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Abstract

A mathematical model has been developed and a numerical study has been conducted to determine the change in the
amount of heat in a solar dryer heat pipe along its length, taking into account its geometric dimensions, outside air
temperature, and solar radiation intensity. In the proposed model, the heat pipe under study is made of copper, and
water is used as the working fluid. The length of the heat pipe is 0.2 m, the inner diameter is 0.045 m, and the wall
thickness is 1 mm. The wick thickness is 1 mm, the porosity is 0.9, the wick conductivity is 0.0015 m2, and the effective
pore radius is 54 mm. The full rate is 4.4%. The length of the evaporator and condenser is 0.05 m each. The amount of
heat transferred and removed is 200 W. The operating temperature and heat flux to the heat pipe operating in steady
state directly affect the steam velocity. Using the proposed model, the effect of the operating temperature on the steam
dynamics was studied for four cases. The operating temperatures for these four cases are 50, 75, 100 and 120 °C. The
same amount of heat is transferred in all cases. The results of modeling the change in steam velocity along the length of
the pipe are presented.
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1. Introduction

Capillary forces are used to drive fluid in wick heat pipes. Heat pipes are widely used in thermal processing systems due
to their high reliability and efficiency. Wick heat pipes are used for cooling electronic equipment, space devices, and
thermal energy storage systems [1]. Numerous studies have been conducted to study their efficiency [2-7]. A number
of different methods have been developed to improve the thermal performance and design of heat pipes. Using CFD
modeling to dynamically simulate wick heat pipes is very effective. Zuo and Faghri [8] simulated heat pipes operating
ata fixed thermal resistance. This model can simplify the governing equations to a first-order ordinary linear differential
equation. A dynamic model of a flat plate heat pipe was developed by Huang et al. [9]. This model uses an averaged
vapor phase model and solves the unstable conductivity equations for the wall and the wick. Ferrandi et al. [10] used
another parameter-averaged approach which also takes into account the liquid and vapor flow. In their work, the
governing equations for the liquid were solved assuming that each phase is located in two vessels (evaporator and
condenser) and they are connected by a common channel. Wits and Kok [11] used a controlled volume element
approach to model a small flat heat pipe. In this method, the liquid and vapor control volumes in the evaporator and
condenser are separately connected to two control volumes and the governing equations are solved. Tournier and El-
Genclar [12] developed a two-dimensional transient model which takes into account the energy and momentum
dissipation at the liquid-vapor interface. The main focus of this research work is on the prediction of liquid
accumulation. Solomon et al. [13] presented a CFD model which solved the Navier-Stokes equation for laminar and
incompressible two-dimensional fluid flow. Based on the analysis of the above modeling works, a CFD model of a heat
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pipe with a wick structure was developed. The main objective of the model is to obtain information about the internal
dynamics of the heat pipe based on short calculations. To achieve this goal, the two-dimensional axisymmetric geometry
of the heat pipe is a large type in the axial direction for the wall, liquid and vapor. The size of the liquid bubble cells can
be changed in the radial direction during the simulation. Therefore, there is no need to set fine grids at the liquid/vapor
interface. Transient equations of mass, momentum and energy are solved for each cell. As a result of this approach, heat
pipes can be modeled based on relatively small calculations and the internal dynamics of the pipe can be completely
described. This is very useful for calculations and dynamic models of large systems with one or more heat pipes.

The geometry of the model is a two-dimensional cylindrical heat pipe using the symmetry of the pipe in the angular
direction. The pipe wall, liquid and steam are the three main components of the model, each of which is modeled as a
separate mass averaged in the radial direction. All of them have an arbitrary number of axial cells and do not depend on
the cross-section of the heat pipe. All wall cells are subject to the same system of equations. The same applies to liquid
and steam. The connection of a group of cells is shown in Figure 1.

Steam

Wall
<

Liquids/Wick
> 4

v

Figure 1 Model geometry and cell

Each node shown in Figure 1 above consists of a concentrated mass and characterizes the same thermodynamic state.
The resistance is related to the thermal conductivity through the material and phase changes. As can be seen from the
figure, the grid is staggered: the center of the cell is the temperature and pressure, and the edges are the velocity. The
liquid and vapor webs can grow and shrink in the radial direction. Thus, the location of the separation boundary can be
changed over time for the reading location, and the compression of the liquid can be added to the model. The
architecture of the node and its connections allows the same equations to be used for the entire heat pipe.

Based on the selected geometry of the model, the following provisions were adopted during modeling:

a symmetrical geometry axis is chosen that does not take gravity into account;

a one-dimensional approach is used for liquid and vapor flows;

the transferred and received heat is linearly approximated by resistance using the averaged mass [8, 14];

the vapor is considered as an ideal gas [13, 14];

the liquid and vapor are incompressible [14, 15];

thermal expansion in the heat pipe container and wick is not taken into account;

the liquid layer thickness is slightly less than the heat pipe radius [14, 16];

the vapor dynamics are slightly higher than the dynamics of other components, so the vapor is always
saturated;

e the vapor pressure drop along the heat pipe is slightly less than the liquid pressure drop [15, 16].
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2. Experimental part and solutions to the problem

Based on the model geometry and assumptions, we will consider the basic equations for each component. First, the
thermal resistance is defined in the radial and axial directions as follows:

In(Ve/V)
= v - (1)
A
Rorg = ﬁ ............. 2)

where R, 44 and R,,, are the thermal resistance in the radial and axial directions, V, and V; are the outer and inner radii
of the given resistance, k is the thermal conductivity of the part, Az is the length of the resistance in the axial direction,
A is the cross-sectional surface of the cell in the axial direction. For heat pipes with a wick structure, the effective thermal
conductivity of the wick liquid is determined as follows:

_ (kst+kp)—(1—&)(ks—kf)
ksam - S (ks+kf)+(1_$)(k5—kf) ...... (3)

where ¢ is the wick porosity, and the indices s and f denote the liquid and the wick.

Once the thermal resistance has been determined, the energy transfer equation for the wall component is given by:
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where ¢, is the heat capacity, m is the mass of the node, T is the temperature, t is the time, Q is the amount of heat
transferred to or removed from the node, d is the subscript indicating the solid wall, and i is the superscript indicating
the node number. This equation expresses the relationship between the amount of energy in the wall component, the
amount of external heat transferred to and removed from the node, and the thermal conductivity through the node.

The basic equations of mass, momentum and energy for the liquid component are solved simultaneously. All these
equations have their own specific form in space. The continuity equation for this liquid node is expressed as:
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where p is the density, V is the volume, u is the velocity, m; is the phase change velocity. The porosity is taken to be 0.6
for heat pipes with a wick structure. The Upwind scheme can be used to calculate the property at the cell boundaries.

The rate of phase change m; and the cross-sectional area A of the fluid node are determined as follows:

__ 1
mf = (R§’r2+R}'-)H ........ (6)
A; = T[(T’izch - (riCh - d;)z) (7)

where H is the latent heat, r;, is the inner radius of the heat pipe, d is the thickness of the liquid layer, and b is the vapor
index. The thermal resistance associated with the phase transition is often neglected because it is significantly smaller
than other thermal resistances [17]. However, this thermal resistance must be taken into account when modeling a heat
pipe filled with an alkali metal [18].

Liquid momentum equation:

i+0,5,,i+0,5 : : 2 L2
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where Az’ is the distance between the centers of adjacent nodes, Ap is the pressure difference between adjacent nodes,
and y is the viscous component of the momentum equation. The second and third terms on the right-hand side of the
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equation represent the convective components. The following equation is used to calculate the fluid velocity at the
center of the cell:

The pressure coefficient for heat pipes with a wick structure is determined as follows:
20
Apg = fr— R (1))
k
Here i—a is the maximum capillary pressure [19], where o is the surface tension, 1y is the capillary radius, and f is the
k
correction factor that takes into account the liquid-wick contact angle between adjacent nodes [10, 11].

For laminar flows, the viscous component is calculated using the generally accepted equation:

where p is the viscosity, K is the conductivity of the wick.

Calculating the viscous component for heat pipes with a wick structure is not easy. To calculate the viscous component
of the liquid flow, it is necessary to know the velocity profile of the counting across the entire liquid film. However, the
model only takes into account the average liquid velocity. It is known that the liquid velocity in the axial direction can
be defined as a second-order polynomial in the radial coordinate [14, 20]:

Us(r) = Cr2 + Cor + C3 v (12)

To solve a velocity profile with three unknowns, three equations or boundary conditions are needed. The velocity profile
can be solved using the following equations:

2 Ti
_ fonfrif:—ds ugrdFdr
= Ten™®
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where the first equation is the viscosity boundary condition on the inner wall [21, 22], the second equation is the
boundary condition taking into account the small shear stress at the liquid/vapor interface [23], and the third equation

is the average velocity of the integral velocity profile along the separated liquid film in the cross-sectional area.

Only when the velocity profile is clear, the viscous component is determined by integrating the expression in equation
(14) over the control volume and dividing it by the successive nodal volume:

I(E305)

Y = f ............. (14)

The resulting expression for determining the viscous component has the form:
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The basic equations for the vapor component are the same as for the liquid component and consist of the continuity,
momentum, and energy equations. The continuity equation for the vapor node is expressed as equation (16). Together
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with equation (5), which defines the continuity equation for the liquid node, the total mass inside the heat pipe is also
preserved:

d(phvi) i—0,5 4i=0,5_ i-0,5 _ _i+0,5 4i+0,5 i+0,5 i
— » » ; ; ) ) 13
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Steam momentum equation:

a(prO5u0%) g ) ph(u)
S o e B ) B (17)

where Ap, is the difference in vapor pressure between adjacent nodes. It is determined using the equation for
calculating vapor pressure proposed by Antoine:

B B

AT A—
Ap, =10 T *¢—10 To*¢ ... (18)

rae A, B v C-KOHCTaHThI ypaBHeHHUS AHTyaHa.

where 4, B and C are the constants of the Antoine equation.

The velocity profile throughout the steam core is expressed by a second-order polynomial:
U(P) =Cur?2+Csr+Cs e, (19)

Three equations or boundary conditions for three unknowns:
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where the first equation represents the symmetry condition at the center of the heat pipe, the second equation
represents the viscosity boundary condition at the liquid-vapor interface, and the third equation represents the average
vapor velocity. Similar to the calculation of the liquid viscosity coefficient, the vapor viscosity coefficient is determined
by integrating over the control volume from the expression in equation (14) and dividing it by the successive nodal
volume. Therefore, the viscosity component of the vapor flow is determined using equation (21):

Hb(4c4 (rich—ds)?+2Cs (rich_ds))
(rich—ds)?

Y =

Since the dynamics of steam are much higher than those of other components, the energy equation for steam can be
calculated using the ideal gas law:

Ph _ pbR
2 e S— (22)

where R is the universal gas constant, M is the molecular mass of the liquid.

The boundary condition on the outer wall surface can be type II or type III:
r=ro= -k =Q" I =k =00~k = (h + AT, = Tglme (23)

where 1y is the outer radius of the heat pipe, Q is the heat flux, h;, is the convective heat transfer coefficient, h,. is the
radiative heat transfer coefficient, T; is the ambient temperature.
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Boundary conditions applied to the heat pipe side cover:

ar _

Z=OAZ=Lzu5=ub=0/\E—O ...................... (24)
where L is the length of the heat pipe.
Boundary conditions on the line of symmetry:
dar
r=0=—=0 e (25)

In addition, the boundary conditions given in equations (13) and (20) are used for the viscosity components.

The experimental results of Huang et al. [24] and theoretical results of Ferrandi et al. [10] were used to verify the
developed dynamic models. A cylindrical copper-water heat pipe was used in their study. The outer diameter of the
copper heat pipe is 19.1 mm, and the inner diameter is 17.3 mm. The length of the heat pipe is 890 mm, the length of
the evaporation section is 600 mm, and a water jacket is used for convective cooling of the condenser. All other
parameters used in the experiment or obtained from the experimental results (e.g., effective power, convective heat
transfer coefficient in the cooling jacket) are given in the scientific paper [10].

3. Results obtained and analysis

The temperature variation in the proposed model, its comparison with the previous experiment and theoretical results,
and the boundary conditions in the evaporator are shown in Figure 2. The temperatures described for the proposed
model and experimental results in the research paper [24] are the average temperatures of the sections. In this case,
the simulated heat pipe is divided into ten cells in the axial direction.
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a) Comparison with Huang and Ferrandi; b) change in the amount of heat transferred from the evaporator over time
Figure 2 Transient simulation results
As can be seen from Figure 2 above, the results of the proposed model are in good agreement with the theoretical results
in [10] and the experimental results in [24]. The small difference of 2.0% between the proposed model and the
experimental results is due to the measurement uncertainty.
The variations in the fluid flow along the pipe height and the heat flow along the heat pipe length are shown in Figure

3. As mentioned above, very small fill factors require a very fine mesh in the axial direction. Thus, the number of meshes
for the case with a small full factor is 108, and for all other cases - 36.
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Figure 3 Simulation results

From the results shown in Figure 3 above, it can be seen that 63 W of heat flux was required to obtain a difference of 10
°C between the evaporation section and the adiabatic section for the case with the lowest total efficiency, and 26 W for
the case with the highest total efficiency. This is due to the high thermal resistance of the liquid component with a thick
liquid film. Also, the heat exchange increased with the increase of the total efficiency in the evaporation section, and the
heat exchange was carried out in the adiabatic zone. The amount of heat absorbed in the condensation zone also
depends on the filling factor, and when the filling factor is high, a large amount of heat is absorbed.
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Figure 4 Results of changing the total thermal resistance in the heat pipe

The results of the total thermal resistance of the heat pipe in the proposed model are shown in Figure 4. As can be seen
from the results shown in Figure 4, the thermal resistance decreased significantly with the increase of the heat flux. The
change in thermal resistance is the change in the thickness of the liquid film inside the heat pipe, which in turn depends
on the value of the completeness factor.

In the proposed model, the heat pipe under study is made of copper, and water is used as the working fluid. The length
of the heat pipe is 0.2 m, the inner diameter is 0.045 m, the wall thickness is 1 mm. The wick thickness is 1 mm, the
porosity is 0.9, the wick permeability is 0.0015 m?, the effective pore radius is 54 mm. The full rate is 4.4%. The length
of the evaporator and condenser is 0.05 m each. The amount of heat transferred and removed is 200 W.

The operating temperature and heat flux to the heat pipe operating in steady state directly affect the steam velocity. The
proposed model was used to study the effect of operating temperature on steam dynamics for four cases. The operating
temperatures for these four cases are 50, 75, 100, and 120 °C. The same amount of heat is transferred in all cases. The
simulation results for the change in steam velocity along the pipe are shown in Fig. 5.
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Figure 5 Results of changing the steam velocity along the length of the heat pipe at different operating temperatures

4., Conclusion

It can be seen from the results that the steam velocity increases at a low working temperature. When the steam
temperature was 50°C, the steam velocity was the highest and was 0.7 m/s. This is due to the low steam density due to
the low steam pressure at low temperature. At or near the sound limit, the temperature distribution along the steam
channel becomes isothermal. According to the results, the steam velocity profile in the evaporator and condenser is
almost linear, indicating that the temperature in the evaporator and condenser is the same. As can be seen from the
results of the above theoretical studies, the results of the proposed model can be fully used in the design of copper-
water heat pipes and solar dryers.
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