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This paper proposes a novel multi-branch heat pipe (MBHP) that can be utilized for heat dissipation in
multi-heat source electronics. The proposed heat pipe consists of three branches—two with an evaporator
and one with a condenser—connected by vapor lines and liquid lines. A test system was implemented to
study the filling ratio, the start-up characteristics, the power distribution characteristics, the dynamic
characteristics and the thermal resistance of the heat pipe. The experimental results obtained indicate
the following: 1) the optimal working fluid filling ratio of MBHP is between 75% and 100%; 2) the
MBHP can start up steadily under tested heating load; 3) the ideal heat load of the MBHP (filling ratio
75%) was within a range of 30–160 W, in which the minimum total thermal resistance was 0.04 �C/W
and the maximum temperatures of both evaporators were less than 110 �C under the limiting heating
load of 160W.

� 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Recently, as a result of steady increases in power and decreases
in the volume of electronics, heat dissipation has become an
increasingly critical problem that needs to be solved urgently [1].
A heat pipe is a two-phase-exchange heat transfer device with high
thermal conductivity that has many advantages including fast heat
transfer, good temperature uniformity, stable performance and
long lifetime [2–4]. With continuous development of heat pipe
technology, heat pipes have become increasingly diverse in terms
of structure and shape. Examples of heat pipes include conven-
tional thermosyphon [5], loop heat pipes [6], flat plate heat pipes
[7] and pulsating heat pipes [8]. The high efficiency and superior
flexibility of heat pipe technology make it an effective approach
to solve the heat dissipation problem affecting electronics. It is
widely used in areas such as space and aeronautics [9,10], solar
energy control [11,12] and waste heat recovery [13].

At present, the vast majority of heat pipes are utilized in heat
dissipation of single-heat sources, in which one heat source corre-
sponds to one heat sink. Pastukhov et al. [14] designed the L- and
S-shaped micro loop heat pipes predominantly used for heat dissi-
pation of single-heat source high-power microelectronics, such as
computer CPU or GPU. Wang [15] studied radiators embedded
with multiple U- and L-shaped heat pipes utilized for heat dissipa-
tion of a desktop CPU with dimensions 30 mm � 30 mm, minimum
thermal resistance values of 0.246 �C/W and 0.166 �C/W, respec-
tively and fairly good conductivity. Lu et al. [16] conducted
research on the performance of a high-power LED heat dissipation
system that uses a loop heat pipe as the cooling device. It was
demonstrated that the junction temperature was controlled below
100 �C under a heat load of 100 W, which guaranteed the perfor-
mance stability of LED.

With the continuous improvements in miniaturization and
integration, electronic devices now contain an increasing number
of heat sources. For example, a computer could have multiple CPUs
[17,18] and multiple high-power chips could package on the same
PCB. For these multi-heat source systems, a heat dissipation
scheme comprising multiple heat pipes is conventionally adopted.
Ryan et al. [19] employed three heat pipes to implement one-on-
one conductive heat dissipation for three chips on the same main-
board of a high-power electronics system, with the aim of guaran-
teeing that the temperature of chips with a sampling unit power of
230W is controlled under 70 �C with an ambient temperature of
55 �C. Although this conventional heat dissipation scheme is sim-
ple and convenient, it has deficiencies such as large volume, low
spatial utilization efficiency difficulty in meeting the requirement
of miniaturization for highly integrated devices. Thus, flat plate
heat pipes are being seriously considered to solve the problem of
multiple heat sources because of advantages such as uniform heat
flux and rapid heat transfer [20]. Using mathematical models, Tan
et al. [21] analyzed the flow direction and pressure drop of the
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Nomenclature

A the wrapped area of the adiabatic cotton (m2)
Aw cross-sectional area of the wick (m2)
Dw inside diameter of the wick (m)
D outer diameter of the copper tube (m)
g gravitational acceleration (m/s2)
h gravity distance (m)
K wick permeability (m2)
k thermal conductivity of the adiabatic cotton (W/(m K))
L latent heat of vaporization (kJ/kg)
leff effective length of the heat pipe (m)
ls length of the adiabatic section (m)
le length of the evaporator (m)
lc length of the condenser (m)
n totality of the time intervals
Q total input power (W)
q heat flux (W/m2)
r the capillary radius (m)
Vpowder volume of sintered copper powder (m3)
V volume of deionized water (m3)
g filling ratio
e the porosity of the wick
r surface tension (kg/s2)
a the contact angle
ll dynamic viscosity of liquid (Ns/m2)
_m mass flow (kg)
ql density of liquid (kg/m3)
Dp capillary pressure of copper wick (N/m2)
Dptot total pressure drop (N/m2)
Dpl liquid pressure drop (N/m2)
Dpv vapor pressure drop (N/m2)
Dpfl pressure drop due to friction (N/m2)
Dpg pressure drop associated to gravity force (N/m2)
DH thickness of the adiabatic cotton (m)
DTi the temperature difference across the adiabatic cotton

layer (�C)
DT total temperature difference of heat pipe (�C)
Ds time interval (s)

dT temperature measurement error of K-type thermocou-
ple (�C)

dWpower output power error of the input power (W)
dTdata resolution of the data acquisition card (�C)
dQac heat leakage of Wrapped adiabatic cotton (W)
Tave time-averaged temperature of each temperature mea-

surement point (�C)
T1 temperature of evaporator1 (�C)
T2 temperature of evaporator2 (�C)
T3 temperature of evaporator1 branch before merging into

condenser branch (�C)
T4 temperature of evaporator2 branch before merging into

condenser branch (�C)
T5 temperature of evaporator branches after merging into

condenser branch (�C)
T6 temperature of condenser section inlet (�C)
T7 temperature of condenser branch end (�C)
T8 ambient temperature (�C)
S state
R1 thermal resistance from heat source 1 to concourse of

two branches (�C/W)
R2 thermal resistance from heat source 2 to concourse of

two branches (�C/W)
R3 thermal resistance from concourse of two branches to

condenser (�C/W)
Rtot total thermal resistance of heat pipe (�C/W)
UT temperature measurement uncertainty
W(L) power of heat source 1 (W)
W(R) power of heat source 2 (W)

Subscripts
ac adiabatic cotton
ave average
c condenser
e evaporator
max maximum
tot total
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working liquid in flat plate heat pipes under multiple heat sources.
They found that the positional distribution of multiple heat sources
on the plane of a flat plate heat pipe was optimized and thus opti-
mal heat transfer performance was obtained. To solve the problem
of multiple heat sources, the prerequisite of flat plate heat pipe is
that all heat sources should be located on the same plane, making
the method inappropriate for heat sources that are spatially scat-
tered or have a staggered distribution. However, for complex posi-
tional distribution of heat sources, loop heat pipes may have
adequate flexibility to handle the heat source positions problem.
Bienert et al. [22] proposed and manufactured a type of loop heat
pipe with multiple evaporators. It can start up successfully and
solved the problem with different spatial locations and different
power values of multiple heat sources. David et al. [23] proposed
a multi-evaporator hybrid loop heat pipe and focused on the heat
transfer performance of a four-evaporator loop heat pipe that can
start normally and operate steadily under a heat load in the range
8–280W, which is mainly used in spacecraft thermal manage-
ment. Okutani et al. [24] made the research focuses on multiple-
evaporator and multiple-condenser loop heat pipe (MLHP) with
polytetrafluoroethylene porous media as wicks. They tested with
heat loads to both evaporators to confirm the behavior of the MLHP
and tested with heat load to one evaporator to confirm the heat
transfer between the evaporators. And when the heat loads were
applied to both evaporators, the heat pipe was stably operated
up to 40 W/40W. When the heat load was only applied to one
evaporator, the heat pipe was stably operated up to 0 W/50W.
Habtour et al. [25] put forward the miniature multiple evaporator
multiple condenser loop heat pipe. The dual-evaporator and dual-
condenser was able to successfully transport the heating load from
5W to 100W. And the heat pipe demonstrated reliable, robust
behavior with one or both evaporators powered, with nonuniform
evaporator load, and as power was rapidly switched from one
evaporator to another. Although suitable for multi-heat source
heat dissipation, loop heat pipes also possess disadvantages such
as complex structure, manufacturing difficulty and high cost. In
conclusion, there is still no practical effective solution for heat dis-
sipation of multiple heat sources.

Zhou et al. [26] manufactured an anti-gravity loop heat pipe
which the outer diameter of copper tube is 8 mm and the overall
size is 400 mm * 96.5 mm. The limiting heating load of this heat
pipe is about 100W, when the maximum temperature is lower
than 105 �C and the minimum thermal resistance is 0.15 �C. Cop-
per–water wicked heat pipe with a sintered-grooved composite
wick, which the outer diameter of copper tube is 8 mm, is devel-
oped by Li et al. [27]. Their main study was the effects of vacuum-
ing process parameters on the thermal performance. And the
maximum heat transport capacity of the heat pipes could be main-



Table 1
Major features and parameters of the MBHP.

Name Value/material

Overall size 210 mm � 100 mm
Single evaporator length 30 mm
Condenser length 65 mm
Wall material Copper
Pipe outer diameter 8 mm
Pipe wall thickness 0.4 mm
Sintered wick material Copper powder
Sintered wick thickness 0.85 mm
Copper powder particle size 75–100 lm
Working fluid Deionized water
Porosity 54.5%
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tained at 100 W with the peak temperature below 100 �C, when
the amount of the working fluid was 120% and effective working
length is 200 mm. They also fabricated heat pipe samples with
other three types of wicks [28], grooved, sintered and grooved with
half sintered length. Dimension of all the heat pipe is the outer
diameter of 8 mm with the effective working length of 200 mm.
All of they can reach the maximum heating load of 100 W except
the maximum heating load of sintered wick is only 60W. Li et al.
[29] design the anti-gravity loop-shaped heat pipe and its outer
diameter of copper tube is 8 mm. And they found that limiting heat
load of the continuous step-graded structure is 70 W while single-
powder structure is only 50W with both the peak temperatures
under 110 �C.

Targeting the issue described above, this paper proposes a novel
MBHP that collects heat from multiple heat sources and uniformly
dissipates with a heat sink. The space occupied by heat pipes can
be reduced by using MBHP, which helps to improve the integration
level of electronics and miniaturization of electronic devices. To
date, to the best of our knowledge, no researcher has ever explored
or studied MBHPs. This paper describes the structural design and
manufacturing processes of the MBHP, with a focus on its filling
ratios, start-up characteristics, power distribution characteristics,
dynamic characteristics and thermal resistance.
2. Experiments

2.1. Design, manufacture and theory analysis

Fig. 1 shows (a) the schematic and (b) actual photo of the pro-
posed MBHP. It comprises three sections: two evaporators, a con-
denser, adiabatic section. The two evaporators are connected in
parallel before being connected to the condenser in series. Critical
manufacturing parameters of the MBHP are shown in Table 1. The
length of each branch of the MBHP is 100 mm, the outer diameter
of the copper pipes is 8 mm and the diameter of the vapor lines is
5.5 mm. The inner wall is attached with sintered copper powder
with a thickness of 0.85 mm and particle size in the range
75–100 lm. The sintered copper powder provides capillary action
to maintain the overall operation of the heat pipe.

Fig. 2 illustrates the manufacturing process of the MBHP. First,
three sections of copper pipe are assembled and welded together
according to the design using a T-shaped copper joint. A graphite
shaft sleeve with stepped concentric holes is then assembled at
the end of the longer branch and graphite core rods with a diame-
ter of 5.5 mm are installed to form a T shape at the center of each
branch. Next, copper powder is used to fill in the gap between the
longer branch and its core rod. Subsequent to the filling, another
graphite shaft sleeve is installed at the inlet of the longer branch
to prevent leakage of the filled copper powder. Then, a second
Fig. 1. (a) Mechanism schematic
copper powder filling operation is conducted in the middle branch.
Graphite material is used for both core rods and shaft sleeves due
to the fact that graphite and copper do not become fused in the
process of high-temperature sintering and therefore they can be
separated smoothly after sintering. The core rods are then shaped
by sintering in an atmospheric furnace at a temperature of 900 �C
for 60 min. This method of filling twice and sintering once guaran-
tees that the wicks of the three branches connect with each other
to form the whole structure after sintering. Next, the core rods are
extracted to form vapor lines. The middle branch is welded and
vacuumed, whereas the other two branches are welded and sealed.
The branches are then reduced by hydrogen in the atmospheric
furnace at 400 �C. Finally, the heat pipe is evacuated to a vacuity
of 10�3 Pa and injected with Deionized water before being
mechanically sealed. Volume of deionized water V can be calcu-
lated by the following equation:

V ¼ g� e� Vpowder ð1Þ
where g is the filling ratio, e represent the porosity of the wick,
Vpowder is the volume of sintered copper powder. A MBHP created
by following this procedure is shown in Fig. 1(b).

According to Laplace and Young equation, the capillary pressure
of copper wick can be formulated by the following.

Dp ¼ 2r cosae

re
� cosac

rc

� �
ð2Þ

where r, a and r are the surface tension, the contact angle and the
capillary radius. Subscript e and c represent the evaporator and the
condenser.

When the heat pipe starts up, the maximum capillary pressure
must be greater than the total pressure drop.

Dpmax P Dptot ¼ Dpl þ Dpv ð3Þ
where Dptot , Dpl and Dpv refer to the total pressure drop, the liquid
pressure drop and the vapor pressure drop, respectively. The
and (b) photo of real device.



Fig. 2. The MBHP manufacturing process.
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maximum capillary pressure and the liquid pressure drop can be
calculated from the following formula.

Dpmax ¼
2r
re

ð4Þ
Dpl ¼ Dpfl þ Dpg ð5Þ
whereDpfl andDpg are pressure drop due to friction and the pressure
drop associated to gravity force.Dpfl maybe foundbyDarcy equation.

Dpfl ¼
ll _mleff
qlKAw

ð6Þ

where ll, _m, leff , ql, K and Aw refer to dynamic viscosity of liquid,
mass flow, effective length of the heat pipe, density of liquid, wick
permeability and cross-sectional area of the wick, respectively. leff
and K can be expressed as below.

leff ¼ ls þ le þ lc
2

ð7Þ
K ¼ D2
we2

150ð1� eÞ2
ð8Þ

where ls, le and lc are length of the adiabatic section, the evaporator
and the condenser. Dw refer to the inside diameter of the wick.

The pressure drop associated to gravity force is as below.

Dpg ¼ qlgh ð9Þ
where g and h are the gravitational acceleration and the gravity
distance.

Ignoring the vapor pressure drop, the maximum mass flow can
be got as fellow.

_m ¼ rqlKAw

llleff

2
re

� qlgh
r

� �
ð10Þ

Therefore, the maximum heat transfer rate of heat pipe can be
described by

Q ¼ _mL ¼ rqlKAwL
llleff

2
re

� qlgh
r

� �
ð11Þ

where L is the latent heat of vaporization.
2.2. Test apparatus

Fig. 3 depicts the heat pipe test apparatus and arrangement. The
test system consisted of three modules: heating module, condens-
ing module and temperature data acquisition module. The heating
module included two power supplies whose heating power could
be adjusted through variable transformers. The condensing module
contained aluminum fins and a fan. Forced convection cooling was
conducted on the aluminum fins via the fan. The adiabatic section
and evaporators were wrapped in a layer of adiabatic cotton to
reduce the effect of natural convection when testing. The temper-
ature data acquisition module consisted of eight thermal couples
labeled T1–T8, a data acquisition card and a data display and
recording system. The installation positions of heat sources and
heat sink, as well as the temperature data acquisition positions
are shown in Fig. 3. T1 and T4 were used to detect the tempera-
tures of the two evaporators. T2 and T3 were used to detect
the temperatures of the evaporator branches before merging
into the condenser branch. T5 was used to detect the temperature
of the evaporator branches after merging into the condenser
branch. T6 was used to detect the temperature of the condenser
section inlet. T7 was applied to detect the temperature of the con-
denser branch end and T8 to detect the ambient temperature.

2.3. Uncertainty analysis

Experimental uncertainty is mainly the random error of the
temperature measurement process. Such as K-type thermocouple
measurement accuracy of ±0.1 �C, data acquisition card with the
resolution of 0.1 �C, the input power tolerance of ±0.5 W.

Temperature measurement uncertainty includes the following
independent parts:

(1) temperature measurement error of K-type thermocouple,
dT. (2) output power error of the input power, dWpower. (3) The res-
olution of the data acquisition card, dTdata. (4) heat leakage of
Wrapped adiabatic cotton, dQac. The heat leakage of adiabatic cot-
ton can be calculated as follows:

dQac �
Xn
1

kADs
DH

DTi ð12Þ



Fig. 3. Heat pipe test apparatus and arrangement.
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where k, A and DH is the thermal conductivity, the wrapped area
and the thickness of the adiabatic cotton, DTi is the temperature dif-
ference across the adiabatic cotton layer, i is the serial number of
continuous measurement time interval Ds, n is the totality of the
time intervals during testing process.

Considering each uncertainty and using square formula to
obtain the temperature measurement uncertainty [30]:

UT ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

dT
Tave

� �2

þ dWpower

Q

� �2

þ dTdate

Tave

� �2

þ dQac

Q

� �2
s

ð13Þ

where Tave is the time-averaged temperature of each temperature
measurement point.

3. Results and discussions

3.1. Effects of working fluid filling ratios to the MBHP

Working fluid filling ratio is an important factor on heat transfer
performance of heat pipe and the filling ratio g ¼ 100% is defined
as the working fluid fills the whole pore volume of the sintered
copper powder in this paper. Six different filling ratio, 50%, 75%,
100%, 125%, 150% and 175%, are tested in this experiment, as show
in Fig. 4. We use x W(L) and y W(R) to denote that the input power
of heat source 1 and heat source 2 is x W and y W, respectively. In
this test, the total heating load is Q ¼ xWðLÞ þ yWðRÞ. Additionally,
heat flux q of MBHP can be calculated as below.

q ¼ 4Q
pD2 ð14Þ

where D is the outer diameter of the copper tube.
There are many differences among the six filling ratios as show

in Fig. 4. The temperature differences between evaporator and con-
denser increase significantly with the variation of heating load. For
instance, the temperature differences of filling ratio 50%, 75%,
100%, 125%, 150% and 175% are from (a) 6.1 �C, (b) 3.3 �C, (c)
7.2 �C, (d) 12.2 �C, (e) 26.1 �C and (f) 54.1 �C at the heating load
of 30 W to (a) 7.9 �C, (b) 6.8 �C, (c) 9.2 �C, (d) 28.9 �C, (e) 37.1 �C
and (f) 87.9 �C at the heating load of 70W. It can be seen that
MBHP of the filling ratio 75% has best isothermal performance at
the same heating load among all the tested filling ratios.
When the filling ratio is 50%, as show in Fig. 4(a), the maxi-
mum heating load can reach 100W and the peak temperature is
about 76 �C at the outlet of two evaporators. The maximum heat
flux is about 198.9 W/cm2. When the heating load is higher than
100W, the evaporator will dry out and the peak temperature will
raise quickly. When the filling ratio is 75%, as show in Fig. 4(b),
the maximum heating load can reach 160 W and the peak tem-
perature is about 110 �C. The maximum heat flux is about
318.3 W/cm2. In the Fig. 4(c), the filling ratio is 100%, the maxi-
mum heating load, the peak temperature and the maximum heat
flux are 160W, 113 �C and 318.3 W/cm2, respectively. In the Fig. 4
(d), the filling ratio is 125%, the maximum heating load, the peak
temperature and the maximum heat flux refer to 100 W, 103 �C
and 198.9 W/cm2, respectively. In the Fig. 4(e), the filling ratio is
150%, the maximum heating load, the peak temperature and the
maximum heat flux are 100W, 103 �C and 198.9 W/cm2, respec-
tively. In the Fig. 4(f), the filling ratio is 175%, the maximum heat-
ing load, the peak temperature and the maximum heat flux refer
to 70 W, 113 �C and 139.2 W/cm2, respectively. To sum up, as the
filling ratio increases from 25% to 175%, the maximum heating
load also increases at the beginning and then gradually decreases.
And the optimal filling ratio is between 75% and 100% which can
reach the maximum heating load of 160W. The following is a
description of the reasons for the above phenomena: As the filling
ratio of heat pipe is less and the heating load is increasing con-
stantly, condensed liquid flows back to the evaporator and the liq-
uid is boiling vigorously, consequently, the working fluid which
does not reach the evaporator section has been evaporated. Eva-
porated working fluid is more than the backflow in the evaporator
section. And then the evaporator appears dry out, tube tempera-
ture will rise rapidly and the heat transfer efficiency decreased.
Conversely, high filling ratio and constant heat flux will cause a
large number of liquid converted to vapor. The pressure inside
vapor line becomes large with the density of vapor increasing
and it hinders reflux velocity of the condensed liquid. Finally,
the continuous cycle rate of the working fluid is affected, so that
the temperature at the outlet of evaporator rises rapidly and it
also reduces the heat transfer efficiency. Above all, too much or
too little of the fill rates are not conducive to effective heat trans-
fer and the optimal filling ratio is between 75% and 100% in this
paper.



Fig. 4. Thermal performance of MBHP with different working fluid filling ratios: (a) filling ratio 25%, (b) filling ratio 75%, (c) filling ratio 100%, (d) filling ratio 125%, (e) filling
ratio 150%, (f) filling ratio 175%.
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3.2. Start-up characteristics of the MBHP

The start-up characteristics of the heat pipe are associated with
two critical parameters: Start-up time and start-up temperature-
rise. Start-up time is the period from the moment the evaporators
start to get heated to the moment when their temperatures are
stable. Start-up temperature-rise is the temperature difference of
the evaporators before and after the startup. In Fig. 5, the filling
ratio of MBHP is 75% and the time after the evaporators are heated
up can be divided into two parts: the start-up stage and the stable
stage. It can be seen that there is no temperature oscillation or
overshoot in the MBHP during the start-up stage. Moreover, the
start-up time of MBHP is all within 10 min at the total heating load
from 30W to 160W. The start-up temperature-rise of the heat
pipe are (a) 10.8 �C, (b) 27.2 �C, (c) 50.5 �C, (d) 84.6 �C at the heat-
ing load (a) 30 W, (b) 60 W, (c) 100 W, (d) 160 W, respectively, in
Fig. 5.

In Fig. 6, the filling ratio of MBHP is 175% and the volume of
working fluid is larger than the copper pore volume in this case.
In Fig. 6, the start-up time and start-up temperature-rise of the
heat pipe are (a) 23 min and 44 �C, (b) 20 min and 51 �C, (c)
16 min and 74 �C, (d) 15 min and 87 �C at the heating load (a)
30 W, (b)40 W, (c)60 W, (d)70W, respectively. It can be seen that
as the total power of the heat sources increases, the heat pipe
start-up time decreases and the start-up speed increases. This
can be explained by the fact that the increase in the heat source
power accelerates the speed of the working fluid in evaporators
vaporizing into gas. As the vapor volume accumulates, the pressure
in the vapor lines rises, accelerating vapor condensation in the con-
denser. The condensed liquid then returns to the evaporators
because of the relatively high capillary pressure between the wet-
ting pores of the condenser and the drying pores of the evapora-
tors. Therefore, with the increase in both the vaporizing and
returning speeds of the working fluid, the start-up time of the heat
pipe is shortened and the start-up characteristics are improved. It
is clear from the start-up characteristics of the MBHP that, for each
of the multiple heat sources, in order to reach a stable working
state in a shorter time, increasing the power within the allowable
limit is the primary choice to be considered. As Fig. 6 shows, the
time after the heat pipe evaporators are heated up can be divided
into two parts, i.e., the start-up stage and the stable stage (stage 3),
where the start-up stage further includes the temperature jump



Fig. 5. MBHP (filling ratio 75%) startup under various heat loads (a) 15 W(L) and 15 W(R), (b) 30 W(L) and 30 W(R), (c) 50 W(L) and 50 W(R), (d) 80 W(L) and 80 W(R).

Fig. 6. MBHP (filling ratio 175%) startup under various heat loads (a) 15 W(L) and 15 W(R), (b) 20 W(L) and 20 W(R), (c) 30 W(L) and 30 W(R), (d) 35 W(L) and 35 W(R).
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stage (stage 1) and the temperature climb stage (stage 2). Both
duration and performance degree of the temperature jump stage
(stage 1) are related to the heat source power, where duration
can be defined as the period during which the temperatures of
the two evaporators evolve from different values to become the
same and performance degree can be defined as the ratio of the
maximum temperature of stage 1 to the stable temperature of sat-
ge3. In Fig. 6(a), when the total power of the heat sources is 30 W,
the duration of stage 1 is approximately 330 s, the highest temper-
ature of evaporators during stage1 is 51 �C, the steady-state
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temperature is 61 �C, and the performance degree of stage 1 is
83.6%. In Fig. 6(b), when the total power of the heat sources is
40 W, the duration of stage 1, the highest temperature of jump,
the steady-state temperature and their performance degree are
220 s, 43 �C, 75 �C and 57.3%, respectively. In Fig. 6(c), under the
total power of 60W, the duration of stage 1 is 130 s, the highest
temperature of the jump is 52 �C, the steady-state temperature is
99 �C, and the performance degree is 52.5%. As Fig. 6(d) shows,
when the total power is 70 W, the duration, highest temperature
of jump, steady-state temperature and their performance degree
are 100 s, 50 �C, 113 �C and 44.2%, respectively. It can be observed
from the data above that there is obvious temperature jump in
low-power regions. With the increase in power, the duration and
performance degree of stage 1 both decrease. When the total power
is greater than 40 W, the effect of temperature jump can be ignored.
The reason for the temperature jump stage is explained below.
Before the evaporators of the heat pipe are heated, the volume of
working fluid is larger than the copper pore volume at the filling
ratio 175% and the extra working fluid is left in the steam line.
Owing to the effects of those incontrollable factors such as the ran-
dom distribution of sintered copper powder pores, manufacturing
error and gravity, maintaining the distribution proportions of the
phase-exchange working fluid in the two evaporating sections the
same is difficult. When the heat pipe begins to be heated, the pow-
ers of the heat sources loaded on both sides are the same; that is,
the vapor volumes of the working fluid in both evaporators are
equal at the beginning of heating. Assuming that the volumes of
working fluid returning from the condenser to each evaporator
are also the same, then it can be ascertained that the temperature
of the evaporator with more working fluid climbs more slowly
because the extra working fluid absorbs energy to vaporize, shown
as the T1 curve in Fig. 6(a). On the other hand, the temperature of
the other evaporator increases faster as it contains less working
fluid to vaporize, illustrated by the T4 curve of Fig. 6(a). When the
extra working fluid in the evaporator with the lower temperature
completely vaporizes (T4 reaches the peak of the temperature
jump), the vaporizing and returning volumes of both evaporators
are the same, respectively. Thereby, the T4 temperature curve
begins to fall significantly while the T1 curve begins to increase
more rapidly. Finally, both evaporators reach steady state with
the same temperature-rise speed. The description above illustrates
that this type of heat pipe may exhibit slight fluctuations at the
start-up stage under low-power conditions at the high filling ratio.

To sum up, the MBHP proposed and manufactured in this work
meets the requirement of multi-heat source heat dissipation of
electronic devices. It is able to guarantee the highest temperature
at under 110 �C when the total power of the heat sources is below
160W with the optimal filling ratio. For many electronics, for
example LED with the maximum junction temperature of 150 �C
[31], this temperature is a reliable condition to ensure normal life-
time of products.

3.3. Power distribution characteristics of the MBHP

In Fig. 7, the filling ratio of MBHP is 75%. The power of heat
source 1 and heat source 2 for the heat pipe is (a) 10 W(L) and
110 W(R), (b) 30 W(L) and 90 W(R), (c) 50 W(L) and 70 W(R), and
(d) 60 W(L) and 60 W(R), respectively. The total power of the
two heat sources in each group above is 120W.

When the sum of the power of the two heat sources is 120 W,
regardless of how the power of the two heat sources is allocated,
the steady-state temperature of the heat pipe is always the same.
The peak temperature and the start-up temperature-rise of MBHP
are 86 �C and 60.9 �C. When the power of the two heat sources for
the MBHP have the same sum but different distributions, the heat
pipe has the same steady-state temperature in the range of allow-
able error. This is because an increase in the total energy in a sys-
tem must be equal to the difference between the energy entering
and exiting the system. If the energy entering a system is equal
to the energy leaving the system, then the energy increase of the
system is zero and the same final system state will be reached.
Therefore, in the case with the same total power and the same con-
densing conditions, the steady-state temperature eventually
reaches must be equal.

Therefore, it can be concluded that the MBHP proposed in this
paper is capable of satisfying the demand of electronics working
in the same environment with various power values, as well as
ensuring the same lifetime under different working conditions.
The overall performance of electronics can thereby be effectively
improved.

3.4. Dynamic response characteristics of the MBHP

In this experiment, the filling ratio of MBHP is 75% and the heat-
ing load of the two heat sources is continuously changed to
observe the temperature variation trend, as shown in Fig. 8. It
can be seen that the heating loads of the two heat sources are
S1: 30 W(L) & 0 W(R), S2: 30 W(L) & 30 W(R), S3: 60 W(L) & 30
W(R), S4: 60 W(L) & 60 W(R), S5: 30 W(L) & 60 W(R), S6: 30 W(L)
& 30 W(R), S7: 0 W(L) & 30 W(R), S8: 0 W(L) & 0 W(R), where S1:
30 W(L) & 0 W(R) represents the state (S1) with the power of heat
source1 being 30 W and heat source 2 being 0W.

As can be seen that S1 in the Fig. 8, the input power of heat
source 1 increased from 0 to 30 W while the input power of heat
source 2 is still 0 W, resulting all the curves rising steadily at the
same time. The peak temperature reaches a steady temperature
of 42.1 �C with temperature difference DT = 16.8 �C. However, the
temperature rise of the T4 curve is not as significant as that of
the T1 curve. This is because S1 is the stage that the heat pipe is
heated by the two heat sources with a power of 30 W(L) and 0 W
(R), respectively, as Fig. 8 shows. Both heat source 2 and the con-
denser are heat sinks relative to heat source 1. The heat transfer
direction suggests that a small amount of heat is transferred from
heat source 1 to heat source 2. At this moment, the branch corre-
sponding to heat source 2 is equivalent to being heated by heat
source 1. Consequently, the T4 curve of S1 in Fig. 8 exhibits a
slowly increasing trend. Compared with heat sources 1 and 2, the
heat sink on the third branch always has a relatively low temper-
ature. Therefore, most of the energy in heat source 1 is transferred
to the condenser. Although a small amount of energy is transferred
from heat source 2 to the condenser, it primarily serves as a heat-
ing object in the start-up stage. However, the heat sink continu-
ously transfers heat out through the heat exchange with the
surrounding environment. The majority of the energy generated
by heat source 1 is transferred to the heat sink while only a small
part is used to heat the branch of heat source 2. Therefore, the
overall start-up speed of the T4 curve is relatively low.

When the power of heat source 2 is also increased from 0W to
30W, the temperature curve steadily increases from state S1 to
state S2. The peak temperature of MBHP varies from the original
steady temperature of 42.1 �C to a new steady temperature of
55.6 �C with a temperature difference DT = 13.5 �C. When the
power of heat source 1 is increased from 30W to 60W, the tem-
perature curve steadily increases from state S2 to state S3 and
the peak temperature reaches a new steady temperature of
70.3 �C with temperature difference DT = 14.7 �C. When the power
of heat source 2 is also increased from 30W to 60 W, the temper-
ature curve steadily increases from state S3 to state S4 and the
peak temperature reaches a new steady temperature of 86.6 �C
with temperature difference DT = 16.3 �C. At this point, the power
values of the heat sources are both 60W and the corresponding
temperatures are in the steady state. The power of heat source 1



Fig. 7. MBHP (filling ratio 75%) startup under a constant total power: (a) 10 W(L) and 110 W(R), (b) 30 W(L) and 90 W(R), (c) 50 W(L) and 70 W(R), (d) 60 W(L) and 60 W(R).

Fig. 8. Dynamic characteristics of the MBHP (filling ratio 75%) with heating load increasing from 0W to 120 W before decreasing from 120W to 0 W.
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subsequently rapidly decreases from 60W to 30 W, with the tem-
perature curve changing from state S4 to state S5, as shown in
Fig. 8. A new steady temperature of state S5 is the same as the peak
temperature of state S3. When the heat pipe temperature is steady,
the power of heat source 2 decreases from 60W to 30 W, driving
the curve from state S5 to state S6, and so on. Thus, it is clear that
in a working heat pipe, when the heating power of a branch is
changed, the temperature of each branch could steadily increase
or decrease to a new steady temperature over time.

The dynamic characteristics of the MBHP (filling ratio 75%) with
the total heating load increasing from 20W to 180 W, progres-
sively, are shown in Fig. 9. It is clear from the above test and anal-
ysis that the dynamic response characteristics of the MBHP can be
applied in the field of heat dissipation of power-varying multi-heat
source systems. The power of multiple heat sources can be
adjusted in accordance with the requirements of the practical sit-
uation. Regardless of how the requirement varies, the working con-
ditions of multiple heat sources can be kept consistent through
MBHPs. The MBHP proposed in this research can ensure that
multi-heat source electronics operate as designed in environments
with frequent power variations. When the power of the heat
sources increases, the heat pipe can force each branch to transfer
to new steady states. When the power decreases, the heat pipe
can also provide some buffer and protection.



Fig. 9. Dynamic characteristics of the MBHP (filling ratio 75%) with heating load increasing from 20W to 180W.
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3.5. Thermal resistance analysis of the MBHP

Thermal resistance is a crucial technical index describing the
heat transfer characteristics of electronics, which refers to the ratio
of the temperature difference between two points to the power
that generates this temperature difference under the thermal bal-
ance [32]:

R ¼ DT
Q

ð15Þ

Fig. 10(a) is a schematic of the thermal resistance distribution of the
proposed MBHP. The calculations are based on the following
equations:

R1 ¼ 2ðT1 � T5Þ
Q

ð16Þ

R2 ¼ 2ðT4 � T5Þ
Q

ð17Þ

R3 ¼ ðT5 � ðT6 þ T7Þ=2Þ
Q

ð18Þ

Rtot ¼ DT
Q

¼ R1R2

R1 þ R2
þ R3 ¼ ðT1 þ T4Þ=2� ðT6 þ T7Þ=2

Q
ð19Þ
Fig. 10. (a) Thermal resistance distribution and (b) thermal resistances
where R1 and R2 are the thermal resistance from heat source 1 and
heat source 2 to the concourse of two branches, respectively; R3 is
the thermal resistance from the concourse to the condenser; Rtot
is the total thermal resistance of the heat pipe; R1 and R2 are con-
nected in parallel prior to being connected with R3 in series; Q is
the total heating load and DT is the total temperature difference
of the heat pipe.

As shown in Fig. 10(b), they are the thermal resistances of six
filling ratios at each heating load. the total thermal resistances
of filling ratio 50%, 75%, 100%, 125%,150% and 175% are from
0.1 �C/W, 0.06 �C/W, 0.12 �C/W, 0.2 �C/W, 0.92 �C/W and
54.1 �C/W at the heating load of 30 W to 0.06 �C/W, 0.05 �C/W,
0.1 �C/W, 0.2 �C/W, 0.27 �C/W and 0.63 �C/W at the heating load
of 70W. Moreover, it can be observed from Fig. 10(b) that the opti-
mal filling ratio is between 75% and 100%. In this range of filling
ratios, thermal resistance can achieve the minimum and limit of
heating load could reach the maximum. With the increase in the
total power, the thermal resistance of the heat pipe gradually decli-
nes and reaches a minimal value. For instance, when the filling
ratio of MBHP is 75%, the total thermal resistance can reach
Rtot ¼ 0:08 �C=W under a heating load of 20W at the beginning
and then gradually declines to the minimum Rtot ¼ 0:04 �C=W at
the heating load of 160 W. This is because the constantly increas-
ing heating power of the heat pipe accelerates vaporization of
the working fluid in evaporators, leading to a continuous increase
of six filling ratios corresponding to the thermal load of the MBHP.
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in vapor pressure in the vapor lines. The pressure increase then
forces the vapor to condense more rapidly in the condenser. The
pressure difference between the capillary wicks of the condenser
and the evaporators also constantly increases, which causes the
working fluid to flow back into the capillary wicks rapidly and
gradually reduce the total thermal resistance. However, with the
further increase in the total power, only a slight increase occurs
in the thermal resistance of the heat pipe. For example, when the
filling ratio of MBHP is 75%, the total thermal resistance under total
power value of 180 W is about 0.05 �C/W, respectively, which has a
slight increase compared with the minimal value 0.04 �C/W. This is
mainly because with the further power increase, the local dry-out
phenomenon occurs in the evaporators, causing a slight increase in
the thermal resistance [29]. As a result, the heat transfer perfor-
mance of the heat pipe will degrade.

4. Conclusions

This paper presented the results of tests conducted on a newly
developed MBHP consisting of two evaporators and a condenser,
which is primarily suited for heat dissipation in multi-heat source
electronics. The following conclusions were drawn from the results
obtained:

(1) The filling ratio has a great influence on the heat transfer
performance of heat pipe and the optimal filling ratio is
between 75% and 100% in this paper. Under this range of fill-
ing ratios, the MBHP can start up rapidly and reach the
stable heat transfer for the multi-heat sources.

(2) The optimum working heating load of the proposed MBHP is
in the range 30–160W. In particular, for a total heating load
from two heat sources of 160 W, the heat pipe can reach its
optimum heat transfer performance with the minimum
thermal resistance of 0.04 �C/W, the maximum heat flux of
318.3 W/cm2 and the highest temperature below 110 �C,
which is considered a reliable condition for safe operation
of most electronics, such as high-power LED.

(3) When the heat sources on both sides of the heat pipe are
equal in terms of total power, regardless of how the power
of the two heat sources is allocated, the final steady-state
temperature in the heat pipe remains the same.

(4) After the MBHP starting up, regardless of whether the heat
source power increases or decreases, the temperature of
each branch can steadily rise or fall to a new steady value
without any sudden temperature change. Therefore, it can
be applied in situations where the multi-heat source power
varies frequently and consistent working environment and
lifetime are required among heat sources.
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