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An experimental facility for conducting research on 
capillary pumped loop (CPL) systems was developed. In order 
to simulate shipboard cooling water encountered at various 
locations of the ocean, the heat sink temperature of the fscility 
could be varied. A flat plate, CPL evaporator was designed 
and tested under various heat sink temperatures. The sink 
temperature ranged h n  274.3 to 305.2 K and the heat input 
varied fkom 250 to 800 W which corresponds to heat fluxes up 
to 1.8 Wlcm’. The CPL flat plate evaporator perFomed very 
well under this range of heat input and s i n k  temperatures. The 
main result obtained showed that a large degree of subcooling 
developed between the evaporator vapor outlet line and liquid 
return line. This condensate depression increased with 
increasing heat input. 

INTRODUCTION 
Capillary Pumped Loops, CPL, are systerns that employ 

the evaporation and condensation processes of a working fluid 
to transport heat. They are related to heat pipes except for two 
significant differences: the CPL components are separated and 
the CPL system typically employs a liquid reservoir. A simple 
schematic for a CPL system is depicted in Figure 1. In this 
scheme the CPL system is used to remove the heat generated 
from onboard ship electronic components and to transfer that 
beat to a shell and tube condenser where it can be removed by 
sea water. The major components in this simple design are the 
evaporator, condenser, reservoir, vapor and liquid lines. 

Capillary pumped loops were first proposed in the USA 
by Stenger [1966]. They have been primarily used for space 
systems where the condenserhadistor was typically a cold 
plate on which condenser tubes were mounted. 

CPL Cooling Scheme 

Sea water out Sea water in 

Electronic Pncksge - Vapor 

I ; ;  ; .,.I- - Liquid 
I 

CPL Evmporator - Heat 

Fig& I - CPL Schematic 

An experimental facility has been designed and 
constructed at the W S Naval Academy to study the shipboard 
use of CPL systems. This facility employs a typical shell and 
tube condenser. The reported investigation is the first study 
for the facility. In this investigation, a flat plate CPL 
evaporator was fabricated. Since Navy ships travel through 
waters of varying temperatures, this study investigates the 
effect of varying sink temperature, between 274.3 and 305.2 
K, on CPL performance under a heat load of 250 to 800 W. 
Traditionally, CPL evaporators have been of cylindrical 
geometry, Pa@ 119951. The cylindrical design does not 
readily lend itself to the mounting of flat electronic 
components, hence, the flat plate evaporator was built. 
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Yan and Ochterbeck [ZOO01 proposed a two-dimensional, 
steady state numerical study for a cylindrical geometry that 
was based on a two-phase mixture model by Wang and 
Beckermann 119931. They derived solutions for the heat 
transfer in the liquid core and wick structure of the CPL 
evaporator. The effects of heat load, liquid subcooling and 
wick thermal conductivity on liquid and wick temperatures 
were studied. Results showed that increasing the heat load and 
liquid subcooling decreased the temperature in the liquid core. 
The increasing heat load increased the working fluid velocity 
which enhanced convection and the increase in subcooling 
decreased the length of the two-phase region. 

Kiper et al. [I9901 studied a CPI, system under transient 
mode operation. They employed step power inputs to the 
evaporator. They concluded that initial inlet subcooling was 
an important parameter for successful CPL operation. Their 
evaporators would dry out under low liquid subcmling 
conditions. 

Ku et al. [I9933 designed a CPL system with a see- 
through evaporator so that the inside flow of the working fluid 
could be visualized. They rep- that inlet subcooling was 
also found to be very important. Start-up was always 
successful when sufficient inlet subcooling was provided. 
Under high heat loads, the investigators reported that vapor 
bubbles would form in the wick structure and the evaporator 
would ultimately de-ptime. 

Li et al. [ 19993 also reported start-up visualization studies 
with polyethylene wicks. Under load sharing conditions, the 
authors reported that the liquid region was subject to pressure 
oscillations. The oscillations were believed to be caused by 
the expansion and subsequent collapse of vapor plugs in the 
wicking structure. Li and Ochterbeck [I9991 reported that 
thick wicks with low thermal conductivity exhibited, at start- 
up, large liquid subcooling with increasing heat input. 

EXPERIMENTAL FACILITY 
The experimental ficility consisted of two main loops, a 

chillerheater loop and a CPL evaporatorlcondenser loop. The 
chillmheater loop was used as the thermal regulation loop for 
the CPL condenser. A schematic of the chillerbeater loop is 
depicted in Figure 2. Essentially, a watedethylene glycol bath 
was fitted with a dual temperam control regulation system. 
The two temperature control system was designed to regulate 
the bath temperature within a desired temperature bandwidth 
either above or below the ambient temperature of the 
laboratory room. Two, 3 kW h e r s i o n  heaters mounted in 
the water/glycol tank were utilized to maintain CPL sink 
temperatures to 32.2 C in this study. A 25 GPM centrihgal 
p m p  took suction fiom the bath and discharged the 
watdglycol mintute. through a chiller barrel and back into the 
bath. The bath could also use water if the desired CPL system 
si& temperature was always above 0 C. 

CMJIedHeater Thermal Control Loop 

Refrigerant 
t r 

To CPL 
Condenser - Compressor 

Condenser 

...----.----... 

Elmbtc Heaters 
Cooling Water 

Figure 2 - Thermal Control Loop 

The cold side of the chiller barrel was connected to an 
R134a/404a, 3 ton, 5 horsepower, water cooled compressor 
unit. The compressor was capable of handling either R134a or 
R404a. The selection of the ref?igerant depended upon the 
desired CPL sink temperature. R134a was used in th is  study 
since the sink temperature was not allowed to drop below 0 C. 
R404a could be used to test CPL working fluids to a 
temperature of about -40 C. The compressor was equipped 
with a 3 ton thermal expansion valve and a hot gas bypass 
system. The condenser for the compressor unit was wter 
cooled. In this study, the waterlglycol bath was maintained 
between 1.1 and 32.2 C with a 2 degree bandwidth for 
compressorlheater cycling. Due to the relatively low heat 
inputs used by the CPL evaporator, this system worked very 
well. When the compressor unit was in operation, the 
temperature drop of the refigerant across the chiller barrel 
was less than 1.5 C. 

The bath temperature was monitored with type-K 
thermocouples and two Johnson controller Units, one for the 
heaters and bath temperatures above ambient, the 0th for the 
chiller and bath temperatures below ambient. 

A schematic of the CPL evaporator/condenser loop is 
shown in Figure 3. The waterlglycol mixture in the bath was 
drawn by a 50 GPM centrifugal pump and discharged through 
four flowmeters. The pump capacity far exceeded the 
combined capacity of the flowmeters so ball valves were 
placed upstream of each flowmeter to regulate the flow to 100 
percent of scale. This corresponded to a maximum flow of 6.5 
GPM per flowmeter bringing the total coolant flow to 26 
GPM. The watedglycol mixture was passed through the CPL 
condenser and retutned back to the bath in the chiller loop. 
TypeK thennocouples were placed in the inlet and outlet lines 
of the four cooling tubes to the CPL condenser. The typical 
temperature drop along a cooling tube was less then 0.1 C for 
the full 26 GPM of the coolant flow. In this study, the pump 
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approached a constant value. This could be most readily seen 
by the heated surface thermocouples on the CPL evaporator. 

A range of power inputs, 0 to 800 W, were tested at three 
sink temperatures, 1.1, 18.1 and 32.2 C, respectively, The 
ternpemtures were chosen lo bracket the temperatures of ocean 
water that Navy ships would be exposed to. The following is a 
typical procedure fix operation at 18.1 C: 

1. 

2. 
3. 

4. 

5 .  
6. 
7. 
8. 

Set the sink temperature to 18.1 C and allow the 
chilier loop to attain steady state through the CPL 
condenser. 
Start the data acquisition system, 
Increase power input to 250 W. Record data and 
wait for steady state to approach. The CPL loop 
initiated start-up and excess working fluid was 
driven out of the evaporator. 
Increase power level by approximately 50 W, await 
steady state. 
Repeat (4) until SOD W. 
Shut down system. 
Allow system to cool overnight. 
Repeat procedure for I. 1 and 32.2 C. 

Another project goal was to test the ability of the CPL 
system to respond to a varying sink temperature. In two 
experiments, the sink was allowed to rise in temperature from 
1.1 to 32.2 C and to drop in temperature from 32.2 to 1.1 C. 
The procedure for these tests was as follows: 

1. Set the sink temperature to 1.1 C and perform CPL 
s@lt up. 

2.  Wait for steady state. 
3. Set power level to 550 W. 
4. Increase sink temperature in increments to 32.2 C. 
5. Wait for steady state at the final temperature. 

The computer controlled data acquisition system 
monitored dl thermocouple data, absolute and differential 
pressure electronic transducer data, and the power input to the 
heating surface. The measurement system data collection 
frequency was 0.1 Hz. Since some regions of the brass 
capillary puraped loop evaporator, such as the unheated 
bottom surface, were exposed to the ambient envirOnment, an 
estimation of the heat losses or gains kom the input power had 
to be made in order to correctly calculate the heat input to the 
working fluid. The losseslgains depended on the heat input 
setting. A convective-conductive mistance type analysis 
showed that the maximurn heat losdgain based on actual 
temperatures collected, ranged fkom 4 to 9% of the input 
power, Figmes 12 and 13 show the corrected beat input leveb. 

Finally, the condenser shell, liquid return and vapor lines 
were leR un-insulated to further simulate a possible shipboard 
environment. The subcooling introduced by the un-insulated 
liquid r e t m  and vapor lines was less than 3 C and 1 C, 
respectively. The bulk of the subcooling oocurred in the 
condenser. As mentioned in the papers reviewed in the 
introduction, subcooling does help prevent wick dry out and 

consequent CPL system failure. For the range of heat inputs 
tested, 250-800 W, no system failure was observed. 

RESULTS AND DISCUSSION 
h the following series of plots, the nomenclature used is: 
Pump IN - entering liquid temperature. 
Pump OUT -exiting vapor temperature. 
Plate Bottom - temperature of the bottom evaporator 

AVG Slrrface- average temperature of the heated 

Sink Temp -temperature of the heat sink bath. 

S&Ce. 

evaporator surface. 

A. Constant Heat Sink Temperature 
Figure 7 displays the temperature-time history for the CPL 

systern operating at a heat sink temperature of 1.1 C. The 
initial system heat input was 270 W. The changes in power 
input can be readily seen by the curve representing the average 
top surface temperature of the evaporator plate. The 
thermocouples were located between the heaters and the top 
surface, so the temperature represented is indicative of some 
average tempexatue between the evaporator surface and the 
heaters, The duration of the b t  heat hput level (270 W) is 
shown to be slightly longer than the duration of the subsequent 
heat input levels. This is due to the fact that at start-up, the 
heat transfer processes are starting to develop, hence they have 
smaller rates than at full operating conditions. 

The liquid inlet temperature to the evaporator is shown by 
the bottom line. At first, dlrring start-up, this temperature is 
seen to dip slightly below the ambient room temperature of 
about 292 K. This is due to the cold cooling water 
temperature in the condenser tubes. The evaporator inlet 
temperature increased very slightly over the dmtion of this 
experiment. The temperature that is most representative of the 
operating temperature in the evaporator grooves (vapor side of 
the wick) is $e vapor outlet temperature. As can be seen, the 
changes in power input level cannot be discerned on this 
temperature curve. The curve shows a very smooth monotonic 
increase in temperature with increasing input power. The 
reason the evaporator pump outlet temperature appears 
monotonic rather than exhibit the discrete changes in 
temperature that the average plate surface temperature exhibits 
is due to the large heat capacity (thickness) of the brass 
evaporator cover plate. The temperature at the bottom surface 
of the evaporator shows subcooling. This subcooling 
increases with increasing heat input. 

The temperature of the vapor outlet is assumed to be at the 
saturation temperature. The subcooling or condensate 
depression, defined as the saturation temperature of the 
outgoing vapor minus the entering liquid temperature, is 
approximately 50 C at a power level of 800 W. 

Figures S and 9 show the temperature-time histories for 
the experiments nm at heat sink temperatures of 18.1 and 32.2 
C, respectively. The data shows the same general trends as the 
data in Figure 7. One slight difference. is at start-up. The 
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entering evaporator liquid temperature is not seen to drop 
below the ambient room temperature because the heat sink 
temperatures are above room temperature. For the last heat 
hput case of approximately 780 W, the degree of subcooling 
between the vapor outlet temperature and entering liquid 
temperature was approximately 32 and 35 K for the heat sink 
cases of 18.1 and 32.2 C, respectively. 

The results of the data taken at the three heat sink 
temperatures are displayed on Figure 10 as the effect of heat 
input on system subcooling. The largest condensate 
depression as a function of heat input is for the case of the 
lowest heat sink temperature, 1.1 C. 

Figure 11 shows a typical pressure history for the 18. I C 
sink case. The pressures portrayed are the differential 
pressures across the evaporator (hm vapor outlet to liquid 
inlet), and across the needle valve between the condenser hot 
well and the CPL evaporator. For the duration of these tests, 
this needle valve was wide open and no concem to this study, 

The differential pressure across the evaporator pump was 
defined as the pressure of the vapor outlet header minus the 
pressure of the liquid return header. Since the vapor outlet 
header was 3.8 1 cm above the evaporator plate, and the liquid 
return header was 3.8 1 cm below the evaporator plate, initially, 
there existed a negative differential pressure due to the 
hydrostatic head ofthe working fluid. This is shown in Figure 
11. As the CPL evaporator heats up and primes, water in the 
outgoing vapor paths is replaced by vapor and the difFerentid 
pressure decreases. Once the liquid-vapor interface reaches 
the wick, a positive pressure due to the capillarity of the wick 
is achieved. The maximum pumping pressure differential of 
this CPL evaporator, taken at a heat flux of 780 W and 
correcting for the hydrostatic head on the liquid side of the 
evaporator was approximately 0.35 P a .  

' 
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Figure 10 The Effect of Heat Input on Subcooling 
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Plots of differential pressure for the other heat sink cases 
produced similar results. One note, the heat sink temperature 
of 274.3 K , the capillary pumping pressure across the wick 
was negligible. This seemed to indicate that the system 
operated via the hydrostatic head in the liquid return line much 
Ilke a thermosyphon. 

L J 8 L~ I 

B. Varvina Heat Sink Temnerature 
Two experiments were conducted with a constant heat 

input of approximately 550 W, but the sink temperature was 
allowed to vary from 18.1 to 32.2 C over a 2 hour and 20 
minute period, and visa versa. 

The results for the increasing heat sink temperature 
experiment are depicted in Figure 12. The temperature of the 
heat sink is aIs0 displayed on this figure. The data shows that 
the CPL system is capable of smoothly adjusting through the 
selected ranges of heat sink temperatures. One interesting 
note on Figure 12 is that when the sink temperature starts out 
very cold, the system appears to bead towards a large 
condensate depression across the evaporator. As the sink 
temperature warms up, this condensate depression decreases. 

The Fesdts for the decreasing heat sink temperature 
experiment at 550 W are shown in Figure 13. Initially, the 
heat sink temperature is shown to be higher than the starting 
liquid return line and outgohg vapor h e  temperatures of the 
evaporator. As long as this condition exists, the CPL 
condenser will not cool the system and the result will be a 
heating up of the system until the evaporator temperatures are 
higher than the sink temperature. This is seen by the very 
steep initial average temperature of the top, heated s u r f b .  
Once the sink temperature falls M o w  the evaporator 
temperature, cooling takes place. 
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CONCLUSIONS 
An experimental facility for conducting research on 

capillary pumped loop systems was developed. The facility 
has the ability to vary the heat sink temperature in order to 
simulate shipboard cooling water encountered at various 
locations ofthe ocean. The heat sink temperature ranged from 
1.1 to 32.2 C and the heat input varied f3om 250 to 800 W 
which corresponds to heat fluxes up to 1.8 W/cm2. The 
following can be concluded 

The CPL system transitioned very smoothly with 
power level changes at all sink temperatures. 
There was a degree of subcooling between the 
evaporator vapor outlet and liquid inlet lines. This 
degree of subcooling increased monotonically with 
increasing heat input. 
At low sink temperatures, the degree of subcooling 
was on the order of 50 K. 
The lnaxirnum capillary pumping head of the 
polyethylene wick during these experiments was 
achieved at a beat input o f  780-800 W, with a sink 
temperature of 18.1 C, and was 0.35 kPa. , 

For the cases of varying sink temperatures at a 
constant 550 W of heat inpa  the CPL system was 
shown to tespond very smmthly. 

ACKNOWLEDGMENTS 
The support of the Department of Energy and the Office of 
Naval Research is greatly appreciated for the fmding of this 
project. In addition, Mr Charles Popp of the US Naval 
Academy's Technical Support Department is greatly thanked 
for his support and suggestions in the development of this 
facility. 

REFERENCES 
Fa@, A, 1995, Heat Pipe Science and Technology, 

Taylor and Francis, Washington, DC. 
Kiper, A, F d c ,  G, Anjum, M and Swanson, T D, 1990, 

Transient AnaIysis of u Capillary Pumped Loop Heat Pipe, 
AIAA Paper No, 90-1685, AIAA/AsME 5" Joint 
Thennophysics and Heat Transfer Conference, Seattle, WA, 
June 18-20. 

Ku, J, Swanson, T D, Herold, K, and Kolos K, 1993, 
Flow Vwualiration within a Capillary Evaporator, 23d 
International Conference on Environmental Systems, Colorado 

Ku, J, 1993, Overvim of Capillary Pumped Loop 
Technology, ASME, Beat Transfer Division HTD, v 236, p 1- 
17. 

Li, T, Chopin, F and Ochterbeck, J M, 1999, Ewalization 
of a Capillary Pumped Loop Evaporator Tats on Startup and 
Heat Load Sharing, 11" hternational Heat Pipe Conference, 
Tokyo, Japan, September 12-16. 

Springs, CO, July 12-15. 

Li, T and Ochterbeck, J M, 1999, Effect of Hck 7lrermul 
Conductivity on Startup of a Capillary Pumped Loop 
Evaporamr, AIAA Paper No. 99-3446, 33d Thennophysics 
Conference, Norfolk, VA, June 28- July 1. 

Stenger, F 3, 1966, Experimental Femibility Shdy of 
Water-Filled Capillary Pumped Heat Transfer Loops, NASA 

Wang, C Y, and Beckermann, C, 1993, A Two-Phase 
Mixture Model of Liquid-Gas Flow and Heat Transfer in 
Capillary Pomus Media - I. Formulation, International 
Journal of Heat and Mass Transfer, Vol 36, No 11, pp 2747- 
2758, 

Yan, Y H and Ochterbeck, J M, 2000, Numerical 
Investigation of the Steudy State Operation of a Cylindrical 
CupilIary Pumped Loop Evuporator, HTD-Vol. 366-4, Proc. 
Of the ASME Heat Transfer Division, V 4. 

X- 13 IO, NASA LeRC Report, 

Copyright 0 2001 by ASME 


