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Numerical Modeling of a Heat Pipe Transient Modes
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Resumo. A transient one-dimensional mathematical model for a conventional heat pipe is
presented and solved numerically. The model was developed using the energy
conservation equation to simulate the temperature profile across the heat pipe shell,
with source term account for the heat input and output from the pipe. Navier-Stokes
equations were used to model the vapor flow considering the evaporation/condensation
rates and compressible flow. The predictions of the model were compared with
published experimental data for a copper-water heat pipe.
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1. Introduction

A heat pipe is a device used to transport heat between two interfaces with high efficiency.
The principle of heat pipe was conceived by [GAUGLER, 1944], but its applications and
effectiveness was showed by Grover and his colleagues from Los Alamos Scientific
Laboratory [GROVER et al. 1964].

In its conventional and simplest form, a heat pipe is composed by a closed tube with its
inner surfaces lined with a porous material or capillary wick. The wick structure is
saturated with liquid and the remaining volume contains the vapor phase of a working
fluid. When a heat load is applied at some section of the heat pipe by an external source,
this heat vaporizes the working fluid at that. This additional vapor generated results in a
difference in pressure at the core of the pipe driving vapor from evaporator to the
condenser zone where the vapor condenses and releases the latent heat of vaporization to a
heat sink. When liquid is depleted by evaporation at evaporator zone, a capillary pressure
is developed there. This capillary pressure pumps the condensed liquid back from
condenser to evaporator. This dynamics can be seen in Figure 1.1.

The problem of mathematically solve the behavior of heat pipes was already faced by
many investigators. [BOWMAN, 1987] presented a two-dimensional model of steady
compressible vapor dynamics of a heat pipe. [ISSACCI et al, 1989] presented a two-
dimensional transient model of vapor dynamics of a rectangular cross section heat pipe.
[FAGHRI, 1991] and his colleagues, in a series of reports [JANG et al., 1989a; JANG et
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al., 1989b] presented a transient model to simulate the startup from frozen state of high
temperature heat pipes, in which a one-dimensional approach is used to account the vapor
dynamics and those equations were coupled with a two-dimensional mesh for wall and
wick structure. [HALL and DOSTER, 1990] presented the code THROHPUT, capable to
simulate a transient two-dimensional model of high temperature heat pipes from frozen
state, and allows the presence of noncondensable gas within vapor. And [TOURNIER and
EL-GENK, 1996] presented the code HPTAM to simulate a transient two-dimensional
model of heat pipes from frozen state with the presence of noncondensable gas within
vapor and the liquid flow inside the wick.

The objective of this study is to present a mathematical model of transient behavior of a
conventional heat pipe during startup and solve the equations numerically. The model
should be able to predict the temperatures at wall and vapor, the vapor pressure and
velocities as well as densities and vapor mass flux at the core.

Heat Input Heat Output
r Y
Vapor Flow Liquid Flow

Q&

‘\C,\l“ -— 4 — — e —— 44— —— t—— —

A RN 7
M W ™ o A

()’( —> E— Em— e —» — —

\loﬁ A X M N w
. X
“——— e —— 4 4 ——— 4 —— 4 —— —
Evaporator Adiabatic Condenser

Section Section Section

Figure 1.1 - Schematics and principles of operation of a conventional Heat Pipe.

Nomenclature:

C, = specific heat at constant pressure, Qin = yolumetric rate of heat input from heat

J/1kgK source, W /m?
R, = gas constant of fluid, J/kgk

Re = Reynolds Number

t =time, S
h, = convection coefficient between wall and T, = ambient temperature and, K

D, = vapor channel diameter, m

f = friction coefficient

wick regions, W /m?K T
h,,= convection coefficient between the

sag = Stagnation temperature, K

T,ap = vapor temperature, K

wick region and vapor, W / m?K T

= wall temperature, K

wall

h . .
amb = convection coefficient between wall
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and ambient, W /m?K T
J = mass flux, kg/m?s

Wi = temperature of wick region, K
U = vapor velocity, m/s
k = thermal conductivity of wall, W / mK w = separation between grooves, M

ky = effective thermal conduction of the Z = coordinate along the axis, M

wick structure, W /mK Greek Symbols:
P =pressure, Pa & = wick porosity
Pgag = stagnation pressure, Pa A = latent heat of evaporation, J/kg

P = vapor density, kg /m?®
M = dynamic viscosity, Pas

A = heat flux, W /m?

2. Mathematical and Numerical Modeling

The continuity equation, for a compressible fluid with mass source, as presented by [JANG
et al., 1989a] is the following:

o o _4i @1
ot oz D

v

The momentum equation of vapor, as presented by [JANG et al., 1989a]:

0 0 op 4 o? 2f
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Considering a circular heat pipe with vapor flow always laminar, the friction factor is:

16

f -4
Re

(2.3)

Under the assumption that the vapor flow is compressible and laminar, the momentum
equation gets the format as follows,

ou  opu ou  op 4 o 32w
— U pu == :
Pa N w TPMe T e M o

(2.4)

The heat equation at the wall, with source term, adapted from [JANG et al, 1989b]:

T 0T, h h
===k —=+Q,, + =T
ot oz° On o (

The heat equation of the wick structure was adapted from [FAGHRI,1991] and [DAS et

al., 2017], considering incompressible liquid flow, no viscous dissipation, neglecting the

velocity of liquid to the heat transfer coefficient, and considering heat exchange with vapor
core and heat pipe wall:
oT, o°T

. . h
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pcp _Twall)+

wick

gﬂb (Tamb _Twall )’ (25)
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(Tvap - Twick )+

in this equation the volumetric specific heat (pCp) is defined by:
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(pC, )=(eloc, ) + - £)ec, ) ) @7)
and k., for porous structures is:
k. =k +(1-e)k,, (2.8)
and for grooved structures with grooves evenly spaced:
wk, + wk, (2.9)
keff =T 5.
2w

The energy equation of vapor from [JANG et al., 1989b] solved directly for temperature:

opT opuT, o°T 2 2 4jC T 3 2.10
Cp pVap+Cp la"l vap =k \;ap+u@+ﬁﬂa l24|+4/1(au] + J P vap_zpu f , ( )
ot 0z 0z oz 3 oz° 3 \eéz D, D,
and considering laminar flow it becomes,
opT opuT, o°T 2 2 4jC.T 2 2.11
Cp Iovap_i_cp U vap _ \;ap_'_uap_i_4’ual:+4lu(auj n J P vap_32/.l:l , ( )
ot oz oz oz 3 ot 3 \oz D, D,
The equation of evaporation/condensation mass rate:
H q hx2
1= == Mok ~Tuap ) 212
i /1 ( wick vap) ( )

The Equation 4.16 takes into account that all heat added to vapor will cause evaporation
and all heat removed from vapor will cause condensation, that is because it is considered
that the fluid is in its saturation state, which causes that all heat added or removed
responsible for phase change.

The Clausius-Clapeyron equation relates the temperature and pressure of a saturated fluid:

m P-4 L 1) (2.13)
pstag Rv Tstag T
The equation of state is used for vapor to link to its density:
p=pRT, (2.15)

A staggered grid was used for the spatial discretization, so that the velocities are obtained
in the faces and the other variables are obtained in the center of the control volumes. The
numeric method SIMPLE, presented by [PATANKAR, 1980] was used to solve the
pressure-velocity coupling. The discretization of the differential equations here presented
resulted in algebraic systems of equations that were solved using the Thomas algorithm
[ANDERSON, 1995], or TDMA (Tridiagonal Matrix Algorithm).

The numerical procedure is as follows:
1 - Input parameters, fluid and material properties.
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2 - Input initial conditions of temperature, pressure, density and velocity.
3 - Input boundary conditions.

4 - Solve momentum equation with SIMPLE.

5 - Solve heat equation for wall and wick region.

6 - Calculate mass flux of evaporation/condensation.

7 - Solve energy equation.

8 - Calculate pressure with Clausius-Clapeyron equation.

9 - Calculate density with equation of state.

10 - Do an increment in time and all variables become the initial condition of next time
step.

11 - Repeat steps 4-10 until final time step.

At the starting conditions with t =0 , all temperatures were considered in equilibrium with
ambient and all velocities and fluxes are zero:

(2.16)
Twall (0' Z) = Tamb’ Twick (07 Z) = Tamb’ Tvap (O’ Z) :Tamb’
u(0,z)=0, j(0,2)=0. (2.19)
The starting pressure is the saturation pressure at T,
e
P0.2) = Pt ™ . (&2
And the density comes from the state equation:
p(0,2)
0,2)=———"—.
p(0,2) R T, (0.2) (2.22)
At boundaries, a Neumann boundary condition was applied to the temperatures:
aTwall (t,O) — aTwall (t! L) — 0 (223)
oz oz ’
aTwick (t,O) — aTwick (t’ L) — 0 , (224)
oz oz
Oy (1L0) Ty (L L) 0. (2.25)
o4 074

And no-slip condition to the vapor velocity:

u(t,0) =u(t,L) =0. (2.26)
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3. Results and Discussion

To verify the model, a comparison with experimental data obtained by [FAGHRI and
BUCHKO, 1991] was performed. A heat pipe made of copper has a length of 1m. The
heat pipe shell is 1.7 mm, and the wick is 0.7 mm thick. The vapor core diameter has 20.5
mm. The working fluid considered is water. The heat pipe was modeled with 50 nodes. A
total power input of 97 W was applied on nodes 3 to 5, corresponding the length of
evaporator with 6.35 cm. Forced convection was applied on nodes 36 to 50, corresponding
to the condenser length of 30 cm. Adiabatic conditions were considered for the rest of the
nodes. Ambient temperature is 25 °C.

The simulation was time-dependent, so an elapsed time of 2000 s, (with a time step of
1x10E-5) from startup was considered enough to stabilization and allows the comparison
of the numerical results with a steady-state heat pipe experiment from literature

The entire simulation of 2000 s took approximately 77 minutes using a computer with an
i5 processor with 2.5 GHz and 4 GB of RAM (Random Access Memory) in a 64 bits
Operational System and a routine written in FORTRAN.

In Figure 3.1a is presented the temperature outer wall of the pipe, and in Figure 3.1b is
presented the temperature of the vapor, both at first node of numeric model versus time. It
is possible to see that after about 1400 s the system reached steady-state. The simulation
was left running for more time to check for stability of the algorithm after long periods, but
there were no divergence between the times analyzed.
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Figure 3.1 — (a)Temperature of the outer wall versus time and the (b) temperature of vapor versus
time, both on the first node of model.

Figure 3.2 show the temperatures of the wall and vapor and the comparison between the
numeric model and experimental data from [FAGHRI and BUCHKO, 1991]. A good
agreement of the numeric model and experiment was achieved. As expected, a peak in
temperature of wall occur at evaporator while the temperature falls at condenser, and the
temperatures of vapor remains almost constant along pipe due to phase change.
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Figure 3.2 — Temperature of the outer wall and temperature of vapor with a comparison
between numeric model and experimental data from [FAGHRI and BUCHKO, 1991].

In Figure 3.3 the velocities of vapor along the axis of the pipe is showed. It is possible to
see a rise in the vapor velocity when it crosses the evaporator section, starting from zero at
the end cap of the tube. While the vapor passes through the adiabatic zone, almost no
energy is exchanged between vapor and wick structure, which causes the velocity remain
constant in this section. At condenser, the vapor loses energy and velocity through the
section until it reaches zero velocity at the other end cap of the tube.
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Figure 3.3 — Velocities of the vapor versus axial location.

At last, in Figure 3.4 is showed the mass flux of evaporation/condensation of vapor along
the axis of the pipe. It is possible to see a profile very similar to the wall temperature,
which was already expected. At evaporator, with higher temperatures, evaporation occurs
and at condenser, with lower temperatures it is possible to see condensation occurring,
while at adiabatic zone, almost no net flux of mass is visible.
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Figure 3.4 — Mass flux of evaporation/condensation versus axial location.

4. Conclusion

A one-dimensional model of the transient startup behavior of a conventional copper-water
heat pipe was presented. The model allows a better understanding of the dynamics
involving the startup process. The steady state part of the model shows a good agreement
with steady-state experimental data from literature. The solution presented can be easily
modified to represent multiples sources of heat or sinks and simulate any transient mode.
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