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ABSTRACT 
Numerical analyses were conducted for an ultra-thin heat pipe in which a thin wick layer was placed on the bottom. The vapor temperature drop caused 
by vapor flow friction was discussed for two types of the ultra-thin heat pipes with small and large widths. The numerical results were compared with 
those obtained for an ultra-thin heat pipe with a centered-wick structure. It was confirmed that the vapor temperature drop was reduced effectively by 
increasing the width of the heat pipe. Therefore, a wider ultra-thin heat pipe, that is, an ultra-thin vapor chamber is a promising option for next-
generation thermal management. 
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1. INTRODUCTION
To meet the increasing demand for cooling thin electronic devices such 
as smartphones, a centered-wick ultra-thin heat pipe has been used as one 
of thermal solutions. Many research works related to the centered-wick 
ultra-thin heat pipe have been published in recent years. Unlike 
conventional capillary-driven heat pipes, a wick structure is positioned 
at the center of the heat pipe with vapor flow channels retained on both 
sides of the wick structure. The fabrication process of the centered-wick 
ultra-thin heat pipe is simple, that is, a wick structure is inserted within a 
metal pipe, and the ultra-thin heat pipe is completed by flattening the pipe 
to a desired thickness. The centered-wick heat pipes are becoming 
thinner year by year. Recent research works on the centered-wick ultra-
thin heat pipes were reviewed in the author’s previous papers (Koito, 
2019a; Koito, 2019b).  

Not only the abovementioned centered-wick structure but also thin 
wick layers are employed within the ultra-thin heat pipes. Like 
conventional capillary-driven heat pipes, the thin wick layers are used on 
the inner surface of the heat pipe wall. Dai et al. (2020) fabricated an 
ultra-thin flattened heat pipe of 80 mm long, 9 mm wide, and 1.5 mm 
thick. As a wick structure, a layer of wire mesh with the thickness of 0.12 
mm was placed on the inner surface of the flattened heat pipe container. 
The height of the vapor flow channel was approximately 0.86 mm. Shi 
et al. (2019) presented an ultra-thin heat pipe of 80 mm (length) × 50 mm 
(width) × 0.65 mm (thickness). The height of the vapor flow channel was 
0.2 mm. This heat pipe was fabricated by piling up a lower copper foil, a 
layer of copper wire mesh, and an upper copper foil. Pillars were also 
used within the vapor flow channel to avoid deformation of the heat pipe 
container. Chen et al. (2019) made an ultra-thin flat-plate heat pipe of 
120 mm × 120 mm × 2 mm (thickness) by welding two thin containers: 
an evaporator and a condenser section. A wick structure was fabricated 
on the inner surfaces of the evaporator and condenser containers. The 
height of the vapor flow channel was 1 mm. 

The use of the centered-wick structure and the thin wick layers is a 
typical approach in the fabrication of the ultra-thin heat pipes. However, 
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the centered-wick structure restricts the heat pipe width because the wick 
structure is positioned at the center. Wider ultra-thin heat pipes could be 
fabricated with the use of the thin wick layers. In the wider heat pipes, a 
two-dimensional heat transport from an evaporator to a condenser section 
would occur, resulting in a lower thermal resistance between them. This 
kind of heat pipe is known as a vapor chamber (Mochizuki and Nguyen, 
2019; Bulut et al., 2019; Velardo et al., 2019; Huang et al., 2019; 
Patankar et al., 2019). 

In the thermal design process of ultra-thin heat pipes, it is vital to 
consider the effect of vapor flow friction on the thermal performance of 
the heat pipe (Koito, 2019a). The vapor flow friction causes an increase 
in the vapor temperature drop, resulting in a decrease in the thermal 
performance. In the author’s previous studies (Koito, 2019a; Koito, 
2019b), numerical analyses were conducted to clarify the fluid-flow and 
heat-transport characteristics within centered-wick ultra-thin heat pipes. 
However, to the author’s knowledge, little information has been 
published on the effect of the vapor flow friction within the ultra-thin 
heat pipes having thin wick layers. This information is required for 
rational thermal design of the ultra-thin heat pipes. In this study, therefore, 
extended three-dimensional numerical analyses were conducted for the 
ultra-thin heat pipe with a thin wick layer. Two types of the ultra-thin 
heat pipes with small and large widths were considered. Numerical 
results of the vapor, pressure, and temperature distributions within the 
heat pipes were obtained. The numerical results were compared with 
those obtained for a centered-wick ultra-thin heat pipe. Moreover, 
discussion was made on two-dimensional heat transport within the ultra-
thin heat pipes. 

2. MATHEMATICAL MODEL AND
NUMERICAL CONDITIONS

Numerical analyses were conducted in the x−y−z three-dimensional 
coordinate system. Figure 1 shows a mathematical model of an ultra-thin 
heat pipe with a thin wick layer. The model was axisymmetric at x = 0, 
and comprised a vapor and liquid-wick regions of the same length, lt, and 
width, wt. The thickness of the liquid-wick region was δ l, and the total 
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thickness of the heat pipe model was δ t. A heated and cooled sections 
were located at the bottom of the model. The length and width of the 
heated section were lh and wh, respectively; those of the cooled section 
were lc and wc.  

Velocity, pressure, and temperature distributions in the vapor and 
liquid-wick regions were obtained by conducting numerical calculations. 
The governing equations and boundary conditions described in the 
author’s previous papers (Koito, 2019a; Koito, 2019b) were applied to 
corresponding regions and boundaries of the present heat pipe model. 
Because their details were already presented, only the main features are 
described below. As the governing equations, the equations of continuity, 
motion, and energy were applied to the vapor and liquid-wick regions. 
Heat flux was prescribed at the heated and cooled sections. Except for 
these sections, an adiabatic condition was employed on the outer surface 
of the heat pipe model. The Clausius-Clapeyron equation was used to 
calculate the temperature at the interface between the vapor and liquid-
wick regions. 

The values of δ l, δ t, wc, wt, and lc were changed under the numerical 
conditions shown in Table 1. Similar to the author’s previous studies 
(Koito, 2019a; Koito, 2019b), sintered copper powder and water were 
selected as a wick structure and a working fluid, respectively. In the 
present numerical analyses, two types of the ultra-thin heat pipes with 
small and large widths were considered. For the case of the heat pipe with 
small width, the calculations were conducted under wh = wc = wt, 
implying that the heated and cooled sections were same in width. For the 
case of the heat pipe with large width, on the other hand, the width of the 
cooled section was larger than that of the heated section, and the 
numerical results were obtained under wh < wc and wc = wt. 
  

 
 
 
 
 
 
 
 
 
 

(a) Velocity distribution 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(b) Temperature distribution 
 
 Fig. 2 Distributions on the y−z cross-section at x = 0.75 mm 
   (δ l = 0.1 mm, δ t = 0.3 mm, wc = wt = 1.5 mm, lc = 10 mm). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(a) Velocity distribution 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(b) Temperature distribution 
 
 Fig. 3 Distributions on the x−y cross-section at z = 0.2 mm 
   (δ l = 0.1 mm, δ t = 0.3 mm, wc = wt = 1.5 mm, lc = 10 mm). 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 1 Numerical conditions. 

Length of vapor and liquid-wick regions, lt [mm] 100 
Length of heated section, lh [mm] 10 
Width of heated section, wh [mm] 1.5 
Heat input and heat output [W] 1.0 
Operating temperature [°C]  
(= temperature at x = wt /2, y = lt /2, and z = δ l ) 

50 

 

z 

Liquid-wick region 

Vapor region 

δ  t
 

x 

y 

0 

Heated section 
(length: lh, width: wh) 

Symmetric surface  

δ  l
 

Cooled section 
(length: lc, width: wc) 

Fig. 1 Mathematical model. 
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3. RESULTS AND DISCUSSION 

3.1 Ultra-thin Heat Pipe with Small Width 

Figure 2 shows the vapor velocity and temperature distributions on the 
y−z cross-section at x = 0.75 mm. Those distributions on the x−y cross-
section at z = 0.2 mm are shown in Fig. 3. Those numerical results were 
obtained for δ l = 0.1 mm, δ t = 0.3 mm, wc = wt = 1.5 mm, and lc = 10 
mm. It should be noted that the thickness in z direction and the width in 
x direction were enlarged relative to the length in y direction. The dashed 
lines in Fig. 2 indicate the interface between the vapor and liquid-wick 
regions. An evaporator and a condenser section are also indicated in those 
figures. Like conventional capillary-driven heat pipes, a vapor flow from 
the evaporator to the condenser section was confirmed. In ultra-thin heat 
pipes, the effect of vapor flow friction is large, and it causes an increase 
in the vapor temperature drop (Koito, 2019a). Thus, by using the 
numerical results of temperatures in the vapor region, Tv (x, y, z), the 
temperature difference over the vapor region, ∆Tv, was evaluated by the 
following equation: 

𝛥𝛥𝛥𝛥𝑣𝑣 = 𝛥𝛥𝑣𝑣(𝑤𝑤𝑡𝑡/2, 0, 𝛿𝛿𝑙𝑙) − 𝛥𝛥𝑣𝑣(𝑤𝑤𝑡𝑡/2, 𝑙𝑙𝑡𝑡, 𝛿𝛿𝑙𝑙) (1) 

The ∆Tv value in Figs. 2 and 3 was 9.2°C, whereas the total temperature 
difference between the heated and cooled sections was 10.7°C, 
confirming that the vapor temperature drop was remarkably large within 
the ultra-thin heat pipe. 

Figure 4 shows the ∆Tv values with respect to δ l for δ t = 0.3 and 0.6 
mm. Except for δ l and δ t , the numerical conditions were identical with 
those in Figs. 2 and 3. Essentially, when δ t is constant, ∆Tv becomes 
larger with increase in δ l because the vapor region narrows. However, 
the increase in ∆Tv is influenced by the height of the vapor region, (δ t −  

δ l ), and it was negligibly small for δ t = 0.6 mm. The (δ t − δ l ) value was 
0.5 mm in this case. For δ t = 0.3 mm, on the other hand, the (δ t − δ l ) 
value was 0.2 mm, and the increase in ∆Tv was remarkable. Figure 5 
shows the relation between ∆Tv and δ t at δ l = 0.1 mm. A large increase 
in ∆Tv was found in the range between δ t = 0.3 and 0.4 mm, which 
corresponded to 0.2 and 0.3 mm in the (δ t − δ l ) value. It is vital to 
consider such remarkable increase in ∆Tv in the thermal design process 
of ultra-thin heat pipes. 

The ∆Tv values in case of a centered-wick heat pipe are also shown 
in Fig. 5. Those numerical results were obtained by using the author’s 
previous mathematical model (Koito, 2019a; Koito, 2019b). The present 
wick layer model and the previous centered-wick model are compared in 
Fig. 6. The thickness and width of the two models were identical, and the 
width of the liquid-wick region in the centered-wick model is denoted by 
wl. The numerical results of the centered-wick heat pipe were obtained 
by changing δ t at wl = 0.5 mm, wt = 1.5 mm, and lt = 100 mm. Besides, 
wh = wc = 0.5 mm, lh = lc = 100 mm, and the heat input/output were 1.0 
W. It should be noted that the x−z cross-sectional areas of the vapor 
region for the wick layer and centered-wick models were identical at δ t 
= 0.3 mm, and the former became larger than the latter with increase in 
δ t for δ t > 0.3 mm. The ∆Tv values of the centered-wick model were 
calculated by the following equation: 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Fig. 6 Wick layer and centered-wick models. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Fig. 4 Vapor temperature differences with respect to the thickness 
   of the liquid-wick region (wc = wt = 1.5 mm, lc = 10 mm). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Fig. 5 Vapor temperature differences with respect to the thickness 
   of the heat pipe model (wc = wt = 1.5 mm, lc = 10 mm). 
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𝛥𝛥𝛥𝛥𝑣𝑣 = 𝛥𝛥𝑣𝑣(𝑤𝑤𝑙𝑙 , 0,𝛿𝛿𝑡𝑡/2) − 𝛥𝛥𝑣𝑣(𝑤𝑤𝑙𝑙 , 𝑙𝑙𝑡𝑡, 𝛿𝛿𝑡𝑡/2) (2) 

The difference in ∆Tv between the wick layer and centered-wick models 
became larger with decrease in δ t , and it was conspicuous at δ t = 0.3 mm. 
In this thickness, although the cross-sectional areas of the vapor region 
were identical, the ∆Tv value for the wick layer model was much larger 
than that for the centered-wick model. This was because the height of the 
vapor region for the wick layer model was smaller than that for the 
centered-wick model. Since the aspect ratio of the cross section was 
closer to one, the vapor temperature drop within the centered-wick model 
was smaller than that within the wick layer model. 

3.2 Ultra-thin Heat Pipe with Large Width 

Figure 7 shows the vapor velocity and temperature distributions on the 
x−y cross-section at z = 0.2 mm for wc = wt = 3.0 mm. Except for wc and 
wt , the numerical conditions were identical with those in Figs. 2 and 3. 
It should be noted that the width in x direction was enlarged relative to 
the length in y direction. As shown in the figures, the condenser section 
was two times larger than the evaporator section. Different from the 
velocity distribution in Fig. 3 (a), two-dimensional vapor flow, that is, 
the vapor flow in x direction as well as that in y direction was found at 
the evaporator section. Moreover, the vapor velocity in Fig. 7 (a) was 

lower than that in Fig. 3 (a) because of increase in the cross-sectional 
area of the vapor region. Thus, the temperature difference over the vapor 
region in Fig. 7 (b) was smaller than that in Fig. 3 (b). 

The ratio of the cooled section area to the heated section area, ξ, was 
calculated by the following equation: 

𝜉𝜉 =
𝑙𝑙𝑐𝑐 𝑤𝑤𝑐𝑐
𝑙𝑙ℎ 𝑤𝑤ℎ

 (3) 

Figure 8 shows the ∆Tv values with respect to ξ. The numerical results 
were obtained for two cases (Case 1 and Case 2) at δ l = 0.1 mm and δ t = 
0.3 mm. In Case 1, lc was increased at wc = wt = 1.5 mm, whereas wc (= 
wt ) was increased at lc = 10 mm in Case 2. As expected, ∆Tv became 
smaller with increase in ξ ; however, the decrease in ∆Tv was much 
different between the two cases. That is, the decrease in ∆Tv with ξ in 
Case 2 was much larger than that in Case 1. Therefore, to reduce the 
vapor temperature drop within ultra-thin heat pipes, the increase in the 
width of the cooled section is more effective compared with the increase 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Fig. 8 Reduction in the vapor temperature difference 
  (δ l = 0.1 mm, δ t = 0.3 mm). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Fig. 9 Comparison between the results of simple calculations 
   and three-dimensional numerical analyses. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(a) Velocity distribution 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(b) Temperature distribution 
 
 Fig. 7 Distributions on the x−y cross-section at z = 0.2 mm 
   (δ l = 0.1 mm, δ t = 0.3 mm, wc = wt = 3.0 mm, lc = 10 mm). 
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in the length of the cooled section. This is because of the occurrence in 
the two-dimensional heat transport within the heat pipe. In near future, it 
is expected that current ultra-thin heat pipes would face heat transport 
limitation due to further increase in heat generation from thin electronic 
devices. A wider ultra-thin heat pipe, that is, an ultra-thin vapor chamber 
is a promising option for next-generation thermal management. 

Using the heat input (= heat output), Q, the vapor volume flow rate, 
Vv, was estimated roughly by the following equation: 

𝑉𝑉𝑣𝑣 =
𝑄𝑄

𝜌𝜌𝑣𝑣ℎ𝑓𝑓𝑓𝑓
 (4) 

where ρ is the density and hfg is the latent heat. When one-dimensional 
vapor flow in y direction between two parallel walls with a gap of (δ t 
− δ l ) was considered, the vapor pressure gradient was expressed as 
(Koito, 2019b), 

𝑑𝑑𝑝𝑝𝑣𝑣
𝑑𝑑𝑑𝑑 = −  

12𝜇𝜇𝑣𝑣𝑉𝑉𝑣𝑣
𝑤𝑤𝑡𝑡(δ𝑡𝑡 − δ𝑙𝑙)3

 (5) 

where µ is the viscosity. The saturated vapor pressure at x = wt /2, y = lt 

/2, and z = δ l was obtained from the temperature at this point, which was 
shown in Table 1. Thus, the vapor pressure distribution in the vapor 
region was calculated with Eqs. (4) and (5), and furthermore, the 
temperature difference, ∆Tv, over the vapor region was obtained by using 
the Clausius-Clapeyron equation. 

Concerning the ∆Tv value, the simple calculation results with Eqs. 
(4) and (5) were compared in Fig. 9 with the results of three-dimensional 
numerical analysis. The comparison was made by changing wc (= wt ) at 
δ l = 0.1 mm, δ t = 0.3 mm, and lc = 10 mm. In the simple calculation, 
slightly larger vapor pressure drops were obtained at the evaporator and 
condenser sections because change in the vapor velocity in y direction 
was neglected. Thus, the ∆Tv value for the simple calculation was slightly 
higher than that for the three-dimensional numerical analysis. However, 
in the present calculation range, their difference was less than 5 %, 
implying that the present simple calculation method is effective for the 
estimation of the vapor temperature difference within ultra-thin vapor 
chambers. 

4. CONCLUSIONS 

Numerical analyses were conducted for an ultra-thin heat pipe with a thin 
wick layer. Two types of the heat pipes with small and large widths were 
considered. Discussion was made on the vapor temperature drop within 
the heat pipe, which was caused by vapor flow friction. Findings in this 
study were summarized as follows: 

• For the case of the ultra-thin heat pipe with small width, and 
moreover the heated and cooled sections are same in width, the 
use of the centered-wick structure is recommended rather than 
the thin wick layers to reduce the vapor temperature drop 
within the heat pipe. 

• Wider ultra-thin heat pipes could be fabricated with the use of 
the thin wick layers. Because two-dimensional heat transport 
occurs, the increase in the width of the cooled section is 
effective to reduce the vapor temperature drop within the heat 
pipe. This is more effective compared with the increase in the 
length of the cooled section. Therefore, a wider ultra-thin heat 
pipe, that is, an ultra-thin vapor chamber is a promising option 
for next-generation thermal management. 

• The simple calculation method shown in this study is useful for 
the estimation of the vapor temperature drop within the ultra-
thin vapor chambers. 

NOMENCLATURE 

hfg latent heat (J/kg) 
l length (mm) 
p pressure (Pa) 
Q heat input, heat output (W) 
Tv vapor temperature (°C) 
V volume flow rate (m3/s) 
w width (mm, m) 
x, y, z  three-dimensional coordinate (mm, m) 
 
Greek Symbols  
∆Tv vapor temperature difference (°C) 
δ thickness (mm, m) 
µ viscosity (Pa⋅s) 
ρ density (kg/m3) 
ξ ratio 
 
Subscripts  
c cooled section 
h heated section 
l liquid-wick region 
t total 
v vapor region 
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