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a b s t r a c t

An important consideration while designing the shape of a capillary evaporator is the phase distribution

in the wick. However, the distribution depends on the working fluids and porous materials. This study

investigates the heat-transfer characteristics of a loop heat pipe (LHP) evaporator by using a three-

dimensional pore network model with a dispersed pore size wick. The simulation considers saturated

and unsaturated wicks. A stainless steel (SS)-ammonia, polytetrafluoroethylene (PTFE)-ammonia, and

copper-water LHP are simulated. The copper-water LHP has the highest transition heat flux to the unsat-

urated wick. When the optimum evaporator shape of the copper-water LHP is designed, it is reasonable

to assume that the phase state is saturated. On the other hand, for the ammonia LHP design, the state is

assumed to be unsaturated. Simulation results show the heat-transfer structure in the evaporator and

indicate that the applied heat flux concentrates on the three-phase contact line (TPCL) within the case,

wick, and grooves. An evaporator configuration with circumferential and axial grooves is simulated to

investigate the effect of the TPCL length. Results indicate that the optimum shape can be realized by vary-

ing the TPCL length. The proposed method is expected to serve as a simple approach to design an

evaporator.

1. Introduction

Loop heat pipes (LHPs) and capillary pumped loops are widely

used to achieve thermal control in various applications such as

spacecraft, automobiles, computers, LED-based devices, and power

semiconductor devices. The thermal resistance of an LHP is the

sum of the thermal resistances of the evaporator and condenser.

The evaporator thermal resistance is based on two-phase flow in

a porous structure with a phase change. There have been many

reports on two-dimensional evaporator simulations [1–4], and

recently, a more accurate three-dimensional model was developed

[5–12]. Depending on the heat flux applied to the evaporator, the

wick phase state is divided into a saturated state with a liquid

phase and an unsaturated state with liquid and vapor phases, as

shown in Fig. 1. Chernysheva and Maydanik [5,6] determined the

shape of the liquid–vapor interface based on the local temperature

of the wick but ignored the evaporation at the liquid–vapor

interface in the wick. On the other hand, other studies [1–4,8,9]

were based on the maximum capillary pressure and considered

the evaporation within the wick. In a copper-water LHP [5,6], an

unsaturated state was not formed at less than 100W/cm2. How-

ever, in an ammonia LHP [8], an unsaturated state was formed at

more than 1W/cm2. The threshold of the transition heat flux is dif-

ferent because it depends on the working fluid and wick thermal

conductivity. Table 1 lists the transition heat flux for an unsatu-

rated wick in different studies. Among the cited studies, only Refs.

[2,13] present experimental results; the others present results

based on numerical simulations. In the simulations, the condition

for transition to an unsaturated state is given by

T ! Tsat " DTsup > DTnuc ð1Þ

where T is the wick temperature, Tsat is the saturation temperature,

DTsup is the superheat of the wick, and DTnuc is the threshold of

nucleation. The nucleation superheat is considered to be a constant

in some studies, whereas it is calculated in others. For example, in

Refs. [3,8], the nucleation superheat is considered as 4 !C. However,

because nucleation superheat depends on the working fluid and
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nucleus state, its estimation is difficult. Therefore, to obtain an

optimum design for the evaporator shape, the thermal characteris-

tics of the saturated state are important in some cases whereas

those of the unsaturated state are important in others, depending

on the working fluid and the configuration of the evaporator. In this

study, a numerical model of an LHP evaporator was developed using

a pore network model; then, the transition heat flux in some evap-

orator configurations and the heat-transfer structure in both states

of the wick were investigated.
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Fig. 2. Sketch of pore network and liquid-vapor interface balance.
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Fig. 3. Pore radius distribution used in the simulation. Simulation value is used in

throat radius rth. Measurement value is obtained by mercury intrusion method.

Nomenclature

A area (m2)

DPint pressure difference at liquid–vapor interface (Pa)
DTsup superheat of liquid phase (K)

DTnuc boiling incipient superheat (K)

hc convective heat-transfer coefficient (W/m2%K)

hevap evaporator heat-transfer coefficient (W/m2%K)
hi interfacial heat-transfer coefficient (W/m2%K)

Hfg latent heat (J/kg)

keff effective thermal conductivity (W/m%K)

keff_l effective thermal conductivity of liquid phase (W/m%K)
keff_v effective thermal conductivity of vapor phase (W/m%K)
_mn mass flow rate for normal direction (kg/s)

n normal direction (m)

P pressure (Pa)

Pcap_max maximum capillary pressure (Pa)
Pgr groove pressure (Pa)
_qapply applied heat flux (W/m2)

r bubble radius (m)

rth throat radius (m)
T temperature (K)

Te_max the maximum temperature the case (K)

Tgr groove temperature (K)

Tsat saturation temperature (K)
r surface tension (N/m)

q_v vapor density (kg/m3)

h contact angle (rad)
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Fig. 1. Behavior of phase distribution in LHP wick. C is evaporation interface.

Capillary pressure is developed at C.

Table 1

Transition heat flux for unsaturated wick in different studies. Exp. indicates experimental results.

Study Working fluid Wick bulk thermal conductivity, W/m%K Pore radius, lm Transition heat flux, W/cm2

Figus et al. [1] Ammonia 0.4, 10, 0.5 10 <0.45

Kaya and Goldak [3] Ammonia 14.5 1.2 0.1254–0.3762

Wan et al. [4] Ammonia 15.2, 90.4 – <4

Mottet et al. [8] Ammonia 4.18 1 1

Zhao and Liao [2] (Exp.) Water 0.78 256 17.72

Chernysheva and Maydanik [6] Water That of copper 21 100–111

Hatakenaka et al. [13] (Exp.) Water That of stainless steel 2.8 <1.69

Mottet et al. [8] FC3284 46 550 0.5

Nishikawara et al. [9] Ethanol 0.25 1.2 1.25



2. Numerical model

Here, a three-dimensional mathematical model using a pore

network is presented. Sketch of the lattice pore network is shown

in Fig. 2. The network consists of pores and throats. This pore net-

work model can consider the pore radius distribution in the wick.

The radius distribution used in the model is shown in Fig. 3 and is

generated based on measurement results obtained by the mercury

intrusion method. The model details are described in Refs. [9–12].

Fig. 4 shows the flowchart for the numerical solution process. First,

the thermal-hydraulics states of a liquid saturated wick (1U) are

solved. Here, system of equations of pressure based on pore net-

work and energy conservation including convection term are

solved. Then, temperature, pressure and liquid velocity are

obtained. If the superheat of the liquid phase at the contact surface

between the wick and case exceeds the nucleation superheat, the

phase state becomes unsaturated. Transition from a saturated state

to an unsaturated state is determined as follows:

DTsup > DTnuc ¼
2rTsat

q
v
rHfg

ð2Þ

whereDTsup is the superheat of the liquid phase in the wick,DTnuc is

the boiling incipient superheat, r is the surface tension, Tsat is the

saturation temperature, q_v is the density of the vapor, r is the

radius of the bubbles, and Hfg is the latent heat. In this model, r is

the mode pore radius of the wick and is 1.2 lm from Fig. 3. After

vapor nucleation occurs, a vapor phase forms at the contact surface
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1. Begin 1Φ calculation

3. Calculate the liquid-vapor interface

Start

5. Pressure balance achieved

at the interface?

End

4. Begin 2Φ calculation.

2. Nucleation superheat achieved?

Yes

No

Fig. 4. Flowchart of numerical solution process.

Table 2

Configuration of evaporator used in simulations.

Simulation

no.

Wick

material

Working

fluid

Wick shape

1 Stainless steel Ammonia Only axial grooves

2 PTFE Ammonia Only axial grooves

3 Copper Water Only axial grooves

4 Stainless steel Ammonia Axial + circumferential grooves

5 PTFE Ammonia Axial + circumferential grooves

6 Copper Water Axial + circumferential grooves

Table 3

Transition heat flux for unsaturated wick in different evaporator configurations.

Evaporator configuration Transition heat flux, W/cm2

Stainless steel-ammonia 1.25

PTFE-ammonia <0.3125

Copper-water 4.375
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between the wick and case until the vapor contacts the grooves.

Next, the thermal-hydraulics states of an unsaturated wick (2U)

are solved. When the pressure difference between the vapor and

liquid phases at the interface in the wick, DPint, exceeds the maxi-

mum capillary pressure in the pore throat, the vapor phase dis-

places the liquid phase, as expressed in Eq. (3):

DPint > Pcap max ¼
2r cos h

rth
ð3Þ

where Pcap_max is the maximum capillary pressure, h is the contact

angle, and rth is cylinder radius of the throat as shown in Fig. 2.

The calculation is iterated until all the interfaces satisfy Eq. (3). In

the saturated wick, liquid evaporates on the groove-wick interface,

and in the saturated wick, liquid evaporates within the wick and on

the groove-wick liquid-vapor interface.

3. Results and discussion for classical evaporator shape

The numerical model was validated by comparing its results

with the experimental results obtained using a polytetrafluo-

roethylene (PTFE)-ethanol LHP [9]. Wettability of PTFE is generally

hydrophobic, however in some fluid combinations with ammonia,

ethanol, etc., the wettability is hydrophilic. The contact angle

(b) PTFE-ammonia

(a) Stainless steel-ammonia

TPCL

(c) Copper-water

(b’) PTFE-ammonia

(a’) Stainless steel-ammonia

Fig. 7. Distribution of heat flux vectors and liquid–vapor interface shape on the x-y plane. The color bar is normalized with an applied heat flux. The applied heat fluxes are

6.25 W/cm2 in (a, b, c) and 12.5 W/cm2 in (a0 , b0). Only axial grooves are created. The TPCL length is 500 m!1. No data in (c0) due to vapor penetration. (For interpretation of the

references to color in this figure legend, the reader is referred to the web version of this article.)
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between PTFE and ethanol was 30!, which was measured by using

a contact angle meter (KYOWA DM-301). The dimensions of the

evaporator mentioned in this section are similar to the dimen-

sions considered in the validation. The simulation is performed

by changing the bulk thermal conductivities of the wick and

working fluid. Table 2 lists the configurations of the evaporator

used in the simulations. The results of simulations 1, 2, and 3

are presented in this section. Those of simulations 4 and 5 are pre-

sented in the next section. Fluid properties are calculated using

REFPROP [14], and temperature dependence is taken into account.

The porous characteristics are the same in all the wicks. The bulk

thermal conductivity of stainless steel (SS), PTFE, and copper are

16, 0.25, and 386W/m%K, respectively. The contact angle is 0!

under all conditions. The saturation temperature of the compen-

sation chamber (CC) is 29.4 !C. The groove saturation temperature

is calculated from the pressure loss through the vapor line, con-

denser, and liquid line.

The heat flux applied to the evaporator is varied from 0.3125W/

cm2 to the maximum heat flux of vapor penetration into the CC.

The transition heat fluxes to the unsaturated wick, which satisfy

Eq. (2), are listed in Table 3. The transition heat flux of the PTFE

wick is the lowest. The simulation could not run at less than

0.3125W/cm2. The reason for the low transition heat flux of the

PTFE wick is that the temperature distribution at the contact sur-

face between the wick and case is large owing to its low thermal

conductivity. The transition heat fluxes using water as the working

fluid vary from 1.7 to 100 W/cm2, as seen in the previous studies

listed in Table 1. Results of this simulation is in this range as shown

in Table 3. The relationship of the transition heat flux with the

wick thermal conductivity and pore radius cannot be found.

The presence of non-condensation gas, surface roughness of the

evaporator case, and condition of contact between the case and

wick may affect the transition heat flux critically. The prediction

of the transition heat flux seems to be complicated. Therefore, in

the future, measurements should be performed to investigate

vapor nucleation in a porous medium.

The boiling incipient superheat, DTnuc in Eq. (2), is calculated for

the working fluid used in LHPs. The temperature dependence of

fluid properties is taken into account. The nucleus radius is

1.2 lm. The results are presented in Fig. 5. Water shows the high-

est DTnuc value among all the fluids considered. Fluids that are at

high pressure at room temperature, such as ammonia, have low

boiling incipient superheat values; therefore, they are subject to

transitions to the unsaturated state at low heat flux.

Fig. 6 presents the evaporator heat-transfer coefficient for each

evaporator configuration. The evaporator heat-transfer coefficient

is calculated as

hevap ¼ _qapply=ðTe max ! TsatÞ ð4Þ

where Te_max is the maximum temperature of the case and Tsat is the

groove saturation temperature. In the copper-water LHP, vapor

penetration occurs at 12.5 W/cm2. The pressure loss through the

vapor line, condenser, and liquid line is 76 kPa against a capillary

pressure of 100 kPa at the maximum heat flux. Hence, the pressure

loss of the transport line is dominant. Because water has a high

transition heat flux, the heat flux at the capillary limit can be com-

parable to the transition heat flux for the unsaturated state. There-

fore, during the design of the optimum evaporator shape of the

copper-water LHP, it is reasonable to assume that the phase state

is saturated with liquid.

The evaporator heat-transfer coefficient of the ammonia LHP

reaches a local maximum in the unsaturated state and decreases

with an increase in the heat flux. Such heat-transfer characteristics

have been measured in some LHP experiments [15–17]. These

characteristics can be explained as follows. When the wick is

unsaturated, due to increasing liquid-vapor interface area, the

heat-transfer coefficient increases with increasing the heat. While,

due to an increasing vapor phase in the wick, the heat-transfer

coefficient also decreases with increasing the heat. This is because

the liquid-vapor interface is far from the heating surface. Due to

above two reasons, the heat-transfer coefficient for the unsatu-

rated wick has a local maximum characteristic as shown in Fig. 6

(b). The local maximum characteristics of the evaporator heat-

transfer coefficient is discussed in detail in Refs. [8,21]. Because

the transition heat flux is much lower than the heat flux at the cap-

illary limit, it is reasonable to assume that the phase state is that of

an unsaturated wick with vapor and liquid when designing the

optimum evaporator shape of an ammonia LHP.

The heat-transfer coefficient of the copper-water LHP is several

times higher than those of the other two LHPs. Jump characteristics

are found in Fig. 6(a). Because the evaporator heat-transfer coeffi-

cient is dominated by thermal conduction from the heating surface

to liquid-vapor interface in or on the wick, a higher thermal con-

ductive wick benefits more from the effect of the interface area

increasing. On comparison between the copper-water and SS-

ammonia LHPs, bulk thermal conductivity of copper and SS are

16W/m%K and 400W/m%K, therefore the difference is 25 times. It

is considered that such a large difference directory affects the jump

of the evaporator heat-transfer coefficient from a saturated to an

unsaturated state.

To analyze the heat flow structure in the evaporator, the heat

flux vector is calculated as

_q( "
!keffrT

! _qapply

ð5Þ
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where keff is the effective thermal conductivity of the wick. The

analysis results are presented in Fig. 7. Fig. 7 also presents the

liquid-vapor interface. In terms of phase distribution, the SS-

ammonia and PTFE-ammonia LHPs show the vapor phase at the

center of the wick. On the other hand, the vapor phase for the

copper-water LHP appears on a section of the three-phase contact

line (TPCL) within the case, wick, and grooves and does not exist

at the center of the wick. This is because DTnuc of water is much

higher. The difference of the phase distribution leads to the partic-

ular characteristics of the heat-transfer coefficient for the copper-

water evaporator.

The heat applied from the top of the case concentrates at the

TPCL within the case, wick, and grooves as the high flux is shown

in red arrows, and then transfers to the grooves by evaporation.

The difference in the distribution of the heat flow depends on the

thermal conductivity of the wick and maximum heat fluxes at

the TPCL, which are 5.68, 17.5, and 2.88 in the SS-ammonia,

PTFE-ammonia, and copper-water LHPs, respectively. The heat flux

at the bottom of the PTFE wick is low, so the heat leak to the CC is

the lowest for this case. In this paper, the discussion is focused on

only the evaporator, but when the performance of an LHP system is

considered, the amount of the heat leak should be included in the

discussion.

Because the heat flux concentrates at the TPCL in any phase

state, it is considered that the evaporator heat-transfer coefficient

can be enhanced by making the TPCL longer. This simulation is

presented in the next section. A TPCL length of 500 m!1 is

considered in the present section. Note that the TPCL length is

represented as the area density of the heat-load area; therefore,

the unit is m!1.

(b) PTFE-ammonia

(a) Stainless steel-ammonia

(c) Copper-water
x-y plane

(z=1.9 mm)

y-z plane

(x=2 mm)

TPCL

Fig. 10. Distribution of heat flux vectors and liquid–vapor interface shape on x-y and y-z plane. The color bar is normalized with an applied heat flux. The applied heat flux is

6.25 W/cm2. Both axial and circumferential grooves are created. The TPCL length is 640 m!1.



4. Three-dimensional groove shape

4.1. Calculation domain and boundary conditions

The computational domain is depicted in Fig. 8. Circumferential

grooves as well as axial grooves are created to make the TPCL

longer. The circumferential groove approach has been proposed

in Refs. [18,19], and the improvement of the evaporator heat-

transfer coefficient has been verified experimentally. To compare

the axial groove configurations only, the area of the contact surface

between the case and wick is maintained to be the same (0.5) in

the ratio of this area to the area of the heat load. In the case of a

cylindrical evaporator, the axial length is longer, so the TPCL can

be made longer by increasing the number of circumferential

grooves. In this simulation, the width of the axial groove is equal

to that of the circumferential groove. For this shape, the contact

surface is square and the TPCL length is 640 m!1.

The boundary conditions are explained as follows. A spatial

periodic boundary is imposed at z = 0, Lz, except on the upper

side of the wick. At the wick–groove interface with z = 0, Lz-

Lz_g, when the wick phase is saturated, the boundary conditions

are given by

!keff l

@T

@n

!

!

!

!

C

¼ hiðT ! TgrÞ and ð6Þ

_mn ¼
hiAðT ! TgrÞ

Hfg

ð7Þ

and when the wick phase is unsaturated, they are given by

!keff v

@T

@n

!

!

!

!

C

¼ hcðT ! TgrÞ and ð8Þ

P ¼ Pgr ð9Þ

where hi is the interfacial heat-transfer coefficient [20]. These

boundary conditions are the same as the conditions at the wick–

groove interface in the x direction. The other boundary conditions

are the same as those described in the previous section.

4.2. Results and discussion

Fig. 9 presents the results of the evaporator heat-transfer

coefficient as a function of the heat flux. Fig. 10 presents the

distribution of the heat flux vectors defined in Eq. (5) on the x-y

and y-z planes. The maximum heat-transfer coefficient for the

SS-ammonia LHP is 6600W/m2%K, which is higher than that for

the LHP with only axial grooves (6100 W/m2%K). The maximum

heat flux at the TPCL for the SS-ammonia LHP is 3.96, which is

smaller than that for the LHP with only axial grooves. The evapora-

tor heat-transfer coefficient for the copper-water LHP does not

increase. The maximum heat flux is 2.63, which is smaller than

that for the LHP with only axial grooves. The reason why the

evaporator heat-transfer coefficient of the copper-water LHP

did not increase may be related to the increasing of the

liquid-vapor interface area on the unsaturated wick against the

saturated wick. When the TPCL length is 640/m (Fig. 10), the

increasing of the liquid-vapor interface area on the unsaturated

wick is 1.0004, which is the ratio to the interface area of the satu-

rated wick. While, the increasing liquid-vapor interface area with

500/m (Fig. 7) is 1.1. Benefit of the increasing liquid-vapor inter-

face area may be more dominant than the benefit of the increasing

of the TPCL length.

Fig. 11 presents the evaporator heat-transfer coefficient of each

configuration as a function of the TPCL length. The length is divided

by the area of the heat load. The TPCL length changes with the

width and number of both the axial and circumferential grooves.

The area of the contact surface between the case and wick is con-

stant (0.5). All the phase states of the wick shown in Fig. 11 are

unsaturated. The results for the classical wick shape with

500 m!1 TPCL length were also presented in Fig. 11. The heat-

transfer coefficient increases with an increase in the TPCL length

in any configuration except the classical copper-water LHP. The

maximum heat-transfer coefficient for the SS-ammonia LHP is

9900W/m2%K when the TPCL length is 2600 m!1, and both the

groove widths are 0.3 mm. It is found that the evaporator heat-

transfer coefficient can be enhanced by making the TPCL longer.

However, when the TPCL is very long, because the groove width

is very small, the effect of the distribution of saturation pressure

in the grooves cannot be neglected. Therefore, it is considered that

the optimum shape of the LHP evaporator can be designed by

establishing a trade-off between an increase in the heat-transfer

coefficient achieved by increasing the TPCL length and the effect

of increasing pressure loss in the grooves. The proposed method

for optimization of wick shape is presented in Ref. [22]. In addition,

a detailed heat-transfer simulation at the TPCL should be per-

formed in the future.

Fig. 12 presents the distribution of the heat flux vectors on the

x-y and y-z planes when the TPCL length is 2600 m!1. For SS-

ammonia and PTFE ammonia LHPs, the maximum heat flux

decreases and homogenization is promoted. However, for copper-

water LHP, the maximum heat flux is high due to vapor phase is

formed at the TPCL. Because the copper-water LHP has peculiar

characteristics of vapor pocket, further studies for the heat transfer

mechanism and the method for optimization of wick shape is

needed.

Fig. 13 presents the evaporator heat-transfer coefficients of two

SS-ammonia LHPs as a function of the TPCL length. One LHP has

only axial grooves, whereas the other has both axial and circumfer-

ential grooves. There is little difference in the effects of the TPCL

length between the two LHP types. The width of the grooves in

the configuration with only axial grooves is smaller than that in

the configuration with both groove types for the same TPCL length.

Therefore, the configuration with only axial grooves can experience

problems during wick manufacturing.
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Fig. 11. Evaporator heat-transfer coefficients of copper-water, SS-ammonia, and

PTFE-ammonia LHPs as function of TPCL length. The applied heat flux is 6.25 W/

cm2. The number of circumferential and axial grooves increases with an increase in

the TPCL length.
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Fig. 12. Distribution of heat flux vectors and liquid–vapor interface shape on x-y and y-z plane. The applied heat flux is 6.25 W/cm2. Both axial and circumferential grooves

are created. The TPCL length is 2600 m!1.



5. Conclusions

This paper presented heat-transfer simulations in LHP evapora-

tors using a three-dimensional pore network model. The results for

different combinations of the wick material and working fluid,

namely, SS-ammonia, PTFE-ammonia, and copper-water, were cal-

culated for an evaporator with only axial grooves and for one with

both circumferential and axial grooves.

I. The effect of the thermal conductivity of the wick and work-

ing fluid on the transition heat flux from a saturated wick

with liquid to an unsaturated wick with vapor and liquid

was presented. Because different transition heat fluxes were

obtained, when the optimum evaporator shape of the

ammonia LHP was designed, it was reasonable to assume

the phase state to be that of an unsaturated wick for the

ammonia LHPs and that of a saturated wick for the copper-

water LHPs.

II. It was found that heat flux concentrated at the TPCL within

the case, wick, and grooves. The evaporator heat-transfer

coefficients of the SS-ammonia, PTFE-ammonia, and

copper-water LHPs were increased with increasing the TPCL

length except the classical wick shape of the copper-water

LHP. Results indicated that the optimum shape of the evap-

orator could be realized by adjusting the TPCL length.

In the future, detailed heat-transfer simulation at the TPCL

should be performed.
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Fig. 13. Evaporator heat-transfer coefficient of SS-ammonia LHP as function of TPCL

length. The applied heat flux is 6.25 W/cm2.




