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Prispevek opisuje razvoj algoritma za izraèun vezanega prenosa toplote z namenom  izbire najugodnej�e
geometrijske oblike za hladilnik elektronskega èipa. Struktura hladilnika je bila modelirana kot homogena
porozna snov z uporabo teorije prostorninskega povpreèenja (TPP - VAT). Geometrijska oblika simulacijskega
obmoèja in robni pogoji so bili povzeti po eksperimentalni napravi v laboratoriju za prenos toplote �Morrin-
Martinelli-Gier� na Univerzi Kalifornije v Los Angelesu. Primeri numeriènih simulacij so bili izvedeni za
izotermno testno sekcijo kakor tudi za toplotno prevodno testno sekcijo iz aluminija. Primerjava koeficienta
upora celotne proge dC  kot funkcije Reynoldsovega �tevila Re

h
 razkriva dobro ujemanje z objavljenimi

rezultati, medtem ko primerjava porazdelitev Nusseltovega �tevila Nu  ka�e veèje razlike. Konèna toplotna
prevodnost trdnine zmanj�a koeficient prestopa toplote in Nusseltovo �tevilo Nu . Vpliv toplotne prevodnosti
na rezultate se zveèuje s poveèevanjem Reynoldsovega �tevila.
© 2002 Strojni�ki vestnik. Vse pravice pridr�ane.
(Kljuène besede: prenosniki toplote, hladilniki èipov, prenos toplote, razvoj algoritmov)

This paper describes the construction of an algorithm for conjugate heat-transfer calculations in
order to find the most suitable form for the heat sink of an electronic chip. Applying volume averaging theory
(VAT) to a system of transport equations, a heat-sink structure was modeled as a homogeneous porous
medium. The geometry of the simulation domain and the boundary conditions followed the experimental set-
up used in the Morrin-Martinelli-Gier Memorial Heat Transfer Laboratory at the University of California,
Los Angeles. The example numerical simulations were performed for the test section with an isothermal
structure as well as for the heat-conducting aluminum pin-fins. A comparison of the whole-section drag
coefficient dC  as a function of Reynolds number Re

h
 reveals good agreement with existing data, whereas the

comparison of the Nusselt number Nu  distributions shows larger discrepancies. The finite conductivity of the
solid decreases the heat-transfer coefficient and Nusselt number Nu . The influence of conductivity becomes
larger with increasing Reynolds number.
© 2002 Journal of Mechanical Engineering. All rights reserved.
(Keywords: heat exchangers, heat sinks, heat transfer, algorithms)
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0 INTRODUCTION

Heat exchangers are one of the basic
installations, not only in power and process
industries, but also in the production of electronic
equipment. Despite their crucial role, there is still a
great deal of empiricism involved in the design
procedure of heat exchangers. The development and
application of heat exchangers and their surfaces has
taken place in a piecemeal fashion in a number of
rather unrelated areas, principally those of the
automotive, aerospace, cryogenic and refrigeration
sectors. A lot of detailed technology, familiar in one
sector, progressed only slowly over the boundary
into another sector [1]. Therefore, a unifying approach
to select and to optimize a heat-exchanger design
can bring significant cost reduction to industry.

0 UVOD

Prenosniki toplote so ena od osnovnih
komponent ne samo v termoenergetski in procesni
industriji ampak tudi v proizvodnji elektronske
opreme. Navkljub pomembni vlogi, je v
konstrukcijski postopek prenosnikov toplote �e
vedno vpleteno mnogo izkustvenih spoznanj. V
preteklosti sta se namreè razvoj in uporaba
prenosnikov toplote razvijala loèeno na �tevilnih,
najveèkrat nepovezanih podroèjih, zlasti v
avtomobilski in letalski industriji, v kriogeni in
hladilni�ki tehniki. Pri tem so se tehnologije, dobro
znane v enem podroèju, le poèasi �irile na druga
podroèja [1]. Zaradi tega lahko skupen naèin izbire
in optimizacije konstrukcije prenosnikov toplote
pomembno zmanj�a stro�ke v industriji.
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This paper is part of a broader effort to develop
a scientific procedure for optimization of heat-
exchanger geometries. It describes the construction
of an algorithm for fast calculations of conjugate heat
transfer in order to find the most suitable form for an
electronic chip heat sink.

Applying volume averaging theory (VAT) ([2]
to [4]) to a system of transport equations, a heat-sink
structure was modeled as a homogeneous porous
media. The interaction between the fluid and the heat-
sink structure was described with local drag and heat-
transfer coefficients, which were taken from the
available literature ([7] to [9]) and inserted into a
computer code.

The calculated whole-section drag coefficient

dC , thermal effectiveness Q W and Nusselt number
Nu  were compared with available experimental data
[5]. The comparison shows a good agreement with
the experimental data despite model simplifications.

1 MODEL APPROACH

The airflow through a chip-cooler structure
can be described with basic mass, momentum and
heat-transport equations [6]. Due to the requirement
for the model to have short computing times, the
transport equations have to be averaged over a
periodic control volume (see [4] for details). This
volumetric averaging leads to a closure problem,
where an interface exchange of momentum and heat
between a fluid and a solid has to be described with
additional empirical relations, e.g. a local drag
coefficient C

d
 and a local heat-transfer coefficient h.

To further simplify the simulated system, fluid
flow was taken as unidirectional with a constant
pressure drop in the streamwise direction (Fig. 1). As
a consequence, velocity only changes transverse to
the flow direction. This means that the pressure force
across the entire simulation domain is balanced with
shear forces. Thus, the momentum equation can be
written in differential form as:

(1),

where a
f
  is the fluid fraction, C

d
  the local drag

coefficient, S the specific surface of porous media,
Dp the pressure drop across the simulation domain
and L the simulation domain�s length.

The temperature field in the fluid is formed as a
balance between thermal convection in the streamwise
direction, thermal diffusion, and the heat that is
transferred from the solid to the fluid. Thus, the
differential form of the energy equation for the fluid is:

(2),

where T
f
 and T

s
 are the fluid and solid temperatures,

respectively. The heat transfer between the solid and the

Prispevek je del �ir�ih prizadevanj za razvoj
znanstvenega prostopa k problemu optimizacije
geometrijske oblike prenosnikov toplote. Opisuje
gradnjo algoritma za hiter izraèun vezanega prenosa
toplote z namenom izbire najugodnej�e geometrijske
oblike za hladilnik elektronskega èipa.

Struktura hladilnika je bila modelirana kot
homogen porozen medij z uporabo teorije
prostorninskega povpreèenja (TPP) ([2] do [4])
sistema prenosnih enaèb. Medsebojni vpliv tekoèine
in strukture je bil opisan s koeficienti lokalnega upora
C

d
 in prestopa toplote h, ki so bili prevzeti iz

razpolo�ljive literature ([7] do [9]) in vstavljeni v
raèunalni�ki program.

Izraèunani koeficient upora celotne proge dC ,
toplotna uèinkovitost Q W  in Nusseltovo �tevilo Nu
so bili primerjani z razpolo�ljivimi eksperimentalnimi
podatki [5]. Primerjava ka�e dobro ujemanje s preskusi
kljub poenostavitvam predstavljenega modela.

1 MODELNI PRISTOP

Zraèni tok skozi hladilnik èipa lahko opi�emo
z osnovnimi enaèbami prenosa snovi, gibalne kolièine
in energije [6]. Zaradi zahtev po kratkem raèunskem
èasu modela, je treba prenosnim enaèbam izraèunati
povpreèje po periodièni nadzorni prostornini (za
podrobnosti glej [4]). To prostorninsko raèunanje
povpreèja vodi do problema sklenitve sistema enaèb,
pri katerem je treba prenos gibalne kolièine in toplote
med tekoèino in trdnino opisati z empiriènimi razmerji,
npr. s koeficientoma lokalnega upora C

d
 in prestopa

toplote h.
Da bi �e nadalje poenostavili simuliran sistem,

smo predpostavili tok tekoèine le v vzdol�ni smeri z
nespremenljivim zni�anjem tlaka (sl. 1). Zaradi tega se
profil hitrosti spreminja le preèno na smer toka. To
pomeni, da je tlaèna sila èez celotno simulacijsko
obmoèje v ravnovesju s stri�nimi silami. Tako je
mogoèe enaèbo prenosa gibalne kolièine zapisati v
diferencialni obliki kot:

kjer so: a
f
  dele� tekoèine, C

d
 koeficient lokalnega

upora, S specifièna povr�ina porozne snovi, Dp padec
tlaka èez simulacijsko obmoèje in L dol�ina
simulacijskega obmoèja.

Temperaturno polje v tekoèini se oblikuje pod
vplivom ravnovesja med toplotno konvekcijo v smeri
toka, toplotno difuzijo in toploto, ki se prenese s
trdnine na tekoèino. Iz tega izhaja diferencialna oblika
energijske enaèbe za tekoèino:

kjer sta: T
f
 temperatura tekoèine in T

s
 temperatura

trdnine. Prenos toplote med trdnino in tekoèino je
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fluid is modeled as a linear relation between both phase
temperatures, where h is a local heat-transfer coefficient.

The chip-cooler structure in each control
volume is only loosely connected in the horizontal
directions (see Fig. 1). As a consequence, only the
thermal diffusion in a vertical direction is in balance
with the heat leaving the structure through the fluid-
solid interface, whereas the thermal diffusion in
horizontal directions can be neglected. This simplifies
the energy equation for the solid to:

(3),

where a
s
  is the solid fraction.

Equations (1) to (3), written with the phase
averaged variables, are equations for the steady-state
transport of momentum and heat through homogeneous
porous media. The reliable empirical data for two
additional parameters, a local drag coefficient C

d
 and

heat-transfer coefficient h, were found in [7] to [9].

2 SIMULATION DOMAIN

The geometry of the simulation domain as well
as the boundary conditions for Eqs. (1-3) follow the
geometry of the experimental test section used in the
Morrin-Martinelli-Gier Memorial Heat Transfer
Laboratory at the University of California, Los
Angeles, where the experimental data described in
[5] were taken.

modeliran kot linearna odvisnost temperatur obeh
faz, kjer je h koeficient lokalnega prestopa toplote.

V vsaki nadzorni prostornini je struktura
hladilnika le �ibko povezana v vodoravni smeri
(sl. 1). Zaradi tega je le toplotna difuzija v navpièni
smeri v ravnovesju s toploto, ki odteka skozi
stièno povr�ino kapljevine in trdnine, medtem ko
lahko toplotno difuzijo v vodoravni smeri
zanemarimo. To poenostavi energijsko enaèbo
trdnine:

kjer je a
s
  dele� trdnine.

Enaèbe (1) do (3), ki so zapisane s
povpreèenimi velièinami, so enaèbe ravnovesnega
prenosa gibalne kolièine in toplote skozi homogeno
porozno snov. Zanesljive podatke za dva dodatna
parametra, to sta koeficienta lokalnega upora C

d
 in

prestopa toplote h, smo poiskali v [7] do [9].

2 SIMULACIJSKO OBMOÈJE

Geometrijska oblika simulacijskega obmoèja
kakor tudi robni pogoji enaèb (1) do (3) sledijo
geometrijski obliki eksperimentalne testne sekcije, ki
je bila uporabljena v laboratoriju za prenos toplote
�Morrin-Martinelli-Gier� na Univerzi Kalifornije v Los
Angelesu za pridobitev eksperimentalnih podatkov,
opisanih v [5].
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s s f s

T
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Sl. 1. Eksperimentalna testna proga
Fig. 1. Experimental test section
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The general arrangement of the heat-sink pin-
fins is given in Fig. 1. The diameter of the pin-fins was d
= 0.003175 m (0.125"). The pitch-to-diameter ratio in the
streamwise direction was set to p

x
 /d = 1.06, and in the

transverse direction to p
y
 /d = 2.12. The simulation

domain consisted of 34 rows of pin-fins in the streamwise
direction and 17 rows of pin-fins in the transverse
direction. The length L as well as the width W of the heat
sink were 0.1145 m, whereas the height H  was 0.0381 m.

The no-slip boundary conditions for the
momentum equation (1) were implemented for all four
walls, which are parallel to the flow direction:

(4).

As a flow driving force, the whole-section
pressure drop Dp was prescribed. The absolute
values are summarized in Table 1.

For the fluid energy equation (2), the
simulation domain inflow and the bottom wall were
taken as isothermal:

(5),

whereas the other walls were considered as adiabatic:

(6).

For the solid energy equation (3), the bottom
wall was prescribed as isothermal, whereas the top
wall was assumed to be adiabatic:

(7).

The assumption about the isothermal bottom
wall (5) and (7) significantly differs from the
experimental set-up [5], where the pin-fins were joined
with a conductive base plate. Nevertheless, as the
results will show, the presented model still gives a
satisfactory approximation to the measured values.

The absolute temperatures in different
simulation cases are summarized in Table 1.

3 NUMERICAL METHODS

The transport equations (1) do (3) and
boundary conditions (4) to (7) were transformed into
the dimensionless form and then discretized following

Splo�na razporeditev palènih reber hladilnika
je podana na sliki 1. Premer palènih reber je zna�al d =
0,003175 m (0,125"). Razmerje medpalènega razmika
in premera v smeri toka je bilo p

x
 /d = 1,06 in v smeri

preèno na tok p
y
 /d = 2,12. Simulacijsko obmoèje je

zajemalo 34 vrst palènih reber v smeri toka in 17 vrst
preèno na smer toka. Dol�ina hladilnika L kakor tudi
�irina W sta zna�ali 0,1145 m , medtem ko je vi�ina H
zna�ala 0,0381 m.

Robni pogoji trdne stene brez zdrsa so bili
uporabljeni za enaèbo prenosa gibalne kolièine (1) na
vseh �tirih stenah, ki so vzporedne s smerjo toka:

Kot gonilna sila toka je bil podan tlaèni padec
vzdol� celotnega simulacijskega obmoèja. Absolutne
vrednosti so zbrane v preglednici 1.

Pri enaèbi prenosa energije v tekoèini (2) smo
predpostavili izotermni vtok tekoèine kot tudi
izotermno spodnjo steno:

medtem ko so bile druge stene adiabatne:

Pri enaèbi prenosa energije v trdnini (3) je bila
spodnja stena privzeta kot izotermna, medtem ko je
bila zgornja stena adiabatna:

Predpostavka o izotermnosti spodnje stene
(5) in (7) se pomembno razlikuje od eksperimentalne
postavitve [5], pri kateri so palèna rebra spojena s
toplotno prevodno bazno plo�èo. Kljub vsemu bodo
rezultati pokazali, da sedanji model daje zadovoljiv
pribli�ek izmerjenih vrednosti.

Absolutne temperature robnih pogojev za
razliène simulirne primere so zbrane v preglednici 1.

3 NUMERIÈNE METODE

Prenosne enaèbe (1) do (3) in robni pogoji (4)
do (7) so bili preoblikovani v brezdimenzijsko obliko
in diskretizirani, upo�tevajoè naèela metode konènih

( ) 00 =z,u f ,   ( ) 0=z,Wu f ,  ( ) 00 =,yu f ,  ( ) 0=H,yu f  

( ) inf Tz,y,T =0 ,  ( ) gf T,y,xT =0  

( ) 0=
¶

¶
z,y,L

x

Tf
,  ( ) 00 =

¶

¶
z,,x

y

Tf
,  ( ) 0=

¶

¶
z,W,x

y

Tf
,  ( ) 0=

¶

¶
H,y,x

z

Tf

( ) gs T,y,xT =0 ,  ( ) 0=
¶

¶
H,y,x

z

Ts
 

Preglednica 1. Robni pogoji - izbrane vrednosti
Table 1. Boundary conditions - pre-set values

�t. 
No. D p Pa Tin  

oC Tg  
oC  

�t. 
No. D p Pa Tin  

oC Tg  
oC 

1 5,0 23,00 54,90  5 74,7 23,02 30,30 
2 10,0 23,00 43,43  6 175,6 23,02 27,90 
3 20,0 23,00 37,20  7 266,5 23,04 27,30 
4 40,0 23,00 33,00  8 368,6 22,85 26,64 
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the principles of the finite-volume methods ([6] and
[10]). In all the performed numerical simulations,
34x17x70 finite volumes were used in x, y and z
directions, respectively.

Due to the boundary conditions (4) to (7), the
velocity u

f
 as well as the solid temperature T

s
  were

described as two-dimensional scalar fields, whereas
the fluid temperature T

f  
was described as a three-

dimensional scalar field. This resulted in a non-
symmetric five-diagonal matrix system for the two-
dimensional scalar fields and a seven-diagonal matrix
system for the three-dimensional scalar field.

In order to invert the matrix systems efficiently,
the preconditioned conjugate gradient method
(PCGM), as described in [11], was adopted for this
specific problem.

4 RESULTS AND DISCUSSION

The results of an example calculation for an
aluminum (Al) heat sink are presented in Figs. 2 and
3. The imposed pressure drop Dp = 368.6 Pa causes
airflow of the Reynolds number Re

h
 = 1904, where the

definition of the Reynolds number is based on a
hydraulic diameter d

h
 of a hypothetical porous media

channel:

(8).

Fig. 2 shows the temperature field in the Al
structure in degrees Celsius, whereas Fig. 3 reveals
the temperature field in the airflow.

In Fig. 2, the Al structure has its highest
temperature close to the isothermal bottom, and the
lowest close to the left upper edge, where the
structure is exposed to a low-temperature inflow.
Fig. 3 shows how the air is gradually heated from
the inlet on the left side to the outlet on the right
side. The lower part of the temperature field also
shows intensive heating from the isothermal bottom
boundary, which results in horizontal thermal
stratification of the passing air.

prostornin ([6] in [10]). Pri vseh izvedenih numeriènih
simulacijah smo uporabili 34x17x70 konènih
prostornin v smereh x, y in z.

Zaradi robnih pogojev (4) do (7), sta bili hitrost
u

f 
 in temperatura trdnine T

s
 zapisani kot

dvodimenzionalno skalarno polje, medtem ko je bila
temperatura tekoèine T

f
 zapisana kot tridimenzionalno

skalarno polje. Zaradi diskretizacijskega postopka je
nastal, v primeru dvodimenzionalnih skalarnih polj,
pet-diagonalni matrièni sistem in, v primeru
tridimenzionalnega skalarnega polja, sedem-
diagonalni matrièni sistem.

Za uèinkovito obraèanje matriènega sistema
enaèb je bila za ta poseben primer privzeta metoda
spremenjenih vezanih gradientov (MSVG - PCGM),
ki je podrobneje opisana v [11].

4 REZULTATI IN RAZPRAVA

Rezultati izraèunov za primer aluminijastega
(Al) hladilnika so predstavljeni na slikah 2 in 3. Tlaèni
padec Dp = 368,6 Pa povzroèi zraèni tok z
Reynoldsovim �tevilom Re

h
 = 1904, pri èemer je

Reynoldsovo �tevilo definirano na podlagi
hidravliènega premera d

h
 hipotetiènega kanala

porozne snovi:

Slika 2 prikazuje temperaturno polje v Al
strukturi v Celzijevi skali, medtem ko slika 3 razkriva
temperaturno polje v zraènem toku.

Kakor prikazuje slika 2, ima Al struktura
najvi�jo temperaturo blizu izotermne spodnje stene
in najni�jo temperaturo ob levem zgornjem robu, kjer
je struktura izpostavljena vtoku zraka z nizko
temperaturo. Slika 3 ka�e, kako se zrak postopoma
segreva od vtoka na levi do iztoka na desni strani.
Spodnji del temperaturnega polja prav tako razkriva
intenzivno segrevanje s spodnje izotermne meje, kar
ima za posledico vodoravno toplotno razslojenost
prehajajoèega zraka.

Re 4f f f
h h

f f

u u
d

S

a

n n

æ ö
= = ç ÷

è ø

Sl. 2. Temperaturno polje v trdnini pri Re
h
 = 1904, T

in
 = 22,85 oC, T

g
 = 26,64 oC

Fig. 2. Temperature fields in the solid at Re
h
 = 1904, T

in
 = 22.85 oC, T

g
 = 26.64 oC
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Besides the example calculation, two other
series of calculations with eight different pressure
drops were performed. The boundary conditions for
these calculations are summarized in Table 1. In both
series the air material properties were taken for coolant
flow. For the first set of calculations the Al material
properties were taken for the heat sink, whereas in
the second set the heat sink was considered as
isothermal.

As is usually the case in such calculations,
the whole-section drag coefficient dC   (9) and Nusselt
number Nu   (10) were calculated and compared with
the experimental results [5].

(9),

(10),

where A
g 
=

 
L×W is the area of the heated bottom and DT =

T
g
 -T

in
 is the temperature difference between the heated

bottom and the inflow air. In the Nusselt number Nu  (10)
definition, the convective heat-flow rate is defined as:

(11).

where A^=H×W.
The comparison in Fig. 4 shows the whole-

section drag coefficient dC  as a function of Reynolds
number Re

h
 . It reveals good agreement with already

published data. Nevertheless, at a higher Reynolds
number a difference of a few percent appears due to
increasing turbulence, which was not taken into
account in the model.

The comparison of the Nusselt number Nu
distributions in Fig. 5 shows larger discrepancies.
Due to the difference in the thermal boundary
conditions, the calculated data reveal up to 20 percent
higher heat-transfer rate than the measured values
[5]. Furthermore, it is evident that the finite thermal
conductivity of the Al structure (in Figs. 5 and 6
marked with Al) decreases the heat-transfer
coefficient and the Nusselt number Nu  in comparison
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Sl. 3. Temperaturno polje v zraku pri Re
h
 = 1904, T

in
 = 22,85 oC, T

g
 = 26,64 oC

Fig. 3. Temperature fields in the air at Re
h
 = 1904, T

in
 = 22.85 oC, T

g
 = 26.64 oC

Poleg vzorènega izraèuna sta bili opravljeni
�e dve seriji izraèunov pri osmih razliènih tlaènih
padcih. Pri izraèunih uporabljeni robni pogoji so
zbrani v preglednici 1. V obeh serijah smo za tok
hladiva vzeli snovske lastnosti zraka. Pri prvi seriji
izraèunov smo za hladilnik vzeli snovske lastnosti
aluminija, medtem ko je bila v drugi seriji
predpostavljena izotermiènost strukture.

Kakor je obièajno pri tovrstnih simuliranjih,
sta bila izraèunana koeficient upora dC  (9)  in
Nusseltovo �tevilo Nu  (10) za celotno sekcijo,
dobljene vrednosti pa primerjane z eksperimentalnimi
rezultati [5].

kjer sta: A
g 
=

 
L×W  povr�ina gretega dna in DT = T

g
 -T

in

temperaturna razlika med greto spodnjo steno in
vtokom zraka.  Pri definiciji Nusseltovega �tevila Nu
je konvektivni toplotni tok definiran kot:

kjer je A^=H×W.
Primerjava na sliki 4 ka�e koeficient upora

celotne proge dC  kot funkcijo Reynoldsovega �tevila
Re

h
 . Slika ka�e dobro ujemanje z �e objavljenimi

rezultati. Kljub temu pa se pri veèji vrednosti
Reynoldsovega �tevila Re

h
 zaradi nara�èajoèe

turbulence, ki ni bila zajeta v model, poka�e razlika v
velikosti nekaj odstotkov.

Primerjava porazdelitev Nusseltovega �tevila
celotne proge Nu  na sliki 5 prikazuje veèje
odstopanje. Zaradi razlike v toplotnih robnih pogojih
ka�ejo izraèuni za 20 odstotkov veèji  toplotni tok od
eksperimentalnih vrednosti [5]. Nadalje je razvidno,
da konèna toplotna prevodnost aluminijaste strukture
(na slikah 5 in 6 oznaèeno z Al) zni�uje koeficient
prestopa toplote in Nusseltovo �tevilo Nu  v
primerjavi s strukturo z neskonèno toplotno

2

2
d

f f

p
C

u L Sr

D
=

h

g f

Q d
Nu

TA l
=

D

( )f f f f out inQ c u T T Aa r ^= -
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with the infinite thermal conductivity case (in Figs. 5
and 6 marked with Inf). This influence of finite thermal
conductivity of the solid becomes larger with
increasing Reynolds number.

The design of a heat sink involves
consideration of the heat-transfer rate and the
mechanical pumping power expended to overcome
fluid friction and move the fluid through a structure.
Thus, the main design goal is to maximize the heat-
transfer rate Q  (11) for the minimum pumping power:

(12).

Fig. 6 shows the thermal effectiveness of the
heat-transfer process, which is defined as the ratio
between the heat-transfer rate Q  and the mechanical
power W . It is evident that the experimental and
numerical results are close. With decreasing thermal
effectiveness Q W , the influence of the structure�s
thermal conductivity increases and causes a 35
percent difference at the Reynolds number Re

h
 = 1904.

Sl. 4. Koeficient upora celotne sekcije kot funkcija
Reynoldsovega �tevila

Fig. 4. Whole-section drag coefficient as a function
of Reynolds number

prevodnostjo (na slikah 5 in 6 oznaèeno z Nesk). Ta
vpliv konène toplotne prevodnosti trdnine se z
veèanjem vrednosti Reynoldsovega �tevila �e
poveèuje.

Konstrukcija prenosnikov toplote mora
upo�tevati tako vrednosti toplotnega toka kakor tudi
mehanskega dela, ki je potrebno za premagovanje trenja
tekoèine in za premikanje le-te skozi samo strukturo. V
tem pogledu je glavni cilj konstrukcije poveèati toplotni
tok Q  (11) pri najmanj�i moèi èrpanja:

Slika 6 prikazuje toplotno uèinkovitost prenosa
toplote, ki je definirana kot razmerje med toplotnim
tokom Q  in mehansko moèjo W . Razvidno je, da so
eksperimentalni in numerièni rezultati blizu skupaj.
Pri padajoèi toplotni uèinkovitosti Q W  se vpliv
toplotne prevodnosti poveèa in povzroèi 35
odstotkov razlike pri vrednosti Reynoldsovega �tevila
Re

h
 = 1904.

Sl. 5. Nusseltovo �tevilo celotne sekcije kot
funkcija Reynoldsovega �tevila

Fig. 5. Whole-section Nusselt number as a function
of Reynolds number

f fW p A ua ^= D

Sl. 6. Toplotna uèinkovitost hladilnika v odvisnosti od Reynoldsovega �tevila
Fig. 6. Heat-sink effectiveness as a function of Reynolds number
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The thermal effectiveness Q W  of the
examined heat sink is reduced with increasing
Reynolds number Re

h
. Although the lower Reynolds

numbers Re
h
 bring higher effectiveness, the resulting

low-heat-transfer rates have to be compensated with
a larger heat-transfer surface and consequently with
a larger heat sink. In some cases this is not possible
due to economics and size limitations.

5 CONCLUSIONS

The present paper describes an effort to
develop a fast-running numerical algorithm for heat-
exchanger calculations. The purpose of the task was
to numerically investigate heat removal from an
electronic chip. The heat sink�s internal structure, in
the form of a staggered arrangement of pin-fins, was
treated as a homogenous porous media. The local
values of drag coefficient C

d
 and heat-transfer

coefficient h, which were needed to close the transport
equations, were taken from [7] to [9]. The resulting
partial differential equations were discretized using
conservation properties of the finite-volume method.
The system of semi-linear equations was solved with
the preconditioned conjugate gradient method. To test
the calculation procedure, experimental data obtained
in the Morrin-Martinelli-Gier Memorial Heat Transfer
Laboratory were used for the comparison.

Two series of calculations were performed for
the heat sink cooled with airflow. The calculated values
of the whole-section drag coefficient dC   show a good
agreement with already published data, whereas the
calculated whole-section values of the Nusselt number
Nu  reveal some discrepancies due to differences in the
thermal boundary conditions. Also, the influence of
the finite thermal conductivity of the solid structure
was examined. It was shown that the finite thermal
conductivity of aluminum decreases the thermal
effectiveness Q W  by 35 percent at Re

h
 = 1904.

Furthermore, it is expected that at a higher Reynolds
number this thermal conductivity effect would increase.

The presented results demonstrate that this
approach is appropriate for heat-sink calculations
where the thermal conductivity of a solid structure
has to be taken into account. The example
calculations also verify that the developed numerical
code yields sufficiently accurate results to be also
applicable for other more demanding geometries.
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Kakor je prikazano, se toplotna uèinkovitost Q W
hladilnika zmanj�uje z veèanjem vrednosti Reynoldsovega
�tevila Re

h
 (8). Kljub temu, da manj�e vrednosti

Reynoldsovega �tevila Re
h
 prina�ajo veèjo toplotno

uèinkovitost, pa morajo biti rezultirajoèi majhni toplotni
tokovi nadome�èeni z veèjo povr�ino in zaradi tega z
veèjimi dimenzijami samega hladilnika. V nekaterih primerih
to ni mogoèe zaradi gospodarnosti in omejitev velikosti.

5 SKLEPI

Prispevek opisuje delo, ki je bilo vlo�eno v
razvoj raèunsko hitrega numeriènega algoritma za
izraèun prenosnikov toplote. Namen naloge je bil
posveèen numerièni raziskavi odvoda toplote iz
elektronskega èipa. Pri tem je bila notranja struktura
hladilnika, v obliki palièastih reber s premaknjeno
postavitvijo, obravnavana kot homogena porozna
snov. Vrednosti koeficientov lokalnega upora C

d
 in

prestopa toplote h, ki so bile potrebne za zaprtje
prenosnih enaèb, smo prevzeli iz [7] do [9]. Razvite
parcialne diferencialne enaèbe so bile diskretizirane z
upo�tevanjem ohranitvenih lastnosti metode
nadzornih prostornin. Sistem pol-linearnih enaèb je
bil nato re�en z metodo spremenjenih vezanih
gradientov. Za preveritev postopka izraèuna smo
uporabili eksperimentalne podatke laboratorija za
prenos toplote �Morrin-Martinelli-Gier�.

Izvedeni sta bili dve seriji izraèunov za hladilnik
èipa, ki je bil hlajen z zraènim tokom. Izraèunane
vrednosti koeficienta upora celotne proge dC   ka�ejo
dobro ujemanje z �e objavljenimi podatki, medtem ko
izraèunane vrednosti Nusseltovega �tevila Nu
celotne proge razkrivajo odstopanje zaradi razlik v
toplotnih robnih pogojih. Prav tako smo raziskali vpliv
konène toplotne prevodnosti trdne strukture. Izkazalo
se je, da konèna toplotna prevodnost aluminija
zmanj�a toplotno uèinkovitost Q W  za 35 odstotkov
pri Re

h
 = 1904. Prav tako je prièakovati veèji vpliv

toplotne prevodnosti pri veèjih vrednostih
Reynoldsovega �tevila.

Prikazani rezultati potrjujejo ustreznost
izbranega naèina za preraèun hladilnika, kjer je treba
upo�tevati toplotno prevodnost trdne strukture.
Vzorèni izraèuni prav tako potrjujejo, da razvit
numerièni program daje rezultate z zadostno
natanènostjo za raz�iritev njegove uporabe na druge
bolj zahtevne geometrijske oblike.
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