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Abstract

In this paper the problem of cooling a componentthie interior of which heat is
generated due to its work, was solved analyticétig.problem of cooling of a processor
with the use of a heat pump was solved based amliaretheoretical analysis of authors
of external surface cooling of the cooled comporimntising the phenomenon of liquid
evaporation. Cases of stationary and non-stationaofing were solved as well. The
authors of the work created a simplified non-staiy analytical model describing the
phenomenon, thanks to which heat distribution withhe component, contact
temperature between the component and liquid laged, the evaporating substance
layer thickness in relation to time, were determdin®lumerical calculations were
performed and appropriate charts were drawn. Theltieg earlier analytical solutions
allowed conclusions to be drawn, which might bénelp to electronics engineers when
designing similar cooling systems. Model calculasidor a cooling system using a
compressor heat pump as an effective method ofrgpulere performed.
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1. INTRODUCTON

This paper is continuation of the paper [1] in whaetermining the conditions
of liquid evaporation on the surfaces of studiedngonents as an effective
means of cooling the studied object, a general keatiuction equation in
components with internal heat sources, which iselyidliscussed in scientific
literature as evidenced by work [1]. One particdesblem is determining the
stationary condition®on the edge of a cooled object that has intereat h
sources.One of the most effective methods of cooling is tiee of the
phenomenon of liquid evaporation on the surfacecadled components. In
order to induce the phenomenon of evaporation @ dhwrface of cooled
components, the use of a compressor heat pump ris canvenient. The
phenomenon of coolant evaporation takes placedrhéat pump’s evaporator,
which is called the thermodynamic cycle’s lower th&aurce conducted in the
heat pump. Designing cooling systems requires biigyato learn the process of
heat flow in components submitted to cooling, whibkeying extra attention to
the cooling surface.

Articles [2-4] present interesting research basedtlte original method of
cooling selected components (MEMS - Micro-Electredflanical Systems).
The authors of the works applied a very effectivethrod of cooling based on
coolant evaporation on studied components, andramethod of transporting
the liquid to a selected location within the conggutased on the phenomenon
of magnetohydrodynamics. The works are, abovels#l, @f an experimental
nature.

The issue of magnetic transport for laminar flovappropriate coolants in pipes
was solved theoretically in works [5,6]. The theimad analysis of the process
of microprocessor cooling was conducted in work faf] cooling via coolant
evaporation, while work [8] concentrated on varaldad conditions via water
stream cooling. Analytical solutions for station&gat flow through a processor
layer with internal heat sources and a layer eatpw liquid, whose thickness
was determined a priori, was presented in the afen¢gioned work [7], which is
in the form of a short announcement. There is &eable lack of theoretical
works in scientific literature about studying theoling of processors based on
the coolant’s surface evaporation and solving the dcientific problem, i.e.
considering the non-stationary conditions of capliselected computer
components including the determination of evapogatiliquid’'s surface
thickness. Not enough attention is paid to tempeeatlistribution within the
processor. Processor temperature is an essentgaheter determining the work
guality of the device and it must not exceed thtcat value. Currently, it is
hard to acquire data, due to the rapid developmientoomputer technology,
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which defines the thermophysical properties of tnaterial used in the
production of processors; that knowledge is ofutmost importance for a full
description of the phenomenon of heat conductistudied components.

The purpose of this work is to present a theorkettady of heat flow in a
processor with internal heat sources by determiii;icheat distribution and
studying the effect of boiling liquid layer's thiskss on the heat exchange
process. There is a need for the creation of aptepconditions for coolant
evaporation on the surfaces of cooled component® Gf the methods of
delivering the boiling agent to a selected placihiwithe computer and creating
conditions in that place to enable coolant evapmmais the use of a CHP
compressor heat pump. The aforementioned techn@dggyposed in the work.

2. PROCESSOR WITH INTERNAL HEAT SOURCES COOLING
MODEL

The location of the studied component is descrivéti a set of coordinates
with the vertical axis¥ having its beginning at the lower, horizontal abinate
of its surface (Fig. 1). The geometric dimensiohthe component describe the

heightH and frontal horizontal surfac& The unit's material has densiff¢,
specific heat ¢ and thermal conductivityc. Inside the unit are evenly arranged

internal heat sources with volumetric heat lofd Heat flow in unit
determines temperature distributioh. By assumption, one side of the

component is thermally isolated from the environm‘&ay_lzo, while on the
other side the unit is in contact with a layer wdgorating liquid of thicknes§ .

The liquid has densi#., specific heat®: and thermal conductivit%L. The
contact layer between the liquid and the unit isattact temperatuﬂe—C . The

phenomenon of liquid evaporation with vapH?S, heat of evaporatiorﬁlfg and
temperature of evaporatio1;1S takes place on the free surface of liquid. A liquid

of stream™ flows through the layer of liquid at the tinke
The process of studied processor cooling can beisy the following special
case: a stream of liquid inflowing to the liquidyéa is equal to stream

jet M =Ms ¢ corresponds to the constant thickness of digayerh = const.

,dh =0 This case is a stationary procd§sapart from the equality of liquid and
jet streams, the condition of the equality of stieaf heat generated within the
component, (t)HF and of heat received by coolingshy, is met, then a

stationary process takes place. If the heat stremmerated within the
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component is greater than the heat stream recewedpbserves an increase of
temperature in time. Otherwise there is a declné component temperature.
AY
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Fig.1 Cooling model of a processor with heat source

3. STATIONARY PROCESS OF COMPONENT COOLING
(STATIONARY PROCESS)

In a stationary process, liquid and jet streamseqgreal M =Ms \while the other

thermodynamic parameters do not change in tfneThe solution to the
stationary problem is based mainly on designatirggtemperature field in the
studied componeiit and liquid layerT, and the thickness of evaporating liquid

layer h.

3.1. Heat flow in the processor and liquid layer

Heat flow in a processor with internal heat souiaed in a liquid layer and the
border conditions can be described by the Poissprat®n and the Fourier
equation in dimensionless forms like in paper [1]:

2

%Hﬁvzo,3—§:ofor9:0and9:00for37:1, (1)
%0 0,4, =4, for =1 and@, =0 for y=1+h

7 =0,6, =6, for y=1andg =0 for y=1+h. (2)

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

_T-Tg ) _T T, ) _T-Ts = quZ
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The solutions to differential equations (1) and (@hile meeting border
conditions is equations

9=6’c+q—2“(1—92), g =-Ly+1thg 3)

which presents the stationary parabolic heat digion within the processor’s
layer. It depends on two parameters: temperatutbencontact layer and the
internal heat source. Stationary heat flow in aiitiglayer of thicknessh,
temperatureg. andTg on the layer’s borders, from which it is receilmdthe

evaporating liquid of heat streams evaporatipy on one edge, while on the

second one a heat stream from the cooled comp@ndetivered. The problem
of heat flowing through a liquid layer is describad dimensionless form in the
differential equation.

In the contact layer, in addition to temperaturatowity (6=6, = 4.) there is

also an equality of heat streams

796 9%
oy y

1

i 4)
y=1

where A =Ac/A. means the relation of the thermal conductivityficient of
the material of which the cooled component is kanltl that of the coolant.

From the condition of heat stream continuity (4)thwthe application of
equations describing temperature fields (3), oneeives a simple relation

illustrating the relation between the evaporatimipstance’s thickness and
contact temperaturé,

8- =hAg, . (5)
eA
s \

— 8. =2
4 — ~ -
3_—\\\\ \eC =12 N A

T NN
) T~ N

8205 NN
1
\\ v

0 >
0 02 04 06 08 10 12

Fig. 2. Temperature distribution in a componenhwi¢at source
for g, =5 and A =8 [1]
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The relation presented above leads to the conclubiat contact temperature
increases with the increase in liquid layer’s thieks. Temperature distribution
in the studied component for exemplary contact tmapres 6. and the

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

The maximum temperature in the studied componeotcgssor is equal
6,=6.+q,/2 and it is present on the edge of adiabatic surige®, which, in
order to allow the device to work properly, must 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

06, -
= = Ovap » (6)
ay y:1+ﬁ o

in which a dimensionless evaporation parameter wesignated using a
complex expression

where: M,is evaporating liquid streanh is liquid evaporation heatf is

frontal surface of the studied component.

By using equations (3) and (6), an equation carfobmed determining the
cooling agent’s jet stream

__§,FH
rtg = ()
of

4. COOLING SYSTEM

In order to ensure appropriate conditions for aecotifze processor cooling,
a CHP compressor heat pump (CHP) can be usedelsraant for a constituent
set of cooled computer elements, in which a prgpselected low-boiling agent
(R-134a) is the working mediurmfhermodynamic parameters of the low-boiling
agent - temperature, evaporation pressure and fl@kould correspond to
processor cooling conditions resulting from a tledoal analysis performed
earlier.
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Fig. 3. Compressor heat pump Fig. 4. Thermodyna.mic cycl'e of
schematic compressor heat pump in a Moliere graph

Figures 3 and 4 respectivablyesent a compressor heat pump schematic and its
thermodynamic cycle. Specifically marked points tme schematic and
thermodynamic cycle (Moliere graph) describe défer states of the low-
boiling agent: 1 - saturated dry vapour (prior toteging the compressor)
parameter, 2 - unsaturated vapour (after leavimgcbmpressor and prior to
entering the condenser) parameter, 3 — super-cdigjeid ( after leaving the
condenser and prior to entering the throttle) patam 4 - thermodynamic agent
liquid in a saturated state (prior to entering élwaporator) parameter. By using
the CHP energy balance and thermodynamic chart oag determine the

Qvap

following values: Cooling heat stream drawn in the evaporator in

evaporation temperaturES, Qcon condensation heat stream given up in the

condenser at condensation temperairlf@‘ and compressor power demahid

The values of specific Linde cycle executing CHRwit for cooling agent R-
134a and for model G3420 Intel Pentium processoratufang
0,03m=0,0am=0,00:m  gimensions and internal heat sources equal to

. 3
G, = 2018MW/m* (o cessor workload 48.5 W) are presented in Table

Table 1. CHP Linde cycle parameters
N | Tg | Te| Teon| hyg n h, Mg h Qvap P
% | oc| oc| °c | kijkg| W/ke | K/ka|  kg/s mmo |y w

1|-5]18] 20| 199.2 393.2 418 0.000243 0.0402 48.5 34.0
2] 0]18] 20| 196.2 396.1 416 0.000247 0.0393 485 492
3] 5]18] 20| 192.8§ 399.0 414 0.000252 0.0380 485 3.78

The conditions within the evaporator are crucidiey are achieved thanks to
heat pump’s work. They should meet processor cgationditions which are
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accepted in agreement with construction requiresidfitaporation temperature
that is too low, may cause vapour dropping out ftb surrounding air onto
the computer elements’ surfaces, which is detrialentcorrect usage. As seen
in Table 1, power demand for the compressor heapfgidrive is minimal. The
evaporating liquid’ layer thickness, which affetgsperature drop from contact
temperature do evaporation temperature is minisafell.

5. CONCLUSIONS

This paper presents a solution for a simplifiedhartproposed, quasi-stationary
processor with internal heat sources cooling mdoeded upon a classic
stationary heat exchange that takes place in aitiieaturing an element with
internal heat sources and an evaporating liquidrlaihe theoretical model thus
created allows for a realistic theoretical desaiptof the phenomenon, i.e. to
make contact temperature between the studied mocesd the evaporating
substance liquid layer and internal heat sourame-tiependent. The work’s
result is the establishment of contact temperadackliquid layer thickness in a
time function.

Existing classic theoretical solutions known iredéture with differently set
border conditions assume time-independent heatcesuand a constant
temperature at the edge of the area investigateteérins of cooling, the contact
temperature is drastically reduced in the initiadment and treated later as
constant value.

Knowledge about the dependency of the contact teatype on time and the
maximum temperature of the processor componenticwis dependent on
contact temperature), is very important. The maximntamperature should not
be greater than the border critical temperaturezeedance of which is
unacceptable. Meeting this condition is decisiveewlit comes to the device
functioning properly.

The application of the compressor heat pump forcetien of evaporation
process on the external surface of cooled compaems to be well justified.
The power demand of a compressor heat pump CHPressgr heat pump’s
drive is negligible. An important part of the CHRoting circuit is the
thermodynamic agent’s evaporation temperature, lvatue must not be too
low in order to avoid vapour dropping out from tharounding air onto the
surfaces of the computer elements.

Provided that the CHP works in invariable condisipfi.e. both the evaporation
temperature and the cooled element’s received $teeam are constant), the
temperature gradient on the edge of cooled elertt@tontact temperature and
the thickness of evaporating liquid layer will lenstant.
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NOMENCLATURE
a lmz/sJ heat diffusivity
c [J/ (kgK)] specific heat at constant pressure
A W/ (mK )] heat conductivity
[m] height of the microprocessor
h [m] height of the liquid layer
ﬁ [—] dimensionless height of the liquid layeh/H
ure [3/kg] heat of evaporation
q t\/\// mzl heat flux per area
dy [\N/ m3J source of heat
Oy H dimensionless source of heafy, H 2/(/IC(TO —Ts))
Gep [ dimensionless parameter of evaporatiorghyy H /(A (To ~Ts)F)
K [-] evaporation parameter hyy /c, (To ~Ts)
m [ka/s] stream of mass
y [m] coordinate
y [—] dimensionless coordinatey/H
t [S] time
T [-] dimensionless timez Ka.t H2
T [K] temperature
Ty [K] reference temperature (may be the initial tempegatu
Ts [K] liquid fusion temperature
T [K] liquid temperature
T [K] contact temperature
6 [—] dimensionless temperature,(T —TS)/(TO —TS)
6 [—] dimensionless contact temperatu:e(,Tc —TS)/(TO —TS)
6, [—] dimensionless temperature (T, -Tg)/(To - Ts)
P lkg/m3] density
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CHLODZENIE PROCESORA ZA POMOS& POMPY CIEPLA

Streszczenie

Przedstawiono analityczne rozwanie rownania chlodzenia jednostki, w ktérej

wytwarzane jest ciepto. Z tego powodu opracowanmsgrzony, niestacjonarny model
okreslania rozktadu temperatury w jednostce, temperakamtaktu m¢dzy jednostl
a warstvg cieczy oraz grubiei warstwy parowania w funkcji czasu. Podano temat
analiz zewretrznego chitodzenia jednostki poprzez uwgglienie zjawiska parowania
cieczy za pomag réwnar Fouriera i Poissona. Pokazano zar6wno stacjongaky,
i niestacjonarny opis chlodzenia. Uzyskane wynjknalacji wydaj si¢ przydatne przy
projektowaniu podobnych ukladéw chtodzenia. Wykoapy jest réwnig tryb

obliczeniowy dla ukladow chiodzenia wypasaych w pomp ciepta spgzarki, jako

efektywnej metody chlodzenia.

Stowa kluczowe:  pompa ciepta, chtodzenie, procesoykl spezania pary,
odparowywanie
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