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ABSTRACT

A variable conductance heat pipe, measuring 2.5 centimeters in

diameter and 152 centimeters in length, was built. The heat pipe was

operated in both the conventional and variable conductance modes to

obtain experimental data concerning performance characteristics. The

input electrical power was varied from 20 to 50 watts with the heat

pipe placed in both the horizontal and vertical positions. Methanol

and Freon 113 were selected as the working fluids; helium and krypton

were the non—condensible gases. In the variable conductance mode,

liquid crystals were used to observe qualitatively the temperature

gradients occurring across the vapor—gas interface. Summarized per-

formance data for the various operating conditions and graphs of the

isotherms obtained from the liquid crystal data are presented.
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I. INTRODUCTION

A. BACKGROUND

The heat pipe is a high performanr.e heat transmission device. Ex-

periments have shown the heat pipe ’s ability to conduct heat 1,000 to

10,000 times more effectively than the same size solid rod [Ref. 1].

Although the principle of the heat pipe was first proposed by Gaugler

in 1942 [Ref. 21, Grover [Ref. 3] and his colleagues at the Los Alamos

Scientific Laboratory did the pioneer developmental work in the early

1960’s. Since that time a significant amount of research has been

done in th is field , resulting in over one thousand papers having been

published on this subject. Simplicity of construction , flexibility,

ease of control , and ability to transport heat at a high rate over a

considerable distance with a small temperature drop are some of the

many outstanding advantages of using the heat pipe as a heat transmis-

sion device. The numerous heat pipe applications range from cooling

of electronic equipment, solar collectors , engine heating and cooling,

surgery cyroprobes , and cooling of space vehicles to permafrost stabi-

lizers for the trans—Alaskan pipeline. References 4, 5, and 6 contain

excellent presentations on the theory and design of heat pipes as well

as extensive bibliographies. Variable conductance heat pipes are

especially well—described in Reference 6.

B. CONVENTIONAL HEAT PIPE

In its simplest form , the hea t pipe is a closed cylinder whose

inner surface is lined with a porous capillary wick. The liquid phase

11 
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of a working fluid saturates the wick with the remaining volume being

occupied by the vapor phase of the working fluid. In operation, an ex-

ternal heat source vaporizes the working fluid at the heated or

evaporator section of the heat pipe (Figure 1). The resulting pressure

difference drives the vapor along the pipe to the opposi te or condenser

section where the vapor condenses releasing its latent heat of vapori-

zation to a heat sini . Capillary pressure pumps the condensed liquid

through the wick back to the evaporator for re-evaporation. Thus, the

heat pipe is continuously transporting the latent heat of vaporization

from the evaporator to the condenser without wick dry-out occurring.

The heat pipe is such an effective hea t transfer device because the

amount of heat that can be transported as latent heat of vaporization

is usv-~1l~ several orders of magnitude greater than that which can be

transferred as sensible heat in a conventional convective system .

This basic heat pipe operates at essentially isothermal conditions

because of the working fluid ’s phase changes as it travels the length

of the heat pipe.

C. VARIABLE CONDUCTANCE HEAT PIPE

The variable conductance heat p~ipe has the unique feature of being

able to maintain the heat source located at its evapora tor section at

a nearly constant temperature, independent of the power being supplied

to the heat source. A conventional heat pipe can be transformed intc

the basic variable conductance heat pipe by addiflg a rion-condensible

gas to the working fluid. The heat pipe operates as previously de-

scribed , except that the non-condensible gas is swept by the vapor to

the condenser end. Since the control gas is non—condensible , it forms

a plug at the condenser end (Figure 2). This plug effectively reduces

12
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the condenser length and, therefore, the condenser heat transfer area.

As power to the heat source increases, the evaporator temperature

rises. This temperature rise causes an increase in the temperature and

partial pressure of the working fluid vapor, which compresses the plug

of non—condensible gas. Hence, the condenser heat transfer area and

the heat pipe conductance are increased, and the system temperature

rise is reduced. When the evaporator temperature falls, the vapor pres-

sure of the working fluid drops, and the non—condensible gas volume

increases thus blocking a larger portion of the condenser. The net

effect of the non—condensible gas is to provide a passively—controlled

variable condenser area which increases or decreases with the heat pipe

evaporator heat load. As a result, the variable conductance hea t pipe

has a significantly smaller operating temperature range than the con-

ventional heat pipe for the same power changes to the heat source.

This variable conductance characteristic has proven to be most useful

in many heat pipe applications.

The simplest mathematical model for analyzing the variable conduc-

tance heat pipe is termed the flat front theory originated by Bienert

[Ref. 7]. This model makes the following assumptions [Ref. 6]: The

condi tions in the hea t pipe are steady—state, the vapor—gas mixture

behaves as an ideal gas , the axial conduction is neglected , the vapor-

gas interface is infinitely narrow and perpendicular to the heat pipe

axis, the total pressure is uniform throughout the pipe length, and the

heat transfer per unit area of the condenser is proportional to the

temperature difference between the vapor and heat sink. However, ex—

• perimental results have shown the vapor—gas interface to be diffuse,

and hence the flat front model is inaccurate in predicting the vapor—

gas interface.

14
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The diffuse front theory proposed by Marcus [Ref. 6] provides a

more realistic model. This one—dimensional model takes into account

the important effects of axial conduction and binary mass diffusion

between the non—condensible gas and vapor. A computer program using

this model was developed to predict the important gas-loaded heat pipe

parameters, such as the wall temperature profile along the pipe length

and the heat and mass transfer along the pipe. Rohani and Tien [Ref.

81 have modified Marcus’ diffuse front model to a two—dimensional

theory and developed a computer program to predict the aforementioned

heat pipe parameters. They contend that Marcus’ one—dimensional model

is not sufficient, in many cases , to calculate accurately these two

heat pipe parameters.

None of the mathematical models published to date have taken

gravitational forces into account for predicting the important heat

pipe parameters , s’ich as the wall temperature profile along the pipe

length, and , more spE!cifically , the nature of the vapor—gas interface.

Naydan [Ref. 9) and Batts [Ref. 10] showed that the vapor—gas inter-

face is appreciably affected by gravity when the molecular weights of

the vapor and non—condensible gas are markedly different. They con-

cluded that the diffuse front theory needs to be modified by taking

gravity into account when designing a heat pipe for the aforementioned

vapor—gas conditions.

15



II. OBJECTIVE

The objective of this research was to investigate further how gravi-

tational forces would affect the operating characteristics of a variable

conductance heat pipe. A heat pipe with a length/diameter ratio of

approximately 60:1 was operated at various power levels in both the

horizontal and vertical positions. The heat pipe was loaded with non-

condensible gases which had molecular weights both greater and less than

that of the working fluid. The experimental data should provide further

information on the nature and orientation of the vapor—gas interface.

L~~~~~~~~~~~~~~~
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III. EXPERIMENTAL APPARATUS

A. HEAT PIPE CONSTRUCTION

The design objective was to construct a gas—loaded variable conduc-

tance heat pipe with a length/diameter ratio of approximately 60 to 1.

Previous work has been done by Naydon [Ref. 9] and Batts [Ref. 10] on

a variable conductance heat pipe with a length/diameter ratio of about

30 to 1 and by Humphreys [Ref. 11] on a high length/diameter ratio (100

to 1). To complement this earlier work, it was decided to observe the

vapor—gas interface on an intermediate length/diameter ratio heat pipe

— 60 to 1, in this instance.

Since the heat pipe apparatus built by Naydan proved very success-

ful in operation and a thesis objective was to use Naydan’s and Batts’

results as a basis of comparison , the heat pipe constructed was very

similar to the heat pipe built by Naydan. The pertinent design criteria

utilized in this heat pipe construction are the sante ones which are

described in detail by Naydan.

The heat pipe itself was made from type 304 stainless steel tubing

with the following dimensions: length, 152 cm; diameter , 2.5 cm; and

wall thickness, 0.051 cm. The wick material was one—hundred—twenty-mesh

stainless steel woven wire cloth. Four layers of the wick were held

firmly against the inside pipe wall by a stainless steel coil spring.

The evaporator and adiabatic sections were 30.5 and 15.2 centimeters

in length, respectively .



The condenser end of the heat pipe had a welded stainless steel

end cap. Protruding from the center of the end cap was a 0.64-centi-

• meter stainless steel tube which was welded near one end of a fabri-

cated brass cylinder. A pressure transducer was threaded into the

other end of the brass cylinder (Figure 3). The brass cylinder was

internally ported between the pressure transducer and stainless steel

tube connections so that the pressure transducer would measure the

pressure at the condenser end of the heat pipe. This assembly was

fabricated so that the pressure transducer was mounted evenly with the

end of the heat pipe to preclude erroneous pressure readings caused by

a height difference between the pressure transducer and the end of the

heat pipe. A bleed device was installed on the pressure transducer

end of the brass cylinder to bleed any undesirable air from the heat

pipe. A small hole was drilled slightly off center in the end cap ~o

house a stainless steel sheated thermocouple that measured the internal

heat pipe temperature existing near the condenser end cap.

The evaporator end of the heat pipe had ~ flanged end plate. One

flange face was welded to the heat pipe itself. Both faces were

grooved to accommodate an 0—ring which sealed both flange faces when

the four bolts holding the flange faces together were tightened. The

installation of the pressure transducer and internal thermocouple was

similar to that assembly at the condenser end of the heat pipe. A

stainless steel vacuum valve was welded to the pressure transducer end

of the brass cylinder , with the brass cylinder properly ported inter—

nally, to fill the heat pipe with the working fluid and non—condensible

gas as well as to evacuate the heat pipe prior to filling .

18
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The evaporator section was heated by passing a direct current

through a 0.32—centimeter wide Nichrome ribbon, measuring 3.83 meters

in length, wrapped around the heat pipe circumference. Both the heat

pipe exterior and Nichrome ribbon were painted with high temperature heat-

resistant paint prior to wrapping. This painting electrically insulated

the Nichrome ribbon from the heat pipe. To minimize heat losses, four

layers of 0.32-centimeter thick Johns Manville Mm -K insulation were

wrapped around the adiabatic and evaporator sections.

The supporting framework for the heat pipe was designed to allow

rotation of the heat pipe from the horizontal (Figure 4) to vertical

position (Figure 5) as well as to minimize conduction heat losses.

B • INSTRUMENTATION

Forty thermocouples were installed to measure accurately the re-

quired temperatures. ~~enty—four thermocouples were tack welded exter-

nally at 5.1—centimeter intervals along the top of the condenser and

adiabatic sections of the heat pipe. Additional thermocouples were

tack welded at 90—degree angular intervals around the pipe at locations

27 .9 and 73.7 centimeters from the condenser end to measure the circum-

ferential temperature variation. To determine the insulation heat loss

by measuring the temperature drop across a layer of insulation , two

thermocouples were inserted between layers of insulation , and two

thermocouples were placed atop the outside layer of insulation. As

previously stated , a stainless steel sheathed thermocouple was welded

• into each end plate to measure the internal heat pipe temperature

existing at the condenser and evaporator . These internal thermocouples,

located slightly off the center of the endcaps , projected about 1.3

20
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centimeters into the heat pipe interior from the end cap . Two thermo-

couples were used to measure the ambient room temperature exi~ ting

near the condenser section.

The thermocouples were fabricated from 30 gage Teflon-coated copper

and constantan wires , using a Dynatech thermocouple welder to make the

end beads. Twenty of the thermocouple wire ends were soldered to the

pins of the male half of an Axnphenol connector. A 40-wire umbilical

cable joined the female half of the Amphenol connector (which was

attached to the heat pipe frame) to the Hewlett—Packard 2OlOC Data

Acquisition System (Figure 6). The other 20 thermocouples were similar-

ly connected to a second umbilical cable. The Amphenol connectors

were covered with sponge rubber to minimize the effect of stray air

currents passing through the connector which could cause erroneous

t~raperature readings.

Pressure transducers were placed at both the condenser and evapora-

tor ends of the heat pipe to measure the condenser and evaporator pres-

sures. Celesco Model PLC Pressure Transducers , with a range of zero

to 6.8 atmospheres, were used. The electrical output of the pressure

transducers was recorded by the Hewlett—Packard 2010 Data Acquisition

System.

To determine accurately the amount of power being suppl ied to the

heat pipe , a known stable precision resistance was placed in series

with the Nichrome ribbon heater. By measuring the voltage drop across

this known resistor , the heater current could be calculated. Hence,

• the power being supplied to the heat pipe could be determined by knowing

the heater current and measuring the voltage drop across the heater.

2 3
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The Hewlett—Packard 2OlOC Data Acquisition System digitally re-

corded all output voltages of the thermocouples and pressure trans-

ducers. ‘rhis system also measured the voltage drops across the

• heater and the known resistor.

C. LIQUID CRYSTAL APPLICATION

Cholesteric liquid crystals were used in this experiment to show

qualitatively the orientation of the vapor-gas interface relative to

the heat pipe axis. As the liquid crystal is heated through a known

range of temperature , it will exhibit progressively ~ll colors of the

spectrum, from red to violet. This phenomenon is both reversible and

repeatable. The drastic temperature change across the vapor-gas in-

terface of the variable conductance heat pipe provides the temperature

range necessary to observe the color change of the liquid crystals.

The width of the temperature range and its location on the tempera-

ture scale can be controlled by choosing the proper cholesteric esters

and formulating them in the correct proportions. National Cash

Register Company has developed a process which encapsulates the liquid

crystals in a polyvinyl alcohol. This encapsulation significantly ex-

tends the useful life and markedly reduces the coicr variation of the

liqui l crystals due to viewing angle. Also , encapsulated crystals

which activate at different temperatures can be mixed without altering

the color response of each individual liquid crystal , although mixing

does decrease the brilliance of each liquid crystal color. Properties

of these liquid crystals and several temperature—sensing applications

are well describDd in Ref. [12].

Three dif ~~ rent liquid crystals were chosen so that they would

activate at a temperature between that of the condensing working fluid

_ _
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and that of the non-condensible gas. R—53 , R—45, and S—40 encapsulated

liquid crystals, in a slurry form, were selected. The “R ” indicates

that the color change occurs uniformly in about a 3°C tein-

perature range. The number denotes the activation temperature of the

red color change. For example , the red color change for R—53 occurs at

53°C. The “5” indicates the liquid crystal changes from red to violet

in about a 1.1°C temperature range.

Since the liquid crystals are transparent, the entire condenser sec-

tion was spray painted with flat black enamel which provided a suitable,

dark non—reflective background to observe the liquid crystals. A mixture

consisting of equal par ts of the three di f ferent liquid crystals was

diluted with an equal volume of distilled water. This enabled several

thin coats to be uniformly applied to the heat pipe using an •tir brush

to spray on the liquid crystals.

D. CALIBRATION

A 3—meter mercury manometer was used as a standard to calibrate the

pressure transducers for pressures from atmospheric to about five

atmospheres. For pressures from atmospheric to about 0.5 atmospheres ,

a 1.5—meter U—tube mercury manometer was used as the s~ andard. A first

order equation relating millivolts to absolute pres sure , using a least

squares fi t, was derived for each transducer. The transducers were not

calibrated at various temperatures , but only at room conditions. The

maximum error yielded by either equation was 0.5 per cent.

A Rosemount Calibra tion System , having a platinum resistance thermom—

• eter, was used as the temperature standard to calibrate the thermocouples.

To minimize the effect of temperature variations within the oil bath ,

26 

~~~~~~~~ ... -_ -•• ---•- .*~~~ .•- 



_ _ _ _  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

the thermocouples were put into two 20—thermocouple bundles, with each

bundle being placed as close as possible to the platinum resistance

thermometer . This calibration system has a ÷ 0.01° C accuracy . Data

were taken between 21 and 121°C. As a result, the normal copper—con-

stantan thermocouple tables could be used with an accuracy of + 0.5°C.
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IV. EXP ERIMENTAL PROCEDURE

A. EXPERIMENTAL PREPARATION

To provide comparability with previous data taken by Naydan (Ref. 9)

and Batts (Ref. 10] on a 5.1—centimeter heat pipe, me thanol was used as

the working fluid , and helium and krypton were used as the non-condens-

ible gases in these hea t pipe experiments. Data were also taken using

Freon 113 as the working fluid and helium as the non-condensible gas.

Since the difference in molecular weights between Freon 113 and he *

is significantly greater than for methanol and helium , gravitational

forces should have a greater effect on the Frecn 113—helium interface

tA~an on the methanol—helium interface.

The amount of methanol necessary to c~ erate successfully the heat

pipe and the maximum power level for heat n ine  c~ eration had to be

determined. Naydan and Batts experimentally determined that 170 ml was

a sufftoient amount of methanol for the 5.1-centimeter diameter heat

pipe they were operating. Since this heat pipe was ~ 2.3—centimeter

diameter pipe and its wick volume was one—half the wick volume of the

5.1—centimeter heat pipe, 85 ml of methanol was used initially to fill

this heat pipe. This 85 ml of methanol did ~prove to be sufficient to

prevent the complete evaporation of the methanol that would result in

dryou t of the wick and subsequent hea t pipe failure. After much experi-

mentation, it was determined that 50 watts of nominal input power was

• the upper power limit.

• To add the methanol to the heat pipe, a short length of vacuum tub-

ing was connected to the f il l  valve of the heat pipe and a graduated
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glass bottle containing the 85 ml of methanol (Figure 7 ) .  The glass

bottle was inverted, and the methanol was allowed to displace the air

entrapped in the f i l l  valve and rubber tubing. The f ill valve was

opened , and the methanol entered the heat pipe since the pipe interior

was wider a vacuum. (The heat pipe had been evacuated previously using

a vacuum pump , and the fill valve was then closed to maintain this

vacuum.) During the filling operation, the heat pipe was in the hori-

zontal position with no power being supplied.

To bleed the air introduced into the heat pipe during the filling

operation , 75 watts of power were applied to the heat pipe in the verti-

cal position (condenser end up) to raise the internal pipe pressure

above atmospheric. The bleed device was then opened to vent the air

which had accumulated in the condenser end of the heat pipe. Several

vents were required to bleed successfully virtually all of the air.

It was estimated that about three to five milliliters of methanol excaped

during each vent.

B. METHANOL CONVENTIONAL HEAT PIPE EXPERIMENTATION

Upon the successful conclusion of the venting procedure, the heat

pipe was operated in the conventional mode , in both the horizontal and

vertical positions. Power was varied in 15—watt increments from 20 to

50 watts and then decreased to 20 watts to ensure data repeatability ,

in both heat pipe positions. The power levels were calculated from the

measurement of the voltage drop across the heater and the known resistor.

The power lost from the evaporator and adiabatic sections due to insula-

tion losses was calculated from the temperature drops across the insula-

tion. The net power absorbed by the heat pipe was assumed to be the

calculated power produced in the heater minus the insulation losses.

See Appendix A for sample calculations.

29



• 

----

~~~~

_- 

~~~~~~~~~~~

--
~~~~~~~~~~~

-

r
•

• 1  -

• ~~~~~~~ 
..‘ 

- 

~~.

S
,

~~~~~~~~~~~~~~

- •  

i_iI~• .
• 

• 
•
~

, • 
- 

I

• ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - • . 

~;- •* 

.

Photograph of Fill ~ssembly and Vacuum Pump

Figure 7

30



The following criterion was established to ensure that steady

state conditions had approximately been reached after a power change

to the heater. When the temperature difference between the evapora-

tor end and ambient conditions showed a change of less than 0.5°C in

a 15-minute period, approximate steady state conditions had been

attained, and data could then be recorded. All data were taken at

least three and one—half hours after a heater power change. This

steady state criterion was used for all subsequent heat pipe data,

whether the heat pipe was operating in the conventional or variable

conductance mode.

C. METhANOL-KRYPTON VARIABLE CONDUCTANCE HEAT PIPE EXPERIMENTATION

Af ter all the data had been taken for the methanol heat pipe operat-

ing in the conventional mode, the non—condensible gas krypton was intro-

duced into the heat pipe, thereby making it a variable conductance

device. The following procedure was used to load the krypton. The

fill rig system (Figure 7) was evacuated to a pressure of about 1.31 x

l0~~ atmospheres, purged with a small amount of krypton, and re-evacu-

ated to the aforementioned pressure. A cold trap was used to condense

the purging krypton in order to prevent krypton contamination of the

vacuum pump. With the heat pipe operating at 35 watts of power in the

horizontal position, the fill system was pressurized with krypton up to

the fill valve on the heat pipe, and the fill valve was slowly opened.

The fill valve was secured when the pressure in the heat pipe increased

- 

• 
a predetermined amount—0.90 atmospheres in this instance.

• To determine the exact amount of krypton loaded into the heat pipe ,

electrical power was secured to the pipe, and the device was allowed to
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reach steady state at ambient conditions. The internal heat pipe

pressure measured by the pressure transducers was recorded. The

average value of the evaporator and condenser ten~ eratures , measured

• by the two internal thermocouples, was used as the saturation tempera-

ture of the methanol vapor to enter the methanol saturated vapor table.

The extracted tabular value was the partial pressure of methanol at

that particular saturation temperature. The partial pressure of

krypton was found by subtracting the partial pressure of methanol from

the total pressure. Knowing the heat pipe volume, the internal tem-

perature , and the partial pressure of krypton, the amount of krypton

in the heat pipe was calculated. Appendix B shows sample calculations

to determine the amount of non—condensible gas present in the heat pipe.

With the initial charge of krypton, heat pipe data were taken at

the same power levels as in the conventional mode, in both the hori-

zontal and vertical positions. After recording this data, the pipe was

vented to remove about one—half of the krypton by reducing the pipe

pressure an appropriate amount. However, it was determined that the

krypton load was actually about one-third of its initial value. When

the necessary data had been recorded, the heat pipe was again vented to

make the third krypton load about one—quarter of the original krypton

charge. However , this effort was unsuccessful since this last krypton

load was about .003 of the initial krypton load.

Both pressure transducers yielded erroneous readings while taking

data for this third krypton load. These pressure transducer malfunc-

tions wil l  be discussed in the “Experir1iental Results” section.

With the aid of an outside protractor template made to match the

outer pipe diameter , the angular ocsition (from 0° to 180° , where the
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0°—point was the top of the heat pipe in the horizontal position) of

each liquid crystal isotherm was measured at 5.1—centimeter intervals

along the condenser section. All measurements were made at the begin-

ning of the green color change.

D. ~~THANOL-HELIUM VARIABLE CONDUCTANCE HEAT PIPE EXPERIMENTATION

The methanol—krypton mixture was removed completely from the heat

pipe using a vacuum pump and cold trap. The cold trap condensed the

methanol-krypton mixture which would have otherwise contaminated the

vacuum pump. The pressure transducers were recalibrated ; and a new

first order equation, relating absolute pressure to millivolts , was

derived for each transducer. The heat pipe was filled with about 85 ml

• of methanol and properly vented of air. Sufficient helium was added

to raise the heat Pipe pressure by about 2.1 atmospheres. After the

necessary data were recorded, ventinç was adjusted to make the second

and third helium loads roughly one—half and one-quarter , respectively,

of the orig~ n~ i helium load.

E. FREON 113 CONVENTIONAL HEAT PIPE EXPERIMENTATION

The methanol—helium mixture was evacuated from the heat pipe using

a vacuum pump and cold trap. The heat pipe was filled with about 120 ml

of Freon 113 (distilled once) and vented of air. The necessary data

were recorded. The evaporator pressure transducer yielded incorrect

readings when these data were taken. Since the condenser pressure

transducer was operating properly, it was decided to continue the experi—

ment without recalibrating the evaporator transducer .

F. FREON 113-HELIUM VARIABLE CONDUCTANCE HEAT PIPE EXPERIMENTATION

Sufficient helium was added to raise the heat pipe pressure by about

2.1 atmospheres. After the requisite data were recorded , venting was
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adjusted to make the second helium load about one-half of the original

helium charge. However, the second helium charge was actually .033 of

the initial helium load. Enough helium was introduced to make the

third helium load roughly one—half of the initial helium load (Table I).

The procedure used to calculate the helium present for each load was

similar to that method used for the methanol-helium calculations

(Appendix B), except that the Freon 113 saturated vapor table was used

to determine the appropriate Freon 113 partial pressure.

TABLE I

HEAT PIPE LOADING

METHANOL GAS GAS PARTIAL PRESSURE
RUN GAS LOAD (ml) WAD (kg) AT AMEIENT TEMP. (atm.)

1 None 85 — —

2 KRYPTON 85 1.59 x l0~~ 0.79

3 KRYPTON 85 6.17 x ~~~~ 0.30

4 KRYPTON 85 5.49 x io 6 0.003
5 HELIUM 87 1.24 x ~~~~ 1.27

6 HELIUM 87 6.17 x l0~~ 0.64

7 HELIUM 87 3.05 x l0~~ 0.31

FREON 113
LOAD (m l)

8 None 120 — —

9 HELIUM 120 1.42 x ~~~~ 1.47

10 HELIUM 120 4.72 x l0
6 0.05

11 HELIUM 120 8.26 x l0~~ 0.85
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V. EXPERIMENTAL RESULTS

A. GENERAL CONSIDE RATION S

Appendix C summarizes the important heat pipe parameters for each

data run. In one instance, an asterisk appears beside the “Evaporator

Temperature ” entry. This indicates that the heat pipe was apparently

operating at or near burnout conditions. The specific cause for this

condition was not determined.

As previously mentioned , when the last set of methanol—krypton data

was taken, the two pressure transducers suddenly yielded erroneous

reddings. Both transducers were then recalibrated , and a new first

order equation, relating millivolts to absolute pressure , was der ived

for each transducer. The only difference between the original and new

equations for each transducer was a change in the y—intercept value.

Hence, the zero point of each transducer had shifted. Since both

transducers had experienced a moderately wide range of temperatures

during the experiment, it was considered that this temperature varia-

tion had caused these pressure transducer malfunctions. The evaporator

pressure transducer operated improperly when the conventional Freon 113

data were taken. However, it was deemed not critical to recalibrate

this transucer since the condenser transducer was operating normally.

B. CONVENTIONAL HEAT PIPE RESULTS

Figure 8 shows the .t.~mperatures along the condenser at one power

setting for the methanol only heat pipe, and Figure 9 indicates the

same parameters for the Freon 113 only pipe. These figures have
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“Surface Temperature Minus Ambient Temperature” as the ordinate axis.

This axis selection eliminates the dependence of heat pipe performance

parameters on a change in ambient temperature. Hence, comparisons

can be made between various data runs even though the ambient tempera-

ture was different for each run.

These conventional heat pipes should operate at essentially iso-

thermal conditions. Figures 8 and 9 support this premise, even though

there are small temperature variations along the condenser length.

C. METHANOL-KRYPTON HEAT PIPE RESULTS

Figures 10 through 15 are the isotherms plotted from the liquid

crystal data. As previously stated, these data were obtained by using

an outside protractor to measure the angular position of the liquid

crystal isotherms appearing on the heat pipe ’s circumference . These

graphs represent one—half of the circular heat pipe circumference

“rolled out” to a plane . Although there is some distortion in such a

two-dimensional representation, the relevant information concerning

the direction of the temperature gradients is retained. Figures 16

and 17 are the liquid crystal isotherns obtained by Batts [Ref. 10]

for the 5.l—centi~~ ter diameter heat pipe , using the methanol-krypton

combination for one krypton load. Batts ’ figures favorably compare

qualitatively with Figures 10 and 13. Batts also has photographs of

the liquid crystal color bands for the methanol-krypton heat pipe ; his

photographs reflect the same general orientation of the liquid crystal

isotherms that are presented in Figures 16 and 17. For comparable

cases with the heat pipe in the horizontal position , the isotherms

obtained by Batts will be closer to the horizontal in orientation than

the isotherms resulting from this experiment.
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D. METHANOL-HELIUM HEAT PIPE RESULTS

The liquid crystal isotherms for the methanol—helium heat pipe are

Figures 18 through 23. These figures qualitatively confirm the results

previously obtained by Batts, some of which are shown in Figures 24 and

25. Batts also has photographs of the liquid crystal isotherms for a

methanol-helium heat pipe, which compare favorably with Figures 24 and

25.

E. FREON 113-HELIUM HEAT PIPE RESULTS

Figures 26 through 30 are the liquid crystal isotherms for the

Freon 113—helium heat pipe. For the 4.72 x io 6 kg load of helium, no

liquid crystal isotherm measurements were taken since no definitive

isotherms were observed. The liquid crystal isotherms were not syan—

metrical (with respect to the 0° and 180° reference points) for the

heat pipe in the horizontal position. It is believed that this asym—

metry was due to localized high conductance between the wick and heat

p ipe wall.

F. CONCLUSIONS

The orientation of the resulting liquid crystal isothernis for the

methanol-helium , methanol—krypton, and Freon 113—helium heat pipes in

the horizontal position clearly shows that the non-condensible gas did

not form a plug at the condenser end of the pipe, as the flat front

and diffuse front theories would predict. As these isotherms qualita-

tively reflect, there was a significant temperature gradient perpen—

dicular to the heat pipe axis , in addition to the expected axial

temperature gradient. Additionally , these isotherms show that there

was a marked difference in the non—condensible gas concentration from

47 

_-----_~ 



0 0 0
0 • 0 • 0U’, 0 — ‘.0 ‘.0 ‘0-4. C’) CO C’) — C’)

It II II IL LI IL

.0 ~~ .0C) C ci S C) S
C a S
C’ F-’ C’ F-’ C’ F-’

H~~~~~~

°0

I
~ I

0 0
o C —to Ci
.4. 0 ~_J ~~o S —0 ~-‘ 0

.4. C) 
~C .1 

~~C.) tO C
o Z~ C
CO •

~~to 
,

C.)
0 Ct)
to S-4.

C)
C.) C.,
0 0
CO 0 (ato -~ s-i

Cs1.)
to (a

o C’)
Lu

C.)

.5
-
~C C.)z C

CO
if ’.

• F:)

48

• ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



0 -4. 0 0
0 • 0 - 0

N- Cr’. ‘.0 N. to
-4. C’1 CO C’) — C’)

II H II II U

4-’ .0 0
C) C C) S C) C
CC CS S C5 S a
C’ F-’ C’ F-’ C’ H

HH~~~~~~~~~~~~~~~~

°0

‘ no

z 00

I-1
• 0 -~ to to

0 F:) N- I
0 0
-4. —

r.
C) 5 N .

C (4 —
to
-4. ‘.0

0 0
C 0 c. Cs
CO 0 4-. C”
Lu -4_ 5 —

F~ 0
() N C)

C •
~~‘ 

I..
to C ~0 C) 0 00

C
LO F:..
-1• 0

0
S

0o 0 0)
CO 0 .5
CO C 4.’

0
a,
—
-ICs

0
to to a)
-~ C’)

0
0
0 .5
CO
L1~ 5

C
z

F-s
noz

49



0
0
‘-I



__ . _ - . ~~~~~~~~~ —~~~~~~~~~~ • • _ . . - - . - -.
~~~- .• - - _ . - •~~~~~~~~ - - --•_--~~~

Qnet = 16.9W 31.4W 45 .9w

Tamb 26°C 26°C 26°C

100 -

75

SC)

.5
4-’
00

40°C
-
~ 50
I-i

HELIUM 53°C
C
C)
0g 40°C

C-) __________

1 45°C
53°C

METHANOL

25 . 
40°C

45°c
53°C

Liquid Crystal Isotherms - Vertical
1.24 x i0~~ kg He l ium

Figure 21

51

___ ——----— -_ - --——— - — — --~—•-—‘~~_ —-- . - ,•-



Qnet = 18.2W 32.5W 47 .0w

Tamb = 23°c 25°C 24°C

100 -

75 —

40°C

C 4S°c
HELlU~1 

53°C

40°c
45°c

C)
53° C

C)

METHANOL

40°C

45 0C

• 25 - 53°C

Liquid Crystal Isotherms - Vertical6. 17 x 10-i kg Helium

Figure 22

52

___ ______



Qnet = 18.5W 32 .5W 47.3W

Tamb 25°C 27 °C 25°C

100 -

40°C

75 - LLcor
HELIUM 53°C

40°C

I
53°C

‘-4
00

METHANOL

•0 
__________S

45°C
53°C

23

• Li quid C ry s t a l  Isotherm s - Vert ical
3.05 x i 0 5  kg Helium

Figure 23

53



CO 0 0 0 L)
0 • 0 • C

— CO N. -4_ -4. -4_
N- C’) -4_ C’) C’)

II II II LI II II

4-’ .0 .0 ~~ .0
ci C C S ci C

a a to
C’ H C’ H o

0

c_i 0

I



Qnet  = 22 .9w 46 .6W 70 .4W

Tomb = 23°C 24°C 25°C

100 -

75 -

41°C

49 ° c
36°c

-C
HELIUMcC

-C)
50

41°C
49°C

56°C

C))
METHANOL

41°C
25 -

49°C

56°C

Liqu id Crystal Isotherm s - Vertical
1.82 x 104  kg Helium - Batts ’ Results

Figure 25

55



0 C.) 0
0 • 0 • 0

Ill ‘.0 — ‘.0 N— N.
.4. C’) CO N. — C’)

II II IL II II II

.0 ‘-4 .0 1-~ .0
C) C C) C Ci C

to a C CC
Cr H C’ H C’ F-’

C
C

0
0 s-i
C



— C.) ~~) C.) N- 0
- 0 • 0 • 0

‘.0 ‘.0 C’) N- N- N--4_ C’) CO C’) C’)

II II It II II LI

4-’ .0 i-i .0 .0
C) S C) C C) C
C CS C CC S CC
C’ F-’ C’ C’ H

0
0

L 

_ _ _  _ _ _  _ _ _



r

Qnet = 17.4W 31.7W 46.4W

Tamb = 27°C 27°C 27°C

100

75

S
C)

-S

50 

40°c

HELIUM 53°CC)

45°CC)

40°CC _________________

53°C I
45°C

25 40° C FREON 113

53°C

45°C 1
Liquid Crys t a l  Isotherms - Vertical

1.42 x i~
-
~ kg He l ium

Figure 28

58



Qnet = 18.0W 32.3W 46.8W

Tamb = 26°C 27°C 27°C

100

75 -

40°C

HELIUM 45°C
53°C

40°C
50 45°C

53°C

40°C 
FREON 113

53° C
45°c

25

Liquid Crystal Isotherms - Ve r t i ca l

8.26 x i0~~ kg Helium

Fi gure 29

• 59



Qnet = 19.0W 33.3W 50.4W

Tamb = 28°C 27°C 27°C

I~~LIUM ~~~~~5°C 53°c
100 -

40°C 
- 

53°C

FREON 113

75 -

S(4

.5
4-4
00
C
C)
-C 

~~ -

F-
C’)
C’,
C
C)
~0
C

25

H 
_ _ _ _ _ _  _ _ _ _ _ _  _ _ _ _ _ _

Liquid Crystal Isotherms - Vertical
4.72 x i0 6 kg Helium

Figure 30

60

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
_ 

-~~~~~~~



the top to the bottom of the pipe. When the lighter helium gas was

used , the helium concentrated along the top of the pipe with resulting

lower temperatures in this region . With the heavier krypton as the

non—condens ible gas , the krypton formed a pool along the bottom of the

heat pipe with the attendant lower temperatures. The conclusion from

these liquid crysta l isotherms is that gravitational effects caused

the non—condensible gas concentration gradients which in turn caused

the resulting temperature gradient perpendicular to the heat pipe axis.

Gravitational effects  adequately explain why the Freon 113-helium

liquid crystal isotherms, for the heat pipe in the horizontal position,

were more horizontally oriented that the corresponding methanol-helium

• isotherms. Since the difference in molecular weights between Freon 113

and helium is significantly greater than for methanol and helium,

gravitational forces should have a greater influence on the Freon 113-

helium interface than on the methanol-helium interface . This premise

is qualitatively confirmed by comparing the Freon 113—helium and

methanol—helium isotherms.

The thermocouples along the top of the pipe were not useful in in-

dicating the temperature gradient perpendicular to the heat pipe axis

since these thermocouples can only show axial temperature gradients.

Numerous thermocouples would have to be installed circumferentially

in order to demonstrate this temperature gradient perpendicular to the

heat pipe axis.

When the heat pipe was operated in the vertical position, the

methanol—helium and Freon 113-helium heat pipe liquid crystal isotherins

were much d i f ferent  than the isotherms for the methanol-krypton heat
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pipe. The helium—loaded pipe isotherms indicated an axial temperature

variation similar to that predicted by the di f fuse  front theory . In

contrast, the temperature decreased progressively from the adiabatic

section to the condenser end for the krypton-loaded pipe , and the liquid

crystal isotherms were spaced much farther apart than for the helium-

loaded heat pipes. These methanol-krypton heat pipe isotherms were not

stationary, but rather they changed in a periodic manner with a fre-

quency of approximately one cycle in 5 minutes and an amplitude of 6 to

7 cm. This oscillatory behavior indicates a gravitational instability

(Rayleigh—Taylor) in this methanol—krypton interface. In this vertical

position , the liquid crystals and thermocouples yielded compatible

temperature data.

The influence of gravitational fcrces is reflected in the liquid

crystal isotherms when the heat pipe was in the vertical position .

The force which keeps the non—condensible gas in the condenser section

is du~ primarily to the momentur~ of the vapor particles as they travel

towards the condenser. The lighter helium gas quickly rose to the

upper end of the pipe thus forming a plug which eff ectively prevented

diffusion of the methanol vapor. However , the heavier krypton was

affected by the stronger gravitational forces which oppose the momentum

imparted to the krypton gas particles by the upward flow of the methanol

vapor particles. As a result , there was a gradually increasing krypton

gas concentration, although some methanol vapor did reach the condenser

end.

Liquid crystals were used as an effective tool to observe qualita—

tively the isotherrns . Near the end of the experiment , the br illiance
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of the liquid crystal colors diminished over the 26—centimeter portion

of the condenser nearest the adiabatic section. Since this particular

section was usually at higher temperatures than the other areas of

the condenser , it was concluded that high temperatures caused this

reduced brilliance.
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VI. SUMMA.RY

The experimental data show that when the molecular weights of the

working fluid and non—condensible gas are significantly different,

gravitational forces markedly influence the temperature gradient and

orientation of the diffuse vapor—gas interface. Hence, the diffuse

front theory should be modified by considering gravitational effects

when designing a heat pipe for such vapor—gas combinations .



APPENDIX A

CALCULPI~TI0N OF NET ABSORBED POWE R

The net power absorbed by the heat pipe is assumed to be approxi-

mately equal to the power dissipated in the heater minus the insula-

tion power loss. The temperature difference between thermocouples

#97 and #91, which are located at different radial positions within

the insulation, was used to calculate the insulation power loss.

q (net) = q (htr) - q (loss)

I. q (htr) = v1 V2 / R

V
1 

= voltage drop across heater , volts

V
2 

= voltage drop across series res .stor, volts

R = series resistance (2.0236 ohms)

II. q (loss) = iT
ln(r2/ 

r1)
27TKL

~~“ = T  — T97 91

r
1 

= radius to thermocouple #97 ( 2 . 5  cm)

• r 2 = radius to thermocouple #91 (3 .3  ~ n)

K = thermal conductivity of insulation (0.035 w
m- ° C

L = length of insulation ( .34 In)

I II .  Sample Calculation for First Data Entry in Appendix C:

V1 = 28 .09 vol ts

V
2 

= 3.65 volts

L~T = 11.5°C

_ 
j



q (net) = (28.09) (3.65) (11.5) (2) (3.14) (0.035) (.34)
2.0236 ln (1.3)

q (net)  = 47.4 watts

Appendix C summarizes the remaining experimental results
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APPENDIX B

CALCULATION OF NON-CONDENSIBLE GAS LOAD

The amount of non-condensible gas introduced into the heat pipe

was calculated from data obtained at isothermal, ambient conditions.

(P
~ 
- P f) V M

In = 
R T

= total pressure , n/rn
2

P
f 

= working fluid partial pressure, n/rn
2

V heat pipe volume (5.93 x 10 m

M = molecular weight of non—condensible gas, g/qmole

• R = universal gas constant (8.317 joule/gmole — °K)

T = pipe temperature , °K

Sample calculation for first krypton load of methanol-krypton heat

pipe :

P
~~~= 9.78 x n/rn 2

P
f = 1.81 x ~~~ n/rn2

T = 300 °K

M = 83.8 g/gmole

m = [(9.78 — 1.81) x l0]~~ (5.93 x lO)~~~ (83.8)
(8.317) (300)

= l.5 93= 1 .59 x 10
3 kg

The other gas load results are listed in Table I .
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