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ABSTRACT

Optimal design of thermal systems by integrating
Computational Fluid Dynamics with

Optimization Technology

Kim, Yang-Hyun
Advisor @ Prof. Ha, Ok-Nam, Ph.D.
Dept. of Mechanical Engineering

Graduate School of Chosun University

The components of circuits on silicon chips such as Central Processing Unit
(CPU) of computers have been integrated twice every 5 years according to the
so—called "Moor’s law”. By enhancing the integration rate the Moor's law
continues unbroken. The high-integration trend inevitably brought the increase of
heat generation per unit area of the chips. The cooling technology is, therefore, becoming
important along with the development of electronic devices for the steady operation of the
core components. In order to obtain the thermal stability of the core electronic devices,
pin—fin or plate—fin type heat sinks are widely used. Due to the compactness of the
electronic devices as well as the core components, it is getting difficulties to have enough
spaces available for the heat exchange from the components. Since the exchangers such as
heat sinks should be installed in the limited spaces, many factors such as the heat transfer,
the size of the space available for the installment and the pressure drop are to be

simultaneously considered and designed. The optimal design is, therefore, should be



performed to obtain the optimal shape or structure of the thermal systems.

In this paper, the optimal solutions of the design variables for the thermal systems such
as heat sinks and heat exchangers are obtained numerically using the Computational Fluid
dynamics (CFD) and the Computer Aided Optimization (CAO)(that is, BFGS method,
sequential quadratic programming (SQP) method, genetic algoritm(GA) method, successive

approximation optimization (SAO) method, and Kriging method).

In the pin—fins heat sink, the optimum design variables for fin height (h), fin width (w),
and fan-to-heat sink distance (c¢) can be achieved when the thermal resistance (6;) at the
junction and the overall pressure drop (Ap) are minimized simultaneously. To complete the
optimization, the finite volume method for calculating the objective functions, the BFGS
method for solving the unconstrained non-linear optimization problem, and the weighting

method for predicting the multi-objective problem are used.

For the shape optimal design of the plate—fin type heat sink with vortex generator, global
approximate optimization techniques have been introduced into the optimization of
fluid/thermal systems. In this study, Kriging method is used to obtain the optimal solutions

associated with the computational fluid dynamics (CFD).

In constrained nonlinear optimization problems of thermal/fluid systems, three
fundamental difficulties such as high computational cost for function evaluations (i.e.,
pressure drop and thermal resistance), the absence of design sensitivity information, and the
occurrence of numerical noise are commonly confronted. Thus, a sequential approximate

optimization (SAQO) algorithm has been introduced because it is very hard to obtain the

_Xi_



optimal solutions of fluid/thermal systems by means of gradient-based optimization
techniques. In this study, the progressive quadratic response surface method (PQRSM)
based on the trust region algorithm, which is one of sequential approximate optimization
algorithms, is used for optimization and the heat sink is optimize by means of combination

it with the computational fluid dynamics (CFD).

Shape optimization of internally finned circular tube has been performed for
three—dimensional periodically fully developed turbulent flow and heat transfer. The physical
domain considered in this study is very complicated due to periodic boundary conditions
both streamwise and circumferential directions. Therefore, Pareto frontier sets of a heat
exchanger can be acquired by coupling the CFD and the multi-objective genetic

algorithm(GA), which is a global optimization technique.
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Table 5.1.1 Objective functions, design variables, and side constraints

Objective function, F(X), /A (X) AP, ¢

Design variables, X; w, h, ¢

1.0=w=9.0
Side constraints, X*< X,< X7 325 <h<60.0
1.0=c¢c<£13.0

Table 5.1.2 Geometric parameters for the baseline domain tested in the
present work

Parameters Values [mm]
L (length/width of heat sink) 65.0
H (height of heat sink) 65.0
s (fin-to-fin spacing) 7.5
t (pin thickness) 20.0
w* (fin width) 3.0
h* (fin height) 45.0
c* (fan-to-heat sink distance) 3.0

* : Design variables for optimization
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Table 5.1.3 Optimum design variables [mm]

Hj [K/W] AP [Pa]
Optimum model 0.1/0.9 0.51 8.10
(/2 ) 0.5/0.5 0.56 6.91
e 0.9/0.1 0.64 6.04
Baseline model 0.92 9.68

Table 5.1.4 Thermal resistance and pressure drop for optimal and baseline models for

various weighting coefficients

Weighting coefficients,(w, /ws ) w h c
0.1/0.9 4.852 57.835 2.395
0.5/0.5 4.653 59.215 2.667
0.9/0.1 4.312 60.000 2.764
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Duct Heat Sink Reactor

Fig. 5.2.1 Schematics for thermal system

H eat Sources

Fig. 5.2.2 Plate-fin type heat sink
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Table 5.2.1 Objective function, design variables, constraints and side constraints

Objective function,” (Xx) AP
Design variablesx; B,.B.t
Constraints,g, (X) . g, (X) AT<35K , By, < B,
Lower and upper limits, 125 = By = 6.0
Xl < x <xV 1.25 < B, < 6.0
<L <
CooTr T 7.0 <t < 25.0
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Table 5.2.2 Geometric parameters of the baseline domain

Duct
Length 80 mm
Inlet surface 190*160 mm
Outlet surface 190*60 mm

Heat Sink
Length () 400 mm
Width (W) 190 mm
Height H) 60 mm
No. of fin 25
Fin pitch 7.52 mm
Base width of fin B1)* 2.0 mm
Lower width of fin@2) * 1.0 mm
Fin thicknesst] * 7.0 mm
Fin height £), 60.0 -t 53 mm

Reactors (3EA)
Total length 160 mm
Total width 340 mm
Total height 150 mm
Exit (3 EA) 88*55 mm
Diameter of reactor (D) 75 mm
Length of reactor 125 mm

* Design variables for optimization

o



I 2 A 2%Z Fig. 523

of veblct. ofw o

1.0 mm¢} 7.0 mmeo] t}.

o

7atA

=
¢}

719 AdedAow

. of

Fhgtol wel %54

%
o A3} A Abolo) f D AGWA

o]

3z
=%

= #9

A ==

6]

b Arjent g

05

7=

=
¢}

2 mmolA 3 mm Akeole] s 7HE wf H

Fig. 524 % 525

v} B2 93

e Fig. 5245 KW,

A
- 1

A e glek a8y A9 FA7

ot Fig. 5258 H

S

o] FujH o ww

e
Gl

= 2 (local) # 4 8} 7|H &

3} Hupe

%]
S

A 9 (global) &

1
T

7h e A S 8s)



W
a1
N

w
g
Max. Temperature, [T, K]

351

'©
a 100F —O—: Pressure drop 0
g - --®- - : Temperature 7
N .
- 80}
8 5
S / 1
(]
~ O60F .
% e
.
b / |
a 40 © n
1 1 1 L
1 2 3 4 5
Basewidth of fin, [B,, mm]
Fig. 5.2.3 Effect of base width of fin (51)
'©
o . —O—: Pressure drop 0
o 120} --m- - : Temperature
N
e . .~
Q o
o
S 90F .
(] L
5 o7 ..,
@ / -
60 | o n
x O/
1 2 3 4 5

L ower width of fin, [B,, mm]
Fig. 5.2.4 Effect of lower width of fin (52)

w
[€)]
iy

®
&

g
]

Max. Temperature, [ T, K



[M ‘L] @ineedwa] 'xe\

o] M [9N]
L L0
o™ (4p] o™
) ) )
@) ] -
o
Se v .-
© S
=2
[ORN]
|
3 S
s E
(]
- O
a — o) = 4
_. ..
on .
| .
.I.O/
m o)
L " L
o o o
[0e] [{e} <

[ed ‘dy ] ‘doupainssaid

25

20

15

10

Pin thickness, [t, mm]

Fig. 5.2.5 Effect of pin thickness (/)

3

- A%

ok

o
“

fol A tatnt

6]

4

o]

(5.2.3)

F (X)
P

F(X)

= 7]

714 AP

356.34 K= AR A 2ev F92%(75 = 318

-
R

25 (L)

|

pERT

s



& W oo o = R

X T TR o
" T o mlrﬁ Mwu R ﬁﬂﬁ
- o i = 1:% -
. - B —_=— 5 —
led ‘dv] ‘doipoinsso.d T = Tow o= S
2 oo O A M K
< N ) =0 Ko M n e o_a oxR

) L N 2 o T Fo—- B w5
T y T S o = T s Ay i A
. R N
= | s T = —
= " 2 DoRO® o oxod 2ox X
=Y . \ © IR 2w N o T
) . o T - B ! T
S l@u 1° o ﬂnﬂ N T W o= Koy
i m : so] oy B f 5
. -0 S ¢ ¢ g oz Tz T W
23 \ . = 5 Boha oy = g ®
. = N .
L . . {e = A& B WX s
. — AL —
[ O\ ; k) > 2o T S o Mw o
\ - O. «m < X0 7_| o ae) ﬂ i3 Euw >
ar 2 I Iz eda do
/ ™ .M @ © B N = X _ 0
7 - = T g®¥ gdg® XS
L & B R e oo o P
\ . 3] 3 @ %0 N LR BN
S 2 P = H T _ Nz F A
A P2 J om0y o i
: < o~ M - @ X
@ E 5 . g 22 ¥LgzT 85

i C ‘ : _ i G

[ **g ] 'uy Jo uipim Jemo T w BN os e ® A g
T 9
= oo = o g b %0
\K/ e ZT._ ,mW ;oT —_—
B W o AR )

=)
L

i

°

(B1¥ B2)2 7}

iz

=

Al 71 (35.8 Kol A 33 K=) €19



Table 5.2.3 Optimum design variables for temperature rise

AT B1 B> t

33.0 2.903 2.348 10.491
34.0 2.637 1.897 10.581
34.6 2.468 1.365 10.962
35.8 2.179 1.250 11.042

* Baseline geometry, A7 = 38.34 K

Table 5.2.4 Maximum temperature and pressure drop for optimal

and baseline models

Zi]ax [K] AP [Pa]
33.0 350.35 72.95
Optimum model 34.0 352.02 58.21
(ar) 34.6 352.62 53.54
35.8 353.83 47.68
Baseline model 356.34 53.23
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Table 5.3.1 Results of before and after optimization for AT <35K

Initial Optimized
B: 2.0 mm 2.611 mm
B, 1.5 mm 1.267 mm
t 7.0 mm 10.541 mm
AP 53.23 Pa 51.67 Pa
A 356.34 K 352.98 K
= (Nu/. ”")1/3 (5.3.1)
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Table 5.3.2 Optimal results for PQRSM

Design Variables [mm]

AT [K] AP [Pa]
B1 Bz t
33.0 3.307 2.204 10.905 69.59
34.0 2.961 1.691 11.374 57.68
35.0 2.611 1.267 10.541 51.67
36.0 2.256 1.250 9.355 46.22
Baseline
36.34 2.0 15 7.0 53.23

Table 5.3.3 Optimal results for SQP method(14)

Design Variables [mm]

AT [K] AP [Pa]
B B: t
33.0 2.903 2.348 10.491 72.95
34.0 2.637 1.897 10.581 58.21
35.0 2.468 1.365 10.962 53.54
36.0 2.179 1.250 11.042 47.68
Baseline
36.34 2.0 1.5 7.0 53.23
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]’q—\ Optimum sets
~ (a): AT = 36,4P = 46.2
B 36} (b): 4T = 35,4P = 51.7
= (@) (C): AT = 34,4P = 57.7
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>
s
)
% 34+
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45 60 75
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Fig. 5.3.7 Relationship between pressure drop and temperature rise in heat sink
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+P,—pe (5.4.15)

K &
=T (5.4.16)
k?
Mt = C:Lpfp,? (5417)

A7IM e o HiF SAL] le = thedt 2

I =C %Yy (5.4.18)

of Aol A AbgE dREEY] dddsy R A gEe o 2u6-7).

fi=1—exp(—Re,/A), 0,=1.0; (. =53C, =009 k=042;50.5  (5.4.19)
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EvaluateF(X)
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Fig. 5.4.2. Numerical methodology for optimization

Find X={sd, )" (5.4.20)
to minimize F(X)=r (5.4.21)
fo maximize Fy(X) = N

0.2<4<1.5 mm

0.2<Z,<1.5 mm (5.4.22)

0.2<7,<1.5 mm
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Table 5.4.1 Parameters for genetic algorithm

Value
Population 30
Generation 5
Cross over rate 0.8
Mutation rate 0.5%
Tournament level 2
Niche 3
Elitism 0
26 T T T T T v T v T v T
®  1~4th Generation - .
= 25f © 5th Generation - u i
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Fig. 5.4.3 Friction factor and Nusselt number
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Table 5.4.2 Individuals from Pareto frontier sets

Design variables Objectives
Pareto h di dz f Nu
1 0.317 0.618 0.526 0.054 21.430
2 0.341 1.167 0.322 0.057 22.455
3 0.786 1.418 0.424 0.068 23.714
4 1.398 1.492 0.536 0.076 25.330
5 1.500 1.476 0.909 0.109 25.472
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(b) Front view including a tube wall
Fig. 5.5.1 Physical configuration of internally finned tube
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Table 5.5.1 Baseline geometry of finned tube and their objective functions

Design variables Objective functions

Fin height(%), 1.0 mm
Upper width(#;), 1.0 mm Friction coeff. (4, 0.0499

Lower width(4;), 0.5 mm Nusselt number (NVz), 116.03
Helix angle (), 15°

Table 5.5.2 Parameters for genetic algorithm

Value
Population 35
Generation 30
Cross over rate 0.8
Mutation rate 0.5%
Tournament level 2
Niche 3

o 42 05 < Pr <2001 Wsto] 6%2] 225 7hAaL
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Table 5.5.4 Optimal solutions of the design variables for various Pareto sets

Design variables Objectives
Pareto Y/ a; V4 ¥ f107) Nu

1 0.502 1.440 0.545 7.312 3.33 81.36
36 0.504 1.439 0.561 16.38 3.69 98.32
117 0.582 0.953 0.538 19.98 425 122.16
151 0.708 0.763 0.561 19.98 4.85 135.52
168 0.862 0.696 0.538 19.98 5.44 146.62
182 0.940 0.651 0.545 19.98 5.89 154.53
191 1.148 0.637 0.538 19.98 6.66 164.33
195 1.394 0.907 0.561 19.98 7.39 165.80

Table 5549 T E ZEE o] F UlX 4= Pareto_#17} #36 181 #1919
A AA g Wl z = 02 mm HAAAM Y T2H(1HY H#5)e 5K (HH o=,
a3 FAEE)E 0.05 (HA 02 £ Fig. 5590 YER 9T} Pareto_#19]

2= 2 £E8¥E UEd Fig. 55928 24, 4 7s3S 4887 9

4 9tk ol Y =olE #Ha dl¥ d29] o] Ml

A A FoZ( g, /z,=2.64) B AAH] FEdHA Ho frEwA TR
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o ]3]

F

N

Zb 34%, 30% zF2ac). olwl o] ydE A2 mlaA Zob (y=7.31°7) #

o
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LS} LR T} F7hR.
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(c) Pareto_#191

Fig. 5.5.9 Isotherms(left) and streamlines (right) of randomly selected Pareto
individuals
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Table 5.6.1 Sampling points and corresponding to values of

performance functions

No. X1 X2 X3 AP i
1 3.8708 5.0042 8.7333 153.114 352.644
2 2.7375 4.7208 10.6 95.886 354.431
3 3.7292 2.1708 9.5333 77.886 355.088
4 3.1625 3.1625 14.0667 96.015 354.792
5 4.2958 2.4542 14.8667 135.821 353.879
6 2.0292 1.4625 8.2 39.376 359.663
7 1.6042 3.8708 7.1333 49.263 358.439
8 1.7458 2.8792 8.4667 45.474 358.562
9 1.8875 3.3042 11.1333 56.801 357.147
10 1.4625 1.3208 10.8667 38.071 360.702
11 2.4542 4.8625 7.9333 81.395 355.311
12 4.7208 3.0208 9.0 134.122 352.999
13 4.8625 1.6042 10.3333 110.843 354.079
14 5.2875 4.0125 9.8 238.381 351.473
15 5.4292 3.4458 13.2667 262.828 351.819
16 3.0208 2.7375 7.4 62.150 356.144
17 2.1708 4.4375 14.3333 87.141 355.406
18 4.1542 5.1458 13.5333 218.612 351.982
19 4.4375 1.7458 13.0 112.419 354.332
20 2.5958 2.5958 10.0667 59.462 356.531
21 2.3125 2.0292 12.4667 56.498 357.402
22 4.5792 5.2875 114 266.645 351.377
23 5.0042 1.8875 7.6667 109.035 354.027
24 3.3042 3.7292 9.2666 90.089 354.328
25 3.4458 2.3125 11.6667 80.562 355.188
26 3.5875 3.5875 11.9333 109.345 353.803
27 1.3208 4.2958 12.7333 60.872 357.451
28 2.8792 5.4292 12.2 127.800 353.728
29 4.0125 4.1542 14.6 167.697 352.857
30 5.1458 45792 13.8 322.814 351.347
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Table 5.6.2 Initial and optimized designs for AT <40 K

Initial Optimal
Base part of fin thicknes®: 2.0 mm 2.44 mm
Lower part of fin thicknes®, 1.5 mm 2.09 mm
Base thickness of heat sink 7.0 mm 7.58 mm
Thermal resistance?) 0.066 K/W 0.059 K/W
Pressure drop2fp) 41.29 Pa 4554 Pa
Max. temperature Tax) 362.31 K 357.99 K
Temperature rise AT ) 4431 K 39.99 K

059 K/W=2 AlAtE =4, o]+ W49 %y
A Atolo 2 wrt #Aa4.3 K)ghol wel 271249 0.066 K/Well Bl s oF
106% 7Fast ool a2y o e = o], el a- 41.29 PaolA] 4554

Paz °f 103 % F7}st3
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Table 5.6.3 Correlation coefficients ( ® =6, 6, ©6.) and optimal solutions

for various max. temperatures.

355 K 356 K 357 K 358 K 359 K
2.402,  2.468, 1.996,  2.168, 1.789,

AP 1.111,  1.085, 1.023,  0.963, 0.893,

0.101 0.103 0.077  0.074 0.061

0

1.280,  1.361,  1.013, 1.145, 1.028,

T 0.088, 0213, 0102,  0.145, 0.150,

0.141 0.168 0.120 0.137 0.122

3.462,  3.110, 2766,  2.443, 2.174,

_ X o 2.852.  2.498, 2.260,  2.091, 1.935,
Optimal 8.489 8.298 7.955 7.582 7.117
AP, 76.86 62.07 53.05 45.54 40.23
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AI:)min [Pa]

Kriging
76.86
62.07
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Table 5.6.5 Validation of optimal results for Kriging method

AI:)min [Pa]

AT Xopt Kriging CFD
37 (3.462, 2.852, 8.489) 76.86 76.94
38 (3.110, 2.498, 8.298) 62.07 62.43
39 (2.766, 2.260, 7.955) 53.05 53.94
40 (2.443, 2.091, 7.582) 45.54 46.79
41 (2.174, 1.935, 7.117) 40.23 41.81

* Xopt = [Bl’ BZ7t]0p1

Hoz vug e AL LRSS 40 K2 ATY 2
e AT 4 AATBL = 244 mm, B2 =

2
mo] ua AHmEe A4l 106 % Fadtglon, dHAHE 103%) 3
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