlates as.817 x 10~ " Re9°. Follow-
ing Churchill [34], the pressure drop for the rangg Re<
3000 is correlated as:

in,nc

Ap*/10° =[(0.37 x 10*Re)°
+(3517x 1077 RE%)? (15)

with a standard error of estimate of 0.026 and a correlation

coefficient of 0.999. The standard error of estimate is defined 0 s : . ' s
_ _ 1/2 . 0 200 400 600 800 1000 1200

as [sum of the squares of erpgt — m — 1)]-/<, wherel is Re

the number of data points; is the number of independent

variables and— m — 1 is the number of degrees of freedom.

In the above correlatiom: is taken as 2 because two cor-

relations spanning differenanges of the independent vari- ) o )
able are combined. The correlation coefficient is defined as P€9ins to decrease with increasing Reynolds number. At low

1/2

Fig. 4. Dimensionless natural convection induced velocity at the inlet in
mixed convection for various Reynolds numbersxpr= 10.

[1— (sum of squares of residugtstal sum of square)}sl/z. to moderate Reynolds numbers the natural convection tends
to compete with forced convection, the former tending to
5.2. Induced velocity in pure natural convection produce a plume above the block surface and the latter tend-
ing to drive the flow straight upwards from the inlet. It is
The values of the induced Ve|00i%,pnc in pure nat- conjectured that during this interaction, higher temperatures

occur over most of the fluid region increasing the buoyancy

and hence the natural convection component of the velocity

not much difference in, . with increase ina? in the at theI mlet'.:As?sho;:\(n Iarllter in the bI_ock sur;a%ebtemp?r?‘_

Grashof number range chosen. It appears that, for a givent"® PI0ts (Fig. 7), this phenomenon is attended by a slight

Grashof number, the quantity depends only upon the overheating of the block surface at higher Grashof numbers

' n,pnc

heat transferred to the fluid, which, in the steady state is the(106 and 5x 10P). At Graghof numbers of less thar_1 or equal

to 5x 10°, the overheating of the block surface is not ob-

same for different values of*. . .
S served. As the Reynolds number attains higher values, the

5.3. Natural convection induced velocity in the presence of natural convection component of the inlet velocity decreases
n";ix.ed convection and tends to become insensitive to Grashof number.

ural convection Re= 0, Ap* = 0) for various values of
Gr and A} are shown in Table 3. As can be seen, there is

The natural convection induced velocity, . in mixed ~ °-4. Streamline and isotherm maps
convection is plotted against the Reynolds number o )
(= vintcH /v) in Fig. 4 for various values of Grashof num- The flow and temperature distributions are depicted by

ber, for a thermal conductivity ratio of 10. The values of Means of selected streamline and isotherm maps presentedin
v* for Re= 0, of course, correspond to the pure nat- Fig. 5 (Gr =10°, i} = 10) and Fig. 6 Gr = 10°, A* = 10).

in,nc . . P - L .
ural convection case. It can be seen that, at a given Grashofl he stream function is defined by the line integral:
number, the quantityy, . first increases until the Reynolds

number reaches a moderate value, attains a peak and the# ™ = Vref + /(u* dy* —v*dx™) (16)



M.T. Bhoite et al. / International Journal of Thermal Sciences 44 (2005) 121-135 129

1 1
0.5 0.5
0 0
0 0
1 1 ..
a
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(d) Re= 346 (e) Re= 705 (f) Re= 937
Fig. 5. Streamlines (leftside) and isotherms (rightside)Joe= 10° andi} =10.
1 1
»
0.5 0.5
0 0
0 0 0.5 1
(b) Re= 30
1 1
> 0.7
'%"'
0.5 0.5
0 0
0 0.5 1 0 0.5 1 0 0.5
(d) Re= 420 (e) Re= 783 (f) Re=1012

Fig. 6. Streamlines (leftside) and isotherms (rightside)doe= 10f and* = 10.

where ¥ is the reference stream function value. In the velocity v;;, and the Grashof numb@&r are prescribed and
isotherm maps, the dimensionless temperature is multipliedthe pressure drop across the enclostype’ is determined.
by a factor of 100 due to the small magnitudeTof. The The value ofRefor each run is obtained from Eq. (15) relat-
streamline and isotherm maps for each Grashof numbering the pressure drop and tReynolds number. The quantity
show the general features oktHow and temperature fields. v, can then be decomposed irReandv;, ... Considering,

in,nc’
For each mixed convection run ghotal dimensionlessinlet  for instance, Fig. 5, the streamline patterns show that the
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Fig. 7. Dimensionless block surface temperature variation for 10.

fluid passes smoothly from entry to exit at low Reynolds surface CDE starting from the point C in Fig. 1(c)) for
numbers. As the Reynolds number increases, the fluid isblock-to-air thermal conductivity ratio of 10 is depicted in
increasingly directed upwards during a major part of its Fig. 7. The subfigures in each of these figures correspond
traverse and there occurs a recirculation region or eddy ofto various Grashof numbers as shown. The valueRaih
increasing strength in the core region. The isotherms in the each subfigure are obtained frohetpressure drop correla-
block are characteristic of ¢hheat generation taking place tion given by Eq. (15). The segmesit = 0 — 0.25 corre-

in the block, namely, tempature decreasing from the mid- sponds to the vertical surface of the block and the segment
dle portion towards the surfaces of the block. At higRey s* = 0.25— 0.5 corresponds to the semi-horizontal surface
the clustering of the isotherms above the horizontal surface of the block. Ass* increases from zero to 0.25 (vertical sur-
of the block shows that the temperature gradient is higher in face), T;, decreases and frost = 0.25 to 0.5 (horizontal
this region. Fig. 6 shows a similar trend with increadieglt surface), T, increases. For higher Grashof numbers, with
can also be concluded by a comparison of Figs. 5 and 6 thatincrease in Reynolds number the block surface is slightly
an increase in Grashof number at the same Reynolds numbepverheated initially and later the block surface temperature
has the effect of increasing the stream function magnitudesdecreases with the increaseRe The initial overheating is
and hence the total inlet velocity. An increasednshould  due to the complex flow field created by the interaction of
also produce a stronger plume above the horizontal surfacethe competing forced and nasiconvection effects at lower

of the block tending to drive the fluid upwards into the outlet values ofRe as mentioned earlier. Although tfRe values
and decrease the size of the recirculation zone, although thisdiffer in each subfigure, it can nevertheless be concluded
effect is not so clearly revealed by a comparison of Figs. 5 that at a given location on the block surface, for a gien

and 6. Isotherm plots also have shown that higher thermalthe quantityZy, shows decreasing trend @ is increased.
conductivity ratios tend to even out the temperature in the Since for given fluid properties and geometric parameters,

block. the characteristic temperature differens® (based on heat
generation rate) increases @s increases, the above trend
5.5. Dimensionless local block surface temperature means thatTps — Tin) increases at a slightly slower rate

than AT. The dimensional temperatuf@s at anys* and
The variation of the dimensionless block surface tem- Re of course, increases witdr. Similar variations are ob-
peratureT;; with distances* (measured along the block served at other values af. At a thermal conductivity ratio
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0.3 (b) Gr=10°

Fig. 8. Variation of the dimensionlessdal heat flux from the block surface faf = 10.
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Fig. 9. Local Nusselt number variation along the block surface.foe 10.
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0.07

of 100, the drop and rise ifi,;; on the vertical and horizon- @ S Gr=0
. . a)x =1
tal block surfaces are less pronounced and the dimensionless o.0sf : - g:f ;0:105
. . —a— =
surface temperature in general is lower compared to the case , o Gr=10°
A =10 Wt 005 —« Gr=5x10° |]
*=10.

0.04; «

5.6. Dimensionless local heat flux from the block surface 0.3

L L L L L
0 200 400 600 800 1000 1200

The dimensionless heat fluj, from the block surface Re
is plotted against the peripheral distancein Fig. 8 for 0.07 ;
¥ = 10. At any Gr, there is a considerable variation of 0.06 o= 10 L
dps With s* even for high values oRe At any Gr, asRe .| ’ - PP
increases, the dimensionless local heat flux on the horizon- —o Gr=10°
tal block surface shows brolycan increasing trend. On the = %% < Gr=5x10°

other handg;. on the vertical surface shows more orlessthe 093} >
opposite trend. Recalling the flow patterns from the stream-  o.02¢<— o
line maps, it can be concluded that the heat removal fromthe . L ey
horizontal surface of the block becomes progressively more o 200 400 800 800 1000 1200
effective asReincreases, due to the increasing strength of
the recirculation zone above the horizontal surface. With in-

. . . . 0.04- .

creasingRe since the eddy extends to the adjacent region of (e 2= 100 o Gr=10°

i i 0.035¢ _& Gr=5x10°
the vertical surface, here too theat transfer coefficient can 3 D

. g 0.03 =

be expected to become better. However, for a particular heat ¢ Gr=5x10°

. . . 0.0255
generation rate, more outgoing flux from the horizontal sur- %

. . 0.02

face means less heat removal from the vertical surface. This
can be the reason for the decreasing trend of the local heat *°*°
flux on the vertical surface. At a giveRe the variation of 001, 200 200 600 800 1000 1200
the dimensionless heat flux_ with increasingGr depends Re
upon the rela_tlve magnitudes of the (_1|m_enS|onaI ﬂu_X and the Fig. 10. Variation of the dimensionless maximum temperature with
heat generation baselT’, both of which increase witfer. Reynolds number for various Grashof numbers (&)= 1, (b) A* = 10,

For this reason, substantial differences do not occuj;in (c) A¥ = 100.
with increasingGr at anys* andRe

5.8. Variation of maximum dimensionless temperature and

5.7. Local Nusselt number on the block surface Nusselt numbers

The variation of the local Nusselt number is shown in The variation ofT.(= (Tmax — Tin)/AT) with Refor

Fig. 9 for a thermal conductivity ratio of 10. Sin®&uUocal various values o6r is depicted in Fig. 10, with the subfig-
can be expressed as the radigy/(Ths — Tin) Of gp¢/ Tp, ures applicable to various thermal conductivity ratios. While
its variation depends upon the relative magnitudes of the for lower values of Grashof number the quantity;,, de-
numerator and the denominator. At a givem, the local  creases with increasing Reynolds number, for higher val-

Nusselt number on the horizontal surface generally increasesues of Grashof number, the same shows a slight increase
with increase inRg although a slight initial decrease with first and then decreases with the increasRey Also at a
Reis observed at higheer. This behaviour can be readily  given Reynolds numbef;}., decreases with increasii@y.
explained because from the earlier figures it can be observedSinceTmax — Tin and AT increase withGr, this means that
thatg, increases and,, decreases on the horizontal surface (Tnax — Tin) increases at a smaller rate tharm asGr in-

of the block at higheReand a slight overheating may occur creases at a particul&e It can also be seen thaf;,, be-

at lowerRe However, since both;  and 7, decrease with  comes insensitive to the Grashof number as Reynolds num-
increasingReon the vertical surface, the variationNfioca ber increases. For the geometrical parameters chosen, the
can be rather complex. However, generally speakigcal mixed convection regime appears to extend up to typically
on the vertical surface areases with increasirigeas shown ~ Re= 600 beyond which the mixed convecti@j,, values

in Fig. 9, as the local dimensionless heat flux decreases at aiffer from corresponding forced convection values by less
slower rate than the rate at whi@j, decreases witRe Al- than 5 per cent.

though the same set éte values could not be chosen for As shown in Figs. 11 and 12, botu; andNw, generally
different values ofar, it can be seen without much difficulty  increase withRe at a givenGr although slight decrease in
thatNugcg increases witlr at a giverRe these quantities may occut lawer Reynolds numbers for
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Fig. 11. Variation of the block surface average Nusselt number with Fig. 12. Variation of the maximum temperature based Nusselt number with

Reynolds number for various Grashof numbers J(a)= 1, (b) »* = 10, Reynolds number for various Grashof numbersi(a)= 1, (b) A7 = 10,
(c) A* = 100. (c) A* = 100.

higher values o6Gr. SinceNu, is a measure of the reciprocal

of T4 its variation withReis opposite to that of ;5.

tal dimensionless inlet velocity, as shown in Table 4, where
correlations are also presented for the dimensionless natural
convection velocityv; .. in mixed convection for thermal

6. Correlationsfrom computed data conductivity ratios 1, 10 and 100. Although separate corre-
lations are presented for forced convection, the correlations

The computed data is subjected to a regression analysigor Tnax in Mixed convection can predict the forced con-
using MATLAB 6.0 software in order to obtain correlations vection limit very well. The mixed convection correlation
for various quantities. The correlations are shown in Table 4 predictsT;,, in pure natural convection with a maximum
along with the values of the standard error of estimate and difference (atGr = 10°) of 9.9 per cent fon = 1,17 per
the correlation coefficient. Following the method of con- cent foray = 10 and 21 per cent fory = 100. In view of
structing correlations for external flow mixed convection [4], the larger differences that may occur while using the mixed

an attempt is made to correldif,, as: convection heat transfer correlations for pure natural con-
T 7 . n vection at higher thermal conductivity ratios, it is better to

[ maX} =14+ {_ (Ar ReZ—b/d)d} (17) use the separate correlations shown in Table 4 for predicting
aRe a Thax in pure natural convection. Similarly, separate corre-

whereT ., = aRe& and T}, = c Gr? are the separate cor- lations given in Table 4 may be employed to predift, .
relations for forced convection and natural convection, re- and vy ... The values of the correlation coefficient show
spectively, ands, a positive integer. However, this func- generaﬁy a good agreement between the computed and the
tional relationship is notdund to be successful in corre- correlated data. The accuracytbé mixed convection corre-
lating the data. Reexamination of the data revealed that thelations presented here is better in the rangeg{®e< 1129
dimensionless maximum temperature correlates with the to-than in the range & Re< 100.
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Table 4
Correlations obtained from regression analysis
Régime Variable Correlation S.E.E. C.C. Range
A=1 F.C. Tiax 0.1083Re 0177 0.047 Q970 5< Re< 1500
P.N.C. T ax 0.2271Gr~012 0.057 Q990 10 <Gr<5x 108
Uih pnc 0.1053Gr%5 0.33 0997 16t <Gr<5x 100
M.C. VE e [(17.55Gr0051R&48)4 0.216 0996 0<Re< 1129,
' + (Re—4041025 _Re 104 < Gr<5x 10°
Any régime Tihax 0.108Re+vf, | )~0178 0.047 Q98 5< v, < 1500
104 <Gr<5x 108
¥ =10 F.C. T ax 0.114Re 0-298 0.091 Q990 5< Re< 1500
P.N.C. Tiiax 0.317Gr—0-184 0.067 Q990 10 <Gr<5x 108
vin pne 0.1053Gr%° 0.33 0996 16t <Gr<5x 10°
M.C. VE e [(17.55Gr0051R48)4 0.216 0996 0<Re< 1129,
’ 4,0.25
+ (Re—4041025 _Re 104 < Gr<5x 10°
Any régime Trhax 0.114Retvi, ) ~02%8 0.091 0980 5< v, <1500
10 <Gr<5x 108
A¥ =100 F.C. Tiax 0.126Re0-353 0.14 0975 5< Re< 1500
P.N.C. Tiax 0.33Gr—019 0.11 0990 16 <Gr<5x 108
Uih pnc 0.1053Gr%5 0.33 0997 16t <Gr<5x 100
M.C. v e [(17.55Gr0051R&48)4 0.216 0996 0<Re< 1129,
' + (Re—4041025 _Re 10* <Gr<5x 10°
Any régime Tihax 0.136(Retuvj, ) 70353 0.14 0975 5< v <1500

10 <Gr<5x 108

S.E.E.= Standard error of estimate; C.€.Correlation coefficientpi’;1 = Re+tv¥ F.C.= Forced convection; P.N.€ Pure natural convection; M.G=

X i |n,nc;
Mixed convection

7. Conclusions less maximum temperature and Nusselt numbers reveal that,
above a Reynolds number of typically 600, the free convec-

A computational study of laminar mixed convection in a tion effects do not significantlynfluence the forced convec-

shallow enclosure with block-like heat generating compo- tion. The thermal conductivity ratio has a negligible effect

nents and inlet and outlet openings is performed neglectingon the velocity fields.

the end effects and taking into account the periodic repe-

titions and symmetry in the geometry. A more convenient

approachis adopted by decoupling the forced and free veloc-Acknowledgement

ity components at the inlet and basing the Reynolds number
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