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Abstract: Rotating wickless and stationary capillary cylindrical heat pipes are widely used heat
transfer devices. Transient behavior of such heat pipes has been investigated numerically with
computational fluid dynamics and lumped parameter models. In this paper, the advantages of both
methods are combined into a novel engineering model that is low in computational cost but still
accurate and rich in the details it provides. The model describes the interior dynamics of the heat pipe
with a 2D representation of a cylindrical heat pipe. Liquid and vapor volumes are coarsely meshed in
the axial direction. The cells are allowed to change in size in the radial direction during simulation.
This allows for tracking the liquid/vapor interface without having to implement fine meshing. The
model includes the equations for mass, momentum and energy and is applicable to both rotating and
stationary heat pipes. The predictions of the model are validated with other experimental, numerical,
and analytical works having an average deviation of less than 4%. The effects of various parameters
on the system are explored. The presented model is suitable for the simulation of heat pipe systems
in which both the level of detail and the computational cost are crucial factors.

Keywords: engineering model; rotating heat pipe; capillary heat pipe; transient modelling

1. Introduction

Heat pipes are efficient heat transfer devices that make use of a working fluid acting as an energy
carrier. Typical heat pipes are composed of three sections: evaporator, adiabatic section, and condenser.
The heat received at the evaporator of the heat pipe causes the liquid to evaporate. The vapor then
flows to the condenser end of the heat pipe. The heat extraction causes the vapor to condense at the
condenser of the heat pipe providing a pressure decrease that further promotes the transport of vapor.
Finally, the liquid is transported from the condenser back to the evaporator [1–3]. Various types of
heat pipes deal with the transport of the liquid back to the evaporator in different ways. Stationary
capillary heat pipes (SCHP) with a wick structure make use of the capillary force to drive the liquid [4],
whereas rotating heat pipes (RHP) employ centrifugal force [5].

Heat pipes are widely used in thermal management systems due to their reliability and
effectiveness. SCHPs are used in the cooling of electronics, in space applications as well as in thermal
energy storage systems [1]. Various studies have been carried out to investigate their performance
in such applications [6–12]. On the other hand, RHPs are mainly used in applications such as the
cooling of drill tips [13], cooling of rotating electrical machines [14–16] and heating/cooling of metal
strips [17].
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In order to predict the transient behavior of heat pipes and to improve their designs, various
numerical methods have been developed. For the dynamic modelling of SCHPs, these methods range
from thermal network analysis to detailed computational fluid dynamics (CFD). Zuo et al. [3] described
the heat pipe as a collection of lumped masses with specific thermal resistances. This model allows
for the simplification of the governing equations to first-order linear ordinary differential equations
(ODEs). The dynamic behavior of a flat plate heat pipe has been described by Xuan et al. [18], who
solved the transient conduction equation for the wall and the wick region, whereas a lumped model is
used for the vapor phase. Another lumped parameter approach has been adapted by Ferrandi et al. [19],
which also accounts for liquid and vapor flow and storage. In their work, the governing equations for
fluids are solved by assuming that each phase is held in two tanks (evaporator and condenser) with
a communication path connecting them. Wits et al. [20] used a control volume element approach to
model the transient behavior of a flat miniature heat pipe. In this control volume method, the liquid
and the vapor at the evaporator and the condenser are separately lumped into two control volumes and
the governing equations are solved. Tournier et al. [21] developed a two-dimensional transient model
in which the energy and momentum discontinuities at the liquid/vapor interface are incorporated.
In this work, special attention is paid to the prediction of liquid pooling and the curvature of the liquid
meniscus. Solomon et al. [22] presented a transient CFD model where Navier–Stokes equations are
solved for a very fine mesh with the assumption of a laminar and incompressible two-dimensional flow.

For RHPs, steady-state modelling has been extensively addressed [23–25], with recent studies
focusing on the use of nanofluids [26,27]. On the other hand, transient modelling studies are scarce.
A detailed dynamic model is presented by Harley et al. [28], which solved the continuity, momentum,
and energy equations for an axisymmetric geometry on a fixed grid. In this model, the set of highly
non-linear equations are solved using the SIMPLE algorithm. Baker et al. [29] have solved the
Navier–Stokes equations and the energy equation using the volume of fluid (VOF) model to predict
the liquid-vapor interface. A more recent study by Lian et al. [30] also describes the transient behavior
of the heat pipe with Navier–Stokes equations and VOF using a novel phase-change model. For all
these studies, the modelled RHPs have a conical shape at the condenser or throughout. This conical
shape inside an RHP is commonly referred to as a taper and it increases the efficiency of the heat pipe
by promoting lower liquid thickness at the condenser. The presented work, on the other hand, focuses
on a cylindrical geometry because many applications necessitate the use of cylindrical RHPs due to
cost of manufacturing or functional requirements.

In the presented work, a transient heat pipe model that is applicable to cylindrical SCHPs and
RHPs is introduced. The main objective of the model is to provide sufficient details about the interior
dynamics of the heat pipes without experiencing long computational times. It is important to avoid
the loss of details of lumped parameter models, in particular for the modelling of SCHPs, where it is a
common practice. Avoiding long computational times, on the other hand, is especially crucial for the
modelling attempts towards RHPs, which were solely based on CFD so far.

In order to achieve these objectives, the 2D axisymmetric geometry of the heat pipe is coarsely
meshed in the axial direction for the wall, the liquid and the vapor. The liquid and the vapor cells
are allowed to change size in the radial direction during the simulation. In this way, there is no need
for fine meshing especially near the liquid/vapor interface. Transient mass, momentum and energy
equations are solved for each cell.

With this approach, heat pipes can be simulated with relatively low computational cost and
still describe dynamics in detail. This is especially advantageous for design calculations and for the
dynamic modelling of large systems involving one or multiple heat pipes.
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2. Model Description

2.1. Model Geometry

The model geometry is a 2D representation of a cylindrical heat pipe, making use of its symmetry
along the angular direction. The three main components of the model are the heat pipe wall, the liquid,
and the vapor, each modelled as a single lumped mass in the radial direction. They are all axially
meshed to a desired number of cells, irrespective of the heat pipe section they belong to. All of the
wall cells are governed by the same set of equations. The same is valid for all liquid cells and all vapor
cells. The connection of a group of cells is shown in Figure 1.

Figure 1. Model geometry and cells.

Each node in Figure 1 is a lump mass characterized by a unique thermodynamic state.
The resistances are associated with thermal conduction through the material and the phase change.
As can be seen in the figure, the mesh is staggered such that the temperatures and pressures are located
at cell centers, whereas velocities are located at cell faces. The liquid and the vapor mesh can grow
and shrink in the radial direction. In this way, the location of the interface for an axial location can
change in time and liquid head can be incorporated in the model. The architecture of the nodes and
their connections allow the same equations to be used throughout the whole heat pipe.

2.2. Model Assumptions

In order to create a practical, applicable and yet sufficiently detailed model of the heat pipe
functioning, several simplifications and assumptions are made. These simplifications and assumptions
follow out of the selected model geometry. They are itemized below with the relevant references from
similar studies when applicable:

• An axisymmetric geometry is chosen, requiring the omission of gravity, which is unidirectional
in reality.

• A one-dimensional approach is taken for the flow of liquid and vapor.
• The heat input and output to the lumped masses through the resistances are linearly

approximated [3,28].
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• The vapor is treated as an ideal gas [22,28].
• The liquid and the vapor are incompressible [28,31].
• Thermal expansion of the heat pipe container and the wick is neglected.
• The liquid layer thickness is much smaller than the radius of the heat pipe [24,28].
• The dynamics of the vapor is much faster than the dynamics of the other components [3].

Therefore, the vapor is assumed to be always saturated, taking into account the mass flows
of the phase change and its associated latent heat.

• The pressure drop of the vapor is much smaller than the pressure drop of the liquid along the
heat pipe [21,24,32].

• For rotating heat pipes without a wick structure, the thermal conduction through the liquid in the
axial direction is neglected [23–25].

• For the liquid component of the rotating heat pipes without a wick structure, the heat transfer in
the radial direction is taken to be dominant over the heat transfer in the axial direction [24,25,28].

2.3. Governing Physics

Following the model geometry (Figure 1) and the simplifications (Section 2.2), the governing
equations for the different components are formulated.

Firstly, the thermal resistances in the radial and axial directions shown in Figure 1 are defined
according to Equations (1) and (2):

Rradial =
ln(∇o/∇i)

2π k ∆z
(1)

Raxial =
∆z
k A

(2)

where Rradial and Raxial are the thermal resistances at the radial and axial directions respectively, ∇o

and∇i are the outer and inner radii of the given resistance respectively, k is the thermal conductivity of
the component, ∆z is the length of the resistance in the axial direction and A is the cross-sectional area
of the cell in the axial direction. In case of SCHP, the effective thermal conductivity of the liquid/wick
is calculated using Equation (3) [22].

ke f f = k`

[
(k` + kw)− (1− ε)(k` − kw)

(k` + kw) + (1− ε)(k` − kw)

]
(3)

where ε is the porosity of the wick and the subscripts ` and w represent liquid and wick, respectively.

2.3.1. Wall Component

Following the definition of the thermal resistances, the transient energy equation for a wall
component is defined as in Equation (4) in its discretized form in space.

mi
s

d
(

ci
ps Ti

s

)
dt

=
.

Q +
Ti
` − Ti

s

Ri
sr2

+ Ri
`r1

+
Ti−1

s − Ti
s

Ri−1
sz2 + Ri

sz1

+
Ti+1

s − Ti
s

Ri+1
sz1 + Ri

sz2

(4)

where cp is the specific heat, m is the mass of the node, T is the temperature, t is the time,
.

Q is the
external heat flow to/from the node, the subscript s represents the solid wall and the superscript i
points to the index of the node. The relevant thermal resistances are shown in Figure 1. This equation
shows that the change in the energy content of a wall component depends on the external heat flow
to/from the node as well as the heat conduction through it.
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2.3.2. Liquid Component

For the liquid component, the governing equations for mass, momentum and energy are
simultaneously solved. All these equations are presented in their discretized forms in space. The
continuity equation for a given liquid node is described in Equation (5).

ε
d
(
ρi
`V

i
l
)

dt
= ε ρi−0.5

` Ai−0.5
` ui−0.5

` − ε ρi+0.5
` Ai+0.5

` ui+0.5
` − .

mi
ph (5)

where ρ is the density, V is the volume, u is the velocity and
.

mph is the phase change rate. Porosity for
a wickless RHP is taken as 1 (ε = 1). Upwind scheme can be used for the computation of properties at
the cell interfaces.

The phase change rate
.

mph and the cross-sectional area of the liquid node Al are defined with
Equations (6) and (7).

.
mph =

Ti
` − Ti

v(
Ri
`r2

+ Ri
ph

)
H f g

(6)

Ai
l = π

(
r2

i −
(

ri − di
`

)2
)

(7)

where H f g is the latent heat, ri is the inner radius of the heat pipe, d` is the thickness of the liquid layer
and the subscript v represents vapor. The thermal resistances are illustrated in Figure 1. The thermal
resistance associated with phase change, Rph, is often neglected as it is orders of magnitude lower
than the other thermal resistances shown in Figure 1 [2]. However, it should be accounted for in the
simulation of heat pipes filled with alkali metal [33].

The liquid momentum equation is defined with Equation (8).

d
(

ρi+0.5
` ui+0.5

`

)
dt

= −∆p`
∆z′
−

ρi+1
`

(
ui+1
`

)2

∆z′
+

ρi
`

(
ui
`

)2

∆z′
+ γ` (8)

where ∆z′ is the distance between the adjacent node centers, ∆p is the pressure difference between
adjacent nodes and γ is the viscous term of the momentum equation. The second and the third terms
on the right-hand side are the convective terms. In order to calculate the liquid velocities at the cell
centers (see the convective terms), Equation (9) is used.

ui =
ui−0.5 + ui+0.5

2
(9)

The pressure term and the viscous term are evaluated differently for SCHPs and RHPs. For an
SCHP, the pressure term is calculated using Equation (10).

∆p`SCHP = f
2 σ

rc
(10)

where 2 σ/rc is the maximum capillary pressure [34] with σ being the surface tension and rc being
the capillary radius. f is a correction coefficient accounting for the change in contact angle fluid-wick
between adjacent nodes. This change is commonly approximated as the difference in the liquid fill
ratio of the wick between adjacent nodes [19,20].

The viscous term for an SCHP is calculated with the well-established equation for laminar
flows [2].

γ`SCHP
= −µ`

K
ε u` (11)

where µ is the viscosity and K is the wick permeability.
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For the rotating heat pipe, on the other hand, the pressure term is calculated using Equation (12).

∆p`RHP =
(

di+1
` ρi+1

` − di
`ρ

i
`

)
ω2 ri (12)

where ω is the rotational speed. It should be noted that in the studies concerning RHPs with a taper,
the slope of the liquid film is often assumed to be much lower than the taper angle [23,28]. Therefore,
the hydrostatic pressure gradient is neglected. In a cylindrical RHP however, it is crucial to account
for the slope of the liquid film as it is the main driving force for the liquid flow from the condenser to
the evaporator.

The calculation of the viscous term is not as straightforward as it is for the SCHP. In order to
calculate the viscous term for the liquid flow, the axial velocity profile throughout the liquid film
should be known. However, in the model only the average velocity for the liquid is calculated. Since
the liquid velocity at an axial location can be defined as a second order polynomial in the radial
coordinate [28,35], the velocity profile is approximated using a quadratic equation.

u`(r) = C1r2 + C2r + C3 (13)

With three unknowns (C1, C2 and C3), one needs three equations and/or boundary conditions to
solve the velocity profile. The velocity profile is solved using the following equations.

r = ri ⇒ u` = 0 (14a)

r = ri − d` ⇒
∂u`

∂r
= 0 (14b)

u` =

∫ 2π
0

∫ ri
ri−d`

ul .r.dΦ.dr

π(r2
i − (ri − d`)

2)
(14c)

where the first equation is the no-slip boundary condition at the inner wall [23–25], the second equation
is the negligible shear stress boundary condition at the liquid/vapor interface [24,36] and the third
equation describes the average velocity as the velocity profile integrated over the liquid film divided
by the cross-sectional area.

Once the velocity profile is known, the viscous term is calculated by integrating the expression in
Equation (15) over the control volume of the relevant node and then dividing it by the node volume.

γ =

∫
CV µ

(
1
r

∂
∂r

(
r ∂u

∂r

))
V

(15)

The resulting expression for the viscous term is found as shown in Equation (16).

γ`RHP
=

µ`

(
4 C1r2

i + 2 C2ri − 4 C1(ri − d`)
2 − 2 C2(ri − d`)

)
(

r2
i − (ri − d`)

2
) (16)

Finally, the energy equation for the liquid is described with Equation (17).

ρi
`V

i
`ε

d
(

ci
p`

Ti
`

)
dt +

[
mi

w
d(ci

pw Ti
`)

dt

]
=

Ti
s−Ti

`

Ri
sr2+Ri

`r1

+
Ti

v−Ti
`

Ri
ph+Ri

`r2

+

[
Ti−1
` −Ti

`

Ri−1
`z2

+Ri
`z1

+
Ti+1
` −Ti

`

Ri+1
`z1

+Ri
`z2

]
(17)

where the terms in brackets are only applicable to the SCHP with a wick structure. Porosity for the
wickless RHP is taken as 1. The relevant resistances are shown in Figure 1.

For the evaporator section of an RHP, the liquid thermal resistance needs to be calculated by
taking natural convection into consideration alongside thermal conduction wherever applicable.
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This can be done with the mixed convection evaporator model described by Song et al. [37,38] and
Bertossi et al. [24] when the corresponding Rayleigh number exceeds a value of 400.

2.3.3. Vapor Component

Similar to the liquid component, the governing equations for the vapor component are the
continuity, momentum, and energy equations. The continuity equation for a vapor node is presented
in Equation (18). Together with Equation (5) where the continuity equation for a liquid node is defined,
the total mass inside the heat pipe is conserved.

d
(
ρi

vVi
v
)

dt
= ρi−0.5

v Ai−0.5
v ui−0.5

v − ρi+0.5
v Ai+0.5

v ui+0.5
v +

.
mi

ph (18)

The vapor momentum equation is described with Equation (19).

d
(
ρi+0.5

v ui+0.5
v

)
dt

= −∆pv

∆z′
−

ρi+1
v
(
ui+1

v
)2

∆z′
+

ρi
v
(
ui

v
)2

∆z′
+ γv (19)

where ∆pv is the vapor pressure difference between adjacent nodes. It is computed with Equation (20)
through the use of Antoine equation for the calculation of vapor pressures.

∆pv = 10
A− B

Ti+1
v +C − 10

A− B
Tv

i +C (20)

where A, B and C are Antoine equation constants.
Similar to the momentum equation of a liquid node, the second and the third terms on the

right-hand side describe the convective terms. The viscous term is calculated in a way similar to the
one in liquid without a wick structure. The velocity profile throughout the vapor core is represented
with a second order polynomial as shown in Equation (21).

uv(r) = C4r2 + C5r + C6 (21)

For three unknowns (C4, C5 and C6), three equations/boundary conditions are described.

r = 0 ⇒ ∂uv

∂r
= 0 (22a)

r = ri − d` ⇒ uv = u` (22b)

uv =

∫ 2π
0

∫ ri−dl
0 uv·r·dΦ·dr

π(ri − d`)
2 (22c)

where the first equation is the symmetry condition at the heat pipe center, the second equation is the
no-slip boundary condition at the liquid/vapor interface [21,28] and the third equation describes the
average velocity of the vapor. As in the viscous term calculation for liquid, the viscous term for vapor
can be found by integrating the expression in Equation (15) over the control volume of the relevant
node and then dividing it by the node volume. In this way, the viscous term for vapor flow is found as
shown in Equation (23).

γv =
µv

(
4 C4(ri − d`)

2 + 2 C5 (ri − d`)
)

(ri − d`)
2 (23)

Following the assumption of much faster vapor dynamics compared to other components, the
vapor energy equation is calculated with the ideal gas law as shown in Equation (24).

pi
v

Ti
v
=

ρi
vRg

M
(24)
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whereRg is the universal gas constant and M is the molecular weight of the fluid.

2.4. Boundary Conditions

The boundary conditions at the outer wall surface can be either of Type-II or Type-III.

r = ro ⇒ −k
dT
dr

=
.

Q
′′
|| −k

dT
dr

= 0 || − k
dT
dr

= (hconv + hrad)
[
T∞ − Twro

]
(25)

where ro is the outer radius of the heat pipe,
.

Q
′′

is the heat flux, hconv is the convective heat
transfer coefficient, hrad is the linearized radiative heat transfer coefficient and finally T∞ is the
ambient temperature.

The boundary conditions applied to the end caps of the heat pipe are:

z = 0 ∧ z = L ⇒ u` = uv = 0 ∧ dT
dz

= 0 (26)

where L is the heat pipe length. The boundary condition at the symmetry line is:

r = 0 ⇒ dT
dr

= 0 (27)

Additionally, the boundary conditions described in Equations (14) and (22) for the calculation of
the viscous terms apply.

2.5. Numerical Solution

The governing equations are comprised of first-order ODEs and algebraic equations. This is a
stiff problem, especially due the fast dynamics of the vapor compared to other components. Therefore,
the system of equations is solved implicitly with the “MATLAB ode15i” function.

The mesh size in the axial direction can be changed according to the level of detail requested
from the model. The accuracy deteriorates at a low number of computational cells especially when the
liquid height is non-linear along the heat pipe length. This is usually the case when the fill ratio is very
low, the heat flux is high and the heat pipe is long.

3. Results and Discussion

The model presented in the previous section is validated for SCHP and RHP. For SCHP, the
validation is made for a transient case where the predictions are compared to the results from an
experimental and a numerical work. For RHP, the predictions at steady-state are compared to the
outcomes of an experimental work as well as to the steady-state analytical and numerical simulations.
In this way, the validity of the developed model is tested for different types of heat pipes at different
conditions. After the validations, the computational efficiency of the model is investigated. Finally, the
effect of operating temperature on vapor dynamics and the effect of rotational speed on liquid height
distribution are studied.

3.1. Transient Behaviour Validations

To validate the dynamic predictions of the presented model, the experimental results of
Huang et al. [39] and the numerical results of Ferrandi et al. [19] for a cylindrical copper-water
heat pipe with a copper screen-wick is used. The copper heat pipe has an outer diameter of 1.91 cm
and an inner diameter of 1.73 cm. The length of the heat pipe is 89 cm, with a long evaporator section
of 60 cm and shorter condenser section of 20 cm. A water jacket is used to achieve convective cooling
at the condenser. All the other parameters used in the experiment or derived from the experiment
(e.g., effective power throughput, convective heat transfer coefficient in the cooling jacket, etc.) are
given in detail in [19].
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The temperature evolution predictions of the presented model, its comparison with the
experimental and numerical results of previous works and boundary condition at the evaporator are
shown in Figure 2. For both the presented model and the experimental results from [39], displayed
temperatures are the average of the sections. In this case, the modelled heat pipe is divided into only
nine cells in the axial direction.

Figure 2. Transient modelling results: (a) Comparison with Ferrandi et al. [19] and Huang et al. [39];
(b) Heat input at the evaporator.

As seen in Figure 2, the presented model shows excellent agreement with the numerical results
of [19] and the experimental results of [39]. The reason for the small difference of 2.0% between the
current model and the experimental results is attributed to the measurement uncertainty as well as the
derived parameters. Since these derived parameters are extracted from [19], the deviation between the
results of [19] and the current model is limited to 0.5% only.

3.2. Steady-State Behaviour Validations

To validate the results of the current model at steady-state, first, the results of the analytical work
by Bertossi et al. [24] for a rotating heat pipe are used. Following this validation, the results of the
experimental work and the numerical work by Song et al. [25,37] are compared to the current model.

In [24], the simulated RHP has an inner diameter of 0.4 cm and a length of 20 cm. The model
results are investigated for different fill ratios and heat inputs, keeping the rotational speed fixed
at 3000 RPM and the temperature difference between the evaporator and adiabatic section wall
temperatures at 10 ◦C. Since model parameters such as the fluid properties are explicitly documented
in [24], differences between the model predictions would be caused by the underlying assumptions
and model limitations (e.g., mesh size) only.

The results of the liquid height distribution and the heat flow along the heat pipe are compared in
Figure 3. As stated in Section 2.5, a finer mesh in the axial direction is required for very low fill ratios.
Therefore, the axial mesh number is 108 for the lowest fill ratio case and 36 for all other cases.

Figure 3. Steady-state modelling results and comparison with Bertossi et al. [24]: (a) Liquid height
distribution; (b) Heat flow along the heat pipe.
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Again, the agreement between the presented model and the reference steady-state model [24]
is excellent. The average deviation in the heat flow along the heat pipe between the two models is
calculated as 2.1%. This deviation is attributed to the fact that the conduction in the liquid layer
is approximated as a conduction through a plane layer in Bertossi et al [24]. In the presented
model, thermal resistance through the liquid layer is calculated with the radial resistance as given in
Equation (1). In the results, it is seen that a heat flow of 63 W is required to obtain 10 ◦C difference
between the evaporator and the adiabatic section for the lowest fill ratio case, whereas this value is only
26 W for the highest fill ratio. This is caused by the higher thermal resistance of the liquid component
when the liquid film is thicker as it is observed in Figure 3a.

Another validation is performed for a copper-water cylindrical RHP with an outer diameter
of 25.4 mm and a total length of 400 mm [37]. The heat pipe is filled with 6.3 g of distilled water
and the rotational speed is 4000 RPM. During the experiments, heat is applied with an inductor coil,
whereas a water jacket is used for cooling. For both the experiments and the numerical model, overall
thermal resistance of the heat pipe is plotted against varying heat input. During the validation, natural
convection at the evaporator is accounted for [25].

The results of the current model, the experiments from [37] and the numerical model from [25]
are shown in Figure 4. The uncertainties of the thermal resistances caused by measurement errors are
computed for a 95% confidence interval.

Figure 4. Overall thermal resistance results and comparison with the experiments by Song et al. [37]
and the numerical model by Song et al. [25].

It is seen that the agreement of the current model with the experimental results is good. All
of the calculated thermal resistances are within the uncertainty limits of the experimental results.
The predictions of the current model are also in line with the results of the numerical model by
Song et al. [25], having an average deviation of 6.2%. Some of this deviation can be attributed to
the fact that axial conduction through the copper wall is not accounted for in [25]. This results in
estimating a higher overall thermal resistance compared to the prediction of the current model.

3.3. Computational Efficiency

In order to quantify the computational efficiency of the model, two cases presented in 3.2 are
executed using different mesh sizes until they reached steady-state. The comparison between different
mesh sizes is made in terms of computational time and relative error in the computed heat transferred
through the heat pipe. The results are presented in Table 1, in reference to the execution with the finest
mesh (80 cells in the axial direction).

It is observed that a doubling in the mesh size approximately triples the computational time.
On the other hand, the relative error does not change significantly for the tested cases when the mesh
size is halved. As noted in Section 2.5, the accuracy is compromised more when the fill ratio is lower.
However, the relative error is kept at an acceptable level even with the lowest mesh size.
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Table 1. Computational efficiency.

Case Mesh Size Computational Time Relative Error

m = 1.2 g

80 100% (Ref) 0% (Ref)
40 28.7% <0.01%
20 9.0% 0.01%
10 3.2% 0.06%

m = 0.9 g

80 100% (Ref) 0% (Ref)
40 29.4% 0.04%
20 9.6% 0.16%
10 3.4% 0.55%

3.4. Parametric Study

The results of the presented model are explored in more detail at various boundary conditions for
both SCHP and RHP.

A heat pipe with container material SAE 304 using water as a medium was examined. The heat
pipe has a length of 0.2 m, inner diameter of 0.045 m and a wall thickness of 1 mm. In the case of the
SCHP, the wick is also made of SAE 304 and it has a thickness of 1 mm. The wick porosity is 0.9, the
wick permeability is 0.0015 mm2 and the effective pore radius is 54 µm, similar to the wick properties
reported in [21]. The fill ratio is 4.4%. The lengths of the evaporator and the condenser are 0.05 m each.
The heat input and output are fixed at 200 W.

3.4.1. Effect of Operating Temperature on Vapor Dynamics

For a heat pipe operating at steady-state, the operating temperature and the heat flow have a direct
influence on the vapor velocity. Using the presented model, the effect of the operating temperature
on vapor dynamics is investigated for four cases. The operating temperatures for these four cases
are 50 ◦C, 75 ◦C, 100 ◦C and 120 ◦C, respectively. For all cases, same amount of heat is transferred.
The simulation results for the vapor velocity along the heat pipe are shown in Figure 5.

Figure 5. Vapor velocity along the heat pipe at different operating temperatures.

It is observed that the vapor velocity shows an increasing trend when the operating temperature
becomes lower. The maximum vapor velocity was obtained with the vapor temperature of 50 ◦C
where the vapor velocity was 0.7 m/s. This is caused by a low vapor density because of the low
vapor pressure at low temperature. To be able to calculate the vapor velocity is especially important in
order to avoid the sonic limit. At or near the sonic limit, the temperature distribution along the vapor
channel becomes significantly non-isothermal. The results also show that the vapor velocity profile
at the evaporator and the condenser is nearly linear, which together with the boundary conditions
of a uniform heat flux at the evaporator and condenser implies that the evaporator and condenser
temperatures are uniform.
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3.4.2. Effect of Rotational Speed on Liquid Height Distribution

The rotational acceleration, along with the liquid head, is the driving force of liquid transport
from the condenser to the evaporator for a rotating heat pipe. An increase in the rotational speed
allows for the same amount of liquid transported with a lower liquid head. Five cases with rotational
speeds of 250, 300, 500, 750, and 1000 RPM are compared in Figure 6.

Figure 6. Liquid height distribution along the heat pipe.

The comparison between the cases clearly shows that the head required to replace the same
amount of liquid is much lower when the rotational speed is increased. With a rotational speed of
250 RPM, the required head is 40 µm, whereas it is only 2.5 µm for a rotational speed of 1000 RPM.
Therefore, while determining the minimum fill ratio for a rotating heat pipe application, the effect of
the centrifugal force on the liquid height distribution needs to be taken into account. For heat pipes
operating at lower rotational speed, more liquid is needed to prevent dry-out.

4. Conclusions

In the presented work, a new engineering model applicable to both cylindrical SCHPs and RHPs
is developed. The numerical model describes the transient behavior of the heat pipe with a 2D
axisymmetric geometry.

The model offers sufficient accuracy and level of detail concerning the interior dynamics of the
heat pipe in combination with fast execution. At each axial location, the heat pipe is divided into three
components, namely the wall, the liquid and the vapor. The liquid and the vapor cells in each axial
location are allowed to change size radially so that the total volume is conserved. This gives the unique
advantage to track the liquid/vapor interface without the need for fine meshing or re-meshing. In order
to achieve this, the equations for mass, momentum and energy are adapted to the meshing method.

The developed model shows excellent agreement with experimental, numerical and analytical
studies found in the literature for SCHPs and RHPs. The model can be used to efficiently explore load
cases, for example changing operating temperature and rotational speed.

With this model, the interior dynamics of cylindrical heat pipes can be simulated with a low
computational cost and high accuracy. This is instrumental in engineering and design applications
where the information that is supplied by thermal network models is not detailed enough, yet the
computational cost of CFD cannot be afforded.
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Nomenclature

A Cross-sectional area of the node in the axial direction, m
C1–C6 Coefficients of polynomial velocity profile
cp Specific heat, J/(kg·K)
d Thickness, m
f Correction coefficient for capillary pressure
h Heat transfer coefficient, W/(m2·K)
H f g Latent heat, J/kg
K Wick permeability, m2

k Thermal conductivity, W/(m·K)
L Heat pipe total length, m
M Molecular weight, kg/mol
m Mass, kg
.

m Mass flow rate, kg/s
.

Q Heat flow, W
.

Q
′′

Heat flux, W/m2

p Pressure, Pa
R Thermal resistance, K/W
Rg Universal gas constant, J/(mol·K)
r Radial coordinate, radius, m
∇ Radii of the resistance, m
T Temperature, K
t Time, s
u Velocity, m/s
V Volume, m3

z Axial coordinate
Greek symbols
γ Viscous term in momentum equation, kg/(m2·s2)
∆ Difference
∆z Length of the node in the axial direction, m
∆z′ Distance between the adjacent node centers, m
ε Porosity
µ Viscosity, Pa·s
ρ Density, kg/m3

σ Surface tension, N/m
Φ Angular coordinate
ω Rotational speed, rad/s
Subscripts
c Capillary
conv Convection
e f f Effective
i Inner
` Liquid
o Outer
ph Phase change
rad Radiation
s Solid
v Vapor
w Wick
∞ Ambient
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