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The heat-pipe-cooled reactor stands out with its 
high-power density, ease of handling, long-term 

life (>5 years), and reliability. Recently, the investiga-
tion of heat pipes for heat transfer in nuclear cores 
has been a research topic for researchers [1-4]. The 
heat pipe is a highly efficient and passive heat trans-
fer mechanism that uses latent heat from evaporation 
without pump power. It is used in many fields, inclu-
ding nuclear reactors, due to its high efficiency. There 
are some limitations to the heat transfer of heat pipes. 
Incorrect determination of heat transfer limits may 
result in calculating the heat extraction values of the 
heat pipes incorrectly, in this case, thus causing acci-
dents. The capillary limit is one of the most signifi-
cant limits for determining these limitations.

Heat pipe reactors have become a popular topic 
due to the efficiency of heat pipes and their increasing 
area of applications. Sun et al [5] designed a 120 kWe 
lithium heat pipe reactor power supply that can be used 
for multiple applications. In their design, 70% enriched 
uranium nitride fuel and lithium heat pipes were used. 
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For their study, an MCORE code combining MCNP 
and ORIGEN was used. In general, it was found that the 
designed basic parameters met the safety requirements, 
and the reactor was safe in terms of neutronics. Zhang 
et al. [6], designed a fast reactor that transfers heat to 
potassium-filled high-temperature pipes and thermo-
electric generators. Both finite element and thermal 
resistance network methods were used to simulate the 
potassium heat pipe system. The normal operating con-
ditions and two accident scenarios were calculated to 
prove the reliability of the new system model. Liu et al. 
[7], proposed the design of a new passive heat removal 
system using heat pipe technology to develop the pas-
sive safety feature of the molten salt reactor. An expe-
rimental system was developed to validate the design 
of the passive heat removal system of the reactor. An 
eutectic salt mixture was chosen as the working fluid, 
and different ranges of it were considered for the heat 
pipes. They reached lower temperatures when they had 
a greater distance between the heat pipe spacings. The 
distance between heat pipe spacings was an important 
factor affecting the temperature difference. Wang et al. 
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For heat extraction in nuclear systems, interest in the design of nuclear reactors with heat
pipes has increased. The determination of heat limitations is one of the remarkable fac-

tors for safety when heat pipes are used for nuclear systems. In this study, capillary and 
entrainment limit values for the heat pipe were calculated in a heat pipe reactor with po-
tassium working f luid operating at 650 K. Five different effective porous radii (10.1x10-6, 
10.225x10-6, 10.35x10-6, 10.425x10-6 and 10.6x10-6 m) and five different wick permeability 
(4.75x10-12, 5x10-12, 5.25x10-11, 5.5x10-12  and 5.75x10-12 m2) is considered for sintered copper 
wick heat pipe. While the effects of effective porosity radius, wick permeability, and wick 
radius on the capillary barrier were studied, only the effects of effective porosity radius were 
studied. While the effects of effective porosity radius, wick permeability, and wick radius on 
the capillary barrier are studied, only the effects of effective porosity radius are studied. The 
highest values of the capillary and entrainment limits are obtained when the porosity radius 
is 10.1x10-6 m. Besides, maximum capillary limits are achieved when the wick permeability is 
5.75x10-12 m2 and the effective porosity radius is 10.1x10-6. This study aims to determine the 
optimum effective porous radius and wick permeability for this reactor and investigate the 
effect of effective porous radius and wick permeability on the heat pipe limitations.
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heat pipes provided superior heat transfer capabilities. Some 
researchers work on entrainment limit. Sandeep  and Pra-
kash [16] conducted a study on copper heat pipe filling with 
acetone. The capillary and entrainment limits were inves-
tigated. Python code was used for calculating capillary and 
entrainment limits. The highest values of capillary and ent-
rainment limits were found as 52.6 W and 98.65 W, respec-
tively. Mansour [17] researched the heat convection limits 
and heat transfer coefficient for a heat pipe using copper-
acetone at various vapor temperatures. A new correlation 
for the heat transfer coefficient was developed. Latent heat 
evaporation, pipe diameter, and Reynolds number were ef-
fective on all heat transfer limits presented. It was observed 
that while an increment in the capillary, entrainment and 
capillary limits occurs with the increase in vapor tempera-
ture, the boiling limit is reduced.

THE CONCEPT OF HEAT PIPE
A heat pipe is a mechanism that makes it possible to trans-
port thermal energy efficiently. It consists of a structure 
whose inner surface is covered with a thin layer of porous 
material, usually called grooved. The container can be 
made in a cylindrical shape or in any other suitable sha-
pe. The pores of the wick are filled with a working liquid 
suitable for the application, and the liquid vapor covers 
the remaining internal volume. Since the vapor and its 
liquid are in equilibrium, the pressure value in the vessel 
is same to the vapor pressure value, which conforms with 
saturation conditions [18].

Heat pipes have a simple configuration and a simple 
heat transfer mechanism. The heat pipe structure is pre-
sented in Fig. 1. Heat pipes allow very efficient heat transfer 
from one end to the other. When heat is applied on the eva-
porator part, while the working liquid vaporizes from the 
wick, it causes the condensation of the vapor on the wick 
in the condensation part and removes heat by releasing the 
latent heat of the vapor [18].

[8], analyzed a molten salt reactor using high-temperature 
heat pipe technology. In their study, they set up an expe-
rimental system to verify the feasibility of the passive heat 
extraction system in the reactor. The experimental results 
showed that although some of the heat pipes did not work 
normally, the heat pipe system removed a significant amo-
unt of heat from the drain tank. Wang et al. [9], investigated 
the design of a 25 kWe heat pipe cooled reactor for multiple 
uses. Based upon the heat pipe cooled reactor design, a ther-
malhydraulic computer code was developed to analyze the 
time-dependent and time-independent performance of the 
reactor. For this reactor, 65% enriched UN and potassium 
are used as fuel and heat pipe working fluid, respectively. In 
their results, the selected parameters met the safety require-
ments. Guillen and Turner [10] used axially grooved heat pi-
pes and investigated the applicability of these heat pipes for 
heat extraction in microreactors. The HTPIPE code is used 
for the analysis. The performance limits of a sodium heat 
pipe with a threaded square wick structure were compared 
to those of an equivalent heat pipe with a circular wick. It 
was reported that, at operating temperatures below 777 °C 
the annular wick outperforms the corrugated wick, while 
at temperatures above 777 °C the corrugated wick outper-
forms the annular wick.

Some researchers have studied the capillary limit in the 
heat pipe. Subedi et al. [11] studied the thermal properties 
of a flat micro heat pipe. They calculated the capillary and 
maximum temperature limits to determine the maximum 
heat transfer. For the theoretical results of the optimized 
wick design, the maximum heat transfer rate and the surfa-
ce temperature distribution were compared for the capillary 
limit and maximum temperature limit cases. Yu et al. [12] 
analyzed the effect of the wick geometry of a heat pipe on 
the heat transfer capacities. A special analytical computer 
model was designed using the Newton-Raphson method 
and applied this model to analyze the capillary, viscous, ent-
rainment, sonic, and boiling heat transfer limits of the heat 
pipe. It was found that the capillary limit leads to the deter-
mination of the maximum heat transfer limit. Xin et al. [13] 
aimed to design the optimum mini grooved flat heat pipe. A 
mathematical model of axial fluid flow and heat transfer in 
a mini grooved flat heat pipe has been created. They emp-
hasized that capillary radius values are an important para-
meter for calculating capillary limit values.   Zhou et al. [14] 
investigated experimentally the effects of ultra-thin heat 
pipe, wick width, and fill rate parameters on thermal perfor-
mance. It was found that when the wick width is 4 mm, the 
maximum heat carrying capacity of the ultra-thin heat pipe 
can reach 8.5 W. Zhang et al. [15] characterized the porous 
structures and capillary performances of the wicks and me-
asured the thermal efficiency of the heat pipes to calculate 
the capillary limit of the heat pipe. Copper powder sintered 
heat pipes in various shapes, dendritic and irregular powder 

Figure 1. Structure of heat pipe
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Heat Pipe Nuclear Reactors
Reactors require a circulating pump or transport fissi-
on or decomposition heat with liquid or gas based on a 
natural circulation, so the use of heat pipes for primary 
heat transfer is a new approach. The usage of heat pipes 
technology for nuclear reactors is new for the nuclear in-
dustry. However, heat pipe technology has been researc-
hed for decades and numerous tests have been conducted 
in both radiation and non-radiation test environments.

A heat pipe reactor simplifies system integration. Na-
mely eliminating the components required for a pumped 
loop. This simplifies the system. Other advantages of using 
heat pipes in a nuclear reactor include modularity, testabi-
lity, simplified system integration, passivity, and elimination 
of single point failures. It has also been suggested that the 
reactor design can operate for more than 10 years without 
adding fuel and is best suited to serve as a nuclear battery 
rather than a central power source [19,20].

In this study, the effects of important parameters af-
fecting the capillary limit, such as porosity radius, wick per-
meability, and wick radius were investigated in a heat pipe 
reactor with potassium liquid as working fluid. Besides, the 
effect of the porous radius was studied for entrainment limit.

MATERIALS AND  METHODS
The dimensions and materials of the potassium liquid 
heat pipes used in this study were taken from the lite-
rature [21] and the sizes of the heat pipes are presented 
in Table 1.

The operating temperature of the heat pipe nuclear re-
actor which is a hypothetical nuclear power plant was assu-
med to be 650 K and calculations were made based on 650 K. 
The potassium working fluid was used following the work 
of [22, 23] and at the above assumed  temperature. Neutron 
absorption values are also one of the important factors in 
selecting a material for a nuclear reactor. Potassium is a sui-
table material for use in nuclear reactors because it has a low 
neutron absorption cross section.

The most appropriate correlations for the capillary 
limit were taken from the literature to correctly calculate 
the heat extraction value in a heat pipe nuclear reactor. The 

necessary parameters for the heat pipe calculations were 
taken from the values given in Table 1. In addition, the ther-
mophysical properties of potassium were calculated using 
Ref [24-27].

The porosity radius and wick permeability of the sin-
tered copper tube heat pipe were selected and evaluated 
following the literature [28-31]. Some important parame-
ters affect the capillary limit, such as porosity radius, wick 
permeability, wick radius, thermophysical properties of 
the fluid, and contact angle. Five different porosity radius 
(10.1x10-6, 10.225x10-6, 10.35x10-6, 10.425x10-6, and 10.6x10-6 
m) and five different wick permeabilities (4.75x10-12, 5x10-12,
5.25x10-11, 5.5x10-12, and 5.75x10-12 m2) were considered and
the effects of these parameters on the capillary limit were
investigated. In these calculations, the capillary limit was
calculated using Eq. (1)  and it is given as follow,

 l w l t  
c

1 eff eff 

L KA 2 .g.cos . lQ . . 
12 l r

νσ ρ ρ ψ
µ σ

 
= −  

 
                                                         (1)

In  Eq. (1) , lv is latent heat (J/kg), σ is surface tension 
(N/m), Aw is cross-sectional area of wick (m2), ρl is density 
of liquid (kg) /m3), K is wick permeability (m2),  μl is viscosity 
of fluid (N·s/m2), reff effective porosity radius of wick (m), g 
is gravitational force (9.8 m/s2) and lt is total length of heat 
pipe (m). where ψ is the contact angle between the liquid 
and the wick. Here this angle is assumed to be 90o. reff is the 
effective radius of the surface pore (m) and K (wick permea-
bility) values were taken from ref [28-31] in accordance with 
the literature. leff is the effective length of the heat pipe (m) 
and is expressed as follows;

evaporator condenser
eff adiobatic

L Ll L
2 2

= + + (2)

where Levaporator is the evaporation zone length (m), the 
Ladyabatic is adiabatic zone length (m) and the Lcondenser is the 
condensation zone length (m).

Five different porosity radii (10.1x10-6, 10.225x10-6, 
10.35x10-6, 10.425x10-6, and 10.6x10-6 m) were considered 
and the effects of these parameters on the entrainment limit 
were investigated. The entrainment limit was calculated by 
using Eq. (3)  The equation is given as follow [28];          

sr   
c 

.Q A .L .
2.r
ν

ν ν
ρ σ

= (3)

Here, rc is the hydraulic radius of the surface pore (m), 
Av is vapor core cross-sectional area (m2) and ρv is vapor 

Table 1. Heat Pipe Dimension [21].

Evaporation length 450 mm

Adiobatic length 600 mm

Condenser length 1200 mm

Vapor core radius 18 mm

Wall thickness 30 mm

Wick thickness 26.4 mm
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density (kg/m3). It is assumed that the wick hydraulic radius 
is equal to the effective of porosity radius for entrainment 
limit.

All calculations are done by using calculator.

RESULTS AND DISCUSSSION
Capillary Limit
The capillary limit is related to the fundamental condi-
tions that enable heat pipe operation and is formed due 
to capillary pressure differentiation at the vapour-liquid 
interfaces in the section of the evaporator and conden-
ser. The driving potential for liquid circulation is the ca-
pillary pressure differentiation, the maximum capillary 
pressure has to be higher than the sum of all pressure 
drops in the heat pipe.

The maximum heat transfer rate can be specified beca-
use of capillary limitation for most of the heat pipes,  [28,32].

Effect of Porosity Radius on Capillary 
Limit
The pore radius directly affects the capillary pumping 
potential, as a smaller pore radius results in higher ca-
pillary pressure. Pore size and wick properties affect the 
operating limits of heat pipes. It has become a popular 
topic to work on the fabrication of new wicks with impro-
ved properties that can hinder the development of vapor 
in the porous structure or release it easily. Many studies 
have been conducted on the effects of the properties of 
the porous structure on heat limitation [32-34].

Fig. 2 demonstrates the variation of the capillary limit 
with temperature for all effective porosity radii. Eq. (1) is 
used to calculate the capillary limit. As can be seen from the 
figure, the capillary limit does not change significantly with 

increasing temperature. The values of capillary limit were 
calculated when the effective porosity radius was 10.1x10-

6, 10.225x10-6, 10.35x10-6, 10.425x10-6 and 10.6x10-6 m 
(K=4.75x10-12 m2). The capillary limit changes inversely with 
the effective porosity radius. For this reason, the capillary li-
mit values decrease as the effective porosity radius increases. 
The highest capillary limit values were found the effective 
porosity radius was 10.1x10-6 m, while the lowest capillary 
limit values were found when the porosity was 10.6x10-6 m.

The graph of capillary limits for five different effecti-
ve porosity radii at a temperature of 650 K is presented in 
Fig. 3. It can be seen from the Fig. 3, the value of the ca-
pillary limit value decreases as the effective porosity radius 
increases. When the values of effective porosity radius are 
10.1x10-6, 10.225x10-6, 10.35x10-6, 10.425x10-6 and 10.6x10-6 
m at a temperature of 650 K, the capillary limit values are 
95.5, 94.3, 93.2, 92.5 and 90.8 W, respectively. The highest 
capillary limits occurred when the effective porosity radius 
was 10.1x10-6 m. Since the effective porosity radius inversely 
proportional with the capillary limits, the highest capillary 
limit is obtained when the lowest effective porosity radius 
is used.

Effect of Wick Permeability on Capillary 
Limit
The increment in the permeability can cause a decrement 
in flow resistance and increment of the capillary limit. 
The wick permeability is one of the most significant pa-
rameters effecting the capillary limit. The effect of wick 
permeability on capillary limit is an interesting topic for 
researchers [35,36].

Fig. 4 shows the change in the effect of wick permeabi-
lity on the capillary limit with temperature. As can be seen, 
the capillary limit does not change significantly with incre-

Figure 2. The variation of capillary limit with temperature for all 
effective porosity radius

Figure 3. Variation of capillary limit values for all porosity radius at a 
temperature of 650 K.
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asing temperature. The capillary limit increases with incre-
asing wick permeability. The reason for this is that the wick 
permeability and the capillary limit are directly proportional. 
The capillary limits were calculated for wick permeability 
4.75x10-12, 5x10-12, 5.25x10-11, 5.5x10-12 and 5.75x10-12 m2 (the 
porosity radius was assumed to be 10.1x10-6 m). The results 
show that the highest capillary limit is obtained when the 
wick permeability is 5.75x10-12 m2, while the lowest capillary 
limit is obtained when it is 4.75x10-12 m2.

The graph of capillary limits for five different effective 
wick permeability values at a temperature of 650 K is shown 
in Fig. 5. The wick permeability is plotted such that the capil-
lary limit value increases with increasing permeability. From 
Fig. 5, it can be seen that as the permeability increases, the 
capillary limit value also increases. At 650 K, when the per-
meability of the wicks is 4.75x10-12, 5x10-12, 5.25x10-11, 5.5x10-

12 and 5.75x10-12 m2, the capillary limit values are 95.5, 100.5, 
102.7, 110.6 and 115.6 W, respectively. The case where the 
capillary limit is the highest is the one where the wick per-
meability value is 5.75x10-12 m2.

Entrainment Limit
Since vapor and liquid move in converse directions, a 

shear force occurs at the interface between liquid vapor in-
terfaces. At high relative speeds, liquid droplets can break 
off from the wick surface and enter the vapor flowing into 
the condensation region. If the entrainment is too much, the 
evaporation zone dries out. The entrainment limit is the heat 
transfer rate at which this phenomenon occurs. Entrainment 
is determined by the sound of droplets hitting the conden-
ser region end of the heat pipe.  The entrainment limit is ge-
nerally associated with either low or medium temperature 
small diameter heat pipes or heat pipes has high temperature 
when heat input is high in the evaporator zone. Eq. (3) is used 
to calculate the entrainment limit.

Effect of Porosity Radius on Entrainment 
Limit
Fig. 6 shows the variation of entrainment limit with tem-
perature for all effective porosity radii. Eq. (1) is used in 
the capillary limit calculations. It can be seen from Fig. 5 
that entrainment increases with increasing temperature. 
The entrainment limits were calculated once the effecti-
ve porosity radius was 10.1x10-6, 10.225x10-6, 10.35x10-6, 
10.425x10-6, and 10.6x10-6 m. The entrainment limit and 
the effective porosity radius are inversely proportional. 
Therefore, the entrainment limits reduce as the effective 
porosity radius increases. When the effective porosity ra-
dius was 10.1x10-6 m, the highest entrainment limit was 
achieved.

In Fig. 7 entrainment limits for five values of the effec-
tive porosity radius at a temperature of 650 K is presented. 
Increasing the effective porosity radius resulted in decrea-
sing the entrainment limits. At 650 K, when the effective po-
rosity radius is 10.1x10-6, 10.225x10-6, 10.35x10-6, 10.425x10-6, 
and 10.6x10-6 m, the entrainment limits are 2310, 1968, 1956, 

Figure 4. Variation of the effect of wick permeability on the capillary 
limit with temperature

Figure 5. Variation of capillary limit values for all wick permeability 
values at a temperature of 650 K

Figure 6. Variation of entrainment limit with temperature for all 
effective porosity radius.
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1949, and 1945 W, respectively. The highest entrainment 
limit was reached when the effective porosity radius is 
10.1x10-6 m.

CONCLUSION
In this study, the effects of effective porosity radius and 

wick permeability on capillarity and entrainment limit in 
a heat pipe nuclear reactor were investigated. Based on the 
results of this study, the following conclusions are made:  

•	 The highest capillary limit was reached when the
effective porosity was 10.1x10-6 m.

• A decrease in effective porosity results in an inc-
rease in capillary limit

•	 The case where the capillary limit is obtained hig-
hest is when the wick permeability value is 5.75x10-12 m2. 

• An increase in wick permeability results in a inc-
rease in capillary limit.

• When the effective porosity radius was 10.1x10-6 

m, the highest entrainment limit was achieved.
• An decrease in effective porosity results in a inc-

rease in entrainment limit.
• It has been found that the capillary limit is more

effective than the entrainment limit in determining the heat 
pipe limitation. This is because the capillary limit has lower 
temperature values.

• For this heat pipe reactor, the best effective poro-
sity radius and permeability are determined as 10.1x10-6 m 
and 5.75x10-12 m2, respectively.
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