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Capillary pumped loop (CPL) and loop heat pipe (LHP) are passive heat transport devices that are gaining

importance as a part of the thermal control system of modern high power spacecraft. A mathematical model to

simulate the thermohydraulic performance of CPLs and LHPs is required for the design of such a thermal control

system. In this study a unified mathematical model to estimate thermal and hydraulic performance of a CPL and an

LHP with a two-phase or a hard-filled reservoir is presented. The steady-state model is based on conservation of

energy andmass in the system. Heat exchange between the loop and the surroundings and pressure drops in the loop

are calculated. This study presents the results of numerical studies on a CPL and an LHP. The constant conductance

regime in a CPL or an LHP occurs when the reservoir is hard-filled. It also occurs in an LHP if the condenser is fully

used. The heat leak across the wick becomes significant in a hard-filled LHP because the core is no longer saturated

and hence the mass flow rate must be calculated using an energy balance on the outer surface of the wick.

Nomenclature

A = area (generally flow area), m2

C = specific heat, J � kg�1 � K�1
D = diameter, m
FLHP = energy imbalance in the evaporator core and CC,

W
f = Darcy friction factor
G = mass velocity, kg �m�2 � s�1
H = heat transfer coefficient, W �m�2 � K�1
h = enthalpy, J � kg�1
K = wick permeability, m2

k = thermal conductivity, W �m�1 � K�1
L = length, m
Lcond = length of condenser, m
Lcondensation = length of condensation, m
Levap-rt = distance between points 7 and 4, m
Lrt-hydr = vertical distance between loop and the reservoir,

m
Lstep = refers to step size in RKM, m
M = mass of working fluid, kg
_m = mass flow rate, kg � s�1
P = pressure, Pa
Q = heat, W
Qdeprime = heat load at which CPL deprimes for limited

condenser length, W
Qhf = heat load at which reservoir is hard-filled, W
Qopen = heat load at which condenser fully opens, W
r = radius, m
T = temperature, K
t = thickness, m
U = overall heat transfer coefficient,W �m�2 � K�1

u = velocity, m � s�1
V = volume, m3

x = dryness fraction of vapor
z = length, m
�v = void fraction, Av=A
� = volume fraction of liquid in the reservoir
� = perimeter, m
� = porosity
" = numerical error (convergence criterion)
# = normalized energy imbalance
� = conductance, W � K�1
� = density, kg �m�3
� = surface tension, N �m�1
� = two-phase friction multiplier

Subscripts

acc = acceleration
c = core
cond = condenser
cond0 = refers to region where condensation is occurring
e = effective
evap = evaporator
ex = exchange
f = friction
fg = difference in thermodynamic property in liquid

and vapor phase
g = groove
i = inner part of tube
ins = insulation
L = leak
l = liquid
ll = liquid line
lo = liquid only
load = refers to heat load applied externally
loop = part of the system excluding the reservoir
o = outer part of tube
P = pressure
r = reservoir/radial
res = reservoir
sc = subcooler
sink = sink of condenser
t = tube/evaporator teeth
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tp = two-phase
v = vapor/(volume in case of specific heat)
vl = vapor line
vo = vapor only
w = wick
wp = wick pore
ws = particle diameter in sintering
z = length direction
! = wall of tube
1 = ambient

I. Introduction

C APILLARY pumped loops (CPL) and the closely related loop
heat pipes (LHP) are two-phase heat transport devices that rely

on surface tension force induced by a fine pore wick to drive a
working fluid in a loop. These are based on a working principle
similar to heat pipes: closed evaporation and condensation cycle
being maintained by capillary pumping. The principal feature that
distinguishes CPLs (and LHPs) from heat pipes is that they do not
have a distributed wicking structure. Figure 1 shows schematics of a
CPL and an LHP. The vapor and the liquid lines are smooth-walled
tubes, with the porous structure limited to the evaporator, which
results in lower pressure drop and allows use of a fine pore size (in
evaporator), yielding high capillary pressure. An important
component of the CPL is the two-phase reservoir, which is plumbed
into the liquid line and allows some controllability of loop
temperatures. Operating principle of CPLs and LHPs is explained in
[1–4]. In a three-port CPL, the reservoir is directly plumbed into the
core of the evaporator. The LHP is a variant of the CPL, with the
reservoir alongside the evaporator (Fig. 1). The reservoir of a LHP is
often referred to as a compensation chamber (CC) in the literature. In
this paper these terms are used interchangeably. A secondary wick is
often used to ensure that the primary wick is always saturated with
liquid, and also to provide a good thermal link between the reservoir
and the core. A bayonet is often provided in the evaporator [2,4,5]. In
general capillary evaporators can be either flat plate (FP) or tubular

axially grooved (TAG). The principal difference between these
evaporators is the shape of the wick; the vapor grooves can either be
on the casing or on the wick.

A situation termed hard-fill arises in CPLs and LHPs. For large
mass of charge and high heat loads the reservoir is completely full of
subcooled liquid. This may also occur in LHP system with multiple
evaporators [3] where all the compensation chambers, except the one
that is controlling the operating temperature of the loop, are hard-
filled. The relationship between the heat load and the evaporator
temperature is approximately linear (constant conductance mode) in
a hard-filledLHP [4] andCPL [1,6]. Linear behavior, in LHPs, is also
observed when the fluid leaving the condenser is neither completely
saturated nor subcooled; vapor has not completely condensed in the
condenser, i.e., the length of condenser is not sufficient to completely
condense the vapor. Under non-hard-filled conditions, the essential
difference is that the reservoir (in a CPL) and compensation chamber
(in a LHP) have saturated fluid, i.e., two phases exist. The core in the
LHP has good thermal and hydraulic coupling with the CC, and is
almost an extension of CC. The core in a CPL is generally subcooled
over most of its operating range; however, it is possible to have a
superheated core [7].

CPLs were invented in the United States in the 1960s [8] and the
LHPs were independently developed in Russia in the 1970s [9].
Active development of CPLs andLHPs began in the late 1970s. Over
the years, this technology has advanced very rapidly. Several ground
tests and flight experiments have verified CPL operational
characteristics. Ku [2,3] and Maidanik [4] give a brief chronology
of developments in CPLs and LHPs, review advances in CPL/LHP
technology, and provide numerous applications.

CPL/LHP technology has made significant advances over the
years with applications from cryogenic temperatures to moderate
temperatures [2–4], with varying evaporator designs and wick
material [2–4,10–14] and several working fluids [3,4]. High
temperature LHPs have also been designed [4]. Theoretical treatment
of the thermohydraulics of CPLs and LHPs has also been undertaken
by several researchers. Schweikart and Neiswanger [15] developed
an analytical modeler for modeling CPL thermohydraulics, which
was experimentally verified. Wulz and Embacher [13] presented a
steady-state model using PHOENICS. Dickey and Peterson [16]
compared steady-state and transient model of an LHP with
experimental data. They also modeled the adverse tilt effects.
Murakoa et al. [10,11] theoretically and experimentally studied an
LHP with a porous element in the condenser under steady-state and
transient conditions. They adopted a nodal transient model to
estimate temperatures. They define various regimes (or limits of
operation) of operation andmodel the process of bubble formation in
the compensation chamber. Kiper et al. [12] have presented a
transient model of a CPLwith flat evaporator. Parker [17] developed
steady-state and transient LHP model using SINDA/FLUINT.

Kaya and Hoang [18] presented a mathematical model for steady-
state thermohydraulic performance of an LHP. The solution
procedure involves estimation of conduction heat leak through the
wick. The temperature drop across the wick is evaluated using the
Clausius–Clapeyron relation. Heat transfer and pressure drop in the
vapor line, condenser, subcooler, and liquid line are modeled. LHP
operating temperature is determined by solving the energy balance
equation. This model can simulate both the constant conductance
(fully open condenser) and variable conductance (partially open
condenser) operating regimes of an LHP with two-phase
compensation chamber. Chuang [19] extended the previous model
to analyze the tilt effects on steady-state performance and
experimentally validated this.

These previous theoretical and experimental studies have
significantly improved understanding of mathematical modeling of
CPLs and LHPs with two-phase reservoirs. The authors have not
come across mathematical models, in open literature, that deal with
the operational characteristics of CPL and LHP systems with hard-
filled reservoirs. CPL and LHP systems are not generally designed
for hard-filled reservoir under normal operating conditions.
However, Maidanik [4] mentions that in many LHPs the linear
regime occurs with a hard-filled reservoir. Knowledge of their
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Fig. 1 Schematic of a CPL and LHP.
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performance with hard-filled reservoir would thus be useful in
deciding design margins.

In this study, a steady-state thermohydraulic model for CPLs and
LHPs is presented that also accounts for situations wherein the
reservoir (or compensation chamber) is hard-filled. The differences
in the modeling and operational characteristics of CPLs and LHPs
are also explained.

II. CPL and LHP Mathematical Model Formulation

The goal of the mathematical model of the CPL/LHP is to
determine the operating temperatures and pressures at various
locations in the loop as a function of input power. The specified
conditions include temperature of the sink, ambient temperature,
mass of charge (working fluid), physical dimensions of various
components, and thermophysical properties of the working fluid
used in the CPL/LHP. This section will outline the mathematical
formulation for evaluating the temperatures and pressures at the state
points shown in Fig. 1. A description of these state points is tabulated
in Table 1.

Circulation of working fluid in the loop is possible only if the total
loop pressure drop does not exceed the maximum possible capillary
pressure (capillary limit) permissible across the meniscus located at
the liquid–vapor interface in the wick. This is expressed by the
inequality

�Pcmax � P1 � P6 ��P12 ��P23 ��P34 ��P56 (1)

where the maximum capillary pressure (�Pcmax) is given by the
Laplace–Young equation �Pcmax � 2� cos���=rwp, rwp is the pore
radius of the wick, and � is contact angle. Other possible limits in
CPLs and LHPs have been outlined by Faghri [20] and Chuang [19].

Assumptions involved in the development of the CPL and LHP
thermohydraulic mathematical model are as follows: 1) heat and
mass transfer in the wick are only in the radial direction; 2) wick is
fully saturated with liquid; 3) the sink temperature (coolant
temperature) is assumed to be constant, and the heat transfer
coefficient between the outer wall of the tube and sink is constant
along the length; 4) fluid flow in the loop is 1-D; 5) the fluid flow in
the vapor line and liquid line is assumed to be fully thermally and
hydraulically developed; 6) pressure P4 at the inlet of the evaporator
and that in the coreP5 are same; 7) there is negligible pressure drop in
the vapor grooves of the evaporator; 8) vapor leaving the evaporator
is saturated; 9) negligible viscous dissipation; and 10) in an LHP, the
thermodynamic state of the core and compensation chamber are
identical.

In the following subsections, mass, momentum, and energy
conservation equations are developed for all components of a CPL or
an LHP system: namely, evaporator, liquid line, vapor line,
condenser, and reservoir. Equations are presented for both FP and
TAG evaporators. Wherever relevant, the distinction between CPL

and LHPmodeling procedure is described. A C-language simulation
program was written to iteratively solve the resulting system of
nonlinear algebraic and ordinary differential equations. Subsequent
sections will outline the algorithms used in this program followed by
discussion of results of a case study. Thermophysical properties of
the working fluids are obtained using NIST—REFPROP:7.0
FORTRAN source codes (produced by National Institute of
Standards and Technology). These FORTRAN source codes were
integrated into the simulation program.

A. Thermohydraulics of the Evaporator

Figure 2 illustrates the heat transfer processes occurring in the
evaporator. Of the total heat load (Qload) supplied to the evaporator, a
part is conducted radially inward through the outer surface of the
wick (Qevap) and the balance is convected to the surroundings and
also possibly conducted to the reservoir or compensation chamber.
The evaporator casing temperature is estimated by

Tevap � T0 �
Qevap

HevapAt
(2)

whereHevap is the heat transfer coefficient between the casing and the
outer surface of the liquid saturated wick and At is the contact area
between the evaporator casing and the wick. It is assumed that the
sensible heating in the evaporator grooves is negligibly small
compared to Qevap, as evaporation heat transfer coefficient at the
wick and evaporator casing interface is extremely large compared to
that in the grooves. The phenomena in this region are complex and
the value of this parameter (Hevap) may be deduced experimentally.
T0 is the fluid temperature of the wick at the tooth-wick interface;
state points 0 and 1 are to be assumed identical. Based on an energy
balance in the evaporator, Qevap is given by

Qevap �Qload � Qevap-r|�{z�}
to reservoir

�Hevap-1Aevap-ins�Tevap � T1�|�����������������������{z�����������������������}
to ambient

(3)

Note that Qevap-r �QLr if the reservoir is plumbed/welded to the
evaporator; otherwise Qevap-r � 0. A procedure to evaluate QLr in a
CPL and LHP is explained later in this section. For most terrestrial
LHP tests, the evaporator is insulated. Thus heat loss to the ambient
will be a small fraction of Qload. The heat transmitted through the
teeth (Qevap) is used to heat the subcooled liquid in thewick (QLo) and
vaporize the liquid at the liquid-vapor interface in the wick; hence an
energy balance on the outer surface of the evaporator wick (Fig. 2) is
given by

Qevap � _mhfg;1|{z}
vaporization

�QLo (4)

_m is iteratively evaluated for given T1 and T5 using thermophysical
properties evaluated at states 1 and 5, respectively. It should be noted

Table 1 State points and descriptions

State point Description

0 Just above the meniscus
1 Exit of evaporator; referred to in this note as evaporator.
2 Exit of vapor line/entry of condenser. Vapor may be

superheated.
2scv Saturated vapor (end of sensible cooling of vapor

in condenser)
2cond Saturated liquid (point at which condensation is finished

in condenser)
3 Exit of condenser/entry to liquid line
4 Exit of liquid line/entry to evaporator
5 Core of evaporator wick
6 Point just below the meniscus (liquid side)
7 Location on liquid line immediately after the point where

the reservoir is plumbed
8 Location on liquid line immediately before the point where

the reservoir is plumbed
r Reservoir
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Fig. 2 Schematic of a TAG evaporator. a) Sectional view of TAG
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that the leak on the outer surface is considered in estimating _m, as it is
significant compared to Qevap in a CPL and hard-filled LHP.

The pressure at P6 is lower than the core pressure (P5) due to the
Darcian pressure drop in the wick (�Pw) and is given by

P6 � P5 ��Pw (5)

It should be noted that T6 and T0 are assumed identical to T1. The
mass ofworkingfluid (MWF) in the evaporator is obtained by adding
the mass of liquid in the core and wick to the mass of vapor in the
vapor grooves:

Mevap � �5Vc � �v;1Vg � �5�Vw (6)

Methods for evaluation of QLo and QLc in a TAG and FP
evaporator are explained next, followed by methodologies for
evaluating the thermodynamic state of the core in a CPL and LHP,
respectively.

1. Heat Transfer and Pressure Drop in the Evaporator Wick

In a TAG evaporator wick, the local temperature is dictated by an
energy balance between the radially outward flowing liquid and the
radially inward conducted heat (�Qr). Thus, the energy equation in
the porous liquid saturated wick, assuming local identical liquid and
wick temperatures, is

2	kweLw
d

dr

�
r
dT

dr

�
� _mCp15

dT

dr
(7)

where Cp15 is the mean specific heat of the working fluid between 1
and 5, kwe is the effective thermal conductivity of the wick
accounting for conduction through the solid and liquid, andLw is the
length of thewick. There are severalmodels for evaluation of thermal
conductivity of wicks saturated with liquid [21]. Here, effective
thermal conductivity of the wick is calculated using
kwe � �kl � �1 � ��kw. Solving the energy equation [Eq. (7)] using
the boundary conditions Tjr�ri � T5 and Tjr�ro � T1, the heat leaks
on the outer (QLo) and inner surface (QLc) of the TAG wick [22] are
given by

QLo ��Qrjr�ro �
_mCp15
1 � 
 �T1 � T5� (8)

QLc ��Qrjr�ri � 
 �QLo (9)

where


 	 �Dwi=Dwo� _mCp15=2	kweLw (10)

Pressure drop in the wick is evaluated using the Darcy relation for
pressure drops in a cylindrical porous medium [20]:

�Pw �
�15

K

_m

2	Lw�15
ln
Dwo

Dwi

(11)

where �15 and �15 are, respectively, the average viscosity and
average density between states 1 and 5. Permeability for a sintered
metal wick is evaluated using the Blake–Cozeny equation [23]
K �D2

ws�
3=
37:5�1 � ��2�, whereDws and � are the particle diameter

used for sintering the medium and porosity, respectively.
Similarly, for the wick in a flat plate evaporator, QLo and QLc are

given by

QLo ��Qzjz�0 �
_mCp15


0


 0 � 1
�T1 � T5� (12)

QLc ��Qzjz�tw �QLo=

0 (13)

where 
 0 	 exp
 _mCp15tw=�kweAw��. In case of FP evaporators, the
core is additionally heated through the evaporator casing. If �e;evap-c

is the effective thermal conductance between the evaporator casing
and the liquid core, the leakage is evaluated by
Qevap-c � �e;evap-c�Tevap � T5�. This leakage requires that the
expression for Qevap [Eq. (3)] be modified for FP evaporators to

Qevap �Qload �Qevap-r �Hevap-1Aevap-ins�Tevap � T1� �Qevap-c

(14)

Analogous to Eq. (11), the pressure drop in the wick for flat plate
evaporator is

�Pw �
�15

K

_m

�15Aw
(15)

2. Modeling of Heat Transfer in Reservoir Tube

In a CPL, the reservoir may be plumbed either to the liquid line or
the evaporator [24]. The heat leak to the reservoir, QLr, is important
in determining the temperature of the evaporator. In this section heat
transfer in the insulated tube connecting the loopwith the reservoir is
modeled as a one-dimensional convecting fin. Solving the fin
equation (d2�=dz2 � �2�) and related boundary conditions
(�jz�0 � �8; �jz�Lrt � �r) yields

QLr ��Ae;rtke;rt
d�

dz

����
z�0
�� ke;rtAe;rt�

�r � �8 cosh��Lr�
sinh��Lrt�

(16)

where � 	 T � T1,Hrt;ins-1 is heat transfer coefficient of insulation
with surroundings, �rt;ins is perimeter of tube insulation and
�2 	 �Hrt;ins-1�rt;ins�=�ke;rtAe;rt�. Note that ke;rt is the area weighted
thermal conductivity of the tube based on insulation, tube wall, and
fluid. Ae;rt is the total cross section area of the tube including the
insulation. In aCPL, if the reservoir tube is plumbed to the evaporator
casing (three-port configuration) then �8 is replaced by �evap. For an
LHP, due to the proximity of the compensation chamber with respect
to the evaporator, QLr is given by QLr � �evap-r�Tevap � Tr�, where
�evap-r � krtArt=Lrt is thermal conductance between the evaporator
and reservoir.

3. Evaluation of Thermodynamic State of the Core in a CPL

The core of the evaporator of aCPLhas the samepressure as that of
the liquid line exit (assumption 6). Thus themomentum equation and
the energy balance equation are

P5�T5; �5� � P4 (17)

QLc�T5� � _mCp54�T5 � T4� (18)

In an FP evaporatorQevap-c is added to the left-hand side of Eq. (18)
to account for additional leak to the core from the evaporator casing.
Equations (17) and (18) are solved simultaneously for T5 and �5,
assuming T1 and _m are constant.

4. Evaluation of Thermodynamic State of the Core in an LHP

In LHPs, the core is assumed to be saturated until it is hard-filled.
The bayonet is not considered, and the liquid from the liquid line
enters the reservoir. Hence (when the core is saturated),

P5 � P4 (19)

T5 � Tsat�P5� (20)

where Tsat�P5� is the saturation temperature corresponding to
pressure P5. Energy balance equation for an LHP core is

QLc �QLr � x4 _mhfg5 � ArUr-1�Tr � T1� � _mCp54�T5 � T4�
(21)

where QLc and QLr are evaluated based on the procedure outlined
earlier in this section. The third term on the left is the latent heat that
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needs to be rejected when the fluid entering the core has some vapor
in it. The first term on the right-hand side accounts for the heat
exchange between the reservoir and the ambient (Qr-1) and the
second term on the right represents the sensible heating of the liquid
entering the core. Equation (21) is solved iteratively for T1. The
difference in evaluation of thermodynamic state of the core, and
subsequently state of point 1 in the loop, is the major distinction in
modeling of an LHP and a CPL.

For LHPs with hard-filled reservoir (reservoir has subcooled
liquid) the equation of state [Eq. (19)] and energy balance in the core
[Eq. (21)] are solved simultaneously for T5 and �5. For an LHP, by
virtue of assumption 10, Tr � T5. Also state points 5, 7, and 8 are
identical as the reservoir is directly plumbed to the core.

B. Single Phase Flow

This section describes the procedure to calculate pressure drop,
heat exchange, andMWF for single phase flow in a tube, as occurs in
the vapor line, liquid line, and subcooler section of the condenser.
The relevant ODEs have the form

dTt
dz
��Ut�1�t�Tt � T1�

_mCp;t
(22)

dPt
dz
��f G2

2�tD
(23)

dMt

dz
� At�t (24)

where the subscript t represents either vapor line (vl), liquid line (ll),
or subcooler (sc).Ut-1 is the overall heat transfer coefficient between
the fluid and the ambient.Ut-1 is chiefly dictated by the heat transfer
coefficient between the outer tube wall (or the tube insulation) and
the ambient (Ht-1) and is assumed to be constant here. The heat
transfer coefficient between the fluid and the tube wall can be
calculated using correlations as presented in [25]. When modeling
the subcooler, the subscript 1 should be replaced by sink.
Equation (24) indicates the mass distribution of working fluid in the
tube.

A sixth-order Runge–Kutta method (RKM) [26] is used for
solving the ODEs. Initial conditions are defined at the inlet of the
tube. Thermophysical properties are calculated at the beginning of
each length step. If phase change occurs in the liquid line (boiling) or
vapor line (condensation) the fluid is treated as saturated [with the
fluid properties of saturated vapor (vapor line) or saturated liquid
(liquid line)] for evaluation of heat transfer, pressure drops, and
MWF in the tube. The fluid is at the saturation temperature
corresponding to the pressure at the end of each length step in RKM.
Exit quality at the end of each length step is obtained based on an
energy exchange during the length step.

C. Condenser

This section outlines themethod to evaluate heat transfer, pressure
drop, and mass of condensing fluid in the condensing section of the
loop: namely, condenser and liquid line (if x3 > 0). At point 2 the
vapor is either saturated or the degree of superheat is small, hence the
length of condenser tube required to cool the vapor to saturation is
extremely small. Therefore, the pressure at state 2scv is assumed to
be the same as that at state 2 and the vapor is saturated. The
temperature at state 2scv corresponds to the saturation temperature at
P2scv. Condensation starts at point 2scv and completes at point
2cond.Lcondensation is the distance between points 2scv and 2cond, i.e.,
the length of condenser required to completely condense saturated
vapor from state 2scv. In an LHP, it is possible that at high heat loads
vapor may not completely condense in the condenser, resulting in
nonzero exit quality.

The overall heat transfer coefficient based on inner diameter of the
tubing between the condensing fluid and the sink is given by

1

Ucond0
� Dcond;i

2kcond;t
ln
�
Dcond;o

Dcond;i

�
� Dcond;i

Dcond;oHsink

� 1

Hcond0
(25)

Energy balance for an infinitesimal length of condenser and pressure
gradient in the condenser during condensation (neglecting
gravitational effects) [27] are given by

dxcond0

dz
��Ucond0 �Tcond0 � Tsink�	Dcond;i

_mhfg
(26)

dPcond0

dz
���2lo

fG2

2�loDcond;i|����������{z����������}
frictional

� G2
d

dz

�
�1 � xcond0 �2
�l�1 � �v�

� x
2
cond0

�v�v

�
|������������������������{z������������������������}

acceleration

(27)

MWF variation at any point during condensation is given by

dMcond0=dz� Acond
�v�v � �1 � �v��l� (28)

One way to solve the preceding ODEs is to numerically integrate
Eqs. (26–28), assuming constant thermophysical properties during
condensation [18]. In this study the preceding ODEs [Eqs. (26–28)]
are solved simultaneously using the RKM to obtain P2cond and mass
of condensing fluid in the condenser (Mcond0 ). x2cond and Lcondensation

are also evaluated. Note that thermophysical properties are evaluated
at every length step. The initial conditions for the ODEs [Eqs. (26–
28)] are xcond;0 � x2scv, Pcond;0 � P2scv, andMcond0;0 � 0.

Several correlations are available in literature for estimating
Hcond0 , �lo, and �v. In this paper regime based correlations proposed
by Thome et al. [28,29] are used for evaluation of Hcond0 and �v.
These correlations need the inner wall temperature of the condenser
tube given by T! � Tsink � _mhfg�xcond0=�HO�cond;iLstep�. �lo is
evaluated using Friedel correlation [25]. Finally, the MWF in the
condenser is calculated by

Mcond �Mcond0 �Msc (29)

The procedure for calculatingMsc is given in Sec. II.B.

III. Numerical Scheme

The numerical scheme adopted here is a variant of the fixed point
iteration technique [26] for a nonlinear system of equations, and is
used to predict temperature, pressure, and mass distribution in the
loop. Newton–Raphson method (NRM) is used to minimize energy
balance residue, pressure imbalance, and mass imbalance. There are
ODEs to be solved for some components, viz. vapor line, liquid line,
and the condenser. Upon solving the ODEs the thermodynamic state
at the exit of the component is obtained. The fixed point iteration
scheme adopted here involves sequential solving of these equations,
namely,ODEor nonlinear equations as discussed in Sec. II, along the
loop for each component. This approach is explained in detail
through algorithms A0, A1-CPL, A1-LHP, and A2. The primary
algorithmA2, is applicable toLHPs andCPLs for saturated and hard-
filled reservoirs. In the pictorial representation of the algorithms,
numerous decision boxes are used. If there ismore than one condition
in any decision box, then the decision is yes only if all conditions are
true, unless otherwise stated.

A. Algorithm A0

AlgorithmA0 (see Fig. 3) is used to predict temperature, pressure,
andMWF in vapor line, condenser, and liquid line, given T1, T5, and
Qload. The output of this algorithm are the thermodynamic states of
the working fluid in the vapor line, condenser, and liquid line.
Qevap is evaluated using Eq. (3) (TAG) or Eq. (14) (FP). Tevap is

then evaluated using Eq. (2), followed by iteratively solving Eq. (4)
for _m. The procedure outlined in Sec. II.C is used to evaluate the heat
transfer, pressure drop, MWF, and thermodynamic states of the
condensing portion of the condenser. Section II.B describes the
methodology to calculate the heat transfer, pressure drop,MWF, and
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thermodynamic state for the vapor line, liquid line, and subcooled
portion of the condenser.

B. Algorithm A1-CPL

Algorithm A1-CPL (see Fig. 4) evaluates the temperature,
pressure, and mass distribution in different parts of a CPL with a
saturated reservoir. Inputs to this algorithm are Qload, Tsink, Tr, and
guess values of T1 and T5. This algorithm involves repeated
sequential evaluation (fixed point method) of T5 and �5 [using
Eqs. (17) and (18)] until energy and momentum balance is achieved.

First, for a given T1, temperature at the exit of the liquid line is
estimated by calling algorithm A0. Then the thermodynamic state of
the core (state point 5) is estimated by solving Eqs. (17) and (18).
This procedure is repeated until desired #wo and #glob are reached.
#wo and #glob are defined by

#wo :�
����1 � _mhfg;1 �Qlo

Qevap

���� (30)

#glob :�
����1 �Qvl �Qll �Qcond �QLr �Qevap-1

Qload

���� (31)

In the preceding equations, #wo represents the heat balance on the
outer surface of the wick normalized with respect toQevap, and #glob
represents global heat balance normalized with respect to Qload.

Now, T1 is iteratively updated using Newton–Raphson formula
until�P7 [defined in Eq. (33)] is minimized. Because the reservoir is
assumed to be saturated and the temperature of the reservoir (Tr) is
specified, the pressure and density of liquid and vapor in the reservoir
are determined. P7r, pressure at point 7, is obtained by adding the
hydrostatic head, based on Lrt, to the reservoir pressure (Pr).

P7r :� Pr �
�r � �7

2
gLrt-hydr (32)

P7 is obtained from algorithm A0 for reservoir plumbed to the liquid
line. If the reservoir is plumbed to the evaporator, as in a three-port
CPL, P7 � P8 � P5 and T7 � T8 � Tevap. In this algorithm, the
residue �P7, defined as

�P7 :� P7r � P7 (33)

Residue,�P7, implies force (or pressure) imbalance at point 7 in the
loop. Minimization of �P7 is achieved by iteratively updating T1
using the Newton–Raphson method. The derivative d�P7=dT1 is
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obtained numerically. Every update of T1 involves evaluation of
temperature and pressure based on the procedure outlined earlier in
this subsection.

Subsequently MWF in the reservoir (Mr) is obtained by
subtracting MWF in loop (Mloop) from total mass of charge (Mtot).

Mr �Mtot �Mloop �Mrt (34)

where

Mloop �Mvl �Mcond �Mll �Mevap (35)

and MWF in the reservoir tube is given by

Mrt � Vrt��7 � �r�=2 (36)

The volume fraction of the liquid in the reservoir, �, is obtained from

��
�
Mr

Vr
� �v

�
=��l � �v� (37)

If the calculated value of � is greater than unity, the reservoir is
hard-filled and the CPL is in a constant conductance mode. If this
occurs algorithm A2 is used.

C. Algorithm A1-LHP

Algorithm A1-LHP, outlined in Fig. 5, is used for calculation of
loop temperature in an LHP with a saturated core. Apart from guess
values of T1 and T5, inputs to this algorithm areQload and Tsink. This
algorithm is not applicable to hard-filled reservoir/compensation
chamber, hence the core is saturated and its pressure is equal to the
liquid line exit pressure (which is obtained from algorithm A0).
Equations (19) and (20) are repeatedly evaluated till T5 converges.
The energy equation in the core [Eq. (21)] is solved to evaluate T1
usingNewton–Raphsonmethod. The termFLHP, used inA1-LHP for
the T1 update equation is

FLHP�T1� :� QLc �QLr � x4 _mhfg4 � ArUr-1�Tr � T1�
� _mCp54�T5 � T4�

FLHP is the energy imbalance in the evaporator core and CC together.
The derivative dFLHP=dT1 is obtained numerically. The superscript i
of FLHP is the iteration number. In addition to temperature
(convergence), convergence is checked for the following heat
balance residues to ensure they are less than specified values defined
by

#wo :�
����1 � _mhfg;1 �QLo

Qevap

���� (38)

#c :�
����FLHP

QLc

���� (39)

#glob :�
����1 �Qvl �Qll �Qcond �Qevap-1 �Qr�1

Qload

���� (40)

TheMWF in theCC and volume fraction of liquid inCC are obtained
in the same way as explained in the preceding section on A1-CPL
[Eqs. (35–37)].

D. Algorithm A2

Algorithm A2, as shown in Fig. 6, is used to predict temperature,
pressure, andmass distribution in aCPL or anLHP, givenMtot,Qload,
and Tsink. This is the general algorithm that can handle both saturated
and hard-filled reservoir. Initially the reservoir is assumed to be
saturated. Mass of charge, system temperature, and pressure are
obtained by executing A1-CPL or A1-LHP for a given Qload, Tsink,
and Tres (for CPL). If the calculated value of � is less than 1, then no
mass imbalance occurs. However, if � > 1, mass imbalance exists.

Mass imbalance (�M) is defined by

�M :� Mtot �Mcal (41)

�M is minimized by iteratively updating T1 using the NRM. The
calculated mass of charge (Mcal) for hard-filled reservoir is obtained
by Mcal �Mr �Mrt �Mloop. Evaluation of Mloop involves finding
of temperatures, pressures, and mass distribution in various
components by executing algorithmA0. The thermodynamic state of
the core is found by solving Eqs. (17) and (18) in a CPL. In an LHP
Eqs. (19) and (21) are solved to determine the state of the core and
CC.MWF in the evaporator is then calculated using Eq. (6).MWF in
a hard-filled reservoir (Mr) is obtained by Mr � Vr�r, where �r is
density at Tr and Pr (using equation of state). For a CPL, Tr is
specified and Pr � P7 � �7gLrt-hydr. In an LHP, Tr � T5 and
Pr � P5.Mrt is evaluated using Eq. (36). The pressure at state point 6
is evaluated using Eqs. (5) and (11) (for a TAG) or (15) (for a FP).
The temperature at state point 6 is same as that at 0. By virtue of
assumption 7, state points 0 and 1 are identical.

Pr=P7=P8=P5=P4

Tr =T7=T8= T5=Tsat(P5)
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E. Numerical Errors and Experimental Validation

In the algorithms discussed in preceding sections, temperature,
pressure, andmass distribution are obtained usingfixed pointmethod
followed by use ofNewton–Raphsonmethod (NRM) to solve energy
balance [Eq. (19)] or pressure balance [Eq. (33)] or mass balance
[Eq. (41)] equations. The number of iterations required to obtain
convergence depends on the guess values. NRM is applied in
conjunction with relaxation and bracketing methods (like bisection
method) to speed up convergence. All calculations are done with
double precision.

For both CPLs and LHPs, the energy balance errors on the wick
outer surface and in the core are less than 10�5 W and 10�3 W,
respectively. #glob is less than 1% and temperature convergence is
better than 0.01 K. The pressure imbalance at point 7 in a converged
solution is less than 1.0 Pa. For the hard-filled LHP and CPL, the
mass imbalance (�M) in the loop is less than 0.05%of the totalmass.
The RKM method, which is applied to estimate heat transfer and
pressure drop in vapor line, liquid line, and condenser, uses 200
divisions on each component.

During this numerical study, it was observed that global energy
balance error in LHPs and CPLs increased with hard-filling. When
the reservoir hard-fills, the temperature difference across the wick
increases, resulting in significant variation of thermodynamic
properties. Preliminary analyses suggest that the variation in specific
heat of fluid with temperature must be accounted for when modeling
heat transfer in the wick. Inaccuracy in estimation of temperatures
can also be introduced due to inaccurate mass flow rate calculations.

If the mass flow rate is estimated by [30,31]

_m�Qevap=hfg (42)

the global energy balance sharply increases upon hard-filling of the
reservoir. Figure 7 compares the predicted LHP temperatures, using
Eqs. (4) and (42), and normalized global energy balance errors
(#glob). It is clear that the heat leak on the wick outer surface plays an
important role in estimation of mass flow rate ( _m). Use of Eq. (42) in
CPLs would introduce large errors in prediction, even with a non-
hard-filled reservoir, at moderate heat loads owing to a subcooled
core, which results in significant sensible heating of the liquid as it
traverses the wick. In this study, Eq. (4) has been used to estimate
mass flow rate.

Themathematical model was validated against data obtained from
experiments on a three-port CPL with 130 g of acetone as working
fluid. The experimental data was obtained with a TAG evaporator
connected (in place of the FP evaporator) to the test rig described in
[24]. The evaporator details are given in Table 2. The reservoir was
directly connected to the core of the evaporator with a 30 mm long,
quarter-inch-diameter tube. Experimental and predicted data are
plotted in Fig. 8. Because the reservoir is saturated for all heat loads
considered here, its temperature is the saturation temperature
corresponding to the reservoir absolute pressure. The liquid line and
vapor line temperature sensors are located 810 mm and 1300 mm
from the evaporator, respectively. The evaporator temperature is the
average of six thermocouples. The predicted and experimental data
are in good agreement. The discrepancy between predicted and
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Table 2 Summary of system parameters

Evaporator wicka Condenser
Lw 200 mm Lcond 3000 mm
Dwo 24.15 mm Dcond;o 6.35 mm
Dwi 11 mm Dcond;i 4.57 mm
Hevap 5000 W �m�2 � K�1 Hcond;o 300 W �m�2 � K�1
Hevap-1 0 W �m�2 � K�1 kcond;t 15 W �m�1 � K�1
Dp 10 �m
kw 1 W �m�1 � K�1
K 10�13 m2

Vapor and liquid lines Reservoir/CC
Lvl 1500 mm Vr 150 cm3

Lll 2000 mm Ar;o 0:017 m2

Dvl;o, Dll;o 6.35 mm Tr 298.15 K
Dvl;i, Dll;i 4.57 mm Lrt 30 mm (for LHP)
kvl;t, kll;t 15 W �m�1 � K�1 Lrt 80 mm (for CPL)
Dins-vl;i, Dins-ll;i 100 mm Lrt-hydr 80 mm (for CPL)
kins-vl;t, kins-ll;t 0:04 W �m�1 � K�1 Levap-rt 500 mm
Hvl-1, Hll-1 10 W �m�2 � K�1 krt;t 0:04 W �m�1 � K�1
Ambient Sink
T1 298.15 K Tsink 273.15 K

aEvaporator is assumed to have negligible heat transfer with surroundings. LHP does not
have a bayonet and liquid directly enters the CC.
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observed evaporator temperature is attributed to the use of a constant
Hevap (675 W �m�2 � K�1) in themathematicalmodel. The vapor line
is superheated at higher heat loads and is modeled using method
analogous to Chuang [19].

IV. Results and Discussion

The algorithms discussed in the preceding section were
implemented in a C-language computer program that was run on
an SGI-Origin2000 server. Ammonia is theworkingfluid used in this
study. Table 2 gives the details of the of theCPLandLHPused for the
analysis presented here. Steady-state behavior was simulated for
various evaporator heat loads andmass of charge. Figure 9 illustrates
the variation of evaporator temperature (T1) with heat load in a CPL.
The evaporator temperature of a CPL, with 135 g of charge, is nearly
constant and the loop deprimes at about 440 W due to insufficient
length of condenser (inadequately subcooled liquid at the inlet of the
evaporator [7]). The system is in variable conductancemode because
T1 is nearly constant [1]. This is attributed to displacement of the
liquid from the condenser to the two-phase reservoir, thereby
increasing heat dissipating area (/ Lcondensation) in the condenser.
This is evident in Fig. 10, in which the length of condensation and
volume fraction of liquid in the reservoir (�) increases with Qload.
The steep P–T curve (dP=dTjsat � 3 
 104) at the operating
temperatures, for ammonia, is also the cause for small rise in T1
(variable conductance) with heat load and for T1 being almost equal
to the reservoir temperature (Tr) in a CPL. The two-phase reservoir
controls the evaporator temperature through the pressure at state
point 7 in a CPL where the reservoir is plumbed. With increase in
load on the evaporator, P1 would increase to overcome pressure
drops in the vapor line, condenser, and liquid line (up to point 7), thus

ensuring P7 � P7r. As the slope of the P–T curve for ammonia is
large (�3 
 104), the change in T1 is extremely small despite an
increase in P1–P7 with heat load. If the reservoir temperature is
increased, the temperature of the evaporator will increase and the
system would deprime at a higher load (for reasons of limited
condenser length).

In a CPL with 160 g charge, T1 increases steeply for heat loads
higher than 380 W (Fig. 9) indicating constant conductance
operation due to hard-filling of the reservoir (Fig. 10). When the
condenser gets hard-filled, the reservoir loses control on the loop.
The pressure and temperature variation with heat load is controlled
by boundary conditions like sink temperature, mass of charge, and
fluid properties such as isothermal compressibility and volume
expansivity. The inability to further increase the condensation length
causes a steep rise in evaporator temperature with increase in heat
load. If fluid in the hard-filled system were assumed to be
incompressible, condensation length would not change with heat
load, implying that the evaporator temperature would undergo a
proportional increase in temperature with heat load. If liquid
compressibility (reservoir), liquid expansivity (liquid line and
subcooler), and vapor compressibility (vapor line and the condenser)
are considered, the relationship between evaporator temperature and
heat load in a hard-filled CPL is not exactly linear. The liquid
expansivity in liquid line and subcooler, and vapor compressibility in
vapor line and condenser causes the condensation length to reduce
with increase in heat load (Fig. 10) in a hard-filled CPL. Table 3 gives
the loads at which the CPL would deprime and the loads at which it
would hard-fill.

In an LHP (Fig. 11) temperature variation with heat load is V-
shaped. For small heat loads, the temperature of the evaporator
reduces and temperature of the liquid leaving the condenser (T3) is
nearly constant. The liquid in the liquid line picks up (or loses) heat
depending on the ambient conditions. In this study the ambient
temperature is greater than the sink temperature. The rise in
temperature along the liquid line can be explained (using LMTD) by
T4 � T3 � 
exp�Ull-1A= _mCp� � 1��T1 � T3�. Because flow in
liquid line is (in general) laminar, Ull-1 is nearly constant and _m
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Table 3 Summary of characteristic heat loads in a CPL and LHP for
different mass of charge in the system

Mtot CPL LHP

Qdeprime Qhf Qopen Qhf

135 g 440 W b 450 W 1100 W
145 g 440 W b 450 W 650 W
155 g a 420 W c 330 W
160 g a 370 W c 220 W
165 g a 300 W c 180 W

aCPL does not deprime due to limited condenser length as it hard-fills before the
condenser is fully used.
bCPL deprimes before it gets hard-filled, due to limited length of condenser.
cLHP hard-fills before condenser can open.
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increases with heat load, the rise in temperature would be higher for
smaller loads than at higher heat loads. Hence with increase in heat
load the liquid line exit temperature reduces, which in turn reduces
the core and the reservoir temperature, resulting in lower evaporator
temperature. The subcooling in the condenser, _mCp�T2cond � T3�,
increases with increase in heat load, whereas T3 is nearly constant.
After a certain heat load, T3 increases because of reduced subcooling
length in the condenser. The load corresponding to maximum
subcooling, hasminimum evaporator temperature, further increase in
heat load results in higher evaporator temperature.

After a certain load (Qopen), the temperature of evaporator
increases linearly with heat load. This happens because the con-
denser has fully opened and there is some vapor in the fluid leaving
the condenser, which is evident from Fig. 12, in which exit quality
(x3) increases at about 450 W (Qopen � 450 W). For heat loads
greater than Qopen, the temperature of the evaporator increases
linearly as the length available to reject heat is almost constant. This
is when the LHP is said to have moved into constant conductance
mode [3]. It is also observed in Fig. 12 that for a certain heat load
greater Qopen, vapor enters the core. In spite of vapor entering the
core, anLHPdoes not deprime [3,17]. The latent heat associatedwith
the vapor leaving liquid line ( _mx4hfg4) is lost to the ambient in the
CC.

The core in an LHP is at saturation temperature corresponding to
pressure in the core. The temperature difference across the wick
could be related to the pressure drop in the loop by the Clausius–
Clapeyron relation T1 � T5 � ��Ptot ��Pw�=�dP=dT�sat. The
temperature difference across the wick is very small due to the
steep P–T curve of ammonia (at operating temperature) and small
pressure drops in the loop. As a result, leak to the core of the
evaporator (QLc) and leak on the outer surface of the wick (QLo) are
also small as seen in Fig. 13.

Unlike LHPs, CPLs have significant heat leaks on the outer
surface of the wick and to the core (Fig. 14). This is attributed to the
subcooled liquid in the core, which results in large temperature
differences across the wick. Figure 15 shows variation of
temperature with the heat load at different locations in a CPL. The
leak to the core initially increases, but after a certain heat load it
reduces. The reason is a rise in T3 and reduction in 
 [Eq. (10)] due to
increased _m. In a CPL with 160 g charge the leak to core, after hard-
filling at 380 W, increases due to an increase in temperature drop
across thewick.QLc reduces after certain heat load due to a large drop
in 
 with increasedmass flow rate.QLo monotonically increases with
heat load in both variable and constant conductance modes.

Figure 16 illustrates the variation in � with heat load in an LHP.
With increase in heat load, more fluid is injected into the reservoir
due to an increase in condensation length. When the heat loads are
greater than Qhf , the reservoir (or CC) is full of liquid. Figure 16
shows that forMtot � 145 g, � is unity for loads greater than 650W.
The core of a hard-filled LHP is subcooled and the temperature
difference across thewick increases as seen in Fig. 11.When theLHP
(Mtot � 145 g) is hard-filled (Fig. 12), the condenser is already open
and vapor enters the core. After the CC is hard-filled, the vapor
quality both at condenser exit and the liquid line exit reduces sharply.
This is attributed to a steep rise in QLo due to a larger temperature
difference across the wick. For large heat loads (>Qhf), the vapor
completely condenses in the liquid line due to the large temperature
difference with the ambient. As the load on the evaporator is
increased further, the vapor completely condenses in the condenser
and the condensation length starts reducing due to increase in
evaporator temperature, compressibility of vapor in vapor line (and
condenser) and expansivity of liquid in liquid line and CC. Once the
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liquid completely condenses in the condenser, subcooling increases
in the condenser, and therefore T3 separates from the evaporator
temperature (Fig. 11).

The mass of charge affects the load at which hard-filling occurs
(Qhf). For a given system and boundary condition,Qhf reduces with
an increase in mass of charge. Figure 17 shows variation of
evaporator temperature for different masses of charge in an LHP.
With an increase inmass of charge, the LHP hard-fills at lower loads.
The system with 135 g charge does not hard-fill even at 1000 W
(hard-fills at about 1100 W) and the condenser fully opens up at
450 W. A system with 145 g of ammonia hard-fills at about 650 W;
however, a significant rise in T1 does not occur until the two-phase
front withdraws from the liquid line and is limited to the condenser;
this occurs at about 800W. The steep rise in T1 for heat loads beyond
800 W is attributed to reduction in two-phase heat transfer area as a
result of reduction in the length of condensation, which is due to the
liquid expansion (liquid line and CC) and vapor compression
(condenser and vapor line). Table 3 gives the loads at which the LHP
condenser opens and the hard-fills. For 155 g mass of charge the
hard-fill occurs at about 330W, and a steep rise in temperature of the
evaporator occurs at the onset of hard-fill. CC of the LHP, with 155 g
charge, hard-fills before condenser fully opens, provided the system
has not hard-filled before the condenser opens. It should be noted
here that Qopen is independent of mass of charge. A steep rise in
temperature is attributed to the inability to increase length of
condensation due to liquid expansivity effects . For an LHP with
155 g charge, T1 separates from the non-hard-filled evaporator
temperature curve as seen in Fig. 17. The separation of evaporator
temperature, when hard-filled, for 160 g and 165 g masses of charge
occurs at lower loads. It may be noted that for 165 g mass of charge,

the evaporator temperature starts increasing even before the
minimum evaporator temperature (287 K for an LHP with 135 g), is
reached. This is similar to the case described by Maidanik [4] where
an increase in evaporator temperature with heat load (after initial
drop in T1) is attributed to hard-filling of the compensation chamber.

V. Conclusions

In this study amathematical model is developed to predict thermal
and hydraulic performance of a CPL and an LHP including the
effects of hard-filled reservoir or CC. The constant conductance
mode of operation in the CPL occurred when the reservoir hard-
filled. In the LHP, constant conductance occurred either by the
condenser being fully used or by the CCgetting hard-filled. In aCPL,
the core is always subcooled, whereas in an LHP the core is
subcooled only when the reservoir hard-fills. Both in the CPL and
LHP it was observed that after hard-fill, the heat leaks increase
significantly and hence the mass flow rate must be determined from
an energy balance on the outer surface of the wick. The temperature
difference across the wick also increased with heat load when either
theCPLorLHP is hard-filled. Themass of charge in aCPLor anLHP
influences the heat load at which hard-filling occurs. Further, after
getting hard-filled, the length of condensation reduces with an
increase in heat load due to expansivity of the liquid and
compressibility of the vapor.
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