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A B S T R A C T   

A loop heat pipe is a passive heat transfer device with strong robustness, high efficiency, and good performance, 
and has been widely utilized in numerous thermal control systems. Herein, an intensive study of a flat-plate 
evaporator LHP from the perspective of experiment and simulation is presented. First, the vapor leakage prob-
lem, which was a common issue for most LHP systems, was solved by filling the assembly clearance with epoxy 
glue, and a flat-plate LHP system was fabricated to verify its operating performance. Test results indicated that 
the loop stably performed under various working conditions without temperature oscillation. The maximum heat 
flux was 11.25 W/cm2 and the minimum thermal resistance was 0.1340 ◦C/W. The heater surface temperature 
remained low except during the dry-out state in wick at the maximum heat load condition where a sharp increase 
was observed, and temperature hysteresis occurred during variable heat load tests owing to the transport lag in 
long liquid line. Based on the above experiment, an efficient 3-D CFD computational model was built to simulate 
the heat and mass transfer process in a flat-plate evaporator by the Volume of Fluid method. In addition, the flow 
regime with two-phase distribution at the scale of the entire evaporator was calculated by considering the 
structure effect. Boundary conditions were derived from the experiment and the mass flow rate at the evaporator 
inlet was deduced from the heat leakage effect in liquid line. Calculation results demonstrated that four sym-
metric vortices developed inside the compensation chamber and generated uneven subcooled liquid infiltration 
in wick, further leading to a slight offset of high-temperature zone to the evaporator inlet side. Parameter 
analysis indicated that the ribs conducted 84 % of the heat conduction using thermal paths formed between the 
heater surface and liquid–vapor interface. The vapor volume percentage in the vapor collector was above 80 %, 
and increasing the heat load reduced the vapor volume in wick as well as the percentage of heat adsorbed during 
evaporation. Experimental comparison illustrated that the model exhibited a high accuracy with an error less 
than 10.29 %.   

1. Introduction 

With the rapid development of the telecommunications industry and 
computer technology, the amount of waste heat generated in electronic 
devices during normal operation continues to increase, giving rise to an 
urgent need for high-performance thermal control systems. As a two- 
phase passive cooling system, a loop heat pipe (LHP) possesses the 
merits of high heat transfer capacity, flexible installation, and low 
thermal resistance [1]. Recent progress in LHP indicates that it can meet 
the heat dissipation requirement and improve the stability of thermal 
control systems, and it has been widely utilized in space satellites [2,3], 
deep space exploration [4,5], computer servers [6,7], data centers [8], 
and electric vehicles [9,10], etc. 

The LHP comprises an evaporator, a condenser, and two transport 
lines. The driving force for the circulation of the working fluid is ob-
tained using a porous wick in the evaporator. The subcooled liquid in 
wick vaporizes after absorbing heat from the heat source and flows to 
the condenser through the vapor line. The vapor then condenses into 
subcooled liquid after dissipating the heat to the condenser and flows 
back to the evaporator. The wick divides the evaporator into a 
compensation chamber and vapor collector, and ensures the separation 
between these two for the proper operation of the capillary 
transmission. 

According to numerous experimental studies, evaporators in LHPs 
can be classified into two types: cylinder, and flat plate/disk. Wu et al. 
[11] investigated the effects of pore size and mixing ratio of polymer 
PMMA in biporous wick to enhance the cylindrical LHP performance. 
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Gunnasegaran et al. [12] adopted an Al2O3-H2O nanofluid as the 
working medium and the cylindrical LHP stabilized faster at a lower wall 
temperature. Maydanik et al. [13] conducted two comparative tests of 
ammonia LHP with cylindrical and flat disk evaporators. They pointed 
out that the LHP with a cylindrical evaporator was less sensitive to in-
ternal and external pressures, whereas the LHP with a flat one was 
lighter and more compact. Additionally, the flat evaporator could 
directly attach to the electronic chip without excessive installation space 
and exhibited a strongly isothermal surface temperature, thereby mak-
ing it a better adaption for practical electronic devices than a cylindrical 
one. Singh et al. [14] incorporated a biporous copper wick into a 
miniature LHP and obtained a better evaporative heat transfer than the 
monoporous wick. Wang et al. [15] employed laser ablation to synthe-
size two different types of micro- and nanoscale hybrid structures on a 
boiling pool substrate to enhance the maximum heat flux. Fukushima 
et al. [16] fabricated a flat plate micro-LHP with a porous polytetra-
fluoroethylene wick and observed good agreement between the math-
ematical results. Weisenseel et al. [17] tested biomorphous silicon 
carbide as a novel wick material in a flat evaporator LHP and the 

thermal resistance was reduced to 0.3792 ◦C/W. Both types of afore-
mentioned evaporators should solve a common problem in the 
manufacturing process, i.e., vapor leakage between the vapor collector 
and compensation chamber. Failure to completely address this problem 
deteriorates the capillary capacity of the wick and ultimately the ther-
mal performance of the entire system. Huang et al. [18] proposed a low- 
cost manufacturing method to create a tight seal and contact of the wick 
for cylindrical evaporators and the leakage was restrained. For the flat 
evaporators, He et al. [19] fabricated an evaporator by pouring the wick 
inside to eliminate the assembling clearance between the wick and 
evaporator shell. Furst et al. [20] developed a novel additively manu-
factured evaporator by sintering a wick on an evaporator using the 
direct metal laser sintering technology. The vapor channels inside the 
wick ensured that no gap existed between the compensation chamber 
and the vapor channels. Once the leakage problem is solved by multiple 
aforementioned methods, the flat-plate evaporator will exhibit superior 
performance than the cylindrical evaporator, especially for electronic 
chip heat dissipation scenarios, therefore, extensive research is needed 
in this regard. 

Nomenclature 

C1 viscous resistance factor [m− 2] 
C2 inertial resistance factor [m− 1] 
cp specific heat [J kg− 1 K− 1] 
coeff inverse of the relaxation time [s− 1] 
D diameter [m] 
db diameter of the bubble [m] 
dp average diameter of the pore inside the wick [m] 
E specific energy [J kg− 1] 
Fvol source term of the volume force [kg m− 2 s− 2] 
g gravity [N kg− 1] 
hfg latent heat of vaporization [J kg− 1] 
k thermal conductivity [W/m K− 1] 
Kp effective permeability [m2] 
Liquid liquid line length [m] 
m mass flow rate [kg/s] 
M relative molecule mass [1] 
p pressure [Pa] 
Q heat load at heater surface [W] 
QAmb-L heat leakage between ambient and liquid line [W] 
QHS-L background heat leakage between heater surface and 

liquid line [W] 
R thermal resistance [◦C/W] 
Rg universal gas constant [J/mol K− 1] 
SM,i i th momentum source term [pa m− 1] 
Sm,l liquid source term [kg m− 3 s− 1] 
Sm,v vapor source term [kg m− 3 s− 1] 
Sq energy source term [W/m− 3(− |-)] 
t time [s] 
T temperature [K] 
u velocity vector [m/s] 
v velocity [m/s] 
|v| magnitude of the velocity [m/s] 

Greek symbol 
α volume fraction 
ε error [%] 
κ interphase curvature [m− 1] 
μ dynamic viscosity [N s/m− 2(− |-)] 
ρ density [kg m− 3] 
σ coefficient of surface tension [N/m] 
φ porosity of the wick [%] 

Subscripts 
A thermal insulation material 
Amb ambient 
cal calculation 
Cond condenser 
d1 inner of the liquid line 
d2 outer of the liquid line 
d3 outer of the thermal insulation material 
evap evaporator 
exp experiment 
f1 fluid 1 at inlet 
f2 fluid 2 at outlet 
l liquid 
LHP loop heat pipe 
i i th phase (liquid, vapor) 
s solid domain 
sat saturation 
sink heat sink 
v vapor 
w wall of the liquid tube 
w1 wall 1 at inlet 
w2 wall 2 at outlet 
wick capillary wick 

Abbreviations 
Amb ambient 
CC compensation chamber 
CFD computational fluid dynamics 
Comp-wall compensation chamber wall 
Cond-in condenser inlet 
Cond-out condenser outlet 
Evap-in evaporator inlet 
Evap-out evaporator outlet 
HS heater surface 
LHP loop heat pipe 
S evaporator shell 
SS304 stainless steel 304 
TC thermocouple 
VC vapor collector 
VOF volume of fluid method 
W wick  
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Another aspect that requires attention is the numerical calculation of 
the LHP components and systems. Research on LHP has mainly focused 
on experimentation and testing because of their intuitive and highly 
accurate results. However, owing to the limited selection of materials, 
long fabrication, and investigation cycles, the experimental results 
present lengthy feedback to subsequent research for improvement, 
thereby significantly increasing the research duration and difficulty. By 
using the numerical calculation method, the material parameters and 
structural features can be flexibly altered, thus, a multitude of numerical 
simulations can be conducted rapidly for further guidance in LHP per-
formance improvement. 

Numerical calculations in LHP can also be classified into two types: 
global system simulation using a mathematical model or thermal resis-
tance network, heat and mass transfer process simulation in an evapo-
rator and even a LHP system using CFD analysis. Watanabe et al. [21] 
proposed heat circuit models to investigate the operating characteristics 
of LHP and compared them with experimental tests. The increase in heat 
leakage increased both the operating temperature and minimum start- 
up heat load. Ramasamy et al. [22] constructed a mathematical model 
to predict the steady-state temperature of a miniature LHP, which was in 
good agreement with infrared thermography results. Bernagozzi et al. 
[9] employed a 1-D lumped parameter model to predict the transient 
behavior of a LHP with a cylindrical evaporator. An extensive para-
metric analysis indicated the possibility of using such a model for 
feasibility studies and optimization purposes. Bai et al. [23] para-
metrically analyzed the startup characteristics of the LHP system using a 
node network model and demonstrated its reliability for prediction 
method under various operating conditions. Jung et al. [24] effectively 
simulated the temperature and pressure of a LHP with a flat evaporator 
by employing the thin-film theory at the liquid–vapor interface. For 
another type of numerical calculation method, Nisikawara et al. [25] 
utilized a 3-D pore network model with a dispersed pore size wick to 
simulate the heat-transfer characteristics in an evaporator and observed 
that the applied heat flux was concentrated on the three-phase contact 
line. Chernysheva et al. [26] conducted a 3-D heat and mass transfer 
model for a flat evaporator using the EFDLab software package to pre-
dict the temperature distribution and velocity field in a flat evaporator. 
Zhang et al. [27] adopted the VOF method in a 3-D model of the LHP to 
evaluate the effect of heat leakage from heated surface to compensation 
chamber and further fabricated an optimized experiment to confirm the 
improvement. Li et al. [28] developed a practical quasi 3-D numerical 
model for a square flat evaporator of a LHP, providing insight into the 
thermal characteristics during steady-state operation. Mottet et al. [29] 
analyzed the heat and mass transfer in an evaporator unit cell by a mixed 
pore net-work model and proved that the bidispersed wick prevented 
evaporator casing overheating. Li et al. [30] used an advanced phase- 
change LBM method to simulate the pore scale evaporation heat trans-
fer process in a flat evaporator. Five types of patterns were observed on 
the liquid–vapor interface with an increase in heat flux. 

For most numerical calculations, much effort has been focused either 
on the parametric analysis of the entire system, while ignoring the heat 
and mass transfer mechanism in the evaporator, or on the heat and mass 
transfer process of the local evaporator and wick cell unit, while 
ignoring the effect of the evaporator structure and the two-phase dis-
tribution within. In addition, few studies on the heat and mass transfer of 
the evaporator were compared with the experimental results and sub-
sequently corrected from it, which reduced the simulation accuracy and 
provide ineffective guidance for further improving experiments. In this 
study, a flat-plate evaporator loop heat pipe from the perspective of 
experiment and simulation with the aforementioned issues addressed is 
presented. First, the vapor leakage problem of flat-plate evaporator was 
solved using epoxy glue, which was easier and more economical than the 
other solutions mentioned above; therefore, a high-performance LHP 
system was fabricated to collect the experimental data. Subsequently, a 
3-D CFD computational model based on the experimental structure was 
constructed to reveal the heat and mass transfer mechanism inside the 

evaporator using the volume-of-fluid method. Benefits of this model 
were that the evaporator structure effect was fully considered, the flow 
regime and two-phase distribution were calculated at the scale of the 
entire evaporator, and the model accuracy was verified by comparing 
the results of simulation and experiment. Boundary conditions were 
derived from the experimental results and the mass flow rate was 
deduced using the heat leakage effect in the liquid line. Simulation re-
sults indicated that the liquid–vapor interface, temperature distribu-
tions, and flow pattern could be well exhibited, and the evaporator 
working mechanism could be clearly reflected compared to other 
simulation models. In addition, this model had a good reconstruction of 
the flat-plate evaporator and fit well with the experimental results in the 
heater surface and vapor temperatures. Numerous experimental at-
tempts could be saved and improved evaporator structure design and 
wick property parameters could be obtained before experimental veri-
fication. This would be conducive for the structural and design param-
eter optimization in future work. 

2. Experimental setup 

2.1. LHP design 

The LHP system fabricated in this study consisted of a flat-plate 
evaporator, a condenser, and two transport lines. The configuration of 
the flat-plate evaporator with a square structure is shown in Fig. 1. The 
porous wick sintered from nickel powders with mixed pore formers 
separated the evaporator into the compensation chamber and vapor 
collector, thereby impeding the vapor from entering the compensation 
chamber and inducing the capillary force failure. Due to the complex 
assembly of the square wick than the flat disk one, the vapor leakage 
problem was more severe, and thus a two-component epoxy resin ad-
hesive was further adopted on the wick edges to resolve this issue. The 
outer dimensions of the evaporator were 50.6 × 50.6 × 21.73 mm and 
the evaporator material was chosen to be SS304 to enhance the pressure- 
bearing capacity. The wick was square in shape (edge length 39.76 mm 
and thickness 3.72 mm) and eleven ribs (width 1.9 mm and depth 1.8 
mm) were sintered on the wick surface contacting the heater surface to 
enlarge the liquid–vapor interface. The wick porosity was 74.94 % as 
measured by Archimedes Method, and the minimum pore diameter was 
approximately 2.8 μm as derived from the nickel powder diameter. The 
working media was anhydrous ammonia with a purity of 99.995 %. As a 
result of the high operating pressure developed by ammonia, the evap-
orator was sealed by laser welding for better pressure-bearing capacity. 
Vapor channels and vapor collector were formed between the wick and 
the heater surface cover, and the vapor channels were set parallel to the 
vapor line to reduce the vapor flow resistance. A tube-in-tube condenser 
with a 950 mm length was employed to cool the working medium within 
the system. The vapor line and liquid line with lengths of 784.5 mm and 
786 mm, respectively, connected the evaporator to the condenser. Fig. 2 
presents the experimental diagram of the system, and Table 1 lists the 
main structural parameters of the system components. 

2.2. Test methods 

The test schematic comprised three parts: heating, cooling, and 
temperature measuring modules. The heating module was fabricated 
using a square copper block embedded with four cartridge heaters, and 
the heat load was regulated and monitored by a voltage regulator and a 
wattmeter with a 0.5 % accuracy. The active heater surface of the heat 
block was 16 cm2. The outer tube of the condenser was cooled by a 50 % 
glycol solution circulated by a recirculation chiller (BiLon, temperature 
control accuracy ± 0.5 ◦C). The gravity effect was eliminated for the 
evaporator and condenser were placed at the same level. Eleven T-type 
thermocouples with an accuracy of ± 0.5 ◦C were attached to different 
positions of the system for temperature measurements, and the tem-
perature signals were processed and collected using a data acquisition 
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system “Keithley 2700” connected to a personal computer. To reduce the 
heat leakage of the system to the ambient and increase the accuracy of 
measuring temperature, a 10 mm thick thermal insulation material 
(PVC/NBR, Fuerda, thermal conductivity 0.034 W/m⋅K) was employed 
for system insulation. Prior to charging the working fluid, the loop was 
evacuated to a pressure of 3.0 × 10− 4 Pa to reduce the detrimental effect 
of non-condensable gas. The charge ratio was set to 74.0 % of the total 
system volume by calculating the proper liquid–vapor distribution of the 
system during normal operation. In addition, the saturation pressure of 
ammonia increased rapidly as the temperature rose, presenting great 
challenges to the pressure-bearing capacity of the system. Thus, the 
vapor temperature was maintained below 40 ◦C for experimental safety, 
and the heater surface temperature was maintained below 70 ± 2 ◦C to 

satisfy the heat dissipation requirements of most electronic devices. The 
test schematic of the flat plate LHP system is shown in Fig. 3 with 
thermocouple positions indicated by TCs. 

3. Experimental results 

3.1. Start-up tests 

The start-up process reflects the thermal characteristics of the system 
in a realistic electronic cooling scenario. Fig. 4 presents the start-up 
processes at 4 different heat load conditions from low to high with a 
heat sink temperature of − 10 ◦C. Once the heat load was applied to the 
evaporator, the vapor quickly flowed to the condenser after forming 
inside the wick, and the heater surface and condenser inlet temperatures 
rose rapidly. The residual fluid in the liquid line also advanced by a short 
distance, leading to a minute decline in evaporator inlet temperature. 
When the loop reached the steady state, a temperature difference always 
existed between the condenser outlet and the evaporator inlet owing to 
the heat leak effect between the liquid line and the ambient. Further-
more, this temperature difference declined as the heat load increased 
because a higher heat load resulted in a higher mass flow rate within the 
loop and restrained the heat leak effect. This improvement in solving the 
vapor leakage problem is evident in Fig. 4 (c) and (d). Following the fill 
of assembly clearance by the epoxy glue, no vapor penetrated the 
compensation chamber even at considerably high heat loads, thereby 
ensuring that a sufficient subcooled liquid entered the compensation 
chamber. Hence, the operating pressure inside remained at a low level, 
and the pressure difference across the wick enlarged. The driving force 
of the loop was enhanced by maximizing the capillary performance, 
thereby reducing the heater surface temperature. When the heat load 
increased from 170 W to 180 W, the overshoot in heater surface tem-
perature was replaced by a further increase. Numerically speaking, the 

Fig. 1. The cross section of the flat-plate evaporator in square structure.  

Fig. 2. The experimental diagram of the LHP with flat-plate evaporator.  

Table 1 
The structural parameters of the components.  

The Components Specification Dimension/Material 

Evaporator Length/Width/Height 50.6/50.6/21.73 mm  
Material SS304 

Compensation 
chamber 

Length/Width/Height 48/48/14.51 mm 

Porous wick Length/Width/Thickness 39.76/39.76/3.72 mm  
Porosity 74.94 %  
Material Sintered nickel 

powders 
Vapor line O. D./I. D./Length 6/4/784.5 mm  

Material SS304 
Liquid line O. D./I. D./Length 6/4/786 mm  

Material SS304 
Condenser Inner tube O. D./I. D./Length 6/4/950 mm  

Outer tube O. D./I. D. 16/12 mm  
Inner tube/Outer tube 
Material 

SS304/Copper  

Z. Zhang et al.                                                                                                                                                                                                                                   



Applied Thermal Engineering 220 (2023) 119705

5

Fig. 3. The test schematic of the LHP with flat-plate evaporator.  

Fig. 4. Start-up processes at Tsink = − 10 ◦C. (a) Q = 10 W. (b) Q = 90 W. (c) Q = 170 W. (d) Q = 180 W.  
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heater surface temperature rose from 44.33 to 66.97 ◦C. Since the as-
sembly clearance between the wick and shell was blocked by the epoxy 
glue, vapor leakage from this area was completely eliminated. However, 
the liquid–vapor interface extended too deep into the wick that a small 
amount of vapor started entering the compensation chamber. The 
pressure difference mentioned above was greatly reduced, and the wick 
suffered a serious decline in capillary performance on account of the 
formation of a dry-out state inside. A warmer working fluid was pro-
vided to the wick and the operating temperature was increased higher. 
Thus, the operating condition of the loop deteriorated, accounting for a 
significant augment in heater surface temperature than the previous 
working situation. Compared with other LHP systems [31,32], the 
blockage of vapor leakage on the assembly clearance by the epoxy glue 
in this loop could improve the thermal performance over a wide heat 
load range except for the maximum heat load condition. Overall, the 
maximum allowable heat load was 180 W (heat flux 11.25 W/cm2). No 
temperature oscillation was observed and the loop reached a stable state 
with strong reliability and low latency. 

3.2. Variable heat load tests 

Fig. 5 presents two variable heat load processes at stepwise and 
random heat load cycles with a heat sink temperature of − 10 ◦C. 

Apparently, the loop could adjust quickly to different heat load condi-
tions and reach a stable state without any temperature oscillation. On 
the one hand, when the maximum heat load was applied to the loop, the 
effect of the vapor leakage problem gradually took on, and the driving 
force produced by the wick subsequently reduced, indicating that the 
wick started to suffer a severe dry-out state. Hence, the temperature rise 
in heater surface was significant regardless of the heat load cycle con-
ditions. As shown in Fig. 5 (a), the heat load started to decline after 280 
min and the heater surface temperature subsequently decreased. 
Whereas the dry-out effect of the wick persisted for a moment, resulting 
in a relatively high operating pressure in compensation chamber, and 
the insufficient driving force caused the heater surface temperature to be 
higher than that in the ascending stage. Only by further reducing the 
heat load could the wick performance recover from the dry-out effect by 
supplementing the sufficient subcooled fluid, and could the heater sur-
face temperature be returned to the same level as in the ascending stage. 
In addition, such dry-out would not affect the temperature distribution 
of the two stages before and after the high heat load conditions. On the 
other hand, when the heat load was changed in Fig. 5 (a), the adjustment 
of the mass flow rate always suffered a certain lag due to the transport 
hysteresis of the working fluid caused by the long liquid line, that was, in 
the early period of the ascending stage, the heater surface temperature 
increased slightly before reducing and stabilizing, and in the later period 
of the descending stage, it reduced slightly before increasing and sta-
bilizing While the heat load was increased in the ascending stage, the 
heater surface temperature was first affected and rose, but the adjust-
ments of the subcooled degree and the mass flow rate of the liquid in 
evaporator inlet were regulated very slowly. As the mass flow rate 
gradually went up with the heat load, more subcooled liquid entered the 
evaporator. The wick was better cooled and then the heater surface 
temperature reduced and stabilized consequently. For the descending 
stage, the mass flow rate remained high for a short time before 
decreasing during each heat load alternation, hence, the subcooled 
liquid was adequate for a short time and the heater surface temperature 
suffered a sharp reduction before increasing and reaching a steady state. 
Such a hysteresis phenomenon could also be observed in the random 
heat load cycle shown in Fig. 5 (b). 

3.3. Thermal characteristic analysis 

The temperature distribution of the evaporator at different heat 
loads is illustrated in Fig. 6, where the variation trends of the three heat 
sink temperatures are almost the same. As the heat load rose, the heater 

Fig. 5. Variable heat load processes at Tsink = − 10 ◦C. (a) Stepwise heat load 
cycle. (b) Random heat load cycle. 

Fig. 6. Temperature distribution of the evaporator at different heat sink tem-
peratures and different heat loads. 
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surface temperature started to increase, more vapor was produced from 
the wick and the mass flow rate increased by degrees. Therewith, the 
heat leak of the backflow liquid gained from the ambient was reduced, 
leading to a gradual decrease in the evaporator inlet temperature as well 
as the compensation chamber temperature. More subcooled liquid was 
supplied to the wick, and the vapor temperature dropped slightly. When 
the driving force generated by the wick reached its maximum, the rapid 
backflow of the subcooled liquid in liquid line made the ambient heat 
leak effect no longer intensified, and the evaporator inlet, compensation 
chamber, and vapor temperatures started to stabilize. The heater sur-
face, except for the condition of the heat sink temperature of − 10 ◦C, 
maintained a nearly uniform rise speed. However, for the heat sink 
temperature of − 10 ◦C, the subcooled degree of the backflow liquid 
returning to the evaporator and evaporation was sufficient such that the 
heater surface temperature even dropped slightly. Only when the 
applied heat load was higher than 90 W and restrained the ambient heat 
leak effect did the heater surface temperature come to rise slightly. For 
the maximum heat load condition, vapor from the vapor collector 
penetrated the compensation chamber and its operating pressure and 
temperature increased simultaneously. Less subcooled liquid was sup-
plied to the wick and the vapor temperature rose as well. These all 
resulted in a rapid increase in heater surface temperature, which even 
approached the limit temperature of electronic devices. 

By calculating the evaporator thermal resistance, the evaporator heat 
transfer capacity can be evaluated numerically. The defined calculation 
can be written as, 

Revap =
THS − TEvap− out

Q
(1) 

Fig. 7 illustrates the evaporator thermal resistance versus heat load 
at different heat sink temperatures. The evaporator thermal resistance 
first dropped rapidly and then rose slightly before reducing and reaching 
a minimum value. As the heat load increased from a low value, a higher 
evaporation intensity was acquired and the liquid–vapor interface 
started to expand inside the vapor channel, resulting in a sudden descent 
in the evaporator thermal resistance. For the medium heat load range, 
the vapor collector was filled with the vapor phase, and the liquid–vapor 
started to enter the wick interior. During this transition stage, the effect 
of the heat load rise was more pronounced than that of the improvement 
caused by the liquid–vapor interface enlargement, hence, a small 
augment was observed in the evaporator thermal resistance. Further 
increasing the heat load could reduce the evaporator thermal resistance 
to a certain degree for the liquid–vapor interface was enlarged and 
penetrated the wick interior. However, when the heat load was close to 

the maximum value, a small amount of vapor penetrated the compen-
sation chamber across the wick, reducing the capillary force and forcing 
the wick to turn into a dry-out state. The vapor layer inside the wick 
became too thick and hindered normal thermal conduction from the 
heater surface to the liquid–vapor interface, which caused a high 
reversal increase in the evaporator thermal resistance. Overall, the 
evaporator thermal resistance was below 0.2137 ◦C/W, and the mini-
mum value was 0.1340 ◦C/W at a heat sink temperature of 10 ◦C and a 
heat load of 140 W. Higher heat sink temperature ensured a warmer 
backflow of liquid into the evaporator, the temperature difference be-
tween the liquid–vapor interface and heater surface was reduced, and 
thus the minimum resistance was much lower. Through the error anal-
ysis by considering the measurement instrument accuracies, the uncer-
tainty of the evaporator thermal resistance in the experiment ranged 
between 6.124 and 0.357 %, and the maximum and minimum values 
were taken at the condition of the heat loads 10 W and 180 W, 
respectively. 

The heat transfer capacity of the entire loop can be evaluated by the 
LHP thermal resistance, which is defined as, 

RLHP =
THS − TCond

Q
(2) 

Fig. 8 illustrates the LHP thermal resistance versus heat load at 
different heat sink temperatures. Before reaching the maximum heat 
load condition, as the heat load increased, the evaporator working ca-
pacity increased by the enlargement of the liquid–vapor interface and 
the LHP thermal resistance reduced accordingly. Once the wick suffered 
a dry-out state at the maximum heat load condition, the deterioration 
caused by the thick vapor layer led to a reduction in the loop thermal 
performance, that is, the LHP thermal resistance increased with the 
evaporator thermal resistance. Furthermore, increasing the heat sink 
temperature shrank the temperature difference between the evaporator 
and condenser. The loop worked more efficiently with a lower ambient 
effect, thereby accounting for the reduction in LHP thermal resistance. 
The LHP thermal resistance ranged between 1.8470 and 0.2902 ◦C/W, 
and the minimum value was achieved at a heat sink temperature of 10 ◦C 
and a heat load of 170 W. The uncertainty of the LHP thermal resistance 
in the experiment ranged between 5.085 and 0.326 %, and the 
maximum and minimum values were taken at the condition of the heat 
loads 10 W and 180 W, respectively. 

Fig. 7. The evaporator thermal resistances at three heat sink temperatures.  Fig. 8. The LHP thermal resistances at three heat sink temperatures.  
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4. Simulation model and details 

4.1. Model description 

By using the Lee model [33] of the volume-of-fluid (VOF) method, 
the flat-plate evaporator could be numerically analyzed with the heat 
and mass transfer process thoroughly illustrated. Furthermore, the nu-
merical simulation could be corrected with the experimental results, and 
a more accurate 3-D CFD computational model of the flat-plate evapo-
rator could be obtained for future optimization studies. Several as-
sumptions are made before introducing the model, including that the 
working media satisfies the continuous medium hypothesis, the fluid is 
incompressible, and the liquid and vapor thermophysical properties are 
considered to be constant. 

The continuity, momentum, and energy equations are employed to 
describe the fluid flow and heat transfer. By considering the liquid and 
vapor phase volume variations, the mass conservation law can be 
expressed as [34], 

αl +αv = 1 

The continuity equations for the vapor and liquid phases can be 
written as follows [34], 

∂αl

∂t
+∇⋅(ulαl) =

Sm,l

ρl
(4)  

∂αv

∂t
+∇⋅(uvαv) =

Sm,v

ρv
(5) 

where Sm,l and Sm,v represent the fluid evaporation and condensation 
processes and satisfy. In addition, the source terms can be calculated by 
comparing the local computational domain temperature with the satu-
ration temperature, through which the evaporation and condensation 
rates of the working fluid can be numerically determined [33], 

Sm,v = coeff ⋅αlρl
|Tl − Tsat|

Tsat
, Tl⩾Tsat(evaporation) (6)  

Sm,l = coeff ⋅αvρv
|Tsat − Tv|

Tsat
, Tv⩽Tsat(condensation) (7) 

where coeff is defined as [35,36], 

coeff =
6
db

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
M

2πRgTsat

√

hfg

(
αvρv

ρl − ρv

)

(8) 

The momentum conservation equation takes the gravitation, friction, 
and surface tension into account and can be written as [37], 

∂
∂t
(ρ u→)+∇⋅(ρ u→ u→) = − ∇p+∇⋅[μ(∇ u→+∇ u→T

) ] + ρ g→+Fvol (9) 

where Fvol is deduced by the continuum surface force (CSF) model 
and can be written as [38], 

Fvol = σ αlρlκv∇αv + αvρvκl∇αl

0.5(ρl + ρl)
(10) 

The energy conservation equation takes the heat transfer of the phase 
change into consideration and can be written as [37], 

∂
∂t
(ρE)+∇⋅[ u→(ρE + p) ] = ∇⋅[k∇T ] + Sq (11) 

where Sq satisfies [34], 

Sq = − hfgSm,l = hfgSm,v (12) 

By using the UDF method, the governing equations with the afore-
mentioned source terms can be added to the computational model. 

The wick inside the 3-D CFD computational domain is simulated by 
the porous media model, which is widely used in single phase and 

multiphase simulation problems. A momentum source term is added to 
the standard fluid flow equations, and it can be divided into two parts: a 
viscous loss term, and an inertial loss term [37], 

SM,i = −

(

C1μvi + C2
1
2

ρ|vi|vi

)

(13) 

The porous wick in the 3-D model is simplified as a mono-porous 
medium, and by using the Ergun equations, the viscous resistance fac-
tor C1 and inertial resistance factor C2 can be written as follows [39], 

1
C1

=
d2

p

150
φ3

(1 − φ)2 (14)  

C2 =
3.5
dp

1 − φ
φ2 (15) 

Therefore, the calculated viscous resistance coefficients of the liquid 
and vapor are 1.27 × 1012 m− 2 and 2.11 × 1015 m− 2, and the inertial 
resistance coefficients of the liquid and vapor are 4.96 × 105 m− 1 and 
1.62 × 106 m− 1, respectively. The effective permeability was calculated 
according to Carman-Kozeny formula [40], 

Kp =
d2

pφ3

180(1 − φ)2 (16) 

The energy equation in the solid domain is calculated as [34], 

∂
∂xi

(

ks
∂T
∂xi

)

= 0 (17)  

4.2. Model geometry 

Fig. 9 presents the perspective computational domain of the flat- 
plate evaporator of the 3-D CFD simulation model. As in the previous 
experiment, the wick divided the evaporator into the compensation 
chamber and vapor collector. Liquid first entered the compensation 
chamber from the evaporator inlet, then penetrated the wick and turned 
into vapor before finally flowing out from the vapor channel, vapor 
collector, and evaporator outlet in succession. The main structural pa-
rameters of the wick are presented in Table 2 where all values are the 
same as those of the system components in the previous experiment. 
Besides, to simplify the computational domain, the edge chamfers and 
fillets of the evaporator in the experiment are ignored in the 3-D CFD 
simulation model, and the evaporator outlet in Fig. 9 is in a cuboid shape 
with the same hydraulic diameter as the cylindrical evaporator inlet for 
a better drawing of the computational grid to obtain a higher mesh 
quality. 

4.3. Boundary conditions and solution methods 

The boundary conditions of the simulation model include the inlet 
and outlet options, wall conditions, and working fluid thermophysical 
properties, which are all derived from the experimental results. The 
velocity inlet and outflow outlet boundaries are applied to the evapo-
rator inlet and outlet, and the velocity magnitude is derived from the 
mass flow rate calculation described in the following section by utilizing 
the heat leakage effect in the liquid line. The inlet temperature is the 
same as the evaporator inlet temperature in the experiment, and the 
saturation temperature that controls the evaporation process inside the 
wick is the average of the compensation chamber and evaporator outlet 
temperatures for the wick is placed between these two places. For the 
wall conditions, the outside of the evaporator shell is in the natural 
convection heat transfer condition with a fixed heat transfer coefficient 
of 8 W/m2K and the same free stream temperature as the experimental 
ambient temperature. The wall conditions between the fluid domains 
are the matching options and between the fluid and solid domains are 
the coupled wall options. The contact angle of liquid and vapor on wick 
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surface is assumed to be 50◦ for the wick has high permeability and the 
fluid possesses good wettability with the wick. The heat flux is loaded 
within a range of 40 × 40 mm of the heater surface center while keeping 
the total value the same as the actual heat load in the experiment. Other 
locations are set as adiabatic conditions. With reference to the NIST 
software, the thermophysical parameters of the liquid and vapor are 
determined by the saturated states of the evaporator inlet temperature 
and saturation temperature, respectively, and the latent heat value of 
the evaporation and condensation is obtained from the saturation tem-
perature. In addition, the heat transfer in the solid domain is calculated 
using Fourier’s law of heat conduction. 

Due to the low flow velocity of liquid, the viscous model inside the 
wick is considered to be a laminar flow, and the heat transfer model 
between the wick and fluid is in thermal equilibrium. The thermo-
physical properties of the wick, including the effective thermal con-
ductivity, density, and specific heat capacity, are calculated by the 
weight average method that takes the porosity into account, 

kwick = φkl +(1 − φ)ks (18)  

ρwick = φρl +(1 − φ)ρs (19)  

cp,wick = φcp,l +(1 − φ)cp,s (20) 

The computational domain grid is generated by ICEM CFD 2019 R3 
and the numerical calculation was performed by ANSYS Fluent 2019 R3. 
The mathematical model adopts the steady solution with the VOF 
method solved by the implicit formulation, and with the body force 
formulation solved by the implicit format for faster calculation. The 
primary phase is liquid and the second phase is vapor. The turbulent 
model is in the SST k-w format and the calculation solver is the pressure- 
based type. The Coupled algorithm is adopted for pressure–velocity 
coupling, QUICK for momentum and energy, PRESTO for pressure, 
Compressive for volume fraction, and First Order Upwind for the 
remaining period. By using the Piecewise Linear Interface Calculation 
(PLIC), the interface of the vapor phase can be specifically determined 
and constructed. The calculation is considered converged when the re-
siduals are less than 10− 4 and the vapor volume ratios for each fluid 
domain reach stabilization. 

Fig. 10 depicts the computational domain and mesh of the flat-plate 
evaporator. The model is divided into different parts and each grid of 
parts is constructed by block before coupling together. Both the solid 
and fluid domains are meshed with a cartesian hexahedral grid to 
maintain high grid quality for calculation. The total number of elements 
and nodes are 1,393,776 and 1237562, respectively, and the solid–fluid 
contact surface adopts coupled interface. Ogrid is also used for the cy-
lindrical inlet of compensation chamber to achieve a high quality mesh. 
In the mesh independence study, by changing the maximum grid size, 
the verification was performed using three sets of grids with element 
numbers of 645420, 1237562, and 2,596,039 for calculation, and the 
simulation results were compared with the experimental results, 
respectively. Table 3 listed the detailed error values of heater surface 
and evaporator outlet temperatures at a heat load of 120 W. Tempera-
ture errors of heater surface for each group were 7.78, 4.23, and 5.78 %, 
and temperature errors of evaporator outlet were 8.40, 8.40, and 8.36 
%, respectively. The minimum error of the heater surface temperature 

Fig. 9. The computational domain of the flat-plate evaporator.  

Table 2 
The structural parameters of the computational domain.  

The Components Specification Dimension/Material 

Evaporator shell Outer length/width/height 50.6/50.6/21.73 mm  
Material SS304 

Compensation chamber Inner length/width/height 36.7/36.7/14.51 mm 
Porous wick Length/Width/Thickness 39.76/39.76/3.72 mm  

Fin width/depth 1.9/1.8 mm  
Porosity 74.94 %  
Minimum pore diameter 0.0026 mm  
Material Nickel 

Working fluid Material Ammonia  

Fig. 10. The overall grids of the flat-plate evaporator.  
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was achieved at element number of 1237562, and the evaporator outlet 
temperatures for the three groups remained nearly unchanged. In order 
to accelerate the computation while maintaining computational preci-
sion, a grid of 1,237,562 elements was chosen for the subsequent 
calculation. 

4.4. Mass flow rate calculation 

As illustrated in Fig. 4, the temperature difference between the 
condenser outlet and evaporator inlet caused by the ambient heat leak 
effect always exists and is altered by the heat load range. This discrep-
ancy is caused by the heat leakage effect between the ambient and liquid 
line. The mass flow rate inside the liquid line is small, and the subcooled 
liquid from the condenser is still susceptible to the ambient while 
flowing through the liquid line even when a thick thermal insulation 
material was wrapped. Hence, by utilizing the heat leakage effect in the 
liquid line, the mass flow rate of the loop could be deduced from the 
experimental results. Fig. 11 illustrates the simplified calculation model 
of the heat leakage inside the liquid line. TC4, TC 5, and TC6 are placed 
at the condenser outlet, middle of the liquid line, and evaporator inlet, 
respectively. TC 4 measures the temperature of the backflow fluid from 
the condenser and is the same as the condenser temperature (heat sink 
temperature). TC 5 is affected by the ambient heat leakage effect (QAmb- 

L). As for TC6, it is not only affected by the ambient heat leakage effect, 
but also by the background heat conduction of the evaporator (QHS-L). 
However, determining the QHS-L value is difficult for the structure of the 
evaporator shell is complex. By using the steady state heat conduction 
model of a cylinder wall in Fig. 12, QAmb-L is much more predictable, and 
therefore, the temperature rise between TC4 and TC5 is adopted to 
derive the mass flow rate of the working fluid in this system. 

The QAmb-L in Fig. 12 refers to the amount of heat leakage from the 
ambient between the inlet and outlet. The outer surface temperature of 
insulation material is assumed to be equal to the ambient temperature 
TAmb. Thus, QAmb-L can be written as, 

QAmb− L =
2πLliquid(

Tf 1+Tf 2
2 − TAmb)

ln(Dd2/Dd1)/λw + ln(Dd3/Dd2)/λA
(21) 

Heat leakage between the ambient and liquid line leads to an in-
crease in the sensible heat of the fluid inside the tube. Thus, QAmb-L can 
also be written as, 

QAmb− L = mcp,l(Tf 2 − Tf 1) (22) 

The thermophysical properties of the fluid are determined with 
reference to the average inner fluid temperatures Tf1 and Tf2. Since the 
experiment cannot directly measure the inner fluid of the liquid line, and 
meanwhile the thermal conductance of the liquid tube made of SS304 is 
much larger than that of the insulation material, the inner fluid 

temperatures Tf1 and Tf2 can be assumed to be equivalent to the 
measuring point temperatures Tw1 and Tw2 on the tube wall in Eq. (20) 
and (21), respectively. By solving the above two equations simulta-
neously, the mass flow rate of LHP m can be derived, and the velocity 
magnitude of the evaporator inlet can be determined for subsequent 

Table 3 
The mesh independency verification at different grid numbers.  

Grid element number Heater surface temperature Evaporator outlet temperature 

Simulation (K) Experiment (K) Error (%) Simulation (K) Experiment (K) Error (%) 

645,420 313.347 310.913 7.78 % 292.713 293.913 8.40 % 
1,237,562 312.237 310.913 4.23 % 292.713 293.913 8.40 % 
2,596,039 312.721 310.913 5.78 % 292.718 293.913 8.36 %  

Fig. 11. The simplified calculation model of determining the mass flow rate.  

Fig. 12. The model of steady state heat conduction through a cylinder wall.  

Fig. 13. The mass flow rate of the loop versus heat sink temperature and 
heat load. 
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calculations. Furthermore, the theoretical tube wall temperatures Tw1 
and Tw2 are recalculated using the steady state heat conduction formula 
of the cylinder wall and compared with the experimental measurement 
point temperatures. The discrepancy is less than 0.0001 K and the 
equivalent assumption above is reasonable. 

Fig. 13 presents the mass flow rate calculated above against heat load 
and heat sink temperature. The mass flow rate was essentially linearly 
proportional to the heat load. A higher heat load enlarged the evapo-
ration interface and capillary force inside the wick, thereby increasing 
the mass flow rate. For the circumstance of the same heat load condition, 
the mass flow rates of three heat sink temperatures were nearly the 
same, and the maximum discrepancy between each other was less than 
17.0 %. This indicated that the wick capillary performance was inde-
pendent of the heat sink temperature. The evaporator performance was 
affected by the heat sink temperature in Fig. 6 just because of the 
alternation of the liquid subcooled degree in evaporator inlet. The 
maximum mass flow rate was 0.001086 kg/s and was achieved at a heat 
sink temperature of 10 ◦C and heat load of 170 W, and the minimum 
mass flow rate was 9.45 × 10-5 kg/s and was achieved at a heat sink 
temperature of 0 ◦C and heat load of 10 W. 

5. Calculation results 

5.1. Flow regime analysis 

The streamline diagram and the vapor phase distribution with the 
area of the vapor volume above 50 % marked at a heat load of 120 W and 
heat sink temperature of 0 ◦C are presented in Fig. 14. The subcooled 
fluid from the evaporator inlet first scoured the furthest wick surface at 
the evaporator outlet side under the gravity effect and was then reflected 
by the restriction of the compensation chamber wall, forming two 
symmetric vortices. A portion of the fluid penetrated the wick while 
passing by its surface and flowed back to the evaporator inlet side, where 
it was reflected again by the compensation chamber wall, forming 
another two symmetric vortices. While the subcooled liquid turned into 
vapor after crossing the wick, the large discrepancy between the den-
sities of the two phases led to a significant increase in the flow velocity in 
the vapor channels, and owing to the convergence effect of the vapor 
collector and the reduction of the flow cross section, the velocity at the 
evaporator outlet became much larger. The vapor distribution indicated 
that nearly all the vapor was concentrated at the lower part of the wick, 
vapor channels, vapor collector, and evaporator outlet, and no vapor 
phase was observed inside the compensation chamber as a result of the 
large flow resistance in wick. This proved that such a distribution 

confirmed the actual situation during normal LHP operation. 

5.2. Temperature, velocity, and phase distributions 

The temperature and vapor phase distributions of the flat-plate 
evaporator at the X and Y direction cross sections are illustrated in 
Fig. 15. The streamline track of the fluid is marked by the direction of the 
velocity. As shown in the Y-direction central cross sections at the rib area 
in Fig. 15 (a) and (b), the subcooled fluid first scoured the compensation 
chamber wall and wick surface at the evaporator outlet side, taking 
away the heat leakage here, then flowed to the evaporator inlet side and 
penetrated the wick with a lower subcooled degree. Hence, the wick was 
in a state of unequal wetting by the different temperatures of working 
fluid, further leading to an uneven distribution of the evaporation 
interface, that is, the liquid–vapor interface on the left side was more 
infiltrated into the wick than on the right side. For the Y-direction cross 
section at vapor channel area in Fig. 15 (c) and (d), the temperature and 
vapor phase distributions showed the same pattern in Fig. 15 (a) and (b). 
Once the subcooled liquid entered the wick, the fluid maintained a 
vertical downward flow trend and moved rapidly toward the evaporator 
outlet after converging in the vapor channels. From the X-direction 
central cross sections in Fig. 15 (e) and (f), two symmetric vortices could 
be distinctly observed at the upper side of the compensation chamber. 
Through these vortex effects, the subcooled liquid washed the wick 
surface from both sides of the compensation chamber and became 
warmer after reflecting and converging upward at the evaporator center 
by adsorbing heat leakage from the shell and wick surface. While 
entering the wick, the fluid maintained a downward trend and diffused 
from both sides of the rib into the vapor channels. The liquid–vapor 
interface was basically located at the root of the rib structure, and the 
liquid–vapor interface at each rib expanded slightly inward because of 
the thermal paths created by the ribs. In addition, the vortex effects also 
affected the liquid–vapor interface in wick. Specifically, the liquid-
–vapor interface at wick center expanded more deeply for less cold 
liquid entering the wick. Also, the heat leakage at the places where the 
wick contacted the evaporator shell would heat liquid nearby and cause 
the liquid–vapor interface to expand more deeply than elsewhere. 

Fig. 16 (a), (b), and (c) depict the temperature distributions at three 
different Z-direction cross section areas of the evaporator, namely the 
heater surface, rib contact surface, and wick surface on the compensa-
tion chamber side. Temperature on wick surface at the compensation 
chamber side showed an uneven but symmetrical distribution in Fig. 16 
(c), that is, the temperature on the evaporator outlet side was much 
lower than that on the evaporator inlet side. As a result of the unequal 

Fig. 14. Vapor phase distribution and streamline diagram at Q = 120 W and Tsink = 0 ◦C.  
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wetting intensity on wick surface caused by different scouring sequences 
and subcooled degrees of fluid, warmer subcooled liquid penetrated the 
wick on the left side, leading to an inclination of high-temperature zone 
to the left side as a whole. As shown in Fig. 16 (a), the heater surface 
temperature also exhibited a slightly uneven distribution by the above 
influence and the high temperature zone offset to the left side as well. 
Besides, it could be seen from Fig. 16 (b) that the places where ribs were 
contacted could introduce the heat into the wick interior better. Thermal 
transport in other places where the vapor channels and chamber existed 
were impeded by the thick vapor layer. Therefore, the places covered 
with ribs were much colder than other places covered with the vapor 
layer, forming a small temperature discrepancy between those places 
mentioned above. 

5.3. Effect of operating parameters 

The data analysis of the calculation results can provide specific in-
sights into the operating parameter variation at each evaporator 
component. Fig. 17 (a), (b), and (c) present the variation trends of the 
volume average temperature, vapor volume percentage, and heat dis-
tribution percentage versus heat load at a heat sink temperature of 0 ◦C. 

Comparing Fig. 17 (a) with Fig. 6, under the same heat sink temperature 
condition, except for the maximum heat load condition where the wick 
suffered a dry-out situation, the variation trends of volume average 
temperatures at each evaporator component were consistent with the 
variation trends of characteristic temperatures in experiment. As the 
heat load increased, the mass flow rate in evaporator inlet was enlarged 
and more liquid with a lower subcooled degree was supplied to the 
liquid–vapor interface in wick, removing more heat from the heater 
surface. Therefore, the volume average temperature of the evaporator 
except for the heater surface reduced and reached a stable value 
accordingly, and the vapor volume percentage in wick reduced as well. 
The replenishment of sufficient subcooled liquid from the evaporator 
inlet was also continuous due to the steady velocity inlet boundary 
condition, hence no increase in the vapor volume percentage of the 
compensation chamber was observed in Fig. 17 (b). Subcooled liquid 
was filled inside the compensation chamber and the vapor volume 
percentage in the vapor collector was consistently above 80 %. How-
ever, the dry-out state that appeared in the experimental tests was 
caused by vapor leakage to the compensation chamber, meaning that the 
vapor phase was formed inside. Above which indicated that the calcu-
lation model could not imitate the actual situation of the maximum heat 

Fig. 15. Temperature, streamline, and vapor phase distribution diagrams at Q = 120 W and Tsink = 0 ◦C. (a)(b) Y-direction central cross sections at rib area. (c)(d) Y- 
direction cross sections at vapor channel area. (e)(f) X-direction central cross sections. 
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load where the wick suffered a dry-out state and the capillary force was 
insufficient. In addition, heat load distribution in Fig. 17 (c) illustrated 
that the heat conducted to the wick through the rib structure accounted 
for 84 % of the entire heat load, while the heat taken away by the vapor 
flow inside the vapor channels and collector accounted for 10 %, and the 
remaining 6 % was taken away by the compensation chamber and the 
ambient. This meant that most of the heat load was directly removed by 
the evaporation of the working fluid at the liquid–vapor interface. As the 
heat load increased, the sum of the heat adsorbed by the sensible heat of 
vapor in vapor channels and subcooled liquid in compensation chamber 
slightly increased, and the heat adsorbed by the latent heat of fluid 
correspondingly reduced. Furthermore, the heat transferred to the 
ambient accounted for the minimum portion and could be neglected 
accordingly. 

Fig. 18 (a) and (b) present the effect of different heat loads and heat 
sink temperatures on vapor volume and heat distribution percentage of 
the flat-plate evaporator. It was apparent that the variation of heat sink 
temperature did a slight effect on vapor volume and heat distribution, 
and it would not affect the variation law of the vapor volume and heat 
distribution percentage versus heat load as well. The percentage of the 
vapor volume and heat distribution at each heat load condition was 
nearly the same except for the random discrepancy. The vapor volume in 
wick remained a reduced trend while increasing the heat load, and the 
amount of heat conducted to the wick was always more than that of 
taken away in vapor channels and compensation chamber. 

5.4. Experimental comparison 

Experimental comparison was conducted by comparing the simula-
tion results with the experimental results to verify the veracity of the 3-D 
CFD calculation model. Fig. 19 presents the heater surface temperature 
comparison at various heat loads and heat sink temperatures. The 
temperature discrepancy of heater surface between the simulation and 
experimental results is calculated as follows, 

εHS =

⃒
⃒Tcal_HS − Texp_evap-in

⃒
⃒

⃒
⃒Texp_HS − Texp_evap-in

⃒
⃒

(23) 

Except for the maximum heat load condition, the simulation results 
followed the experimental results well, and the heater surface temper-
ature continued to increase with the rise of heat load. Besides, different 
heat sink temperatures exhibited the same pattern that the discrepancy 

at the maximum heat load condition became much larger due to the dry- 
out state of the capillary wick. The calculation model was no longer 
suitable for reconstructing the actual situation in the experiment 
wherein the vapor leakage occurred. For other heat load working con-
ditions, data analysis indicated that the maximum discrepancy of the 
heater surface temperature was 8.14 % at a heat load of 10 W, repre-
senting that the calculation model had a high accuracy and could pre-
cisely forecast the heater surface temperature even at different heat sink 
temperature and heat load conditions. 

Fig. 20 presents the evaporator outlet temperature comparison at 
various heat loads and heat sink temperatures, verifying the accuracy of 
the calculation model from another perspective. The temperature 
discrepancy of the evaporator outlet between simulation and experi-
mental results is calculated as follows, 

εevap-out =

⃒
⃒Tcal_evap-out − Texp_evap-in

⃒
⃒

⃒
⃒Texp_evap-out − Texp_evap-in

⃒
⃒

(24) 

Apparently, the temperature tendencies were the same as those of 
the experimental values for the three heat sink temperature conditions. 
The temperature discrepancies were small and the results followed well 
except for the maximum heat load conditions. The simulation without a 
dry-out state could also lead to a misestimate of the vapor collector 
working situation, wherein the subcooled liquid infiltrating the wick 
was much colder than that of the experimental result. Thus, the calcu-
lation value of the evaporator heater surface was lower than that of the 
experiment value. With the exception of the maximum heat load con-
ditions, the maximum discrepancy in evaporator outlet temperature was 
10.29 % at a heat load of 160 W. 

6. Conclusions 

In this paper, a comprehensive study of a flat-plate evaporator LHP 
system from the perspective of experiment and numerical simulation is 
presented. First, a flat-plate evaporator LHP with the vapor leakage 
problem solved was fabricated and tested using a two-component epoxy 
resin adhesive to fill the assembly clearance. With the help of the 
experimental results and the VOF method, an effective 3-D CFD 
computational model, which could be utilized for future optimization 
studies in structure and design parameters, was proposed to simulate the 
flat-plate evaporator. Additionally, the mass flow rate of the loop was 
deduced from the heat leak effect in liquid line. The heat and mass 

Fig. 16. Temperature distribution diagrams at Q = 120 W and Tsink = 0 ◦C. (a) Z-direction cross section at heater surface. (b) Z-direction cross section at rib contact 
surface. (c) Z-direction cross section at wick surface on compensation chamber side. 
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transfer performances, including flow regime, vapor phase, tempera-
ture, and heat distribution, were studied in detail. The main conclusions 
were summarized as follows. 

1. The start-up and variable heat load tests illustrated that the 
maximum allowable heat load was up to 180 W (heat flux 11.25 W/cm2) 
at a heat sink temperature of − 10 ◦C, and no temperature oscillation or 
even working failure was found for all operating conditions. Overall, the 
evaporator thermal resistance ranged from 0.1340 to 0.2137 ◦C/W. 

2. The blockage of vapor leakage by the epoxy glue could signifi-
cantly improve the thermal performance by reducing the operating 
pressure and enhancing the capillary performance. For the maximum 
heat load condition, a dry-out working state was formed in wick, and 
thus a severe temperature rise in heater surface occurred. Besides, the 
temperature hysteresis phenomenon attributed to the long liquid line 
occurred at the heater surface during the variable heat load tests. 

3. The fluid scouring sequence inside the compensation chamber 
resulted in the generation of four symmetric vortices, causing uneven 
wetting on wick surface. The evaporation interface altered accordingly, 
and the high-temperature zone on heater surface offset to the evaporator 
inlet side. After turning into vapor, the fluid maintained a downward 

Fig. 17. Operating parameters versus heat load at Tsink = 0 ◦C. (a) Volume 
average temperatures of the evaporator components. (b) Vapor volume per-
centage at each fluid domain. (c) Heat distribution percentage between each 
evaporator component. 

Fig. 18. Operating parameters versus heat load and heat sink temperature. (a) 
Vapor volume percentage at each fluid domain. (b) Heat distribution percent-
age between each evaporator component. 
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trend and diffused from both sides of the rib to the vapor channels, the 
vapor collector, and eventually to the evaporator outlet. 

4. The thermal paths created by the ribs could quickly conduct heat 
from heater surface to wick. Thus, the liquid–vapor interface at each rib 
expanded slightly inward, and this part of the heat accounted for 84 % of 
the heat load on heater surface. The percentage of vapor volume and 
heat adsorbed during evaporation in wick changed oppositely to the 
heat load, and the heat sink temperature variation had no effect on the 
vapor volume or heat distribution percentage at the entire heat load 
range. 

5. The mass flow rate deduced by the temperature discrepancy of the 
liquid line was positively linear with the heat load and independent of 
the heat sink temperature, which ranged between 9.45 × 10− 5 and 
0.001086 kg/s. Experimental comparison indicated that the calculation 
model had a high accuracy with the temperature discrepancies of heater 
surface and evaporator outlet less than 8.14 and 10.29 %, respectively. 
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