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Abstract

This paper analyzes the operational characteristics and limits of a loop heat pipe (LHP) with flat porous elements in
the condenser and evaporator. A mathematical model, based on the nodal method, was developed to simulate the
thermal and hydrodynamic behavior of this specific type of LHP. Previously, the model was verified and validated by
experiential data [I. Muraoka, F.M. Ramos, V. Vlassov, Int. Commun. Heat Mass Transfer 25 (1998) 1085]. The dry-
out failure mechanisms of this device were investigated and its operational limits identified in terms of the heat load
dissipated in the evaporator and the heat sink temperature at the condenser. Three distinct operational regimes were
identified and characterized, taking into account the volume of vapor in the liquid core of the evaporator and the

capillary pressure limit. © 2001 Elsevier Science Ltd. All rights reserved.

1. Introduction

Capillary pumped loop (CPL) and loop heat pipe
(LHP) are two-phase heat-transport devices which rely
on the surface-tension forces induced by a fine pore wick
to drive a working fluid. These devices use the same
basic principle of the widely known heat pipes, i.e.,
closed evaporation—condensation cycle being main-
tained by capillary pumping. The principal distinction is
that both CPL and LHP have separate tube-type
transport lines for vapor and liquid phases and the main
porous structure is localized in the evaporator only. It
allows to reduce drastically the hydraulic limit in the
transport line and to provide a high capillary pressure.
As their grand potential heat transport efficiency, these
devices are emerging as the baseline design of thermal
control systems for future spacecrafts.

CPLs were invented in USA (NASA) in late 1960s [2]
whereas LHPs appeared in Russia in early 1970s [3,4].
These devices have the same basic operation principle,
but were developed in parallel and independently. In
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spite of significant similarity, the difference in the origin
explains partly the distinction in the terminology. Also
these two devices have some distinct features due to
different position and role of an additional reservoir
(also named as hydro-accumulator or compensation
cavity [5]), so at present they are treated as separate type
devices. A review of CPL and LHP and their similarities
and differences can be found in [5-7].

Both generic CPL and LHP have a cylindrical fine
pore evaporator and a tube-type condenser. The CPL
has a reservoir as a separate element having a hydraulic
link to the liquid line, whereas in the LHP there is a
compensation cavity which is incorporated in the evap-
orator. One of the functions of the reservoir in CPL, or
compensation cavity in LHP, is to accommodate volume
variations of the liquid phase in the condenser due to the
liquid—vapor interface movements in response to varia-
tions in the heat input or in the environmental condi-
tions. The CPL reservoir is also used for active control
and for pre-conditioning at the start-up. Properly sized,
the compensation cavity in LHP allows normal opera-
tion even with vapor in the evaporator entrance.

Although the CPL and LHP technologies have
reached a high level of development, some issues still
remain as points of active research. One of the main
subjects of investigation is the occurrence of evaporator
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Nomenclature
A section area or interface area
C conductive conductance

specific heat

diameter

fluid conductance

gravity acceleration

convective conductance
convective heat transfer coefficient
permeability

thermal conductivity

length

mass

time variation of the fluid mass
mass flow rate

total number of nodes

pressure

heat flux

gas constant

effective pore radius
temperature

time

volume

difference of level between evaporator and
condenser
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Greek symbols

0 liquid layer thickness
A fluid latent heat

u fluid dynamic viscosity
o fluid density

a fluid surface tension
Subscripts

bub  bubble

c condenser

cap capillary

cc compensation cavity
cond condensation process
e evaporator

evap evaporation process

f fluid

hydr hydrostatic

i,j nodes

ij between i and j or from i to j

L 11  liquid, liquid line

loop LHP entire circuit loop
plate cold plate

S saturation

sink  heat sink

v, vl vapor, vapor line

w wick

dry-out. It can happen during the CPL start-up, during
operation, on attempting to re-start after temporary
switch-off, or even during the reduction of heat input.

Start-up failures have been mainly studied exper-
imentally [8-10], and are attributed to an unsuitable
initial phase distribution inside the loop. Failures during
operation may occur due to achieving of the capillary
limit, insufficient sub-cooling in the condenser or after
the onset of an instability process. High frequency
pressure oscillation is related to the hydrodynamic in-
teraction between the fluid reservoir and the CPL loop
[11-13]. Low frequency oscillation is caused by the for-
mation of a vapor bubble in the liquid core at the
evaporator entrance [14,15]. Dry-outs on re-start have
not been studied systematically in spite of their appli-
cability relevance. The low power limit is mentioned in
[5,7].

In this work, we present a complete study of the
operational limits of a capillary pumped two-phase loop
with a configuration simpler than a CPL or a LHP. It is
a single heat transfer loop with porous elements in the
condenser as well as in the evaporator. It does not have
a separate reservoir like CPL and does not have a
compensation cavity like LHP (more precisely, the lig-
uid core and compensation cavity is the same in this
device). For the porous condenser conception, the use of

a reservoir to accommodate the liquid-vapor interface
movement does not make sense. It can be seen as an
intermediate device between HP and CPL/LHP. By
Maidanik and Fershtater [5] it could be classified as a
“separated lines heat pipe based on a loop scheme”, but
a flat disc conception of porous elements does not fit
completely in this denomination. For the purpose of this
paper we will call this device here as a specific type of
loop heat pipe, keeping LHP as abbreviation. The liquid
core below evaporator wick will be called the compen-
sation cavity, following the LHP nomenclature, in spite
of the fact that it does not execute all the functions it has
in LHP.

The analysis of this specific LHP is accomplished
using a mathematical model based on nodal method.
The model was validated with experimental data ob-
tained from testing of this device prototype [1]. The re-
sult of the present study can be also useful for CPL and
conventional LHP because the vapor formation in the
liquid core of evaporator is the only mechanism of dry-
out failures, as mentioned above.

The paper is organized as follows. In Sections 2 and
3, we describe, respectively, the LHP in study and the
mathematical model which simulates its thermal and
hydrodynamic transient behavior. In Section 4, we study
in detail the operational characteristics of this device as
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well as the bubble formation mechanisms. Finally, in
Section 5, we present the conclusions and the final re-
marks.

2. Description of the studied LHP

The LHP configuration studied in this work is sche-
matically presented in Fig. 1. It is composed by an
evaporator, a condenser, and the vapor and liquid lines.
In contrast with the conventional CPL/LHP configura-
tion, in the present design not only the evaporator but
also the condenser are equipped with a wick structure.
Also it does not have a separate reservoir like a CPL.
The ideas behind this design are the following. The use
of a wick structure in the condenser and the absence of a
separate reservoir provide a stable physical interface
between the liquid and the vapor phases in the con-
denser, reducing or even eliminating the possible oc-
currence of pressure oscillations during operation, like
in a CPL. The use of a flat porous condenser provides a
fixed sub-cooling as opposed to the tube-type condenser
in conventional CPL/LHP, where the rate of sub-cooling
is variable. The void below the evaporator wick arranges
the liquid supply, as the liquid core in CPL/LHP evap-
orators, and also assists the operation with vapor at the
evaporator entrance, as the compensation cavity in
conventional LHP.

The functioning principle is similar to the conven-
tional CPLs and LHPs. The studied device is charged
with the working fluid in such a way that the liquid fills
the pores of the wicks and all the volume below the
wicks, comprising the liquid line and the compensation
cavity (see Fig. 1). All the volume left above the wicks is
occupied by the vapor. As heat is dissipated in the
evaporator, the working fluid evaporates on the upper
surface of the evaporator wick, creating meniscus on it,
which prevents the vapor of penetrating inside the po-
rous element. The vapor then flows to the condenser,
through the vapor line, where it condenses in contact

2289

with the wick surface, which is cooled by the heat sink.
The liquid is then sub-cooled as it passes through the
condenser wick, and returns to the evaporator through
the liquid line.

For the purpose of verifying the performance of this
specific LHP and validating the proposed mathematical
model, a prototype was built and tested. Some parts were
made of transparent glass in order to allow the visual-
ization of the phase distribution inside the loop and to
detect the formation of bubbles in the compensation
cavity. Disk shaped porous elements, made of sintered
bronze, were used in the evaporator (100 mm x
10 mm, 7 =35 um, k=15 W/m K) and condenser
(100 mm x 7 mm, regr =210 pm, k=8 W/m K).
The vapor and liquid lines were made of stainless steel,
measuring 1100 mm in length and 4.35 mm inner di-
ameter. The prototype was charged with 138 ml of
ethanol. As the purpose was not to obtain a high per-
formance device, the wick material and working fluid
were chosen by easy feasibility criteria. During the tests
of this prototype, the cold plate was heated electrically
using a skin-heater and the temperature of the heat sink
was controlled by an external thermal-stabilized water
loop. Experimental results are presented in [1].

3. Mathematical formulation

We developed a mathematical model for describing
the transport of heat and mass inside the loop during all
its operational regimes. This model comprises two dif-
ferent modules. The thermal module, which computes
the distribution of temperatures as a function of time, is
based on the nodal method [16]. Each node is charac-
terized by a thermal capacitance, and is connected to
other nodes by means of generalized thermal conduc-
tances. The hydrodynamic module determines the
pressure and phase distributions inside the loop, as well
as the flow rates of liquid and vapor.

cold vapor
plate line
N\ wick
m

)

0 PLLLIN L
. 1
compensation «— Qsink h
cavity \ ) ' si?ﬁ(t
liquid
EVAPORATOR line CONDENSER

Fig. 1. Sketch of the proposed device.
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The thermal and hydrodynamic systems are coupled
since, on the one hand, the transport of heat depends on
the fluid flow, on the other hand, the pressure distribu-
tion, that drives the fluid along the loop, is a function of
the temperature distribution. This mathematical model
was validated using experimental data, as presented
in [1].

3.1. Thermal module

The temperature distribution is determined by solu-
tion of a system of ordinary differential equations. Each
equation represents the thermal balance at the nodal
level, and is given by

dr, &
Micp-4- = ;Cﬁ(Tj ~T)+ ) Hi(T,~T)

+Y Fll—=T)+ 0, i=1,...,N. (1)

J=1

The conductive, convective, and fluid conductances are
calculated, respectively, by

L_] ’

Cj H; =huA; and F; = mjicpy. (2)
0O, models the heat load dissipated at the evaporator,
and also the latent heat released by the vapor at the
condenser or absorbed at the evaporator, respectively

Q; = +my4, i = condenser and

(3)

Q; = —myA, [ = evaporator.

The mass flow rates 77, and 71;; depend on the pressure
distribution computed by the hydrodynamic module.

3.2. Hydrodynamic module

3.2.1. Maximum pumping pressure and flow rates

The maintenance of a continuous flow of fluid is
assured by capillary pressure of the evaporator wick.
Hence, a basic condition for the device operation is that
the total pressure loss along the loop shall not surpass
the maximum capillary pressure of the evaporator wick,
ie.,

Aplc»op g Apcap,max Wlth Apcap,max = 2G/}’eff- (4)

The total pressure loss in the loop is given by the sum-
mation of losses in each component along the circuit, as
follows:

Aploop = Apvl + Apl] + pr‘e + pr,c + Apevup
+ Apcoud + Aphydr‘ (5)
Assuming that the vapor is saturated at the evaporator

and the condenser, the pressure loss in the vapor line is
given by

Apvl :ps(Te) _ps(Tc)v (6)

where py(T.) and ps(T,) are the saturation pressures of
the vapor at the evaporation and condensation tem-
peratures, respectively.

Assuming laminar flow conditions, the pressure loss
in the liquid line and the hydrostatic pressure are, re-
spectively, given by

128y Ly

and  Apnyar = pigAz, (7)
“PlDﬁ g :

where Az is the height difference between the evaporator
and the condenser. The pressure losses, due to the
passage of the liquid through the evaporator and the
condenser wicks, are calculated by the equations derived
from Darcy’s law, that are

,ulrhle,e
Kw,eAw,epl

Nlmlex

d Apy.= .
an pW~C Kw,cAw,cpl

Apye = )
The pressure losses during the process of phase change

are given by

APevap = Am—v \/2nR,T, and

evap ( 9)

My
Apcond :A 2TERVTV'

cond

The vapor flow rate is calculated by an expression de-
rived from the frictional resistance in smooth pipes of
circular cross-section for a turbulent flow [17], which
results in

4.75 1/1.75
iy = (AP )T (10)
0.24105L,

If there is no bubble generation, the mass flow rate can
be assumed to be uniform along the circuit, i.e.,

ity = 1y, (11)

Otherwise, a correction shall be introduced in the model,
as described in the following section.

3.2.2. Bubble formation at the compensation cavity

Under certain operation conditions, vapor bubbles
appear below the evaporator wick, i.e., in the compen-
sation cavity (see Fig. 1). This phenomenon strongly
affects the device behavior because it induces the for-
mation of a liquid layer on the upper surface of the
condenser wick. Since the thermal conductivity of the
working fluid is relatively low, this liquid layer acts as a
thermal barrier between the vapor and heat sink, and
increases the device overall thermal resistance. In the
limit, the bubble growing can lead to a obstruction of
the liquid flow at the entrance of the evaporator, causing
the dry-out.

In addition, with the expansion or reduction of the
bubble volume, the mass flow rate is no longer described
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by Eq. (11). The process of bubble formation depends
on the temperature and the pressure of the liquid inside
the compensation cavity. In steady-state operation, with
presence of bubble in the compensation cavity, the fol-
lowing expression can be applied to the device:

Aploop - pr,c :ps(Tc) 7ps(ch)7 (12)

where the equality p.. = ps(7.) is implicit. The change of
the bubble volume occurs when a disturbance in the
system deviates p. from py(T.).

The variation of the vapor mass inside the bubble can
be expressed as

o

Moy = Abup R
vEce

[s(Tec) = Pec)- (13)

Hence, the variation of the fluid mass inside the com-
pensation cavity, supposing that the vapor mass is small
compared to the liquid mass, can be expressed as
M. = —Myuw.upy/p,- This mass variation corresponds to
the mass of liquid that is displaced by the bubble and
that will eventually accumulate on the condenser wick.
Assuming that the vapor flow rate is not affected by
bubble formation, the liquid flow rate is given by

my = +Mcc
= iy~ Pty [y ()~ el (14)
v Py bub 2TCRVTCC s\{cc Decel-

The pressure at the compensation cavity, p., can be
obtained from the pressure at the condenser taking into
account the losses between the condenser and the com-
pensation cavity, as follows:

Pec = ps(T;:) - Apcond - pr,c - APll - Aphydr~ (15)

Expressing Apy and Ap,, . as functions of s, as presented
in Egs. (7) and (8), and introducing the result into Eq.
(15) and then into Eq. (14), the following relation for
liquid flow rate can be obtained after some arrange-
ments:

}’}11 =
’hv + Abub (ﬂl/ﬂv) \Y4 I/ZTER» ch [p:(Tc) - P<(ch) - Apcnnd - Aphydr}

1 + Aouw p1/py V 1/2nR, TCC(128/,11L11//)1D121) + (L e/ Ky cAwepr) .
(16)

As Eq. (16) does not consider the limit of the capillary
pressure, the liquid flow rate, calculated by it, may result
in the unrealistic condition Apioop > APcapmax- In this
case, the liquid flow rate should be recalculated con-
sidering

Apc.max = Aploop~ (17)
Introducing Eqgs. (5), (7)-(9) in (17), we obtain the fol-

lowing equation for the liquid flow rate, for the device
operating with the capillary limit:

iy = Ap(:,max - Apvl - Apcond - Apevap - Aphydr
1= .
(t0/ ) ((128Lu/ D) + (Luc/Kwedwe) + (Lye/Kwedwe))
(18)

The difference between the flow rate of vapor and liquid
results in a variation of the bubble volume and of the
thickness of the liquid layer accumulated on the upper
surface of the condenser wick. The variation of the
bubble volume between time steps ¢ and ¢ + A¢ can be
calculated by
™M Ar with

Py (19)

(Vbub)HAt = (Vi)ub), + AVbub~

AI/inub =

Similarly, the variation of liquid layer thickness is given
by

Ty —

v At with (9),,,, = (8), + AS. (20)

A6 =

This liquid layer represents an additional thermal re-
sistance between the surface of condensation and the
condenser wick element, and its conductance is given by

klAw,c

Cﬁ = 5

: (21)

This layer contributes to a self-regulation mode of this
specific LHP.

4. Device operational characteristics and limits

The steady-state behavior of the loop was simulated
under different conditions of imposed heat load, at the
evaporator, and heat sink temperature at the condenser.
Results, summarized in Fig. 2, allow us to identify five
regions, representing distinct operational regimes. These
regions are defined in terms of (i) the generation or not
of vapor bubbles at the compensation cavity, (ii) the
total pressure loss along the circuit, compared to the
capillary limit, and (iii) the occurrence or not of dry-out.
Table 1 presents the characteristics of each region.

Curves 1 and 2 in Fig. 2 define the operational limits
of the proposed LHP. The operation is impossible at any
point situated inside regions 4 and B. For example, the
loop will always dry-out when the heat sink temperature
is below 10°C. This limitation is due to the small value of
dp/dT of the ethanol saturation curve, at low tempera-
tures, and the relatively high thermal conductance of the
evaporator porous element that, according to Eq. (12),
define the pressure loss permitted in the loop. As an-
other example, if the heat sink is at 20°C the operation is
restricted to heat loads ranging from 91 to 133 W. The
minimum of 91 W is also due to the properties of the
working fluid and the porous element, as mentioned
before. The maximum of 133 W is the limit imposed by
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vapor isothermal curve at 70 °C
vapor isothermal curve at 80 °C
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Fig. 2. Operational characteristics of the analyzed LHP.

the maximum capillary pressure of the evaporator po-
rous element.

Curve 2 represents the restriction imposed by the
capillary pumping limit of the evaporator wick. Below
this curve (region B), the capillary pressure is not suf-
ficient to pump, along the loop, the amount of fluid
consumed in the evaporation process. The maximum
transportable heat increases with the heat sink tem-
perature, indicated by the positive inclination of Curve
2. It occurs because the vapor properties change fa-
vorably when the temperature increases, allowing a
larger vapor flow rate, with the same pumping pres-
sure.

Table 1
Characteristics of operation at each region of the diagram of Fig. 2

Curve 1, in turn, defines the limits imposed by the
temperature and pressure levels inside the compensation
cavity. At the left side of this curve (region A), the
bubble grows because the equilibrium stated in Eq. (12)
cannot be reached, that is, the difference py(T.) — ps(Tc)
cannot be large enough to compensate the total pressure
loss in the loop. Three main factors contribute to this
condition: (i) the small heat load that generates
insufficient sub-cooled liquid flow into the compensation
cavity to reduce T, related to 7.; (i) low working
temperature that leads to a small value of dp/dT of the
fluid saturation curve; (iii) high wick conductance that
reduces the difference between 7, and T.

Region Dry-out occurrence Bubble generation Total pressure loss
A Yes - -

B Yes - -

C NO YeS Aploop < Apcap,max
D No Yes Aploop = Apcap.max
E No No Aploop < Apcap,max
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The appearance of bubbles in the compensation
cavity does not necessarily interrupt the device opera-
tion. Failure occurs only when the bubble volume grows
above a certain value and blocks the liquid flow into
evaporator. In regions C and D, for example, in spite of
the presence of bubbles, the device operates normally. In
these conditions Eq. (12) is applicable when the opera-
tion reaches the steady state.

In region C, where the total pressure loss in the loop
is below the capillary limit, the equilibrium, stated by
Eq. (12), is reached in function of the variation of the
bubble volume. When, due to an external disturbance,
the difference py(T.) — ps(T..) becomes momentarily
smaller than Apioop — Apy, the pressure at compensa-
tion cavity becomes lower than saturation pressure, that
8, Pec < ps(Tic). This condition causes the bubble
growing that increases the device overall thermal re-
sistance, lifting the vapor temperature. As consequence
(i) the local derivative dp/dT of saturation curve be-
comes larger, (ii) the level of sub-cooling increases and
(iii) the change in the vapor properties reduces the
pressure loss in vapor line. These factors make the right-
hand side of Eq. (12) to increase and the left-hand side
to decrease, until a new equilibrium point is reached. In
this region, the liquid flow is governed by Eq. (16).

In region D, the bubble appears because, even at its
maximum value, the pumping pressure is not enough to
circulate the necessary fluid to transport the heat im-
posed in the evaporator. As the bubble grows the device
overall thermal resistance increases, lifting the fluid
temperature. Due to the change in the fluid properties,
caused by the fluid heating, it becomes possible to
transport more fluid with the same pumping pressure.
Eventually, the equilibrium is reached when the fluid
reaches a temperature level that makes possible to
transport the imposed heat with the maximum capillary
limit. In this region, the liquid flow rate is determined by
Eq. (18).

In region E, the boundary conditions allow the device
to operate without any bubble, that is, the liquid in the
compensation cavity is cooler than the respective satu-
ration temperature, p.. > ps(7..), and the pressure loss in
the loop is smaller than the capillary limit. In this case,
the liquid flow is governed by Egs. (11) and (12) is not
valid.

In summary, the existence of all these operation
modes is basically associated with the following factors:
(1) the local inclination of the working fluid saturation
curve; (ii) the total pressure loss along the loop; and (iii)
the vapor bubble size and the corresponding amount of
liquid accumulated as a layer above the upper surface of
the condenser wick. The influence of each factor is de-
tailed in the following sections.

Finally, the vapor isothermal curves, displayed in
Fig. 2, gives the temperature of the vapor corresponding
to each combination of heat sink temperature and heat

load. This means, for example, that if the heat load is 80
W and heat sink is at 50°C, the vapor temperature, in
steady-state operation, will be 70°C. In region D, due to
effect of device variable conductance, the vapor tem-
perature becomes practically independent of the heat
sink temperature.

4.1. Operation with pumping pressure below the capillary
limit

When the device operates with Apioop below Apcap max
(regions C and E), the process of bubble formation only
depends on the temperature and pressure levels inside
the compensation cavity, and which side of the working
fluid saturation curve — liquid or vapor — these con-
ditions correspond to, as depicted in Fig. 3.

While at the upper face of the evaporator wick the
working fluid conditions are always those given by its
saturation curve (point A), since the liquid is evaporat-
ing at this place, the temperature and pressure levels
inside the compensation cavity (point B) depend on the
total pressure loss along the loop (Ap = Apioop — Apw.e)
and the temperature difference between the upper face of
the evaporator wick and the compensation cavity
(AT =T. - ch)

The pressure difference Ap is directly proportional to
the flow rate in the loop and hence, Ap remains constant
for a given heat load at the evaporator. The temperature
difference varies from AT, to AT.x, as a function of
the level of sub-cooling attained by the fluid as it passes
through the condenser. The temperature difference is
minimum when there is no bubble and, thus, no liquid
layer accumulated on the condenser wick. ATy, is
reached when ¥, and o attain their maximum size, and
dry-out occurs.

To explain the process of bubble formation at the
compensation cavity, we consider the device operating at
condition I and slowly passes through conditions II-1V,
keeping the heat dissipation on the cold plate constant,
as shown in Figs. 2 and 3. In condition I, there is no
occurrence of bubbles because, at this temperature, the
saturation curve is steep enough to keep the coordinates
of the point B at the liquid side, even with AT, (no
liquid layer on the condenser wick).

As T, is reduced from condition I to II, the tem-
perature of point A decreases and point B approaches
the boundary between the liquid and vapor regions
(eventually reaching it at the condition II), due to the
reduction of the inclination of the saturation curve. At
this point, bubbles begin to form in the compensation
cavity, displacing an equivalent volume of liquid. This
process results in the appearance of a liquid layer on
the condenser wick which increases AT, by enhancing
the sub-cooling in the condenser, and forces point B
back to the saturation curve, where an equilibrium is
reached.
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Fig. 3. Position of the temperature and pressure of the points A and B, related to the fluid saturation curve.

AS Ty 18 reduced from condition II to 111, V4, and o
continue to increase. Condition III represents the limit
situation. Beyond this point, the inclination of the sat-
uration curve becomes so small that, even with in-
creasing values of AT, it is impossible to reach an
equilibrium. In this case, condition IV for example,
point B stays at the vapor side of the saturation curve
and the bubble increases continually, resulting in the
device dry-out.

4.2. Operation with pumping pressure equal to the
capillary pressure limit

It seems paradoxical that it is possible to operate the
device and, moreover, to increase the heat load trans-
ported by it, even when the loop is already working at
the maximum capillary pressure. The reason for this
relies on the fact that, for a given duct geometry and a
fixed pumping pressure, the vapor flow rate is pro-
portional to the relation (p/u®2)"'"” (see Eq. (10)). For
ethanol, the working fluid used in the present study, this
expression is a growing function of the temperature.

As the heat load is increased and total pressure drop
reaches the maximum capillary pressure (region D),
there is an internal compensation mechanism that
automatically sets the vapor temperature, through
bubble formation and liquid accumulation on the con-
denser wick, that allows to increase the heat transport
while keeping Apioop €qual to Apeap max. This mechanism
can be explained as follows. Keeping Ty, constant, any
increase on Qpiae requires a larger . Since the pumping
pressure is at its limit value, this causes a deficit of liquid

in the evaporator, increasing the bubble volume in the
compensation cavity and the liquid layer in the con-
denser. This, in turn, increases the thermal resistance
between the vapor and the heat sink, and raises the
vapor temperature at the condenser. The equilibrium is
reached when 7, is high enough to make possible to
transport Qpiae With Apigop = Apeapmax. The operation
fails when it is not possible to further increase the vapor
temperature, which happens when the bubble com-
pletely fills the compensation cavity and blocks the lig-
uid flow into the evaporator. This condition is
represented by Curve 2.

Also in region D, for each heat load, there is a
minimum value for the vapor temperature that becomes
possible to transport this Qpae With Apioop = APcapmax. If
Oplaee 1s kept constant and the heat sink temperature is
changed, the liquid layer thickness changes in a way to
keep the vapor temperature constant, equal to the
mentioned minimum value. This behavior is illustrated
by the vapor isothermal lines in the vertical position, in
region D of Fig. 2.

4.3. Simulation of operation with constant heat input and
variable heat sink temperature

To illustrate the behavior of the device in its various
operation regimes, results of two simulations with con-
stant heat load (80 and 140 W) and variable heat sink
temperature are presented. The variation of Ty is suf-
ficiently slow to the operation be considered in steady
state at any time of the simulation. Results are presented
in Figs. 4 and 5, respectively.
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Fig. 4. Device behavior with constant heat input of 80 W and variable heat sink temperature from 30°C to 80°C.
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Fig. 5. Device behavior with constant heat input of 140 W and variable heat sink temperature from 25°C to 80°C.

In Fig. 4, after the start-up with the heat sink tem- null, the system looses its self-regulation capacity, and
perature of 30°C, we observe that as Ty increases, the the cold plate temperature begins to increase at the same
thickness of the liquid layer decreases, reducing the rate of Tynk.
thermal resistance of the system, and consequently de- A similar behavior is observed in the simulation with
creasing the influence of Ty, variation on the cold plate Oplaie 0of 140 W. In this case, the cold plate temperature
temperature. This behavior represents a process of self- remains almost constant, in spite of the change of Ty,
regulation that tends to keep approximately constant the from 25°C to 74°C. This behavior is explained by the
cold plate temperature at the evaporator, regardless of fact that, in such condition, the device is working in
the heat sink temperature at the condenser. For Ty region D, where the total pressure loss is equal to the
higher than 66°C (¢ > 1400 min), when the operation maximum capillary pressure. The increase of Ty, is

conditions cross Curve 4 (at condition II), 6 becomes automatically compensated by a reduction of the liquid
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layer on the condenser wick and the correspondent
thermal resistance, keeping the vapor temperature con-
stant. By explanation of Section 4.2, we can say that the
vapor should be at a minimum of about 90°C to
be possible to transport 140 W with Apioop = Apcap max-
This phenomenon was observed experimentally and
presented in [1].

We also notice that in the regions of self-regulation,
my oscillates around i, indicating the fluctuation of the
volume of the vapor bubble in the compensation cavity.
These oscillations, observed experimentally [15], occur in
the process of reaching the equilibrium between the
bubble volume and vapor temperature. For higher heat
sink temperatures, when there is no bubble formation
(region E), the liquid and vapor flow rates coincide.

4.4. Simulation of operation with constant heat sink
temperature and variable heat input

We also simulated the device operation with constant
heat sink temperature (30°C) and variable heat load.
The results are displayed in Fig. 6. After the start-up
with QOpiae €qual to 80 W, the bubble volume and the
amount of liquid accumulated on the condenser en-
trance decrease as the heat load is slowly increased, until
they reach a minimum for Qpj, equal to 100 W (¢ = 900
min), when the operation conditions cross Curve 3 of
Fig. 2. From this point, the device begins to operate at
the maximum capillary pressure and the previous ten-
dency reverses.

In region D, W, grows and J increases with the heat
load, as described in Section 4.2 and illustrated by the
corresponding curve of Fig. 6, for # > 900 min. When
the bubble attains a volume that blocks the flow of

liquid into the evaporator, dry-out occurs (¢ = 3160 min,
Qplzlle = 170 W)

5. Conclusions

In this work, we analyzed the operational charac-
teristics and limits of a specific type of LHP with a po-
rous element in the condenser. For this, we developed a
system-level mathematical model capable to simulate
dynamically the thermal and hydrodynamic behavior of
the device. The model also allows to simulate in detail
the process of bubble formation in the compensation
cavity, which is an issue of fundamental importance for
the overall performance of the studied device.

We determined the operational limits of the device, as
a function of the heat load, at the evaporator, and the
heat sink temperature, at the condenser. Also, the
mechanisms of failure at different operational modes
were investigated. In our simulations, we identified three
regions where the device can operate properly (regions
C, D and E of Fig. 2), and two regions (A and B) where
operation fails. Each region has its own operational
characteristics, in terms of the total pressure loss in the
circuit (and its relation with the maximum capillary
pressure) and the formation or not of vapor bubbles in
the loop.

The operation of the studied device can coexist with
vapor bubbles in the compensation cavity, as far as their
size is not enough to block the liquid flow into evap-
orator. Bubbles are generated by effect of insufficient
sub-cooling at the condenser, or by the combination of a
relatively high temperature and low pressure in the
compensation cavity at the evaporator. They promote a
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Fig. 6. Device behavior with constant heat sink temperature of 30°C and variable heat load from 80 to 168 W.
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redistribution of fluid inside the loop that changes the
device thermal resistance, inducing a type of self-regu-
lation mechanism. This variable-conductance mode of
operation keeps the cold plate temperature approxi-
mately constant in spite of variation of the heat input
and the heat sink temperature. The discovered mech-
anism of self-regulation by a variable thickness liquid
layer above the porous condenser surface is new and
may have an important practical significance.

Although this study was done for a specific model of
LHP, many of the qualitative conclusions about limits
and characteristics of the operation, as well as the
mechanism of the vapor bubble formation in the liquid
core, can be applied to other types of CPL/LHP, since
the dry-out failures are essentially related to the block-
age of evaporator liquid supply, by vapor bubbles.
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