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Numerical Investigation on Flow Pattern, Heat Transfer and Pressure Drop
Characteristics of Flow Boiling with Discrete Heat Sources

Ping Yang, Weihao Ling, Ke Tian, Min Zeng, and Qiuwang Wang

Key Laboratory of Thermo-Fluid Science and Engineering, Ministry of Education, Xi’an Jiaotong University, Xi’an, Shaanxi, China

ABSTRACT
Heat dissipation and temperature uniformity are one of the key technologies for electronic
equipment. With the rapid growth of computing demand and the wide application of multi-
chip devices, heat sources are distributed discretely in space. Therefore, the flow boiling in
the mini-channel with two discrete heat sources is investigated in this study. The effects of
heat source distribution, inlet fluid temperature and channel diameter on flow pattern, heat
transfer and pressure drop are discussed in detail. The results show that intermittent flow
tends to form around discrete heat sources, especially near the heat source which is far
from the channel inlet. Moreover, the distance between discrete heat sources shouldn’t be
too close to avoid heat concentration, nor too far to make full use of latent heat. When the
distance between two heat sources is 70mm, the temperature distribution is appropriate,
and the heat dissipation is the best in this study. For the discrete heat source far from the
inlet, the heat transfer coefficient increases significantly when the inlet fluid temperature
increases due to the preheating of another heat source.

Introduction

With the mature development of integrated circuit
technology, the heat flux of electronic products is
increasing sharply. Karayiannis and Mahmoud [1]
predicted that the average heat flux of computer chips
would reach 2-4.5MW/m2 in 2026. Undoubtedly, if
the heat can’t be dissipated efficiently, the high heat
flux will make the chip temperature increase, which is
pernicious to the electronic equipment lifetime.
Therefore, more effective thermal management is
urgently required.

Compared with single-phase flow, flow boiling has
great heat transfer efficiency and can make the surface
temperature more uniform due to the latent heat.
Therefore, a great quantity of studies on heat transfer
of flow boiling have been carried out in electronic
industries and other applications. Sumith et al. [2]
found that existing flow boiling correlations underpre-
dicted the heat transfer at a heat flux less than
200 kW/m2, so they came up with a new method to pre-
dict the heat transfer coefficient of water boiling based
on their experimental data. Similarly, Lillo et al. [3]
investigated the flow boiling of propane through
experiments. They proposed a modified method to

predict heat transfer and assessed available prediction
tools of dry out vapor qualities and pressure drop. Niu
et al. [4] focused on the flow boiling heat transfer per-
formance of R134a in the helically coiled tube. They
found that nucleate boiling played a significant role but
convective boiling would be weakened at high vapor
quality, and they proposed a new correlation of heat
transfer coefficient for the above conditions (heat flux
q¼ 2-60 kW/m2; mass flux G¼ 182.9-800 kg/(m2�s);
pressure p¼ 0.41-1.1MPa). Besides the effect of ther-
mal properties, the channel structure is also a signifi-
cant factor affecting flow boiling. Soupremanien et al.
[5] conducted experiments to discuss the influence of
aspect ratio on horizontal flow boiling with the same
hydraulic diameter (1.4mm). They pointed out that the
channel with a smaller aspect ratio had a higher heat
transfer coefficient if the heat flux was low, but the
result was contrary for high heat flux conditions.
However, €Ozdemir et al. [6] confirmed that the channel
with the smaller aspect ratio showed greater heat dissi-
pation when the heat flux was up to 480-500 kW/m2.
Yen et al. [7] and Deng et al. [8] studied the heat trans-
fer characteristic of flow boiling in the channel with
different cross sections. They indicated that square
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cross section and unique X-shaped cross section
were beneficial to enhance the heat transfer of flow
boiling. However, most experimental studies difficultly
investigate the details of flow pattern in the mini and
micro-channel limited by experimental measurement
technologies.

Due to the development of computer technology,
numerical simulation can overcome the shortcomings
of experimental studies and reveal some local charac-
teristics. Kunkelmann and Stephan [9] successfully
simulated the vapor bubble growth and detachment
from the heated surface based on the volume of fluid
model (VOF) and validated the contact line model in
boiling heat transfer. La Forgia et al. [10] revealed the
evolution of vapor bubble growth in flow boiling
using the diffuse interface method. The results showed
that the bubbles grew almost linearly during evapor-
ation, and the surface tension could keep bubbles
spherical. Huang et al. [11] numerically analyzed the
heat transfer, pressure drop and flow pattern of flow
boiling in the mini-channel for different conditions.
They summarized that the heat transfer coefficient
would increase with the increase of vapor volume
fraction while the vapor volume fraction ranged
between 0.2 and 0.5. Similarly, Yin et al. [12] numer-
ically investigated the heat transfer in a mesoscale sep-
arated heat pipe. They divided the flow pattern into
four types in the mesoscale vertical tube and found
that nucleate boiling is the main boiling form at low
heat flux. Lee et al. [13] investigated flow boiling in
the finned microchannel by numerical method and

optimized the radiator design to enhance the flow
boiling heat transfer. The results indicated that when
the fin height was 0.03mm, the shorter the fin length,
the better heat transfer. Luo et al. [14] numerically
studied the hydrodynamics and heat transfer perform-
ance of annular flow boiling in a narrow rectangular
microchannel. They pointed out that increasing inlet
vapor quality and wall heat flux were able to enhance
heat transfer because the liquid film thickness was
decreased. Shao et al. [15] performed a fundamental
numerical investigation on the flow boiling of R410A
and clarified the effects of mass flux and heat flux on
heat transfer. They found that heat transfer coefficient
increased with the mass flux increasing but was
slightly influenced by heat flux. However, the above
studies rarely consider the effect of non-uniform heat-
ing on flow boiling.

Moreover, to improve performance, multichip devi-
ces have been widely used, which makes heat source
distribute discretely in space. Jeindel et al. [16] per-
formed a forced convection boiling experiment for an
in-line 1� 10 array of discrete heat sources without
deep flow pattern investigation. They found that the
maximum temperature difference between heat sour-
ces was insensitive to channel height under fully
developed nucleate boiling conditions. Cho et al. [17,
18] investigated cooling performance and pressure
drop in the micro-channel heated by 9 discrete heat
sources. The results indicated that the channel with
the trapezoidal header was the best design considering
temperature distribution and pressure drop, but they

Nomenclature

a distance between the heat source 1 center point and
section A-A, m

b distance between the heat source 2 center point and
section A-A, m

cp specific heat capacity, J/(kg�K)
d channel diameter, m
E specific energy, J/kg
F volume force induced by interface interaction, N/m3

g gravitational acceleration, m/s2

G mass flux, kg/(m2�s)
h latent heat, J/kg
k thermal conductivity, W/(m�K)
p pressure, Pa
q heat flux, W/m2

r axial coordinates along the radial direction, m
Se energy source term, J/(m3�s)
Sl mass transfer rate between the liquid and vapor phase,

kg/(m3�s)
Sv mass transfer rate between the liquid and vapor phase,

kg/(m3�s)
t time, s
T temperature, K

v velocity, m/s
VOF volume of fluid
x Vapor quality, 1
z Axial coordinate along the flow direction, m

Greek Symbols
a phase fraction, 1
b vapor volume fraction, 1
h axial coordinate along the circumferential direc-

tion, rad
j interface curvature, m-1

k relaxation factor, s-1

l viscosity, Pa�s
q density, kg/m3

r surface tension coefficient, N/m

Subscripts
eff effective
l liquid phase
v vapor phase
sat saturation

2 P. YANG ET AL.



didn’t show the effect of non-uniform on flow pattern
either. Ritchey et al. [19] conducted an experimental
investigation to explore the flow boiling in micro-
channel with non-uniform heating using individual
heaters of 5� 5 arrays. The results showed that for
the non-uniform heating case, the local flow regimes
and heat transfer coefficients deviated significantly
from the uniformly heated case. Kurose et al. [20, 21]
studied the heat transfer characteristics and the
refrigerant flow distribution in the parallel channels
heated unequally in the air conditioning system. They
developed correlation equations predicting mass flow
rates and inlet vapor qualities under unequally heated
conditions. However, they focused on the non-uni-
form heating between two channels, rather than dis-
crete heat source heating. Heat transfer performance
and instability in parallel channels with discrete heat
sources were studied in our previous work [22], but
the effect of discrete heat source distribution on heat
transfer was not analyzed essentially and other influ-
ences were not discussed. Besides, flow pattern and
pressure drop characteristics of flow boiling in the
channel with discrete heat sources were not investi-
gated either in our previous work.

It can be seen from the above literature that more
comprehensive and profound investigations are
needed to understand the two-phase flow characteris-
tics better especially for flow pattern when the channel
is heated with discrete heat sources. Consequently,
flow pattern, heat transfer and pressure drop charac-
teristics of flow boiling with discrete heat sources are
investigated in detail in this study. Besides, the effects
of heat source distribution, inlet fluid temperature
and channel diameter on the above characteristics
have been analyzed. This study is expected to provide
a further understanding of flow boiling with discrete
heat sources and some optimization suggestions for
the two-phase flow cooling system.

Numerical model and validation

Physical model

The flow boiling in a mini-channel heated by two
discrete heat sources is investigated. In order to save
computing resources, the physical model can be rea-
sonably simplified as a two-dimensional axisymmet-
ric model. The computational configurations are
shown in Figure 1, where the channel length is
200mm, and two adiabatic segment lengths are both
90mm. The solid thickness is 0.3mm. Section A-A is
the channel symmetry plane, and a or b represents
the distance between the heat source center point
and section A-A. This study assumes that a¼ b and
the heat source length is 20mm. Besides, the velocity
and pressure boundary conditions are applied in the
computational domain inlet and outlet. Inlet velocity
is considered uniform which is 0.2m/s. The refriger-
ant operating pressure is 101325 Pa. Channel is
heated by two discrete heat sources with a constant
heat flux of 30000W/m2. Other walls are cooled by
natural convection and the ambient temperature is
293.15 K. The solid is aluminum. The saturation tem-
perature of R141b is 32 �C when the pressure is
101325 Pa, and the chip temperature is usually
expected to be less than 80 �C. Therefore, cooling
electronic equipment can be realized at low pressure
when the fluid is R141b, which can improve the
safety of the cooling system. Thus, R141b is studied
in this study. The thermal properties of R141b are
presented in Table 1 [11].

Mathematical model

Governing equations
The two-phase flow is calculated based on the VOF
model, and the governing equations are as follows:

Figure 1. Physical model and computational configuration.
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Mass conservation equation:

@q
@t

þr � q v!
� �

¼ 0 (1)

where q and v! are density and velocity.
Momentum conservation equation:

@

@t
q v!
� � þr � q v! v!

� �

¼ �rpþr � leff r v!þ r v!ÞT
� �� i

þ q g!þ F
!h

(2)

where p, leff and g! are pressure, effective viscosity,
and gravitational acceleration respectively. F

!
repre-

sents the volume force induced by interface inter-
action. The interface surface tension is calculated by
the continuum surface force model proposed by
Brackbill et al. [23]. Moreover, the force at the surface
can be expressed as a volume force by using the diver-
gence theorem. Thus, F

!
is calculated as follows:

F
! ¼ rlv

alqljvrav þ avqvjlral
0:5ðql þ qvÞ

(3)

where subscript “1” and “v” represent liquid phase and
vapor phase, a is phase fraction and rlv is surface ten-
sion coefficient. If a is 1, the grid is full of liquid phase.
If a is 0, the grid is full of vapor phase. If 0<a<1, there
are liquid and vapor phase in the grid. jv and jl are
interface curvature, which can be written as follows:

jv ¼ �jl ¼ r � rav
ravj j (4)

Energy conservation equation:

@

@t
qEð Þ þ r � v! qEþ pð Þ� ¼ r � keffrTð Þ þ Se

�
(5)

where keff is effective thermal conductivity and Se is
energy source term, which is calculated in the phase
change model.

VOF equations:

@

@t
avqvð Þ þ r � avqv v

!� �
¼ Sv (6)

al þ av ¼ 1 (7)

where Sv is the mass transfer rate between the liquid
phase and vapor phase due to phase change, which
can also be obtained in the phase change model.

According to the VOF model theory, the above
fluid thermal properties are defined as follows:

q ¼ qlal þ qvav (8)

l ¼ llal þ lvav (9)

k ¼ klal þ kvav (10)

E ¼ alqlEl þ avqvEv
alql þ avqv

(11)

Phase change model
It’s essential to use an appropriate phase change
model in the flow boiling numerical simulation.
Among the existing phase change models, the evapor-
ation-condensation phase change model proposed by
Lee [24] is the simplest one to be implemented and is
suitable for simulating sub-cooled flow boiling.

Based on the gas dynamics theory, the mass and
energy transfer between the liquid phase and vapor
phase can be calculated with Equations (12) and (13)
in the Lee model.

Sv ¼ klalql
T � Tsat

Tsat
, Sl ¼ �Sv T > Tsat

Sl ¼ kvavqv
T � Tsat

Tsat
, Sv ¼ �Sl T < Tsat

8>><
>>:

(12)

Se ¼ hlvSv (13)

where hlv is latent heat and Tsat means refrigerant sat-
uration temperature. It’s noteworthy that relaxation
factors k1 and kv are empirical coefficients and should
be appropriate for different simulations. If k1 and kv
are too small, the interface temperature will deviate
from the saturation temperature too much, which will
make the simulation results inaccurate. However, the
relaxation factors also can’t be too large because the
simulation convergence will not be guaranteed.
Usually, k1 and kv are set from 0.1-100 s�1 [25]. In
this study, k1 ¼ kv are from 0.1-200 s�1 in order to
avoid computational divergence and ensure that the
phase interface temperature is close to the saturation
temperature.

Simulation method

Based on the finite volume method, the pressure-
based segregated solver PISO is chosen to solve the
governing equations. PRESTO! method is used to dis-
cretize pressure. The momentum and energy equa-
tions are discretized using the second order upwind

Table 1. Properties of R141b [11].
Property reference Correlation

Density of liquid ql ¼ �0.003 T2 � 0.1355 Tþ 1538.3
Density of vapor qv ¼ 0.003 T2 � 1.6827 Tþ 240
Thermal conductivity of liquid kl ¼ 3e-7T2 � 0.0005 Tþ 0.2033
Thermal conductivity of vapor kv ¼ 2e-7T2 –7e-5Tþ 0.0096
Specific heat of liquid cpl ¼ �0.008 T2 � 3.3 Tþ 1458.6
Specific heat of vapor cpv ¼ 0.006 T2 � 1.1 Tþ 611.8
Dynamic viscosity of liquid ll¼ 2e-8T2 –2e-5Tþ 0.0035
Dynamic viscosity of vapor lv ¼ 3e-11T2 þ 1e-8Tþ 3e-6

Surface tension r¼ 9e-8T2 � 0.0002 Tþ 0.0629
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scheme. In order to improve simulation accuracy,
Green Gauss Node Based method is applied for gradi-
ent discretization. Geometric Reconstruction scheme
proposed by Youngs [26] is implemented to structure
the phase interface. Besides, the SST k - x turbulence
model is employed to calculate turbulence in this
study. The calculation is considered as convergent
when the residual of energy equation is less than 10�6

and other equation residuals are less than 10�4.

Validation of the model

For the sake of simulation accuracy, the simulation
results are compared with experimental data, which
was obtained by Lin et al. [27] at the heat flux of
30 kW/m2. Lin et al. investigated the flow boiling of
R141b in the vertical mini-channel, where the internal

diameter and length of the channel are 1mm and
500mm. Figure 2 shows the comparison of the local
heat transfer coefficients along the channel, and the
error bars of experimental data are 15% in Figure 2. It
can be observed that the numerical results agree well
with the experimental data and the maximum relative
deviation is less than 15%, so the simulation methods
used in this study are correct. In addition, to test grid
independence, seven sets of grids are tested as illus-
trated in Figure 3. The case with 71000 grids is used
to consider both the accuracy and convergence rate.

Results and discussion

It’s widely known that flow boiling is a complex tran-
sient process and ought to be solved with time.
However, if the boundary conditions do not change
with time, the flow boiling will eventually reach the
pseudo steady state, in which the average tempera-
tures of heat sources and fluid fluctuate in a small
range, as shown in Figure 4. In industrial applications,
the results of flow boiling under the pseudo steady
state are paid more attention to, which are significant
for heat exchanger design and optimization. So, the
heat transfer and pressure drop are discussed under
the pseudo steady state in this study.

Flow pattern

Effect of discrete heat sources distribution
When the discrete heat source is used to heat the
channel, the heat source distribution is an issue that
should be discussed. The inner diameter, heat flux,
inlet temperature and velocity are 3mm, 30000W/m2,

Figure 3. Grid independence test.

Figure 4. Heat source average temperature and fluid average
temperature vary with time.

Figure 2. Numerical method validation-heat transfer coefficient
comparison between experiment [27] and simulation.

HEAT TRANSFER ENGINEERING 5



300K and 0.2m/s. There are four typical flow patterns
in vertical channel which are bubble flow, slug flow,
annular flow, and mist flow. In bubble flow, irregularly
shaped bubbles are dispersed in the liquid phase. In
slug flow, there are typical Taylor bubbles, which look
like bullets and have a diameter close to the channel
diameter. As for annular flow, the liquid film is
attached to the wall, and the vapor phase occupies the
channel center. Mist flow means liquid droplets are dis-
persed in the vapor phase. Figure 5 shows the phase
volume fraction distribution in fluid and the tempera-
ture distribution in solid when a¼ b¼ 15mm and
a¼ b¼ 35mm at 6.5 s. It should be mentioned that
z¼ 0mm means the channel inlet without the adiabatic
segments. Since the refrigerant is subcooled when
entering the channel, single-phase flow and subcooled
boiling will appear at the beginning. The fluid near the
wall is firstly heated to saturation temperature when
the fluid gradually approaches the discrete heat source.
Then a series of bubbles are generated, which escape
from the wall and gather in the center of the channel
due to buoyancy, forming a bubble flow. Based on the
above boundary conditions, it can be clearly concluded
from Figure 5 that the flow pattern is bubbles flow
when the flow boiling reaches the pseudo steady state.
However, compared Figure 5(a) with Figure 5(b), the
behavior of bubbles along the channel is different when
the distribution of discrete heat sources changes. When

a¼ b¼ 15mm, the mature bubbles around discrete
heat sources are less than that when a¼ b¼ 35mm. In
addition, the temperature field in the solid is quite dif-
ferent. The temperature of heat sources decreases obvi-
ously when a¼ b¼ 35mm compared with that when
a¼ b¼ 15mm. These phenomena show that compared
with continuous heating, the flow pattern and heat
transfer are irregular when the channel is heated with
discrete heat sources. More detailed information will be
discussed in the following sections.

Effect of inlet temperature
In the actual cooling system, the inlet fluid tempera-
ture is an important factor affecting flow boiling.
Therefore, the effect of inlet fluid temperature on flow
pattern is studied in this section.

Simulations are conducted for three inlet tempera-
tures when a¼ b¼ 35mm, which are 300K, 302K
and 303.5 K respectively. Besides, the inner diameter,
the heat flux, and the velocity are 3mm, 30000W/m2,
and 0.2m/s. It can be seen from Figure 6 that when
the inlet temperature increases to 302K or 303.5K,
there will be cap flow except for bubble flow. When
the inlet temperature is 303.5K, the cap flow propor-
tion in the whole channel is greater than that when
the inlet temperature is 302K. In addition, the higher
the inlet temperature, the closer the cap flow is to the
discrete heat sources. This is because the sensible heat

Figure 5. Temperature distribution in solid and phase volume fraction distribution in fluid vary with heat sources distribution
when flow time is 6.5 s.
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decreases with the increase of fluid inlet temperature,
which results in more bubbles. Then, due to the colli-
sion and agglomeration of many bubbles, cap flow is
gradually formed and accompanied by bubble flow.

Effect of channel diameter
The ratio of the heat transfer surface area to the vol-
ume is high in the mini-channel, which is beneficial
to improve heat transfer. Therefore, the channel diam-
eter is changed to 2mm and 1mm to investigate the
effect of channel diameter on flow boiling under dis-
crete heat sources. The heat flux, inlet temperature
and velocity are kept at 30000W/m2, 300K and
0.2m/s when a¼ b¼ 35mm.

As shown in Figure 7, different from the flow pat-
tern in the channel with a diameter of 3mm, some
new flow patterns appear in the smaller channel dur-
ing the development of flow pattern, such as slug
flow, intermittent flow and annular flow. When the
diameter is 2mm or 3mm, more bubbles will gather

before escaping from the wall and become larger bub-
bles. Then, because the influence of surface tension is
greater than that of buoyancy, the bubble volume
increases significantly in the axial direction rather
than radial direction, forming Taylor bubbles. As a
result, slug flow is shaped in the fluid between two
discrete heat sources or behind the heat source 2. In
addition, intermittent flow occurs in the channel,
especially near the discrete heat source when the
diameter is 1mm as shown in Figure 7(b), which is
detrimental to heat dissipation and circulating flow.

However, as shown in Figure 8, when the flow boil-
ing reaches the pseudo steady state, the flow pattern
in the smaller channel will change greatly. The final
flow pattern in the channel with a diameter of 3mm
is bubble flow, and the vapor volume fraction is small,
but the vapor volume fraction in the channel with a
diameter of 2mm or 1mm increases sharply to form
mist flow. The reason why the flow pattern is so sen-
sitive to the channel diameter is that the density of

Figure 6. Temperature distribution in solid and phase volume fraction distribution in fluid vary with inlet fluid temperature when
flow time is 6.5 s.
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R141b varies greatly between the liquid phase and
vapor phase. Based on the knowledge of two-phase
flow, the relationship between vapor quality and vapor
volume fraction is as follows:

x ¼ bqg
bqg þ ð1� bÞql

(14)

where x is vapor quality and b is vapor volume frac-
tion. Using Equation (14), it can be seen from Figure 9

that a slight change in vapor quality will lead to a dras-
tic change in vapor volume fraction before the vapor
quality reaches a small value.

Heat transfer characteristics

Effect of discrete heat sources distribution
It has been mentioned that the temperature of heat
sources decreases obviously when the heat source dis-
tribution is changed. Hence, to quantitatively illustrate

Figure 7. Temperature distribution in solid and phase volume fraction distribution in fluid vary with channel diameter when flow
time is 1 s.

Figure 8. Temperature distribution in solid and phase volume fraction distribution in fluid vary with channel diameter when flow
boiling reach pseudo steady state.

8 P. YANG ET AL.



the effect of heat source distribution on heat dissipa-
tion, Figure 10 shows the average temperature of the
heat sources and the temperature difference between
the two heat sources. When a¼ b¼ 15/25/65/75mm,
the average temperature of heat sources far outweighs
that when a¼ b¼ 35/45/55mm. When a¼ b¼ 35mm,
the average temperature of heat source is the min-
imum, i.e., 326.4 K. In addition, as for multichip devi-
ces, if the temperature distribution of the chip is quite
inhomogeneous, there will be thermal stress in chips,
which is harmful. From Figure 10, the minimum tem-
perature difference between the two heat sources is
about 12.3 K when a¼ b¼ 55mm. However, when
a¼ b¼ 35 or 45mm, the temperature difference is
only 0.2 K larger than 12.3 K. On the other hand, the
farther the discrete heat sources distribution is, the

more space costs will be required. Therefore, con-
sidering the heat dissipation and space costs,
a¼ b¼ 35mm is the best relative distance between
discrete heat sources in this study.

In order to explore the reason why the heat trans-
fer performance is the best when a¼ b¼ 35mm, the
temperature variation along the inner channel wall is
discussed. It can be seen from Figure 11 that there are
two temperature peaks on each temperature variation
curve, which correspond to the locations of two dis-
crete heat sources. Heat can be transferred rapidly
in the metal channel along the axial direction when
heat sources are distributed discretely, so the tempera-
ture variations of two discrete heat sources increase
first and then decrease. The average temperature
of heat source 2 is higher than that of heat source
1 due to the thermal boundary layer development.
Moreover, the inner wall temperature is minimum
when a¼ b¼ 35mm. According to Fourier heat con-
duction law, the temperature difference between the
inner wall and outer wall is small in this study, so
it also can be indicated from Figure 11 that heat
transfer is the best when a¼ b¼ 35mm. As shown in
Figure 11, when the distance between two heat sour-
ces is too close (e.g., a¼ b¼ 15mm), the superheat of
the wall surface is high, and the heat will be concen-
trated, which is not conducive to heat transfer.
However, the distance between two heat sources also
shouldn’t be too far, because the superheat of the wall
is too low, the inner wall temperature is lower than
the fluid saturation temperature (e.g., a¼ b¼ 75mm),
and the latent heat is not fully utilized. Only when
a¼ b¼ 35mm, the temperature distribution is appro-
priate, and the heat dissipation is the best compared
with other conditions.

Figure 9. Vapor quality x variation with vapor volume frac-
tion b.

Figure 10. The average temperature of heat sources and tem-
perature difference between heat sources vary with heat sour-
ces distribution when flow time is 6.5 s.

Figure 11. Temperature variation of channel inner wall when
flow time is 6.5 s.
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Effect of inlet temperature and channel diameter
The influence of inlet temperature on heat transfer for
3mm channel, heat flux of 30000W/m2 and inlet vel-
ocity of 0.2m/s is investigated in Figure 12. As seen
from Figure 12(a), with the increase of inlet tempera-
ture, the heat transfer coefficient around heat source 1
does not increase significantly, but the heat transfer
coefficient around heat source 2 shown in Figure 12(b)
increases significantly. This is because when the inlet
temperature increases, there is mainly saturated boiling
instead of subcooled boiling in the channel and the sin-
gle-phase flow will be reduced, in which the latent heat
can be fully utilized. This phenomenon is especially
obvious in the fluid near heat source 2 because of the
preheating of heat source 1, which can be confirmed

by the corresponding flow pattern in Figure 6. As
shown in Figure 6, there is mainly sub-cooled boiling
and some immature bubbles in the fluid near heat
source 1 even if inlet temperature increases, but bub-
bles flow and cap flow appear in the fluid near heat
source 2 when inlet temperature increases.

In order to discuss the effect of channel diameter
on heat transfer, the average temperature variations of
heat source 1 and heat source 2 with time in different
channels are shown in Figure 13. As shown in Figure 7,
before flow boiling reaches the pseudo steady state, the
flow pattern in the 2mm channel is slug flow, so the
average temperatures of heat source 1 and heat source
2 are both lower than that in the 3mm channel before
1.5 s as illustrated in Figure 13. Due to the smaller
channel diameter, the bubbles are easier to occupy the
whole channel section and form intermittent flow in
the channel as shown in Figure 8. In addition, as men-
tioned above, intermittent flow tends to form in the
fluid near discrete heat sources especially heat source 2.
Therefore, the average temperature of heat source 2 in
the 2mm channel is greater than that in the 3mm
channel first. Besides, the fluctuation of heat source
average temperature in the small channel is more obvi-
ous than that in the 3mm channel.

Pressure drop characteristics

For a good cooling system, not only excellent heat
transfer efficiency but also low-pressure drop is
expected. Pressure drop characteristics are necessary
to be studied for selecting pumps and energy con-
servation. Therefore, the effects of the heat source
distribution, inlet temperature and channel diameter

Figure 13. The average temperature of heat source varies
with time in different channels.

Figure 12. Heat transfer coefficients around heat source vary
with inlet temperature when flow time is 6.5 s.
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on pressure drop are investigated when the flow boil-
ing reaches the pseudo steady state.

Figures 14 and 15 demonstrate the pressure drop
in the channel when heat source distribution and inlet
fluid temperature are different. It can be seen that the
pressure drop is fluctuating because there is two-phase
flow in the channel. Moreover, the maximum pressure
drop is below 10kPa when channel diameter, heat flux,
inlet velocity and inlet temperature are 3mm,
30000W/m2, 0.2m/s and 300K � 303.5K. Compared
with other conditions, the pressure drop fluctuation in
the channel is more stable when a¼ b¼ 35mm as
shown in Figure 14. Besides, the pressure drop in the
2mm channel is discussed in Figure 16. Unlike the
pressure drop in the 3mm channel, pressure drop

fluctuation in the 2mm channel is obvious and the
maximum pressure drop is even up to 500 kPa, which
is caused by slug flow and intermittent flow observed
in the fluid near the discrete heat source in the 2mm
channel as shown in Figure 8.

Conclusions

A numerical method is performed to investigate the
flow pattern, heat transfer performance and pressure
drop characteristics of flow boiling with discrete heat
sources in this study. Based on model validation, the
influences of discrete heat source distribution, inlet
temperature and channel diameter on flow pattern,
heat transfer and pressure drop are discussed in detail.
The main conclusions are drawn as follows:

1. The phenomenon of flow boiling in a mini-channel
heated with discrete heat sources is different from
that heated with a continuous heat source. The dis-
crete heat source distribution is an important factor
affecting the flow pattern. Intermittent flow tends to
appear in the fluid near discrete heat sources espe-
cially heat source 2 which is far from the inlet.

2. With the increase of inlet fluid temperature and
the decrease of channel diameter, there are more
flow patterns, such as cap flow, slug flow, intermit-
tent flow and annular flow. In addition, the flow
pattern of R141b is sensitive to channel diameter.

3. It is necessary to optimize the discrete heat
source distribution to improve heat transfer. The
distance between discrete heat sources shouldn’t
be too close to avoid heat concentration, nor too
far to make full use of latent heat. When a ¼
b¼ 35mm, the temperature distribution is

Figure 15. Pressure drop in the channel varies with time after
flow boiling reaches the pseudo steady state when the inlet
temperature of fluid is different.

Figure 16. Pressure drop in the channel varies with time after
flow boiling reaches the pseudo steady state when channel
diameter is different.Figure 14. Pressure drop in the channel varies with time after

flow boiling reaches the pseudo steady state when heat sour-
ces distribution is different.
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appropriate and heat dissipation is the best in the
present study.

4. With the increase of inlet temperature, the heat
transfer coefficients around heat source 1 do not
increase significantly, while the preheating of heat
source 1 makes the heat transfer coefficients
around heat source 2 increase significantly with
the increase of inlet temperature.

5. The pressure drop in the channel fluctuates due
to the influence of bubbles. The maximum pres-
sure drop is below 10 kPa when the channel
diameter, heat flux, inlet velocity and inlet tem-
perature are 3mm, 30000 W/m2, 0.2 m/s and 300
K-303.5 K. Moreover, the maximum pressure
drop in the 2mm channel is up to 500 kPa caused
by slug flow and intermittent flow.

This work discussed the effects of discrete heat
source distribution, inlet temperature and channel
diameter on flow pattern, heat transfer and pressure
drop. Conclusions obtained from this study are
expected to design and optimize the cooling system of
two-phase flow. The investigation on the effect of dis-
crete heat sources can optimize the spatial distribution
of discrete heat sources, and the studies of inlet tem-
perature are useful for operating conditions design.
Moreover, pressure drop characteristics obtained are
helpful for selecting pumps and energy conservation.
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