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Abstract

An analytical solution to the equation for coolioba unit, in the interior of which he
is generated, is presented. For that reason, aliedpnor-stationary model fo
determinaibn of the temperature distribution within the ytémperature of the conte
between unit and a liquid layer, and the evapogaliyer thickness in the function
time, is elaborated. A theoretical analysis of thdernal cooling of the unit, t
corsidering the phenomenon of the liquid evaporatigii wthe use of the Fourier a
Poisson’s equations, is given. Both, statio- and nonstationary description of tt
cooling are shown. The obtained results of simotaseems to be useful in design
the similar cooling systems. A calculation modedarooling systems equipped with 1
compressor heat pump, as an effective cooling nietbalso performec

Keywords: internal heat sources; cooling; processor; vaprocompressor cyt
evaporatior

1. INTRODUCTON

The problem of cooling components with internalthsmurces is now one of tl
classic problems of heat exchange, commonly resednn literature. This tyg
of phenomena is described by a general heat candueguation, which i
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widely discussed in scientific literature as evicsh by works [1-3]. One
particular problem is determining the conditionstba edge of a cooled object
that has internal heat sources that vary versus. tifinis problem does not
receive sufficient attention in scientific literagu Determining the conditions of
liquid evaporation on the surfaces of studied uagsan effective means of
cooling the studied object, including the deterrioraof the evaporating liquid
surface thickness, is very important and worthyattention. In literature,
determining the conditions on the edge of the stlidibject’s surface is called
an inverse problem [3].

One of the more important problems in contempom@nputers is cooling
intensively heated electronic units that constitbeecomputer, and ensuring the
temperature does not exceed the prevent temperaflre units used in
contemporary computers, primarily integrated ciui consist  of
microprocessors whose work efficiency is growingaentially, leading to an
increasingly more intensive generation of heat iy wnits. This necessitates
using increasingly more effective methods of caplifhe cause of heat
generation within the components are internal hesatirces distributed
throughout its space. One of the most effectivehoug of cooling is the use of
the phenomenon of liquid evaporation on the surtdamoled units. In order to
induce the phenomenon of evaporation on the sudhceoled units, the use of
a compressor heat pump is very convenient. The gghenon of coolant
evaporation takes place in the heat pump’s evaporathich is called the
thermodynamic cycle’s lower heat source conductedthie heat pump.
Designing cooling systems requires the abilityearh the process of heat flow
in units submitted to cooling, while paying extteeation to the cooling surface.
An example of increased efficiency of computer uiboling is the
improvement of classic ventilation devices in tewhperformance [4]. Articles
[5,6] present interesting research based on thginafi method of cooling
selected components (MEMS - Micro-Electro-Mechani&ystems). The
authors of the works applied a very effective mdthad cooling based on
coolant evaporation on studied units, and a newhoakbf transporting the
liquid to a selected location within the computeséd on the phenomenon of
magnetohydrodynamics. The works are, above alinadxperimental nature.
The issue of magnetic transport for laminar flovappropriate coolants in pipes
was solved theoretically in works [7-9].

Very interesting and important papers are [10-14]clv are concentrating on
cooling electronic units. The application of twoagk cooling cycles which use
micro-evaporation technology have been reportedMbaycinichen et al. [11].
These works relate to the cooling systems andraraply experimental works.
The theoretical analysis of the process of microgssor cooling was conducted
in work [15] for cooling via coolant evaporationhile work [16] concentrated
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on variable load conditions via water stream capliAnalytical solutions for
stationary heat flow through a processor layer witernal heat sources and a
layer evaporating liquid, whose thickness was deitezd a priori, was presented
in the aforementioned work [15], which is in therfoof a short announcement.
There is a noticeable lack of theoretical workssoientific literature about
studying the cooling of processors based on théante surface evaporation
and solving the full scientific problem, i.e. catesiing the non-stationary
conditions of cooling selected computer componamisiding the determination
of evaporating liquid's surface thickness. Not eglouattention is paid to
temperature distribution within the processor. Bssor temperature is an
essential parameter determining the work qualityhef device and it must not
exceed the critical value. Currently, it is hardaiguire data, due to the rapid
developments in computer technology, which defime tthermophysical
properties of the material used in the productibprocessors; that knowledge is
of the utmost importance for a full description the phenomenon of heat
conduction in studied components.

The purpose of this work is to present a theorkettady of heat flow in a
component with internal heat sources. Determiniagpterature distribution
within the component, the contact temperature betwtbe component and the
liquid layer, and the evaporation layer thickn&@3gere is a need for the creation
of appropriate conditions for coolant evaporatian the surfaces of cooled
components. One of the methods of delivering thiéngoagent to a selected
place within the computer and creating conditionthat place to enable coolant
evaporation is the use of a compressor refrigarati@le. The aforementioned
technology is used in the work.

2. UNIT WITH INTERNAL HEAT SOURCES COOLING
MODEL

The location of the studied component is descrivéti a set of coordinates

with the vertical axisY having its beginning at the lower, horizontal aipate
of its surface (Fig. 1). The geometric dimensiohthe component describe the

height H and frontal horizontal surfac& The unit's material has densif¢
specific heat ¢ and thermal conductivityc. Inside the unit are evenly arranged

internal heat sources with volumetric heat loid Heat flow in unit 9

determines temperature distributioh. By assumption, one side of the
-1_

component is thermally isolated from the environtZhY "0, while on the

other side the unit is in contact with a layer edjgorating liquid of thicknes§ .

The liquid has densiﬁt, specific heat®. and thermal conductivit)ﬂL. The
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contact layer between the liquid and the unit isaitact temperaturgC. The
phenomenon of liquid evaporation with vapg?S, heat of evaporatiorh‘fg and
temperature of evaporatioTﬁ takes place on the free surface of liquid. A liquid
of stream™ flows through the layer of liquid at the tinke

Ay

liquid layer ]
Ad T m
g T, s 1

|
— / I 5
TC

cooling element

T

Fig. 1. Element needing cooling of a component Wiht source

The process of studied unit cooling can be spiit the following special cases:
a. A stream of liquid inflowing to the liquid layer isqual to vapor flow

M =Ms g corresponds to the constant thickness of digaiyerd =const |
do=0.

b. A stream of inflowing liquid is greater than thet jstream mL>mS,
then do>0.

c. A stream of inflowing liquid is smaller than thet jstream mL<mS,
thendo <0,

Case (a) may be or not a stationary process. dfit &gpm the equality of liquid
and jet streams, the condition of the equalitytafeans of heat generated within
the component, (t)HF and of heat removed by coolingshy, is met, then a

stationary process takes place. If the heat strgamerated within the unit is

greater than the heat stream received, one obsanvesrease of temperature in
time. Otherwise there is a decline in the unit terapure.

The other two cases (b and c) are unconditionalstationary processes, which
might occur differently depending on the relatiogtvieen the heat generated
within the unit and the cooling heat. Notice thahstationary processes are of
a limited duration time unless external cyclic onkanging the direction of heat
flow occur.
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3. STATIONARY PROCESSOF UNIT COOLING

In a stationary process, liquid and jet streams egeial to each other
thermodynamic parameters do not change in tim&he solution to the
stationary problem is based mainly on designatiregtemperature field in the
studied unifT and liquid layeiT, and the thickness of evaporating liquid layer

1.1. Heat flow in thestudied unit
Heat flow in a unit with internal heat sources caa described by the
dimensionless Poiss@equation and dimensionless boundary conditions:

d26 .
+ =0,
R dy (1)
Ol9—0 for y=0 andg =6, for y=1
E— y= c (2)

where coordinate, unit temperature, contact lagemperature and internal heat
source parameter are respectively designated:

- — . 2
y:l; H:T TS, HC:TC TS; a-\/:—qu 3
H TO _Ts TO _Ts /]c (TO _Ts)
The solution to differential Poisson equation (Diler applying the boundary
conditions (2) is equation

6=0,+%(1-5) @)

which presents the stationary parabolic heat Bigion within the unit's layer.
It depends on two parameters: temperature of theacblayer and the internal
heat source.

1.2. Heat flow in theliquid layer

Stationary heat flow in a liquid layer of thickndsstemperature3c andTs on

the layer's borders, from which it is received b evaporating liquid of heat
streams evaporatiod,,, on one edge, while on the second one a heat stream
from the cooled component is delivered. The probiéreat flowing through a

liquid layer is described in a dimensionless formthe differential Fourier
equation

d?
0% =0 (®)
For which the boundary conditions are
6, =6, for y=1landg =0 for y=1+9 (6)
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Additional dimensionless coordinates were introducgo equations (5) and (6)

5=2 g=-1"Ts @)
H To - Ts

The solution to the differential equation (5) whisplying the boundary

conditions (6) is described with a linear distribatof temperature in the liquid

layer

6 ~ 1+9

—=y+——86, 8

5 y 5 c (8)

In the contact layer, in addition to temperaturatiwity (9 =6, = 6.) there is

also an equality of heat streams

799
ay

6, =-

_ 06,
oy

9)

y=1 y=1

where 1 =A. /A, means the relation of the thermal conductivityficient of
the material of which the cooled component is tanld that of the coolant.
From the condition of heat stream continuity (9)thwthe application of

equations describing temperature fields (4) and e receives a simple
relation illustrating the relation between the emaping substance’s thickness

& and the temperaturé ¢
O = OAG, (10)
The relation presented above leads to the conciubiat contact temperature

increases with the increase in liquid layer’'s thieks. Temperature distribution
in the studied component for exemplary contact tapres 6. and the

corresponding thickness values of evaporating anbssd are presented in
Figure 2.

eA
3 I

] 6. =2
4 — — —
3__\\\\ \V\LC =12, <%

T ~L TN
2 \\‘ ~

6205 LN
1
W\

% 0.2 04 06 0.8 1.0 12
Fig. 2. Temperature distribution in a unit with heaurce forg, =5 and A =8
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The maximum temperature in the studied uni.js= 6. +q, 27" and it is present
on the edge of adiabatic surfage= 0, which, in order to allow the device to
work properly, must not exceed the acceptable value
In stationary conditions, the heat stream condueiadhe liquid layer is equal
to the heat stream rejected via the evaporatingdidrhis relation is described
with equation

96, =q (11)

ay _ vap

in which a dimensionless evaporation parameter wesignated using a
complex expression

~ _ rhshng
qvap_
/]L(TO _TS)F
where: mis evaporating liquid strearh ¢ is liquid evaporation heaf is

frontal surface of the studied component.
By using equations (8) and (11), an equation carob®ed determining the
cooling agent’s vapour flow
. j, FH
Mg = (12)

4. NON-STATIONARY COOLING OF THE UNIT WITH
INTERNAL HEAT SOURCES

The problem of cooling a component with internaathgources is, as already
stated, one of the classic problems of heat exahafog which a solution is
commonly known in literature. The cooling probleomsidered in this work is
complex and concerns the entirety of the circti¢: tooled component and the
evaporating liquid surface. That is why the soluti® presented in two stages in
order to show a full image of the problem: a natishary cooling process with
the constant contact temperature and a non-stajiamumling process with the
varying contact temperature.

4.1. Non-stationary cooling processwith constant heat sources and
constant contact temperature.
Non-stationary heat-flow in the unit is describgdabheat conduction equation
00 . 0%
K—=0q,+—= 13
57 5 (13)
in which new dimensionless parameters are intradtudcene and coolant
evaporation parameter
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- (14)
CL (To _TS)
By following a similar example from literature [®fazewski, 1980], the
temperature, due to the linearity of the equatit®3),(can be described as a sum
of the temperatures for stationary and non-statyodestribution
0=6,9)+6,(y.7) (15)
By substituting the aforementioned expression imat conduction equation
(13), the task resolves itself into to solving teaparate differential equations:
2 2
_6~62?1 =-(, and K% = 6~6;2
oy or ady
By solving those two equations at a constant efficy of internal heat sources
g, and introducing equation (15), and by meeting lblemy conditions

(formulated differently than in article [2], due tiee assumption that one of the
partitions is adiabatic):

— i &t
r=K>x,

(16a,16b)

7=0 ando<y<1, 6,(0)=1-6, —%(l— 92), 6(0)=1 (17a)
- 06, 06

r>0andy=0-—*=0,—-=0
y 5 5 (170)
r>0andy=1,6,=0,0=6, (17¢)

an analytical solution is reached
o O o) 4l (ot Y. (4 mny

6=06. + 2(1 y) nénex K r}{l 6. qv(l nznzﬂcosT (18)

where constants are respectively equa 1,3,5,...
As one can see, equation (18) presents a convesgaas and for timg — o
the equation describes a stationary temperatutebdison within the unit.

0 6,
4. 48
— ]
I =1
44 — L 46 \\
I =7
4 §7‘\>‘ 4.4 AN
_ I
36 RN 42
\\
T
82 y ‘0 5 10 1¢ 2C 25
*o 02 o4 06 0s 1 Fig. 4. Maximum time-dependent

Fig. 3. Temp. distribution withina  temperature fof: =3, g, = 229, K=6
cooled component foé- =3, g, = 229,

K=6
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Temperature distribution (18) depending on locatiod time in graphic form is
presented in Figure 3. Figure 4 presents the depeed of maximum
temperature with time. The solution was reachembastant contact temperature

for time 7 >0 and constant efficiency of internal heat sourthes ¢O"St

4.2. Non-stationary cooling processwith heat sources efficiency and
varying contact temperature.

In the solutions presented above, the contact teahpe % is a constant and
has a set value. In practical terms it is a vaha ts usually unknown and
varying in time. Furthermore, the value of intersalirces is dependent on time

8 =8(7). Heat conduction in the studied component andlithed layer is
simplified and described with time-dependent meamperatures in order to
solve the problem.

The global heat balance for the studied unit aeditiuid layer can be described
with equation

Smee.(F0)-To)+ oo AT (0 -To ) = a4 OHF - mch, (19)

Where'IT(t) and'ITL(t) are mean temperatures of the unit and of theditpyer

in terms of time.

The terms on the left side of the equation (19)gihede respectively: the first
one: changes of heat capacity in the unit; the rebaane: changes in heat
capacity in the coolant layer. On the right sidetted equation is a difference
between heat streams generated in the unit anéthgdodat generated by liquid
evaporation.

By treating the non-stationary process of elemadtlguid layer cooling as sets
of stationary temperature distributions for differdimes, or, in other words,
using a variation of temperatures and the paramafténternal heat source
efficiency depending on time based on equationaurid)(8)

e(r)=ec<r)+@(1—w)andeL(r>=ec<r{—§+1§j 0)

time-dependent mean temperatures of the unit anpddlilayer depending on
time, introduced in equation (19), are expresseddmations

AT Kl -

which, by using equations (4) describing tempemafiglds in the unit and the
liquid layer in any given momertit are:
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H
[ T(t)dy ) )
Tt =Ts+ (To =To)[O(r)dy =T + (T, —TS){HC (r)+qv3(f)} (22a)
erh () °
T, (t)dy
T 22b
TL :HT:TS + (TO _-I-S)gcz(l') ( )
The rate of change of the unit's mean temperatuterie is equal
dT _ Kac d6.(r) . 1 (r)}
—=——T, T, e
o we S)[ dr 3 dr (23)

The aforementioned equation (23) proves that ttee ghchanges of the unit’s
mean temperature in time depends on the rate gbamature changes in the

contact IayerHC(T) and internal heat sources efficiency paraméi@(’[).
Equation (23) becomes significantly more simple dhe assumes the
invariability of internal heat sources, =const, as then the unit's mean

temperature rate of change is dependent only ompdmture change in the
contact layer. By using expression (22), the eguafor unit and liquid layer
heat balance (19) comes down to a heat balancdi@gua a dimensionless

form
lat)s {0, 2 5 &l -1 :%[av(r)—%} (24)

Differential equation (24) should be solved appdyihe initial conditions
6, =6, andg,(r)=4q,(0) for r=0 (25)
The solution to differential equation (24) applyiognditions (25), in which the

contact layer temperatur@c(r) and corresponding liquid layer thicknels:(sr)
expressed by equation (10) are unknown, is predeséoolows

0.2(r) -0yt +2 708 (g (1), )- Z/T;?%’(T)Jc(av(r)—a"—fp]dr
o ° (26)
2280015 (), 0] =0

Contact temperatuf@ (r) which is the solution to quadratic equation (26),
defined by equation
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9c(r)=—jzaV(~T)_a +\/[/Tzqvg)_a]2 ~A(r) 27)

a a
Here expressior;l\(r) dependent on time equals

- /Tzav(r)_ a Z/TZGV(T) o = ava
N(r)=~6c," -2 3 Oco ~ 3K { qV(T)_Tp dr

2 724, (z) @9

A7) = -

+§qT[qv(r)_qv(0)]

For an exceptional case when the initial conditfon contact temperature
6.0 =1 and with an additional assumption of heat sourceismstancy
Gy :a(o):const, the dependence of temperature in the contact laye of

evaporation liquid thickness on time is presentedduations

To~ = T2~ \2 To~ ~
Hc(T)z—)I Yé a+\/{/15q"J +2§£VH@_%H (29)

N T2x = 2= \2  o72% 5
5r)=-2%-a, 1 A0 | 200 (5 Oe ) (30)
Aga Aq, a akK A

Equations (27, 28) allow for a theoretical desasiptand study of various
conditions of cooling elements with internal heatirges. Generated he@j in
cooled units, as exemplified by a computer proagss@ derivative of the kind
of the device’s work.

Functionsq, are usually irregular functions of time and tt&iape depends on
the workload of studied computer units. The efficie of internal heat sources
av(r) in the processor in actual working conditions afanputer changes in
time. The form of this function is difficult to forulate. One may attempt an

approximation of actual heat sources with a fumcfamturing cyclic changes in
time

8,(r)= oo + 3. Gun sin(e,7) (31)

n=1
where q,,, G,, @, are constants resulting from the nature of praréss
workload.
The analysis of the aforementioned equations stgjgiést in a non-stationary
process of processor cooling (or heating), bothtamintemperature and
evaporating liquid layer thickness are dependentiroa. If, on the other hand,
the intensiveness of processor heating and coaliegqualk, =g,,,/4 , then the
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non-stationary process changes into a stationatg.df g, >§,,,/4 the heating

process takes place and the processor temperatareases, while in an
opposite case, <o~|\,ap//1 the processor is cooled and its temperature deesea

8 A
¢ . 8.6,
=0 5 M
3 — \ 8,
4 S~
= \\ \ Iy
2 —~——l Y 3 ‘v\\\
‘\\\ 9 B¢ ~ \
1 - \\ ~— \ \
1=4 \ 1 ™
TN~

% 02 04 06 08 Ty %% 5 . 4 s
Fig. 5.Time-dependent temp. distribution for Fig. 6. Time-dependent contact temp.

constantsg, = 229 and 6 = 22 and maximum temp. for constant

ay = 229
A T.°C 0,mn] . =
60 006 3 ~ ~ e\
N~ - B - 9.
40 \\\ = 0.0¢ hn
\.Z M{
0 | 2
20 e e e e S s 0.02 1
T—
\\ T 0 i

0 > 0 1 2 3 4 5
0 1 2 3 4 . .
Fig. 7. Time-dependent contact temp. F'9- 8& ComgCt :en;p' apd ma>'<|rtr)1|um temp.
and liquid layer thickness for constants epen e_an ofime for variable
~ Qy = 229+ 22sin(er)
Qy = 229 and HCO =22

The results, based on numerical calculations, egeepted in Figures 5, 6, 7,
and 8. By comparing charts presented in Figuresd35awe see the differences
in temperature distribution in relation to time.ighesults from differences in
problem presentation. In the first case (Fig. 3 tontact temperature is by
definition constant, while the stationary distrioat within the element is
reached in an infinite amount of time. In practitime is finite and, as seen in
Fig. 3 is approximately=20. In the second case (Fig. 5) contact temperature
decreases with time (Fig. 6, 7) and stationaryestipends on the relation
between heat generated in the unit and cooling. ie#lhe heat streams are
equal, then temperature distribution does not chavith time (see dashed line
in Fig. 7). The second case resulting from the ingoodel presented in this
work is more real. Figure 8 presents the courseooling with varying and
simulated internal heat sources.
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5. CONCLUSIONS

This work presents a solution for a simplified. &w) quasi-stationary solution
for internal heat sources cooling model based ugparlassic stationary heat
exchange that takes place in a circuit featuring@mponent with internal heat
sources and an evaporating liquid layer. The essehthe proposed model is
based upon creating a set of time-dependent stajiatates of heat distribution
variables. The theoretical model thus created alléov a realistic theoretical
description of the phenomenon, i.e. to make cortewiperature between the
studied component and the evaporating liquid lay&t internal heat sources
time-dependent. The work’s result is the estableshinof contact temperature
and a liquid layer thickness as a function of time.

Existing classic theoretical solutions known iredéture with differently set
boundary conditions assume time-independent heatce® and a constant
temperature at the edge of the area investigategrins of cooling, the contact
temperature is drastically reduced in the initisdment and treated later as
constant value.

Knowledge of the dependency of the contact temperadnd the maximum
temperature and the thickness evaporating of ithedl layer on time of the
component, is very important in heat output. Thes@meters in this paper are
found.

The application of a vapor compression refrigerataycle for execution of
evaporation process on the external surface ofedoahit seems to be well
justified. The power demand of a compression refagon cycle’s drive is
negligible. An important part of the refrigerati@ycle cooling circuit is the
thermodynamic agent’s evaporation temperature, ivatue must not be too
low in order to avoid vapour dropping out from thgrounding air onto the
surfaces of the computer elements.

Provided that the compression refrigeration cyclerks in invariable
conditions, (i.e. both the evaporation temperatame the cooled element’s
received heat stream are constant), the tempergtadient on the edge of
cooled component, the contact temperature andhic&ness of evaporating
liquid layer will be constant.

2. NOMENCLATURE

a heat diffusivity [ nfs?]

a dimensionless heat diffusivity a,ac™ [ ]
c specific heat at constant pressurgkg? K = ]
F frontal surface of processonf]

H height of the componenim]
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hiy  heat of evaporationkg™]
K evaporation parameterh, ¢ (T, - Tg) ™[ 71
m stream of mass Kg s ]

P power [W]
q heat flux per area \V m?]

Oy source of heat (volumetric heat load)/[m?]

g,  dimensionless source of head, H2Ac " (Ty -Ts) [ ]

~ . . . _ 4
Guap dimensionless parameter of evaporatioinghy,H A l(TO -Ts) F T[]

t time [s]
T temperature {C]

To reference temperature (may be the initial tempeei{°® C]

Ts evaporating temperaturé ]
T liquid temperature { C]
Tc contact temperature’[C]

T mean temperaturé’[C]

Teon ¢ondensation temperaturé €]
Tm maximum temperature °[C]

y coordinate ]
y dimensionless coordinatg/H ™ [ —]
Greek letters

o height of the liquid laver n]

o dimensionless height of the liquid layes H ™ [ —]

6  dimensionless temperature(T -Ts) (To - Tg) ™[ —]

6c  dimensionless contact temperaturdT. - Ts) (To —Tg) ™[ ~1
6.  dimensionless temperature(T, -Tg)(To -Ts) [ ]

6y  dimensionless maximum temperaturdl,, - Ts) (To —~Ts) ™[ ~]
A heat conductivity WV m ikt ]

A dimensionless conductivityz ACAL'l []

p density [kg m?]

T dimensionless timesz KactH 2 [ —]

Subscripts

C component or contact layer

L liquid

S steam (vapor)
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ANALITYCZNE ROZWIAZANIE ROZKEADU TEMPERATURY WEWNATRZ
MIKROPROCESORA CHLODZONEGO PARWLCYM CZYNNIKIEM
CHLODNICZYM

Streszczenie

W pracy przedstawiono analitycznie rozmanie problemu chiodzenia elementu,
wewnatrz ktérego wydzielane jest ciepto spowodowane jggaa. Zaproponowano
uproszczony, niestacjonarny model teoretyczny, uppgy zjawisko, dziki czemu
okreslono rozktad temperatury wewinz elementu, temperaturkontaktu medzy
elementem a warstwcieczy czynnika chtodniczego oraz grébavarstwy parowania
w funkcji czasu. Problem chiodzenia rozmano teoretycznie wykorzystgj rownania
Fouriera i Poissone’a przy spetieniu odpowiednigbarunkéw brzegowych.
Rozwiazano dwa przypadki chlodzenia: stacjonarny i aigsharny. Otrzymane
rozwiagzania analityczne wydaj sic by¢ przydatne w projektowaniu podobnych
systemoéw chtodzenia. Wykonano réwnieobliczenia dla uktadéw chlodzenia
wyposaonych w pomp ciepta, kompresor, jako skuteczny sposéb chtodzeni

Stowa kluczowe:  wewgtrzne zrédia ciepta, grub&d warstwy cieczy chiodgej,
odparowywanie czynnika chtodniczego
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