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the pulse, an increase in the efficiency of mass utilization may be
expected. Thus, future experiments should be done with higher
power, shorter pulse lasers. The advantage of a short-pulse system
is that the thrusting time will be much greater than the pulse
time, and quasi-steady thrust may be obtainable by a series of
short laser pulses such that each succeeding thrusting pulse begins
before the previous one ends. It is necessary, however, to design
an efficient propellant feed system to complete this system.
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Heat Pipe Model Accounting for Variable Evaporator and
Condenser Lengths
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A correlation model is established for the steady-state performance of a horizontal heat pipe operating below
the capillary limited heat rate and with internally self adjusting evaporator and condenser lengths. The length
along which condensation occurs is found to depend on the axial vapor Reynolds number. The partially saturated
evaporator length, and the corresponding length along which evaporation occurs is found to depend on the detail
wick geometry and the evaporator meniscus radius. These dependencies are corroborated by experimental data
from a cylindrical heat pipe with working fluids of water and methanol. The experimental wick consists of two
layers of 100 mesh stainless steel screen separated by a thin liquid region. Comparison of correlation predictions to
experimental results of this study and others show agreement to within 15%.

Nomenclature
Aw = wick total cross-sectional area, ft2

/ = function
hvl = latent heat of vaporization, btu/lbm
Xeff = effective wick thermal conductivity for two layers of screen

(btu/hr ft °R)
Kt = liquid thermal conductivity, (btu/hr ft °R)
Ks = wick solid thermal conductivity, (btu/hr ft °R)
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Kw = effective wick thermal conductivity for one layer of screen,
(btu/hr ft2 °R)

K = wick friction factor (inverse permeability), I/ft2

/eff = liquid effective frictional length, ft
/ = design length, ft
L = active length, ft
m = mass flow rate, Ibm/hr
n = number of layers of screen
P = pressure, lbf/ft2 absolute
Qe = evaporator heat-transfer rate, btu/hr
rc = wick pore radius, ft
rm = evaporator meniscus radius, ft
rv — vapor space radius from heat pipe axis, ft
rw = outer radius of wick, ft
rws = wick-solid radius (one-half wire diameter for mesh screen), ft
Re = Reynolds number
few = evaporator average temperature at outer wick surface, °R
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7^ = condenser sink temperature, °R
Tcw = condenser average temperature at outer wick surface, °R
T0 = heat pipe operating temperature, °R
Uc — unit conductance between outer wick surface and condenser

sink, (btu/hr ft2 °R)
6e = evaporator effective wick thickness, ft
fj. = dynamic viscosity Ibm/ft sec
p = density, Ibm/ft3

a = surface tension, Ibf/ft
(j> = wetting angle, degrees

Subscripts
a = adiabatic
c = condenser
e = evaporator
/ = liquid
/, c — liquid, condenser
/, e = liquid, evaporator
v = vapor
v,c= vapor, condenser
v, e = vapor, evaporator

Introduction

HEAT pipe design has been the topic of investigations by
Cotter4 Kunz, 6'7 and many others.12'15 Typical assump-

tions for these analytical models include: 1) operation at the
capillary limited maximum heat rate; 2) completely saturated
wicks; and 3) evaporation (condensation) along the entire design
length of heat addition (heat removal). Computations based on
these models are useful but are not adequate at relatively low
fluxes, particularly when active evaporator and condenser lengths
are less than design lengths.

Chi2 analyzed a cryogenic heat pipe operating below the
capillary limited maximum heat rate. He developed expressions
for determining both radial and axial temperature distributions
in the evaporator and condenser sections. The expressions take
into account liquid property variations.

The subject of partially saturated wicks has been studied by
Roberts,9 Chun,3 and others. Roberts'9 momentum analysis is
typical in that it considers vertical heat pipe operation only at
or nearly the capillary limited maximum heat rate and defines a
partially saturated wick as one in which the liquid-vapor interface
is step-wise recessed in a direction normal to the heat pipe axis
with the entire evaporator length exposed to liquid.

The thermal analysis by Sun13 predicted self adjusting
evaporator and condenser lengths. The mechanism for these
variations was axial conduction of heat along the heat pipe shell.
Sun showed these variations are negligible for thin-wall shells of
low thermal conductivity. The vapor momentum analysis by
Bankston1 indicated that flow reversal could occur in the
condenser section. The partial length of reversed flow was
dependent upon the vapor flow characteristics (such as Reynolds
number).

In this paper, a correlation theory is developed which takes
account of: 1) both momentum and thermal analysis; 2) heat
pipe operation below the capillary limited maximum heat rate;
3) variation of the evaporator length due to a nonisotropic wick
which is partially saturated; and 4) variation of the length along
which condensation occurs due to vapor flow characteristics. The
condenser length model can be applied to any heat pipe and
the evaporator length model identifies the parameters controlling
evaporator length change. In order to provide evidence for the
length correlations, experimental data were obtained from a
horizontal heat pipe with working fluids of water and methanol.

Experimental
Equipment

The heat pipe shell, Fig. 1, was fabricated from a f-in.-diam
and 18-in. long tube of 304 stainless steel. The wick consisted
of two layers of 100 mesh stainless steel screen separated by a
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Fig. 1 Experimental heat pipe.

thin liquid region (see Table 1 for a listing of geometric para-
meters). The condenser calorimeter was constructed from a 1-in.-
diam and 5-in. long stainless steel pipe which was mounted
concentric to the heat pipe shell and sealed at each end with
header chambers. The evaporator section was formed by
wrapping an electric resistance heating coil helically over the
evaporator length while the adiabatic section was covered with
fiberglass insulation. Pressure transducers were attached to the
heat pipe shell at the ends of the adiabatic section and thermo-
couples were attached along the shell outer wall, in the vapor
region, and between the screen layers. The wick thermocouples
(36 gage) provided a thin liquid region between the layers of
screen. The location of various sensing devices is shown in
Fig. 1.

Procedure
Following wick cleaning and assembling, a vacuum was first

drawn on the heat pipe to a pressure of 10 \JL. Preheated
working fluid (water or methanol) was then injected into the pipe
from a burette. The amount of fluid injected was estimated to
saturate the wick with liquid and fill the vapor region with
vapor. No excess fluid was injected. Heat transfer was initiated
by forcing prechilled cooling water through the condenser jacket
and then applying a voltage across the evaporator heating
element.

The heat-pipe operating point was changed by changing the
power delivered to the evaporator heating coil, changing the
water flow rate through the condenser cooling jacket, or changing
the cooling water inlet temperature. Once the change was
initiated, the system was permitted to reach steady state, then
temperatures, pressures, calorimeter flow rate, and coil power
were recorded. The corresponding externally independent para-
meters were Qe, power delivered to the evaporator, Uc, con-
denser unit conductance from the outer wick surface to the heat
sink, and Tc, the condenser sink temperature. Further details on
equipment and procedure are given in Ref. 14.

Table 1 Geometric parameters of experimental heat pipe

Name

evaporator length
adiabatic length
condenser length
inside wick radius
outside wick radius
wick pore radius
wick-solid radius
number of screen layers

Value
Symbol in. or no.

le 3.36
la 9.64
lc 5.00
rv 0.298
rw 0.326
rc 0.00275
rws 0.00225
n 2
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Table 2 Operating data

Fluid Test

Water 1
2
3
4
5
6
7
8
9

Methanol 10
11
12
13
14
15
16
17
18
19
20
21

Qe

btu
hr

155.0
230.3
331.0
339.6
172.7
249.9
349.9
167.5
247.9

52.2
90.8
39.0
50.8
68.2
93.7
52.7
71.9
80.8
24.9
66.1
20.6

Te
°F

69.74
70.43
71.30
72.13
70.33
71.15
72.51
70.98
72.90

67.67
70.30
66.70
67.03
68.07
68.77
54.66
57.60
60.44
46.95
48.81
42.97

t/c

btu
hr ft2 °R

236.46
234.89
235.25
219.67
243.23
232.48
220.86
198.70
176.19

135.71
133.91
229.62
183.53
156.36
146.75
121.28
116.25
140.43
202.59
138.85
186.66

T0

°F

93.55
102.37
111.11
118.14
97.29

103.82
114.56
100.57
110.25

93.09
104.26
88.54
91.91
97.87

103.72
85.97
93.10

100.29
73.64
86.07
71.51

Experimental Results
Operating data are tabulated in Table 2. Included with

externally independent parameters is T0, the observed operating
temperature. Typical axial temperature distributions are shown
in Fig. 2. Near isothermal conditions were observed along the
adiabatic shell wall. Vapor temperatures for Test 9 coincided
with values along the adiabatic wall. The condenser vapor
temperature of Test 20 agreed with the condenser wall value,
suggesting negligible radial heat transfer near the axial position
of thermocouple 73. High evaporator wall temperatures (T113)
were observed for both tests. This suggests that wick drying had
occurred. If drying did exist, it must have been a partial drying,
since evaporator vapor temperatures were nearly equal to the
corresponding adiabatic wall temperatures.

Correlation Model
For the present system a momentum equation reduces to a

pressure balance over the fluid cycle of evaporation, vapor flow,
condensation, and liquid flow. Using the approach of Kunz,6'7
this balance is (see Fig. 3)

-Pl + (Pl-Ple) = 0 (V

Neglecting inertial forces (Ref. 14) and characterizing the
evaporator liuqid-vapor interface by a single meniscus radius
gives

Pl.e-Pv.e=-V*/rJ (2)

"x*

V

ORATOR]
LC

EVAPORATOR ADIABATIC CONDENSER

Fig. 3 Correlation model.

The vapor pressure drop is assumed to be negligible for low
velocity vapor flow.6'7'14 The pressure drop across the liquid-
vapor interface in the condenser section is assumed to be
negligible(4'6'7) which suggests this interface to be a flat interface.
Using Darcy's law for liquid flow6'7'10 gives

where /eff is the effective frictional length of the liquid flow and
K is the inverse of permeability. Equation (3) is simplified by
assuming mass flow to be uniform and radial at the liquid-vapor
interface of both the evaporator and condenser.4'6'7 It is further
assumed that all energy goes to phase change.2'4'6'7 These
assumptions provide the simple relations

;eff = ̂ Le + la+?Lc (4)
and

m = Qe/hv,i (5)
respectively.

Substitution of Eqs. (2-5) into Eq. (1) and neglecting the
second and third terms of Eq. (1) yields

1L
(6)

where the pore radius rc is used to characterize the wire mesh
opening size.

The internal heat balance is modeled by considering the only
significant thermal resistances to be those for simple radial
conduction through the wick.14 This model yields

rvl
(7)

where Tew and Tcw are the average temperatures at the wick
outer radius rw along the active lengths Le and Lc of the
evaporator and condenser sections, respectively, Keff is the wick
effective thermal conductivity, and rve is the radius, from the heat
pipe axis, of the liquid-vapor interface in the evaporator section.
In order to provide interpretations of the parameters of Eqs.
(6) and (7), the condenser and evaporator sections are examined
individually.

Condenser Section
The fluid flow path in the condenser is modeled as that of

vapor flowing axially into a long cavity with porous walls. The

o WATER , SHELL WALL 1 TEST 9
® WATER, VAPOR ) "
n METHANOL , SHELL WALL
s METHANOL, VAPOR

- CONDENSER74

-G>—————————

o o o

z-INCHES
Fig. 2 Typical axial temperature distributions.

ADIABATIC CONDENSER

Fig. 4 Condenser active length model.
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Fig. 5 Condenser active length vs axial vapor Reynolds number.

DYNAMIC

EVAPORATOR

Fig. 6 Evaporator active length model.

length of the cavity is divided into two regions, one with vapor
flowing and one with the vapor static (see Fig. 4). For low axial
momentum entering the cavity, the flow is considered quenched;
i.e., the vapor ceases to flow axially before reaching the design
length of the condenser. For high axial momentum the flow is
considered unquenched; i.e., the entire design length is filled with
flowing vapor. This model suggests a relation of the form

Lc/lc = function (Re) (8)
where Lc/lc is the ratio of active to design length of the condenser,
and Re is the vapor axial Reynolds number at the cavity
entrance given by

Re = (2/n)(&/rvnvhvl) (9)
Consideration of the data taken in this investigation, see Fig. 5,
suggests the relations

Lc/lc = 1.245(0.3 In [(2/7i)(^e/r^Ai)]-1-0} (10)
for

28<(2/n)(QJrvnvhvl)<m (11)
and

Lc//e = 1.0 (12)
for

(2/n)(Qe/rvnvhvl)^m (13)

For this correlation, the active length Lc was evaluated from the
measured parameters of heat-transfer rate and vapor and outer
shell wall temperatures.

The heat flow is modeled as simple radial conduction. On this
basis, the wall temperature Tcw is dependent upon Tc and Uc.
Hence the condenser contribution to Eq. (7) is expressed by

T0-TC = Qel\n(rJrc)/2nkefiLc+\/Uc2nrwLc] (14)

where T0 is the vapor temperature at the liquid-vapor interface
along the active length.

The wick effective thermal conductivity is evaluated by con-
sidering parallel and series conduction through a wick formed
by layers of screen separated by a thin liquid region. This model
gives

J^,_J_^Jla_^_
Keff m(rw/rv) [\_kw_\\_ rw—2rc — <

rv + 2(n- l)rc(l + rws/rc)~]
111——————r.——————J +

In
p + 2(n-l)rc(l+rws/rc). (15)

r+i2r+C--')l-rws JL Ks Vws /J

where
k»_
l^~ll_

I [jws JL^s \ 1"c

This effective thermal conductivity model is developed in Ref. 14.

Evaporator Section
The fluid flow in the evaporator is modeled as vapor flowing

out of a porous wall (wick surface) into a vapor cavity with
make-up liquid being supplied through the wick. The wick length
is divided into two regions, one with liquid flowing, and one
filled with static vapor (see Fig. 6). For a given active length, a
simple pressure balance14 shows that the same meniscus radius
must exist at both axial and radial interfaces. Hence the active
length (Le) will vary with the meniscus radius if the pore size in
the axial direction is greater than the pore size in the radial
direction (rc). This reasoning suggests that, for a given wick, a
function exists where

LJle = function [rm/rc] (17)
Consideration of the data taken in this study (see Fig. 7) suggests
the relation

Le//e = 0.656[rm/rc-l]°-107 (18)
for

and

for

rc<radial> < rc<axial>

LJle = 1.0

rc<radial> ^> rc<axial>

(19)

(20)

(21)
The constants in Eq. (18) apply only to the wick tested in this
investigation. Although other capillary structures may use the
same wick configuration (i.e., cylindrical wrappings of layers of
mesh screen), variations are possible in wrapping tightness and
therefore in liquid gaps between the screen layers. The active
length Le, used in Eq. (18), was evaluated from measured heat-
transfer rate and vapor and outer shell wall temperatures. The
ratio (rm/rc) was evaluated from Eq. (6) in conjunction with
Eq. (10).

The existence of curvature on the evaporator liquid-vapor
interface suggests a radial retreat of the interface into the wick,
similar to the partial saturation reported by Roberts9 and Chun.3

EXPERIMENT:
o WATER
D METHANOL

EQUATION (18)

1.0 2.0

Fig. 7 Evaporator active length vs Meniscus radius.
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Fig. 8 Meniscus radius vs effective wick thickness in evaporator.

This radial retreat is characterized by the effective wick thickness
de (see Fig. 8). The interface position required by Eq. (7) is given
by

rve = rw-de (22)
where be depends on the operating meniscus radius, the detailed
wick geometry (including the radius of the screen wire rws), and
the fluid contact angle. Typical values of de based on the
geometry used in the heat pipe tested are indicated in Fig. 8.

The heat flow path for the evaporator is modeled as simple
radial conduction through the active length of the wick and the
combination of axial and radial conduction in the heat pipe shell.
Thus in Eq. (7), Qe is taken to be independent and Tew is taken
to be dependent and

Qe = external power supplied (23)

System of Equations and Dimensionless Groups
Equations (6,10,14-17, and 23) form a system of six equations

with six dependent variables. Written in dimensionless form,
these equations are

rc (rJrv)
l~]
J

Rev

Fig. 9 Predicted condenser active length vs axial vapor Reynolds
number.

Fig. 10 Predicted evaporator active length vs heat pipe number.

Tc 2nrwlcUcTc

LJle=f2[rJrc~\
h[rjrc, rw/rv, rws/rc, rc/rv, (

-» (25)

(26)
(27)
(28)

and
(29)Ke/K<s=f<[rJrv, rws/rc, rc/rv, Ks/Kh n\

where/! is given by Eq. (10), /2 by Eq. (18), /3 by plot of Fig. 8,
and/4 by Eq. (15) with substitution of Eq. (16).

For the 24 variables in these equations, there correspond 20
dimensionless groups. Independent groups include the para-
meters of fixed geometry, fluid properties, and the external
factors of condenser sink temperature, condenser unit con-
ductance, and heat-transfer rate at the evaporator. Dependent
groups are in the six terms on the left-hand side of Eqs. (24-29).

Results
With 14 independent groups, many plots of dependent vs

independent groups are possible. Some of the more important
relationships as computed from Eqs. (24-29) are shown in Figs.
9-14. Figure 9 indicates the variation of condenser active length
with vapor Reynolds number. This length increases with
increasing Reynolds number. For high Reynolds number, the
length ratio becomes unity.

Figure 10 shows the variation of evaporator length with heat
pipe number. This length is shown to increase with increased
pipe number and to decrease slightly with increased vapor
Reynolds number. Increases in design length and radius groups
and the wick friction number cause a decrease in the active

Fig. 11 Predicted evaporator Meniscus radius vs heat pipe number.
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Fig. 12 Predicted evaporator effective wick thickness vs heat pipe
number.

_TQ.
Tc

io-5 io-1

Fig. 14 Predicted heat pipe operating temperature vs condenser heat
sink number.

Table 3 Dimensionless groups for Figs. 10,11, and 12

Group Definition 1

71 ! la/lc 0.5

7T2 le/le 0.5

TT 3 rw/rv 1.1
7T5 rc/rw 0.005
7r6 rws/rc 0.5
7T7 Xrc/c I x l O 4

7T9 </>„ 0

ni2 (2/n}(Qe/rvnvhvl) 50

Curve
2 3

0.5
0.5
1.1
0.005
0.5
I x l O 4

0
400

3.0
3.0
2.0
0.010
1.0

I x l O 5

71/2

50

4

3.0
3.0
2.0
0.010
1.0

I x l O 5

7T/2

400

Figure 13 illustrates the dependency of the ratio of liquid
conductivity to wick effective conductivity on the ratio of solid
conductivity to liquid conductivity. The liquid to effective ratio
decreases slowly with increasing solid/liquid ratio. The liquid/
effective conductivity ratio decreases with increases in wick
solid/pore radius ratios. The liquid/effective conductivity ratio
increases with combined increase in wick radius ratio and
decrease in wick-pore/vapor space radius ratios.

Figure 14 shows the variation of heat pipe operating
temperature with condenser environment number. The vapor
temperature ratio increases with increased condenser environ-
ment number, decreases with increased heat sink number and
decreases with increased wick radius number. Values of the other

length ratio. Values of the other nondimensional groups used
in the computations are listed in Table 3. These apply to Figs.
10-12.

Figure 11 indicates variation of evaporator meniscus radius
with heat pipe number. The radius is shown to increase with
increased pipe number and to decrease with increased vapor
Reynolds number. Increases in design length and wick radius
ratios and in the wick friction number cause a significant decrease
in the meniscus radius ratio.

Figure 12 shows variation of evaporator wick thickness ratio
with heat pipe number. This thickness increases sharply for low
pipe numbers and increases slowly for large pipe numbers. An
increase in vapor Reynolds number produces a slight decrease
in thickness ratio. An increase in contact wetting angle produces
a slight decrease in thickness ratio. Increases in length and wick
radius ratios in addition to the wick friction number indicate an
increase in the thickness ratio.

Table 4 Dimensionless groups for Fig. 14

Fig. 13 Predicted wick effective conductivity vs wick solid-liquid
conductivity ratio.

Group

^3
7T4

7I5

7T6

7T8

TtlO
7C12

7I14

Definition

rjrv
rjlc
rc/rv
rws/rc

n
K5/Kl

(2/n)(Qe/rv/j.vhvi
Uclc/Ks

1

1.01
0.01
0.001
0.5
2

10
-) 400

5

Curve
2 3

1.01
0.01
0.001
0.5
2

10
400

50

1.10
0.10
0.01
1.0
2

80
50
5

4

1.10
0.10
0.01
1.0
2

80
50
50

1.09

1.07-

1.05

1.03

EXPERIMENT:
OWATER, THIS INVESTIGATION
0 METHANOL, THIS INVESTIGATION

PREDICTED

1.03 1.05 1.07

'MEASURED

1.09

Fig. 15 Comparison of predicted and measured heat pipe operating
temperature.
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i.o

0.8

2 0.6

0.2

0.0

EXPERIMENT:
O WATER, THIS INVESTIGATION
Q METHANOL,THIS INVESTIGATION
o WATER, SCHWARTZ (n)
0 WATER, MILLER & HOLM(8)

PREDICTED

o.o 0.2 0.4 0.6 as i.o

-MIc /MEASURED

Fig. 16 Comparison of predicted and measured condenser active length.

nondimensional groups used in computations of values for the
various curves shown on Fig. 14 are listed in Table 4.

Comparisons between predicted and measured parameters are
shown in Figs. 15-17. Predicted values were obtained from
solutions of Eqs. (24-29) and measured values are evaluated
from measured parameters (e.g., wall and vapor temperatures
and heat-transfer rates). These comparisons agree to within 15%.
Figure 15 indicates agreement between measured and predicted
values of the ratio of heat pipe operating temperature to con-
denser temperature. Figure 16 shows agreement for the ratio of
condenser active length to design length. Included are data
reduced from the experimental measurements of Miller8 and
Schwartz.11 These works used horizontal water heat pipes with
wicks similar to that tested in this study. Figure 17 depicts the
agreement for the ratio of evaporator active length to design
length. Data of other investigators are not indicated due to
incomplete data reporting and employment of wick wrapping
geometry different from that tested in this investigation. Sufficient
data was reported by Fox5 to indicate that his evaporator
length did vary (see also Ref. 14).

0.85

^
0.65

0.55

EXPERIMENT:
O WATER,THIS INVESTIGATION
DMETHANOLJHIS INVESTIGATION

PREDICTED

0.55 0.65 0.75 0.85

*•)MEASURED

Fig. 17 Comparison of predicted and measured evaporator active
length.

Conclusions
For the ranges of variables studied in this investigation, the

significant conclusions are:
1) Although the axial pressure drop of the vapor is negligible,

vapor dynamics are important. Variation of the axial vapor
Reynolds number effects the active length of condensation.
Corresponding to this length change is a variation in the over-all
thermal resistance of the heat pipe.

2) Variation of the evaporator meniscus radius for different
heat pipe operating points (below the capillary limited maximum
heat rate) may reflect variations of the active length of evapora-
tion. This dependency should exist only when nonisotropic wick
geometrical configurations are employed, e.g., when pore radii
within the wick are larger than the pore radius on the wick
surface. Corresponding to the length change there exists a
section in which the wick is void of liquid and energy transfer
is by axial conduction in the heat pipe shell. Also corresponding
to this length change is a variation in the over-all thermal
resistance of the heat pipe.

3) The significance of the wick-solid radius rws is reflected in
variation of the effective thickness of the wick de and variation
of the wick effective thermal conductivity. These variations also
cause changes in the over-all thermal resistance of the heat pipe.

4) The design of a heat pipe should include consideration of
active condenser length and active evaporator length.
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