
Thermal transients in a capillary evaporator prior to the
initiation of boiling

Tim J. LaClair, Issam Mudawar*

Boiling and Two-Phase Flow Laboratory, School of Mechanical Engineering, Purdue University, West Lafayette, IN 47907, USA

Received 27 May 1999; received in revised form 26 January 2000

Abstract

A solution for the temperature pro®le in a cylindrical capillary evaporator subject to a uniform heat ¯ux prior to
the initiation of boiling is derived using the Green's Function method. An approximate solution is also derived for

the case in which the evaporator is heated by means of a constant conductance to a heat dissipating device. The
results of the analysis allow for the determination of applied power levels for which nucleation is likely to occur
only within the vapor grooves of the evaporator while maintaining subcooling in the liquid core, thereby increasing

the likelihood of a successful startup. Also, limits are found for which additional increases in the applied heat ¯ux
do not increase the temperature di�erence between the vapor grooves and the wick±liquid core interface. Several
advantages of larger diameter evaporators observed experimentally in startup are explained and quanti®ed by the

model. This analysis is appropriate for standard capillary pumped loop evaporators during a fully-¯ooded startup as
well as starter pump designs and loop heat pipes. 7 2000 Elsevier Science Ltd. All rights reserved.

1. Introduction

The Capillary Pumped Loop (CPL) is a two-phase

thermal control device that is capable of passively
transporting heat over large distances with minimal

temperature losses. Although earth-based applications

of the CPL have been proposed, it is especially well

suited for thermal management in spacecraft, where
gravity and hence its potentially deleterious e�ects on

the CPL's operation are absent. The CPL uses capil-

lary action for ¯uid transport and contains no moving
parts. A derivative of the heat pipe, it possesses several

features that make it an attractive design alternative in

several circumstances. Multiple evaporators and con-

densers can be added at di�erent locations in a CPL,

allowing the use of a single loop to reject heat from
multiple sources to multiple sinks, possibly at di�erent
temperatures. In contrast to the heat pipe, wicks are

absent in most of the transport section of the CPL.
Instead, liquid and vapor ¯ow through smooth walled
tubing, thereby reducing the frictional pressure losses
and increasing the maximum potential ¯uid ¯ow and

heat transfer rates.
A CPL in its most basic form is presented in

Fig. 1. During normal operation heat is applied to

the evaporator, which causes the working ¯uid to
evaporate. The wick supplies liquid to the evapor-
ator walls while vapor is generated at the interface

between the wick structure and the vapor grooves,
as shown in Fig. 2. A meniscus forms at the
liquid±vapor interface, which results in a pressure

di�erential between the two phases equal to the
capillary pressure 2s=r: This pressure di�erence pro-
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vides the force that drives the ¯uid ¯ow through

the entire loop. The vapor ¯ows through the vapor
grooves, out of the evaporator, through the vapor

transport lines, and into the condenser, where it

condenses into liquid. Liquid condensate continues

to ¯ow through the liquid transport lines and

returns to the evaporator, completing the cycle. The

two-phase reservoir is used to control the tempera-
ture of the loop and accommodates ¯uid inventory

shifts during changes in operating conditions. It is

typically thermostatically controlled to maintain a

constant temperature setpoint, and in steady-state

operation, a state of thermodynamic equilibrium

results in which the pressure of the reservoir equals

the saturation pressure corresponding to the tem-
perature setpoint. The pressure of the reservoir

e�ectively biases the pressure of the entire loop

since pressure losses in the reservoir line are negli-
gible. In this manner, the pressure of the loop, and

thus its saturation temperature, is nearly the same

as that of the reservoir.

The CPL is becoming a favorite design for space-

craft thermal control due to its ability to transport

large heat loads and the promise of operating as a cen-

tralized thermal bus using multiple parallel evapor-

ators. CPL development began in the 1960s and has

been quite active since the 1980s. Excellent reviews of
the development history and theory of operation are

available in the literature [1,2]. In recent years, numer-

ous CPLs have been fabricated and ground-tested, sev-

eral have been tested in ¯ight experiments and designs

have been selected for use on a few spacecraft missions
[3]. Nevertheless, issues relating to the CPL's reliability

and robustness have limited its acceptance and im-

Nomenclature

a liquid core radius
Ae evaporator surface area
Ain constant in each eigenfunction cin

b radius at interface between wick and
vapor grooves

Bin constant in each eigenfunction cin

c outer radius of evaporator
cp speci®c heat
Ce thermal capacitance of evaporator

Cm thermal capacitance of thermal mass
fi initial temperature in region i for homo-

geneous problem
Gij Green's function in region i due to a

source in region j
i index taking the values 1, 2, 3
J0, J1 Bessel functions of order zero and one of

the 1st kind
K1, K2 constants de®ned in Eq. (8b)
ki thermal conductivity of material i

kw bulk thermal conductivity of wick ma-
terial

n index

Nn constant de®ned in Eqs. (11b) and (11c)
q 00 heat ¯ux
_Q heat dissipation rate in thermal mass
r radius

r 0 a radius variable in the Green's function
Rc thermal capacitance ratio
Ri region i

t time
t1 time when nucleation is expected
T temperature

T0 initial temperature

Ti temperature in region i
Tm temperature of a thermal mass
Tsat saturation temperature

T � normalized temperature pro®le
~Tb temperature function de®ned in Eq. (28)
DT �gc normalized temperature di�erence de®ned

in Eq. (32)
DTgc, incip temperature di�erence between vapor

grooves and liquid core at incipience

DTsub, 0 initial subcooling in evaporator
U overall heat transfer coe�cient
Y0, Y1 Bessel functions of order zero and one of

the 2nd kind

Greek symbols
ai thermal di�usivity of material i

aw bulk thermal di�usivity of wick material
bn nth eigenvalue
D thermal capacitance per unit length

gj constant de®ned in Eq. (8b)
Zn non-dimensional eigenvalue de®ned in

Eq. (8b)

j porosity
r density
s surface tension
t a time variable in the Green's function

cin nth eigenfunction in region i
x parameter de®ned in Eq. (24c)

Subscripts
f ¯uid
m mixture

s solid
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plementation, and have been the primary focus of
research in recent years [4±7].

One problem which has plagued CPLs in both
ground and ¯ight tests is the di�culty in starting the
evaporators. Typically, after a CPL successfully starts

and enters into a steady operation mode it performs
quite well and the operation is fairly predictable. How-
ever, before steady state operation can occur, a series

of transient events, collectively referred to as the
startup, must take place where the thermophysical
state of ¯uid through much of the loop changes quite

dramatically. During the startup, the locations occu-
pied by liquid and vapor transiently shift to those cor-
responding to steady state operation. This
repositioning of liquid and vapor occurs through the

combined processes of vaporization, condensation, and
multi-phase ¯uid ¯ow through various portions of the
loop.

In theory, vapor should form only in the vapor
grooves of an evaporator. However, if su�cient super-
heat develops in the grooves before nucleation occurs,

the wick and possibly the liquid core can also heat up
to a temperature that is greater than the saturation
temperature, and nucleation could potentially occur

there as well. Additionally, vapor may be forced
through the wick and injected into the liquid core
during the initial pressure spike or pressure surge of
the startup. If the temperature of the liquid core is at a

temperature near or at saturation, then vapor may
remain there without condensing and in some cases
may actually grow. Vapor presence in the liquid core

has been found to fully or partially block liquid ¯ow
to the wick, which may lead eventually to deprime Ð
the loss of capillary pumping action Ð of an evapor-

ator [8,9]. Also, vapor presence in the evaporator core
has been found to in¯uence pressure oscillations in the

CPL [10]. Further aspects of CPL startup, which are
beyond the scope of this paper, are discussed in [8,9].

The preheating stage of the evaporator, before
vapor forms, has received relatively little attention in
the past. This is the ®rst stage of startup in an evapor-

ator that is initially fully-¯ooded with liquid, and occurs
not only in the fully-¯ooded startup of a traditional
evaporator, but also in starter pumps (evaporators

plumbed with a third port that connects the liquid
core directly to the reservoir) and loop heat pipe
(LHP) evaporators. The temperature pro®le of an

evaporator at the termination of the preheating stage,
i.e. at the commencement of boiling, determines if
nucleation and vapor phase longevity are possible at
locations other than inside the vapor ¯ow passages. To

some degree this pro®le will also a�ect later thermal
and ¯uid processes during the startup and continued
operation, and it can be used as a starting point in the

analysis of post-nucleation phenomena. A numerical
simulation of the preheating stage was performed by
Li and Ochterbeck [11] for an evaporator with a Carte-

sian geometry. The geometry of the vapor grooves was
included in the analysis and temperature dependent
thermal properties were used. Li and Ochterbeck com-

pared the numerical results with those of an exper-
imental study using ¯ow visualization performed in the

Fig. 2. Evaporator design and groove detail showing menisci

at liquid±vapor interface at wick surface.Fig. 1. Basic capillary pumped loop design.
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same investigation in which an evaporator with the
same geometry was used.

In this paper, an analytical model of conduction
during the initial heating of a cylindrical capillary
evaporator is presented that is applicable to standard

CPL evaporators, starter pumps, and also loop heat
pipes. The boundary conditions of (1) constant applied
heat ¯ux and (2) conduction to a thermal mass with a

non-negligible thermal capacitance that dissipates heat
are both considered and the results for the two cases
compared. Focus is placed upon the temperature

di�erence between the vapor grooves and the liquid
core, and heating conditions that optimize this tem-
perature di�erence are deduced. The primary objectives
of this study are to determine the temperature pro®le

when boiling commences and evaluate the in¯uence of
the applied heat ¯ux level on this pro®le. This paper
also addresses di�erences in the observed startup be-

havior between large and small evaporators, and the
startup performance of evaporators that use a metal
wick is evaluated.

2. Analysis

To obtain the temperature pro®le during the initial
heating of a cylindrical capillary evaporator, several
assumptions are made that allow a solution to be

obtained analytically. These assumptions are not
highly restrictive, yet they lead to an analytical rep-
resentation for the temperature pro®le of the evapor-

ator which yields several insights into the CPL startup,
and several results are derived which would not be evi-
dent from a purely numerical study. This approach

provides a solution that can be applied to a number of
di�erent designs by simply altering the parameters in
the model. This approach was pursued with the overall
goal of obtaining generalized conclusions about the

preheat phase of a capillary evaporator startup.
As a ®rst assumption, the vapor groove geometry is

neglected in the conduction model and a simple three

layer composite cylindrical structure is assumed for the
capillary evaporator. Because of the typically slow
thermal transients during this preheating stage in an

evaporator, the temperature of liquid in the vapor
grooves will not vary signi®cantly with position, but
rather will be approximately uniform. Also, in most

evaporators, the wick and liquid thermal properties do
not vary substantially from one another, so that the
liquid present in the vapor grooves may be considered
an extension of the liquid-saturated wick (this assump-

tion will be substantiated with property data in the
next section). By selecting an appropriate inner radius
for the metal wall of the evaporator in the model, the

contact area between the metal wall and the vapor
grooves and wick can be e�ectively approximated.

Fig. 3 shows the actual and assumed geometries. The

second assumption is that the heat ¯ux to the evapor-
ator is applied uniformly to the circumference of the

evaporator. Since the metal wall typically has a high
thermal conductivity, any non-uniformity in the actual
heat ¯ux at the outer radius will be minimized at the

wick to wall interface. Thirdly, constant thermal prop-
erties are assumed in the analysis, and average proper-

ties for the liquid-saturated wick are used. In view of
the other uncertainties in the model, the use of variable

properties would only confuse the results. Since the
¯uid is not being pumped during the ®rst stage of heat-

ing, the dominant heat transfer mechanism is conduc-
tion; convection is negligible, particularly in a

microgravity environment.
A two-dimensional analysis is used throughout this

investigation. Because the active length of a capillary
evaporator represents the greater part of the total

length and the entire length is heated, the two-dimen-
sional radial system is appropriate. For a cylinder that

is heated with a uniform heat ¯ux along the lateral sur-
face and perfectly insulated at the ends, the three-
dimensional problem reduces exactly to the two-dimen-

sional case. The end e�ects resulting from the region
beyond the active length of the evaporator is not

Fig. 3. Actual evaporator groove geometry and the three-

layer composite cylinder geometry used in the thermal con-

duction model of the evaporator during a fully-¯ooded

startup.
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expected to signi®cantly alter the results of this analy-
sis.

Since no solution for the three-layer composite cylin-
der subject to a uniform applied heat ¯ux appears in
the literature, a new solution is derived. To begin the

analysis, the mathematical formulation of the transient
conduction problem under consideration is speci®ed as
follows. A cylinder is composed of three materials as

shown in Fig. 3. Material 1 (liquid core), in the region
R1 given by 0Rr < a, is at temperature T1�r, t�; ma-
terial 2 (wick saturated with liquid), in the region R2

de®ned by a < r < b, is at temperature T2�r, t�; and
material 3 (metal wall), in the region R3 de®ned by
b < r < c, is at temperature T3�r, t�: A uniform heat
¯ux q 00�t� is applied at the outer radius c. The di�eren-

tial equation corresponding to this problem is given by
the following:

1

ai

@Ti

@ t
� 1

r

@

@r

�
r
@Ti

@r

�
�1�

in each region Ri, i =1, 2, 3. Continuity of the heat
¯ux and of temperature is required at each interface
between regions. This results in the following interface
boundary conditions:

k1
@T1

@r
� k2

@T2

@r
at r � a, �2a�

T1�r, t� � T2�r, t� at r � a, �2b�

k2
@T2

@r
� k3

@T3

@r
at r � b, �2c�

T2�r, t� � T3�r, t� at r � b: �2d�

Also, there exists a symmetry boundary condition at

the center of the cylinder and a boundary condition
corresponding to an applied heat ¯ux at the outer
radius:

@T1

@r
� 0 at r � 0 �2e�

k3
@T3

@r
� q 00�t� at r � c: �2f�

As an initial condition, a uniform temperature is

assumed everywhere in the composite cylinder,

Ti�r, t� � T0 for t � 0, i � 1, 2, 3: �2g�

The Green's function shall be derived for this problem

by ®rst considering the homogeneous problem with an
arbitrary initial condition [12]. Speci®cally, the follow-
ing problem is solved:

1

ai

@Ti

@ t
� 1

r

@

@r

�
r
@Ti

@r

�
, i � 1, 2, 3: �3a�

The homogeneous boundary conditions are

@T1

@ r
jr�0 �

@T3

@r
jr�c � 0: �3b�

The interfacial conditions are identical to those given
by Eqs. (2a)±(2d). The initial conditions are given by
the following:

Ti�r, t � 0� � fi�r�, i � 1, 2, 3: �3c�

The solution is obtained by the separation of variables

approach, which results in the following eigenvalue
problem:

1

r

d

dr

�
r
dcin

dr

�
� b 2

n

ai
cin � 0 �4a�

in each region Ri, subject to the boundary conditions

dc1n

dr
� 0 at r � 0 �4b�

c1n�r� � c2n�r� at r � a �4c�

k1
dc1n

dr
� k2

dc2n

dr
at r � a �4d�

c2n�r� � c3n�r� at r � b �4e�

k2
dc2n

dr
� k3

dc3n

dr
at r � b �4f�

dc3n

dr
� 0 at r � c: �4g�

The eigenvalue b0 � 0 is treated ®rst. The correspond-
ing eigenfunctions are given by

ci0�r� � Ai0 � Bi0 ln r: �5a�

Eq. (4b), along with the physical requirement that the

temperature remain bounded, requires that the coef-
®cient

B10 � 0 �5b�

so that

c10�r� � A10 �5c�

Application of the boundary conditions given by Eqs.
(4d) and (4f) results in

B30 � B20 � 0, �5d�
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and Eqs. (4c) and (4e) now require that

A10 � A20 � A30 � A0: �5e�
Therefore, the eigenfunctions corresponding to the
eigenvalue b0 � 0 are constant and are equal in all

regions:

ci0�r� � A0, i � 1, 2, 3: �5f�
For positive eigenvalues bn, the general solution of Eq.

(4a) is given by

cin�r� � AinJ0

�
bn����
ai
p r

�
� BinY0

�
bn����
ai
p r

�
,

i � 1, 2, 3

�6�

where J0�r� and Y0�r� are Bessel functions of order
zero of the 1st and 2nd kind, respectively. The bound-
ary condition given by Eq. (4a) requires that

B1n � 0: �7a�
The constant A1n is set to unity, A1n � 1, without loss
of generality, as discussed in [12]. Application of the
remaining boundary conditions, Eqs. (4c)±(4g), re-

spectively, leads to the following equations:

J0

�
bn�����
a1
p a

�
� A2nJ0

�
bn�����
a2
p a

�
� B2nY0

�
bn�����
a2
p a

�
�7b�

k1
k2

������
a2
a1

r
J1

�
bn�����
a1
p a

�
� A2nJ1

�
bn�����
a2
p a

�
� B2nY1

�
bn�����
a2
p a

�
�7c�

A2nJ0

�
bn�����
a2
p b

�
� B2nY0

�
bn�����
a2
p b

�

� A3nJ0

�
bn�����
a3
p b

�
� B3nY0

�
bn�����
a3
p b

�
�7d�

k2
k3

������
a3
a2

r �
A2nJ1

�
bn�����
a2
p b

�
� B2nY1

�
bn�����
a2
p b

��

� A3nJ1

�
bn�����
a3
p b

�
� B3nY1

�
bn�����
a3
p b

�
�7e�

A3nJ1

�
bn�����
a3
p c

�
� B3nY1

�
bn�����
a3
p c

�
� 0 �7f�

where J1�r� and Y1�r� are Bessel functions of order one
of the 1st and 2nd kind, respectively. These ®ve
equations can be written in matrix form as

266666666666666664

J0

�
g1
a

c
Zn

�
ÿJ0

�
g2
a

c
Zn

�
ÿY0

�
g2
a

c
Zn

�
0 0

K1J1

�
g1
a

c
Zn

�
ÿJ1

�
g2
a

c
Zn

�
ÿY1

�
g2
a

c
Zn

�
0 0

0 J0

�
g2
b

c
Zn

�
Y0

�
g2
b

c
Zn

�
ÿJ0

�
b

c
Zn

�
ÿY0

�
b

c
Zn

�
0 K2J1

�
g2
b

c
Zn

�
K2Y1

�
g2
b

c
Zn

�
ÿJ1

�
b

c
Zn

�
ÿY1

�
b

c
Zn

�
0 0 0 J1�Zn � Y1�Zn �

377777777777777775

266664
1
A2n

B2n

A3n

B3n

377775 �
266664
0
0
0
0
0

377775 �8a�

where

Zn �
bn�����
a3
p c, gj �

������
a3
aj

r
�j � 1, 2�

K1 � k1
k2

������
a2
a1

r
and K2 � k2

k3

������
a3
a2

r
�8b�

Including the ratios a/c and b/c, there are six non-
dimensional parameters, which depend on the proper-

ties and dimensions of the particular problem, appear-
ing in Eq. (8a). The eigenvalues for the problem are
obtained by setting the determinant of the matrix in

Eq. (8a) equal to zero:
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det

�����������������������

J0

�
g1
a

c
Zn

�
ÿJ0

�
g2
a

c
Zn

�
ÿY0

�
g2
a

c
Zn

�
0 0

K1J1

�
g1
a

c
Zn

�
ÿJ1

�
g2
a

c
Zn

�
ÿY1

�
g2
a

c
Zn

�
0 0

0 J0

�
g2
b

c
Zn

�
Y0

�
g2
b

c
Zn

�
ÿJ0

�
b

c
Zn

�
ÿY0

�
b

c
Zn

�
0 K2J1

�
g2
b

c
Zn

�
K2Y1

�
g2
b

c
Zn

�
ÿJ1

�
b

c
Zn

�
ÿY1

�
b

c
Zn

�
0 0 0 J1�Zn � Y1�Zn �

�����������������������

� 0 �9�

This determinant is simply a function of the variable
Zn with various sums of products of Bessel functions.

Although solution of the equation may appear to be a
somewhat daunting task, the numerical values of the
non-dimensional eigenvalues, which are the roots of

this equation, can be calculated quite simply using a
symbolic software package such as Mathematica1,
Mathcad1, or Maple.

Once the eigenvalues are determined, the coe�cients
Ain and Bin can be determined by solving any four of
the ®ve equations given by Eqs. (7b)±(7f). Using the

last four,

2664
A2n

B2n

A3n

B3n

3775 �

2666666666664

J1

�
g2
a

c
Zn

�
Y1

�
g2
a

c
Zn

�
0 0

J0

�
g2
b

c
Zn

�
Y0

�
g2
b

c
Zn

�
ÿJ0

�
b

c
Zn

�
ÿY0

�
b

c
Zn

�
K2J1

�
g2
b

c
Zn

�
K2Y1

�
g2
b

c
Zn

�
ÿJ1

�
b

c
Zn

�
ÿY1

�
b

c
Zn

�
0 0 J1�Zn � Y1�Zn �

3777777777775

ÿ12666664
K1J1

�
g1
a

c
Zn

�
0
0
0

3777775 �10�

Eq. (10) can be solved for each n, with the correspond-
ing non-dimensional eigenvalue Zn substituted so that

the calculation of the coe�cients is purely an arith-
metic exercise. The eigenfunctions are then fully deter-
mined by Eq. (6). The solution for the temperature in

the homogeneous problem is then given as

Ti�r, t� � 1

N0
A 2

0

(
k1
a1

�a
0

r 0f1�r 0 � dr 0 � k2
a2

�b
a

r 0f2�r 0 � dr 0

� k3
a3

�c
b

r 0f3�r 0 � dr 0
)
�

X1
n�1

1

Nn
eÿb

2
n tcin�r�

(
k1
a1

�a
0

r 0c1n
�r 0 �f1�r 0 � dr 0

� k2
a2

�b
a

r 0c2n
�r 0 �f2�r 0 � dr 0 � k3

a3

�c
b

r 0c3n
�r 0 �f3�r 0 � dr 0

)

�11a�
for i � 1, 2, 3, where

Nn � k1
a1

�a
0

r 0
�
c1n
�r 0 �� 2 dr 0 � k2

a2

�b
a

r 0
�
c2n
�r 0 �� 2 dr 0

� k3
a3

�c
b

r 0
�
c3n
�r 0 �� 2 dr 0,

n � 1, 2, 3, . . .

�11b�

and

N0 � A 2
0

2

�
k1
a1

a 2 � k2
a2
�b 2 ÿ a 2 � � k3

a3
�c 2 ÿ b 2 �

�
� A 2

0

2
D,

�11c�
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where the thermal capacitance per unit length is
de®ned as

D � k1
a1

a 2 � k2
a2
�b 2 ÿ a 2 � � k3

a3
�c 2 ÿ b 2 �: �11d�

The temperature is written in terms of the Green's

function as

Ti�r, t� �
�a
0

r 0Gi1

ÿ
r, tjr 0, t�jt�0f1�r 0 � dr 0

�
�b
a

r 0Gi2

ÿ
r, tjr 0,t�jt�0f2�r 0 � dr 0

�
�c
b

r 0Gi3

ÿ
r, tjr 0,t�jt�0f3�r 0 � dr 0 �12�

Comparison of these two results provides the Green's
function for the problem. It is given by

Gij

ÿ
r, tjr 0, t�jt�0
� kj

aj

 
2

D
�
X1
n�1

1

Nn
exp

�
ÿ b 2

n t
�
cin�r�cjn

�r 0 �
!

�13�

where, D is given by Eq. (11d). The full Green's func-

tion is obtained by replacing t with �tÿ t� in Eq. (13),
namely,

Gij

ÿ
r, tjr 0, t� � kj

aj

 
2

D
�
X1
n�1

1

Nn

� exp
�
ÿ b 2

n �tÿ t�
�
cin�r�cjn

�r 0 �
!
: �14�

For the original non-homogeneous problem, the sol-
ution may now be written down using the Greens func-
tion just calculated. It is

Ti�r, t� � T0

(�a
0

r 0Gi1

ÿ
r, t,jr 0, t�jt�0 dr 0

�
�b
a

r 0Gi2

ÿ
r, tjr 0, t�jt�0 dr 0

�
�c
b

r 0Gi3

ÿ
r, tjr 0 t�jt�0 dr 0

)

� a3
k3

�t
0

�
r 0Gi3

ÿ
r, tjr 0, t��r 0�cq 00�t� dt: �15a�

From the case where q 00�t� � 0 (the homogeneous sol-
ution with uniform temperature everywhere), the tem-

perature remains constant at T0. Therefore, it is
deduced that the terms inside the braces { } in Eq.
(15a) sum to unity. Then the temperature is given

simply by

Ti�r, t� � T0 � a3
k3

�t
0

�
r 0Gi3

ÿ
r, tjr 0, t��r 0�cq 00�t� dt

� T0 � c

�t
t�0

"
2

D
�
X1
n�1

cin�r�c3n�c�
Nn

� exp
�
ÿ b 2

n �tÿ t�
�#

q 00�t� dt: �15b�

3. Results

3.1. Constant applied heat ¯ux

For a constant applied heat ¯ux q 00, after substitut-
ing for the Green's function and performing the inte-
gration, the solution to the problem is

Ti�r, t� � T0 � cq 00
"
2

D
t�

X1
n�1

cin�r�c3n�c�
Nn

1

b 2
n

ÿ
1ÿ eÿb

2
n t
�#
:

�16�
Since T�r, t� ÿ T0 is a product of cq 00, the temperature
rise in the evaporator at a given time, as well as the tem-
perature di�erence between any two points, is a linear

function of the applied heat ¯ux q 00: This result is sig-
ni®cant because it allows for the elimination of a par-
ameter from the functional form and indicates that the

temperature increase is linearly dependent on the
applied heat ¯ux.
The initial temperature T0 and the term cq 00 2D t,

which corresponds to the bulk average temperature
rise of the entire evaporator due to the addition of
heat, can be subtracted from both sides of Eq. (16).
The summation on the right-hand side is the relative

transient, spatial temperature variation across the
evaporator. This is then normalized by the product
cq 00, which is proportional to the heat rate per unit

length of the evaporator. The result is given by

T �i �r, t� �
Ti�r, t� ÿ T0

cq 00
ÿ 2

D
t

�
X1
n�1

cin�r�c3n�c�
Nn

1

b 2
n

ÿ
1ÿ eÿb

2
n t
�
: �17�

A plot of the normalized temperature pro®le T ��r, t� is
presented in Fig. 4 for a 16 mm nominal o.d. (0.633
in.) and a 30 mm nominal o.d. (1.170 in.) evaporator

with ultra high molecular weight (UHMW) polyeth-
ylene wicks, and for a nickel wick evaporator with 16
mm nominal o.d. Plotting the temperature rise in its
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normalized form allows a single set of curves to be

used to calculate the actual temperature for any heat

¯ux, whereas a separate plot would be necessary for

each heat ¯ux case if the actual temperature rise were

plotted directly. The selected evaporator sizes represent

common designs that have been tested in ground and

¯ight experiments. For the nickel wick evaporator the

thermal properties of the liquid-saturated wick and the

pure liquid di�er by approximately by one order of

magnitude and hence the groove geometry in this case

will more signi®cantly a�ect the accuracy of the

results. On the other hand, the properties are close to

two orders of magnitude lower than those of the metal

wall. In any event, it is informative to compare the

results of the model using the nickel wick evaporator

with those of the polyethylene wick evaporator.

The thermal property data and dimensions used in
the analysis of these evaporators are given in Table 1.

The e�ective thermal conductivity data used for the
liquid±saturated wick were calculated using the follow-
ing correlation [13]:

km � k1ÿjs k
j
f , �18a�

where j is the porosity of the wick, and kf and ks are

the thermal conductivities of the liquid in the void
space of the wick and the pure solid which forms the
structure of the wick, respectively. The mixture thermal
di�usivity was calculated as [13]

am � km

�rcp �m
, �18b�

Fig. 4. Normalized temperature T ��r, t� for several times: (a) 16 mm polyethylene wick evaporator, (b) 30 mm polyethylene wick

evaporator, (c) 16 mm nickel wick evaporator.
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where the mixture e�ective density±speci®c heat
product is obtained as

�rcp �m� �1ÿ j��rcp �s�j�rcp �f , �18c�

where the subscripts f and s again refer to the ¯uid
and pure solid, respectively.

As can be seen from Eq. (17), a thermally fully
developed condition develops as t41: The time at

which negligible change in the thermal pro®le occurs
depends on the magnitude of the eigenvalues bn: For
the 16 mm evaporator, for times greater than about
200 s, the temperature pro®le was found to become

invariant, while for the 30 mm evaporator the corre-
sponding time increased to about 750 s. As one would

expect, for the larger diameter and lower thermal con-
ductivity evaporators, the thermal di�usion time is
greater. For the nickel wick evaporator, the time

needed to obtain a fully developed condition decreased
to only 40 s and the temperature di�erences are con-

siderably smaller.
For a capillary evaporator, the temperature di�er-

ence between the vapor grooves (corresponding to the
interface at r � b� and the liquid/wick interface (corre-

sponding to r � a� is of interest. If this temperature
di�erence in an evaporator is less than the level of

superheat present at the time nucleation occurs in the
vapor grooves, then nucleation may also occur in the

wick or liquid core. Also, if vapor is injected into the
core due to a pressure spike or surge during startup,
should the liquid core be near saturation when nuclea-

tion occurs, the injected vapor can remain in the core
without condensing, thereby increasing the chance of

an eventual evaporator deprime.
A comparison of this temperature di�erence for the

three evaporators is presented in Fig. 5. For the 30
mm polyethylene wick evaporator, the normalized tem-

Fig. 5. Normalized temperature di�erence between the vapor

groove location �r � b� and the interface between the wick

and liquid core �r � a� for the 16 mm polyethylene wick evap-

orator, the 30 mm polyethylene wick evaporator, and the 16

mm nickel wick evaporator.

Table 1

Evaporator dimensions and thermal properties used in model

16 mm polyethylene wick

evaporator

30 mm polyethylene wick

evaporator

16 mm nickel wick

evaporator

Material 1 Liquid ammonia Liquid ammonia Liquid ammonia

a (mm) 2.64 5.72 2.64

k2 (W/m K) 0.50 0.50 0.50

a1 � 106 (m2/s) 0.175 0.175 0.175

Material 2 UHMW polyethylene wick

saturated with liquid

ammonia

UHMW polyethylene wick

saturated with liquid

ammonia

Nickel alloy wick saturated

with liquid ammonia

b (mm) 5.52 11.25 5.52

j, wick porosity 0.50 0.50 0.70

ks, bulk thermal

conductivity of wick

material, (W/m K)

0.33 0.33 90

k2(W/m K) 0.41 0.41 2.37

as � 106, bulk thermal

di�usivity of wick material,

(m2/s)

0.155 0.155 22.7

a2 � 106 (m2/s) 0.16 0.16 0.74

Material 3 Aluminum 6063, T6 Aluminum 6063, T6 Aluminum 6063, T6

c (mm) 8.04 14.86 8.04

k3 (W/m K) 201 201 201

a3 � 106 (m2/s) 83 83 83
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perature di�erence starts out smaller than that of the
16 mm polyethylene wick evaporator, but as time
increases the temperature di�erence becomes greater

for the larger evaporator. The variation of the actual
temperature di�erence between the two evaporators is
actually greater than Fig. 5 suggests, since the normal-

izing constant includes c, the outer radius of the evap-
orator. This increase in the temperature di�erence
between the vapor grooves and liquid core, along with

the increased resistance to vapor penetration through a
thicker wick, may be one reason for observed improve-
ments in startup success for large evaporators [9]. The
nickel wick evaporator shows a signi®cant reduction in

the temperature di�erence since heat is more e�ciently
conducted to the liquid core. This fact, from the point
of view of maintaining subcooling in the liquid core

both during startup and in steady operation, makes
the nickel wick evaporator an inferior design to evap-
orators using a traditional polyethylene wick.

3.2. The case where a thermal mass dissipates heat and

is conductively coupled to the evaporator

In applications where a capillary evaporator is used,
a spacecraft mission for example, there is typically a

heat dissipating mass of non-negligible thermal capaci-
tance that is conductively coupled to the evaporator.
Because of the thermal capacitance of the mass and

the ®nite conductance between the evaporator and the
thermal mass, the heat ¯ow to the evaporator is less
than the heat dissipated in the mass, and a temperature

di�erence exists between the two. The resulting non-
steady heat ¯ow to the evaporator will a�ect the devel-
opment of the temperature pro®le within the evapor-

ator. The condition of a constant heat ¯ux results
when the thermal capacitance of the mass is negligible,

as in the case of a small electric heater. This is fre-
quently used in laboratories as a simulation of a heat
dissipating payload, but it does not represent the

actual service conditions of the evaporator heating,
and may result in unexpected results in the startup
behavior when a mass with considerable thermal ca-

pacitance replaces a simulation heater. In the following
analysis, a heat ¯ux corresponding to the heating situ-
ation of a massive thermal payload is derived, and the

resulting temperature pro®le is calculated for a range
of parameters. The results are compared with those
from the case of a constant applied heat ¯ux from the
previous section.

Consider an evaporator that is conductively coupled
to a thermal mass which dissipates heat at a constant
rate _Q: The heat transfer in this case results in a conju-

gate conduction problem. The appropriate boundary
condition at the evaporator surface is the following:

k3
@T3

@ r
jr�c � U

ÿ
Tm�t� ÿ T3�r � c, t�� �19�

where U is the overall heat transfer coe�cient at the
evaporator from the thermal mass, and Tm�t� is the
time-dependent temperature of the thermal mass. The

thermal mass temperature, assuming it behaves as a
lumped capacitance, is governed by the following
di�erential equation

Cm
dTm

dt
� _QÿUAe

ÿ
Tm�t� ÿ T3�c, t�

� �20�

where Ae is the evaporator area over which heat enters

the evaporator, and Cm is the total thermal capaci-
tance of the thermal mass.
The solution of a conjugate heat conduction prob-

lem, such as that given by Eqs. (1), (2a)±(2e), (19) and
(20), results in an eigenvalue problem for which no
orthogonality condition exists to determine the coe�-

cients in the resulting eigenfunction expansion [14].
This causes substantial di�culty in obtaining an ana-
lytical solution. On the other hand, Eq. (15b) provides

a solution to the problem if the resulting heat ¯ux
q 00�t� into the evaporator can be determined. This is
obtained as

q 00�t� � U
ÿ
Tm�t� ÿ T3�r � c, t�� �21�

by equating Eqs. (2f) and (19). Although Tm�t� and
T3�c, t� are obtained by solving the conjugate conduc-
tion problem and therefore are not known a priori, the
following approximate analysis provides a function

q 00�t� which yields temperature pro®les that are valid
for large values of time.
Consider the temperature solution for the case of a

Fig. 6. Comparison of the evaporator bulk average and sur-

face temperature rise for the 16 mm polyethylene wick evap-

orator for the case of a constant heat ¯ux.
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constant applied ¯ux, given by Eq. (16). For relatively
large times, the transient temperature at the outer

radius, T3�c, t�, is dominated by the bulk average tem-
perature increase 2

Dcq
00t: That is, the bulk average tem-

perature rise of the evaporator eventually becomes

much larger than the local temperature di�erences
across the evaporator, as shown in Fig. 6 for the case
of the 30 mm polyethylene wick evaporator. In the

case of the second heating condition, the heat ¯ux will
be reduced and the evaporator surface temperature
will therefore not rise as quickly as in the case of a

constant heat ¯ux. The temperature variation across
the evaporator therefore, may be neglected and the
bulk average temperature is used as a reasonable ap-
proximation for the evaporator surface temperature

T3�c, t�: This is equivalent to assuming a lumped ca-
pacitance for the evaporator, which is used only in
determining the approximate heat ¯ux into the evapor-

ator when it is conductively coupled to an external
heat dissipating thermal mass.
With the above discussion as motivation, the con-

duction problem of two lumped capacitances, the evap-
orator and a thermally dissipating mass, which are
thermally coupled through a constant heat transfer

coe�cient U, is solved. Speci®cally, the di�erential
equations obtained from an energy balance on the
lumped masses are solved. For the thermal mass,

_Qÿ AeU�Tm�t� ÿ Te�t�� � Cm
dTm

dt
, �22a�

while for the evaporator

AeU�Tm�t� ÿ Te�t�� � Ce
dTe

dt
: �22b�

As initial condition, it is assumed that both masses are
at the same temperature,

Tm�t � 0� � Te�t � 0� � T0: �22c�

The heat ¯ux to the evaporator, in the lumped mass
approximation, is given by

q 00�t� � U�Tm�t� ÿ Te�t��: �23�

Solving the two di�erential equations, Eqs. 22(a) and

22(b), in terms of the heat ¯ux results in the following:

q 00�t� �
_QCe

Ae�Cm � Ce �
�
1ÿ exp

�
ÿ Cm � Ce

Cm

AeU

Ce

t

��

�
_Q

Ae�1� Rc �
�
1ÿ exp� ÿ xt��, �24a�

where

Rc � Cm

Ce

�24b�

is the ratio of thermal capacitances and

x � 1� Rc

Rc

UAe

Ce

: �24c�

The function given by Eq. (24a) is the approximate

transient heat ¯ux into the evaporator resulting from a
conductive coupling to a heat dissipating, lumped ca-
pacitance thermal mass. Substituting this approximate

heat ¯ux into Eq. (15b) and performing the integration
yields the temperature of the evaporator due to this
heating condition,

Ti�r, t� � T0 �
_Q

Ae

c

1� Rc

(
2

D

�
tÿ 1

x
�1ÿ eÿxt �

�

�
X1
n�1

cin�r�c3n�c�
Nn

1

b 2
n ÿ x

"
�1ÿ eÿxt �

ÿ x

b 2
n

ÿ
1ÿ eÿb

2
n t
�#)

: �25�

Normalizing the result in a similar manner as in the

case of a constant heat ¯ux, it is found that

T �i �r, t; x� �
Ti�r, t� ÿ T0

c

 
_Q

Ae

!�
1

1� Rc

� ÿ 2

D

�
tÿ 1

x
�1ÿ eÿxt �

�

�
X1
n�1

cin�r�c3n�c�
Nn

1

b 2
n ÿ x"ÿ

1ÿ exp� ÿ xt��ÿ x

b 2
n

�
1ÿ exp

�
ÿ b 2

n t
��#

:

�26�

Eq. (26) reduces to the case of constant heat ¯ux when
x41: In practice, for values of x that are quite small

it is found that the normalized temperature pro®les
obtained from Eq. (26) still do not vary substantially
from those obtained in the case of a constant heat ¯ux

(Eq. (17)). For example, only when x < 0:1 does the
di�erence in the normalized temperature become
noticeable in the case of the 16 mm polyethylene wick

evaporator. This result becomes obvious upon examin-
ing the factor multiplying the term

cin�r�c3n�c�
Nn

for the T ��r, t� and T ��r, t; x� pro®les of Eqs. (17) and
(26), respectively. A plot of the time dependent factor
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1

b 2
1 ÿ x

"ÿ
1ÿ exp� ÿ xt��ÿ x

b 2
1

�
1ÿ exp

�
ÿ b 2

1 t
��#

,

corresponding to n � 1, for the case of the 16 mm
evaporator appears in Fig. 7 for various values of x,
where x41 represents the coe�cient appearing in

Eq. (17). A plot of the resulting temperature pro®les
for x � 0:01, shown in Fig. 8, may be compared with
Fig. 4(a). Clearly, a shift in the time at which a fully

developed pro®le occurs results for the smaller x value
but the shape of the normalized temperature pro®les
does not vary signi®cantly. As t41, the two pro®les

are identical, as may be derived from the equations.
In practice, the parameter x will be small enough to

e�ect a change in the temperature pro®le only when
the thermal conductance from the source is quite

small. The area of the evaporator in contact with a
cold plate may be approximated as the product of the
diameter and active length of the evaporator. As an

example, consider a typical, if conservative, heat trans-
fer coe�cient U of 4000 W/m2 K, corresponding to an
aluminum-to-aluminum thermal contact under a con-

tact pressure of 1000 kN/m2 in vacuum [15]. For a 16
mm evaporator with a length of 30 cm, it is calculated
from Eq. (24c) that xr0:4 for any value of Rc. Since
both the evaporator area Ae and the capacitance Ce

are proportional to the length, the value of x can
decrease below 0.1 only if there is a signi®cant decrease
in the total heat transfer coe�cient U. The normalized

bulk temperature rise of the evaporator also does not
change signi®cantly from the constant heat ¯ux case
for xr0:1 except at very early times. Therefore, in

most cases, the T � pro®les can be determined using
the limiting value x41, which corresponds to the
functional form of Eq. (17).

As an example of the degree of attenuation of the
temperature pro®le due to the presence of the thermal
mass, consider an evaporator with the properties of

the 16 mm polyethylene wick evaporator from Table 1.
Assuming a length of 38.1 cm (15 in.), with a 38.1 cm
� 10.2 cm � 0.6 cm aluminum cold plate attached, the
capacitance ratio is slightly above ten. From Fig. 5

one observes a maximum normalized temperature
di�erence between the vapor grooves and the liquid
core of 0.45. For a heat dissipation rate of 100 W, the

rate per area of the evaporator is approximately 5.2
kW/m2. When this ¯ux is applied directly to the evap-
orator without a cold plate, the maximum actual tem-

perature di�erence between the grooves and the liquid
core is calculated from Eq. (16) to be 37.58C. For the
same evaporator with the cold plate attached and the
same heating rate, assuming negligible additional ther-

mal capacitance, the maximum temperature di�erence
is found to be only 37.58C/(1+10)=3.48C. This pro-
vides motivation for avoiding the use of a cold plate in

a dedicated starter pump and minimizing its thermal
mass when a fully ¯ooded startup will be used with
any evaporator design.

3.3. Temperature di�erence between vapor grooves and

liquid core at boiling incipience as a function of heat
¯ux

In the previous calculation for a constant ¯ux
applied to an evaporator without a cold plate, the
maximum temperature di�erence was calculated as

37.58C. However, if the initial temperature T0 is only a
few degrees below the saturation temperature (reser-
voir setpoint), nucleation will occur before the calcu-

Fig. 8. Normalized temperature T ��r, t; x � 0:01� for the case

of the 16 mm polyethylene wick evaporator for several times.

Fig. 7. Factor multiplying the term ci1�r�c31�c�=N1 in Eq. (26)

for the 16 mm polyethylene wick evaporator.

T.J. LaClair, I. Mudawar / Int. J. Heat Mass Transfer 43 (2000) 3937±3952 3949



lated maximum temperature di�erence can be reached.

Therefore, the maximum temperature di�erence is lim-
ited by the initial subcooling DTsub, 0 � Tsat ÿ T0,
neglecting incipient superheat. Superheating could

easily be included in the following analysis by using
the expected nucleation temperature instead of the sat-
uration temperature speci®ed here.

In order to start an evaporator it is desirable to
simply apply power to the device from which the
evaporator is intended to reject heat. However, this

procedure may not result in a successful startup. To
maximize the probability of a successful startup, it
is necessary to maintain a comfortable temperature
di�erence between the vapor grooves and the liquid

core, and as seen in the previous analysis, this may

be achieved by applying a su�ciently large heat

¯ux to the evaporator. The addition of dedicated
starter heaters may be justi®ed in some circum-
stances. On the other hand, if too large of a heat

¯ux is applied to the evaporator in an e�ort to
maximize the vapor groove±wick temperature di�er-
ence, other complications may result in the startup

being unsuccessful. A larger heat ¯ux than necessary
will cause the boiling/evaporation immediately fol-
lowing nucleation to be more vigorous and a larger

pressure surge can be expected as a result. If the
pressure surge is too large, vapor may be injected
through the wick into the liquid core, which may
result in startup failure. Therefore, the applied heat

¯ux should be selected so that su�cient subcooling

Fig. 9. Di�erence in temperature between the vapor grooves and the wick±liquid interface at the time t � t1 when nucleation is

expected, plotted as a function of the applied heat ¯ux q0 for (a) the 16 mm polyethylene wick evaporator, (b) the 30 mm polyeth-

ylene wick evaporator, and (c) the 16 mm nickel wick evaporator.
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remains in the core at nucleation, but vapor gener-
ation rates corresponding to that ¯ux should not

exceed the wick's capability to accelerate ¯uid
through the rest of the loop.
It is desirable to know the temperature di�erence at

the moment nucleation occurs in the vapor grooves,
expressed as a function of the applied heat ¯ux. The
®rst nucleation event occurs at the time t1 when

T�b, t1 � � Tsat, �27�

where the function T�b, t� is obtained from Eq. (16). In
terms of the function

~Tb�t� � 2

D
t� T ��b, t�, �28�

t1 is the time at which

~Tb�t1 � � DTsub, 0

cq 00
: �29�

One can show that the function ~Tb has an inverse, so
t1 is obtained as

t1 � ~T
ÿ1
b

�
DTsub, 0

cq 00

�
: �30�

Of primary interest is the value of

T�b, t1 � ÿ T�a, t1 � � cq 00DT �gc�t1 �, �31�

where

DT �gc�t� � T ��b, t� ÿ T ��a, t� �32�

is the normalized temperature di�erence between the
vapor grooves and the liquid core. From Eq. (30), t1
may be written as a function of the heat ¯ux, t1 �
t1�q 00 �: Therefore, the actual vapor groove to liquid
core temperature di�erence at boiling incipience is

obtained as a function of q 00 as

DTgc, incip

ÿ
q 00
� � T�b, t1 � ÿ T�a, t1 �

� cq 00DT �gc

ÿ
t1
ÿ
q 00
��
: �33�

The temperature di�erence of interest is plotted as a
function of q0 for initial subcoolings of 5 and 108C in
Fig. 9 for the three evaporators discussed previously.

For the 30 mm polyethylene wick evaporator a lower
¯ux is required to maintain the same level of subcool-
ing in the liquid core at boiling incipience as compared

to the smaller diameter polyethylene wick evaporator,
a fact which has been observed experimentally at
NASA, Goddard [9]. The nickel wick evaporator

requires a considerably higher heat ¯ux to maintain
the same level of liquid core subcooling. These ®gures
show an important trend which is particularly relevant

to the discussion at the beginning of this section con-
cerning high power startups. This is that there exists a

¯ux limit beyond which there is no substantial increase
in the temperature di�erence between the vapor
grooves and the liquid core. Any further increase in

applied power for a given initial subcooling only
results in an increased pressure surge during vapor
channel clearing, with no thermal di�erences that will

improve the likelihood of a successful startup.

4. Conclusions

A thermal model was developed to determine the
temperature pro®le during the heating stage before
nucleation occurs in the vapor grooves of a ¯ooded

capillary evaporator. The boundary conditions of an
applied constant heat ¯ux and conduction to a ther-
mally dissipating lumped mass with non-negligible
thermal capacitance were considered. The temperature

di�erence between the vapor grooves and liquid core
was examined with a focus on practical methods to
maintain a suitable level of subcooling in the liquid

core. Key conclusions of this investigation are as fol-
lows:

1. The transient relative thermal pro®le in an evapor-

ator during the preheating stage is linearly depen-
dent upon the applied heat ¯ux.

2. The presence of a large thermal mass seriously

reduces the temperature di�erences present in an
evaporator during the preheat stage of a startup
because the heat dissipated in the thermal mass is

transferred to the evaporator in proportion to the
relative thermal capacitances of the evaporator and
thermal mass. Dedicated starter heaters attached
directly to the evaporator or starter pumps become

a practical necessity if the liquid core subcooling
is to be maintained when a large thermal mass is
present.

3. Thermal di�erences between small and large diam-
eter evaporators during the preheat stage were
examined and the likelihood of startup success was

considered. Results of this analysis were in agree-
ment with experimental observations and trends.
Large evaporators can start more easily since the
added thermal resistance to the liquid core results in

an increase in the level of subcooling present there
in the fully developed temperature pro®le.

4. Wicks with a higher thermal conductivity signi®-

cantly reduce the level of subcooling in the liquid
core. Heat ¯uxes several times greater than those
needed for polyethylene wicks are required to main-

tain the same subcooling when a metal wick evapor-
ator is used.

5. The temperature di�erence between the vapor
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grooves and the liquid/wick interface can be pre-
dicted with this model. A minimum heat ¯ux needed

to produce a comfortable level of subcooling in the
liquid core at boiling incipience can be calculated so
that nucleation cannot occur in the liquid core and

any bubbles that may be injected into the core can
be condensed.
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