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Simulation examining the factors 
influencing capillary wick transport 
in a refrigerant direct cooling 
system for power battery packs
Yun Hu 1,2,4,6, Fengwu Shan 3,4, Jianbang Zeng 1,4*, Shaohuan Liu 2, Zhengyuan Xing 5, 
Wenxiang Fu 1,4,6 & Yufeng Luo 1,6*

The effectiveness of power battery refrigerant direct cooling systems of electric vehicles incorporating 
capillary wicks is directly determined by these wicks’ transport performance. The Fries–Dreyer 
equation describes wicking behavior, but there is a significant gap between its predictions and 
the experimental results as reported in the literature. This work examines the factors influencing 
transport performance in an unconsolidated capillary wick with spherical particles. A mathematical 
and physical model is developed, the latter using the COMSOL software platform. Both the developed 
mathematical form and the numerically simulated results of this model are closer to the experimental 
results than those obtained using the Fries–Dreyer equation. The simulation results enable optimizing 
the equilibrium height and capillary time numbers providing a fitted Fries–Dreyer equation that is then 
used to analyze the influence of saturation, inclination angle, wick particle diameter, and tortuosity on 
the liquid rise mass and velocity and the equilibrium height, and the effects are in close but not perfect 
accord with experimental data. To narrow the gap, the Fries–Dreyer equation is further optimized 
using the numerically simulated results, substantially improving the accord with the experimental 
results.

The industrialized electric vehicle’s power battery thermal management system has experienced two generations 
of air- and liquid-cooling implementations since its development. Although the air-cooling system has the advan-
tages of simple structure, low cost, easy maintenance, and so on, its expansion to the high-speed and fast charging 
in the electric vehicle market is limited due to the low heat transfer coefficient of air and the limited maximum 
heat dissipation  capacity1. In contrast, the heat transfer medium in the liquid-cooling system has a higher heat 
transfer coefficient, which to some extent can meet the requirements of private cars and short-distance vehicles 
that have a low demand for fast  charging2. However, the operation of long-distance electric vehicles generates a 
strong demand for fast charging; hence, there is an urgent need to develop a third-generation refrigerant direct 
cooling system for the power battery pack, to improve the environmental adaptability of such vehicles.

Direct contact cooling systems, where the refrigerant is in direct contact with the surface of the battery, have 
attracted wide attention because of their excellent temperature control performance and fast response rate. Al-
Zareer et al.3–7 studied the battery thermal management system of hybrid electric vehicles with a pump-driven 
refrigerant (propane, ammonia, and R134a) and found that the height of the refrigerant in the battery pack, 
the inlet temperature of the refrigerant, the system saturation pressure, and the discharging and charging rates 
all had significant impacts on the maximum temperature and temperature differences throughout the battery 
pack. However, to ensure that the internal temperature of the battery pack is always in the comfortable operat-
ing temperature range (25–40 ◦C8) of lithium-ion batteries, the inlet propane, ammonia, or R134a should be 
liquid, resulting in a system pressure well above atmospheric that, so the system is prone to refrigerant leakage. 
Since the boiling point of fluoride in Novec 649 and Novec 7000 fluids is close to or falls within the comfortable 
temperature range for operation of lithium-ion batteries, an immersion cooling system of a lithium-ion battery 
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with Novec 7000 as the refrigerant can greatly reduce the system pressure. This structure also provides a faster 
response rate than an air-cooled system and has good temperature control  performance9. Wang et al.10 built a 
refrigerant direct cooling system for a power battery with a high-precision peristaltic pump driving Novec 7000, 
and considered the influence of the discharge rate, inlet velocity of the refrigerant, and the degree of subcooling 
on the cooling effect of the battery pack. In order to reduce the cost and complexity of the system, Hirokazu 
et al.11 used Novec 7000 and Novec 649 with the capillary material. They found that the temperature of the bat-
tery pack was effectively controlled when the discharge rate reached 20C, which improved system efficiency. We 
have extensively investigated various aspects of battery thermal management systems using a refrigerant direct 
cooling system based on capillary transport. Our research team found that the cooling effect of the battery pack 
depended on the transport mass (or volume), refrigerant velocity, and height of a capillary wick, and that the 
transport performance of a capillary wick was closely related to its pore  structure12.

In recent years, related work in capillary wick plays a vital role, including the rise of groundwater in  soil13, oil 
displacement by brine in the reservoir  rock14,15, and water transport in plant  tissue16. Scholars have also conducted 
a large amount of research to clarify the relationship between the transport performance of a capillary wick and 
its pore structure. Earlier,  Lucas17and  Washburn18 (who formulated Lucas-Washburn equation) found that the 
imbibition height and mass of water in a capillary wick constructed with a small cylindrical tube was related 
only to the capillary diameter. Later, Benavente et al.19 modified the Lucas-Washburn equation to determine the 
tortuosity of pore orientation and the roundness of the pore shape, and Rui et al.20 further modified this equation 
to include the average pore diameter of the capillary wick. Based on the Lucas-Washburn equation, Fries and 
 Dreyer21 (who formulated the Fries-Dreyer equation) ignored the inertial force and used a mathematical rear-
rangement of the Lambert W function to derive the relationship between the height of liquid rise in a capillary 
wick and its porosity and pore diameter.

Cai et al.22 obtained the analytical expression for capillary rise as a function of time by introducing tortuosity 
and fractal dimension for the tortuous capillary based on the Lucas-Washburn equation, and Cheng et al.23 pro-
posed a theoretical model for predicting the one-dimensional movement of water into a single air-filled fracture 
within a porous media, which replaced a single tube radius with an effective diameter in the model of  Cai22. Shen 
et al.24 presented a model for calculating capillary rise accounting for the sticky layer and the capillary radius 
by taking the sticky layer resistance and the capillary radius into the classical Lucas-Washburn equation. Feng 
et al.25 revisited the Lucas-Washburn equation and further considered the effective viscosity and slippage and 
developed a model of the capillary rise in nanopores. Wang et al.26 obtained the modified theoretical equation by 
incorporating the effect of slip length, dynamic contact angle, and effective viscosity into the Lucas-Washburn 
equation for the unsaturated transport of CsCl solutions through the C-S-H nanochannel. More recently, Wang 
et al.27 and Chen et al.28 studied the capillary water absorption phenomenon in porous ceramic materials, and 
discussed the mechanism influencing saturation, inclination angle, and pore-structure parameters (including 
the porosity and particle diameter of the capillary wick) on the rise height. The experimental results showed the 
same trend for rise height with rise time as described by the Fries-Dreyer equation, yet with a large gap between 
the two results.

This work seeks to further clarify the relationship between the transport performance of a capillary wick and 
its pore structure, based on the experimental results as reported  by27, by establishing a mathematical and physical 
model to describe the internal transport phenomena in a capillary wick using the COMSOL software platform. 
The model is then verified by comparing the numerically simulated results with those experimental  results27. 
Once verified, the model is used as a basis for determining the influence of saturation, inclination angle, and 
pore-structure parameters (including porosity, particle diameter, and tortuosity in the capillary wick) on the 
rise height, velocity, mass, and equilibrium height. Our modified Fries-Dreyer equation provides an improved 
theoretical basis for research, evaluation, and design of electric vehicle battery refrigerant cooling systems based 
on capillary wicks.

Physical and mathematical models of capillary transport
The transport performance of a capillary wick determines the cooling performance of a battery pack cooling 
system. The rise height and velocity of liquid in a capillary wick are determined mainly by the capillary driving 
force, viscous resistance, pressure force, and  gravity29.

Physical model
In this work, the capillary wick separates the battery, and both are directly immersed into the liquid, as shown in 
Fig. 1a. An unconsolidated capillary wick with spherical particles is used as a representative example, and water 
is taken as the liquid. The height, width, and thickness of the capillary wick are 500, 66, and 1mm, respectively, 
which are based on the battery size (120, 66, and 18 mm, respectively) as given  in30. To determine the equilibrium 
height and mass of capillary transport, we vary the height of the capillary wick from 120 mm to 500 mm. To 
increase the energy density of the battery pack, the thickness of the capillary wick is selected as 1 mm, as shown 
in Fig. 1b. The capillary wick is placed in the coolant at various inclination angles. Driven by capillary force, the 
coolant climbs along the long dimension (height) of the capillary wick. When the capillary driving force and 
gravity reach a balance, the liquid transport has reached its equilibrium height. The following assumptions are 
made in establishing a mathematical model that suitably implements the transport of liquid in a capillary wick: 
(1) The capillary wick is treated as homogeneous, rigid, and isotropic. (2) There are no coolant leaks around the 
capillary wick. (3) The loss of tube viscous resistance follows the Hagen-Poiseuille law.(4) The capillary phenom-
enon researched here is treated as one dimension. (5) Friction and inertia are neglected. (6) The internal pores 
in the capillary wick are uniformly connected.
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Mathematical model
The capillary rise of the coolant in the capillary wick can be described by the phase transport equation and 
Darcy’s law.

The phase transport equation
The transport of the wetting/non-wetting phases i inside the capillary wick conforms to the following equation 
that includes the gravity term and the capillary driving force  term31:

where t is time, εp refers to porosity; w and n denote the wetting (water) and nonwetting (air) phases, respec-
tively; K is the permeability of the capillary wick; g is gravitational acceleration; si , Kr,i , µi , ρi and pi are the vol-
ume fraction, relative permeability, dynamic viscosity, density, and pressure of the wetting / nonwetting phase, 
respectively. In Eq. (1),

where D is the particle diameter. The non-wetting phase pressure pn is related to the wetting phase pressure and 
the capillary driving force pc(sw) and can be calculated as follows:

The capillary driving force pc(sw) follows the Brooks-Corey  model31, which is expressed as:

where sr,w and sr,n are the residual saturation of the wetting and nonwetting phase, respectively, and both values 
are 0 in this paper; �p is the pore distribution index, and the value is 2 ; σ is the surface tension of the wetting 
phase; J(sw) is given by:

The relative permeability in Eq. (1) follows the Brooks-Corey  model31, which is calculated as follows:

The boundary conditions for phase transport are that (1) the mass flux of the bottom and surrounding area on 
the interface of the capillary wick are 0, and (2) the top mass flux is calculated by the pressure gradient of Darcy’s 
law. Lagrange multipliers are then used to calculate the mass flux qsw of the top air:
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Figure 1.  (a) Schematic of the direct cooling model of the battery pack; (b) schematic of the capillary wick.
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where d is the thickness of the capillary wick. � is the Lagrange multipliers, which are equal to per length and 
full revolution in axially symmetric  models32.

Darcy’s law
The rise process of the coolant in the capillary wick follows the mass conservation equation, which is expressed 
as follows:

where the average density of liquid and gas phases is ρ = snρn + swρw ; u is the permeation velocity of the two-
phase, and follows Darcy’s law, which gives the viscosity resistance term as:

where p is the pressure; µ is the average viscosity of the liquid and gas phases, and the calculation formula is as 
follows:

By inputting Eqs. (11) into (10), the Darcy’s Law interface combines the Darcy’s law with the mass conservation 
equation as:

The boundary conditions are shown in Fig. 1, and there is no flow around. The bottom pressure pbottom is the 
atmospheric pressure patm , and the top pressure pupper is the atmospheric pressure minus capillary driving force, 
expressed as follows:

where f (sn) is the smooth step function for increasing the convergence with a range between 0 and 1; L0 is the 
height of the water in the capillary wick.

Verification of the model
The water transport process in the capillary wick is studied by numerical simulation using two modules integrated 
in COMSOL Multiphysics (version 5.6), a commercial software product based on finite-element methods; one 
was the module implementing Darcy’s law, and the other models multiphase flow in porous media. To identify 
the proper grid number for accurate results, rigorous mesh independence trials are conducted. A particular case 
of mesh independence study is shown in Fig. 2, which presents the numerical results of the mass and equilibrium 
height simulation according to the grid number. Simulation results are obtained under the grid number of 200 
for the capillary wick. The time-dependent solver with a fixed tolerance limit of 0.005 is deployed to solve for 
the multiphase flow in porous media. As there are very steep gradients in the volume fractions of wetting and 
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Figure 2.  Grid independent test for the model.
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non-wetting portions of the wick, an initial time step of 0.0001 is used to make sure that resolution is guaranteed 
adequate, and the time-step scheme is adaptive, so efficiency is maintained. Table 1 lists some essential parameters 
used for the model calculation; these parameters are assumed to not change with temperature.

Figure 3 graphs the rise height over time in the capillary wick as calculated by the simulation and compares it 
with the results of the Fries-Dreyer equation and with the experimental results obtained by citeWang2021Cap-
illary. As shown in Fig. 3, the rise height of the liquid in the capillary wick increases with time but eventually 
stabilizes. This trend is similar to the results of the Fries-Dreyer equation and the experimental data, but our 
simulated results are in better agreement with the experimental results than the Fries-Dreyer results. In the time 
period 0 to 14 s, the mean relative error between the simulated results and the Fries-Dreyer results is 47.50 % ; 
the mean relative error for the simulation is 5.19 %.

In this work, the numerically simulated results are fitted to improve the accuracy of the theoretical results 
derived with the Fries-Dreyer equation. Thus, the coefficients c and d are introduced to modify the dimensionless 
numbers Eh (equilibrium height number) and Tn (capillary time number), as follows:

where W is the Lambert  function21; the dimensionless number Eh indicates that, under infinite time, the height 
gain converges into a maximum value. The expression for Eh is:

The dimensionless number Tn defines the time when the rise height reaches 99% of the equilibrium height. It 
is given by

The main methods for curve fitting include least-squares method, best first approximation method, data and 
gradient descent method, etc. The principle of least-squares method is to find the minimum sum of squares of 
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Table 1.  Material properties of water, air, and the capillary wick at 25 ◦C.

Variable Parameter Value Variable Parameter Value

ρw Density of water 1000  kg/m3 D Particle diameter 2× 10−4  m

ρn Viscosity of air 1  kg/m3 sw Saturation 0  

εp Porosity 0.47   ψ Inclined angle 90◦  

µn Viscosity of air 1.76× 10−5  pa · s τ 33 Tortuosity 1.58  

µw Viscosity of water 0.001  pa · s L Length 0.5  m

σ Surface tension of water 0.0724  N/m Wi Width 0.066  m

�p Pore size distribution index 2   d Thickness 0.001  m

Figure 3.  Comparison of simulated results of the present model with model calculation results and 
experimental data from ref.27.
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errors to determine the best matching function corresponding to the data, which can intuitively express the 
functional relationship between the dependent variable and the independent variable. The advantage of the 
least-squares method is that it does not require the objective function to pass through data points and only 
requires the objective function to reach an approximate degree of discrete  points34. Therefore, the least-squares 
method is used to fit the numerical simulation results. The coefficients c and d can be calculated by curve fitting 
the simulated data by the least-squares method, using a sum-of-squared-errors of 2.594× 10−5 and an R-square 
of 0.9915. The fitting results can be obtained by applying Eq. (15) to this case, obtaining:

Analysis of results
In addition to pore-structure parameters, such as the particle diameter of the capillary wick, the porosity and 
tortuosity affect the transport performance. The saturation of the liquid and the inclination angle of the capillary 
wick also directly affect the transport performance. In this section, we discuss the mechanisms by which these 
parameters influence the transport performance of the capillary wick.

The effect of saturation
To evaluate the influence of saturation on the transport performance of the capillary wick, we simulated the 
process of liquid rising in a vertical capillary wick (particle diameter 0.2 mm, porosity 0.47, and tortuosity 1.58) 
using various saturations. The results are shown in Fig. 4a–d. Figure 4a illustrates that, according to Eqs. (5) and 
(6), the liquid capillary driving force decreases with an increase in saturation, which reduces the height of the 
liquid rise in the capillary wick. This result is consistent with the change trend of the Fries-Dreyer equation and 
with Eq. (18). However, Eq. (18) provides results closer to the numerically simulated results.

The influence of saturation on the velocity and mass of the liquid rise based on the numerically simulated 
results is shown in Fig. 4b and c, and the comparison diagram of the influence of saturation on the equilibrium 
height of the liquid rise is shown in Fig. 4d. Figure 4b shows that the velocity of the fluid rise increases sharply 
and then decreases, and the larger the saturation, the smaller the velocity of the fluid rise. The results shown in 

(18)h(t) = 0.419Eh

[

1+W
(

−e−1−3.068Tn
)]

Figure 4.  The influence of saturation on the transport performance of a capillary wick: (a) Comparison 
diagram of the influence of saturation on the height of the liquid rise; (b) The influence of saturation on the 
velocity of the liquid rise; (c) The influence of saturation on the mass of the liquid rise; (d) Comparison diagram 
of the influence of saturation on the equilibrium height of the liquid rise.
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Fig. 4c,d together reveal that as saturation increases, the height and mass of the fluid rise in the capillary wick 
monotonically decreases; thus, higher saturation is not conducive to meeting the supply demand for refriger-
ant when the power battery pack is at a high temperature or fast charging. Figure 4d shows that, regardless of 
the saturation, the calculated results of Eq. (18) are closer than the Fries-Dreyer equation to the numerically 
simulated results.

The effect of inclination angle
To evaluate the influence of the inclination angle on the transport performance of the capillary wick, we simulated 
the process of liquid rising in an inclined capillary wick (saturation 0, particle diameter 0.2 mm, porosity 0.47, 
and tortuosity 1.58) using various inclination angles. The results are shown in Fig. 5a–d.

Figure 5a illustrates that, as the inclination angle increases, the height of the liquid rise in the capillary wick 
decreases. The reason is that when the inclination angle decreases, the component of gravity also decreases, while 
other forces remain unchanged, which causes the height of the liquid rise to increase gradually. This result is 
consistent with the change trend of the Fries-Dreyer equation and Eq. (18). However, Eq. (18) provides results 
closer to the numerically simulated results.

The influence of inclination angle on the velocity and mass of the liquid rise based on the numerically 
simulated results is shown in Fig. 5b,c, and the comparison diagram of the influence of inclination angle on the 
equilibrium height of the liquid rise is shown in Fig. 5d. Figure 5b shows that in the early stages, the larger the 
inclination angle, the greater the velocity of the fluid rise, and, with the rise of the climbing liquid, the larger the 
inclination angle, the smaller the velocity of the fluid rise. The results shown in Fig. 5c,d together reveal that as 
inclination angle increases, the height and mass of the fluid rise in the capillary wick monotonically decrease. 
Thus, higher inclination angle is not conducive to meeting the supply demand for refrigerant when the power 
battery pack is at a high temperature or fast charging. Figure 5d shows that, regardless of the inclination angle, 
the calculated results of Eq. (18) are closer than the Fries-Dreyer equation to the numerically simulated results.

Figure 5.  The influence of inclination angle on the transport performance of a capillary wick: (a) Comparison 
diagram of the influence of inclination angle on the height of the liquid rise; (b) The influence of inclination 
angle on the velocity of the liquid rise; (c) The influence of inclination angle on the mass of the liquid rise; (d) 
Comparison diagram of the influence of inclination angle on the equilibrium height of the liquid rise.
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The effect of the pore structure parameters
The pore-structure parameters of the capillary wick include porosity, particle diameter, and tortuosity. These 
parameters directly affect the transport performance of the capillary wick, as shown by the Fries-Dreyer equa-
tion and Eq. (18).

The effect of particle diameter
To evaluate the influence of particle diameter on the transport performance of the capillary wick, we simulated 
the process of liquid rising in a vertical capillary wick (saturation 0, porosity 0.47, and tortuosity 1.58) using 
various particle diameters. The results are shown in Fig. 6a–d.

Figure 6a shows that as the particle diameter increases, its internal pore structure increases, and the capil-
lary driving force decreases, so the height of the liquid rise in the capillary wick steadily decreases. This finding 
is consistent with the change trend of the Fries-Dreyer equation and with Eq. (18). However, Eq. (18) provides 
results closer to the numerically simulated results.

The influence of the particle diameter on the velocity and mass of the liquid rise based in the numerically 
simulated results is shown in Fig. 6b and c, and the comparison diagram of the influence of the particle diameter 
on the equilibrium height of the liquid rise is shown in Fig. 6d. Figure 6b shows that in the early stages, the larger 
the particle diameter, the greater the velocity of the fluid rise, and, with the rise of the climbing liquid, the larger 
the particle diameter, the smaller the velocity of the fluid rise. The results shown in Fig. 6c,d together reveal that 
as particle diameter increases, the height and mass of the fluid rise in the capillary wick monotonically decrease. 
Thus, larger particle diameter is not conducive to meeting the supply demand for refrigerant when the power 
battery pack is at a high temperature or fast charging. Figure 6d shows that, regardless of particle diameter, the 
calculated results of Eq. (18) are closer than the Fries-Dreyer equation to the numerically simulated results.

The effect of porosity
To evaluate the influence of porosity on the transport performance of the capillary wick, we simulated the process 
of liquid rising in a vertical capillary wick (saturation 0, particle diameter 0.2 mm, and tortuosity 1.58) using 
various porosities. The results are shown in Fig. 7a–d.

Figure 6.  The influence of particle diameter on the transport performance of a capillary wick: (a) Comparison 
diagram of the influence of particle diameter on the height of the liquid rise; (b) The influence of particle 
diameter on the velocity of the liquid; (c) The influence of particle diameter on the mass of the liquid rise; (d) 
Comparison diagram of the influence of particle diameter on the equilibrium height of the liquid rise.
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Figure 7a illustrates that, as the porosity increases while the particle diameter remains unchanged, the deri-
vation of the equation is less than 0 when substituting Eq. (3) into (5). So the capillary driving force decreases, 
which reduces the height of liquid rise in the capillary wick. This is consistent with the change trend of the Fries-
Dreyer equation and with Eq. (18). However, Eq. (18) provides results closer to the numerically simulated results.

The influence of the porosity on the velocity and mass of the liquid rise based on the numerically simulated 
results is shown in Fig. 7b and c, and the comparison diagram of the influence of the porosity on the equilibrium 
height of the liquid rise is shown in Fig. 7d. Figure 7c shows that in the early stages, the larger the porosity, the 
greater the initial transport mass of the fluid; however, at later times, the larger porosities limit the total mass 
transfer. The reason is that, as shown in Fig. 7b, in the early stage, the larger the porosity, the greater the velocity 
of the fluid rise, so the greater the transport mass of the fluid. With the rise of the climbing liquid, the larger the 
porosity, the smaller the velocity of the fluid rise, which limits the total transport mass of the fluid. Figure 7d 
shows that with an increase in the porosity, the equilibrium height of the fluid rise in the capillary wick steadily 
decreases, which is not conducive to meeting the supply demand for refrigerant when the power battery pack is 
at a high temperature or fast charging. Figure 7d shows that, regardless of the porosity, the calculated results of 
Eq. (18) are closer than the Fries-Dreyer equation to the numerically simulated results.

The effect of tortuosity
The internal structure of the capillary wick is complex, and the internal flow path of its liquid is winding rather 
than straight. It can be described by tortuosity, which is defined as the ratio of the actual length Lf  that the flow 
travels to the straight-line length Ls of the capillary  wick22:

To evaluate the influence of tortuosity on the transport performance of the capillary wick, we simulated the 
process of liquid rising in a vertical capillary wick (saturation 0, particle diameter 0.2 mm, and porosity 0.47) 
using various tortuosities. The results are shown in Fig. 8a–d. Figure 8a illustrates that, as the tortuosity increases, 
according to Eq. (19), the actual length Lf  increases, while the straight-line length Ls in the capillary wick steadily 

(19)τ = Lf
/

Ls

Figure 7.  The influence of porosity on the transport performance of a capillary wick: (a) Comparison diagram 
of the influence of the porosity on the height of the liquid rise; (b) The influence of porosity on the velocity 
of the liquid rise; (c) The influence of porosity on the mass of the liquid rise; (d) Comparison diagram of the 
influence of porosity on the equilibrium height of the liquid rise.
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decreases. This result is consistent with the change trend of the Fries-Dreyer equation and with Eq. (18). However, 
Eq. (18) provides results closer to the numerically simulated results. The influence of the tortuosity on the velocity 
and mass of the liquid rise based on the numerically simulated results is shown Fig. 8b and c and a comparison 
diagram of the influence of the tortuosity on the equilibrium height of the liquid rise is shown in Fig. 8d.

Figure 8b shows that the larger the tortuosity, the smaller the velocity of the fluid rise. The results shown in 
Fig. 8c,d together reveal that as tortuosity increases, the rise height and transport mass of the fluid in the capil-
lary wick monotonically decrease; thus, higher tortuosity is not conducive to meeting the supply demand for 
refrigerant when the power battery pack is at a high temperature or fast charging. Figure 8d shows that, regard-
less of tortuosity, the theoretical value of the equilibrium height is not affected by the tortuosity, mainly because 
neither the Fries-Dreyer equation nor Eq. (18) include tortuosity. When the tortuosity is in the range of 1.4–2.0, 
Eq. (18) is closer than the Fries-Dreyer equation to the numerically simulated result; this range is similar to the 
range of 1.44–1.58 proposed  by35.

Discussion
Although the results which Eq. (18) gives are closer to the experimental results than those of the Fries-Dreyer 
equation, there is still some mismatch with the experimental results, as shown in Figs. 4a, 5a, 6a, 7a and 8a. One 
reason is that the sample size used to fit Eq. (18) is too small. To improve the accuracy of the fitting formula, 
the numerically simulated results of the transport process in the capillary wick were taken as samples under 
various combinations of saturation, inclination angle, particle diameter, porosity, and tortuosity. Based on the 
Fries-Dreyer equation, the least squares method was used to fit the simulated data. The results are shown in 
Fig. 9; the regression formula is:

Table 2 lists the mean relative error ε1 , ε2 and ε3 for different saturation, inclination angle, and pore structure 
parameters using the Fries-Dreyer equation, Eqs. (18, 20) and the numerical simulated results, respectively. It can 
be seen that ε2 is much lower than ε1 , while ε3 is smaller yet, showing that the accuracy of the fitted Eq. (20) (after 
including simulated data in the least-squares analysis) is higher. Table 2 shows that for saturation, inclination 

(20)h(t) = 0.3785
α

β

[

1+W

(

−e−1−3.982β2t
/

α

)]

Figure 8.  The influence of tortuosity on the transport performance of capillary wick: (a) Comparison diagram 
of the influence of tortuosity on the height of the liquid rise; (b) The influence of tortuosity on the velocity of 
the liquid rise; (c) The influence of tortuosity on the mass of the liquid rise; (d) Comparison diagram of the 
influence of tortuosity on the equilibrium height of the liquid rise.
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angle, particle diameter, and porosity, ε3 has less than ε2 and all of the ε3 are less than 5 % . When the tortuosity 
is 1.22, 1.87 and 2.12, ε2 and ε3 is more than 20% . When the tortuosity is 1.58, ε2 and ε3 decrease from 7.9% to 
2.4% , and the accuracy is higher, which is consistent with a tortuosity of 1.58 proposed  in33.

Figure 9.  Imbibition height of the simulated predicted values in the capillary wick at different diameter.

Table 2.  The mean relative error between the different theoretical model value and the simulated predicted 
values during different saturation, inclined angle, porosity, tortuosity and particle diameter.

Parameters Value ε1/% ε2/% ε3/%

Saturation(sw)

0 88.64 7.91 2.50

0.2 99.37 10.07 3.58

0.4 105.80 11.16 4.05

0.6 111.98 12.09 4.42

0.8 127.29 13.83 4.96

Angle (ψ)

30◦ 74.26 4.32 0.42

45◦ 98.72 9.60 3.10

60◦ 114.39 11.87 3.93

90◦ 125.22 12.93 4.16

Diameter (D)

2× 10−4 125.22 12.93 3.35

3× 10−4 157.06 13.93 3.70

4× 10−4 165.29 13.70 3.78

5× 10−4 166.88 13.09 3.80

6× 10−4 167.84 12.95 3.82

7× 10−4 169.16 13.23 3.82

8× 10−4 167.76 12.49 3.82

Porosity
(

εp
)

0.32 60.82 0.93 1.38

0.37 79.94 6.00 1.55

0.42 102.45 10.39 3.56

0.47 125.21 12.92 4.15

0.52 144.18 13.77 3.89

0.57 156.76 13.86 3.44

0.62 163.27 13.59 2.91

Tortuosity (τ )

1.22 44.23 23.26 28.49

1.58 88.63 7.90 2.40

1.87 125.08 34.11 28.80

2.12 156.89 57.17 52.18
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Conclusion
The influences of saturation, inclination angle, and pore-structure parameters on capillary transport performance 
were studied by numerical calculation and simulation in this work. Using the Fries-Dreyer equation and the 
simulation values as benchmarks, a new theoretical formula describing the transport performance of a capillary 
wick was obtained by modifying the dimensionless numbers Eh and Tn. The main conclusions are as follows.

(1) A mathematical and physical model of the transport process in a capillary wick was built using the COM-
SOL software platform. The numerically simulated results of this work were closer to the experimental 
results than those of the Fries-Dreyer equation. The results of the fitted Eq. (18) were closer than those of 
the Fries-Dreyer equation to the experimental results.

(2) Analyzing the influence of saturation and inclination angle on the transport performance of a capillary wick 
indicated that the imbibition height, mass, and equilibrium height of the capillary wick all increased with 
a decrease in saturation or inclination angle. Regardless of the saturation or inclination angle, the fitting 
by Eq. (18) was closer to the numerically simulated results than was the Fries-Dreyer equation.

(3) Analysis of the influence of pore-structure parameters, such as particle diameter, porosity, and tortuosity, on 
the imbibition performance of the capillary wick showed that the imbibition height, mass, and equilibrium 
height of the capillary wick all decreased with the rise of particle diameter, porosity, and tortuosity.

(4) The calculated results of fitting with Eq. (18) were closer to the simulated results than were the results of the 
Fries-Dreyer equation. However, the mean relative error between Eq. (18) and the simulated values was still 
substantial. To improve the accuracy of the fitted formula, the numerically simulated results of the transport 
process in the capillary wick under various saturation, inclination angle, particle diameter, porosity, and 
tortuosity were taken as samples and the equation was re-fitted based on the Fries-Dreyer equation. This 
new fitted equation, Eq. (20) provides results where the maximum deviation from the simulated results did 
not exceed 5 % when the tortuosity is 1.58. The modified theoretical model developed in this work shows 
significant potential for revealing the influence of various values of the several considered parameters on 
the imbibition performance of the capillary wick.

Data availability
The datasets used and/or analysed during the current study available from the corresponding author on reason-
able request.
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