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Investigation on Microheat Pipe Array with Arteries
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A novel design of microheat pipe array with arteries that can limit the onset of the dryout region is proposed.
Additional pipes are inserted between adjacent microheat pipes to improve liquid transportation ability from the
condenser section to the evaporator section. These additional pipes have smaller cross-sectional dimensions than
the microheat pipe and serve as an artery of the microheat pipe. Because of the liquid pressure difference in the
meniscuses between the two ends of the microheat pipe, an additional amount of working liquid can be effectively
transported to the evaporator section through these arteries, which definitely improves the performance of the
microheat pipe. The working principle and optimal design of the arteries are numerically investigated with a one-
dimensional steady-state model of the artery microheat pipe array. To verify the idea, a silicon-based artery
microheat pipe array and traditional microheat pipe sample with the same dimensional parameters are fabricated by
lithographic technique and anodic bonding process. The validation has been carried out by the comparison
observation experiments of the novel microheat pipe and the traditional microheat pipe through a microscopic
camera. Both the model’s numerical solution and the observation results indicate that the artery microheat pipe

array can effectively extend thermal working range.

Nomenclature

A = liquid area in the V-groove of the microheat pipe, m?

A’ = area of the cross section, m?

A} = liquid area in the cross section at the cold end
(x* =1), m?

a, = width of the artery, m

a = width of the microheat pipe, m

B, = constant in expression for A,

B, = constantin expression for dR* /dx*

c = constant in expression for a,/a

f = friction factor

g = acceleration due to gravity, m/s?

K' = constant in expression for t,,

L = length of heat pipe, m

L, = half of total wetted length, m

P = liquid pressure, N/m?

P* = nondimensional liquid pressure

P, = reference pressure, N/m?

Q = heat supplied to the liquid, W/m?

R = radius of meniscus curvature in the V-grooves of the
microheat pipe, m

R, = radius of meniscus curvature in the V-grooves of the
microheat pipe at x = 0, m

R; = radius of meniscus curvature in the V-grooves of the
microheat pipe at x = L, m

Rr = reference radius of meniscus curvature, m

V= axial liquid velocity, m/s
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liquid velocity in the artery, m/s

nondimensional liquid velocity

reference liquid velocity, m/s

coordinate along the heat pipe, m
nondimensional coordinate along microheat pipe
half apex angle of V-groove, rad

inclination of substrate with horizontal, rad
contact angle, rad

correction coefficient

fill charge

latent heat of vaporization of coolant liquid, J/kg
viscosity of coolant liquid, kg/ms

density of coolant liquid, kg/m?

surface tension of coolant liquid, N/m

shear stress between liquid and substrate of the artery,
N/m?

shear stress between liquid and substrate of the
microheat pipe, N/m?

curvature, m~!
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I. Introduction

OWADAYS, due to the fast improvement of the integration
degree of microelectronic devices, micro scale heat dissipation
is getting more and more attentions. Because microheat pipe (MHP)
is able to uniform surface heat dissipation, lots of researches have
been done in this field to investigate the working principle and the
optimal design of the MHP. The concept of MHP was first proposed
by Cotter [1] in 1984. According to his definition, the MHP is a
hollow pipe with width of 10-500 pxm and length of 10-20 mm; the
cross-sectional shape of the MHP is commonly triangle or rectangle;
liquid circulation is driven by the capillary force in the V-grooves.
The operation mechanism of the MHP was studied by many
researchers. Sobhan et al. [2] successfully used the Young—Laplace
equation to describe the fluid dynamics of the MHP. They found that
the cross-sectional design has a great effect on the MHP’s
transmission efficiency. Suman et al. [3] and Suman and Hoda [4]
built a general steady-state model by using a macroscopic approach,
and took the inertia of the flowing liquid and the liquid-solid friction
force into account.
It was found that the dryout region will propagate in the evaporator
section when the input heat flux exceeds the critical level. Dry-out
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a) b)

Fig. 1 Previously designed cross section of MHP: a) Berre’s design, and b) and ¢) Kang’s designs.

region [5] has a negative impact on the performance of the MHP,
because it blocks the working liquid being transported to the
evaporator section. To prevent the propagation of the dryout region,
many methods have been used to enhance the efficiency of the liquid
backflow. One of them is increasing the number of V-grooves in the
MHP, as more V-grooves provide bigger capillary force for the
working liquid backflow. Berre et al. [5] designed a kind of MHP
with the artery pipe shown in Fig. 1a; Kang and Huang [6] designed
the star grooves and rhombus grooves MHP shown in Fig. 1b and lc.
Besides those different designs of cross section of MHP, several
different grooves were also proposed and fabricated with metal
material as substrate, such as OMEGA groove [7,8] and swallow
tailed groove [9], which can enhance the thermal performance of heat
pipe. Unfortunately, it seems impossible to apply in our silicon-based
MHP due to the difficulties of fabrication processes. On the other
hand, a method of reducing the friction force in the MHP was
proposed. A MHP heat spreader [10] was designed to allow liquid
and vapor flow separately to reduce viscous force; Qu et al. [11]
analyzed the effect of the functional surface [12,13] on improving the
efficiency of the liquid backflow, as the functional surface can
promote the movement of droplets. In addition, the concept of the
electrohydrodynamically (EHD) augmented MHP was studied by
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Fig. 2 Diagram of MHP and arteries: a) working principle of the artery
MHP, and b) schematic diagram of the MHP and artery.

)

Suman [14], as the EHD pumping can improve the heat transport
capacity of MHP.

To test the thermal performance of the MHP and verify the
proposed model, lots of experiments have been done. Kim et al. [15]
measured the maximum heat transport rate and the thermal
resistance, which has a good fitness with the numerical results. High-
speed camera was introduced by Lin et al. [16] to record the working
state of the microloop heat pipe. The temperature profile on the
surface of the MHP array was deduced from the experimental results
by Launay et al. [17]. However, the effect of all these methods is
limited by the onset of the dryout region. Furthermore, their
fabrication processes are complex and difficult to be applied. Most of
the above mentioned studies are based on the working principle of a
single MHP, which can only transport heat in one-dimensional
direction. In practice, the MHP array is commonly used, and the
collaboration between the adjacent pipes has been supposed to have a
positive effect which needs further analysis.

In this paper, a novel artery MHP array is presented with the
objective to enhance the liquid backflow. As shown in Fig. 2a, two
smaller pipes which serve as arteries are positioned on the both sides
of an ordinary MHP, and the two ends of the arteries and the MHP are
connected together by two connecting pipes. Because of the two
ends’ pressure difference of the V-grooves in the MHP, the working
liquid is transported to the evaporator section both through the
MHPs’ V-grooves and the arteries. A steady-state model of the artery
MHP array is built to numerically investigate the effect of the arteries.
The model’s numerical solution is applied to verify whether this
novel artery MHP array can effectively limit the onset of the dryout
region. An artery MHP array prototype and an comparison MHP
with the same size are fabricated on silicon wafer and tested through
an experimental setup which is similar to the one proposed by Kim
et al. [15]. Microscopic camera is used to check the working state of
the artery MHP array. Validation is done both by numerical model
investigation and experimental comparison between the two types of
MHP through working state observation.

II. Modeling

The working principle of the novel artery MHP array is shown in
Fig. 2a. The smaller artery pipes fully filled with working liquid are
used to transport working liquid back to the evaporator section. The
fully liquid occupying is guaranteed by the design of the different
dimension of the MHP and its arteries which provides enough
pressure difference between them and keeps the vapor off the arteries.
The liquid evaporation and condensation effectiveness leads to
different radius of meniscus formation between the two ends of the
V-grooves in the MHP, which provides the arteries with driving force
due to the capillary force difference between the two ends of the
V-grooves.

As the cross-sectional dimensions of the artery MHP array are
much smaller than its axial length, it is acceptable to describe the
working states with a one-dimensional model. The following
assumptions are employed in the modeling process:

1) Steady-state incompressible flow along the length for both the
liquid and the vapor with constant physical properties.

2) The vapor is at saturated state.

3) The radius of the meniscus is constant at a given location in the
MHP.

4) Uniform distribution of heat input.

5) The shear force between the liquid and vapor is neglected.
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A. Working Principle of the Artery

In normal working state, the arteries are fully filled with working
liquid. The liquid pressure difference between the two ends of the
artery is the same as the pressure difference between two ends of
the V-grooves in the MHP, as the two ends of them are connected.
The Young—Laplace equation is used to calculate this liquid pressure
difference. The following equation is used to describe the working
state of the artery. The stress equation for the flowing liquid in the
arteries is given by:

( 1 1 ) 40 +sina) LTy,

Ry, R; accoso

+ pgsin(B)L =0 (1)

The first item in Eq. (1) represents the driving stress, which is the
pressure difference between the meniscuses in the two ends; the
second term represents the shear stress between liquid and substrate;
the last term represents the effect of gravity on the working liquid in
the arteries. The liquid flow in the arteries is assumed to be the fully
developed laminar flow. Therefore, the friction force between liquid
and substrate can be given by:

VK pu(sina + 1)
2accosa

Tya = (2)

In Egs. (1) and (2), ¢ = a4/a as shown in Fig. 2b, K’ = 13.33.
Here, K’ is a friction factor, which is a constant for a specific
geometry (e.g., 13.33 for triangle) [18]. Thus, the liquid velocity in
the arteries can be obtained in Eq. (3)

a’c*cos’a{o(z- —¢) + pgsin(B)L}
A 2LK 11(1 + sina)?

3

B. Working Principle of the MHP

In the MHP, the direction of liquid and vapor flow assumed to be
fully developed laminar flow is opposite. Suman et al.’s model [3] for
fluid flow and heat transfer in V-groove of the MHP is here used to
describe the liquid flow and heat transfer

dv dpP .
pAVa —+ Aa +2L,t, — pgsin(f)A =0 4)
dP o dR
& Ra ©)
d a
v+ =0 ©)

_ VK'uR cos(a + y)
v 4Asina

)

The equation for the liquid flow in the V-groove is given by Eq. (4).
Equation (3) is the differential form of Young—Laplace equation. Itis
assumed in Eq. (6) that all the input heat of MHP is used for
evaporation. The friction between liquid and substrate is described in
Eq. (7) with no concern about the friction between liquid and vapor.
The differential form of liquid velocity and radius of meniscus can be
obtained from the Eqs. (4-7), as follows:

a0 L R2V pegsin B — V2B,

dV 2w
- = ®)
dx pv2R2 _ %
2 : QaV
drR _R pgsinf + F5— VB, ©

dx o —2pV?R

In Egs. (8) and (9), B, and B, are expressed by Eqgs. (10) and (11)

cot(o + y) cos(a + y) siny

— —_ b/
By = {cot(a + y) — ¢/2} + Sna
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C. Boundary Conditions of the Artery MHP

As the two ends of the arteries and the MHP are connected
together, the boundary conditions of the MHP can be obtained from
the working states of the arteries. The liquid flow rate in the two ends
(x = 0, x = L) of the MHP have the same value as that in the adjacent
arteries, but the liquid in the two ends of the MHP and the adjacent
arteries flow in different directions. Therefore, the boundary
conditions of the MHP at the two ends (x =0, x = L) can be
expressed in Eqgs. (12) and (13).

At
2 .ZV
x=0, V=—-o°lA (12)
4B Rjtana
At
x=L, R=R,=5R, (13)

D. Nondimensionalization

Equations (8) and (9) and the boundary conditions are non-
dimensionalized using the parameters shown in Eqs. (14-16)

R a sin(a)

Ri=—, Rp=-—? 14
Rg R 2cos(a + ) (14

Vv QaL(1 + sin@)
V¥=—, Ve=——F—"""" 15
Vi R PRZA sina (1)

X

. 16
w=7 (16)

The model for the fluid flow and heat transfer in the artery MHP
can be expressed by Egs. (17) and (18)

dve _ 2[;:‘3\7015& + (R*Rg)*(V*Vg)Lpg sin f — (V*Vg)*B, L
dx* P(V*)2 (Vi) (R*Ry)? — 2

a7

dR* _ (R*Rg)’pgsin(B)L + “2/tt — V* VB, L

18

The boundary conditions can be expressed by Egs. (19) and (20) as

2.2
1%
=0, Vr=—_9°74 (19)
4B,R;Vg tana
At
=1, R*=§ (20)

E. Numerical Solution

An iterative procedure is used to solve the model. The integration
process uses the method of Runga—Kutta fourth-order integration
routines and starts with the inputs value of input heat, dimensions of
the artery MHP and properties of the working liquid. First, a value of
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R* at x* = 0 is assumed, then the only V* at x = 0 can be obtained
from the Eq. (3). If the value of R* at x* = 1 isnotequal to §, anew R*
at x* = 0 is assumed. This kind of routine continues until R* = §
within a tolerance limit at x* = 1. It is found that satisfied results can
be obtained with the step size 1.0 x 1074,

III. Structure and Fabrication Process

The artery MHP array in the plate is composed of 17 parallel
triangular pipes. Among these pipes, 9 of them serve as MHP,
200 pum wide, 156 pm deep and 20 mm long, and the other 8 smaller
pipes serve as artery between every neighbor MHPs, 100 um wide,
78 pum deep and 20 mm long. At the two ends of these pipes, two
connecting pipes are designed to connect all the pipes with the two
filling holes drilled on the Pyrex glass. The artery MHP array plate is
shown in Fig. 3. The diameter of these filling holes is about 1 mm. To
validate the effectiveness of the novel design, an ordinary MHP array
with exactly the same parameters is also fabricated.

As shown in Fig. 4, lithographic technique and anodic bonding
process are used to fabricate this artery MHP array plate, and ethanol
is selected as filling liquid.

Fig. 3 Samples of the artery MHP array. IV. Experimental Facility and Working Conditions

To verify the working principle of the artery MHP array, an
experimental setup for microscopic observation together with tem-
) perature measurement capability is constructed and shown in Fig. 5.
— Photo resist The experimental apparatus simulates the working condition of a
Silicon heat dissipation system with steady heat flux in the evaporator section

and steady temperature in the condenser section.
w SiO2 film A thin film resistance heater is adhered to the evaporator section by
thermal grease to provide uniform heat flux, which is controlled by a
DC power supply. K-type thermal couples and Pt-100 thermal
mn‘.‘. resistances are used here for temperature measurement. At the
condenser section, the MHP array is mounted on a plate heat sink.
The steady temperature cooling liquid flow through the plate heat
[ YVVVVVVYVY | sink and take away the heat transferred through the MHP array. To
inhibit the heat dissipation from the system to the air, the whole tests

are carried out in a vacuum chamber.

w Glass To observe the working state of the MHP array, a high-speed
camera and microscopic system (KEYENCE digital microscope
Fig. 4 Fabrication process. system VHX-600) are mounted above the MHP array and take
pictures through a glass observation window with amplification
factor from 20 to 250.
Thermal couples & thermal resistance D
n T2 T3 T4 —
o o | [
Temperature Microscopic
scanner (= camera
Condenser Adiabatic Evaporator
— section —
<+—— MHP array sample
T3 T2
Foam Foam Foam
Thermocouple Dlastic plastic plastic Thermocouple
Cooling 8
liquid T“
. 1

| T

DC power
supply

Vacuum
pump

Fig. 5 Schematic diagram of the experimental setup.
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Fig. 6 Variation of the dimensionless radius of meniscus R* at x* = 0
with different values of heat input of the MHP array.

V. Results and Discussion

A part of the artery MHP array is selected for numerical analysis,
which is composed of three equilateral triangular pipes with arteries’
width of 100 um and MHP’s width of 200 pm. The width of the
ordinary MHP used as reference is 200 pm. Both of the artery MHP
and the ordinary MHP are characterized by an equal evaporation
length, adiabatic length and condensation length with a total length
of 20 mm. Ethanol is selected as the working liquid. These two kinds
of MHP are assumed to be working in a horizontal condition (8 = 0).
The simulation describes the working states of the liquid, including
liquid velocity and radius of the meniscus at different locations in a
single V-groove of the MHP.

A. Radius of Meniscus Curvature and Liquid Velocity Gradient with
Different Heat Input

The MHP is commonly divided into three sections along the axial
direction: evaporator, adiabatic, and condenser. In each section of the
MHP, the radius of the meniscus has a direct effect on the flow
condition of the working liquid. In an ordinary MHP, the liquid
backflow completely depends on the capillary force of the
V-grooves. When the input heat, O, exceeds the critical value, there
will not be enough capillary force for the liquid backflow. Then the
dryout region will propagate from the hot end, which decreases
the heat transfer contact surface between working liquid and the
substrate. As shown in Fig. 6, the gradient of the line with rectangle
symbols for R* at x* = 0 change greatly with the input heat. The
dryout region will propagate from the hot end, when the input heat
increases to 200 W/m?. However, the artery MHP array can
effectively prevent the onset of the dryout region even when the input
heat increases to 400 W/m?. There is just slight change in R* at
x* = 0 of the line with triangle symbols.

Thanks to the existence of the artery, the artery MHP can work well
with no concern about the increasing input heat, as shown in Fig. 7a.
As the input heat increases, the hot end is still able to be supplied with
enough liquid, and the fluctuation range of the line will also increase.
The fluctuation range is quite small when compared with the radius
curve line of the ordinary MHP with the same heat flux, as shown in
Fig. 7b. It leads us to the conclusion that the artery MHP can
effectively limit the propagation of the dryout region due to the
improvement of its liquid transportation capability.

The working principle of the artery MHP can be further explained
with the velocity of the working liquid in the MHP as shown in
Fig. 7c. Atthe hotend (x = 0) of the MHP, the velocity of the liquid is
negative, as the working liquid is applied by the artery. There are two
turning points on the line of dV /dx* that V = 0, each of them present
acritical point on the line of dR* /dx*. As the input heat increases, the

0% T T T T T T T T T

0941 4
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N S e O=150Whm?
08r <o — e O=180W/ma| ]

078 1 1 1 1 1 1 1 1 1
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Fig. 7 Comparison simulation on working state of different MHP
array with different values of heat input: a) variation of the dimen-
sionless radius of meniscus in artery MHP R* with dimensionless position
x*, (b) variation of the liquid velocity in the V-grooves of the traditional
MHP V with dimensionless position x*, and c¢) variation of the liquid
velocity in the V-grooves of the artery MHP V with dimensionless
position x*.
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liquid velocity at the hot end (x* = 0) is higher, which means the
artery supplies more working liquid to the hot end.

B. Radius of Meniscus and Liquid Velocity Gradient in the Artery
MHP with Different Fill Charge

Above analysis is based on a single V-groove of the MHP working
with an artery. While a MHP with triangle cross section is composed
of three V-grooves, the dimensionless radius of meniscus R* has to
be corrected due to the fact that it should not be bigger than 1.
Therefore, a new correction coefficient, 8, is introduced in the bound-
ary conditions. The definition of § is, at x* = 1, R* = 4.

The correction coefficient has close relationship with the fill
charge. As shown in Fig. 7a, the fluctuation of R* at the radius
direction is relatively small, and its form is similar to the sine curve,
so it is rational to assume that the average vapor-liquid ratio at every
position of MHP in the axial direction is the same as the cold end
(x* = 1). The fill charge can be calculate with the vapor-liquid ratio
at the cross section at the cold end (x* = 1).

The liquid area in the cross section can be calculated by Eq. (21)

. dasin(a) 1% V3
AL = S[W} Bl +7(ca)2 (21)

The general area of the cross section can be calculated by Eq. (22)

_ V3 + 2¢?)a?

A/
4

(22)

The relationship between the fill charge 1 and the correction
coefficient § can be described by Eq. (23)

_ Ay _ V2P B+ 2v3¢ 23)
T V3(1 +2¢%)

The working parameters of the artery MHP under different fill
charge are shown in Fig. 8a. When § = 0.95, the curve line of the
dimensionless radius of meniscus, R*, is below 1. When § is smaller,
which means the MHP is filled with less working liquid; the
extremum of the liquid velocity in the V-grooves is higher as shown
in Fig. 8b. The higher extremum of the liquid velocity will induce a
stronger friction force to obstruct the backflow of working liquid. So
a bigger § = 0.9 is preferred to indicate the fill charge of the artery
MHP array.

C. Working-State Observations

The curve of the temperature vs the input heat in the evaporator
section of a silicon substrate embedded with artery MHPs is slightly
below the one without artery MHPs as shown in Fig. 9. When the
temperature of evaporator section reaches about 73°C, which is the
boiling point of ethanol, the artery MHP reaches its boiling limit.
According to the results shown in Fig. 9, the working temperature
range of artery MHP array can be extended to the boiling limit with
no concern about the capillary limit. As to the common MHP, it
always reaches the capillary limit before reaching boiling limit [19].
It is obvious that the design of artery MHP array can effectively
prevent the propagation of dryout region due to availability of
enough capillary force.

The working state is recorded with the microscopic camera with
amplification factor of 200x. The condenser section of the MHP
array maintains a steady temperature, about 25°C, and the evaporator
section is heated by a thin film heater. As shown in Fig. 10a, the
working liquid in the evaporator section of MHP becomes boiling
when the input heat exceeds the critical level. As shown in Fig. 10b,
the red rectangles denote the liquid level in V-grooves of the three
sections in the arteries. It is obvious that the liquid level changes
greatly in the three sections, but the liquid can still be efficiently
supplied to the evaporator section. It means that the artery MHP can
work well with a relative high heat flux compared with the ordinary
MHP array.

b)

Fig. 8 Working state of the artery MHP array with different values of
fill charge rate: a) variation of the dimensionless radius of meniscus in
MHP R* with dimensionless position x*, and b) variation of the liquid
velocity in the V-grooves of the MHP V with dimensionless position x*.

80 -
—&— Substrate
3 —&— Substrate and MHP /g
70 -
60 |-
© L
= 50 |-
i Working temperature
20 L range of MHP
30 " 1 " 1 L 1 L ]
0.5 1.0 15 2.0 25

g/ (Wiem®)
Fig. 9 Temperature of the evaporator section on the artery MHP array
with different input heat.
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Fig. 10 Photos of artery MHP array: a) working state of the artery MHP array in critical condition, b) boiling area at the hot end of MHP, and c) liquid

in the artery.

VI. Conclusions

A one-dimensional steady-state model is built for the novel artery
MHP. According to the numerical solution of the model, two
conclusions can be obtained: 1) The artery MHP array can effectively
supply liquid back to the evaporator section. Thanks to the existence
of the arteries, the objective to limit the onset of dryout region is
achieved and related better thermal performance such as wide
thermal working range is realized. 2) The factor §, which is related to
the fill charge of the artery MHP array, is recommended to be 0.9,
under which the optimal fill charge can be obtained.

The sample of artery MHP array is fabricated on the silicon wafer
and observed with microscopic camera. The experimental validation
of the novel design is carried out by the observation of the novel
artery MHP working states. The working state observational results
show a good agreement with the assumed working principle.
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