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Electronic components are usually assembled ontgtirircuit boards cooled by forced
airflow. When the spacing between the boards idlsthare is no room to employ a heat
sink on critical components. Under these conditiche components’ thermal control may
depend on the conductive path from the heater ¢ohtbard in addition to the direct
convective heat transfer to the airflow. The coapagforced convection-conduction heat
transfer from a two-dimensional strip heater fluslounted to a finite thickness wall of a
parallel plates channel cooled by a laminar airflomas investigated numerically. A
uniform heat flux was generated along the strip theasurface. Under steady state
conditions, a fraction of the heat generation wamnsferred by direct convection to the
airflow in the channel and the remaining fractiomsvtransferred by conduction to the
channel wall. The lower surface of the channel weadls adiabatic, so that the heat
conducted from the heater to the plate eventuatyrned to the airflow. A portion of it
returned upstream of the heater, preheating thdlaair before it reached the heater
surface. Due to this, it was convenient to trea thirect convection from the heater
surface to the airflow by the adiabatic heat tramstoefficient. The flow was developed
from the channel entrance, with constant propertiese conjugate problem was solved
numerically within a single solution domain comprés both the airflow region and the
solid wall of the channel. The results were obtdifer the channel flow Reynolds number
ranging from abou600to 190Q corresponding to average airflow velocities frOrb m/s

to 1.5m/s. The effects of the solid wall to air thermahductivities ratio were investigated
in the range fron10 to 80, typical of circuit board materials. The wall thizess influence
was verified froml mm to5 mm. The results indicated that within these randbe
conductive substrate wall provided a substantidlacement of the heat transfer from the

heater, accomplished by an increase of its aveeati@batic surface temperature.
Keywords. conjugate heat transfer, adiabatic heat transfeef€icient, laminar channel
flow, numerical analysis

I ntroduction

The purpose of the present work was to performrealyais of
the conjugate forced convection-conduction heatsfex from a
small 2D foil heater flush mounted to the lowernteplésubstrate) of a
horizontal channel, as indicated in Fig. 1. Thessuatte thickness)
and its thermal conductivityk) were known and a laminar
developed airflow was forced into the channel. Thweer surface
and both ends of the substrate plate were adiatsatithat only the
upper face, in contact with the airflow, could eamnbe heat by
forced convection. There were two thermal pathslade for heat
transfer from the heater to the airflow. One was doyvection,
directly from the heater upper surface to the avfl The other was
from the heater lower surface by conduction aneaging in the
substrate wall. The heat transfer through this pedls transferred
back to the airflow by convection at the upper &@bs surface,
both upstream and downstream of the heater. Thistsie
conduction presents two opposing effects to thaehemoling by
the airflow. First, a thermal boundary layer depah@ent upstream
the heater reduces the direct convective heatferaftfom the heater
to the airflow. On the other hand, the effectivathteansfer area to
the airflow increases due to the conductive sprepdpstream and
downstream the heater. If this effect prevails dherfirst one, there
will be a heat transfer enhancement, as comparédetaase of an
adiabatic substrate plate.

The effects of the laminar airflow rate, the fluid substrate
thermal conductivities ratio and the substrate kiéss were
considered in the present analysis. The total Hisatpation rate in
the heater was assumed known, but its distributitm the direct
convection to the airflow and the conduction to substrate wall
was obtained from analysis. The convective heatsfem was
characterized by the adiabatic heat transfer aeffih,q, due to its
independence on the thermal boundary conditionsffé¥]o1998;
Alves and Altemani, 2008). The heat transfer cogdfit based on

with the adiabatic coefficient. This problem deperalso on the
heater length and position in the channel. In tresent work, the
heater length was equal to the channel height @napstream edge
was centered on the substrate.

A comprehensive review of the work on conjugatecédr
convection-conduction heat transfer from electron@mponents
was presented by Nakayama (1997), consideringhdistieat source
geometries and their arrangement on the wiring doblere, the
emphasis will be directed to works associatedushflmounted heat
sources. Ramadhyani et al. (1985) presented resifita 2D
numerical analysis of the conjugate heat transfanftwo discrete
heat sources flush mounted on one wall of a charied heaters
were isothermal and the wall on which they wersHlmounted was
a thick conductive substrate. The coolant flow Veasinar and fully
developed, and the analysis encompassed a rarige wll to fluid
thermal conductivities ratio. The reference tempeea for the
Nusselt number was the inlet flow temperature. Theisults
indicated that the fraction of heat transfer frdra heat source to the
substrate can be a major contribution to the to&alt transfer — it
increased with the substrate to fluid thermal catigity ratio and
for low fluid Peclet numbers. Incropera et §1986) performed
experiments and numerical analysis of the probléftush mounted
isothermal heat sources on a thick insulated walh dorizontal
channel. The flow was fully developed either in tAminar or the
turbulent regime. The reference temperature foNthsselt number
was the fluid inlet temperature in the channel. Tdadculation
domain for the numerical analysis of the conjugat®blem
involved the solid and fluid regions. Their numaticmodel
predictions were in good agreement with measuresndnt
turbulent flow, but for laminar flow the predictisnvere lower than
the measurements. Anderson (1994) presented a idqeehrio
decouple the conjugate conductive and convectiaé th@nsfer from
electronic modules on a circuit board. The adiabhBat transfer
coefficient (an invariant descriptor of the locabngective heat

the inlet flow temperatureTg) was also evaluated for comparisontransfer) was used with a superposition methoaterface between
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a convection solver and a conductor solver. Thehatktwas
recommended for the cooling of a module on a drdoard
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whenever a Biot number based on the ratio of theluteds
resistance to conduction over that to convection gr@ater than 1.

investigate the mixed convection from a single rseatrce module
mounted on a thin horizontal plate well insulatedtlze back

Sugavanam et al(1995) presented a numerical analysis of theurface. Their results indicated that the heatsfenfrom the

conjugate heat transfer from 2D uniformly powerd&dpsheaters
flush mounted on the lower wall of a horizontal gkl plates
channel. The substrate wall upper surface was doojelaminar
forced convection and the lower surface was eitminbatic or
subject to laminar forced convection. The dependesfcthe heat
transfer from the heat source was investigatecafaride range of
parameters, including the substrate to coolantdfldhermal

module is dominated by forced convection whém [Re'?) < 0.9.
The Reynolds numbeRe was based on the heater length and the
forced flow average velocity. The Grashoff numbeasvGr =
g8q"(L+2H)L%(k v?), whereL andH indicate respectively the heater
length and height, and" is the convective heat flux from the
module to the fluid. When the heater is flush mednon the
substrate plate, the heightls= 0. For any specified value &e¢

conductivities ratio K/k), the heat source position and the channeheir correlation gives the upper limit &r for which natural

Reynolds number. The results indicated that praihgatf the flow
by board conduction increased with the rakgk], decreasing the
Nusselt number on the heat source. The referempetature for
the Nusselt number was the fluid inlet temperatitrevas verified
that the effects of substrate thickness were inapbronly for the

convection effects may be neglected.

The results of the present investigation are ingmrfor the
thermal design of electronic components assembledciccuit
boards cooled by forced convection. The conjugabecef]
convection and conduction heat transfer must bewaded for, and

conductivity ratio kJ/k) > 10. The average Nusselt on the heatethis analysis is most important under conditionséirofted available

surface decreased with an increasekifk) for fully developed flow,

spacing between the boards. In this case, heas sitdy not be

due solely to substrate conduction effects. Thizetse was more allowed for cooling purposes and the heat transféancement due

pronounced for smaller values of the Reynolds numihee to the
relative increase of the substrate conduction eff€onsidering a
uniform flow at the channel entrance, developimnglthe channel

to heat spreading along the substrate wall may rbémgortant
contribution to the total heat transfer (Alves, @D1

length, the average Nusselt on the heater surfaceedsed as the Nomenclature

source moved to downstream positions in the chai@ak (1997)
presented an analysis for the conjugate convectiveluctive heat
transfer from a 2D strip heater flush mounted om shrface of a
conductive plate of finite thickness. The plate vasled on the
heater side by a fluid flow with a linear velocpyofile, while the
opposite surface was adiabatic. The reference termpe for the
Nusselt number was that of the coolant fluid faynfrthe plate
surface, typical for external flows. The heat tfansnumerical
results were presented in terms of a conjugateePeamber. It was
found that for large values of this parameter, ligat transfer is
dominated by the fluid flow and the strip heatezesiis the
appropriate length scale. For small values, the@piate scale was
the solid thickness. Wang and Jaluria (2004) canmsitl the effects
of the three-dimensional conjugate mixed convectiamd
conduction heat transfer from two heaters flush med on the
lower wall of a horizontal rectangular duct. Theotiveaters were
deployed with both streamwise and spanwise separati the wall.
The effects of the wall to fluid thermal condudiies ratio and the
Reynolds number in the laminar regime, considedrgingle value
of the Grashoff number, were presented in the nisaleresults.
Among their conclusions, the heaters spanwise iligion may
result in lower average temperature for the two rees
Considering a duct with an aspect ratio of 10, theported that the
numerical results of temperature distribution ore tholid-fluid
interface were slightly lower than those of Sugararet al (1995).
This was attributed to conduction in the spanwidesction,
associated to the three-dimensional simulations.

In the present investigation, a numerical solutioh the
conjugate problem was performed for a single doncaimprising
both the solid and fluid regions. The referenceperature selected
to describe convective heat transfer from the hes#s its average
adiabatic surface temperature. Thus, the correspgneverage
adiabatic heat transfer coefficient is independsnthe amount of
airflow preheating upstream of the heater. Thihgating is due to
the thermal wake generated by conduction upstreatheoheater
through the substrate plate.

Natural convection effects were considered nedkgiin the
present work, a procedure adopted in similar ingasbns (e.g.,
Alves and Altemani, 2010; Zeng and Vafai, 2009; &ath and
Bayazitoglu, 1987 and Ramadhyani et al., 1985prtter to present
a perspective for this consideration, referencé el made to the
work of Kang et al. (1990). They performed expernitse to
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¢, = specific heat, {ikg.K)

g+ =influence coefficient

h = convective heat transfer coefficient/(i¥.K)
H  =channel height, m

k = air thermal conductivity, Wih.K)

ks = substrate thermal conductivity,/kh.K)

L =total channel length, m
Ly =downstream length, m
L, = heater length, m

L, =upstream length, m

m = mass flow rate, kg/s
Nu = Nusselt number

Pe =Peclet number

Pr = Prandtl number

q = convective heat transfer rate per urgater depth,W/m
g" = heat flux, W/rh

Re =Reynolds number, Kf)

t = substrate thickness, m

T = temperature, K

u = velocity component along the plates, m/s

U  =dimensionless u — velocity component, 69.

X,y = Cartesian coordinates, m

XY =dimensionless Cartesian coordinates, 9.
Greek Symbols

p  =density, kg/m

M =dynamic viscosity, Pa.s

0 = dimensionless temperature, Eq. (6)
& = dimensionless coordinates
Subscripts

ad = adiabatic

d = downstream

f = fluid

h = heater

in  =inlet

m = mixed mean

s = substrate

u = upstream

Superscripts

—  =average
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Analysis

Problem formulation and heat transfer parameters

A small foil heater (length,,) is flush mounted on a conductive

substrate with thicknegsand thermal conductivitlg in a horizontal

channel of lengthL and heightH, as indicated in Fig. 1. The
substrate lower and side surfaces, as well as tiamnel upper
surface, are all adiabatic.

—

Ly Ln Lg

I L d

Figure 1. Schematic of the conjugate heat transfer problem.

A laminar airflow, with constant properties evakdhtat 300 K,

was developed from the channel entrance, with umifeelocity U
and the analytical parabolic velocity profile givien

@)

Thiago Antonini Alves and Carlos A. C. Altemani

Equations (4) and (5) were solved simultaneousiiject to the
following boundary conditions. The upper and lowarfaces of the
domain, as well as the upstream and downstream ehdbe
substrate plate were adiabatic. At the channelt,intflee fluid
temperature was uniform at,, which corresponds t6, = 0. The
outflow boundary was treated with negligible diffus At the
substrate-fluid interface, the temperature and fileat continuity
were imposed as follows.

H
g.=6,, osxsi, Y=—or @)
ko6 06 "y L andx>(1—ﬁ), v=-H (g
k ay|, oYl L L 2L
k.06 _06) _ L isXs(l—i) Y:_i 9)
kay|, aY|, L, L L 2L

Equation (9) is the dimensionless form of the loealergy
balance expressed by Eq. (3). The heater surfacpetaturel;,(x)
and the heat fluxes} (x) and g (x) were not uniform along the

heater lengthL,,. They were integrated along the heater length to
obtain, respectively, the average heater temperaand the heat

The average airflow velocity and the channel hydraulic diameteriransfer ratesy; from the heater directly to the airflow aggto the

defined the Reynolds number

Re= pPuU2H
M

)

The heater upstream edge was positionetl,at L/2 on the
upper substrate surface. A heat dissipation rat@le g, per unit
depth normal to Fig. 1 was uniformly distributedrag the heater
length, with a heat fluxg, = qy/Ly, . This heat flux was distributed

either directly to the airflow above the heaterthwocal flux gj (x),
or to the substrate under the heater, with a lfheal g; (x). Under
steady state conditions, a local energy balancagatbe heater

requires that

an = a7} (x)+ ax(x) @3)

The local heat fluxesq; (x) and g; (x) were obtained by an

iterative numerical solution of the energy equaiiorthe conjugate
domain indicated in Fig. 1, comprising the solitbsmate, the heater
and the flow regions. In dimensionless form, theergp
conservation equations respectively for the sofid #uid regions
were expressed as follows:

2 2
Lk 96,9820, 0sxst ((+l)evs-D @
Pr k * aX aY 2L L 2L
2 2
Ua—gzi(a—z+a—z), 0sxsl, - <ys (5)
0X Pr' ox oY 2L 2L
The dimensionless variables were
X:ly Y:l’ U:’OUL’ H:k(T”_Tin) (6)
L L U Gh Ly
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solid substrate.
T= [T 0= [ai(ox, o= [d(ox o
th Lh Lh

Obviously, the local energy balance expressed by (By after
integration over the heater length, results in twerall energy

balanceg, = gs + Q.
Two average convective heat transfer coefficiendsendefined

on the heater surface. One WEsd, based on the heater average

adiabatic surface temperatur@ad. This coefficient is important

because it is independent of the thermal conditiopstream the
heater (Alves and Altemani, 2008). The heater atiebsurface
temperature may be obtained mostly, simply consideran
adiabatic substrate wall, because in this casedgual to the airflow
inlet temperature. In this case, all dissipatedths transferred
directly to the airflow ¢ = q,), so that

ha = —=h

(11)
Ly (Th ~Tin )

k=0
The average adiabatic Nusselt number over therheaseexpressed by

NUag = hadLh :_i
k g

(12)

ks=0

The other average heat transfer coefficient viigs, based on
the uniform inlet flow temperaturg,. It was obtained considering a
conductive substratég# 0), for which a fractiond; /g,) of the total
dissipation rate|, was transferred directly to the airflow, defined b

ABCM



Conjugate Cooling of a Discrete Heater in Laminar Channel Flow

h = s (13) Problem formulation and heat transfer parameters
n =
Lh(Th‘Tin) The energy equations (4) and (5) were solved simatiusly
within the conjugate domain indicated in Fig. 1mgpoising the solid
The corresponding average Nusselt number in this s substrate and the flow regions, using the contalmes method

(Patankar, 1980). The convection and diffusionha flow region,
= described by Eq. (5), with fully developed flowtime channel, were

Nuin :hn_Lh:q_f_i (14) treated by the power-law scheme. The linear systéralgebraic

k o, 6, equations obtained from the discretization process solved

iteratively using the line-by-line TDMA method. Theumerical

For a conductive substrate, the heater averageem@tupe rise results were obtained imposing the stated boundamgitions and the

: T\ temperature and heat flux continuity expressedds; E7) to (9) along

above the inlet flow temperaturg{—Ti, ) is due to two effects. The "\ ote fiuid interface. Equations (7) arjdwére automatically
direct convective heat transfer rajefrom the heater to the airflow g5tisfied by the use of the harmonic mean for et of the
is responsible for the heater temperature rise @lity/ adiabatic gifusion coefficients at the control volumes ifiéees. Equation (9)

temperature, T,—T,q ). The heat transfer ratg conducted through indicates the distribution of the uniform heat flag into the local

the substrate wall upstream the heater returnsobyection to the heat fluxes q; (0 and gL (x) and required an iterative solution
airflow. This effect gives rise to a thermal walesponsible for

the heater adiabatic temperature rise above thet iflow procedure, described as follows. Along the heategth, the link

— between the adjacent solid and fluid control volameespectively
temperature, T4 — Tin)- These two effects may be added as followspg|ow and above the heater, was removed. Anligitiess of the heat

fluxes g (x) and q (X) was assumed and used to apply source terms

(Th—'l'in)=('l},—Tad)+( T~ Tin) (15) to the referred solid and fluid control volumes.efih the energy
equations (4) and (5) were solved and the numéyriaabtained
temperature distributions, together with Eq. (%revused to evaluate
= ) . anew heater temperature distributigr{x) on the solid substrate-fluid
temperature riseTq —Tip) is always greater than the correspondingnerface. In the present work, a perfect thernoattact was assumed
fluid mixed mean temperature risg(,— Ti,). The ratio of these two between the heater and the substrate. From thaeatedll}, (x), new

"

temperature differences defined a coefficieg]. An energy distributions for g (x) and g; (x) were obtained and the process was
balance in the flow region upstream the heatetedl@ ., ,— T;,) to  repeated until convergence. Then, the upstreamingesite g, was

Due to imperfect fluid mixing in the channel, thdiabatic

g, and the airflow raten . obtained from the substrate temperature distribwgiod Eq. (19) was
employed to determine the coefficiagf.
('F -T ):( Tou= Ty) 00= A oy (16) The results were obtained with a non-uniform twmelnsional
adTin R e, T numerical grid deployed on the solution domain, pdsing 300

control volumes in the flow direction and 24 to étntrol volumes
in the transversal direction. In the flow directidhe grid was most
refined over the heater, which contained 80 unifgrdistributed

related, by an influence coefficierg),, to the corresponding fluid control volumes. Along the upstream length 170 control volumes

mixed mean temperature ris&T,)n, Which was expressed in terms V€€ uniformly deployed, and 50 c_)ther_s were d'E.'mu an_ng the
of g and the flow ratem downstream lengthy. Along they-direction, the grid consisted of
f .

20 non-uniform control volumes along the heightand 4 control
volumes uniformly distributed along each mm of thebstrate
(.Fh _.Fad): (ATm)h QE I a7 thicknesd. In the flow region, the grid size was finer ndae upper

- mc,, On and lower solid surfaces and increased with a ge@r@ogression

Similarly, the heater average temperature ria;_'@—(ﬂd) was

toward the center of the channel.

Several grids were tested before the final distidou was
selected to obtain the numerical results. Theahitumerical grid
tests were performed under the conditionsRef= 1260 and an
(-lfh -T ):q_fgm+igu (18) adiabatic substrate. The number of grid pointsarmfy distributed

" e, " e, M along the upstream and downstream lengths wasaisedeuntil 170
points alongL, and 50 points along4 indicated that further grid
refinement would not change the results. Uniformigrere tested
along the heater length, employing 10 to 100 grid points in tixe
direction, while in the fluid region uniform gridsere tested from
10 to 80 grid points in the-direction. The Richardson extrapolation

29 o, O 0o technique (De Vahl Davis, 1983) was employed amticated that

6, ==(=—gy+>g,) (19) . ; ! uica
Pe" g, (o' the increase of the numerical error with the grjthgng was
quadratic. The exact extrapolated values of theramee Nusselt
. - number over the heater were within 0.10% of theilltesobtained

The fractions /g) ‘_md fu/cp) and the upstream coeﬁl.czlelgﬁ with a uniform grid of 80 x 80 grid points over tHeeater.
depend on the CondUCtlor‘I through the Substratm Obta|ned fOI’ Add|t|0nal tests were performed employlng non_un’ﬁ@nds a'ong
each test condition. The convective coefficigit, on the other hand, the y-direction in the fluid region, with a geometricogression

depends solely on the flow conditions and it wasaioled from increase of the grid spacing from the top and bottooundary
numerical tests considering an adiabatic subsivate surfaces of the domain. In this case, for the sani®rm grid with

Substituting Egs. (16) and (17) into Eq. (15),

p

Defining the Peclet numbéte = RePr Eq. (18) was obtained in
dimensionless form.
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80 points along the heater and a non-uniform grithwnly 20 This correlation can be associated with that alihregheater on
points in they-direction, the average Nusselt number was withithe adiabatic substrate in the present work. Allbzesselt number
0.05% of the value previously obtained by extrapofa When a Nu, () based on the adiabatic heater temperature (vihiehual to
conductive substrate was considered, additionas tesvified that T;, whenk; = 0), and on the heater length, can be related tb tha
4 grid points per mm along thedirection in the solid region were defined in Eq. (20) by

enough to obtain results independent of furthed gafinement.

The grid used to obtain the results for a substifsttknesst /H = N ({) N ({)[ Th({)—'l'in 2H ] (23)
; P X o : ul®)=Nu
0.5 is presented in Fig. 2. It is non-uniform anehtains 300 ad —(—)—(H -1 (L,

control volumes along the flow and 40 control vokgnin the

transversal direction. o ) )
After substituting the correlation Eq. (21) or (22) the left side

of this equation, the resultinblu,4(¢) from the right side was
compared with the numerical distribution obtainedthe present
work for a particular value dke The results obtained féte= 1890

are shown in Fig. 3. They indicated that the priolis from Eq.

(21) were 0.5% above the present numerical resutide Eg. (22)

predicted values 1.4% below the numerical values.

Frn . r . rrxr r . r .~ 1
0.40 045 0.50 055 0.60 065 ~BrTT T T T T T T T T T T T T T T
X MS 5 4
N—r
kel o .
Figure 2. Non-uniform grid for  t /H = 0.5, with (300 x 40) control volumes. =° | —————— Numerical Solution
Z |- ———— Eq () and(22) o
The iterative solution process was interrupted wiienabsolute i
changes of the heater average temperaﬁ_w,ethe average Nusselt -
20 -

number Nuin, and the heat flow ratioqfq, between two L
consecutive iterations were smaller tharP.10he numerical results -
were obtained in a microcomputdntel® Pentiun® D processor
2.8 GHz and 1GB RAM), in about 10 minutes for ai¢gpsolution 16 I
considering a conductive substrate.

Results 12 -

The numerical results were obtained consideringhangel i
lengthL = 0.2 m and the plates spacirlg= 0.01 m. The heater N I TR R R
length was;, = 0.01 m, Wlth its upstream edg_eL@t: 0.1 m from 0.00 0.95 0.50 075 1.00
the channel entrance. Five values were considenethé substrate gL
thicknesst, from 1 to 5mm. The effect of the substrate cotistity Ei ) ) . - h

. . . . igure 3. Comparison of the numerical results with predictions from Egs.
was investigated for five values d&/k) in the range from 10 to 80. (21) and (22).
The flow was always in the laminar regime and fiadues of the
Reynolds number were considered, in the range fibout 600 to ) o _ _
1900 (average air velocities from 0.5 m/s to 1.5)mfThe air The influence coefficieng,,, defined by Eq. (17), was obtained
properties were obtained from tabulated valuesO8t K (Incropera  from simulations for an adiabatic substrate wadicduse this is the

et al., 2006). . . . = -
Shah and London (1978) presented a laminar flowetation simplest procedure. For the adiabatic substréig= T, and all the

for the local Nusselt number along a parallel gathannel with heat is transferred directly to the airflow by cention,¢s = g, . The

uniform heat flux on the walls, defined as follows. results presented in Fig. 4 are, however, valiceftrer an adiabatic
or a conductive substrate. They indicate that tbefficient g
Nu({)— q"(f) 2H (20) increases with the Reynolds number, due to largessnflow rates.

- Thi{i—Tmi{i k This coefficient was correlated to the Reynolds hanby

It is based on a dimensionless coordinéteith origin at the g,?=0.339Ré)'66 (24)
heater upstream lengti= (x—L,) / (2H ReP}, on the local mixed -
mean airflow temperaturd,, () and on the channel hydraulic  The heater average adiabatic Nusselt numesq , as defined

diameter. Their correlation is given by by Eq. (12), was obtained considering an adiatsatistrated; = o,
andq, = 0). The heater average adiabatic temperature wanel
Nu(¢)=149067"3, §£<0.0002 (21) from Egs. (19) and (24) and the result was replacethe right side

of Eq. (12), giving rise to the correlation

=14906V3- 0.4, 0.0002< &< 0001 22 —
Nu(¢) =1.4905% - 0.4 ¢ (22) NUag = 1475Pr Re™* (25)

282 / Vol. XXXIIl, No. 3, July-September 2011 ABCM
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Figure 4. Heater influence coefficient  gp?
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Figure 5. Heater average adiabatic Nusselt number f  or air.

This Nusselt number does not depend on the theramaitions
— it changes only with the flow conditions and tlesults for air
(Pr = 0.707) are presented in Fig. 5 as a functiothefReynolds
number.

For a conductive substrate, an upstream airflovtilga, gives

rise to a temperature increas‘é((— Tin). This temperature rise was

expressed with the help of the upstream coefficigjitdefined by

Eq. (16), obtained from the simulations of the cogaite problem.
Considering for examplet/H

coefficient g on the Reynolds number is presented in Fig. 6, f

Table 1 presents the numerical resultggfffor the ratio k/k) = 80,

encompassing the five substrate thicknesses anéivihdReynolds
numbers considered in the present work.

*6)332 K T T T T T T T T T T T T T T ]
28 f .
b :
20 .
16 .

i k/k 1
12 - —s— 10 -
i —— 20 ]
| —e—— 40 A
8 —e— 60 ]
B —_—— 80 1
4 [ 1 1 1 1 1 1 1 1 1 1 1 1 L
500 1000 1500 2000
Re
Figure 6. Upstream coefficient g for t /H=0.5.
Table 1. Upstream coefficient g for (ks/k) = 80.
t/H Re
630 945 1260 1575 1890
0.1 11.713! | 15.767. | 19.480¢ | 22.966( | 26.261¢
0.2 9.9132 | 13.3525 16.5058 19.4598 22.2¢90
0.3 8.972( | 12.084. | 14.943! | 17.634" | 20.187:
0.4 8.3516 | 11.2594 13.9273 16.4329 18.8413
0.5 7.908¢ | 10.662: | 13.196( | 15.572¢ | 17.841°

The heat transfer fractiongs(q), (Gs/9n) and(q,/q,) were also
obtained from the simulations of the conjugate fgob The first
two fractions obviously add to unity, as can be ckled by
integration of Eq. (3) along the heater lengthhwite definitions of
Eq. (10). The fractiongy/qs,) is presented in Fig. 7 for the substrate
thicknesst/H = 0.5, indicating that most of the heat transfecurs
through the substrate plate, except for the loliesd). As expected,
the ratio §Jq,) increased with the ratiokdk), due to smaller
conductive spreading resistance, and it decreasé&eéncreased,
due to larger direct convective heat transfer. Témults of ¢4q,)
for (kJk) = 80 are presented in Table 2, showing that for Reit
increases with the substrate thickness, due alsosrmller
conductive spreading resistance.

The fraction ./g,) conducted upstream of the heater for
t/H = 0.5 is presented in Fig. 8, considering the ¢ffe€Reand the

0.5, the dependence of the ratio (kJ/k). The effect of the substrate thickndssn (@J/q,) is
doresented in Table 3 fok(k) = 80. They follow a trend similar to

(qslqh) with respect to the effects &f (k/k) andRe Comparing the

distinct values of K/K). It increases with the Reynolds number,qata in Table 2 and Table 3, it is seen that aBOuper cent of the

mainly due to larger mass flow rates. For a giRenthis coefficient
decreases a%Jk) increases, due to larger upstream heatmy (
through the substrate wall. The dependencédrenvas similar for

thinner substrates, but the values gf increased due to larger
conductive spreading resistances associated wiitneh walls.
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conduction heat transfer from the heater to thestsate wall is
released to the airflow upstream of the heater.
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Figure 7. Fraction ( qs/qp) for t /H=0.5.
Table 2. Fraction ( gs/qn) for (ks /k) = 80.
t/H Re
630 945 1260 1575 1890
0.1 0.6224 0.6012 0.585¢4 0.573)7 0.5686
0.2 0.717( 0.698¢ 0.685¢ 0.674" 0.665¢
0.3 0.7624 0.7460 0.7339 0.7243 0.7162
0.4 0.789¢ 0.774¢ 0.763° 0.754" 0.747:
05 0.8085 0.7944 0.7839 0.7754 0.7683
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Figure 8. Fraction ( g, /qn) for t /H=0.5.
Table 3. Fraction ( q,/qgn) for (ks /k) = 80.
t/H Re
630 945 1260 1575 1890
0.1 0.3804 0.3665 0.3565 0.348f 0.34%2
0.2 0.440! 0.428: 0.419¢ 0.412¢ 0.407:
0.3 0.4693 0.4587 0.4509 0.4448 0.4397
0.4 0.487: 0.477¢ 0.470: 0.464¢ 0.459°
0.5 0.4993 0.4899 0.4831 0.477) 0.4782

284 [/ Vol. XXXIIl, No. 3, July-September 2011

Thiago Antonini Alves and Carlos A. C. Altemani

The heater average dimensionless tempera@rwas obtained
from the previous results and the Peclet numBe), ising Eq. (19).
The distribution of@h for H = 0.5 is presented in Fig. 9, showing

the expected temperature decrease as the massailessincreases
with the Reynolds number. It also shows the hetterperature
decrease as the substrate thermal conductivitgasess. The results
for the thermal conductivities rati4Kk) = 80 are presented in Table
4, showing that the heater average temperaturecaees with the

Reynolds number and the substrate thickness. Tmpenatureséh

presented in Table 4 were obtained from Eq. (19) taey matched
those obtained directly from the numerical simeokagi within 10",

‘®£ 0.08 : T T T T l T T T T l T T T T :
007 F ]
0.06 F ]
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oon | Q\'\\’\.\*\. ':
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Figure 9. Dimensionless heater average temperature  for t /H = 0.5.

Table 4. Dimensionless heater average temperature f  or (ks /k) = 80.

t/H Re

630 945 | 1260 | 1575 | 1890
01 | 0.060: | 0.054% | 0.050¢ | 0.047¢ | 0.045¢
02 | 00499 | 00452| 00421 00399 0.0382
03 | 0.044: | 0.040: | 0.037¢ | 0.035, | 0.034
04 | 0.040¢ | 0.037. | 0.034: | 0.032¢ | 0.031¢
05 | 0.0382| 00348] 00324 0031p 0.0247

The heater average Nusselt number base@aepends on the
ratio k/k) and the Reynolds number. It may be obtained eithe
directly from the numerical simulations, or fronetprevious results

for (g¢/g,) and §h , as indicated by Eq. (14). Thiuin distribution

obtained fort/H = 0.5 is presented in Fig. 10. It increases iRth
due to larger airflow rates, but decreases witfk) due to a larger
conductance of the substrate wall. As the substifaieknesst

decreases, larger conductive wall resistances aserdNuin, as
indicated by the numerical results presented inlérabfor the case
with (k/k) = 80.

Compared to the adiabatic substrate, the condustiNestrate
provides additionally a conductive path for heainsfer from the
heater. Considering the same inlet flow and heateerage
temperatures and flow rate in the channel, the gctivke substrate
causes an enhancement of heat transfer from th&erheden
compared to the adiabatic substrate. It was eveduas follows. An
adiabatic substrate transfers heat to the airflaly by convection,
at a rateg,q. For a conductive substrate, the direct convedtieat
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transfer from the heater to the airflow is equalgio From the ihe airflow and causes an increaﬁng(— T,)) of the heater average

definitions of Nuag and Nun, Eq. (11) and (13), the ratio of theseadiabatic temperature above the inlet flow tempeeat This
two heat transfer rates was expressed by undesirable temperature rise was compared to theheater average

temperature rise above the inlet flow temperat(lﬂ_ﬁ-‘,,— Tin). From

_:( —— ) (26) Eas. (16) and (18):
Qad NUad
. . . . Tad _Tin — guD (28)
When the heat transfer ratg obtained from this equation is T 1. a
substituted into the heater overall energy balagge, (gr +gs), an hon (guD+ng)
expression for the heat transfer enhancement dtieetconductive A
substrate is obtained in the form
530 T T T
R N o B i
O _ (Nui” / Nuag ) ~ [ \\ :
— = 27 = - .
Cad 1_(qs/qh) T 250 .\‘\0\*\‘ ;
‘3’5 12 [ T T T T T T T T T T T T T T ] 2.00 -_ ‘\\0\‘_\‘ __
Z F o Ae— .
1 - [ . X ]
B 1 1.50 - — ]
10 - - | —=
ol i 100 | k/k
[ —_—a 10 ]
[ ] B —_— 20
8 I - 0.50 = —— 40 4
B . [ —e— 60 ]
7 - - —~— 80 ]
5 k/k ooo bt 1 b
s | —e— 10 | 500 1000 1500 2000
—_— 20 Re
i —e—— 40 Figure 11. Heat transfer enhancement ( gn/gaq) for t/H = 0.5.
5T —e— 60
i —v— 80 ]
4 e Table 6. Heat transfer enhancement ( gn/gag) for (ks /k) = 80.
500 1000 1500 2000
) _ Re t/H Re
Figure 10. Heater Nui, for t /H=0.5. 630 945 1260 1575 1890
0.1 1.7714 | 1.7113| 1.6704 1.639f 1.61
_ 0.2 21457 | 2.0627 | 2.005¢ | 1.962¢ | 1.928¢
Table 5. Heater Nuy, for (ks /k) = 80. 03 | 24140 2.3151] 2.247q 2.1955  2.15;
Re 0.4 2.625¢ | 2.514¢ | 2.437¢ | 2.379% | 2.332¢
t/H 630 945 1260 1575 1890 0.5 2.7997 | 2.6786| 2.5947 2.530p 2.4795
0.1 6.249¢ | 7.320( | 8.184: | 8.920¢ | 9.572:
02 | 56738 | 6.6638] 7.4644 8.1488 87583 —~ 00— T 71 T T T
0.3 | 5.359. | 6.307C | 7.072¢ | 7.724¢ | 8.302( II—" 0.45 [ ‘\\1 ]
0.4 5.1548 | 6.0712 6.8140 7.449D  8.0081 = L ‘\.\‘\_‘_\‘ 4
0.5 5.009« | 5.907( | 6.632¢ | 7.254. | 7.801: = 0.40 |- \‘_\‘\. -
S i 4
This result is presented in Fig. 11 fdgH = 0.5 and also in 'I_U 0-35 L 4
Table 6, for kJK) = 80. The enhancement increases with bf)( || 0.30 |- \b\_\‘ -
andt, due to a greater conductance of the substrate We effect ~—~ B k
of the Reynolds number is not obvious from Eq. (B&pause, as 025 |- '\-\.\.\- T
can be seen from the previous results, the rafiu{/ Nuad) 0.20 | -
increases with the Reynolds number, while the rdtigq,) i k./k 7
decreases, causing opposing trends dgg{y). In the present 015 [ —=— 10 7]
investigation, the effect ofy{/q,) was slightly dominant — the heat 0.10 —— 20 |
transfer enhancement decreased slightly with then®lds number. L —e— 40 |
The presented results indicate a significant hegtnster 0.05 | —— 60
enhancement due to substrate conduction — thetreedfer ratio F 8? 1
(0h/Gag) ranged from about 150% to 280%. 0.00
Due to the substrate adiabatic lower surface, #s bonducted 500 1000 1500 égoo

upstream of the heater through the substrate welfitaally returns to Figure 12. Ratio ( Tad — Tin }/(Tn — Tin) for t /H = 0.5.
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Table 7. Ratio ( Tag — Tin )/(Th — Tin) for (ks /k) = 80.

t/H Re

630 945 1260 1575 1890
01 [ 0.331: | 0.317¢ | 0.308. [ 0.301( | 0.295:
02 | 03928 0.3787] 0.3690 0.3615  0.3544
03 [ 0.426: | 0.412( | 0.402: [ 0.3947 | 0.388¢
04 | 0.4483] 0.4340] 0.4239 0.4168  0.4103
05 | 0.463¢ | 0.449: | 0.439: | 0.431¢ [ 0.425" |

The results obtained for the ratio of these temtpeea
differences are presented in Fig. 12 et = 0.5 and in Table 7 for
(k/k) = 80, within the investigated range of the Regsohumber.
They show that from 25% to 45% of the total heagerage
temperature rise is due to the thermal wake ortgigafrom the
upstream heated floor of the conductive substrateis ratio
increases with the substrate conductivity and tieslks, while it
decreases slightly with the Reynolds number, agebed. It should
be kept in mind, however, that the average adialiatinperature
rise is the effect of the enhanced total heat femrfsom the heater.
Under the same inlet flow conditions and heater raye
temperature, the direct convective heat transfemfthe heater to
the airflow is smaller for the conductive substréitan for the
adiabatic substrate. This decrease is, however, e mtiran
compensated by the total heat transfer rate froenhtbater in the
case of the conductive substrate, as it has bemmrshy the results
presented in Fig. 11 and Table 6.

Conclusions

The conjugate forced convection and conduction kreatsfer
from a strip heater flush mounted to a finite tiieks wall
(substrate) of a parallel plates channel were tiyasgd
numerically, using the control volumes method. Timeestigation
was performed considering laminar airflow fully éésped from the

channel entrance. A uniform heat fluy, was released along the

heater length and it was transferred to the airfland to the
conductive substrate wall. The local distributiamtoi the direct

convective heat fluxg; (X) from the heater to the airflow and the

Thiago Antonini Alves and Carlos A. C. Altemani

transfer enhancement due to a conductive substra@mparison to
an adiabatic substrate, indicating values from 1569280%. The
heater average adiabatic temperature rise dueefoepting of the
airflow by substrate conduction was related tatdtsl temperature
rise aboveT;, in dimensionless form, indicating that it reprdsea
substantial fraction of the total, ranging from 258045% in the
present investigation.
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