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A compact thermal model was established to model thermal characterization of a microchannel cold plate for
high temperature uniformity in multiple heat sources. Analytical calculation of the compact model was pres-
ented. Experiments were also conducted to validate the model. The comparison reveals that the measured
temperatures are close to the ones predicted by the compact thermal model. The cold plate can help multiple
heat sources achieve high temperature uniformity, and the maximum temperature difference among the
heat sources is 1.3 °C in the present experimental cases. Moreover, a straight minichannel cold plate was
designed and tested under the same flow rate. The measured results show that there exists relatively large

temperature gap among the heat sources, and the maximum value is 6.7 °C.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Size shrinking and multi-functions of electronic devices result in
high heat flux. To guarantee their reliability, junction temperature
of chips should be maintained at a relatively low level, which requires
novel cooling solutions. Microchannel cooling is one of the solutions
for its compaction and enhanced cooling performance. Microchannel
heat sink was first introduced by Tuckerman and Pease [1]. Since
then, many researches have been conducted mainly on heat transfer
and pressure drop in microchannels [2]. Reviews [3,4] presented
many research works on heat transfer and pressure drop characteristics
of regular microchannels.

Unlike regular microchannels, fractal tree-like microchannel is a spe-
cial kind of microchannel, which was inspired from natural systems, like
mammalian circulatory and respiratory systems. Bejan and Errera [5] first
studied fractal tree-like microchannels for electronic cooling applications,
and they found that a fractal tree-like microchannel has the minimal
resistance path for fluid flow. Chen and Cheng [6] analyzed heat transfer
and pressure drop in fractal tree-like microchannel nets. It was found
that the fractal tree-like channel net has stronger heat transfer capability
and requires a lower pumping power, comparing to the traditional
parallel channel net. Chen and Cheng [7] also did an experimental inves-
tigation on the thermal efficiency of fractal tree-like microchannel nets.
The results confirmed that thermal efficiency of fractal tree-like micro-
channel heat sink is much higher than that of traditional parallel micro-
channel heat sink when having the same heat transfer rate, temperature
difference and inlet velocity. Studies conducted by Pence [8] and Senn et
al. [9] obtained the same conclusions as Chen and Cheng [7].

* Communicated by P. Cheng and W.Q. Tao.
* Corresponding author.
E-mail address: Luoxb@mail.hust.edu.cn (X. Luo).

0735-1933/% - see front matter © 2012 Elsevier Ltd. All rights reserved.
doi:10.1016/j.icheatmasstransfer.2012.05.007

In most actual applications, microchannel substrate or cooling
plate with microchannels is used to cool electronic devices with
multiple heat sources. For those cases, it is important to reduce temper-
ature gap among heat sources to guarantee performance uniformity of
devices. For example, in high power LED and laser applications, the
small temperature difference between the LED and laser chips will
assure high reliability and good optical performance. So far, little
study has been focused on finding the method to achieve temperature
uniformity of microchannel substrate for multiple heat sources cooling.
Ma et al. [10] did a thermal analysis and modeling of lighting emitting
diode (LED) array integrated with as liquid-cooling module. Yuan et
al. [11] analyzed thermal performance of high power LEDs array with
microchannel cooler. They used more staggered fins in the middle and
downstream of the microchannel cooler to increase heat transfer area
and achieve uniform temperature for LEDs array.

A compact thermal model, which is used to model a kind of fractal
tree-like microchannel cold plate with multiple heat sources, was
presented in our previous work [12]. In that work, simulation results
were obtained to prove the feasibility of the model. This paper will
use this model to design a fractal tree-like minichannel cold plate
with high temperature uniformity subjected to multiple heat sources.
Meanwhile, a parallel straight minichannel cold plate was also tested
at the same working condition to provide a reference for temperature
uniformity comparison of the fractal tree-like minichannel cold plate.

2. Compact thermal model
2.1. Thermal resistances network

Structure of the rectangular fractal tree-like microchannel cold
plate with multiple heat sources is shown in Fig. 1. The microchannel



782 X. Luo, Z. Mao / International Communications in Heat and Mass Transfer 39 (2012) 781-785

a | |
ﬁ&%l t
z[ H] ! ! fy
//////////////I////II//I t'z'
L
y
b M T ‘E’ Heat Source
I I
a Xel| , " wd a Xed Cover
w ! y('l | 2 Yez| 3 ch /
X l 1 #
[T : 62 Il b} Pl
l_, ate Body
y
c | L, o L2 . L;
| n
4
I | i
§ F X I Toonr T 3
b onl
13: e __—ﬁlll— {M T
xl LT L7
| 1
y

Fig. 1. Geometrical structure of the system (a) staggered section view, (b) top view of
heat source and cover, and (c) top view of plate body.

cold plate is formed by a cover and a plate body, where rectangular
fractal tree-like microchannels are fabricated on. Three heat sources
are located on top surface of the microchannel cold plate.

In the compact thermal model, there would be no heat exchange
between contiguous heat sources since we expect that the heat
sources temperature will be uniform. Hence, the multiple heat source
system could be separated into three parts by xz middle planes of
contiguous heat sources. The xz middle planes are shown as dashed
lines in Fig. 1. In each part, heat from the heat source conducts
through the cover, and then one part of the heat transfers to the
fluid directly, the rest transfers into the plate body and finally dissipates
to the fluid. According to the heat transfer processes in the three sepa-
rated parts, three thermal resistance networks were established as
shown in Fig. 2.

To calculate thermal resistance of the plate body conveniently, the
plate body is divided into ten blocks by three xz middle planes and
seven yz middle planes along three levels of microchannels. The ten
blocks are numbered as 1-6 shown in Fig. 2. Blocks with the same
sizes are given the same number. The thermal resistances from R; to
Rs are the ones of the numbered “T” shape blocks. Two half “T”
shape blocks can be considered as an integrated “T” shape block. As
a result, R; is thermal resistance of a “T” shape block united by the
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Fig. 2. Thermal resistance networks of the separated parts.

two blocks with number 1. Likewise, R, and R, are thermal resistances
of “T” shape blocks combined by blocks with numbers 2 and 4,
respectively. R.oy1 t0 Reoy3 are thermal resistances of separated cover.
Ry1-Rp3 are convective film thermal resistances with fluid. Tj;-Tj3 are
junction temperatures or average temperatures of the area where
heat sources are located. Q;-Qj3 are input heating power of the heat
sources. Tp-Tp are mean fluid temperatures in three levels of
microchannels.

2.2. Calculation of thermal resistances

Fig. 3 shows a “T” shape block. Based on the heat transfer process,
the “T” shape block can be simplified as the upper rectangular block
by loading an equivalent heat transfer coefficient at its bottom
surface. According to the notes of Fig. 3, the equivalent heat transfer
coefficient is given as

1
hequ,T = m (1)

where R, is thermal resistance of the lower rectangular block, and a
and [ are the width and length of the upper rectangular block. For
the lower rectangular block, we suppose that heat from the upper
smaller block flows vertically, and then spreads in horizontal direction,
and finally dissipates to the fluid [ 13]. Therefore, R, can be considered as
a combination of three thermal resistances, which stand for thermal
resistances of the three heat transfer processes, respectively. The com-
bination is expressed as

Ry =R 1p+Rs+ Ry (2)

Ry 1p is one-dimensional thermal resistance of a small rectangular
block with size axIxt, and it can be calculated as t,/(ks,pal), where
ksup is thermal conductivity of the plate body. R, ; is the convective
film thermal resistance of the lower block and it can be calculated
as 1/(h(b—a)l), where h is the heat transfer coefficient from part of
the top surface and b is the width of the lower block. R; s is the thermal
spreading resistance, which can be calculated by [14]
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Fig. 3. “T” shape block, (a) geometrical structure, and (b) thermal analysis procedure.
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where Ny, =m/b, 8, =nm/l, B, = /A2 + 62, and
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¢isreplaced by A, 6,, and By, » accordingly. Having obtained heq,_1 by
summing up Eqs. (1)-(4), total thermal resistance of the “T” shape
block, which is simplified as the upper block with sides and bottom
surface convective cooling, could be calculated by applying expres-
sions presented by Muzychka et al. [15]

A sin? (5x_m) sin (Sy_,,)qb
-+ alksup 15 75 6y 1y Y [5in(26,n) /2 + 6| [ 50 (20,) /2 + 8]
(3)

Ry

2 52
where &y m, 6y,n, and y,,, = 2\/5:1;" +% are the eigenvalues. The
eigenvalues are obtained from the following equations

ha hi
By tan (5X_m) =55 O tan(ﬁy_n) ST (6)

The spreading function ¢ is given as

hogu 7H
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where H is thickness of the upper block. From Eqs. (1)-(7), it is found
that Ry is a function of dimensions, thermal properties and boundary
conditions of the “T” shape block, and it depends on

RT :f(avbale! t2~,h7 ksub)' (8)

Hence, thermal resistances of “T” blocks R;-Rs can be obtained by
inputting parameters accordingly into Eq. (8). h for each “T” shape
block will be discussed in Section 2.3.

Reovi—Reov3 are thermal resistances of the three separated covers,
consisting of one-dimensional thermal resistance and thermal
spreading resistance. Here we take R,,; as an example,

Rcovl = Rcov],lD + Rcovl; (9)
with

_ t
Reont10 = 5 by Ty, 2W

(10)

where k¢, is the thermal conductivity of the cover, other parameters
are shown in Fig. 1. Similarly, we can use the same method to calcu-
late thermal spreading resistance Reoy; s

2.3. Convective heat transfer in fractal tree-like microchannel

A three-dimensional numerical simulation was performed to
analyze heat transfer characteristics in a rectangular fractal tree-like
microchannel. The rectangular fractal-tree like microchannel consists
of 10 levels of rectangular straight microchannel. The detailed simula-
tion and calculation processes could be referred to reference [12].

To calculate the heat transfer coefficients in the rectangular
fractal-tree like microchannel, a new correlation for average Nusselt
number was numerically achieved in our previous paper [12]. The
new correlation is expressed as

Nug,, = ! +Cy, for1<a<10,y'<y’y (11)
3

GO +C

with

C,=—8735x10%a’ +8.430 x 1030 +2.709 x 10 %a + 2.411
C,=—1.153 x 107’ + 1.653 x 10 *a—6.833 x 10 +5.760 x 10~
C3=1534x10"%a? 2519 x 10+ 2.369 x 1072

C, =6.923—1.282 x 10' /o + 1.445 x 10' Jo* —5.585/c’.

(12)

Eq. (14) is applied here to predict average Nusselt number of each
level of the rectangular fractal-tree like microchannels shown in
Fig. 3. Taking level I microchannel for instance, Eq. (11) could be
considered as a function of length of microchannel Y, aspect ratio ¢,
and average velocity of fluid u. Thus, Eq. (11) can be expressed as

Nitgye = f(Y. 0, u). (13)

After obtaining the average Nusselt number in each level Nu;, the
heat transfer coefficient in each level microchannel is given by

keNu;
hy =~

(=111 (14)
1

with Dy ;=2 Hs;/(H+s;), where s; is the width of the rectangular
microchannel in every level.

To model heat transfer in the connective microchannel simply,
average Nusselt number in the connective microchannel is presented
by the mean value of the local Nusselt number at the end of the pre-
level microchannel and the one at the beginning of the next level
microchannel. The heat transfer coefficient in the other levels can
also be calculated similarly. After obtaining the heat transfer coeffi-
cients in the channels, the average ones for calculating thermal resis-
tances in the networks can be achieved.

2.4. Summary of the compact thermal model
After obtaining thermal resistances in network I, Il and III, junction

temperature, or average temperature of the heat source area, can be
calculated as the following equations:

T =0Q Rcovl+% +Tp
Ry "Ry
T, =Q, Rcov2+% +Tf, (15)
R, "Ry "Ry,
1

+ ng

Ti3 =Q3| Reovs L S B
ot ot ot o
Ry Rs Rs R

where Q;-Qs are input heating powers of the three heat sources,
respectively; Ty;—Ty; are average fluid temperature in the three levels
of microchannel, respectively. Tr;—Ty; can be calculated with the prin-
ciple of energy conservation between the heat source and the fluid.

3. Experimental setup and error analysis

The aim of establishing the compact thermal model is applying the
model to design the fractal tree-like microchannel and obtain high
temperature uniformity among heat sources. To validate the present
model, a fractal tree-like minichannel cold plate was designed
according to the optimized results by the model. To provide a com-
parison, a straight rectangular minichannel cold plate was also
designed and fabricated for experiments. The geometrical structure
and dimensions of the two cold plates are shown in Fig. 4(a) and
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Fig. 4. Schematic of (a) tree-like channel plate body, (b) straight rectangular minichannel plate body and (c) experimental apparatus.

Fig. 4(b), in which the cover boards are not shown. Both the cover
board and the plate body were made of copper.

Fig. 4(c) is the schematic diagram of the experimental apparatus,
which includes test section, flow meter, minipump, constant temper-
ature reservoir, and thermoregulation tank. As shown in Fig. 4(c),
water with constant temperature is driven by a minipump and
flows through a flow meter and minichannel plate in the test section.
After flowing out of the test section, the water is heated and enters
into a thermoregulation tank where it can be cooled down to a
constant temperature, the same as that in the constant temperature
reservoir.

The inlet and outlet pipes are connected to the inlet and outlet of
the channel plate. The cold plate includes three blocks where three
heaters are put inside to act as heat sources. It is noted here that
the three blocks and the channel plate are fabricated and integrated
as one body. The channel plate with the pipes is located in a
plastic base, which is made up by a base cover and a base body.
The channel plate is tightly clinched inside the base body by the
base cover.

K type thermocouples were used to measure temperatures. All the
thermocouples were connected with a data acquisition system. Before
the experiment, the thermal couples were calibrated in an ice bath,
and uncertainty of the thermocouples is evaluated as +0.3 °C.

The uncertainty of the electrical resistances of the three heaters
is +1Q, and their input voltage uncertainty is +0.8 V. Eq. (20) is
the calculation expression of the heating power. Eq. (21) is the
error propagation formulation based on Eq. (20). According to
Eq. (21), uncertainties of the heating power of the three heaters
are £0.58 W, £0.57W, and +0.56 W when they are 30 W. Mass

flow of the loop was controlled by valve and the flow meter. Uncertainty
of the flow meter is 0.1 I/h (liter per hour).

Q=Vr (20)

2
iAQ_i<¥AV+‘:—2Ar> 21)

4. Comparison results and discussions

The fractal tree-like minichannel cold plate and the straight rect-
angular minichannel plate were both tested under three groups of
working conditions. In the three groups of working conditions,
input heating powers of all the three heat sources were the same
and varied from 10 W to 30 W, and the incremental step was 2 W.
Flow rate was the only variable parameter among the three groups
of working conditions, 5.0 I/h in the first group, 6.5 1/h in the second
group, and 7.2 1/h in the last group. Both flows in the fractal tree-
like minichannel and the straight minichannel were laminar because
of the small channel size.

Fig. 5(a) shows the temperatures of the three heat sources when
the fractal tree-like millichannel plate worked under one constant
flow rate. The similar data at other flow rates is also obtained, but
not shown in this paper. From Fig.5(a), we can see that the heat
source temperatures are very close to each other. Other data which is
not shown in this paper also proves this. This shows that the uniform
temperature distribution is achieved.
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Fig. 5. Temperature variations of three heat sources with the heating power at 5.0 1/h
flow rate on (a) fractal tree-like minichannel and (b) straight minichannel.

The compact thermal model was applied to predict the tempera-
tures of the heat sources. Here, one group of modeling results is listed
in Table 1, together with the experimental results. As shown in
Table 1, good temperature uniformity is achieved among the heat
sources for all working conditions. The maximum temperature gap
among the three heat sources is 1.3 °C at Q=30 W. The junction tem-
peratures predicted by the compact thermal model are close to the
ones obtained by the experiment. With consideration of the experi-
mental errors, we can conclude that the compact thermal model is
feasible to achieve temperature uniformity among multiple heat
sources for the engineering design of the fractal tree-like micro-
channel or minichannel.

Table 1
Temperature comparison between experiment and compact thermal model at 5.0 I/h
flow rate.

Q Experiment Compact thermal model
W00 L0 T (0 T(O Ti(Q) T'0)  T(C)
10 25.0 36.9 37.0 373 25.0 36.7 36.7 373
12 25.1 394 39.5 39.9 25.0 39.0 39.0 39.7
14 253 41.7 41.8 423 25.0 413 414 422
16 25.2 439 44.0 447 25.0 437 43.7 44.6
18 254 46.0 46.1 46.9 25.0 46.0 46.1 471
20 25.1 47.8 48.1 48.8 25.0 48.3 48.4 49.5
22 25.2 50.5 50.6 514 25.0 50.6 50.7 519
24 25.1 529 52.8 53.6 25.0 53.0 53.0 543
26 25.1 54.8 54.7 55.8 25.0 553 55.3 56.7
28 25.1 56.8 56.6 57.8 25.0 57.6 57.6 59.2
30 25.2 58.6 58.6 59.9 25.0 59.9 60.0 61.6

Fig. 5(b) shows the temperatures of the heat sources when the
straight minichannel cold plate worked at 5.0 I/h flow rate. From
Fig. 5(b), it can be found that high temperature gaps exist among
the heat sources. The temperature gap increases with the heating
power increasing.

From the comparison shown in Fig. 5, it is found that the fractal
tree-like minichannel cold plate is more helpful than the straight
minichannel cold plate to achieve temperature uniformity among
heat sources.

5. Summary

A compact thermal model was established to model thermal char-
acteristics of a rectangular fractal tree-like microchannel cold plate
for multiple heat sources cooling. A fractal tree-like minichannel
cold plate was designed, fabricated and tested based on the compact
thermal model. A straight minichannel plate was tested and compared
with the fractal tree-like minichannel cold plate under the same working
conditions. The comparison reveals that the compact thermal model is
valid and useful for the design of fractal tree-like microchannel or
minichannel cold plate to achieve temperature uniformity among
multiple heat sources. Fractal tree-like microchannel or minichannel
cold plate is a better choice to obtain temperature uniformity among
multiple heat sources.
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