Available online at www.sciencedirect.com
Imernationsl

SCIENCE ‘d DIRECT® .U@L!_IU"U\JG]“ ©f
. rheranzl
Selenees
ELSEVIER International Journal of Thermal Sciences 43 (2004) 3—11 =

www.elsevier.com/locatel/ijts

Time-dependent buoyant convection in an enclosure
with discrete heat sources

Jun Ho Bae, Jae Min Hyun

Department of Mechanical Engineering, Korea Advanced Institute of Science & Technology, 373-1 Kusong-dong, Yusong-gu, Tagjon 305-701, South Korea
Received 9 January 2003; accepted 27 March 2003

Abstract

A numerical study is performed for the time-dependent laminar natural convection air cooling in a vertical rectangular enclosure with
three discrete flush-mounted heaters. The lowest-elevation heater changes the thermal condition between the ‘on’ and ‘off’ modes. In Case :
(Case 2), the lowest-elevation heater is abruptly switched on (off) from the ‘off’ (‘on’) state. In Case 3, the ‘on’ and ‘off’ modes are repeated
periodically. Numerical simulations were conducted for a range of non-dimensional period and for the Rayleigh number based on the cavity
width between 19and 10 with given heater size and locations. The results show the influence of the time-dependent thermal condition of the
lowest-elevation heater on the temperatures of the other heaters. At low Rayleigh number, the cycle-averaged temperatures of all heaters ai
little affected by the periodic change. At high Rayleigh number, the temperatures of the heaters reach peak values when the non-dimensiona
period of the change in thermal condition takes intermediate values. The evolutions of global flow and temperature fields are exemplified
to provide physical interpretations. The study emphasizes that the transient-stage temperatures at the heaters can exceed the correspondi
steady-state values. This is relevant to practical design of electronic devices.

0 2003 Elsevier SAS. All rights reserved.

1. Introduction

Y |
v,
‘ f
Effective cooling of electronic devices in an enclosed S
space warrants an in-depth scrutiny. One buoyant-convective
flow layout is illustrated in Fig. 1. The electronic compo- 7l q, Heater3
nents are modeled as discrete heat sources on one vertical
sidewall, and the opposite vertical sidewall is maintained at ;
a lower temperature [1-4]. Based on numerical and/or exper- o
imental endeavors, several correlations have been presented H T¢ ‘
in the literature for the Nusselt number and the temperatures ‘ B 9 Heater2
of the heaters. Among others, it was learned that a discretely-
heated vertical wall leads to a higher heat transfer coefficient S
than a cavity with a fully-heated vertical wall [2]. .
In the analysis of buoyant convection due to multiple heat ‘ J 9 Heater 1
sources, the important flow ingredient is the interactions in
the thermal wake of a bottom heater and the heaters located s
above. The optimum design of electronic packages which ]
i’ X
- W -
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Nomenclature

g gravitational acceleration Greek symbols

H  height of the cavity o thermal diffusivity

k thermal conductivity B isobaric coefficient of volumetric thermal

l length of a heater expansion

gh heat flux of a heater 0 density

p, P dimensional and non-dimensional pressure : non-dimensional time

Pr Prandtl numbePr = v/« v kinematic viscosity

Ra Rayleigh numbeiRa = gpq; W*/ kv 0 non-dimensional temperature

§ dimensional spacing between discrete heaters non-dimensional surface-averaged temperature

t d!mens!onal time of a heater

T d|men_5|onal_ temperature . Bon, Boff  the steady-state temperature of Case 1, Case 2

U,V non-dimensional velocity components in thie 7 cycle-averaged temperature of a heater, Eq. (7)
andY directions O temperature amplification factor for a given

w width of enclosure heater, Eq. (8)

X,y dimensional horizontal and vertical coordinates non-di;nensional stream function

2,7 dimensional and non-dimensional period,
Z =za/W?

would improve the overall cooling of a multi-component 2. Model
system was explored [5,6]. It was also revealed that the
two-dimensional model predicts reasonably well the general  The schematic of the two-dimensional physical system
trends of realistic systems [7]. and the coordinates are sketched in Fig. 1. The rectangular

It is noted that the majority of preceding investigations cavity (width W, heightH) is filled with an incompressible
dealt with the steady-state characteristics. However, knowl- Boussinesq fluid, which satisfigs= p/[1 — (T — Ty)], B
edge on the time-dependent responses of the thermal sysbeing the coefficient of thermometric expansion, and sub-
tems during the switching-on and switching-off and other script r denoting the reference state. All other physical prop-
time-variant changes in thermal environment is essential in erties are taken to be constant. The temperature at the cold
the setup and operation of modern high-tech electronic de-left vertical sidewall is constarfic, and the top and bottom
vices. Studies on such transient characteristics in an enclo-horizontal walls are insulated. As a paradigmatic geome-
sure with multiple heat sources are scarce [8-10]. Of par- try [1], three discrete heaters of lengtreach are flushed-
ticular interest to practical applications is the requirement mounted at the right vertical wall with equal spacingrhe
that the maximum temperature of the system component beheat flux generated by each heategiis
below a certain threshold value. The present study aims to  The governing time-dependent Navier—Stokes equations,
delineate the transient flow characteristics in a rectangularin non-dimensional form, are [10]:
enclosure with multiple electronic components. The time- Continuity
dependentflows are induced by the energizing (on) orthede-3y v
energizing (off) modes of the heaters. As documented in the iy + Yy 1)
prior accounts, the influence of the lower-elevation heater on

. : . Momentum

the higher-elevation heaters is more pronounced due to the
interactions of the thermal wake of a lower-elevation heater. U i(Uz) n i(VU) __op L Pr.v2U o)
In the present paper, for definiteness, the thermal condition 9t~ 94X Yy X

- i ‘on"anddV 9 0
at the lowest-elevation heater alternates between the ‘on’ andd V. v+ —(VZ)

‘off’ modes while the rest of the heaters maintain the ‘on’ a7 ' X Y
mode. Detailed numerical computations are conducted, and 9P 2
physical interpretations of the results will be provided. = oy T (Pr-Rayg +Pr- vV (3)

The purpose is to demonstrate that the transient temper-gpergy
atures at the heaters may become higher than their steady-
state values. Also, the increases in the maximal tempera—% + i(Ug) + i(vg) —v29 (4)
tures at the heaters are shown to be affected appreciably byd? ~ 9X Y
the change in the period of time-varying thermal condition. where
These issues will be of concern to the design and operation ) 52 52

of the thermal system involving electronic devices. V= x2 a2 (5)
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In the above, non-dimensionalization has been imple-
mented by using

T=ta/ W2, (X,Y)=(x,y)/W. (U, V)= W/
0 =(T —To)/(gnW/k), P=(p+pgy)W?/pa’
Ra= gﬁth4/kva, Pr=v/a

In the present formulation, the cavity widi was cho-
sen as the characteristic length. This is in accord with the
non-dimensionalization scheme of Ref. [1], which consid-

ered a similar geometrical arrangement.
The boundary conditions at the enclosure walls are:

aty =0.0, H/W U:V:?—)G,:O (6a)
atx =0.0 U=V=0,606=0 (6b)
atx=1.0 U=V =0 (6¢)
atx=1.0 g—i =1 (atheater 2, heater 3)
9 =0 (elsewhere) (6d)
X

Three types of time-dependent heat-flux conditions at

the lowest-elevation heater 1 are considered (see Fig. 2). In

Case 1, heater 1 is suddenly switched on &t 0 from the
‘off’ state. Case 2 depicts the opposite situation of switching
off heater 1 atr = 0 from the ‘on’ state. In Case 3, the
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Fig. 2. Types of time-dependent thermal boundary conditions at heater 1.
(a) Case 1; (b) Case 2; (c) Case 3.

‘on’ and ‘off’ modes of heater 1 are repeated periodically
in a square-wave form with non-dimensional period=

za/ W2]. The thermal boundary condition at heater 1 can be
expressed as follows:

0 20

Casel: —=0(r<0), —=1(t=0)
X 0X
0 00

Case2: —=1(r <0, —=0(t=0)
X X

Case 3: g—i:l(nzgt<§+n2)
a0 Z
ﬁ=0<§+nZ<T<Z+nZ>
n=12,...

The above system of equations was solved numerically by
employing a finite-volume procedure based on the SIM-
PLER algorithm [11]. The central differencing was adopted
for the diffusion terms, and a modified version of the QUICK
scheme was utilized for the nonlinear convective terms [12].
Convergence at a given time step was declared when the
maximum relative change between two consecutive itera-
tion levels fell below 104 for U, V, 6. A parallel check was
made to ensure that the energy balance between the heaters
and the cold wall was met within 0.2%.

Numerical results were checked for grid- and time-step
convergence. Based on these tests, a uniform grid of 151
in the y direction and a non-uniform grid of 61 in the
direction were selected for the present calculations. The
time step of At = 107° was chosen. Under-relaxation
was not required to obtain convergence. These exercises
established the accuracy and robustness of the present
numerical methodologies. No claims are made here as to the
innovativeness of the numerical techniques. The calculations
were performed in a routine manner. The emphasis is placed
on extracting physically meaningful interpretations out of
the numerical results.

3. Resultsand discussion

In the present work, the geometrical particulars of the
heater arrangements adopted those of [1], i/ W =
5.0,//H = 1.0/30.0,s/H = 9.0/50.0,Pr = 0.7, and the
range ofRa= 10°—10".

The principal features of the steady-state flows are
exemplified in Fig. 3. At highRa, isotherms are clustered
in the immediate vicinity of the heaters. These lead to
thin boundary-layer flows near the vertical walls. When
the lowest-elevation heater 1 is inactive (see Fig. 3(a)), the
buoyancy-driven flow is largely confined to the upper part of
the cavity above the level of heater 2. In the lower part of the
cavity below the level of heater 2, the fluid is substantially
isothermal and stagnant. When all three heaters are powered
on (see Fig. 3(b)), the global flow throughout the cavity
is invigorated. It is noted that, due to the presence of the
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Fig. 3. Stream functionsy¥() and i sotherms{) at the steady state.

J.H. Bae, J.M. Hyun/ International Journal of Thermal Sciences 43 (2004) 3-11

(b)

Ra = 10. (a) heater 1 in ‘off’ mode Ymax = 26.54, 6max = 0.0588;
(b) heater 1 in ‘on’ modeymax= 30.70, Omax = 0.0624.

0.140-
O 0120 7
0.1004 [\ﬁ
0.000] |
0.0 02 0.4 06 08 10
T
(@
0.090-
O 0.0804
0.070 I\/f
0.000- l
00 02 04 06 08
T
(©)
0.055 - heater 3
0.0504
0, heater 2
0.0454
heater 1
0.040
0.004
0.0 01 0.2 03 0.4
T
(e)

thermal wake of heater 1, buoyant flow in the localized
region in the vicinity of heater 2 is intensified.

Now, the time-dependent features are described. Fig. 4
illustrates the temperature histories of the heaters in Case 1
(switch-on of heater 1) and Case 2 (switch-off of heater 1). In
the plots¢,, denotes the averaged value of temperature over
the surface of a heater. Note the difference in scales used for
the ordinates of the plots. As heater 1 is powered on abruptly
(see Figs. 4(a), 4(c), 4(e)), the temperature of heater 1 rises
sharply, and it reaches a peak value. However, since buoyant
motions are induced near heater 1, the temperature of heater
1 falls afterward due to the incoming cold fluid from below,
and then it marches slowly toward the steady-state value.
For heater 2 and heater 3, the important dynamic element
is the influence of the thermal wake produced by heater 1.
The peak values of temperatures of heater 2 and heater 3 are
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Fig. 4. Temperature histories at the heaters. (a) R} 10°; (c), (d):Ra= 105; (e), (H:Ra= 107, (a), (c), (e): Case 1; (b), (d), (f): Case 2+——: heater
1;————":heater 2=— .—: heater 3).
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achieved soon after the switch-on. However, after reaching applied. However, the impact of the thermal wake of heater 1
the peak value, the buoyant motion in the thermal wake on the region of heater 3 is less effective since the thermal
near heater 2 strengthens, which brings in the relatively cold wake has been weakened by thermal loss to the interior.
fluid near heater 1 from below. The response of heater 3 The sequential plots for case 2 are exhibited in Fig. 6.
is qualitatively similar to that of heater 2. The temperature With the de-activation of heater 1, the driving buoyancy
peak of heater 3 is smaller than that of heater 2, since thenear heater 1 ceases. At small times, the temperatures of
intensity of the thermal wake of heater 1 is reduced as it heater 2 and heater 3 rise due to the weakening buoyancy
travels upward further. The above-stated observations arein these localized zones. At later times, the temperature in
more distinct afka increases. the interior decreases, and this brings down the temperatures
On the other hand, when heater 1 is switched off (see of the heaters accordingly (Figs. 6(c), 6(d)). At large times,
Figs. 4(b), 4(d), 4(f)), the temperature of heater 1 decays the cavity below the elevation of heater 2 is largely stagnant
fast to approach the cold wall temperature. The temperaturesand isothermal.
of heater 2 and heater 3 decrease slowly toward the steady- Next, the numerical results for Case 3 are scrutinized. The
state values. It is noticed in Figs. 4(d) and 4(f) that the decay time-periodic behavior of temperature and vertical velocity
curves of the temperatures of heater 2 and heater 3 showat heater 2 is illustrated in Fig. 7. In the plots, the abscissa
small overshoots at early times. This can also be explainedshows the passage of time, normalized by the imposed
by noting the disappearance of the thermal wake of heater 1period,z/Z. The vertical velocity at heater 2 is measured at
with the switch-off. Near heater 2 and heater 3, buoyant (X, Y) = (0.95, 2.5). For comparison purposes, the steady-
flows weaken quickly, which leads to high temperatures of state values of Case 1 and Case 2 are also shown in the
heater 2 and heater 3. It is recalled that one purpose offigures. When the period of the square wave of Case 3 is
the thermal control is to maintain the temperatures of all large, the direct effect of the externally-applied temperature
system components to be below an allowable value. In this variation at heater 1 is mild. In this case, therefore, the
respect, the significance of the transient behavior, as well assystem response is qualitatively similar to that of Case 1
the steady-state features, is stressed. over the first-half of the period and to that of Case 2 over
The early-time evolutions of flowy() and temperature  the last-half of the period. Since the peridtlis large,
(6) fields for Ra= 10, after the switch-on of heater 1, are these two responses are less overlapping and, therefore, less
exemplified in Fig. 5. At short times, the thermal boundary interacting with each other, as illustrated in the V-plots of
layer is formed near heater 1 (see Fig. 5(a)). The thermal Fig. 7(d).
wake of heater 1 impacts on the region of heater 2, while  As the period Z) decreases, the characteristics of Case 1
the intensity of the buoyant flow in this region has not and Case 2 are mixed and interacting in the results of Case 3.
been much affected. Therefore, the temperature of heater At is recalled that, in Case 1 (abrupt switch-on of heater 1),
records a peak (see Fig. 4(e)) around= 1, in Fig. 5. the buoyancy near heater 2 intensifies after the thermal wake
After this stage, the buoyant motion near heater 2 intensifies,of heater 1 reaches the elevation of heater 2. On the other
which brings forth the entrainment of the relatively cold fluid hand, in Case 2 (abrupt switch-off of heater 1), the buoyancy
from the bottom region of the cavity. This causes a decreasenear heater 2 weakens rapidly. In other words, the build-up
in the temperature of heater 2, as indicated in Fig. 4(e). At of buoyancy near heater 2 progresses comparatively slowly
a later time, the thermal wake of heater 1 reaches the regionin Case 1, whereas the attenuation of buoyancy near heater 2
of heater 3, and a qualitatively similar interpretation can be takes place relatively rapidly. Consequently, if the switch-on

6

(2) (b) (© (d)

Fig. 5. Sequential plots of flow and temperature fields. Cas®al= 10". () T = 13 = 1.5 x 1072; (b) 7, = 3.0 x 1072; (¢) ¢ = 3.9 x 1072;
(d) tg=4.3 x 1072, Ay = 2.5, A9 = 0.004.
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Fig. 6. Same as in Fig. 5, but for Case 2. €a} ta= 5.0 x 1073; (b) 7, = 2.0 x 1072; () 7c =5.0 x 1072; (d) g = 1.0 x 10~ 1.
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Fig. 7. Histories of temperature (left column) and of vertical velocity (right column) at heater 2. (Rse=3.07. (a) Z = 0.006; (b)Z = 0.024; (c)Z = 0.04;
(d) Z =0.2. (————: steady-state value of Case-%- - — : steady-state value of Case 2).
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(@) (b) (©) (d)

Fig. 8. Sequential plots of stream functiog) and isothermg6). Ra = 107. Z = 0.006. (@t =1a=2/4; (b) 1p =2Z/4; (C) 1c =3Z/4; (d) 1p = 4Z /4.
Ay =25, A0 =0.003.

and switch-off of heater 1 alternate with the same duration, _ S

heater 2 is exposed longer to the condition of relatively ¢ =~ Om dr. (7)
weaker buoyancy on the average. These trends become more Tos

conspicuous ag decreases. It is also useful to gauge the relative increase in temper-

As the periodZ decreases further, the frequent intermit-  atyre at a heater due to the square-wave variation (Case 3)
tent thermal forcing is akin to a continuous sinusoidal ener- of heating at heater 1. For this purpose, it is advantageous

gizing of heater 1. The response of heater 2 is similar to a si- to define the temperature-amplification factifor a given
nusoidal variation. Therefore, the interactions occurring due heater as

to the effects of the previous cycle and of the present cycle G_o

emerge to be a dominant dynamic element. The sequential® = 7 Pt (8)

depictions of flow and thermal fields are given in Fig. 8 for fon — Boff

Z = 0.006. The thermal wake of heater 1 moves to the re-  In the abovefon[foff] denotes the steady-state tempera-

gion of heater 2 by way of the boundary layer on the heated ture of a given heater when heater 1 is in on-mode (Case 1)

vertical wall. The bulk of the cavity interior responds to the (0ff-mode (Case 2)). Therefor€} in Eq. (8) indicates the

time-periodic continuous heating from heater 1. increase in the temperature over the off-mode value, rela-
When the period takes an intermediate value (see Fig. 9 tive to the difference between the values corresponding to

for Z = 0.024), the sequential plots are revealing. As heater the off-mode (Case 2) and on-mode (Case 1).
1is activated at = 7, (see Fig. 9(a)), a new circulation cell Fig. 10 illustrates the variations of the temperature am-

is formed near heater 1, and the thermal wake of heater 15\92%“20.” flactor ft%r atglven h(taate@,fvﬁrs?s the p?ﬂOdt' q

grows along the heated vertical wall. It is noted that, due enz IS farge, the temperatures of heaters are the steady
. . state values of Case 1 for nearly a half period and the values

to the effect of the previous cycle, the buoyant flow is less .

. : . . . of Case 2 for the other half period. Hence, for all the heaters,

intense in the region below the elevation of heater 2. This

Lo . .~ O is close to 0.5, which indicates that the cycle-averaged
implies that the hea}ted fluid from heater 1 takes more time temperatures of the heateds,are the arithmetic mean val-
to reach the elevation of heater 2. On the other hand, the

ues offon andbos;.
effect of the de-activation of heater 1 (see Figs. 9(c) and Whe(l)"TZ is ;rf;a”’@ of heater 1 and heater 3 are close

9(d)) propagates promptly to the region of heater 2 along the, ¢ 5 for all Ra, while © of heater 2 is lower than 0.5
heated vertical wall. As is evident in Fig. 9(d), aroune: at Ra= 107. As disclosed in Fig. 8, the frequent thermal
14, the de-activation of heater 1 is felt in the area of heater 2, forcing from heater 1 forms the momentum boundary layer
which weakens the buoyancy in this region. Accordingly, as ajong the heated vertical wall above heater 1. The average
time elapses from = 74 to T = 75, the increase in buoyancy  pyoyancy force near heater 2 is relatively strong over a
near heater 2 is not pronounced, as the thermal wake ofperiod. Hence® of heater 2 is lower than 0.5 at hida.
heater 1 passes by the region of heater 2. On the average, For an intermediate value of, heater 2 and heater 3
therefore, due to the weakened buoyancy, the temperature okhow different features on the variation@f At Ra = 10°,
heater 2 for an intermediate value @fis higher than for convection is less influential, and, therefore, of heater
largerZ. 2 and heater 3 are close to the arithmetic mean values of
For heater 1, 2, 3, the mean temperature of a heater oveo, and foit regardless ofZ. As Ra increases, convection
acycle9, is defined as prevails, and the dependencedbf heater 2 and heater 3 on
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(a) (b) (c) (d
Fig. 9. Same as in Fig. 8, but f& = 0.024.
Ra=10° Z is pronounced. ARa = 107, ® of heater 2 is maximum at
(a) 1.04 —nes aroundZ = 0.024. Itis noted tha® of heater 2 for this value
0.8 —s—Ra=10° of Z is higher than 1.0, which reflects that the cycle-averaged
0 s+ Ra=10" temperatureq, is higher than the steady-state temperature of
0.6 ‘wﬂ; Case 1.
0.4l -0 00 —2—s—s As remarked previously, whe& is intermediate, the
thermal effect of de-activation of heater 1 reaches heater 2
0.2+ before the thermal wake of heater 1 promotes the buoyancy
0.0 force near heater 2. Thus, the buoyancy force near heater 2
T 10? 10" 10° 10" is relatively low. Accprdingly, the value of, for which
7 heater 2 has the maximum value®@f can be deduced from
the time needed for the thermal effect of heater 1 to exert
influence on heater 2. Fig. 10(b) shows thatRaslecreases,
(b) 2.0+ ©® of heater 2 is maximized whe# is slightly larger,
VN which supports the above argument. However, the overall
0 154 / \ magnitude of the peak is suppressed by the attenuated effect
\ of buoyant convection.
1.04 \ The time-mean flow and temperature fields are described
_/ N by averaging the time-dependent solutions over a cycle
i . s . . - . '
0.5 i which are illustrated in Fig. 11. For a large pericti= 0.2),
00 e the time-mean solution appears to be similar to the averaged
R 102 10" 10° 10" value of the steady-state solutions of Case 1 and Case 2.
For a small periodZ = 0.006), the momentum boundary
z layer is distinct in the time-mean solution along the heated
vertical wall above heater 1, which strengthens the buoyant
(c) 10- convection near heater 2. It is in line with the previous
argumentthat, at higRa, the cycle averaged temperatute,
0.8 of heater 2 has a relatively low value whgns very small.
® L6l However, forZ = 0.024, the time-mean solution reveals that
the intensity of buoyancy force is weak along the heated
—g-a2 g ome s uy g ARSMRImA-S s8R . ) : X
044 " “A“.J‘“ vertical wall below heater 2, especially in the localized
0.2 region near heater 2. The temperatures in the interior region
’ between heater 1 and heater 2 are higher than those of the
0.0 case ofZ = 0.2. These facts are in accord with the previous

Fig. 10. Variations of the temperature amplification factor for a given heater,

©, with Z. (a) heater 1; (b) heater 2; (c) heater 3.

interpretation for the cycle-averaged temperature of heater 2.
WhenZ is intermediate, the buoyancy force near heater 3
remains fairly constants over a period (see Fig. 9). As shown
in the averaged temperature fields, the thermal wake from
heater 1 losses a larger portion of thermal energy into the
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0 The ©-Z plots illustrate that, aRa = 10’, when the
periodZ is intermediate® of heater 2 reaches a maximum
while ® of heater 3 shows a mild minimum. ARa
decreases, the peak valuegbére less pronounced and they
occur at a larger value df.
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