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This paper investigates the design method of a loop-heat-pipe (LHP) evaporator based on 

thermal hydraulics of the saturated and two-phase wick state. On the wick shape, a method 

to optimize wick shape using the length of the three phase contact line within the casing, 

wick, and grooves as a design variable of wick dimension is developed. Experiments and 

simulations by a simple 1D model and an advanced 3D model validate the method. Liquid-

vapor phase behavior on the two-phase wick is investigated by optical observation in a 

transparent cylindrical evaporator during the LHP operation and pore-network simulation 

taking into account the void disorder of the wick. This simulation reveals the relationship 

between phase characteristics and the heat-transfer coefficient. 

Nomenclature 

A = area (m2) 

Asat = liquid saturated area (m2) AROI = are of region of interest (m2) = liquid saturated area (m2) 

AROI = are of region of interest (m2) = area of region of interest (m2) 

cp = specific heat at constant pressure (J/kg K) 

cvl = constant with respect to vapor line dimension (m3) 

cwick = constant with respect to wick dimension (m) 

dT/dPsat = gradient of saturation curve (K/Pa) 

ΔP = pressure difference (Pa) 

Δ = mesh size (m) 

gi,n = flow conductance (m3) 

hevap = evaporator heat-transfer coefficient (W/m2·K) 

hfg = latent heat (J/kg) 

htri = contribution for heat transport at the three-phase contact line (W/m·K) 

K = permeability (m2) 

kcase = thermal conductivity of the casing (W/m·K) 

keff = effective thermal conductivity of the porous media (W/m·K) 

Ltri = length of the three-phase contact line per unit area (/m) 

m  = mass flux vector (kg/m2·s) 

P = pressure (Pa) 

Pcap = capillary pressure (Pa) 

Q  = volumetric flow rate (m3/s) 

maxQ  = the maximum heat transfer rate (W) 

maxq  = the maximum heat flux (W/cm2) 

applyq  = heat flux applied to the casing (W/m2) 

Rcase = thermal resistance of the casing (K/W) 

Revap = thermal resistance of the evaporator (K/W) 

Rmeni = thermal resistance of the meniscus (K/W) 
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Rsat = thermal resistance of the saturated wick (K/W) 

r = radius of nucleus bubble (m) 

reff = effective capillary radius (m) 

rmax = the maximum throat radius (m) 

rmin = the minimum throat radius (m) 

rth = throat radius (m) 

S = saturation 

T = temperature (°C) 

Te = evaporator temperature (°C) 

Tsat = saturation temperature (°C) 

t = thickness (m) 

Greek 

θ = contact angle (rad) 

μ = viscosity (Pa·s) 

ν = kinetic viscosity (m2/s) 

ρ = density (kg/m3) 

σ = surface tension (N/m) 

Subscripts 

l liquid 

v vapor 

I.  Introduction 

 thermal-control device known as a loop heat pipe (LHP) has recently attracted attention in various fields. A 

schematic of an LHP is shown in Figure 1. It comprises a capillary evaporator, condenser, transport line, and 

compensation chamber (CC). The condenser and transport line are simple pipes. Unlike conventional heat pipes, the 

porous medium (wick) is solely located in the evaporator; this facilitates longer transport lengths and larger radiation 

areas. The capillary pressure develops and liquid evaporates in the wick. The evaporator configuration is the critical 

part of the performance design. However, an optimal method for designing this component is yet to be established, 

because the two-phase thermal hydraulics in the capillary evaporator is complicated.  

The evaporator design includes wick and groove shape and porous characteristics. The grooves are machined in 

the wick to flow generated vapor to the vapor line. Although many researchers have studied the relationship between 

the wick shape and evaporator performance1-9, optimization of the wick shape is difficult because many variables are 

involved. Enhancement by microscopic approaches such as biporous void structure10, a bilayer wick using carbon 

nanotubes11, and the unique shape of particles forming the wick12 has been reported, however they are heuristic. 

Rapidly developing 3D printing technology can make the desired microscopic porous structure13, so it is more 

valuable to pursue what is the optimized void structure on heat transfer of the capillary evaporator. 

This work focuses on wick shape and porous characteristics for the evaporator design and studies the design 

method and optimization based on two-phase thermal hydraulics in the capillary evaporator. For the design of the wick 

shape, a method using the length of three-phase contact line (TPCL) within the casing, wick, and grooves as a variable 

wick dimension is proposed and its optimum shape is indicated by three dimensional simulations. For the design of 

porous characteristics, liquid-vapor (L-V) phase 

displacement on the contact surface between the casing and 

wick is observed by a visualization evaporator whilst the 

effect of pore radius distribution is investigated by a pore-

network simulation.  

II. Phase State and Design Concept of Wick 

A. Liquid-Vapor Phase Distribution and Thermo-

Fluid Behavior 

The phase state in the wick during an LHP operation 

is divided into two: liquid saturated and L-V two-phase. 

The liquid saturated state appears at a relatively low heat 

flux applied to the evaporator. Evaporation occurs on the Figure 1. Schematic of a loop heat pipe. 
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L-V interface between the saturated wick and groove. In addition, because the meniscus is along the TPCL within 

the casing, wick, and grooves, the applied heat is also transported directly by evaporation through it14-16. When high 

heat flux is applied, vapor phase generates inside the wick due to nucleate boiling. Part of the wick is dry 

momentarily, then the liquid in the CC saturates the wick and finally a two-phase state is formed. In some cases a 

pressure spike takes place at the incipience of the nucleate boiling and dries the wick completely. If the evaporator is 

saturated with liquid fully at the start-up, large superheat at the boiling incipience leads to a high pressure spike. 

Superheat initiating nucleate boiling can be roughly estimated with nucleation radius, however, the prediction of the 

radius is complicated. On the two-phase state, the L-V interface is inside the wick as well as the wick-groove 

interface. The heat-transfer coefficient and pressure loss through the wick are affected by the L-V interface shape. 

The L-V interface shape balances in the flow of the micro-void structure, so microscopic characteristics of the 

structure can affect thermal performance at a high heat flux. 

B. Concept of Wick Shape Design 

A design method using the TPCL length as a variable was proposed, because applied heat flux applied to the 

evaporator concentrates at the TPCL17. The length can be enhanced by making grooves finer and increasing their 

number. It is also useful that the micro-grooves are machined on the casing2,18. Though the heat flux concentration at 

the TPCL occurs in the saturated wick, it is effective to some extent even in the two-phase wick, because the flux in 

the two-phase wick has a tendency to concentrate there17. 

C. Concept of Porous Characteristics Design 

Porous characteristics are divided into macroscopic and microscopic. When pressure loss through the wick, 

ΔPwick is dominant, the maximum heat transport rate of the LHP can be estimated with Pcap = ΔPwick(Qmax) and is 

expressed with 

    wicklfgeffmax chrKQ   . (1) 

So, the maximum heat transport rate increases with high K/reff. The above concept is the same as conventional heat 

pipes. High K leads to a large size of the meniscus at the TPCL where high efficiency heat transfer occurs and, as a 

result, the heat-transfer coefficient increases. Since some LHPs and CPLs have significantly long transport lines19, 20, 

and for those dominant pressure loss is not through the wick, but through the transport lines, especially the vapor 

line, ΔPvl. In such a case, the maximum heat transport rate of the LHP can be estimated with Pcap = ΔPvl(Qmax) and is 

expressed with 

    vlvfgeffmax chrQ  1 . (2) 

So, 1/reff is also an important characteristic as well as K/reff in the macroscopic aspect. On the other hand, 

microscopic characteristics are pore radius distribution, tortuosity, pore network structure and so on. These 

characteristics have not been investigated well thus far. Figus studied the effect of pore radius distribution on the L-

V interface shape using a two-dimensional pore-network model21. Laetitia numerically showed that biporous 

structure is effective on the enhancement of the heat transfer22. However, it is not clear yet what microscopic 

characteristics improve the thermal performance of the LHP. 

III. Groove Shape Optimization by TPCL Length 

The concept for the design of wick shape is as follows. The evaporator heat-transfer coefficient increases with 

the TPCL length. However, the pressure loss in the grooves increases at the same time, thereby leading to a large 

distribution of saturation temperature. Consequently, the evaporator heat-transfer coefficient decreases if the TPCL 

is too long. Because of these competing effects, there is a local maximum in the heat-transfer coefficient at a certain 

TPCL length. 

A. One Dimensional Model 

A one dimensional model has been developed in Ref. 23. The main assumptions of the model are that (1) the 

fluid is incompressible, (2) the process is a steady-state one, and (3) each groove is filled with saturated vapor. Note 

that the proposed design method is for the evaporator heat-transfer coefficient and not for enhancing the maximum 

heat transport (i.e., the capillary limit). The evaporator heat-transfer coefficient is expressed with 
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The term htriLtri represents the heat transfer at the TPCL. The right-hand bracket represents the effect of the 

distribution of saturation temperature in a groove (always <1). The pressure loss, ΔPgr, is the sum of the pressure 

losses in the axial and circumferential grooves and the pressure loss due to evaporation. Detail of the model is 

shown in Ref. 23. 

The model results are compared with the experiment to validate. To extend the TPCL, the grooves are made 

narrower and their number is increased. In our cylindrical wick, the minimum machined widths are 0.3 mm for a 

circumferential groove and 0.4 mm for an axial one. The ratio of the wick-casing contact surface to the cross-

sectional area of the casing is fixed at 0.5. By fixing the area of the wick-casing contact surface, the numbers of the 

circumferential and axial grooves are determined uniquely. A comparison between the evaporator heat-transfer 

coefficient obtained using Eq. (3) and that obtained through the experiments is presented in Figure 2(1D model and 

exp.). Ltri is represented as the area density of the heat-load area; therefore, the unit is m−1. The heat flux applied to 

the casing was 2 W/cm2. The wick material was PTFE with a bulk thermal conductivity of 0.25 W/m·K, and the 

thermal conductivity of the stainless steel (SS) casing was 16 W/m·K. The working fluid was ethanol and its fluid 

properties were calculated using the REFPROP program24. The detailed experimental apparatus is presented in Ref. 

25. In the calculation, two values of htri were used, 0.63 W/m·K and 0.87 W/m·K. One was calculated from 

calculated results using a three-dimensional evaporator simulation17, and the other was obtained by fitting the 

calculated results to the experimental ones. In both the experiment (Exp.) and the proposed model (1D model), the 

heat-transfer coefficient reached a local maximum in terms of the TPCL length, thus validating the model. htri can be 

precisely estimated by taking heat transfer through the meniscus at the TPCL into account and depends on the 

combination among the martials of the casing, wick, and working fluid. Not only the wettability of the wick but also 

that of the casing material can be important for highly efficient heat transfer. Ltri and htri values calculated from the 

LHP results in the literatures1-9 are 510-6,600 /m and 0.25-62 W/m·K, respectively. A high groove density and a 

small groove width result in a long TPCL. Results with large values of Ltri show low values of htri.  

B. Optimization by Three Dimensional Simulation 

1. Model 

To more precisely calculate the heat and mass transfer in micro-grooves, 3D thermofluid simulation taking heat 

transfer of the meniscus at the TPCL into account is needed. This work develops a prediction method considering 

two thermal paths: through the saturated wick and the meniscus as shown in Figure 3. Assuming that these paths are 

connected parallel, the thermal resistance of the evaporator is expressed with 

 menisatcaseevap RRRR 111  . (4) 

Rcase and Rsat are calculated by the three-dimensional 

numerical simulation. This simulation solves the heat 

conduction equation of the casing, equation of 

continuity, Navier-Stokes equation, and energy 

conservation of the saturated wick and groove using 

OpenFOAM. Assuming a perfect arc of the meniscus 

shape, the radius of curvature is calculated by the three-

dimensional simulation results of the pressure 

difference between the liquid and the vapor at the 

TPCL. Rmeni is calculated by a one-dimensional model 

based on the thin-film evaporation theory proposed by 

Stephan et al26. Detail of the model is shown in Ref. 16. 

 

2. Results and Discussion 

Simulated hevap shown in Figure 2(3D Sim.) has a 

local maximum to the TPCL length, so the model is 

validated. The simulated hevap agrees with the 

experiment better than that of 1D model. The reason 
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why the wick with 3,150 /m of the TPCL length shows low heat-transfer coefficient decreasing contribution of the 

heat transfer through the meniscus is due to large pressure loss through the wick and groove. 

The model optimized the wick shape in a SS-ammonia LHP which is utilized as a thermal control device in 

spacecraft. Examined shapes are listed in Table 1. Both groove width is set as a constant, respectively. hevap shown in 

Figure 4 increases with the TPCL length increasing. Because ammonia has low kinetic viscosity and small gradient 

of saturation curve (P-T), distribution of saturation temperature in the grooves is negligible. As a result, a large 

meniscus is formed at the TPCL. Rmeni of ammonia is ten times lower than that of ethanol. Wick 6 with 4,300 /m of 

the TPCL length shows the maximum hevap of 11,590 W/m2K. Revap is 0.060 K/W. 

Phase Displacement in Unsaturated Wick 

To establish a design method for a microscopic pore structure, understanding the transition from the saturated to 

two-phase wick and L-V interface behavior in the two-phase wick is needed. This work develops the LHP with a 

visualization evaporator and investigates the L-V phase displacement during LHP operation. Three-dimensional 

pore-network simulation is performed at various pore radius distributions and working fluids. Based on the results, 

optimization of the microscopic characteristics of the porous media is discussed. 

A. Optical Observation in the Transparent Cylindrical Evaporator During the LHP Operation 

The capillary evaporator visualizations performed so far15, 27-31 were on the cross-section in the axial direction of 

the evaporator. Unlike those, this study focuses on the parallel plane to the contact surface between the evaporator 

casing and wick. In particular, if the thermo-fluid behavior is two-dimensional in nature, it is sufficient to 

understand the behavior on the cross-section only. However, the actual behavior is three-dimensional in nature. 

Therefore, the behavior on the contact surface is important. The previous work32 developed the transparent 

evaporator using a quartz glass tube as the casing with a low thermal conductivity of 1.38 W/mK33. This work 

improves the casing material to sapphire tube with a high thermal conductivity of 46 W/mK33 to reproduce practical 

use. 

Table 1. Wick design for optimization of the evaporator shape. Axial and circumferential groove width are 

fixed 0.4 mm and 0.2 mm, respectively. 

Wick No. 1 2 3 4 5 6 7 8 9 

Contact surface ratio 0.75 0.75 0.75 0.5 0.5 0.5 0.25 0.25 0.25 

Axial groove number 16 10 4 32 20 8 52 32 20 

Circumferential groove number 14 32 47 38 75 100 64 131 150 

Three-phase contact line length (/m) 1460 1810 2220 2680 3350 4300 3330 4350 5430 

Figure 3.  Thermal-resistance circuit model of the 

evaporator considering two thermal paths. The 

applied heat is transfers to the groove via the vapor-

liquid interface of the saturated wick (path 1) or 

directly to the groove via the meniscus (path 2). 

Figure 4.  Simulated evaporator heat-transfer 

coefficient hevap of stainless steel–ammonia LHP. 

Wick 6 showed the maximum heat-transfer 

coefficient. Feasible ranges of the TPCL length 

on each contact surface ratio are  shown.   
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1. Experimental Setup 

To visualize the evaporator during the LHP operation, a sapphire tube is used for the evaporator casing formed 

with a transparent indium-tin-oxide (ITO) heater (Figure 5). The heater consists of transparent conductive film made 

of ITO and Au electrodes at both ends of the film to apply electricity. The electric resistance of the heater is 20 Ω. 

The heater length is the same as the groove length i.e., 45 mm. Both ends connect to the CC and vapor line using 

ICF flanges. A urethane sponge was used as a wick to ensure the sealing between the groove and CC and to provide 

a strong contact between the casing and wick. The sponge has a larger diameter than the casing’s inner diameter. 

The void of the sponge is open. The pore radius and the porosity are 15 μm and 75%, respectively. 20 axial grooves 

of 1 mm in depth, 1 mm in width and 45 mm in length and no circumferential ones are machined. HFE7000 is 

selected as a working fluid taking tolerability and wettability to the wick into account. The main dimensions are as 

follows: outer diameters of vapor line, condenser, liquid line, CC, evaporator casing, and wick are 6.4 mm, 6.4 mm, 

6.4 mm, 19 mm, 15.0 mm, and 13.0 mm, and lengths of them are 450 mm, 955 mm, 540 mm, 150 mm, 110 mm, and 

50 mm, respectively. After installation of the wick into the sapphire tube, the capillary capability of the developed 

evaporator was tested by the bubble point method. The bubble point pressure is comparable with the capillary 

pressure developed by the pore radius of the wick; 4.5 kPa. In the condenser, a meandering stainless-steel tube is 

embedded in a plate cooled by a chiller. The temperature of the LHP was measured by thermocouples. Two pressure 

transducers are assembled to measure the pressure difference between the inlet of the vapor line and the outlet of the 

liquid line and saturation pressure. Data was acquired every 5 s. An image of the evaporator was taken by a single-

micro-lens reflex camera to observe the L-V phase state. The frame rate was 30 fps and the pixel size was 20 μm. 

The LHP was covered with thermal insulators except for around the observation area. Heat loss from the evaporator 

to ambient is measured and was 4 W at 70 °C of evaporator temperature. The experimental condition is as follows: 

heat load step-up from 5 to 65 W (0.28-3.7 W/cm2), Sink temperature of 10 °C, room temperature 20 °C, and 

operating temperature limit of 70 °C. 

2. Results and Discussion 

As shown in Figure 6, the evaporator temperature dropped due to nucleate boiling in the wick when the heat load 

increased from 15 W to 25 W. The test stopped at 65 W because the temperature reached its  limit. The evaporator 

heat-transfer coefficients in a steady-state are shown in Figure 7. hevap increases right after the nucleate boiling and 

then decreases with heat load increasing. The L-V phase distribution was calculated by subtracting the initial 

saturated image from time sequences. Average saturation S is calculated with  

ROIsat AAS / . (5) 

As shown in Figure 7, the average saturation increases after the nucleate boiling and then decreases with the heat 

load increasing. The L-V phase distribution on the contact surface between the casing and wick in a steady-state is 

shown in Figure 8. At the boiling incipience, most parts are dry, afterwards, liquid saturates from both edges 

between the wick and groove. The stable distribution shows that liquid sites are scattered. This distribution is 

different from the case where a quartz glass is used as the evaporator casing, as shown in bottom of Figure 8. hevap of  
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quartz glass casing is shown in Figure 8. This difference can be due to the difference in the thermal conductivity of 

the casings. However, the other factors are also different in both observations: wick material and the method of 

fabrication of the evaporator. So, detailed experiments are needed to reveal completely. 

B. Pore-network Simulation 

1. Numerical Model 

In the simulation, the flow in the capillary structure was represented by a pore network model (PNM) while the 

energy conservation of the casing and wick were solved. The computational domain corresponding to a portion of 

the periodic structure of a capillary evaporator is shown in Figure 9. The domain is a cuboid with the size of 4.0 × 

3.5 × 1.5 mm (Lx × Ly × Lz) and consists of a stainless-steel casing, a wick, and grooves. The groove height is 1 mm, 

the casing thickness is 1.0 mm, and the contact surface between the casing and wick is 50% of the Lx × Lz area. A 

constant saturation temperature and pressure are imposed to the groove and CC. The energy conservation 

considering conduction and convection, and the heat conduction, are solved for the wick and casing. 

TkTc effp
2m  (6) 

02  Tkcase  (7) 

Depending on the heat flux applied to the evaporator, the wick phase state is divided into saturated with a liquid for 

the low heat flux and unsaturated with a liquid and vapor for the high heat flux. In the simulation, the transition 

condition to an unsaturated state is given by 

 
fgv

sat
nucsat

rh

T
TPTT



2
  (8) 

ΔTnuc is the threshold of nucleation based on boiling critical superheat34. In this model, r is set as the mode pore 

radius of the wick. The L-V interface in the wick is calculated so that the pressure difference between the vapor and 

liquid on the interface balances the local capillary pressure. Figure 9 shows a schematic illustration of the PNM for 

the fluid simulation. The PNM divides the voids of the porous structure into spherical pores and cylindrical throats. 

Unlike the continuum approach used for solving flows in porous media, the PNM allows a distribution of the pore 

radius and corresponding local variables. Since local voids are represented as simple shapes associated with throats 

and pores in the pore network, the present model allows analysis of a greater quantity of pores. The local capillary 

pressure, Pcap is expressed by 

Figure 7.  Evaporator heat-transfer coefficient hevap 

and average saturation S in a steady-state. Red 

points shows results of quartz glass casing. Thermal 

resistance of the quartz casing is deducted. 

a

b

Figure 8.  Observed phase distribution at the contact 

surface between the sapphire tube and wick. White is 

vapor phase and black is liquid phase. The bottom is 

the result of quartz glass casing. 
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Figure 9.  Computational domain and schematic illustration of the pore network model. Groove height and 

case thickness is 1 mm and the ratio of the wick-casing contact surface to the casing bottom surface is 0.5. 

 

th
cap

r
P

 cos2
  (9) 

Temperature dependence of surface tension is considered using the property software REFPROP24. A contact angle 

assumes 0°. The mass flow rate in the throat between neighboring pores was proportional to the pressure difference 

of the pores. Considering mass conservation at a pore i, the following equation with respect to pressure was applied, 

  0

6

1


n

ni
ni,

PP
g


 (10) 

gi,n is proportional to the quadruplicate throat radius, and inversely proportional to the throat length. It should be 

noted that n was six for the three dimensional lattice, which corresponds to the coordinate number. The pressure was 

obtained from the solution of Eq. (10). Then, the mass flow rate in the throats was calculated. The mesh size was 0.1 

mm. The simulation used the following values for the heat-transfer coefficient i.e., 100 W/m2K for the heat-transfer 

coefficient between the wick and CC, and 1.0 × 105 W/m2K for the contact heat-transfer coefficient between the 

casing and wick. Zero pressure loss through the transport line is given. The boundary between the dry wick and 

groove was insulated thermally. This model was validated experimentally32,35. 

2. Samples of Porous Media 

Samples with different radius distributions have to be generated although the macroscopic characteristics of K/reff 

are the same.  To meet the above condition, K is adjusted to fit the same value in all samples. In this work, the mode 

value is used as representative of rth distribution. rth is allocated on the lattice grid and generated to fit the 

distribution with the gamma distribution whose probability density function is expressed with 












 



x
x

k
xf k

k
exp

)(

1
)( 1 . (11) 

Distribution profile is determined by k and θ. θ is set to fit the mode rth with 1.2 μm, which is the real value in Ref 

25. Profile dispersion is adjusted by changing k. Σ* defined with following equation36 is introduced to express the 

dispersion quantitatively, 

   /
minmax

* rr . (12) 

K can be obtained by solving Eq.(10) after sample generation. Porous media of cross-section A and thinness t is set 

in the computer, then Eq.(10) is solved with given ΔP as a boundary condition, finally the flow rate though the 

porous media is calculated. The computational permeability Kcomp is calculated with Darcy’s law, 

Q

P

t

A
Kcomp 


  . (13) 

Kcomp is adjusted by multiplying all gi,n by a constant to fit the same value of 2.00×10-14 m2. Six samples are 
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Figure 10.  Pore radius distribution of samples.  

 

generated with different Σ* as shown in Figure 10 and Table 3. Sample no. 5 is fitted to the real porous media in Ref. 

25. The above process of porous sample generation is used in the evaporator simulation.  

3. Results and Discussion 

Six cases of the evaporator configuration are simulated with two wicks of SS and PTFE porous media and three 

working fluids of ammonia, R134a, and acetone. The effective thermal conductivity of the wick was calculated by 

direct solving of the heat conduction equation in a reconstructed rendering of 3D nano-X-ray computed tomography 

images. 

Design method difference depending on working fluid 

Figure 11(a) shows the evaporator heat-transfer coefficient, hevap of sample no. 5 on each evaporator. hevap with 

ammonia and R134a has a local maximum in the two-phase state. No L-V interface is inside the wick of SS- 

Ammonia at the lowest heat flux, as shown in Figure 11(b). Then, the size of the vapor phase increases with the heat 

flux increasing. For the evaporator with acetone, after transition to the two-phase state, the L-V interface is not 

stable inside the wick, then the vapor phase penetrates at a relatively low heat flux. When the vapor penetration 

occurs, the evaporator losses a pumping function then the operation stops. Considering the ratio of pressure loss 

between the liquid and vapor phase, the ratio is expressed with kinetic viscosity ratio of liquid and vapor based on  

 
Figure 11.  (a) hevap as a function of non-dimensional heat flux. Σ* is 0.017. Applied heat flux to the evaporator 

is normalized with figure of merit. Boundary between saturated and two-phase wick and the operating limits 

when vapor phase penetrates to the CC or evaporator temperature reaches a critical point are depicted with |, 

VP, and T lim, respectively. (b) Evolution of the L-V interface shape of SS-Ammonia evaporator. 
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Table 2.  Pore radius characteristics of samples. 

Sample No. Σ*  r
min

 (μm) r
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 (μm) 

1 0.17 0.014 17 
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4 0.035 0.14 3.6 

5 (fitted to real wick) 0.017 0.13 1.8 

6 0.0014 1.1 1.3 
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Darcy’s law. The ratios of ammonia, R134a, and acetone are 4, 1.5, 15, respectively. For acetone, pressure loss per 

unit length through the vapor phase is 15 times higher than that through liquid phase, so it is difficult to keep the L-

V interface inside the wick once the wick sate transits to two-phase. In conclusion, optimization of microscopic 

characteristics of the wick is not effective for the fluid with a high kinetic viscosity ratio of vapor to liquid, and 

enhancement by macroscopic characteristics is effective as well as by wick shape. 

Prediction of the maximum heat flux 

Here, prediction of the maximum heat flux is considered. This simulation calculated only the pressure loss 

through the wick in the LHP. The one dimensional model as shown in Eq. (1) can estimate the heat flux at the 

capillary limit, 

    wickefffgl crKqhq  maxmax
ˆ . (14) 

The non-dimensional heat flux limit is determined by K/reff. maxq̂  estimated by the case of this simulation is 9.5 × 

10-6, so the 1D model with liquid kinetic viscosity overestimated more than the 3D simulation of Figure 11. If maxq̂  

is estimated with vapor kinetic viscosity, the limit heat flux of ammonia, R134a, and acetone are 1.7 × 10-6, 4.4 × 10-

6, 0.59 × 10-6, respectively, which agree with Figure 11. The estimation with vapor kinetic viscosity more accurately 

predicts the capillary limit than that with liquid kinetic viscosity. 

Effect of pore radius distribution 

Figure 12(a) shows hevap of the evaporator with ammonia and R134a.  The maximum heat flux is higher with 

higher Σ*. The heat flux where hevap is a local maximum increases with Σ* increasing. The L-V interface shape is 

smooth at the lowest Σ* and the shape of Σ*=0.035 is complicated as shown in  Figure 12(b). 

Relation of L-V interface shape and heat-transfer coefficient 

To find what shape has a high heat-transfer coefficient, five variables are considered as characteristics of the L-V 

interface shape as shown in Figure 13: length of the TPCL Ltri, Area of the L-V interface Aint, Depth of vapor pocket 

Dvp, Saturation of the wick S, and saturation on the contact surface Scont. The correlations with hevap are calculated  
 

 
Figure 12.  Effect of pore radius distribution on (a) hevap and (b) L-V interface shape. VP, and T lim show the 

operating limits when vapor phase penetrates to the CC or evaporator temperature reaches a critical point. 

 

L-V interface shape

(PTFE-ammonia 6.1W/cm2)

Σ*0.017 Σ*0.0014Σ*0.035

Σ*0.1 Σ*0.055Σ*0.17

0

2,000

4,000

6,000

8,000

0.0 20.0 40.0 60.0

h
ev

a
p

(W
/m

2
K

)

qapply (W/cm2)

0.17 0.1 0.055

0.035 0.017 0.0014

SS-ammonia

Σ* high

PTFE-ammonia

Σ* high3,000
0

T lim.

V.P.

T lim.

0

2,000

4,000

6,000

8,000

0.0 4.0 8.0 12.0

h
ev

a
p

(W
/m

2
K

)

qapply (W/cm2)

0.17 0.1 0.055

0.035 0.017 0.0014

SS-R134a
Σ*high

PTFE-R134a

Σ* high

3,000
0

T lim.

V.P.

Table 4. Correlationbetween hevap and variables with  

respect to L-V interface. 
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cont
 

SUS-R134a 0.71 -0.12 -0.59 0.84 0.37 

PTFE-R134a 0.59 -0.41 -0.40 0.72 0.64 

SUS-Ammonia 0.70 0.33 -0.08 0.49 0.17 

PTFE-Ammonia 0.83 0.19 0.21 -0.04 0.01 
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Figure 13.  Representative variables with 

respect to L-V interface in the two-phase wick. 
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Figure 14.  (a)Relation between hevap and Ltri in the PTFE-ammonia LHP. (b) Ltri as a function of heat flux on 

each radius distribution. Ltri is normalized by the length of saturated wick. The inset shows the interface 

shape of the maximum Ltri. T lim shows the operating limit when evaporator temperature reaches a critical 

point. 

and listed in Table 4. Ltri is positively correlated with hevap. Therefore, enhancement of Ltri is effective on the high 

hevap. As shown in  Figure 14(a), hevap linearly increases with Ltri. Ltri is affected by Σ* as shown in  Figure 14(b). The 

case in which Ltri is the longest of 4.34 is Σ*=0.035 and qapply=6.1 W/cm2. Ltri is the longest with middle Σ* in 

simulation conditions. In the simulation, permeability of the all simulated wicks is set as a constant. However, it is 

difficult in reality that only pore distribution changes and permeability keeps a constant. Therefore, more 

consideration on hevap enhancement by control of pore size distribution is needed. 

IV. Conclusion 

The design methods of wick shape, macro and microscopic characteristics of the porous media are investigated 

based on the liquid-vapor phase distribution of the wick. 3D simulation optimized the wick shape on the evaporator 

heat-transfer coefficient. Optimization assuming the liquid saturated wick is especially effective on the fluid with a 

high kinetic viscosity ratio of vapor to liquid. A visualization evaporator using a sapphire tube and a urethane 

sponge observed scattered liquid sites on the contact surface between the casing and wick during LHP operation. 3D 

pore-network simulation demonstrated that long TPCL on the contact surface enhances the heat-transfer coefficient 

of a two-phase wick and the TPCL length has a maximum at moderate dispersion of pore radius. Enhancement of 

the evaporator heat-transfer coefficient by microscopic characteristics of porous media is effective on the fluid with 

a low kinetic viscosity ratio of vapor to liquid. The L-V phase distribution with long TPCL on the contact surface 

and a void structure which can realize the long TPCL will be investigated in future work. 
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