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Abstract

Due to its high thermal efficiency and compact structure, Microchannel cooling
technology is widely applied to the heat dissipation of electronic devices. With the cooling
requirements of electronic devices become higher and higher, micro-channel cooling system
needs to do more than just be capable of dissipating the heat emitted from the device, but
also quickly make adjustments according to the cooling demands, aiming at avoiding the
emergence of excessive temperature fluctuations. Therefore, developing one kind of
micro-channel cooling system that can response quickly and be intelligent-agent controlled
is meaningful. In this paper, based on the thermal model of a micro-channel with
dual-channel structures, a micro-channel cooling control system was designed. The
performance of the whole system was experimentally tested and analyzed.

The thermal model of a microchannel with dual-channel structures was established in
detail. According to its structural characteristics, it was divided into three parts. The heat
transfer processes and boundary conditions of each part were analyzed. The analysis
formulas of thermal resistances were given. And the expression for the average temperature
of the heat source was obtained through the established thermal model.

According to the established thermal network model, the factors that affect the total
thermal resistance were discussed. Curve fitting was adopted to get a simplified expression
of the total thermal resistance. Based on this, the algorithm for thermal control systems was
established and a specific implementation plan was developed. After the connection between
the control voltage of system actuator and flow rate of the micro-channel was obtained with
the experimental method, the design of the entire thermal model based cooling control
system was completed.

The performance of the designed cooling system was tested on the conducted
experiments. During the experimental measurement, a typical step signal was employed to
test the response curve of the system. Experimental results show that the thermal model
based control cooling system is capable of controlling the heat source temperature under a
predetermined range. It verifies the reasonability of the designed system. Simultaneously the
experiment of a traditional PID control system using the same microchannel and actuator
were performed for comparing, the results show the advantages of thermal model based




2 v HHEXF AT F LRI

control lie in its shorter regulation time, a smoother control process and a smaller system
overshoot. Under tested circumstance, its shortest regulation time is only 76.28% of the
regulation time of the PID control. And its maximum system overshoot is only 2.31%, while
the minimum system overshoot of PID control is 8.91%. Thus, the overall performance of

thermal model based cooling control system is privileged among the comparison.

Keywords: micro-channel, thermal model, cooling systems, control system.
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cos (/1 P)sin*(4.a/2) 1 & cosz(ﬂy,n&)sinz(ﬁy,nblz)

l > X,m" a
Rl_s WLk {gzl xm¢(ﬂ’xm) +b_2m:1 ﬂ’in¢(/1yn) (2 3)

g8 = = cosz(/lmea sin’ (4, a/2)c052(/ly,nﬂj)sinz(iy,nblz)

a2 PRI 7 b
Hrp
]“x,m = mLﬂ- ’ j’y,n = 3\7/[ ’ gm,n =\,j’x2,m +ﬂ’5,n

inh( wt h_ [k h( wt
$o)= wsin (a) p)+ o | Kooy COS (a) p) -

wcosh(at, )+hy, /Ky, sinh (et
X (2-4) Mo NEZE, THMA AL Ao en, RNETIEL. h,, JEIE F R
JEHS S RO R AL, T 2524 AR 1 A e A 88 2 R A B AR . AR
PERE AL RRRI T AT R, by, 50 H 20 3 HIIRBE R, « Ry K/ Rl ARE A 55 LA T i
AT T I e ARFRH R, B 56, H B 2-4 FT 1) I8 BE A AR mTHEAF h,,, 1250

EitEwm (2-5) fiw

h,, WL = el + L + el (2-5)
RZ R3 I:ah

tefia (2-5) m/f§h  WIRER, Wk (2-6) Fiw

equ

h o = 1
equ R2 R3 Rh WL (2-6)
R, +R;+R,

P2, 3HIMHER, . RYFMAEEHVE. X Tl BURM B R AAA R, H

R (2-7) Por.

1
Ry = A (2-7)

X (2-7) W hRoRIEEN R B RE, A DVIBETEX AR o A T ER
BN (2-8) o.M R EHITHEAE 2.3 Mg
A, =2sL (2-8)
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2-7 BT AT T LA G5 Je AR, SR — AT B, BT AR AE HLU ()
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R, = -
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1

R, =——— -
2_c h(Wb _Wa) L (2 10)

X (2-9) ik, AHFEEFHAL. X (2-10) Fh NEE R R, Lt
FAE 2.3 TS
SR, |, IRIESH GRG0 (2-10) BRI A A7 E AR,

0 2 Y B 2 Ho
R . 8 ,1 Zcos (A,W, /2)sin (ﬂ,mwa/2)+izcos (&, L/2)sin(&,L12)

=T WLk, W, 229 () & EH(E,) -
.8 ii cos? (A, W, / 2)sin?(1 w, / 2) cosz(fnLIZ)sinZ(fnLIZ)} (2-11)
a2 L2 m=1 n=1 ﬂ’mzé:nzo-m,n¢(o-m,n)
Hip g =mriw, & =nzlL, o, =4’ +{F Mm=123-+, nN=123-
_ xsinh(xt,)+hcosh(xt,)/k,
P) = cosh(zt) + hsinh( 24, ) Tk, (2-12)
K24 oy HEBE, WA G o, RNBEATIHE
RRN = HFRIA G, FEKIT RS R, TR A:
RB = Rz_s + Rz_b + Rz_c (2-13)

THE BT ARIEE R, B, Ha &y TS ERG, PO Ak, K
HA O — MR RION h, L B h, o TR (2-14) 5. B4 EEKIiik
RFE T Rk R, (2-15) iRy,

1
h2_equ - RBWa L (2'14)
— 4 ShS Sinz(é/x,m)Sinz(é,y,n)¢
R il 227 g o En@L.L) 2+ L lisinGe, )2 2] @)

Cym SIN(S, ) = Bi, cos(Ly ) (2-16)
&ynsin(g, ) =Bi, cos(S, ) (2-17)
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hw, . hL
A Bl = —o
2k, YTk,

3 (2-15) P Bk K g SKAg T -

A (2-16). (2-17) H1Bi, =

h, equd
gm nd + == tanh(é:m nd)
, Kk, ’
¢ = h, d -
o+ Snad tanh(, )

b
HEAER G YIRS, HIE 2-4 SATHMR ST AT 5, 8 1) s A]
KW

Rt=R +
1. 1.1 (2-19)
2 RB h
IR B B T AR
T, =B,Rt+T, (2-20)

Horp PO NI, T, TR E MR, THRWR

P
T =—w 4T ]
"= 2Qpc, (2-21)

(220 PQANLFRENE, p NLFEE, C ALRMNE, T, NLRAHIRE
.

2.3 BEXNRBMRARYNHE

TGP AT BOETE N AR E RS, R Z TR SR B Nu. B =
WIE 2 B AERE b, SRR, H B AT BRI, 1531 T BRI
oK BOEIEAEIE W -T2 55l R Bt S RaA s, st (2-22) Fow

1

Nljave = —C +
C.(Z9% +C,
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B Pr: HHRSG D, JEERFIERKED

C,=-8.735x107" 5° +8.43x10° B* + 2.709x 107 B+ 2.411

C,=-1.153x10"° 3 +1.653x10* ° —6.833x10™* f+5.760x 10"

C,=1.534x10" % - 2.519x107° f + 2.369x 10~

C,=6.923-1.282x10/ f+1.445x10/ 3* —-5.585/ p°

2%, =—1.275x107° B° +4.709x10™° 8° —6.902x107* B#*
+5.014x10° 5° -1.769x107% f* +1.845x10° f +5.691x 10~

It (2-22) B[40, EEN PR EEENKE 2« BENFHRE . @
mEt p . sk (2-23) Fiaw

E%

Nu,, = f(z,u, p) (2-23)
Lz =L ARARAGH Nu,, (0RIEE, BB PN XSRS TR (2-21) ki

k
h:Eff(L,ul,d /s) (2-24)

h

24 KENG

ARE e 1 FOSUETE B AT OB TE R EAGE ARE, IRYE AR AL R
JR=ANERTY: i TR EPAET . ZJa, 70nlohr 1 s, T RHf
OB B N AL TR RE o KRR, ARG IR S 40 TR 2% P 3 A D 55 ORI ke e A
Joi, FCAABH EAABE S B A R X “T” e, WL aEN L A
W7 A, FE23 5l b AR . fo il L A R, 15381 1 AT SR R
o
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3 MAEHIRGEAE T

B T TROEIE N ARG RE, AR TSN H I RIA S, AL T R
RO . AR B AR b — S ST IR, S S S BE R R B AT A, e 2
PEALE 77 SAF B R R A PE R IR . IR 85 & A HARIA S, TR R G R
Bk, WEABIMER R GEAT R, IR R ST AT TR 4

3.1 FHIEELE N

BTN RGBT A S Be FoR B A 4 i B AT TR A 4

FEFEAR BV o, 38 R R GE 00 PRI ] F A2 ] & B 42 i = Rz 7 5K
Herb DU At )y 2 Ak (4 PR A2 66 R G4 B shiz il Sdiie ion iz, RBHERI RS
M LR A B S S TR R R B S A S L R, IS B
HEH A HAF S

1. AREGERA, BANGE S H ARG ERWZE T

2. AFERGHE, HTREMRERGES, FEATEFLEEEBN RS
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3. RS HIE T RGETERE IR

4, RGHERRAREN Y 2H RS E.

A R G H 5 22 PID 42, iy sl LB . B3R LUk
T =AW ZE A5 5 AT AL B, AR PR S A RS 5 M E AT I . PID
P ] 5 HE R 2 A P 3-1 . Ham i S nT o AR

u(t) = K,e(t) + K, [et)dt + K, @ (3-1)

2 u(t) vzl A5 R e(t) NE USRI RS 5 5 BEMEMZE: K, K.
Ky 20l Bl FR9 s oy R E
PID #1115 THRAE . R ZE4R 0 & B P sm 5y m i) 2 N, A T R g il o, JF
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HAEHIVERER S . BEE ISR R, WAVITUE R PID £l SE 2 M
. WL EES R R RE L AP, DISGHERIROR, SR R G EE AR
Ji. RTR0E, EHAETEAHRNH.

»| EEBIERTIKP

i(t Y
() teeltl  Fosmn |-+ X HITE [ xR

- +
43 ERT5Kd

K 3-1 PID 45 il A Ji 24 1]

AR cnlp o DA (I NE il SRR i Bun IR (RS- 2 TE stlbo e SINE il D= v =S )3
BRI R R AN FIAE T H BT I BHE 5, el b Tl BB BE S, S E80LE
PR AR E AR WA R 5 5 R E R 0L S AR AME . T
JFIA P T REVS S R GEH T 2R P N 2 S e AT TN, AR P2 R AR,
TS B R P R AT R T ], DRI, s 0 s B S DI . TR ]
AR TR 1L P B, R 2R AN RO R MR )
B, FLPRADAE P H IR SRR O B R AR S AT AR BRGSO o 2. Fdish ],
I B Al R R A X R 2 B BT A AT AR, DA B S A 4 ) R R

EEZS En TR R i I ceellpy € SR vl RSP RS b B ST E YRS ALV E N
T, M HERAAERSWE: TP RGEMINR, AT G e R, Ex
i B G LR AR, i LN RAT e B SR A v o PARIAN [R5 1) A YA [ A B
HEEM ARG ERE 7 PR 7 ULk i, F8 0 A PIRh s e s . —4
S ETEH R G B IS H] 2 5, D] DL A E X R ROR BEAT I, B
AR RS, DI RGN P, MBI B, B a4l R 40 i al
HITFA S B A A E A U5, (HBNME D], HHEHRERER, SIS
M2, 25 2 MR A EAT Y
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3.2 MAEBIAVTEI1L

ST AR B SR T IF bl Iy 2%, dese Bebl M Al 0 T T R M
T,

RIS AT A, BOERE A AT s (32 FiRmEER. FE
SHTE BRI (1) MO 5 S HO S, st K L L SR FEW
AR L BT L OB SRR . () SRR A, A R
Ka. %b EMAEREP . B. (3) WHARNN.

Rt=f(LW,t,,d,k---ab,P,R,h) (3-2)

XPRFE—NERRIE, R E AR RS0, e IR INME, 1 H
XPREAE B SR 8RB SR, ARl iE i &N RS KA B e, IR RS &
FEWRIFFAZE, BRHMFRIA N R SXmEA R h A <. 1h EEZMITHT
M (L) TR RN Q. (2) #FRINE P, #IRIR A2 T 80e R E AL,
HETT R TS E A, T h B R BT R S TRt
AR, HME 2, UHREERS MRS MR SRR BTG, S
FHETHE R i oA R 5 Q AP, Ao, Al

Rt=f(QF,) (3-3)
£ 3-1 ZRGWGEE S5
Witz 5 5 4EE (mm) Witz 5 e {E(mm)
BARK L 60 (GSTBIEN=NES d 9
HEAR B8 W 40 T B s 6
PR a 30 TWE TE [A] B p 6
P T b 30 m AR R t, 3
X J7 Al AR B P, 30 R0 JE T t, 4
Y L P 20

S SOEE 1 RS S EU IR R RLE . SN AR BRI, A SOR R
BUOIN L0530, I LR R OB IE AT e dR da ik . BROR 5 — 2 i BB 1 DAAROK ¢
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OB IE A RN, RS SCRRA] T SRR 4 R, B RO B A g &2
KGRI, HIRINGE RS S g R & . BRIk, A SR DL K G ) ARGE TE R 5T
W H. WIBERI RIS G R 3-1 Fion. RWOBERTH TIK, SREELNE
S5 SRR 7 VIR AR (H A R A3 B OB TE MR 594, T RECH 125.1 WI(m K).

HO B D20 A BH T B R AT 20T, ARIK R LR &y 200, 400,
600. 800. 1000. 1200 mL/min AAg, HfFAIED)ZH 30 W i1 2 80 W, 77l v S Gl
AR, MR RME 3-2 Fix, ETBARGRARIED R, YA S ], HIE
A, EATFERREIGE N, MRS REEARE, AR AR B ) 5
FEH AN, ATRBEATE.

—u— 200 mL/min —e— 400 mL/min —4— 600 mL/min

048 — —0— 800 mL/min —o— 1000 mL/min —A— 1200 mL/min
0.45
0.42 - -
Z 0.39
]
= 036 . . . . . .
0.33
0.30 £ = o = = -
0.27 1 1 1 L 1 1 1 " 1 1 1
30 40 50 60 70 80
Pw [W]

K 3-2 IR AP R
IR AP B TSR L AN SZ IR R e, U R i Q e B A Rt
PR, =50 w, THEAFNRER I T RSN, 3245 %K 3-3 fros. mEw I, FEE
VLB IR, e FBECRE B B LB PR PR ABORN o SR ML i 2 P X
PR BTG, BEIE 33 il aihs. MaREHN:

XL

0.423Q
214+Q

Rt =0.6383—

(3-4)

X QA7 )y: mL/min, Rt BRI N: KIW.
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0.55 S, S ey USSR PUSSSNS FRPOT) Sy, YT FUSN, FEPPIR)

= calculation
0.50 " fitting curve
0.45 \
3 s
. \ | Ri=0.6383-0.4230*Q/(214+Q) I
= 0.35 \.\.\
0.30 ﬂ\*ﬁhﬁ
0.25 i | \ | ) 1 f 1 \ | f | '
0 200 400 600 800 1000 1200 1400
Q |[mL/min]
K 3-3 G FARH F 52
3.3 EHIEE
e MIRIHEP,
Y
. BERRQ &
Y
T E R
T, =T,+P,/(2QoC,)
L B -

Rt =0.639-04230/(0 +214) i@j‘:Q B @
smrm | (L<T . )
I.=T,+PRit

N
< [T-T ,|<error? i
55 8

]:'_set: %%mﬁﬁﬁ
error: L WE

K 3-4 #HlEE
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AFNFAL A FIE R, TTHI ) BOE R b R e S, i 3-3
Fis. RREERAD T WARERIIRE, WARE - TRAREQ, FHYEAE
. BRI TRAR, BAR (2-20) HETROEIERE, dHaAR -4 it
FAHH, AEE R . MR R (2200 HERGTEREE, A AT
AT, SR T, | HATIOR, BRI A, R AR,
S E L, Bt Q 1L R H AT T ) AT Q (L ST, 5T,
KN HURT, KT, o WK QM. K2 M Q . LR Fift (74— i it5L,

LA, B IRZE AL K

}

3.4 SLIMAH=

341 AZRIEBRIFHNA

I I
Al
—

WA R

L$ EANFRL
(A S T 3 e

HA R B o Fal AR

K 3-5 foliE ok R gt R P
MR 3-3 /NI E ROFE RIS, ot ol E iR RS Kl 3-5 s . R E
BAEQR LRy (1) IXEhRFAR, EEAR R RYEEHIE S EREE N R E. (2)
TOEIE, AF R AR A I E Y R BRI . (3) Euhas, 1ERDUR TR
AR R I LS R B A e (4D TR AR AR R & AR Th KN (5)
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Tk, THEBERENTRRERAD, IR RS RO B ERIE S, AR
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IR, G R A A, TR BRI K. (7)EKAE, R ORI T
it SRS R ZHOHIT

PET

S IK

(1)

K 3-6 BRI
TEONEZ M IRBIR, AR~ HRAMR RS AP E . E NN E IR

T ARG AR, X LR SO L RE
H BT U 2 MR R A e R LR

VLR . PN LICR . B

HLRE S BUBRAE S5 e #0913 BE B AE

WAL

[34-38]
ZIK=F ’

Ferbre e HURMCER i L TR O I3 R B iy T SEVE 1 52 2T 7038 R
AN R Gt ide F R R D AR S 36 S R 10 vy m] S PEAOR e B 00 2R o SE I A 3-6

e HEBSHUINE 3-2 s,

® 3-2 WHESH

4
B KFE[m] 7.7
B KA [mL/min] 1400
N E[V] 24
NI [W] 11
(2) TR
M R R4 SRR B, TSR ST B, RS e
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i SR o F2 A 5 ) ARy R AT
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B, REAUERERN 12V, HHN 0.2 A, SR EUATI R AT 50 W,
(4) ThEPERL
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MG RRETh 23R . AR TS BRI R/, I B Re % SEIUS D) r R AR At
ARG R RO . RS EWER 3-4 . SEE WKl 3-9 Fis.
® 3-4 YIRESH
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i B D) 3F ¢
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(5) BAHLT RS
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342 IFHIBESREXZNME
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pump-8000rpm
80 pump-10000rpm
i pump-12000rpm
70 - pump-14000rpm
i pump-16000rpm
60 |- system
50 | -
g
i} 40 |- -
25 30 -
20 —
10 =
0 1 | El | E 1 E 1 |g | i 1 | 1 1 1 | 1

0 200 400 600 800 1000 1200 1400 1600 1800
Q [mL/min]
Bl 3-11 TARUEVERR 2R S5 R G W Rr I T 2
IR I RE I 26 5 R G PRI H 2 an 1] 3-11 P o Jl I SRR A 2R B P g
25 RGUE PRI - Ze 22 i, AT Bk 3-6 FrosfE R G R R R R Ik S
T RN R R o AR o SRR HIRE P, R VAl B R RIS o B & B
oz L, TR AT

_ C%m"c&u
up_cal -
C&mn'4gw]

ok Qu M TR, Qu A K AR R IR, U,y 8 K AMHIAE SR
YRR RSB o U, o AP BT AR sl L
* 3-6 PEREHIZ S B IR i ZeAHAC RO B 2 4L

(Uppieay = Uppig) + U Qg = Quat < Qg N=12,3,4,5(3-5)

FHAZE 1 1 2 3 4 5
B [rpm] 8000 10000 12000 14000 16000
it Q [mL/min] 489 643 778 906 1036
P L T U, [V] 1.37 1.51 1.77 2.03 2.29
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