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ABSTRACT 
This paper describes extended numerical analyses on vapor pressure distribution in a centered-wick ultra-thin heat pipe. Analyses were conducted by 
using a three-dimensional model developed by the author. Numerical results were obtained changing design parameters and operating conditions of 
the heat pipe. Discussion was made on the heat transfer limit as well as the vapor pressure drop. Moreover, a simple method was also presented to 
evaluate the vapor pressure drop in the ultra-thin heat pipe. Calculated results with the simple method agreed in 10 % with the three-dimensional 
numerical results. 
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1. INTRODUCTION 
In recent years, among many studies on heat pipes (e.g., Mirmanto et al., 
2018; Petrucci and Faghri, 2018; Orr et al., 2019; Taft and Irick, 2019), 
attempts have been made to develop an ultra-thin heat pipe, which has 
been used especially for the enhancement of cooling of smartphones. 
Removal of heat is required for smartphones with the increase in 
performance. Same as conventional heat pipes of normal size, the ultra-
thin heat pipe also transports heat passively from a heated to cooled 
sections utilizing latent heat of a working fluid. Evaporation and 
condensation take place in the heat pipe. However, compared to the 
conventional heat pipes, a thickness of the ultra-thin heat pipe is very 
small; the heat pipes with the thickness of less than 1 mm were already 
developed. 

Ahamed et al. (2015) introduced a centered wick structure named 
as “Center Fiber Wick” and fabricated an ultra-thin flattened heat pipe. 
The structure of the heat pipe was made by flattening a copper tube, and 
the size of the flattened heat pipe was 100 mm (length) × 3 mm (width) 
× 0.4 mm (thickness). Ahamed et al. (2017) disclosed extended 
experimental results on the thermal performance of the ultra-thin 
flattened heat pipe. In this experiment, a length, a width and a thickness 
of the heat pipe were changed as 50 mm – 120 mm, 3.0 mm – 7.8 mm 
and 0.35 mm – 0.60 mm, respectively. Recent studies concerning the 
ultra-thin flattened heat pipes were already reviewed in the author’s 
previous paper (Koito, 2019). In addition, Tang et al. (2017) fabricated a 
novel sintered copper mesh wick and Zhou et al. (2019) developed a 
novel bi-porous spiral woven mesh wick in order to enhance the thermal 
performance of the ultra-thin flattened heat pipes. A structure of the ultra-
thin heat pipe is not limited to the above-mentioned flattened type; a flat-
plate type, which is also referred to as “Vapor Chamber”, and a loop type 
have been also developed in recent years. Zhang et al. (2019) and Chen 
et al. (2019) developed the ultra-thin flat-plate heat pipes; their 
dimensions were 26 mm × 200 mm × 1.5 mm (thickness) and 120 mm × 
120 mm × 2.0 mm (thickness), respectively. Ultra-thin loop heat pipes, 
on the other hand, were fabricated by Zhou et al. (2016) and Hong et al. 
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(2017). Same as conventional loop heat pipes, these ultra-thin loop heat 
pipes were also composed of an evaporator and condenser sections with 
a vapor and liquid lines connecting them. Zhou et al. (2016) employed a 
1.2 mm thick flat evaporator and a vapor line, liquid line and condenser 
with a 1.0 mm thickness. The loop heat pipe made by Hong et al. (2017) 
was 1.5 mm in thickness. 

A vapor flow space in the ultra-thin heat pipe is very small, and 
therefore a vapor pressure drop due to viscous friction would be large 
compared to that in a conventional heat pipe of normal size. Since the 
vapor pressure drop would influence the heat pipe performance, the 
discussion concerning the vapor pressure drop is indispensable for 
further development of ultra-thin heat pipes. In the previous study (Koito, 
2019), therefore, the author developed a three-dimensional mathematical 
model to clarify the velocity, pressure and temperature distributions in 
the ultra-thin heat pipe. By using the experimental results by Zhou et al. 
(2017), the confirmation was obtained on the validity of the mathematical 
model. 

This paper describes extended numerical analyses on the vapor 
pressure drop in the ultra-thin heat pipe. A wick structure was positioned 
at center of a vapor flow space. The above-mentioned author’s three-
dimensional mathematical model was used, and numerical results were 
obtained by changing design parameters and operating conditions. 
Discussion was made on the heat transfer limit as well as the vapor 
pressure drop. A simple method was also presented to evaluate the vapor 
pressure drop in the heat pipe. 
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  Fig. 1 Computational domain (Koito, 2019). 
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2. MATHEMATICAL MODEL AND 
 NUMERICAL CONDITIONS 

Details of mathematical modeling were already described in the author’ 
previous paper (Koito, 2019). Therefore, its brief summary is described 
below. 

A cross section of the ultra-thin heat pipe with a centered wick 
structure is shown in Fig. 1. A computational domain was indicated with 
dotted lines in this figure. Because the cross section was symmetrical, a 
half domain of the heat pipe was analyzed. As shown in Fig. 2, the 
mathematical model (length: lt, width: wl + wv, height: h) consisted of two 
regions of a vapor and a liquid-wick. The widths of the vapor and liquid-
wick regions were wv and wl, respectively while the length and the height 
were both lt and h, respectively. One end (length: lh, width: wl) of the 
bottom surface was heated while the other end (length: lc, width: wl) 
cooled. The following equations were solved numerically to obtain the 
distributions of the velocities, u, v, w, in x, y, z directions, the pressure, p, 
and the temperature, T, in the vapor and liquid-wick regions. 
 
For the vapor region: 

∇ ∙ 𝑽𝑽𝒗𝒗 = 0 (1) 

𝜌𝜌𝑣𝑣𝑽𝑽𝒗𝒗 ∙ ∇𝑽𝑽𝒗𝒗 = −∇𝑝𝑝𝑣𝑣 + 𝜇𝜇𝑣𝑣∇2𝑽𝑽𝒗𝒗 (2) 

𝜌𝜌𝑣𝑣 𝑐𝑐𝑝𝑝,𝑣𝑣 𝑽𝑽𝒗𝒗 ∙ ∇𝑇𝑇𝑣𝑣 = 𝑘𝑘𝑣𝑣∇2𝑇𝑇𝑣𝑣 (3) 

 
For the liquid-wick region: 

∇ ∙ 𝑽𝑽𝒍𝒍 = 0 (4) 

𝜌𝜌𝑙𝑙𝑽𝑽𝒍𝒍 ∙ ∇𝑽𝑽𝒍𝒍 = −∇𝑝𝑝𝑙𝑙 + 𝜇𝜇𝑙𝑙∇2𝑽𝑽𝒍𝒍 −
𝜀𝜀 𝜇𝜇𝑙𝑙 𝑽𝑽𝒍𝒍
𝐾𝐾  (5) 

𝜌𝜌𝑙𝑙 𝑐𝑐𝑝𝑝,𝑙𝑙 𝑽𝑽𝒍𝒍 ∙ ∇𝑇𝑇𝑙𝑙 =
𝑘𝑘𝑒𝑒𝑒𝑒𝑒𝑒
𝜀𝜀  ∇2𝑇𝑇𝑙𝑙 (6) 

 
where ρ is the density, µ the viscosity, cp the specific heat at constant 
pressure, k the thermal conductivity. V is the velocity vector (= (u, v, w)). 
Darcy’s law was employed in Eq. (5) using the porosity, ε, and the 
permeability, K. The effective thermal conductivity, keff, was employed 
in Eq. (6). Subscripts of v and l mean the vapor and liquid-wick regions, 
respectively. 

At the interface between the vapor and liquid-wick regions, the 
temperature was considered to be a saturated temperature, Tsat, and the 
boundary conditions were expressed as follows: 

𝑢𝑢𝑣𝑣 =
−𝑘𝑘𝑒𝑒𝑒𝑒𝑒𝑒 �

𝜕𝜕𝑇𝑇𝑙𝑙
𝜕𝜕𝜕𝜕 �

𝜌𝜌𝑣𝑣ℎ𝑒𝑒𝑓𝑓
 , 𝑢𝑢𝑙𝑙 =

−𝑘𝑘𝑒𝑒𝑒𝑒𝑒𝑒 �
𝜕𝜕𝑇𝑇𝑙𝑙
𝜕𝜕𝜕𝜕 �

𝜌𝜌𝑙𝑙ℎ𝑒𝑒𝑓𝑓
 ,     

𝑣𝑣𝑣𝑣 = 𝑣𝑣𝑙𝑙 = 0,     𝑤𝑤𝑣𝑣 = 𝑤𝑤𝑙𝑙 = 0,      

𝑇𝑇𝑣𝑣 = 𝑇𝑇𝑙𝑙 = 𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠 = �
1
𝑇𝑇𝑟𝑟𝑒𝑒𝑒𝑒

−
𝑅𝑅𝑓𝑓
ℎ𝑒𝑒𝑓𝑓

ln
𝑝𝑝𝑣𝑣
𝑝𝑝𝑟𝑟𝑒𝑒𝑒𝑒

�
−1

  

(7) 

where hfg is the latent heat. The Clausius-Clapeyron equation was 
employed using the reference temperature, Tref, the reference pressure, 
pref, and the gas constant, Rg. The boundary conditions at the symmetric 
surface (x = 0) as well as the heated and cooled sections are shown in Fig. 
2, where q is the given heat flux. Except for the heated and cooled 
sections, an adiabatic condition was applied on the outer surface of the 
model. In addition, because only temperature gradients were given on the 
outer surface, the temperature at x = wl, y = lt /2, z = h/2 was also 
prescribed as an operating temperature. This operating temperature was 
denoted by To. 

Numerical conditions are shown in Table 1, where the values of lc, 
h, q and To were changed. In addition, sintered copper powder and water 
were selected as a wick structure and a working fluid, respectively. The 
value of keff was evaluated using Yagi-Kunii’s equation (JAHP, 2001). ε 
= 0.4 and K = 9.00 × 10−13 m2 were given in the present numerical 
analyses. The value of porosity was obtained from a wick supplier. The 
value of permeability was cited from Faghri (2016). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2 Mathematical model. 
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3. RESULTS AND DISCUSSION 

3.1 Results of Three-dimensional Numerical Analyses 

The vapor pressure distributions in y direction at h = 0.2 mm, 0.3 mm, 
0.4 mm and 0.5 mm are shown in Fig. 3 when lc = 10 mm, q = 20 W/cm2 
and To = 50 °C. The numerical results of pv at z = h/2 on the vapor-liquid 
interface are shown in this figure. Under the same heat inputs, as 
mentioned in the author’s previous paper (Koito, 2019), the vapor 
velocity becomes higher as the cross section (= wv × h) of the vapor flow 
space decreases. Therefore, the vapor pressure difference over the vapor 
region became larger as h decreased. It was found that the vapor pressure 
difference over the vapor region was comparatively large at h = 0.2 mm. 
The difference between the vapor pressure distributions at h = 0.4 mm 
and h = 0.5 mm was very small; however, relatively large difference was 
found between h = 0.2 mm and h = 0.3 mm. Although the difference in h 
was only 0.1 mm, the vapor pressure drop at h = 0.2 mm was 
considerably larger than that at h = 0.3 mm. Since the vapor region was 
in a saturated condition, the vapor temperature drop also became larger 
with the vapor pressure drop causing to increase the thermal resistance 
of the heat pipe.  

The vapor velocity distributions are shown in Fig. 4 when h = 0.2 
mm, q = 20 W/cm2 and To = 50 °C. The two cases of (a) lc = 10 mm and 
(b) lc = 60 mm are compared in this figure. The vapor flows from the 
vapor-liquid interface at the heated section to that at the cooled section 
were shown in these figures; however, the vapor velocity at the cooled 
section for (b) lc = 60 mm was found to be smaller than that for (a) lc = 
10 mm implying that the vapor velocity was decreased with the increase 
in lc. As shown in Fig. 2, the heat flux at the cooled section was given 
and the value was calculated as q(lh/lc). Therefore, although the cooling 
surface area was increased, the value of q(lh/lc) became smaller with the 
increase in lc causing the decrease in the vapor velocity over the cooled 
section. The vapor pressure distributions in y direction at lc = 10 mm, 30 
mm, 60 mm and 90 mm are shown in Fig. 5 when h = 0.2 mm, q = 20 
W/cm2 and To = 50 °C. Same as Fig. 3, the numerical results of pv at z = 
h/2 on the vapor-liquid interface are shown in this figure. It was found 
that the vapor pressure difference over the vapor region became smaller 
as lc increased confirming that the cooled surface area was one of the 
factors affecting the vapor pressure drop in the heat pipe with the ultra-
thin structure. 

From each numerical result, the minimum values of the vapor 
pressure, pv,min, were obtained and the heat transfer rate of the heat pipe, 
Q, was calculated by the following equation: 

𝑄𝑄 = 2𝑞𝑞𝑤𝑤𝑙𝑙𝑙𝑙ℎ  (8) 

Since the computational domain was a half of an actual centered-wick 
heat pipe (see Fig. 1), the value of Q was obtained by multiplying the 
heat input to the heated section (= q wl lh) by 2. The relations between 
pv,min and Q are shown in Fig. 6 for the three cases of (1) h = 0.2 mm, To 
= 50 °C, (2) h = 0.4 mm, To = 50 °C and (3) h = 0.2 mm, To = 40 °C when 
lc = 10 mm and q = 20 W/cm2. In all cases, pv,min deceased with the 

Table 1 Numerical conditions. 

Length of vapor/liquid-wick regions, lt [mm] 100 
Length of heated section, lh [mm] 10 
Length of cooled section, lc [mm] 10, 30, 60, 90 
Width of liquid-wick region, wl [mm] 0.5 
Width of vapor region, wv [mm] 1.0 
Height of vapor/liquid-wick regions, h [mm] 0.2, 0.3, 0.4, 0.5 

Heat flux at heated section, q [W/cm2] 0, 10, 20, 30, ⋅ ⋅ ⋅  
(below viscous limit)  

Operating temperature, To [°C]  40, 50 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Fig. 3 Vapor pressure distributions; effect of the vapor 
   region height. 
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 Fig. 4 Vapor velocity distributions (h = 0.2 mm, q = 20 W/cm2, 
   To = 50 °C). 
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increase in Q because of the increase in the vapor velocity. From the 
comparison between (1) and (2), it was found that the decrease in pv,min 
with the increase in Q for h = 0.2 mm was more significant than that for 
h = 0.4 mm. This was due to a smaller cross section of the vapor region. 
According to a heat pipe theory (Faghri, 2016), a heat pipe encounters 
heat transfer limitation when pv,min = 0. This heat transfer limitation is 
categorized as a viscous limit. The value of Q when pv,min = 0, which 
implies the maximum heat transfer rate, Qmax, was evaluated for the two 
cases of (1) and (3) by extrapolating the numerical results of pv,min as 
shown in the figure by dashed lines. The values of Qmax are also shown 
in the figure. The difference in To between the two cases of (1) and (3) 
was 10 °C; nevertheless, the value of Qmax for To = 40 °C was found to 
be much smaller than that for To = 50 °C. Therefore, regarding the ultra-
thin heat pipe, it was confirmed that the viscous limit was a possible 
limitation and the maximum heat transfer rate was greatly affected by the 
operating temperature of the heat pipe. 

3.2 Simple Evaluation of Vapor Pressure Drop 

An attempt was also made to present a simple method to evaluate the 
vapor pressure drop. In this calculation, a one-dimensional vapor flow in 
y direction between two parallel walls was considered. These walls were 
positioned with a gap of h. A z axis was also given perpendicular to the 
walls. Under this condition, Eq. (2) was simplified as follows: 

𝜇𝜇𝑣𝑣
𝑑𝑑2𝑣𝑣𝑣𝑣
𝑑𝑑𝑑𝑑2 =  

𝑑𝑑𝑝𝑝𝑣𝑣
𝑑𝑑𝑑𝑑  (9) 

The integration of Eq. (9) with vv = 0 both at z = 0 and z = h yielded the 
following equation: 

𝑣𝑣𝑣𝑣 =  −
1

2𝜇𝜇𝑣𝑣
𝑑𝑑𝑝𝑝𝑣𝑣
𝑑𝑑𝑑𝑑 (ℎ − 𝑑𝑑)𝑑𝑑 (10) 

The vapor volume flow rate, Vv, was calculated by 

𝑉𝑉𝑣𝑣 = 𝑤𝑤𝑣𝑣 � 𝑣𝑣𝑣𝑣
ℎ

0
𝑑𝑑𝑑𝑑 (11) 

and the substitution of Eq. (10) into Eq. (11) yielded the following 
equation: 

𝑑𝑑𝑝𝑝𝑣𝑣
𝑑𝑑𝑑𝑑 = −  

12𝜇𝜇𝑣𝑣𝑉𝑉𝑣𝑣
𝑤𝑤𝑣𝑣ℎ3

 (12) 

From a mass balance, on the other hand, a change in the vapor 
volume flow rate in y direction, dVv /dy, was given as follows for the 
heated, adiabatic and cooled sections, respectively. 

𝑑𝑑𝑉𝑉𝑣𝑣
𝑑𝑑𝑑𝑑 =

⎩
⎪⎪
⎨

⎪⎪
⎧   

𝑞𝑞𝑤𝑤𝑙𝑙
𝜌𝜌𝑣𝑣ℎ𝑒𝑒𝑓𝑓

0

  −  
𝑞𝑞(𝑙𝑙ℎ/𝑙𝑙𝑐𝑐)𝑤𝑤𝑙𝑙
𝜌𝜌𝑣𝑣ℎ𝑒𝑒𝑓𝑓

    

for the heated section 
 
 
for the adiabatic section 
 
 
for the cooled section 

(13) 

The vapor pressure distributions over the vapor region were 
obtained simply with Eqs. (12) and (13). The calculated results with Eqs. 
(12) and (13) were compared with the results of three-dimensional 
numerical analyses. The comparisons were shown in Figs. 7 and 8 
concerning the vapor pressure distribution, pv, and the total vapor 
pressure difference, ∆p, respectively. ∆p was evaluated by the following 
equation: 

𝛥𝛥𝑝𝑝 = 𝑝𝑝𝑖𝑖,ℎ − 𝑝𝑝𝑖𝑖,𝑐𝑐 (14) 

where pi,h and pi,c are the vapor pressures on the vapor-liquid interface at 
the ends of heated side (y = 0, z = h/2) and cooled side (y = lt, z = h/2), 
respectively. In Fig. 7, the comparison of pv was made for the two cases 

of h = 0.2 mm and h = 0.4 mm when lc = 10 mm, q = 20 W/cm2 and To = 
50 °C. Fig. 8 was obtained changing q and lc as shown in the figure. 
Because the effect of friction at the walls of x = wl and x = wl + wv in Fig. 
2 was not considered in the simple calculations, the vapor pressure 
distributions in Fig. 7 and the total pressure differences in Fig. 8 
calculated with Eqs. (12) and (13) were found to be slightly smaller than 
those of the three-dimensional numerical analyses. In a range of the 
present calculations, the difference between the simple calculations and 
the numerical results was found to be 10 % confirming the validity of the 
simple calculations. 

4. CONCLUSIONS 

Extended numerical analyses were conducted concerning the vapor 
pressure drop and the viscous limit of the centered-wick ultra-thin heat 
pipe. The numerical results were obtained using the three-dimensional 
mathematical model developed by the author. Regarding the ultra-thin 
heat pipe, the findings were summarized as follows under the present 
numerical conditions and the calculation range. 

• The vapor pressure drop with the vapor flow space of 0.2 mm 
in height was much larger than that of 0.3 mm although their 
difference in height was only 0.1 mm. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Fig. 5 Vapor pressure distributions; effect of the cooled 
   section length. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Fig. 6 Relations between the minimum vapor pressure and 
   the heat transfer rate (lc = 10 mm, q = 20 W/cm2). 
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• The cooled surface area was also one of the factors affecting 
the vapor pressure drop. 

• The viscous limit was a possible limitation and the maximum 
heat transfer rate was greatly affected by the operating 
temperature. 

• The present simple method was effective to evaluate the vapor 
pressure drop. 

NOMENCLATURE 

cp specific heat at constant pressure (J/(kg⋅K)) 
h height (mm, m) 
hfg latent heat (J/kg) 
K permeability (m2) 
k thermal conductivity (W/(m⋅K)) 
keff effective thermal conductivity (W/(m⋅K)) 
l length (mm, m) 
p pressure (Pa, kPa) 
pref reference pressure (Pa, kPa) 
Q heat transfer rate (W) 
q heat flux (W/cm2, W/m2) 
Rg gas constant (J/(kg⋅K)) 
T temperature (°C) 
To operating temperature (°C) 
Tref reference temperature (°C) 
Tsat saturated temperature (°C) 
u velocity in x direction (m/s) 
V velocity vector ( = (u, v, w)) (m/s) 
v velocity in y direction (m/s) 
w width (mm, m); velocity in z direction (m/s) 
x, y, z  three-dimensional coordinate (mm, m) 
 
Greek Symbols  
∆p total vapor pressure difference (Pa, kPa) 
ε porosity 
µ viscosity (Pa⋅s) 
ρ density (kg/m3) 
 
Subscripts  
c cooled 
h heated 
i interface  
l liquid-wick region 
max maximum 
min minimum 
t total 
v vapor region 
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 Fig. 7 Comparison between the results of simple calculations 
   and three-dimensional numerical analyses; vapor pressure 
   distributions. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Fig. 8 Comparison between the results of simple calculations 
   and three-dimensional numerical analyses; total pressure 
   differences. 
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