COMPUTER RESEARCH AND MODELING
2020 VOL. 12 NO. 5 P. €1023—e1038 KM&M
DOI: 10.20537/2076-7633-2020-12-5-1023-1038

MODELS IN PHYSICS AND TECHNOLOGY

UDC: 536.24: 621.396

Cluster method of mathematical modeling
of interval-stochastic thermal processes
in electronic systems

A. G. Madera

Scientific Research Institute for System Analysis, Russia Academy of Sciences,
36 Nakhimovsky pr., build. 1, Moscow, 117218, Russia

E-mail: agmprof@mail.ru

Received 21.05.2020, after completion — 23.06.2020.
Accepted for publication 17.07.2020.

A cluster method of mathematical modeling of interval-stochastic thermal processes in complex electronic
systems (ES), is developed. In the cluster method, the construction of a complex ES is represented in the form of
a thermal model, which is a system of clusters, each of which contains a core that combines the heat-generating
elements falling into a given cluster, the cluster shell and a medium flow through the cluster. The state of the
thermal process in each cluster and every moment of time is characterized by three interval-stochastic state vari-
ables, namely, the temperatures of the core, shell, and medium flow. The elements of each cluster, namely, the
core, shell, and medium flow, are in thermal interaction between themselves and elements of neighboring clus-
ters. In contrast to existing methods, the cluster method allows you to simulate thermal processes in complex
ESs, taking into account the uneven distribution of temperature in the medium flow pumped into the ES, the con-
jugate nature of heat exchange between the medium flow in the ES, core and shells of clusters, and the interval-
stochastic nature of thermal processes in the ES, caused by statistical technological variation in the manufacture
and installation of electronic elements in ES and random fluctuations in the thermal parameters of the environ-
ment. The mathematical model describing the state of thermal processes in a cluster thermal model is a system of
interval-stochastic matrix-block equations with matrix and vector blocks corresponding to the clusters of the
thermal model. The solution to the interval-stochastic equations are statistical measures of the state variables of
thermal processes in clusters — mathematical expectations, covariances between state variables and variance.
The methodology for applying the cluster method is shown on the example of a real ES.
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B pabote pa3zpaboTaH KJIaCTEPHBII METOJ MAaTEMAaTHIECKOTO MOJIEINPOBAHIS HWHTEPBAIEHO-CTOXACTHYIEC-
KHX TEIUIOBBIX IPOLIECCOB B CIOKHBIX TEXHHYECKIX, B YACTHOCTH ANIEKTPOHHBIX, cucTeMax (DC). B xiactepHOM
MeTOZe KOHCTPYKIHS ciiokHOH DC mpencTaBisieTcsl B BUIE TEIUIOBOH MOJIENH, SBJISIOMICHCS CHCTEMON KIlacTe-
POB, KQXIbIi 13 KOTOPHIX CONEPXKUT PO, OOBEAUHSIONIEE B ce0e TETUTOBBIIEISIIONINE dJIEMEHTHI, TIOTAAt0IIHNe
B JAaHHBIA KJacTep, 000JI0UKY KiIacTepa M MOTOK CPenbl, MpOTeKaomii yepe3 knactep. COCTOSHUE TEIIOBOTO
mpolecca B KaxJa0M KJIacTepe M B KaXKIbII MOMEHT BPEMEHHU XapaKTepPU3yeTCs TPeMsl MHTEPBAIbHO-CTOXACTH-
YECKUMH IEPEMEHHBIMH COCTOSIHUS, @ UMEHHO TeMIlepaTypamHt sjpa, 0OOJIOYKH W MoToKa cpensl. [Ipu aTom
3JIEMEHTBI KaXIOTO KJIacTepa, a IMEHHO sSp0, 000JI0UKa U MMOTOK CPE/Ibl, HAXOIATCS B TEIJIOBOM B3aUMOJICHCT-
BUU MEXKIy COOOW M 3IIEMEHTaMHU COCEIHUX KIIACTEPOB. B OTIMYME OT CYIIECTBYIOIIMX METOIOB KJIACTCPHBIN
METO]1 O3BOJISIET MOAEIUPOBAThH TEIJIOBBIE MPOLIECCHl B CIOXKHBIX DC ¢ y4eTOM HEpaBHOMEPHOI'O pacipesere-
HUS TEMIEpPaTyphl B MMOTOKE cpebl HarHeTaeMoil B DC, CONMPsDKEHHOTO XapaKTepa TeIoo0MeHa MEXIy MOTO-
KoM cpensl B OC, aapaMu U 000JOYKaMH KJIACTEPOB M MHTEPBAIBHO-CTOXACTHYECKOTO XapaKTepa TETUIOBBIX
nporieccoB B JC, BBI3BAHHOTO CTATUCTHYSCKUM TEXHOJIOTHIECCKAM Pa30pOCOM H3TOTOBICHUS W MOHTaXa K-
TPOHHBIX 37eMeHTOB B OC, W ciIy4alHBIMH (DIYKTyallMsIMH TEIUIOBBIX ITAPaMETPOB OKpPY)KAIOMIEH CpEHbl.
MaremaTudeckas MOJIEb, ONMMCHIBAIOIAs COCTOSIHHSI TEIUIOBBIX MPOIIECCOB B KJIACTEPHOU TETUIOBOM MOJIENH,
MPEICTaBIseT CO00H CHCTEMY HWHTEpPBAIbHO-CTOXACTUYECKUX MATPHYHO-OJIOUHBIX YPAaBHEHHH C MAaTPUYHBIMU
1 BEKTOPHBIMH OJIOKAMH, COOTBETCTBYIOIINMHU KJIacTepaM TEIUIOBOW Mojenu. PermennemM mHTepBaIbHO-CTOXAC-
THUYCCKUX ypaBHeHuﬁ ABJIIAKOTCA CTATUCTHUYCCKUC Mepbl HepeMeHHbIX COCTOAHHUA TCIIJIOBBIX HpOIJ,CCCOB B KJIa-
CTean — MaTCMaTH4YCCKHUEC OXXHUAaHU, KOBapMaHMM Men{uy HepeMeHHblMl/I COCTOAHHUA U )mcnepcym. MeTo;u/uca
MPUMEHEHHUS KJIACTEPHOI'0 METO/Ia MOKa3aHa Ha mpumMepe peanbHoi IC.
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1. Introduction

Thermal design of complex electronic systems (ES) may be adequate when methods of mathe-
matical and computer modeling of thermal processes allow modeling [Sergeyev, Khadakov, 2012;
Kuuse et al., 2005; Madera, Kandalov, 2016; Madera, 2018; Madera, 2019]:

e complex ES structures characterized by structural versatility and a large number of both elec-
tronic (active) heat-generating elements (processors, integrated circuits (IC), electric and radio
elements (ERE)), and structural (passive) heat-dissipating elements (electrical connectors that
do not consume ERE power, fixing elements, etc.);

e physical processes arising when the ES is operating, namely, thermal processes and the result-
ing thermal feedback, thermal stress and heat exchange in the fluid flow;

e impact of destabilizing (chemical, radiation, vibration and mechanical) and climatic factors,

o thermal and electric processes under the conditions of interval-stochastic uncertainty of the
physical and structural factors shaping these processes.

A mathematical model describing thermal and associated physical processes in complex ES is

a system of time-dependent, non-linear, interval-stochastic differential equations in partial derivatives,
including equations of motion and energy in the cooling fluid flow both inside, and outside of the ES.
Considering that the number of equations in the mathematical model is comparable with the number of
elements in the ES, the solution to the model is extremely difficult in mathematical and computational
aspects, even when modern supercomputers are used. The hierarchical method of modeling of thermal
processes in complex ES developed in [Madera, 2019] allows overcoming the above-mentioned diffi-
culties, simplifying the mathematical model significantly and reducing the number of equations, in-
cluding computer computations and RAM memory consumed.

Thermal processes in the ES structure depend on the energy consumption by active (heat-
generating) elements and heat exchange between active and passive elements in the cooling fluid
(air or liquid) flow inside the ES. While mathematical modeling of liquid cooling in the ES by the
liquid flow forced via the channels of the structure has been developed in sufficient details [Ellison,
2011; Dulnev, 1971; Spolding et al., 1990; Schlichting et al., 2017], mathematical modeling of the
heat exchange between ES elements in the air flow forced through the ES case still requires to be
solved and brought to the methodological ES design level. When an ES is designed, despite that heat
dissipation power in the ES is uneven, it is usually assumed that the temperature of the fluid flow is
distributed across the ES evenly or linearly. In the first case, the temperature of the fluid is consid-
ered to be isothermal and equal to a mean temperature determined as the arithmetic mean value be-
tween the inlet and outlet temperatures of the ES [Ellison, 2011; Dulnev, 1971]. In the second case,
it is a priori assumed that the relationship between the air temperature and the distance passed by the
fluid flow from the inlet to the outlet of the ES is linear [Madera, 2019]. At low flow rates and small
ES dimensions, the assumption about mean fluid temperature or linear distribution of the tempera-
ture in the ES may in a number of cases give acceptable for the thermal design practice results,
however, at high fluid flow rates (but with a Mach number < 1) and at larger ES dimensions, distri-
bution of the temperature in the air flow may differ significantly from a linear, and even more, an
isothermal one.

It should be noted that difficulties in mathematical modeling of heat exchange between the fluid
flow forced through the ES and the active elements of the same are caused, firstly, by a an extremely
complicated chaotic motion of the fluid flow via the network of channels formed by the structural and
electronic elements of the ES, which channels have various shapes, directions and cross sections, sec-
ondly, by the interval-stochastic nature of the heat exchange in the fluid flow, and, thirdly, by the con-
jugate nature of the heat exchange, where the interaction between a heated element and the flow en-
thalpy is mutually conditioning, thus closing the feedback loop.

The air flowing via a network of channels between active heat-generating and passive elements in
the ES accumulates heat, thus increasing its enthalpy (heat content), which is then transferred and
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conveyed to ES elements and results both in additional heating, and an increase in the flow enthalpy.
Therefore, the distribution of temperature in the fluid flow going through ES elements from the inlet to
the outlet of the ES will be significantly different from an isothermal or a linear one.

This paper describes a cluster method of mathematical modeling of conjugate interval-stochastic
thermal processes in complex ES. The method is based on representation of a complex ES structure
by a thermal model as a system of clusters, each of which contains a core that combines heat-
generating elements falling into a given cluster, a cluster shell, and fluid flow through the cluster. The
state of the thermal process in each cluster is characterized by three state variables, namely, tempera-
tures of the core, shell, and fluid flow in the cluster. The cluster approach allows simulating distribu-
tion of the temperature in the air forced through the ES, temperature of active heat-generating and
passive heat-dissipating elements of the ES, and distribution of the temperature in the ES case. Inter-
val-stochastic thermal processes are analyzed using the author’s method of obtaining equations
for statistical measures of the thermal process — mathematical expectations, covariances and vari-
ances. Application of the method is shown through an example of modeling of an interval-stochastic
thermal process in a real ES (computer system). The statistical measures produced using the method
are easily programmed and embedded in automated ES thermal design systems [Madera,
Reshetnikov, 2017].

2. Cluster thermal and mathematical models
of interval-stochastic thermal processes in ES

The thermal model of the ES used in the analysis and modeling of thermal conditions in complex
ES is a system of N isothermal bodies (Fig. 1, a) [Ellison, 2011; Dulnev, 1971; Madera, Kandalov,
2016], in which both solid-state active and passive elements of the ES structure, and the fluid inside
the ES case, whose temperature is assumed to be equal to the arithmetic mean value of the inlet and
outlet fluid flow temperatures in the ES, are isothermal. At low rates and small ES dimensions, such
an assumption is perfectly reasonable for the engineering ES thermal design practice, however, at
higher fluid flow rates (but with a Mach number < 1) or larger ES dimensions, distribution of the tem-
perature in the air flow may be significantly different from an isothermal one.

In a cluster thermal model, a complex ES structure is divided into clusters £=1,2,....K
(Fig. 1, b), each of which contains a core that combines active elements falling into a given cluster,
a cluster shell, and fluid surrounding the core and the shell. In real ES structures active and passive
elements are in conductive thermal interaction with each other carried out through multiple solid-state
connecting, fixing and mounting elements (printed circuit boards, electrical connectors, heat
dissipators, etc.), and in convective heat exchange with the fluid flow forced through the cluster and
radiant heat exchange between the elements and the fluid flow in the cluster, with additional convec-
tive and radiant heat exchange with the environment on the outer surface of the cluster shell. Thus, the
temperatures of the elements and the environment rapidly mix and equalize in local ES structure vol-
umes, therefore the volume and the shape of each individual cluster may be selected such that it may
be assumed, with an accuracy sufficient for the engineering practice, that the temperatures of the core,
shell and fluid within a single cluster are isothermal. A complex ES structure is divided into clusters,
and the size of the clusters is selected by reference to specific features of the given ES structure, objec-
tives, assumed accuracy of modeling and so that in the resulting clusters, the temperatures of the core,
shell and fluid flow going through the cluster might, with an accuracy sufficient for the engineering
practice, assumed to be isothermal.

The state of the thermal process in each cluster k, k=1,2,...,K, at any specific time is fully de-
termined by three state variables, namely, the temperature of the core, the temperature of the shell and
the temperature of the fluid. Thermal processes in real ES, as shown in research papers [Madera,
Kandalov, 2016; Madera, Kandalov, 2020], are interval-stochastic ones on account of statistical pro-

KOMIIBIOTEPHBIE UCCJIEJOBAHUA U MOJAEJIUPOBAHUE




Cluster method of mathematical modeling of interval-stochastic thermal processes e1027

(a) (b)

Fig. 1. A cluster thermal model of an ES (a) and a fragment of the system consisting of k¥ — 1, k, k + 1-th clus-
ters (b). Legend: T, (t,w), T,,(t,®), T,,(t,®) are interval-stochastic isothermal temperatures of the core of

the k-th cluster, shell of the cluster and fluid flow in the cluster; T

wink o), T, (o), T,(w) are interval-

stochastic fluid temperatures at the inlet of the -th cluster, inlet of the ES and environment outside of the shell
of the cluster; / is the direction of the fluid flow; @, (@) is the total interval-stochastic heat generation power
in the k-th cluster, k =1,2,....K

cess variation in the manufacture and installation of electronic elements in ES and random fluctuations
in the thermal parameters of the environment. Therefore, isothermal temperatures of the core, shell

and fluid in the k-th cluster are interval-stochastic and equal to T, ; (t,@), T, ;(t,®), T, (t,®) respec-

tively, where @ is elementary events from the space of elementary events Q in the probability space
{Q,U, P}, U is o-algebra of subsets €2, P is probability in U [Adomian, 1983; Pugachev, 1962].
The fluid flows to the inlet of the k-th cluster and flows out of the cluster with interval-stochastic tem-
peratures 7, ;, ; (t,a)) and T, x (t, a)), respectively. Being a combination of active heat-generating

elements, the core of each k-th cluster consumes total interval-stochastic power @, (@) evenly distrib-

uted across the volume of the cluster’s core.

The core, shell and fluid flow are in thermal interaction within a cluster not only between each
other (Fig. 1, b), but also with the core, shell and fluid of the neighboring clusters and the environment
outside of the shell having an interval-stochastic temperature T,(®).

Thermal interaction between the cores and between the ends of the contacting shells of the
neighboring clusters k, k—1 and k, k+1 results from the conductive heat exchange carried out
through solid-state links and connections, and convective and radiant heat exchange with the common
fluid flow through the clusters. This is a consequence of interaction between the heated cores and
shells and the fluid flow from through the cluster system when the enthalpy (heat content) of the fluid
grows and is further transferred and conveyed to downstream clusters. This leads both to additional
heating of the cores and shells of the clusters and increment in the enthalpy of the fluid flow, and cor-
relation relationship between interval-stochastic thermal processes developing in the clusters of the
system.
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The mathematical model describing interval-stochastic processes in the cluster thermal model
(Fig. 1) is based on the following conditions:

o the fluid inside the cluster shell is incompressible; the fluid flow rate changes along the flow
direction (/, Fig. 1) and has constant cross section; the convective heat flow in the fluid signif-
icantly exceeds the heat flow of the thermal conductivity; the internal heat sources originating
from the fluid viscosity are small to negligible in comparison with heat generation by active
elements of the ES;

e the radiation between the clusters, cores, shells and fluid inside and outside of the clusters is
insignificant and is not taken into account, as the maximum temperature of elements in real ES
does not exceed 125 °C;

¢ the dependence of thermophysical properties of the materials of solid-state elements of the ES
and fluid inside and outside of the clusters on the temperature in a real range of the operating
temperatures of the ES (< 125 °C) is small to negligible and not taken into account;

¢ interval-stochastic values of heat generation power in cluster cores @, (@), ambient tempera-

ture 7,(w) and inlet temperature of the fluid flow in the ES T, (@) are statistically inde-

Lin

pendent with mathematical expectations ®,, T, and T

ain and variances Dy, , Dy and Dy

known from input data;
e interval-stochastic processes in clusters, whose state is determined by temperatures T, (¢, ),

T, (t,®), T,,(t,), are independent between each other for any clusters with different num-
bers k and i, k=i (k,i=1,2,...,K) and any moments of time, while interval-stochastic tem-
peratures T, , (t,0), T, ,(t,0), T, (t,w), related to the cluster k are dependent.

In these conditions, the mathematical model of conjugate interval-stochastic thermal processes in
the k-th cluster for each w €2, will be as follows [Madera, 2019]:

o for the core of the k-th cluster with isothermal temperature T, , (t,a)) in the state of conductive
heat exchange with the shell of the cluster with the isothermal temperature Ts’k (t,a)), convec-

tive heat exchange with the fluid flow with the temperature 7, , (#,) in the cluster, and con-

ductive heat exchange between the cores and the shells of the neighboring clusters & —1

and k+1
dT, . (t,o
hC,k # + Jc—s,k (Tc,k’Ts,kataa)) + Jc—a,k (Tc,k ’Ta,k 5taa)) -
~Jek-tck (Tc,k—lsTc,k ,t,a)) ke krl (Tck 57;:,1”1:%0)) =, (o), (1)

T.x (t =0, a)) =1, (o),

c

where A, = p. ¢ V., 1s the total heat capacity of the core of the -th cluster with the densi-
ty o, specific heat capacity ¢, volume V,,; @, (@) is the aggregate power of the inter-

nal heat sources (power of consumption by active elements) in the core of the k-th cluster;
ond
Jeosk (Tc,k>Ts,k’t’ a)) =gk (Tc,k (t,@)-T,, (¢, a’))

— the conductive heat flow between the core and the shell of the & -th cluster transferred by

cond

s k+ 1n the absence of conductive contact between the core and

the conductive heat transfer g

the shell g*" =0;

c—s,k —
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‘]c—a,k (Tc,k’Ta,k’t’a)) = g;g’gk : (Tc,k (t’a)) - Ta,k (t’a)))

— the convective heat flow between the core of the k-th cluster and the fluid flow forced u
through the k-th cluster, g%’ =a. ,;S. . is the convective heat transfer, a, ,, is the

heat-exchange coefficient [Ellison, 2011; Spolding et al., 1990], Se—ak is the heat-release sur-
face of the core of the k-th cluster;

Jef—tcik (Tc,k—lsTc,k ,t,a)) = gg,okn—dl—c,k '(Tc,k—l (t,o)-T., (t,a))),
Jef—ck+1 (Tck 3T ,t,a)) = gg,ol:lilc,kH '(Tc,k (,0) =T, 1 (1, a)))

— the conductive heat flows between the cores of the k —1-th and k-the clusters and between
the k-the and k +1-th clusters, gf,""k"f{l,c’k and gjff’,fi’k .1 are the conductive heat transfers; in
the absence of conductive thermal contact between the adjacent cores of two clusters the heat

transfers ggolf_dl_c « and ggo,f_dc r+1 are equal to zero; in contrast, in case of an ideal thermal con-

cond cond

tact between the adjacent cores, the thermal contact resistances R. ;" ., =1/g.;5 ., and

cond _ cond .
RC,k*C,k‘Fl =1/ 8ck—c,k+1 AI€ equal to zero;

e for the shell of the i-th cluster with isothermal temperature 7 ; (t,a)) in the state of conduc-

tive heat exchange with the core of the k-th cluster with mean temperature 7, (t,w), convec-

tive heat exchange with the fluid flow inside the A-th cluster with isothermal temperature
T,k (t,a)), convective heat exchange with the environment with 7,(@), conductive heat ex-

change with the shells of the neighboring clusters £ —1 and & +1

hs,k ﬂ%(tt,a)) - Jc—s,k (Tv,k 7Tv,k 7t7a)) + Js—e,k (Tv,k ’Te’t’ 0)) -
~Jsak (Ts,k T st a)) ~Jsk1sk (TSJH T g0t a)) ks kel (Ts,k Ty ps1ots 50) =0, (2)

T (1=0,0)=T, (o),

s,

where A, = pg ¢V is the total heat capacity of the core of the k-the cluster with the den-

sity 04, specific heat capacity ¢, ; and volume V{ ;;

ook (Ts,k ,Te,t,a)) =gk '(Ts,k (o)~ Te(w))a

Js—a,k (Ts,k’Ta,k’t’a)) = g;‘f’;,}k ' (Ts,k (t’a)) - Ta,k (t’a)))

— the convective heat flows from the external shell surface to the ambient environment and
from the internal shell surface to the fluid flow inside the k-th cluster, respectively;

conv conv

ook = oy S5y and g =g S, are the convective heat transfers with heat-

exchange coefficients a ., and a_,, [Ellison, 2011; Spolding et al., 1990] and the outside

Sy_ox and inside §;_, , heat-release surfaces of the shell;
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s h-1-sk (Ts,k—l ’Ts,k’t’a)) = gg?l;lill—s,k : (Ts,k—l (t.o)=T,, (t,a))),

Sy koskel (Tsk ’Ts,k+1’t’w) = g?,okni,kﬂ ‘(7},1{ (1,0) =T, (1, a)))

— the conductive heat flows between the shells of the clusters k& —1-th, k-th and &-th, £ +1-th

with conductive heat transfers g;”o,‘f’_dl_s © and gsc”,f_ds w+1> 1n the absence of the conductive ther-

mal contact between the shells of the adjacent clusters with the heat transfers gg}(nfl,&k and

g;’in_ds, t+1 are equal to zero, otherwise, in case of an ideal thermal contact between the shells of

Rcond cond

the adjacent clusters, the thermal contact resistances R;" (,=1/g" (, and

cond _ cond .
Rs,k—s,k+l =1/ & k—s,k+1 A€ equal to zero;

e for the fluid flow isothermal temperature 7, , (t,@) in the k-th cluster in the state of convec-

tive heat exchange with the core and shell of the cluster with isothermal temperatures
T, (t,a)) and T ; (t,a)), respectively [Madera, Kandalov, 2016; Spolding et al., 1990]

T, (t,@
ha,k % “Je—ak (Tc’k,Ta,k,l‘,a)) + Js—a,k (Ts,kaTa’k,f,a)) n
+ Ja,k (Ta,k,outﬂTa,k,m ,t,a)) = O’
Ly (1=0,0)=T, (o), -

where h,, =p, ¢, V,, 1s the total heat capacity of the fluid flow through the k-th cluster

with the density p, ., specific heat capacity ¢, ;, volume V, ;;

Joi(T,

a, a,k,out ’Ta,k,in ’t’a)) = ca,ka (Ta,k,out (t’ 0)) - Ta,k,in (t’ a)))
— enthalpy flow of the fluid accumulating heat from the heat-generating elements of the ES in
the given cluster; Gy = 0, 4 Vs k.inSakin = Pak.outPak.ourSak.on 15 the mass flow of the fluid

flowing to the inlet of the A-th cluster through the opening with the area S at the rate

a,k,in

v

a,k,in

and with the temperature 7, ;, (t,), and flowing out of the k-th cluster through the

outlet with the area S at the rate v, ; ,,, and with the temperature 7, ; ,,, (t,0).

a,k,out

It should be noted that the constants of the time of thermal processes in the air (r,) and
solid-state elements (z,) are interrelated to each other as 7, < z,. Therefore, thermal processes in the

air run at a significantly higher rate than in sold-state elements, and the temperature setting time in the
air is significantly shorter that in sold-state elements. In view of this, it may be assumed, with an accu-
racy sufficient for the engineering practice, that the average temperature of the fluid flow within
a single cluster is correlated to the temperatures of the flow at the input and the output of the

cluster as 27, , (t,a))zTa,k’om(t,a))—Ta,k’m (t,a)) [Ellison, 2011; Dulnev, 1971; Madera, Kandalov,
T, T,

a,k,in> a,k,in>

2016], therefore the flow J,, (T

ak,out? t,a)) may be written as Ja,k(T
=2¢,,;G, (Ta,k (t,0) =T, 4.n (t,a))).

a,k,out>

t,a)) =
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By applying the expressions for the thermal processes to the equations (1), (2), (3), we will get
a mathematical model of interval-stochastic processes in the &-th cluster:
e for the core of the &-th cluster

dT, . (t,o
i T g (1 10) T, 10+
+ el (T (t,a))_Tak(tw) gfozfdu (Tepar (1.0) = Tck(”w))+ ®
+g§ol;1dck+l ( ek ck+1 t,a))) ch (0

e for the shell of the k-th cluster

dT, , (¢,
% gg"’;dk (TJc (t’a))_]—;,k ([,0)))+g§02vk (T k([’a))—Te(a)))_

=g (Tp (0) =Ty (1,0)) = &7 4 (Tops (.0) = T (1.0)) + (5)
+ &0 (T (10) = Tpa (10)) =0,

hs,k

e for the fluid flow in the k-th cluster

ha,kﬂ%(;’w)—giﬁk '(Tc,k(t’w)_Ta,k(t ))+g§02”k (T (t.@)-T,; (”“’))Jr ©)
+2¢, Gy (Ta,k (@) =T, 4 n (t,a))) =0,
or in matrix form
kaJrgk T, (to)=F (1),
T (t=0,0)=T,(w)I, (7)

where Tk(t,a)):(Tc,k (t,0),T, ; (t,0), T, (t,a)))T is the vector of the interval-stochastic tempera-
tures of the core, shell and fluid flow in the A-th cluster; 7/=(1,1,1) is the unit vector;
H, =diagih, ;,hg;,h, ;) is the deterministic diagonal matrix of the total heat capacities of the
core h,;, shell hg; and fluid flow 4, in the k-th cluster; G, is the deterministic matrix of thermal

heat transfers of the k-th cluster equal to

1 d
g -l g,
d 2
G =|-g% & el | (8)
convy cony 3)

_gc—a,k gs—a,k 8k

(1) cond conv cond cond

gk =8c- €k+gc ak+gck 1— ck+gck c,k+12
2) cond conv conv cond cond

8r = 8- sk+gs e,k — &5 ak+g5k 1- sk+gsk s,k+1°

3) conv __ _conv .
gk _gc—a,k gs—a,k +2ca,ka’
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B, (t,a)) is the interval-stochastic vector of the right-hand side of the matrix equation (7)

COn.

D, (o )+g;0kndl el (1, a))+gck ck+1Tck+1(Z o)
B, (f 60)_ gi"’é”kT( )+gsa;cndl s Ly - 1([ a))+gsk s 1Ly k+l( ) . )
2011 ka a,k,in (t’w)

After a number of manipulations, and taking into account the recurrence relation
Tpiin(t,0)=2T, ; (t,0) =T, ,;,(t,@) resulting from an obvious equation T, (f,@)=

1;1 k—1out (t,a)), k=12,...,K, instead of the equation (7) we will obtain a matrix-block equation

expressed through the a priori known inlet temperature 7, ., (@) of the fluid flow in the ES

a,in

dT (t,0)
dt

H +G-T(t,0)=Q(w), T(1=0,0)=T,(0)I, (10)

where T(t,a)) = (T1 (t,a)),T2 (t,a)),...,TK (t,a)))T is a block vector of interval-stochastic temperatures

T
of clusters, where each k-the vector block is equal to 7} (t,a))z(Tc,k (t,0),T, ; (t,0),T,, (t,a))) ,
k=12,...,K; H=diag{H,,H,,...,H} is a deterministic block-diagonal matrix of total heat capaci-
ties of clusters, consisting of diagonal matrix blocks H; = diag{hc,k,hs’k,ha,k}, k=12,...,K;

Q(a))=(Ql(a)),Qz(a)),...,QK(a)))T is an interval-stochastic block vector containing a priori
known cluster power ®,(®), temperatures of the ambient environment 7,(®) and fluid flow

at the inlet of the ES T,,(w), where the k-th vector block is equal to Q(t,@)=

a,in

s—e,k

:((Dk(a)),g"fnv T,(w),2(— He caxGi T, am(a)))T; G is a deterministic block 3K x 3K -matrix of the
heat transfers of the clusters with the structure
91 Yo o - 0
S a
91 Yxo Y9k3 v Yk

with diagonal matrix blocks G,,, k=1,2,...,K, equal to matrixes G, as shown in (8), and diagonal
matrix blocks equal to:

5 cond cond .
gi,i—l_dlag{gcz 1—c,i> gvk 1- v1’4cal z} l_2737"'>K
cond cond

gi,i+1 = diag {gc,i—c,i+l’ gs,i—s,i+l> .G}, i=12,..,K—],

G; =(-D'/diag{0,0, 4c,,G;}, i=34,...K, j=12,.,K-2.
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3. Determination of equations for interval statistical measures
of the state variables of interval-stochastic thermal processes
in clusters

The states of interval-stochastic measures of thermal processes in the k-th cluster are determined
by the temperatures of the core 7, ; (t,), shell Tox (t,a)) and fluid flow 7, ; (¢,), which are fully

characterized by their statistical measures [Madera, 2020; Madera, Kandalov, 2016], namely:
e mathematical expectations of the temperatures

Tc,k (t)=E{]0"c,k (t,a))}, ;c,k (t,a))=Tc’k (taa))_ c.k (t)’

0 0 —
T4 (t)=E{Tsk(t,0), Tsi(t,0)=T,, (t,0)-T, (1),

_ 0 0 _
T (0)=E{Tak(t,0)}, Tak(t,0)=T,,(t,0)-

‘.Qﬂ
=

—
~

~
vy

where E{-} is the mathematical expectation operator;

0 0

e covariance matrix Ky (t)=E{Tk(t,)-(Tk (t,®))"} of the vector of state temperatures of the
k-th cluster T, (t,0) = (T, (t,®).T,; (t,0).T,  (t.0));

e variances Dy , Dr , Dy equal to diagonal matrix elements Ky, (¢), and standard devia-
tions O'TM, O'Ts’k, O-Ta,k‘

The resulting statistical measures 7 and o of the interval stochastic temperature T’ (t,a)) are

used to find the intervals [7;,,(¢),T,, (¢)], which will contain real values of the temperatures 7' (t,a)) of

various clusters in the thermal model of the ES. The lower and the upper limits of the intervals 7, ()
and T,,(7) are

Y}Mt(t)zf(t)—e-O'T(t) and ];p(l‘)ZT-i-E'O'T(Z‘),

where ¢ is a coefficient determined by the confidence level and Chebyshev's inequality [Pugachev,
1962; Madera, Kandalov, 2016].

To find the statistical measures of the interval-stochastic temperatures T, ; (t,0), T« (t,0)

and 7, ; (t,a)), we will use the method [Madera, Kandalov, 2016; Madera, 2019; Madera, 2020]
in all clusters of the thermal model, and obtain equations for the statistical measures
of the interval-stochastic block vector T (t,a)) =(T (t,a)),T2 (t,a)),...,T X (t,a)))T in all clusters, name-

ly, the vector of mathematical expectations T (t) =E{T (t, a))} and covariance matrix
0 0
K ()= E{T (t,0)-(T(t,w))"} of the centered interval-stochastic vector of temperatures

0 _
T(t,0)=T(t,0)-T(1).
The equation for the vector of mathematical expectations of the temperatures T’ (t) will be ob-

tained right after the mathematical expectation operator has been applied to the equation (10)

Hd];l—gt)+g-f(t)=é, T(r=0)=T,1, (12)
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where T (t)=(T;(¢),T; (¢),.--.Tx (¢))" is a block vector of mathematical expectations of the tempera-
tures of the clusters (core, shell, fluid), where each vector block 1is equal to
T, ()= (Tc’k (t),I_’S’k (t),I_’a’k (t))T; 0=(0,,0,,...,0¢)" is block vector of mathematical expectations,

where each vector block is equal to O, =(®,, g%, T, 2(-F! caxGiluim ).

The equation for the covariance matrix K ,(¢) will be obtained by subtracting the equation (12)
from the equation (10):

0
# 0D 6 1 (0)=0(0), Ti(=0.0)=T.(o)r

and applying the method [Madera, Kandalov, 2016; Madera, 2019; Madera, 2020] to the same. This
will result in the equation for the covariance matrix K, (¢):

HdKZZZ(t)H+g'KTT ()H + HK 7 (1)-G" = HK o (1) + K70 (1) H,

Kpp(t=0)=D1-1", (13)

which is solved along with the matrix-block equation for the covariance matrix Kyy(f)=
0

0
=E{T(t,0)-(0(t,0))"}

dK;, (t
" ro( )+gKTQ(t):KQQ’ Kp(t=0)=D;Q, (14)

0 0
where K (Z)zE{Q(a))(Q(a)))T } is square block covariance matrix with diagonal matrix blocks

equal to

KQ,ij =diag {O,gﬁf’l,v,- gff'év, DTe > 4(_1)i+j ca,ica,jGiGj DTW }s

Ko =diag {Do, .08 Dr > 41" ¢ ¢, ;GG Dy, s

—e,i8s-e,j ai-a,j

Q is rectangular block 3K x K -matrix with rectangular 1x3 matrix blocks Q; =(0,g:%,”; Dy ,0).

To find the interval statistical measures for the equations (12), (13), (14), first we need to solve
the matrix-block equation (12) for mathematical expectations of the temperatures 7'(¢) in all clusters,
then the matrix-block equation (14) for the covariance matrix Ky, (¢), which will then be applied to

the equation (13) and solved for the sought correlation matrix K, (¢).

The sets of equations (12), (13), (14) are matrix-block linear differential equations in ordinary
first-order derivatives, which are solved using known numerical methods.

4. Application of the cluster method
Let us consider the application of the cluster method through an example of an ES, which is a de-
vice in a flat case (laptop) and contains four electronic modules (EM) cooled by the air flow forced

from the environment to the inlet of the ES (Fig. 2). Due to statistical process variation in the manu-
facture of the electronic elements installed in the ES, and, consequently, heat generation power in EM,
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as well as the stochastic nature of the ambient temperature, thermal processes in the ES are interval-
stochastic ones. The thermal model of the ES contains five clusters with the fourth EM being divided
into two clusters — the fourth and the fifth ones (Fig. 2). The statistical measures (mathematical ex-
pectation (ME), variation interval (VI), standard deviation (SD)) of the interval-stochastic input data,
which are entries for modeling, are provided in Table 1.

shell cluster 1 cluster 2 flow in
N N /
= e e it
fiow in —> BEEiit Id IR I:
_>8 Eggggggs 1 TEFET T E E I]E
Ta,in HI ‘ [::] R :% 'n"-oco' [l:
M ' :
L L < Il
L L < EIN
| 1< =il
<— ' :
Slow out | , < :j] H
«— :
Taout 1 A I s ig I
; , <« tesevsassssncane EI [l
| < ED/
' 7 7
cluster 5 cluster 4 cluster 3 Sflow out

Fig. 2. Electronic system and cluster thermal model. The dashed line shows division into clusters

Table 1. Statistical measures (ME, VI, SD) of the interval-stochastic input data
for modeling of thermal processes in ES

Temperature of the ambient
Statistical environment and fluid flow Heat generation power of the ES, W
measures at the inlet of the ES, °C
T, (o) Ty in(@) Q(@) | Py(@) | D3(@) | Py(o) | Ps(@)
ME 23 23 22 10 15 8 14
VI 19.7+23.3 19.7+23.3 17.5+26.5 | 7.6-12.4 | 12+18 | 6.2+9.8 | 10.4+17.6
SD 1.1 1.1 1.5 0.8 1 0.6 1.2

Interval-stochastic thermal processes in the ES have been modeled for stationary (steady-state)

conditions, described by a stationary mathematical model following from the equations (12), (13), (14),
namely:

G-T=0,
T T

9K 19 = Kop- (15)
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The first equation in (15) describes 3 x5 -block vector of stationary mathematical expectations

in five clusters 7 (t)=(7},5,73,T,,75)" with vector blocks 7, =(T,;.T, .T,,)" containing mathe-

matical expectations of the temperatures of the core, shell and fluid in the k-th cluster,
k=1,2,3,4,5. The first part of the equation is a 3x5 block vector O = (Ql,éz,é3,é4,QS)T with

vector blocks Qk =(D,, g T, 2(—1)k_lca,ka7_" Y, k=1,2,3,4,5. The second equation of the

s—e,k a,in
set (15) determines a covariance 15x15 matrix K, containing covariances between the tempera-

tures of the core and fluid flow in all five clusters. The equation is solved along with the third equa-
tion in the set (15), which determines a matrix of covariances between the temperatures of the core,
shell and fluid in all clusters, as well as between the temperatures of the core, shell and fluid in all
clusters with known reference temperatures of the ambient environment and fluid flow at the inlet of
the ES.

Solutions to the mathematical model equations (15) represented by statistical measures, namely,
mathematical expectations (ME), and minimum (MIN) and maximum (MAX) temperature interval
values of the core, shell, and fluid in all five clusters are provided in Table 2.

Table 2. Modeling results for the temperatures of the core T, ;, shell T,
fluid 7, , (°C)in clusters k =1-5

Statistical Cluster 1 Cluster 2 Cluster 3 Cluster 4 Cluster 5

measures Ty | Ty | Toy | Ten | Tp | Ton | Tos | Tz | Tay | Tea | T | Toa | Tes | Tis | Tas
ME 76.9127.41259|64.7|33.4| 30 |77.3(37.5(32.7|66.7|40.9| 35 |57.1|42.8|36.2
MIN 62.5|232] 22 |51.6(279(252| 63 [31.1(27.3|53.7|33.8]29.145.5/352|302
MAX 91.2|31.6]29.8|77.8[38.9[34.7|91.6(43.9| 38 |79.7| 48 |40.8|68.6|50.5|42.4

Fig. 3 shows the calculated distributions of the mathematical expectation (center line), minimum
(bottom line) and maximum (top line) of the temperature values of the core and fluid flow in clusters
along the entire flow path from the inlet to the outlet of the ES. The results obtained are indicative of
a significant variation of the temperature values of the core, and a little lower variation of the tempera-
ture in the fluid flow. Thus, maximum variation in the temperature of the core (cluster 1) is 28.6 °C,
while variation in the temperature of the fluid flow (in cluster 5) is 12.4 °C. The reason is that the core
of a cluster consisting of multiple active elements is heat-generating, while the fluid flow accumulates
heat from the core. The results also show that the distribution of the temperature in the fluid flow
along the path to the ES is different from a linear one, therefore the assumption that the distribution of
temperature in the fluid flow to the ES is of linear nature may not be considered adequate. Interval
temperature values in the clusters (core, shell, fluid flow) obtained from modeling suggest that any
temperature from the variation intervals may be observed in operation of real ES of the same type.
Considering significant dependence of the electrical parameters of ES on temperature, variation of the
temperature of active elements (processors, integrated circuits) causes variation of electrical parame-
ters. Thus, for a number of processors, an increase in the temperature of the core by 1 grade leads to
a drop in performance by 3.5%, and considering that in the ES under examination the maximum inter-
val variation in the temperature of the processor (core of the cluster) is almost 30 degrees, the drop in
performance will be 35%.
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Fig. 3. Distribution of mathematical expectation (center line), minimum (bottom line) and maximum (top line) of
the temperature values of the core and fluid flow by clusters & in the thermal model

5. Conclusion

The existing methods of modeling of thermal processes in complex ES assume that the distribu-
tion of temperature in the fluid flow forced through the ES is even. However, thermal interaction be-
tween the fluid flow and heat-generating elements in the ES in practice leads to an uneven distribution
of temperature in the fluid flow. Indeed, the fluid flow inside the ES accumulates heat from heated
elements, thus increasing its enthalpy, which is further transferred and conveyed to heat-generating
elements upstream of the flow and causes their additional heating and a growth of the enthalpy of the
flow resulting in the growth of the fluid temperature at the outlet of the ES over the inlet fluid temper-
ature. Modeling of the heat exchange between the fluid and heat-generating elements in the ES should
be also be considered in conjugate settings, where the interaction between the fluid and heated ele-
ments leads to a growth of the enthalpy of the flow, which in turn causes heating of elements, thus
closing the feedback loop. In addition, due to unavoidable process variation in the manufacture and
installation of elements in the ES, and random fluctuations in the thermal parameters of the environ-
ment, thermal processes in the ES are interval-stochastic ones. Ignoring such factors as uneven distri-
bution of the fluid temperature in the ES, conjugate nature of the heat exchange between the fluid flow
and heat-generating elements, and interval-stochastic nature of the thermal processes in ES, leads to
inadequate modeling and significant errors in the ES design, and, eventually, creation of uncompeti-
tive hardware.

The cluster method of modeling described in this paper allows determination of the distribution of
temperature in heat-generating elements, ES case and fluid flow considering uneven temperature dis-
tributions, conjugate nature of the heat exchange and interval stochastic nature of the thermal process-
es in the ES. The cluster thermal model of the ES structure is a system of clusters, in each of which the
state of a thermal process is characterized by three interval-stochastic and isothermal temperatures,
namely, temperature of the core of the cluster heat-generating elements falling into the given cluster,
temperature of the cluster shell, and temperature of the fluid flow within the volume of the cluster. All
elements of an individual cluster (core, shell, fluid) and interacting elements of the neighboring clus-
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ters are in the state of conjugate heat exchange. The cluster mathematical model is based on the cluster
thermal model being a system of interval-stochastic matrix-block equations with matrix and vector
blocks corresponding to various clusters of the thermal model. These equations are used to obtain ma-
trix-block equations for statistical measures of the state of stochastic thermal processes in clusters —
mathematical expectations, covariances between state variables, and variances. Application of the de-
scribed method is shown through an example of a real ES being a computer system containing several
EM, which are in the state of heat exchange with the cooling fluid flow inside the ES case and the am-
bient environment.
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