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Abstract-Experiments were performed to investigate the transient response of a water heat pipe to step 
changes in input power at different cooling rates. The copper heat pipe employs a double-layered, 150 
mesh copper screen wick and its evaporator section was uniformly heated while the condenser section was 
convectively cooled. The time constants of the vapor temperature and the effective power throughput, for 
both heat-up and cool-down transients, were determined as functions of the electric power input and the 
water mass flow rate in the cooling jacket of the condenser section. Both the vapor and wall temperatures 

were measured at ten axial locations along the heat pipe. 

INTRODUCTION 

UNDERSTANDING the transient operation of heat pipes 
is of interest to many space applications including 
thermal management and heat rejection radiators. 
Many theoretical and experimental studies of the tran- 
sient operation of low temperature and high tem- 
perature heat pipes have been reported ; for example 
refs. [l-lo]. However, the focus of this study is on 
experimental investigations of the transient operation 
of water heat pipes with emphasis on obtaining data 
to verify an existing transient heat pipe model [4]. 
Although the results of several experiments of water 
heat pipes have been published, the measurements of 
the axial distribution of the vapor temperature or 
pressure have been inconclusive [5-81. Schmalhofer 
and Faghri [5] have used multiple-point thermo- 
couples to measure the vapor temperature at 
different axial locations in the vapor region ; however, 
they obtained only one temperature measurement in 
the evaporator section. Consequently, the actual 
vapor temperature distribution in the heat pipe during 
the heat-up transients could not be deduced from the 
experimental data. 

The most complete set of experimental data has 
been that of Fox and Thomson [6]. They measured 
the axial and radial vapor temperature distributions 
in a water heat pipe. At each of the ten axial positions 
in the heat pipe, the temperature was measured at four 
radial positions within the vapor region. However, 
since the transients in Fox and Thomson’s experiment 
were initiated by changing the cooling requirements 
and holding the input power constant, the data is of 
limited use for verifying calculational models during 
start-up transients. Therefore, additional exper- 
imental measurements are needed of the axial dis- 
tribution of the vapor temperature and/or pressure 
during start-up and cool-down transients. 

In this work, experiments were performed which 

included not only measurements of the wall tem- 
perature but also the vapor temperature in the differ- 
ent regions of the heat pipe (evaporator, adiabatic, 
and condenser sections) as functions of time during 
heat-up and cool-down transients. The experiments 

investigated the response of a water heat pipe to step 
function changes in input power at different cooling 
rates of the condenser region. The evaporator section 
of the heat pipe was uniformly heated using an electric 
tape and the condenser section was convectively 
cooled using a water jacket. Direct measurements of 
the vapor and wall temperatures were obtained along 
the entire length of the heat pipe. The heat-up and 
cool-down time constants for both the effective power 
throughput and the vapor temperature were deter- 
mined as functions of the cooling water mass flow rate 
and the electric power input to the heating tape of the 
evaporator section. The effective power throughput, 
P C,,o,, is determined from the heat balance in the 
cooling jacket of the heat pipe condenser section. 

EXPERIMENTAL SETUP 

As shown in Figure 1, the heat pipe was maintained 
in the horizontal position to minimize the gravity 
effect. The overhead tank in Fig. 1 was used to main- 
tain a constant water flow rate to the condenser 
cooling jacket during the experiments. The water tem- 
perature was measured at the inlet and the exit of the 
condenser cooling jacket using K-type thermocouples, 
and the cooling water flow rate was measured using a 
rotameter. These measurements were then used to 
determine the effective power throughput in the heat 
pipe during the transient (equation (2)). The evap- 
orator section was uniformly heated using an A.C. 
electric tape on the outside of the heat pipe wall (Fig. 
2). The surface area of the evaporator section was 235 
cm2. The electric power input to the electric tape in 
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NOMENCLATURE 

A area [m’] 8 error in steady-state energy balance, 

CP specific heat [J g- ’ K-- ‘1 equation (1) [W] 
D outer diameter of insulation shell of the z time constant, equations (5a) and (Sb) [s] 

evaporator section [m] V kinematic viscosity of air [m’ s- ‘1. 

9 acceleration of gravity [9.8 m s ‘1 

h heat transfer coefficient [W m ’ Km ‘1 Subscripts 

k thermal conductivity [W m- ’ K _ ‘1 a ambient, room 

ti cooling water mass flow rate [g s ‘1 C cool-down 
P power [W] cool throughput in the heat pipe 
Ra Rayleigh number, g/I( T,- T,)Di/va e electric 
T local or mean temperature [K] ex cooling jacket exit 

t time [s] h heat-up 

x variable in inlet of cooling jacket 

X normalized variable, X-X, loss loss by natural convection 

Z axial position [ml. nc natural convection 
0 initial, or beginning of a transient process 

Greek symbols S insulation surface 

thermal diffusivity of air [m’ so ‘1 ss steady-state 
thermal expansion coefficient of air [K- ‘1 v vapor. 

the experiment was measured directly using a power 
meter and controlled by a resistance variac. 

The heat pipe was insulated to minimize heat losses 
during the experiments ; the ends of the evaporator 
and the condenser sections were also insulated. The 
heater of the heat pipe evaporator section was sur- 
rounded by a perlite insulation shell, which was sep- 
arated from the heating tape by a small air gap (5 
mm). The radial temperature distribution in the insu- 
lation was measured at two axial locations (Fig. 2). 
At each location, three K-type thermocouples, spaced 

radial temperature distribution in the insulation shell. 
The outermost thermocouples were placed about 3 
mm from the outer surface of the insulation cylinder. 
The perlite insulation was then wrapped in aluminum 
foil to minimize radiation losses. The mean surface 
temperature, which was based on the average value of 

the outermost thermocouple readings, after correcting 
for the temperature drop to the insulation surface 
(about 13 K) was used in conjunction with the room 
temperature to determine the heat losses by natural 
convection from the insulation surface in the evap- 

radially as shown in Fig. 3, were used to measure the orator section [1 11. 

overhead tank 
I, 

i I 

flow l&l meter 

control valve 

to d&in 

FIG. 1. A schematic diagram of the experimental setup 
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FIG. 2. A longitudinal cross-section of water heat pipe. 

perliteinsulation 

The water heat pipe used in the experiments consists condenser section was 170 mm long and the evap- 

ofacoppertube (17.3 mmi.d., 19.1 mmo.d.,and610 orator section was 393 mm long. In the condenser 

mm long) and employs two layers of copper wick (150 section, the heat pipe was convectively cooled using a 

mesh), a specially designed vapor temperature probe, water jacket (25.4 mm o.d. and 22.3 mm i.d.). The 

and a condenser cooling jacket (Figs. 2 and 3). The ball-valve at the end of the condenser allows charging 

All dimensions are in mm 

FIG. 3. Radial cross-section APA of water heat pipe. 
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All dimensions are in mm 

FIG. 4. A longitudinal cross-section of vapor temperature probe. 

and discharging of the working fluid as well as remov- 
ing the non-condensible gases from the heat pipe 
before performing the experiments (Fig. 2). 

The vapor temperature in the heat pipe was 
measured at 10 axial locations using a specially 
designed probe instrumented with K-type ther- 
mocouples. The thermocouples were spaced in the 
probe as indicated in Fig. 4. The vapor temperature 
probe consists of a brass tube, 3.2 mm o.d. and 0.2 
mm wall thickness, and 10 thermocouples. These ther- 
mocouples were inserted inside the brass tube and 
silver soldered to the tube wall outer surface (Fig. 4). 
An additional ten K-type thermocouples were used to 
measure the heat pipe wall temperature at the same 
axial locations as the vapor temperature. A total of 
six thermocouples were used to measure the wall tem- 
perature in the evaporator section, one thermocouple 
in the adiabatic section and three thermocouples in 
the condenser section. In order to accurately record 
the wall temperature, the wall thermocouples were 
inserted into the heat pipe wall. In the evaporator 
region, the wall thermocouples were also protected 
from the heating tape ; they were covered with 
thermal insulation to avoid recording values higher 
than those of the wall, particularly since the tem- 
perature of the electric tape in the experiments could 
have been as high as 600 K. Similarly, the ther- 
mocouples in the condenser section were surrounded 
by small dry wells to physically isolate them from the 
water flow in the cooling jacket. A computer 
controlled, high speed data acquisition system was 
used to monitor all thermocouples measuring the tem- 
peratures of the wall, vapor, insulation, and the 
cooling water and to collect other experimental data. 

The average temperature of the water entering the 

cooling jacket of the heat pipe was about 295 K, the 
water mass flow rate was varied from 1.9 to 14 g s- ‘. 
The electric power input to the evaporator heater 
varied from 365 to 590 W. The accuracy of the exper- 
imental measurements was about kO.5 K for tem- 

peratures, about +2% for electric power input, and 
_t 2% for the cooling water flow rate. These measure- 
ment errors resulted in an uncertainty of about Ifr4% 
in determining the effective power throughput of the 
heat pipe and about f 3% in the calculated heat losses 
from the surface of the insulation in the evaporator 
section by natural convection to ambient. During the 
experiments, the temperatures at the insulation sur- 
face were less than 355 K, and hence radiation losses 
were negligible. The experimental uncertainties were 
calculated using the method of Kline and McClintock 

u4. 

EXPERIMENT EXECUTION AND CALIBRATION 

Before conducting the experiments, the water flow 

rate in the cooling jacket was stabilized at the desired 
value. The transient was initiated by increasing the 
electric power to the heating tape in the evaporator 
section in a step function, from zero to the required 
value, using the variac in the electric circuit (Fig. 1). 
The heat-up phase of the experiment continued until 
steady-state was reached. Then, the electric power to 
the evaporator section was reduced in a step function 
to zero, but the cooling water flow rate was kept 
unchanged. At the end of the cool-down phase of the 
experiment, the heat pipe and the insulation were 
cooled down to almost room temperature, and then 
another transient was initiated. 

In order to verify the soundness of the experimental 



Transient response of a water heat pipe 3827 

100 __ __ -- -- -- -- 
290 J -- -.- F: 

P 10,. 
-‘o 

0 1000 2000 3000 4000 

Time (s) 

FIG. 5. Transient measurements and steady-state energy 
balance results. 

setup, an overall, steady-state energy balance was per- 
formed. At steady-state, the energy balance in the heat 
pipe can be expressed as 

PC - PC,,, - s,,, = s (I) 

where E is the error in the steady-state energy balance 
(Fig. 5). The heat losses in the condenser section of 
the heat pipe during the experiments were negligible 
because the mean water temperature in the cooling 
jacket was less than 320 K and the surface temperature 
of the insulation of the cooling jacket was almost the 
same as room temperature. 

The effective power throughput, P,,,,, during the 
transient and at steady-state was calculated from the 
heat balance in the cooling jacket of the condenser 
section as 

P CO”, = rK,,(T,, - Tin). (2) 

The heat capacity of the water is determined at its 
mean temperature in the cooling jacket. The steady- 
state heat losses by natural convection from the sur- 
face of the insulation shell in the evaporator section 
were determined as 

P ,0ss = h,,A,(T,-T,). (3) 

The outer surface area of the insulation shell, A,, is 
0.152 m2 and the natural convection heat transfer 
coefficient was determined from the following cor- 
relation [ 1 l] : 

h,, = (k/D)(0.53 Rae *‘). (4) 

The thermophysical properties of air were evalu- 
ated at the mean film temperature ((T,+ TJ2). The 
steady-state value of T, varied from room temperature 
of 295 to 355 K. The Rayleigh number, Ra, cor- 
responding to P, = 580 W was about 5 x IO6 (Fig. 5). 

RESULTS AND DISCUSSION 

This section presents the results of the steady-state 
energy balance in the heat pipe as well as those of 
the transient experiments of the water heat pipe at 
different electric power inputs and cooling water flow 

rates. The effects of these variables on the heat-up and 
cool-down time constants of the vapor temperature, 

TV, and of the effective power throughput, P,,,,, were 

investigated. 

Steady-state energy balance 
Figure 5 presents the results of the transient 

response of the water heat pipe to a step function 
increase in electric power input of 570 W. During the 
transient, the electric power and the cooling water 
flow rate and inlet temperature were kept constant. 
The heat pipe reached steady-state approximately 
1500 s after the initiation of the transient. At steady- 

state, the sum of P,,,, and P,,,, was only about 11 W 
lower than the electric power input, for an error, E, 
of about 2% (Fig. 5). This small error verified the 
soundness of the experimental setup and procedures. 

Transient results 
Figure 6 presents snapshots of the measured axial 

distributions of the wall and vapor temperatures at 
different times during the transient. The results in Fig. 
6 were for the same experimental conditions as in Fig. 
8. As shown in Fig. 6, the vapor temperatures were 
nearly uniform along the entire length of the heat 
pipe, with a maximum variation of about 0.9 K. Also, 
the measured wall temperatures in the evaporator and 
condenser sections were almost uniform, but differ- 
ent; the maximum variation in the measured wall 
temperatures was less than 5 K. The axial conduction 
in the heat pipe wall was pronounced near the end of 
the evaporator section, in the adiabatic section, and 
near the interface between the condenser and the adia- 
batic sections ; but negligible elsewhere. 

Heat-up and cool-down time constants 
Two sets of experiments were performed to deter- 

mine the heat-up and cool-down time constants of the 
heat pipe. In the first set, the electric power input was 
maintained constant at 575 W, while the cooling water 
flow rate in the condenser jacket was varied from 
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FIG. 6. Measured transient axial distributions of vapor and 
wall temperatures. 
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1.77 to 14 g s ’ (Figs. 7-11). In the second set of 
experiments, the cooling water flow rate was held 
constant at 2.55 g s- ‘, while the electric power input 
to the evaporator section was varied from 365 to 580 
W (Figs. 12-15). In all experiments, when steady- 

state was reached, the electric power to the evaporator 
section was reduced to zero in a step function, while 
the cooling water flow remained unchanged. 

To determine the heat-up and cool-down time 
constants for a given variable, X, the experimental 
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data for that variable (e.g. TV or P_,,) was curve fitted 
using the following exponential relations : 

x(t) = x,,(l -em(‘m’Jrh ), during heat-up (5a) 

and 

x(t) = x,, e-(‘-‘Jk, during cool-down. (5b) 

Figure 8 shows how the vapor temperature transient 

data%& irsed, in conjunction with equations 5(a) and 
5(b), to determine the heat-up and cool-down time 
constants. The vapor temperatures shown in Figs. 7 
and 8 are the average readings of the thermocouples 
in the vapor temperature probe along the heat pipe. 
As indicated earlier, the maximum variation between 
these thermocouple readings was less than 1 K. In 
Fig. 8, the vapor temperature heat-up time constant 
(140 s) was slightly higher than that for the cool-down 
process (125 s). 

In equations (5a) and (5b), the heat-up time con- 
stant can be expressed as the ratio of the steady-state 
values of X divided by the slope at the beginning of 
the transient as 

5h = IWW’/W,=,II. (6) 

This equation indicates that the time constant for 
either the heat-up or the cool-down transient depends 
not only on the steady-state value of the variable of 
interest (e.g. TV or P,,,,), but also on its rate of change 
at the beginning of the transient, which is confirmed 
by the experimental results in Figs. 9 and 11. 

Effect of cooling waterflow rate on time constants 

Both the steady-state value of the vapor tem- 
perature and its rate of change at the beginning of the 
heat-up transient decreased as the cooling water mass 
flow rate was increased (Figs. 7 and 9). However, at 
flow rates below 5 g s- ‘, the former decreased slower 
than the latter, causing the heat-up time constant to 
initially increase, reaching a maximum value of 
approximately 120 s, at a flow rate of approximately 
5.5. g s- ‘. Beyond this point, the vapor temperature 
heat-up time constant decreased as the mass flow rate 
was increased. For the cool-down transient the time 
constant decreased monotonically with the mass flow 
rate. 

Figure 10 presents the experimental results delin- 
eating the effect of increasing the cooling water flow 
rate on the heat-up and cool-down transients of the 
heat pipe. These results were for an electric power 
input of 575 W and inlet water temperature to the 
condenser cooling jacket of 295 K. The comparison 
of the transient results in Figs. 7 and 10 indicate that 
while increasing the water flow rate caused the steady- 
state values of the vapor temperature to decrease 
appreciably, it only slightly affected the steady-state 
value of P,,,, The effect of the cooling water flow rate 
on the time constants of P,,,, was similar to that for 
TV. However, the heat-up time constant for P,,,, was 
higher than that for TV at low cooling water flow rate, 
but decreased as the water flow rate was increased. 
Conversely, the cool-down time constant for P,,,, 
was lower than that for T, at low water flow rates and 
decreased as the mass flow rate was increased (Figs. 
9 and 11). 



3830 M. S. EL-GENK and L. HUANG 

I@ect &electric power input on time ronstunts 
The results of the second set of transient exper- 

iments are presented in Figs. 12-15. As indicated 
earlier, in these experiments, the cooling water flow 
rate of 2.55 g s- ’ was the same in all experiments, but 
P, was varied from 365 to 590 W. Increasing the 
electric power input increased the steady-state values 

of TV and PCoO,, but caused their heat-up time constants 
to decrease (Figs. 12-1.5). The cool-down time con- 
stant of TV (z 145 s) was almost independent of the 
electric power input, while that of P,.ooI decreased as 
P, was increased (Figs. 13 and 15). 

The effect of the electric power input on the steady- 
state values and the time constants of PC,,, is shown 
in Figs. 14 and 15. As the results in these figures indicate, 
increasing P, increased the steady-state values of P,,,, , 
but caused its heat-up and cool-down time constants 
to decrease. A comparison of the results in Figs. 13 
and 15 shows that the heat-up time constants for TV 

were lower than those for PC,,, and decreased faster 
as the electric power input was increased. 

SUMMARY AND CONCLUSIONS 

Transient experiments were performed using a 
water heat pipe having a uniformly heated evaporator 
section and a convectively cooled condenser section. 
Transient response of the heat pipe to step changes 
of the input electric power to the evaporator heater, 
at different cooling rates, was investigated. The heat 
pipe has a 393 mm long evaporator section, 37 mm 
long adiabatic section, and 170 mm long condenser 
section and employs a double-layered, 150 mesh 
copper wick. The time constants for the vapor tem- 
perature and the effective power throughput during 
the heat-up and cool-down transients were deter- 
mined as functions of the electric power input and the 
cooling water mass flow rate. 

The axial distribution of the vapor temperature was 
measured using a specially designed probe, which was 
installed along the center line of the heat pipe. The 
axial distribution of the wall temperature was also 
measured. In the transient experiments, the vapor 
temperature was uniform along the heat pipe. Also, 
the wall temperature in the evaporator and the con- 
denser sections was almost uniform (maximum vari- 
ation less than 5 K); except near the interfaces with 
the adiabatic section, where axial conduction in the 
wall was most pronounced, 

Results showed that the response of the heat pipe, 
during the heat-up and cool-down transients can be 
described by an exponential function (equation (5)). 
The time constants for the vapor temperature and the 
effective power throughput depend on their steady- 

state values and their rates of change at the beginning 
of the transient (equation (6)). Increasing the electric 
power input or decreasing the cooling water flow rate 
increased the steady-state value of the vapor tem- 
perature. Also, the heat-up time constants of the 
vapor temperature and of the effective power through- 
put increased initially, then decreased as either the 

electric power input or the cooling water flow rate was 
increased. The cool-down time constant of the vapor 
temperature was almost independent of the electric 
power input, but decreased as the cooling water flow 
rate was increased. By constrast, both the heat-up and 
cool-down time constants of I’_,,, decreased as the 
electric power input was increased. 
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