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Abstract: In this paper, we present a new analytical model to investigate the maximum heat transfer
rate of a thin vapor chamber (TVC) with multiple heat sources and sinks. The model can specifically
consider different heat flux conditions for each heat source. Both capillary limitations and allowable
maximum temperature constraints were employed to determine the maximum heat transfer rate.
The liquid and vapor pressure distributions within the TVC were analytically derived using the
Brinkman-extended Darcy equation and the Hagen–Poiseuille equation, respectively. Additionally,
the theoretical wall temperature distribution was calculated based on the 3D energy equation, con-
sidering different heat flux conditions for multiple heat sources with a weighting factor. Our results
demonstrate that the heat flux conditions applied to the heat sources significantly impact the internal
flow pattern of the TVC. These changes in flow patterns influence the pressure distributions of the
liquid and vapor, thereby affecting the maximum heat transfer rate. Furthermore, the effects of wick
parameters on the maximum heat transfer rate under various heat flux conditions were examined.

Keywords: thin vapor chamber; multiple heat sources; weighting factor; maximum heat transfer rate;
screen mesh wick; grooved wick; sintered wick

1. Introduction

Many compact electric power-based devices consist of various components, each of
which generates significant amounts of heat simultaneously. Particularly, the maximum
temperature of electric power-based devices should be maintained at less than 80 ◦C to
prevent the deterioration of electric devices’ performance [1,2]. In order to reduce the
maximum temperature of power-based components, many researchers have made great
efforts to efficiently spread heat by using high-thermal conductivity materials such as
copper sheets and graphite sheets in narrow spaces of less than 1~2 mm [3–6]. How-
ever, the thickness of heat spreaders using copper or graphite sheets near 1 mm presents
challenges in efficient heat dissipation. So, many researchers have focused on thin flat
heat spreaders or thin vapor chambers (TVCs) to address the challenges, highlighting
their advantages, including high thermal conductivity (over 10,000 W/m·K), lightness,
reliability, and a relatively long lifespan. For example, Li et al. [7] investigated the effect
of the superhydrophilicity of a screen mesh wick on the capillary force of a thin flat heat
spreader with 0.5 mm thickness. They presented the effective thermal conductivity of the
heat spreader which can be applied to a simplified specific system. Moreover, Huang
et al. [8] optimized the total size, the wick thickness, and the height of the vapor core to
maximize the heat transfer rate of TVCs with a screen mesh wick. Li et al. [9] suggested the
optimized number and width of radially grooved channels. Ranjan et al. [10] numerically
optimized the wick in a 3 mm thick flat vapor chamber designed for use at high heat
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fluxes exceeding 50 W/cm2. The wick utilized a screen mesh wick with a thickness of less
than 0.5 mm, and the thermal resistance and pressure drop were predicted based on the
wick thickness. Li et al. [11] theoretically and experimentally studied the performance of a
flat vapor chamber with support columns. Specifically, they theoretically predicted and
experimentally validated the pressure distribution and temperature distribution according
to wick thickness and the vapor core. Additionally, using the theoretical model, they pre-
sented the pressure loss with and without support columns and its impact on heat transfer
performance. However, they [7–11] only considered a vapor chamber or a thin flat heat
spreader with a single heat source and sink, despite the need for analyzing a thin vapor
chamber capable of uniformly distributing heat from multiple heat sources. So, Lefevre
and Lallemand [12] proposed thermodynamic and hydrodynamic models to theoretically
predict the performance of flat micro heat spreaders with multiple heat sources and sinks
in steady-state conditions. Recently, Subedi et al. [13] optimized the geometry of screen
mesh wicks in TVCs considering the Brinkman effect in the screen wick. However, both
analytical models [12,13] have a significant limitation. They assumed that the heat flux
of all heat sources remains constant and of the same magnitude, even though the size of
the heat source can be adjusted in various ways. Particularly, to the best of the authors’
knowledge, there are no comparative results available to predict which type of wick (screen
mesh, grooved, or sintered wicks) can produce the maximum heat transfer rate in TVCs
with multiple heat sources and sinks.

In this paper, the modified analytical model for predicting the maximum heat transfer
rate of a TVC with multiple heat sources and sinks was presented by considering differ-
ent heat flux conditions for each heat source. In particular, we presented the results of
comparing the maximum heat transfer rates of TVCs with three types of wicks, screen
mesh, grooved, and sintered wicks, according to wick thickness and the different heat flux
conditions of multiple heat sources. Finally, the effects of the key engineering parameters of
the wicks such as screen mesh, grooved, and sintered wicks on the maximum heat transfer
rate of a TVC with multiple heat sources and sinks were shown.

2. Analytical Model

In this paper, a TVC with three heat sources (E1, E2, and E3) and two heat sinks (C1
and C2) is modeled, as shown in Figure 1a. D.I. water and copper are employed as working
fluid and wall material. Also, it is assumed that all properties are constant at the saturated
temperature of working fluids, and gravitational force is negligible. As shown in Figure 1b,
a TVC consists of vapor chamber wall (a solid wall), a wick (porous medium), and a
vapor space.
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Figure 1. A schematic view of a thin vapor chamber (TVC). (a) Isometric view, (b) side view. 
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2.1. Temperature Distribution Model

The Fourier series solution of the 3D energy equation presented by Lefevre and
Lallemand [12] and Subedi et al. [13] is used to obtain the temperature distributions in
the vapor chamber wall, as shown in Figure 1b. The energy equation can be simplified as
shown in Equation (1).

ρCp

(
DT
Dt

)
= kwall

(
∇2T

)
(1)

where Cp, kwall, ρ, and T are the specific heat, thermal conductivity of the wall, density, and
temperature, respectively. Non-dimensional parameters are defined by

T∗ =
kwall
cφo

(T − Tsat), Bi =
hc

kwall
, β =

b
a

, γ =
c
a

, X =
x
a

, Y =
y
b

, Z =
z
c

(2)

where a, b, c, Tsat, T*, and φo are the length of the x-direction, length of the y-direction,
height of the wall, saturation temperature, dimensionless temperature, and imposed heat
flux, respectively. Bi, h, β, and γ are the Biot number, equivalent heat transfer coefficient,
and dimensionless lengths, respectively. To apply a different heat flux condition on each
heat source, weighting factor κ is used, as in Equation (3).

φi = κi φo, where φo =
nsource

∑
i=1

φi (3)

where κi is the weighting factor of the ith heat sources. By substituting Equation (2) into
Equation (1), the non-dimensional energy equation can be given by

∂2T∗

∂X2 +
1
β2

∂2T∗

∂Y2 +
1

γ2
∂2T∗

∂Z2 = 0 (4)

The boundary conditions to solve Equation (4) are given by

∂T∗

∂X

∣∣∣∣
X=0

=
∂T∗

∂X

∣∣∣∣
X=1

=
∂T∗

∂Y

∣∣∣∣
Y=0

=
∂T∗

∂Y

∣∣∣∣
Y=1

= 0 (5)

∂T∗

∂Z

∣∣∣∣
Z=0

= BiT∗ (6)

∂T∗

∂Z

∣∣∣∣
Z=1

= ϕ(X, Y) =


κi in ith heat source area
0 in adiabatic area
−η in heat sin k area

where η =

n
∑

i=1
Ae,i

n
∑

i=1
Ac,i

(7)

where Ac, Ae, and η are the condenser area, evaporator area, and ratio of the heat sink
area to heat source area, respectively. The non-dimensional temperature (T*) as given by
Equation (8) is determined as the form of 2-variable Fourier series.

T∗ =
∞

∑
m=1

Am0(Z) cos(mπX) +
∞

∑
n=1

A0n(Z) cos(nπY) +
∞

∑
n=1

∞

∑
m=1

Amn(Z) cos(mπX) cos(nπY) (8)

The non-dimensional heat flux (ϕ) can be obtained by

ϕ(X, Y) =
∞

∑
m=1

Bm0 cos(mπX) +
∞

∑
n=1

B0n cos(nπY) +
∞

∑
n=1

∞

∑
m=1

Bmn cos(mπX) cos(nπY) (9)

The Fourier coefficients of Am0, A0n, Amn, Bm0, B0n, and Bmn were described in Lefevre and
Lallemand [12] and Subedi et al. [13].
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2.2. Hydrodynamic Models

The liquid pressure drop through the wick structure such as screen mesh, grooved,
and sintered wicks can be obtained from the Brinkman-extended Darcy equation which is
considered by the no-slip condition of the wall [13].

∇Pl = − µ

K
⇀
u l + µ

∂2⇀u l
∂Z2 (10)

where K, Pl, ul, and µ are permeability, liquid pressure, the Darcy velocity of liquid, and the
dynamic viscosity of liquid, respectively. The solution of liquid pressure [13] is given by

Pl =
−µlω

Khlvρl Hw

[
∞

∑
m=1

Cm0 cos(mπX) +
∞

∑
n=1

C0n cos(nπY) +
∞

∑
n=1

∞

∑
m=1

Cmn cos(mπX) cos(nπY)

]
(11)

ω =

1 − 1
Hw

2
√

K
(

exp
(

Hw/
√

K
)
− 1

)
exp

(
Hw/

√
K
)
+ 1

−1

(12)

where hlv, Hw, and ω are the latent heat of vaporization, wick thickness, and liquid pressure
drop coefficient by the no-slip condition, respectively.

The vapor pressure distribution can be predicted from the Hagen–Poiseuille equa-
tion [12,13]. The vapor pressure distribution is given by

Pv =
12
H3

v

µv

hlvρv

[
∞

∑
m=1

Cm0 cos(mπX) +
∞

∑
n=1

C0n cos(nπY) +
∞

∑
n=1

∞

∑
m=1

Cmn cos(mπX) cos(nπY)

]
(13)

where Hv, µv, and ρv are the thickness of the vapor core, dynamic viscosity of vapor, and
vapor density, respectively. The Fourier coefficients Cm0, C0n, and Cmn which are considered
by different heat flux conditions for each heat source with the weighting factor are obtained
as given by

Cm0 = κi φtotal Bi
( a

mπ

)2
Am0(0), C0n = κi φtotal Bi

(
b

nπ

)2
A0n(0), Cmn =

κi φtotal Bi · Amn(0)(mπ
a
)2

+
( nπ

b
)2 (14)

2.3. Theoretical Approach for Maximum Heat Transfer Rate of TVCs

To determine the maximum heat transfer rate of TVCs, the capillary limitation defined
by the Young–Laplace equation [14,15], Equation (15) is used.

Pcap ≥ ∆Pl + ∆Pv, Pcap =
2σl
re f f

cos θ (15)

where Pcap, re f f , σl , and θ are capillary pressure, effective pore radius, the surface tension of
liquid, and contact angle, respectively. Additionally, the allowable maximum temperature
constraint [13,16] was used to prevent the temperature of the TVC surface from exceeding
the maximum allowable temperature when obtaining the maximum heat transfer rate of
the TVC. In this paper, the allowable maximum temperature constraint is set as 80 ◦C.
Three types of wicks such as screen mesh, grooved, and sintered wicks are considered in
the TVC, as shown in Figure 2. The wick parameters affecting temperature distribution,
pressure distributions, and the maximum heat transfer rate are defined as

Screen mesh wick [12,13,17]:

Hw = 2d, N =
1

d + w
, ε = 1 − 1.05πNd

4
, K =

d2ε3

122(1 − ε)2 , re f f =
d + w

2
(16)



Energies 2024, 17, 3330 5 of 15

where d, N, w, and ε are wire diameter, mesh number, the separation distance of wires, and
porosity, respectively. In Equation (16), the engineering key parameters of the screen mesh
wick are the wire diameter (d) and separation distance of wires (w).
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Grooved wick [17–19]:

Hw = Hg, Dh =
4Hgdg(

2Hg + dg
) , ε =

dg(
dg + w f

) , K =
Dh

2ε

2( f Rel,h)
, re f f = dg (17)

f Rel,h = 24
(

1 − 1.355Λ + 1.947Λ2 − 1.701Λ3 + 0.956Λ4 − 0.254Λ5
)

, Λ (18)

where dg, Dh, f Re, Hg, and wf are the distance of the groove, hydraulic diameter, Poiseuille
number, the height of the groove, and fin width, respectively. The major parameters of
the grooved wick are the height of the groove (Hg), distance of the groove (dg), and fin
width (wf). To reduce the number of major parameters to two variables, the fin width is
determined by Equation (19) with a fixed porosity and distance of the groove.

w f =
dg

ε
− dg (19)

In the present case, the engineering key parameters of the grooved wick are the height of
the groove (Hg) and distance of the groove (dg).

Sintered wick [17,20–24]:

ε = 1 −
Vp − 6Vb

Vcube
, Vp =

4
3

π

(
D
2

)3
, Vb = π

(
D
2

)3[
α +

1
3

{
(1 − α)3 − 1

}]
, Vcube = D3(1 − α)3 (20)

where D, Vb, Vcube, Vp, and α are the diameter of the particle, half of the bonded volume
between two particles, volume of a cube, volume of a particle in a cube, and overlap ratio
of particles, respectively. Particularly, the overlap ratio of particles, α, can be expressed by

α = 1 − D∗

D
(21)

where D* is the effective diameter of the particle. The overlap ratio of particles was
determined by manufacturing conditions such as sintering temperature and time and can
be experimentally obtained. So, in this paper, it is assumed that α is fixed at 0.025 [25–31].
Also, the wick thickness, permeability, and effective radius can be given by

Hw = npD(1 − α), K =
(0.42D)2ε

32
, re f f = 0.205 · D (22)
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where np is the number of particles. Therefore, in this study, the particle diameter (D) and
wick thickness (Hw) are considered as the engineering key parameters of the sintered wick.

By utilizing the definition of wick parameters, the key engineering parameters affecting
the maximum heat transfer for screen mesh, grooved, and sintered wicks into two variables
each are summarized. The effects of the engineering key parameters on the maximum heat
transfer rates of TVCs are presented.

2.4. Validation

The present model is validated with previous results [12]. The porous medium of
screen mesh wicks, wall material of copper, working fluid of water, and the same heat flux
condition presented by a previous model [12] are used. As shown in Figure 3, the wall
temperature and pressure distributions are well matched with previous results [12]. From
the results of validation, the maximum heat transfer rate was 76.6 W, which is within a
1% difference from the previous research [12] result of 76 W. The gray contour and solid
lines are the temperature difference and liquid pressure lines, respectively, from a previous
model [12]. The color dotted lines are the results calculated by the present study.
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3. Results and Discussion
3.1. Flow Characteristics in Vapor Chamber under Different Heat Flux Conditions for Each
Heat Source

The heat flux conditions of the multiple heat sources affect the pressure and temper-
ature distributions, which in turn change the flow patterns of the working fluid in the
TVC and influence the maximum heat transfer rate. Figure 4 shows the flow patterns of
the liquid and vapor when only the different heat flux conditions are changed under the
fixed wick type and geometries. As shown in Figure 4a–d, it is observed that the liquid
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moves from the heat sinks towards the heat sources, while the vapor moves in the opposite
direction. Additionally, in Figure 4b–d where different heat fluxes are applied to the heat
sources, it is observed that the velocity of the working fluid in heat sources where a higher
heat flux is applied is a larger velocity than the other sources. The total input power of
Figure 4a–d is the same as the maximum heat transfer rate, 50 W, 39.1 W, 48.6 W, and
77 W, respectively. Moreover, the pressure distributions of liquid and vapor are presented
in Figure 5 under the same conditions as Figure 4. The total pressure drops in Figure 5a–d
reach the capillary limit of 1539 Pa. Particularly, Figure 5d clearly shows that the isobaric
lines of liquid and vapor become denser in the E3 region where the highest heat flux
acts. Although the isobaric lines of liquid and vapor become denser in the E3 region, the
mass flow rate evaporated in all heat sources under the fixed capillary limit in the case of
E1:E2:E3 =1/10:1/10:8/10 that is larger than other cases.
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3.2. The Effect of Wick Type on the Maximum Heat Transfer Rate

The dimensions of the TVC, including the length in the x-direction, length in the y-
direction, total height, and wall thickness, are 40 mm, 40 mm, 0.9 mm, and 265 µm, respectively.

The material of the wall and wick and the working fluid are copper and D.I. water,
respectively. The saturation temperature is assumed to be 30 ◦C. The positions and sizes
of the heat sources and heat sinks as shown in Figure 1 are consistent with those used
by Lefevre and Lallemand [12] and Subedi et al. [13]. Other detailed specifications are
described in Table 1. The capillary limitation and the maximum permissible temperature
constraint (80 ◦C) are used to determine the maximum heat transfer rate. Under the fixed
external shape of the TVC and the fixed total height, which are the combined height of the
wick (Hw) and vapor core (Hv), the maximum heat transfer rate was presented according
to the type of wick as well as the different heat flux condition of heat sources. Figure 6
shows the maximum heat transfer rate of TVCs with three different wick types using
the various heat flux conditions (E1 : E2 : E3). Particularly, when the heat fluxes of the
heat sources are uniform (E1 : E2 : E3 = 1/3:1/3:1/3), the highest maximum heat transfer
rates of TVCs with the sintered wick, grooved wick, and screen mesh wick are 78.1 W,
76.3 W, and 53.9 W, respectively. However, when the heat flux of the heat sources is not
uniformly distributed, it is evident that the maximum heat transfer rate varies between
60 W and 100 W, with the wick structure significantly influencing the maximum heat
transfer rate. This result indicates that the maximum heat transfer rate of the TVC and
the optimal wick may vary in the presence of differences in the heat flux generated from
multiple heat sources. Moreover, as shown in Figure 6, in the range of thicknesses from
0 to less than 40 µm, it is shown that TVCs with screen mesh wicks exhibit the highest
maximum heat transfer rates regardless of the heat flux ratio of the heat sources. This is
because the screen mesh wick has higher permeability than other types of wicks, resulting
in a significantly lower liquid pressure drop below a wick thickness of 40 µm, although
the capillary limitation of the screen mesh wick is lower than that of the sintered wick.
Also, when the wick thickness range is over 100 µm, the maximum heat transfer rate
of the sintered wick is higher than that of other wick types regardless of the heat flux
ratio of the heat sources. The reason can be explained as follows: as the wick thickness
increases, among the factors determining the maximum heat transfer rate, the capillary
force becomes more dominant than the pressure drop due to the permeability. This is
because the pressure drop decreases dramatically with the increase in the cross-sectional
area through which the liquid can move. The maximum heat transfer rate of a TVC with
E1:E2:E3 = 1/10:1/10:8/10 is higher than that with E1:E2:E3 = 8/10:1/10:1/10 although the
heat flux ratio of heat source E3 accounts for 8/10 of the total heat flux, which indicates that
its heat flux density is the highest. The reason can be explained as follows: in Figure 6b,
representing the heat flux condition of E1:E2:E3 = 8/10:1/10:1/10, the proportions of the
heat load relative to the total heat load are 94%, 4%, and 2%, respectively. However, the
proportions of the heat load relative to the total heat load in Figure 6d representing the
heat flux condition E1:E2:E3 = 1/10:1/10:8/10 are 38%, 12%, and 50%, respectively. Despite
the higher heat flux ratio of E3 in E1:E2:E3 = 1/10:1/10:8/10, the distribution of heat load
among the three sources is more uniform. In addition, under the fixed capillary limitation,
which is reached faster than the allowable maximum temperature constraint, the mass
flow rate of working fluid in all heat sources when E1:E2:E3 = 1/10:1/10:8/10 is larger
than other cases although the isobaric lines of liquid and vapor become denser in the E3
region, as shown in Figure 5. Consequently, the maximum heat transfer rate limited by
capillary action increases, resulting in the highest maximum heat transfer rate achievable.
In addition, as shown in Figure 6a–c, the maximum heat transfer rates for thin vapor
chambers with screen mesh wicks consist of a single smooth curve according to the wick
thickness because the maximum heat transfer rate was determined only by the capillary
limit. However, the maximum heat transfer rate of the other cases has two peaks as the
wick thickness increases. Between two peaks, for example, the grooved wick thickness of
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the grooved wick is between 60 µm and 260 µm, as shown in Figure 6c, and the maximum
heat transfer amount is determined by the allowable maximum temperature constraint.

Table 1. The specifications of the TVC (thin vapor chamber).

Parameters Specification

Vapor chamber length (a) 40 mm
Vapor chamber breadth (b) 40 mm

Height of wall (c) 265 µm
Total height (Hw + Hv) 370 µm

Wick material Copper
Working fluid D.I. water

Saturation temperature (Tsat) 30 ◦C
Position of heat source 1 (E1) 0.25 ≤ x/a ≤ 0.4, 0.65 ≤ y/b ≤ 0.8
Position of heat source 2 (E2) 0.6 ≤ x/a ≤ 0.75, 0.55 ≤ y/b ≤ 0.7
Position of heat source 3 (E3) 0.25 ≤ x/a ≤ 0.4, 0.2 ≤ y/b ≤ 0.35
Position of heat sink 1 (C1) 0 ≤ x/a ≤ 0.1, 0 ≤ y/b ≤ 1
Position of heat sink 2 (C2) 0.9 ≤ x/a ≤ 1, 0 ≤ y/b ≤ 1

Screen mesh wick

Wire diameter (d) 5–180 µm
Wire separation distance (w) 5–400 µm

Wick thickness (Hw) 10–360 µm

Grooved wick

Fin width (wf) 4–86 µm
Groove height (Hg) 10–360 µm

Groove distance (dg) 5–200 µm

Sintered wick

Particle diameter (D) 1–100 µm
Wick thickness (Hw) 30–360 µm

Overlap ratio of particles (α) 0.025
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Energies 2024, 17, 3330 11 of 15

3.3. The Effects of Engineering Key Parameters on the Maximum Heat Transfer Rate

Three types of wicks are optimized to maximize the heat transfer rate using engineer-
ing key parameters. The optimization results for the screen mesh wick, grooved wick, and
sintered wick under various heat flux conditions are shown in Figures 7–9. Figure 7 shows
the TVC with a screen mesh wick, characterized by a wire diameter and wire separation
distance ranging from 20 to 40 µm and 100 to 200 µm, respectively, which can achieve the
maximum heat transfer rate regardless of heat flux conditions. Also, Figure 8 presents the
effects of the height and the distance of the groove on the heat transfer rate of the TVC
with a grooved wick. The TVC exhibits the maximum heat transfer rates at a distance of
the groove ranging from 30 to 50 µm and height ranging from 60 to 100 µm. Particularly,
vertical contour lines as shown in Figure 8 appear when the maximum heat transfer rate is
determined by the allowable maximum temperature constraint. Moreover, Figure 9 shows
the effects of the particle diameter and wick thickness on the heat transfer rate when the
sintered wick is used in a TVC. In the present study, the optimization was theoretically
conducted by restricting the sintering particles to below 100 µm for a thin vapor chamber
with a thickness of less than 1 mm. So, as shown in Figure 9, the maximum heat transfer rate
for the sintered wick is observed when the particle diameter is in the range of 80~100 µm
and the wick thickness is within 60~120 µm. As a result, it is shown that TVCs exhibit the
maximum heat transfer rates in specific regions of engineering key parameters, irrespective
of the distribution of heat flux.
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4. Conclusions

In this paper, the modified analytical model was developed to predict the maximum
heat transfer rate of the TVC with multiple heat sources and heat sinks considering different
heat flux conditions for each heat source. The model was validated by previous results [12].
With the modified analytical model, it was shown that the heat flux conditions of multiple
heat sources affect the pressure and temperature distributions, which in turn change the
flow patterns of the working fluid in the TVC and influence the maximum heat transfer
rate. The key engineering parameters affecting the maximum heat transfer for screen
mesh, grooved, and sintered wicks were theoretically identified, with two variables each.
The effects of the parameters on the maximum heat transfer rate under various heat flux
conditions were presented. Particularly, we observed that the maximum heat transfer rate
of screen mesh wicks can be higher when the wick thickness is below 40 µm regardless
of the heat flux ratio of the heat sources, although sintered wicks are generally known
to have better heat transfer performance than other wick types. Moreover, it was shown
that the sintered wick exhibited the highest maximum heat transfer rate when the wick
thickness exceeded 100 µm regardless of the heat flux ratio of the heat sources. The results
showed that the maximum heat transfer rate of the vapor chamber in the specific ranges
of wick thickness is strongly affected by the geometric parameters of the wick rather than
by the different heat flux distributions. Finally, it was shown that three types of wicks
were optimized to maximize the heat transfer rate using two engineering key parameters.
Using the model presented in this paper, which considers multiple heat sources under
different heat flux conditions, it is expected that the optimal heat flux ratio to maximize
the maximum heat transfer rate can be determined. Additionally, it is anticipated that the
positions of heat sources can be optimized for a fixed different heat flux condition.
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Nomenclature

a, b, c TVC dimensions [m]
A total area [m2]
Am0, A0n, Amn Fourier coefficients of temperature
Bi Biot number (hc/kwall)
Bm0, B0n, Bmn Fourier coefficients of heat flux
Cm0, C0n, Cmn Fourier coefficients of pressure
Cp specific heat [J·kg−1K−1]
d wire diameter [m]
dg distance of groove [m]
D diameter of particle [m]
Dh hydraulic diameter [m]
D* effective diameter of particle [m]
f Re Poiseuille number
h equivalent heat transfer coefficient [W·m−2K−1]
hlv latent heat of vaporization [J·kg−1]
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H thickness or height [m]
kwall thermal conductivity [W·m−1K−1]
K permeability [m2]
np number of particles
N mesh number
P pressure [Pa]
Q heat transfer rate [W]
r pore radius [m]
T temperature [K]
T* dimensionless temperature
u velocity [m·s−1]
V volume [m3]
w separation distance of wires [m]
wf groove width [m]
x, y, z coordinates [m]
X, Y, Z dimensionless coordinates
Greek Symbols
α overlap ratio of particles
β, γ dimensionless lengths
ε porosity
η ratio of the heat source area to the heat sink area
θ contact angle
κ weighting factor
µ dynamic viscosity [kg·m−1s−1]
ρ density [kg·m−3]
σ surface tension [N·m−1]
φ heat flux [W·m−2]
ϕ dimensionless heat flux
ω liquid pressure drop coefficient by no-slip condition
Subscripts
b bond
c condenser
cap capillary
e evaporator
eff effective
g groove
l liquid
o imposed
p particle
sat saturation
v vapor
w wick
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