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Conjugate Heat Transfer From a Two- gradients. Thermal properties are constafsmall temperature

rise assumed). Radiation, natural convection, and viscous dissipa-

Layer Substrate Model of a tion are neglected. The energy equations for the fluid flow and the
Convectively Cooled Circuit Board two substrate layers are given below.
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1 Introduction solid 2: Py +—2 =0 0<ye<D,

_This note presents the r_esults ofa study of a s_imple mode| of aNcoordinatex is the streamwise direction with range- ¢ <x
air-cooled electronic device mounted on a circuit board. Th o) and subscripts (1) ()<, and ( ), refer to the fluid, solid 1
model includes a flush-mounted heater to represent the electro, solid 2 respecti\;ély sFll’mcti(m) izs the heat flux in’troducea
device, a two-layer substrate to represent the. circuit board, ané\l)gjthe heat;ar ang(x) is the top-hat function defined as unity on
steady shear flow to represent the cooling fluid. (—a<x<a) and zero elsewhere

Ohrteg{i[l] .prtov(ijdest.a g(t)od re\_/iewtof thet:]it%rature ?ng "E‘ co:n- The temperature and heat flux at the interface are obtained by
prenensive Introduction 1o conjugate methods applied 10 €1€Gs)ing the above energy equations in the fluid and both solids
tronic cooling, emphasizing simple shear flows and single-lay

substrates to illustrate basic principles. Ortega also describes tgéparately with continuity of temperature at the fluid-solid and

. L S MiBid-solid boundaries. Nondimensionalization of the governing
layer effects by |nclud_|ng _|nfrared thgrmographs ofa convective quations yields three dimensionless governing parameters
cooled glass/epoxy circuit board with copper traces, which prﬁ

duce significant anisotropy, with larger in-plane relative to out-o 7ef|ned a52 fCi|/|3?WSZ +Eonjug§te Peclet+ rlumberA
plane conductivity in the circuit board. = (kilkyp)(Ba’lk)™, D, =D,/a; and, DyK=(D,/a)

There have been few conjugate studies with multiple condug{Ks1/Ks). Solutions are obtained through a combined numeri-
tion layers. Zebib and W¢2] simulated a protruding electronic cal and analytical approach. The nondimensional governing equa-
gns are Fourier transformed in thedirection reducing them to

?n%dgﬁyophfe;hlzﬁ?c_il?)éfécﬁtlirgg '\t,vté?: rljjs,:dmct;rl)?oglj?gt]rsnaig)l/y\!e? ;X%rdinary differential equations with analytical solutions. The real-

fin with a low-conductivity coating to simulate the effects of finoPace 50'““0'05 are then given as |ntegrals_W|th the inverse F_ourler

fouling. Chen et al[4] developed a solution that included solid transform, which must be evaluated numerically. For the details of

liquid, and gas phases to simulate laminar condensation on a HH? analysis see Harm4a0].

In a series of papers Lee and co-work@?alisoc and Leg5], Lee

et al.[6,7,8]) studied several different substrates with up to fivé Results

'ayeTS‘ but t_hese studies approxmat_e_d the convective cooling by a\'emperature Distribution.  Figure 2 shows the normalized

spatially-uniform heat transfer coefficient. he fluid-solid interf for A— +
This note builds upon the work of one of (€ole [9]) for a temperature at t ? u'+'so' |nter_ace+ver.su or A=1, D, )

single-layer substrate, in which results were presented for variogg 00, and for variou®, K. IncreasingD; K increases the abil-

values of the dimensionless substrate thickness and the conjuddt®f the top solid layer to carry heat, which boosts the rate of

Peclet number, K; /k)Pé”3. The present study adds a secon eat flow into the solid and distributes it farther upstream and

layer to the substrate described by a single additional paramedéwnstream before it enters the fluid. ConsequentyD ¥ in-

that combines the thickness and conductivity of the added layetreases the temperature peak becomes broader, lower, and more
symmetric. Similar features are present in the heat flux fietd

2 Analysis ShOW”); o . .
As D7 K is increased and the top solid layer carries more heat,

| tTheI cir;:uitt bqtz:]rd ifsl mrc])deled ?sdahtwctJ-Iayfer tsubstra_te Olf inﬂt?]iz?er bottom solid layer carries less heat, and the temperature field
ateral extent with a flush-mounted heater of streamwise leng eads out over lengths much greater than the heater length. If
generating heat uniformly. Refer to Fig. 1. The top layer of thg

. + o
substrate is thin and highly conductive and treated as a lumpgd IS fhmalu.clfmpare?tgmg }t<t thle temper%ture O:'SI;'bc;moTj th
solid in they-direction. The bottom of the substrate is insulatedc'0SS the thickness of the bottom fayer can be negiected and the

The fluid flow is a spatially invariant shear flow with velocityS"" solid treategl as a Slnglti lumped-capacitance layer with ef-
fective thicknes® _4=(D; K+D5); this is called the lumped-solid
Contributed by the Electrical and Electronic Packaging Division I9E RMERI- !Imlt' This limit is al_so approached if the convective flow velo_C|ty
CAN SOCIETY OF MECHANICAL ENGINEERS Manuscript received by the EEPD 1S Small (small conjugate Peclet numbdl’e_cause as convection
March 31, 2000. Associate Editor: R. Schmidt. decreases the shape of the temperature field becomes broader and
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Fig. 1 Conjugate heat transfer geometry

2000

more symmetric; however the peak temperature increases. In the
limit A—O0 the peak temperature increases without limit; this is a
consequence of the two-dimensional geometry. 0 — T — T

Spatial Average Temperature. Figure 3 shows the spatial 1 10 A 100

average modified temperature on the heated regidi’ =A(T

~T.)kss/(qod), versusA/D; at D =100 and varioudD; K. Fig-4 +Modifiedfpatial average temperature versus A for vari-

This modified temperature is used to preserve the conjugate Peist Dz » and DK

numberA as a basic parameter and to show the limiting behavior

at large and small values of. The convergence of the curves for

small A is the lumped-solid limit. The largd- asymptoteAT*  =1.44 is associated with convection-dominated heat transfer. In
this region the temperature varies inversely with the conjugate

Peclet number; that i§, ¥ ~ 1/A.

14 The range ¥ A <100 represents a large number of real-world
flow geometries, including air-cooled circuit boards. Figure 4
shows the spatial average modified temperature in this range of

0.8 1 for various values oD K andD; . The impact ofD; dimin-
| ishes asA increases since increasing convection begins to mask
the effect of the bottom solid layer. The impact®} also dimin-
06 ishes at greater values Bf; K; for D; K> 20 variation inD; has
A almost no effect on the spatial average temperature.
0.4
T Table 1 N for various A, D}, and D}
0.2
DiK
) A | Df|10* 102 100 j10% |10° |10-% 107 |10 |oO
0 L R I R D I R 1 |5 |.3200.5071 | 7302 | 8711 | .9914 | 1.078 | 1.126 | 1.155 | 1.158
-5 x/a 0 5
‘ 1 1 .3200 | .5068 | .7348 | .8590 | 9651 | 1.037 | 1.074 | 1.096 | 1.099
Fig. 2 Dimensionless heat flux to the fluid at ~ A=1, D =100, 1 |10 |.3286|.5033 | .7172 | .8293 | .0237 | 0880 | 1.022 | 1.044 | 1.047

and various DY K
2 1.5 |.7530 | 1146 | 1649 | 1.924 | 2.170 | 2.344 | 2.439 | 2.496 | 2.503

2 1 .7530 | 1.146 | 1.640 ) 1.901 | 2.123 | 2.272 | 2.351 | 2.400 | 2.407

1 2 10 | .7520 | 1.139 | 1,612 | 1.856 | 2.061 | 2.200 | 2.276 | 2.324 | 2.331

E 3 .5 2236331814715 | 5.424 | 6.022 | 6.402 | 6.630 | 6.767 | 6.789

] 5 1 2.236 | 3.315 | 4.695 | 5.375 | 5.932 | 6.293 | 6.486 | 6.613 | 6.633

|r2 : 3 10 |2.234 1 3.302 | 4.640 | 5.302 | 5.839 | 6.189 | 6.377 | 6.504 | 6.524

10 [.5 | 5075|7442 1035 | 11.75 | 12.84 | 13.53 [ 13.89 | 14.15 | 14.19

0.1 B 10 |1 5075 | 7.380 | 10.32 | 11.67 | 12.72 | 13.36 | 13.71 | 13.95 | 13.99

E 10 |10 | 5.0727.417 | 10.25 | 11.58 | 12,60 | 13.23 | 13.58 | 13.82 | 13.86

: . _ ::go 50 |.5 |33.20]47.42 (6203|674 |7083|72.85]73.99| 7491|7510

I |nﬁn|ty 50 |1 33.20 | 47.90 | 61.92 | 67.23 | 70.61 | 72.61 | 73.74 | 74.64 | 74.84

0.01 — 50 |10 |33.18}47.35|61.80 | 67.09 | 70.46 | 72.45 | 73.57 | 74.48 | 74.67
1E-006 1E-004 1E-002 1E+000 1E+002

100 | .5 | 74.48)104.1 | 131.4 | 139.9 | 145.2 | 148.3 | 150.1 | 151.6 | 151.9

ANDIK+D3)

100 (1 | 74.47 | 104.0 | 131.2 | 139.7 | 144.9 | 148.0 | 149.8 | 151.3 | 151.6

Fig. 3 Modified spatial average temperature versus A/ D% for

¥ : ¥ 100 [ 10 | 7445 | 104.0 | 1311 | 139.5 | 144.8 | 147.9 | 149.6 | 151.1 | 1514
D3 =100, and various Dj K
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The values ofD; shown in Fig. 4 are representative of the=100)A¥%(100)*%. The D; =10 case adequately represents re-
entire range of behaviors (0D 4 <) since theD; =0.5 curves sults for 10<D, <o (with at least 98 percent accuracy
shown are nearly identical to the lumped-solid solution, and the
e e . .
(D5+— li)o)curves shown are very close to the semi-infinite solutloE Conclusion
2 %)

In this paper results of a conjugate analysis applied to the elec-
Correlations of Results. In the range ¥ A <100 and where tronic cooling problem are presented. The analysis is an extension
the lumped-solid approximation applie®{ <0.5), the following of earlier work with a single-layer substrate by adding a second
correlations are accurate within 5 percent: solid layer to represent the surface traces on a circuit board. The
. ) addition of a lumped-solid second layer to the substrate adds a
for A/Deg>55; single dimensionless parameter to the probl®fiK. Numerical
_ A\ 2B A\ 4B results for the two-layer substrate model are presented over a wide
AT+=1-44—0-467{ o7 ) - -0636{ ) range of flow parametek, bottom layer thicknesB; , and top-
layer parameteD ] K. Design correlations and a table of values

for A/DJz<.55; are given spatial averadenodified) Nusselt number to character-
25 s o5 ize thermal behaviors for values of the governing parameters typi-
AT =1 461£<i) _ 289% i) _ 1695< L) cally encountered in electronic cooling applications.
Dt ot D
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