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FOREWORD 

Volume II of this report, 1'oe~.gnand Experimental Evaluation of a 
15 foot Primary Heat Pipe and Its Mating-wtlh·-{;omRo~ents of a Thermal 
Train," presents the effort of a number of individuaf corit 1.'-ibut.2rs who 
are members ot the staff of the Xerox Corporation, TRW Systems Gr.oup·~--­
and the General Electric Company. The entire effort was under the 
direction of R. Richter of the Xerox Corporation, a prime contract0r 
to the U. S. Air Force Aeronautical Propulsion Laboratory. S•Jbsecticns 
2. l through 2. 5, except for minor modifications, were the contribut f.ons 
of G. L. Fleischman and R. D. Marcus of TRW. The information for fub­
sections 2.6 through 3.4 was provided by R. L. Hanunel of TRW, whilf' the 
data of Subsections 3.5 and 3.6 was provided by J. A. Vogrin e,f TR\... 
Subsections 3.7 through 3.10 and Sections IV, V and Appendix A Jre the 
technical contributions of the author. 

The author acknowledges with thanks the support of the above­
mentioned contributors for working as a team toward the success of 
the overall program. 

iii/iv 

- --. 

:: 
1' 



f 
i[ ,­
; 
~ 
t 
:, 

-------------

-. 

I. 
II. 

111. 

CONTENTS 

INTRCDUCTION 1 
PRELIMINARY THERMAL TRAIN STUDY 3 
2 .1 Introduction 3 
2.2 Wicks 4 

2.3 
2.4 
2.5 

2.6 

2.2.1 Conventional Bolting Cloth Solution 5 
2.2.2 Arteries (Class B Wick) 7 
2.2,3 Open Arteries 7 
2.2.4 Temperature Drops 9 
2.2.5 Primary Evaporator 9 

--i -.-2 .-6. _ Primary Condenser 10 
2.2.7 s'"ec·ondary Evaporator 13 
2. 2. 8 Secondary ConcieR-Se.!__ 13 
Stress Considerations ------- 14 
Start-Up From the Frozen State ----.. ____ 16 ....__ .. ... 
Variable Conductance ----- 21 
2.5.1 Flat Front Analysis -._......___ 22 
2.5.2 TRW Gas Pipe Program ------~-2 ... 
Preliminary Design 24- -----.. 
2. 6. 1 Ma teria 1 s 24 
2.6.2 Primary Heat Pipe 26 
2.6.3 Secondary Heat Pipe 28 
2.6.4 Variable Conductance Heat Pipe (VCHP) 29 

DESIGN, MANUFACTURING, AND TESTING OF FIRST FIFTEEN 
FOOT PRIMARY HEAT PIPE 31 

31 
31 
31 
34 
34 
38 
39 
39 
41 
49 
51 
51 

3.1 Introduction 
3.2 Design Analysis 

3.3 

3.4 
3.5 

3 .2.i Hydrodynamic Design 
3.2.2 Insulation Design 
Xe chanical Design 
3 .3 .1 Wick Forming and Manufac-ture 
3 .3 .2 Offset 
3.3.3 Wick Installation and S11pport 
Hard~are Build-Up 
I~itial Performance Testing 
3.5.1 Test Setup 
3.5.2 Heat Pipe 
3.5.3 Test Instrumentation, Readout Equipment, and 

Test Support Hardware 
3.6 Water Calorimeter 

3.7 
3.8 

3.6.1 Test Results 
3.6.2 Conclusions 
Evaluation of Initial Test Results 
Performance Testing of First Primary 
3.8.l Test Setup 
3.8.2 Testing 

V 

A - • t •Ni 1 t tr 7 I 

Heat Pipe 

51 
55 
60 
76 
78 
80 
80 
86 



.. 

~--

CONTENTS (Contd) 

3,9 Failure Analysis for First Primary Heat Pipe 
3.9.1 Metallurgical Analysis 
3.9.2 Stress Analysis 

3.10 Conclusions 
IV. DESIGN, MANUFACTURING, AND TESTING OF SECOND PRIMARY 

HEAT PIPE 
4.1 Introduction 
4.2 Second Primary Heat Pipe Design 
4.3 Working Fluid Fill Charge 
4.4 Fabrication of the Second Pr11nary Heat Pipe 
4.5 Instrumentation, Heater Installation, Insulation and 

Charging with Sodium 
4.6 Testing 

4.6.1 Testing Without Power Transfer 
4.6,2 Testing with PowPr Transfer at the Condenser 

V. THERMAL TRAIN 
5.1 Introduction 
5.2 Integration 
5,3 Test 
5.4 Testing 
5.5 Conclusion 

APPENDIX A - FLUID FLOW IN HEMISPHERICAL RECEIVER 
REFERENCES 

....... 

vi 

98 
98 

100 
108 

109 
109 
109 
125 
138 

139 
151 
151 
157 
169 
169 
169 
173 
173 
183 
185 
189 



ILLUSTRATIONS 

1 Maximum Heat Pipe Performance 
2 Maximum Heat Pipe Performance 
3 Maximum Heat Pipe Performance 
4 Primary Heat Pipe Performance 
5 Primary Heat Pipe Performance 
6 Analytical Model for Hemispherical Evaporator Flow 
7 Wick Study for Primary Heat Pipe 
8 Primary Heat Pipe Condenser 
9 Secondary Heat Pipe Condenser 

10 Heat Pipe Limits for Primary Heat Pipe Operating with So<lium 
as Working Fluid and Inconel Walls and Wicks 

11 Variable Conductance Heat Pipe Performance 
12 Thermal Power Subsystem 
13 Performance Limits for 2,5-inch Heat Pipe 
14 Performance Limits for 2.25-inch Heat Pipe 
15 Internal Gas Reservoir Length versus Temperature 

Difference for Primary Heat Pipe Startup 
16 Primary Heat Pipe Heat Losses and Surface Temperatures 
17 Primary Heat Pipe 
18 Demonstration Diametral Wick 
19 Demonstration Elbow Sections 
20 Demonstration Section Installed Wick 
21 Fifteen Foot Heat Pipe Parts 
22 Fifteen Foot Thermal Train Heat Pipe - View Toward Condenser 
23 Fifteen Foot Thermal Train Heat Pipe - View Toward Evaporator 
24 Fifteen Foot Primary Heat Pipe - Condenser End with TES Flange 
25 Primary Heat Pipe Following Addition of Heaters and Insulation 

Forward of TES Flange 
26 Primary Pipe with Temporary Processing Heaters on Condenser 
27 Primary Pipe with Axial Insulation Completed 
28 Sodium Fill System with Primary Pipe Attached 
29 Primary Heat Pipe Evaporator Flux versus Heat Transfer 

Capacity 
30 Heat Pipe Test Installation and Instrumentation 
31 Location of Primary Heat Pipe Thermocouples and Heaters 
32 Radiation Heat Sink for Primary Heat Pipe Testing 
33 Condenser End of Heat Pipe with Thermocouples Installed 
34 Condenser End of Heat Pipe with a Typical Calorimeter 

Radiation Shield in Place 
35 Calorimeter Installed on Condenser End of Heat Pipe 
36 View of Completely Insulated Calorimeter and Heat Pipe 
37 Evaporator End of Heat Pipe with Thermocouples Installed 

and Heaters Partially Installe:J 
38 Evaporator End of Heat Pipe with Heaters Installed 
39 Test Support Equipment 

vii 

6 
6 
6 
8 
8 

10 
11 
12 
15 

20 
23 
25 
33 
33 

35 
36 
37 
40 
40 
40 
43 
45 
45 
46 

46 
47 
47 
48 

50 
52 
53 
56 
58 

58 
59 
59 

61 
61 
62 

j 



• 

™1E'.!Ll .. ~!SE · ! W 

ILLUSTRATIONS (Contd) 

40 Test #1 (1-11-73) - Transient Startup without Inert Gas 
and Supplemental Heaters 

41 Test #2 (1-12-73) - Transient Startup with Supplemental Heaters 
and without Inert Gas 

42 Test #3 (2-16-73) - Transient Startup without Supplemental 
He3ters and Inert Gas 

43 Test #4 (2-21-73) - Transient Startup with Inert Gas and 
without Supplemental Heaters 

44 Test #5 (2-21-73) - Transient Startup with Inert Gas and 
without Supplemental Heaters 

45 Test #6 (2-23-73) - Transient Startup with Inert Gas and 
without Supplemental Heaters 

46 Test #7 (2-26-73) - Transient Startup with Inert Gas and 
without Supplemental Heaters 

47 Test #8 (2-27-73) - Transient Startup with Inert Gas and 
without Supplemental Heaters 

48 Test #9 (3-6-73) - Transient Startup with Inert Gas and 
without Supplemental Heaters 

49 Test #10 (3-7-73) - Transient Startup with Inert Gas and 
without Supplemental Heaters 

50 Test #11 (3-8-73) - Transient Startup with Inert Gas and 
without Supplemental Heaters 

51 Heat Pipe Insulation Heat Loss 
52 Wick Structure of First Primary Heat Pipe 
53 Available Flow Factor 6p x Kasa Function of the Packing 

Factor 
54 Permeability and Pressure Drop in the Wick as Function of 

Packing Factor 
55 Insulation Requirement for Primary Heat Pipe with and without 

Secondary Heaters 
56 Thermocouple Arrangement for Testing of First Primary Heat 

Pipe at EOS 
57 Heater and Insulation Arrangement for Testing of First 

Primary Heat Pipe at EOS 
58 Primary Heat Pipe with Primary and Secondary Heaters Installed 
59 Primary Heat Pipe with Secondary Heater Elements and 

Intermittent Insulation (Flex Min-K) 
60 Primary Heat Pipe with Four Layers of Flex Min-K Insulation 

Over One Segment of the Heat Pipe 
61 Primary Heat Pipe with Completed Four Layers flex Min-K 

Insulation 
62 Primary Heat Pipe with Four Layers Cera-Felt Insulation over 

Flex Min-K Insulation 
63 PrimB.ry Heat Pipe Shown with One Segment Fully Insulated 

(four layers Flex Min•K, four layers Cera-Felt and foil) 

viii 

65 

66 

67 

68 

69 

70 

71 

72 

73 

74 

75 
77 
81 

82 

83 

85 

87 

88 
89 

89 

90 

90 

91 

91 

\II 1 G t H ' th I t b b 1 - 1 1 I SilC'C r or Mt fl SIS IS: I :re 1 



~ 
,I 

•' 

• 

; -· - - mrrtssa sma··,.g··,,. .. ,.,. . .,.. .. ........ ~~ ~"J?"Z' .. ... ,,...,. .. ,. .... · --- - - ........ .. ,~ .. , ... ·· •·· •· 

ILLUSTRATIONS (Contd) 

64 Primary Heat Pipe Fully Insulated 
65 Complete Test Setup of Primary Heat Pipe 
66 Steady-State Temperatures Along First Primary Heat Pipe 

Under Various Power Inputs (Increasing Power) 
67 Steady-State Temperatures Along First Primary Heat Pipe 

Under Various Power Conditions (Decreasing Power) 
68 Correlation Between Input Power and Operating Temperature for 

First Primary Heat Pipe 
69 Active Hee~ ipe Length as Function of Power Input 
70 Required Inpu r ·kr 'f'.unction of Loss Integral 
71 Temperature History .:: . r~cs.t Primary Heat Pipe During 

Startup with a Power Inpu 7 kW at the Evaporator 
72 Temperature Distribution Alo'lg the First Primary Heat Pipe 

During Startup with a Power Input of 3.325 kW at the Evaporator 
n Primary Heat Pipe Appearance ,lfter Failure -.... 
74 Cracks in the Evaporator Section of the Primary Heat Pipe 

as Indicated by the Zyglo Proc~ss 
75 Branched, Intergranular Cracking - lOOX Unetched - Inconel 

Alloy 600 
76 Effect of Temperature Gradients on the Pipe 
77 Allowable Temnerature Differences Along the Heat Pipe 
78 Creep Stress of Inconel 600 
79 Characteristics of Inconel 600 and Inconel 617 
80 Permeability K for Standard Bolting Cloth 
81 Pressure Drop Across a Wick Structure 
82 Heat Pipe Design Dimensions 
83 Safety Factor for a 2.25-inch Diameter 0,062-inch Wall 

Thickness Sodium Heat Pipe Operating with a Power Transfer 
of 6 .3 kW 

84 Safety Factor for a 2.25-inch Diameter 0.062-inch Wall 
Thickness Sodium Heat Pipe Operating with a Power Transfer 
of 6.3 kW 

85 Permeability and Wick Characteristic of Bolting Cloth 
86 Vapor Pressure Drop as a Function o~ Flow Area 
87 Wick Design for Primary Heat Pipe 
88 Co'.1struction Design of Diametral Wick 
89 Wick Construction for Second Primary Heat Pipe 
90 Diametral Wick in Section of Heat Pipe 
91 Primary Heat Pipe with End Cap 
92 Thermocouple Arrangement for Testing of Second Primary 

Heat Pipe 
93 Heater Configuration for Primary Heat Pipes 

ix 

92 
92 

93 

94 

95 
95 
95 

97 

99 
101 

102 

103 
104 
106 
107 
ll0 
ll2 
ll3 
ll5 

120 

124 
126 
127 
128 
140 
141 
142 
143 

144 
145 



i 

I 
I 

t 
f. 

• 

__ .. - •------ -- _ .. .,..~ .. --~ ,., . .... -f'- ••• . ...... . , 

ILLUSTRATIONS (Contd) 

94 Primary Heat Pipe Fully Instrumented and Heaters in Place 147 
95 Primary Heat Pipe Fully Instrumented and Heaters in Place 147 
96 Primary Heater of Primary Heat Pipe 148 
97 Insulation of Primary Heat Pipe 148 
98 Second Primary Heat Pipe 149 
99 Temperature Distribution Along the Primary Heat Pipe During 

Processing 150 
100 Steady-State Temperature Distribution Along Second Primary 

Heat Pipe 152 
101 Temperatures Along the 15-ft Heat ?ipe as Function of Power 

Input at the Evaporator 154 
102 Operating Length of Primary Heat Pipe 155 
103 Temperature and Power Loss Correlation for the Two Primary 

Heat Pipes 156 
104 PJwer Transfer at Condenser of Primary Heat Fipe for Varying 

I1:sulation Thickness 159 
105 Tub ·1lar Heat Exchanger at Col'?denser Section of Second Primary 

Heat Pipe 161 
106 Powe:: Transfer by Radiation from Condenser Section of Primary 

Heat Pipe to Heat Exchanger 161 
107 Temperature Distribution Along 15-Ft Long Heat Pipe for Various 

Power Input!! into Secondary Primary Heat Pipe with Condenser 
1-1/2-inc~ below Evaporator Elevation 162 

108 Temperature Distribution Along Pritnllry Heat Pipe 165 
109 Te~perat~re Distribution Along Primary Heat Pipe 167 
110 Secondary Heat Pipe with Thermal Energy Storage Unit 170 
111 Fully Asse~bled Full-Scale Thermal Train of the Solar 

Collector Thermal Power System 171 
112 Close-up View of Rotary Radiation Heat Transfer Joint and the 

Seconda~y Heat Pipe as Assembled in the Full-Scale Thermal 
Train of the Solar Collector Thermal Power System 172 

113 Thermocouple Arrangement for Testing of Full Scale Solar 
Co1lector Thermal Power System Thermal Train 174 

114 Power Losses of the Thermal Train 175 
115 Temperature History of Full Scale Thermal Train 177 
116 Temperature Distribution in the Thermal Train (4204 Watt Input) 178 
117 Temperature Distribution in the Thermal Train (5059 Watt Input) 179 
118 Temperature Distribution in the Thermal Train (6053 Watt Input) 180 
119 Correlation Between Maximum Possible Radiation Power Transfer 

and Heater Power at the Primary Heat Pipe Evaporator 182 
120 Temperature Distribution in the Thermal Train (6053 Watt Input 

and 2700 Watt Output) 184 
121 Geometric Relations 185 

X 



• 

TABLES 

I. M,1ximum Combined Stresses at 1600°F in the 4-Inch Diameter 
Receiver with Hemispherical End Caps 

IT. 

III. 
IV. 
v. 

VI. 
VII. 

VIII. 
IX. 
x. 

XI. 
XII. 

XIII. 
XIV. 
xv • 

Maximu:n Combined Stresses Jt 1600°F in Emitter Body 
with Hemispherical End Caps 
First Primary Heat Pipe - Comparison of Design Parameters 
Fifteen-Foot Heat Pipe - Bill of Materials 
Radiation Heat Sink Design for Primary Heat Pipe Testing 
Start-Up Test Summary 
Heat Pipe Axial Transport Capability Test 
Parametric Study of a 2 .25-Inch Diameter Heat Pipe 
Parametric Study of a 2 .25-Inch Diameter Heat Pipe 
Parametric Study for 2.5-Inch Heat Pipe Operating 
with Sodium 
Parametric Study of a 2.75-Inch Heat Pipe 
Parametric Study of a 3-Inch Diameter Heat Pipe 
Heat Pipe Characteristics 
Temperature History of Primary Heat Pipe 
Power Losses From Primary Heat Pipe 

xi/xii 

17 

17 
32 
42 
57 
63 
64 

117 
121 

129 
132 
135 
157 
158 
160 



,. 

.... 

SECTION l 

INTRODUCTION 

rn Volume I of this report, the Preliminary Technology Systems Study 
of a solar collector thermal power system was presented. In this volume 
which is the second of three, the design, fabrication, and testing of a 
15-fout heat pipe and its integration with the remaining components of 
a thermal power train are presented. 

Since prior to this program no heat pipe operating anywhere close to 
the desired operating conditions needed for the primary heat pipe of 
a solar collector thermal power system had been designed, built, or 
tested, the entire task was initiated with a studv which is presented 
in Section II of this volume. Following the Study the first primary he·1t 
pipe was designed using existing technological background. The design 
of the heat pipe differed to some degree from that which evolved from 
the study because allowance was made for its fabrication and testing. 
For pro\·ing the power carrying capacity of a 15-foot long heat pipe, 
it was not felt necessary to test a configuration that had two bends 
in its length. A straight heat pipe would also have the advantage of 
being easily placed into a slightly larger pipe if it should have 
become C:esirable to perform testing in a vacuum. 

During the testing of the first primary heat pipe, it became quite 
obvious that the design of large power carrying heat pipes was not as 
far advanced as had been assumed at the outset of the program. After 
the failure of the first primary heat pipe, analytical studies con­
firmed that some shorter heat pipes can easily be designed and built 
without great stress on details while still operating with a large 
margin of safety. A 15-foot long heat pipe, which has to have a power 
transfer capacity of over 6 kW, had, however, to be designed using every 
nuance for optimizing performance to assure achieving the design goal. 
For the design of the second primary heat pipe a wick study had to be 
conducted which is described in Volume III of this rep~rt. 

The second primary heat pipe was built and operated at the design ~~~l. 
But many data were taken which woulc! be worthwhile to have been analyzed 

.. 

' 
I' 

and evaluated in separate tests for a better understanding o~f~h~e:a~tµ,~i~P-~e;...,.....,. ...... ..-, 
design and operation. Because of the cost of a full sc~h,.·~., at 
pipe, the reluctance of testing the heat pipe over a wide range of 
operatir.g conditions and subjecting the heat pipe to severe starting 
conditions was great. The second primary heat pipe had to integrated 
with the secondary heat pipe, which is fully described in S tion VII 
of the third volume of this report, for operating the entir~e~liM.IIIDillJ,.._ 
train as a final confirmation of the concept of the solar collector 
thermal power system. 

1/2 

--~~--- -··--- ··••· ---~ ........... .... _____ 



r•; .,, II' - 1!111. l!.,#!l'llr"- IIIIC!'!'f!::!P!!IZ!N·-~;~11.;,.;;u1111, 1!11'!, ""';e••'i"', "'">""'""'""";g;- .o~fi,.Q~41.~·A'.'.::v• 4~,P~-~•AI!!'.'-~®·''::'*~•-::· :'.'"'.'.::•lff:"."·~':' .. :'.:"_.'_:'_::::_• __ :""":.~'.'.""·',"":*":"''°'N~'<-•:::::·•- -·•M_• .... _~.,_. _._,._~-_-_--.. _-_-=_ ··-,---·r-•~··,~~'l""~~.........,,"""rr'l"'<''T"" '_,,,. ._,., ..,., ..... 

I' ,\ 

• 

! 
,; 

2.1 INTRODUCTION 

SECTION tI 

PRELIMINARY THERMAL TRAIN STUDY 

An initial analytical design study of a solar collector thei:mal power 
system thermal train was performed to evaluate in general the use of 
heat pipes in the thermal train. The particular systems studied were 
those depicted in Volume 1, Figure 18. 

A specific objective of th :!. s study was to produce a preliminary desiP,n 
for the heat pipes of the thermal train which could meet the specified 
requirements. In accomplishing this, particular attention was given 
to the following features, limits and constraints: 

• The entire thermal train must be capable of operating in a 1-g 
environment when horizontally deployed. This requires that 
wicks and/or arteries in the system be able to prime and operate 
against the hydrostatic heads equivalent to the least elevation 
differential in the system. This constraint, necessary for 
earthbound testing, has major impact on the wick designs for 
the various heat pipe elements. 

• Consistent with the 1-g operating requirement, various wick 
structures were examined for feasibility and optimum perfor­
mance. These included homogeneous wicks, closed arteries, 
and open arteries. 

• The wicks must be configured within the various heat pipe 
elements for minimum temperature drops at their respective 
evaporators and condensers. 

• The system must be designed for ·starting without failure 
from a state in which the heat pipes are cold and the working 
fluid is frozen. 

• A variable conductance heat pipe might be necessary to control 
the temperature of the thermal train by dumping excess heat 
after the lithium-fluoride thermal storage material is fully 
charged. Specific attention was focused on maintaining the 
operating temperature within a control band and minimizing 
heat leakage from the variable conductance heat pipe when 
energy losses are not desired. 

The results of the generalized hydrodynamic and heat transfer (tempera­
ture drop) studies are discussed in subsection 2.2. Subsection 2.3 

3 
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presents the results of system stress calculations. Start-up from the 
frozen state is cor1sidered in subsection 2 .4, and the studies on the 
variable conductance heat pipe are presented in subsection 2.5. Sub­
section 2.6 presents the synthesis of all these studies yielding a heat 
pipe system design which should successfully meet the specifications 
under both steady state and start-up conditions. Based on the results of 
these studies the authors (G. L. Fleischman and B. D. Marcus, TRW) con­
cluded that the Inconel-sodium system: 

• 
• 

Can accommodate 6 kW input at 1600°F when level in a 1-g field . 

Can be started up at full load from the cold state when the 
working fluid, sodium, is frozen.* 

• Will exhibit maximum temperature drops at full load of: 

0 0 to 37 Finto the primary evaporator 

2.5°F through the coupling between primary and secondary 
pipes 

8°F ~ut of the secondary condenser 

0 ~ 0 F along the vapor flow paths 

0 0 • Will OFerate over a temperature range of 1600 F to 1650 Fas 
established by the Variable Conductance Heat Pip~ (VCHP), 
with a VCHP loss of about 0.2 kW at the shut-off condition 
(1600°F). 

2 .2 WICKS 

In providing wicks for the liquid return mechanism in high temperature 
liquid metal heat pipes it is desirable to utilize the more conventional 
approaches where possible. Because of the rather complex evaporator 
and condenser geometries for the solar collector heat pipes, the hydro­
dynamics study was broken into several individual parts. 

First, the maximum possible heat transport capacity was mapped out 
for a straight pipe of various diameters and lengths with various 
gravitational and condenser loadings. Then the condenser and evapor;1-
tor wicks were sized to minimize the overall temperature drop, taking 
into account that the evaporator wick must pump against the condenser 
and adiabatic liquid and vapor losses, as well as the gravitational 
load based on the lowest reference level in the system. 

*Test results and additional analytical studies at a later date proved 
the conclusions drawn to be optimistic. (R.R . ) 
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In order to make the necessary tradeoffs a set of design curves was 
generated for each component of the thermal train. Bolting cloth (fine 
wire screen), which is the optimum screen mesh type wick (Reference 1), 
wa~ used in this tradeoff. It should be noted that equivalent metal 
felt wicks or sintered porous materials of equivalent or improved pump­
ing characteristics may be substituted for the various bolting cloth 
sizes in the detailed design. 

2.2.l CONVENTIONAL BOLTING CLOTH SOLtrrION 

Figures 1 through 3 show the maximum heat transport capacity predicted 
by the TRW heat pipe design program for a simple circumferential bolting 
cloth wick in a 2.0, 2.25, and 2.50 inch o.d. tube, respectively; the 
working fluid is sodium at the temperatures indicated. 

The curves were generated by running several tilt angles for a uniform 
cross section pipe of a particular length. The tilt angles translate 
into a loading parameter (6p ), which may consist of the gravitational 

0 head plus any liquid and vapor losses downstream of the sertion of 
interest. The gravitational loading may be due to horizontal operation 
of the heat pipe at a particular elevation above a lower point in the 
system (e.g., a larger diameter condenser). The minimum value of Ap 
in each figure represents the gravity head associated with the pipe 0 

diameter; i.e., horizontal operation of the given pipe on a 1-g gravita­
tional field. The performance is presented in terms of heat transport 
capacity (QL f ), and thus applies to any length heat pipe. In order to 
obtain the h:a{ throughput in kilowatts for a particular heat pipe, one 
simply divides the ordinate (QLeff) by the effective length defined as 
follows: 

where 

L • evaporator length (inches) 
ev 

Lad• adiabatic length (inches) 

L • condenser length (inches) cond 

(1) 

It is seen that, as the wick thickness is increased for a given diameter, 
the maximum heat throughput increases until there is a significant vapor 
pressure drag due to the reduced vapor flow area. Maximum heat transport 
refers to the fact that these curves are based on a factor of safety of 
one. Thus, sufficient margin should be allowed in using the curves. In 
past experience with bolting cloth wicks the calculations have been some­
what conservative, so a margin of 25 to 50 percent should be sufficient. 
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In summary, the effective length and ~Po terms are quite general and 
must be evaluated in each specific application. Also, it should be 
clear that the curves do not specify the particular bolting cloth mesh 
size to use for a given performance. The reason that the mesh size 
cannot be included on the curves is that these are optimized solutions, 
and each point represents a different mesh size. Thus, the curves are 
simply used as an indication of what may and what may not be possible, 
i.e., these are working curves. Once a wick thickness, pipe diameter, 
and length are obtained from the curves, the computer program is 
entered to evaluate the corresponding bolting cloth mesh size. 

2.2.2 ARTERIES (Class B Wick) 

A typical artery which might be considered for a fifteen foot liquid 
metal heat pipe is the concentric annular artery depicted in Figure 4. 
This is the type of artery fabricated by TRW for a fifteen foot diameter 
circumferential water hP.at pipe delivered to NASA Houston (Reference 2.) 

The annular gap width must be sized so that the artery will self-prime 
by capillary forces in a gravitational field. Using a factor of safety 
of 1.5 for the priming criterion, a series of curves was generated for 
various pipe diameters and effective pore diameters of the artery seal 
for a uniform cross section and esse~tially horizontal operation. An 
eff~ctive pore diameter of 0.005 inch corresponds to number 200 mesh 
screen, 0.010 inch corresponds to number 100 mesh screen, etc. If the 
pipe diameter is too small, then the performance is vapor limited as 
seen in Figure 4. But if the pipe is made too large, ther. the liquid 
gap must be so small in order to self-prime that the liquid flow 
resistance limits the performance. This effect also restricts the 
artery pipe to near zero elevation because of the limit in priming. 
It was found, for example, that for priming of the annular artery at 
a 2.9 inch elevation, corresponding to the primary condenser in the 
solar collector heat pipe, the best performance is only about 1.5 kW 
ford fifteen foot heat pipe. 

Although the various artery configurations appear to have exceptionally 
high heat transport capacity, the problems associated with sealing of 
the arteries, self-priming for testing in the earth gravitational field, 
gas and/or vapor bubbles due to high heat flux, etc., should be kept 
in mind. Also, artery wicks are much more susceptible to failure by 
wick dissolution due to ~ass transport and corrosion. 

2.2.3 OPEN ARTERIES 

One approach to avoid the sealing requirement of artery wicks is to size 
the gaps smaller than that required for priming, such that the gaps 
themeelves provide the pumping head. It can be realized that more than 
one gap would be required to achieve high performance but this, i.1 
addition, provides some redundancy in the design. 
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The results of an investigation of this wick for a uniform cross section 
he.it pipe ,;re presented in Figure 5. Again, the performance is ba sed on 
essentially zero elevation, and would be severely limited by an appre­
ciable gravity head. 

The perform1nce could be significantly improved by utilizing a series 
composite wlck for which the gaps are wider in the condenser and 
adiabatic sections than in the evaporator. Also, the results in Figure 
5 are for a 15 foot length heat pipe; the performance might be more 
attractive for shorter length heat pipes. 

2.2.4 TEMPERATURE DROPS 

The temperature drops associateJ with conducting heat into and out of 
heat pipes are affrcted by the hydrodynamic design, because the wick 
thickness is determine tl by the flow requirements and the temperature 
drop across the wick is directly proportional to the wick thickness . 

2.2.5 PRIMARY EVAPORATOR 

The primary heat pipe evaporator (receiver) was looked at rather care­
fully because six kilowatts has to be transferred through a 2-inch 
radius hemisphere (Figure 6). If planar solar radiation on the 
hemispherical surface, i . e., cosine heat flux distribution for which 
the maximum heat flux is equal to twice the average, is assumed 
(as illustrated in Figure 6), the following equation for the liquid 
flow pressure drop holds.* 

1 
"' -2TT 

where 
. 
Q • totn l heat input 

H • latent heat of vaporizaticn of working fluid 
fg 

µt "'v i scosity of l i quid 

0 , • density of liquid 

K • wick permeability 

t • wi t k th i ckness 

*Deviation of Eq. 2 is presented in Appendix A. 
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H (SOLAR HEAT FLUX) 

Figure 6. Analytical Model for Hemispherical Evaporator Flow 

Tt is of interest to realize from Equation 2 that the liquid pressure 
drop is independent of the hemispherc r.idius. However, a larger radius 
will require a smaller pore wick, because of the need to overcome a 
larger grav i ty head . This in turn leads to a lower wick permeability 
and larger wick thic·kness. rhis effect is expressed in the ilpo load­
ing parameter in the evaporator performance curves plotted in Figure 7 
for a 6 kW heat input. Ag,1in, the lip term includes the gravity head 
associated with the height from the 18west point in the system (con­
denser) to the top of the evaporator, plus any liquid and vapor losses 
in the vario:1s heat: pipe sections downstream of the evapor,1tor. 

Since the eva porator must pump against these losses it is not surpris­
ing that I rather fine mesh is required (approximately number 100 to 
number 200 "'.'•'!"h bolting cloth). But it was found that a rather thin 
wick (~ 0.ulll to 0,020 inl·h) may be used. 

2.2.6 PRl~!ARY CONDENSER 

With a design he;1t load for the primary heat pipe of approximately 6 
kilowatts, approxim;1tely 3.5 kW is transferred to the thermal storage 
c,inister (see Figure 8) to charge the storag~ material, anJ 2.5 kW 
is transferred to the secondary heat pipe. Since the pressure drop 
associated with the condenser must be taken into account in sizing 
the wick of the adi.ibatic and evaporator, a relation was developed 
for the evaluation of the liquid pressure drop in the condenser. This 
takes into .in· ount the flow pattern over the secondary heat pipe, 
storage canisters, and the return flow in the outer wick of the primary 
pipe. In the analysis it was .-uisumed that a single mesh size is 
used for all surfaces and that the wicking on the heat transfer sur­
faces was d nniform thkkness. The particular mesh sizes, not indi­
cated on the u1rves, were based on an effective pore di,1meter capable 
of prov ' ding a capillary head equal to twice the gravitational head due 
to the diameter, D (rule of thumb yielding near optimum designs). 

10 

,: 
I 



4
3

6
1

' 

.., 0 - ,c .,. • J: u C
 ·- "-
-

~
 

w
 z 

-
~
 

-
u - :I: ~ ~ u - ~ C

¥
 e <
 

C
¥

 

~
 
~
 

w
 

a 
a 

I 
~-

-
25

. 
2 

" 
_;

 
m

a
 U

L
 

a 
2 

• 
14

 
L 

A
 

.
,
,

_ 

2
, 

22
 

2
0

~
 

II
 

I 
\ 

\ 
~ 

16L
 

•• 
I 

\ 
' 

J 
12

 I
-

I 
\.

 
6

P
o

e
 =

75
ps

f 

10
 :t 

\ 
5

0
 

j 
' 21-

6P
oe

 =
 &

1
0

,c
 •

 6
Pv

o,
c 

• 6
P

g
e 

0 
0 

20
 

,o
 6

0
 

10
 

10
0 

12
0 

IA
O 

16
0 

18
0 

20
0 

22
0 

2A
O 

26
0 

28
0 

3
0

0
 

M
ES

H
 S

IZ
E 

F
ig

u
re

 
7

. 
W

ic
k

 
S

tu
d

y
 
fo

r 
P

ri
m

a
ry

 H
e
a
r 

P
ip

e
 

•·-
-· 

.. , 
. 

'.
 

r~
 

H
E

M
IS

P
H

E
R

IC
A

L 
EV

AP
O

R
AT

O
R

 

H
E

A
T 

LO
A

D
,Q

 •
 6

 k
W

 
W

IC
K

 : 
IO

L
 T
IN

G
 C

LO
TH

 
FL

U
ID

: 
S

O
D

IU
M

 (
 1

60
0•

F
) 

I l, l .. 



P m fa 

• 

,., 
~ ,., 
• 

)110: 4#4 . t . t I. I 4 @ ,j § OP b C #Qi .4Vj41GO¼OA I I I .a;,, . : «44:Sil Q • s 1 .. ,•~-

9,---...--------------.~--T---"""1 

8 

... 
~ 
<I 6 
0. 
0 
°' 0 
w 5 

°' ::::, 
V') 
V') 
w 4 

°' 0. 

0 -::::, 3 
0 

2 

1 

TOTAL HEAT LOAD, Q • 6 •w 
THERMAL STORAGE VOLUME, VsT•200 IN.3 
SECONDARY EVAPORATOR DIA .• d • 2.0 IN. 
OUTER WICK THICKNESS, t0 • 0.2 IN. 
FLUID: SODIUM (1600•F) 

THERMAL ENERGY 
STORAGE CANISTER 

SECONDARY HEAT PIPE 

CONDENSER-WICK 
THICICNESS,t-0.01 IN. 

0.025 

o ___ ...._ ___________________ _ 

0 1 2 3 4 5 6 7 
OUTSIDE DIAMETER D, inches 

Figure 8. Primary Heat Pipe Condenser* - Solar Collector 
Thermal Power System 

*See footnote page 13, 
12 

sf t f +mt d B +•• ml W' frtl ITC 



....... -----~...--------------- --·,..,,·--·-...... ----- ·-·-·· 

• 

Figure 8 shows the results based on the above considerations for a fixed 
secondary heat pipe diameter of 2.0 inches, ,'< The following addit:ional 
relations arc implicit in the model: 

• The diameter of the thermal storage canisters is fixed by the 
primary and secondary heat pipe diameters 

d .:.,: 0.8 (D - d)/2 
st 

(3) 

• The number of thermal stor;1ge canisters is fixed by the primary 
and sec:on<la r y hc ;1 t pipe diameters 

N ~ " (D + d)/(D - d) (4) 

• The volu1,:~ of thermal storage material, V, is 200 cubic inches. 
This determines the length of the primary condenser 

L 
C 

4V 
~ st (5) 

Most of the pressure Jrop was found to occur in the outer wick, be­
cause the canisters provide severa 1 paral le 1 flow paths to transport 
th~ liquid over the relatively short distance from the inner secondary 
heat pipe surface to the outer primary heat pipe surface. For this 
reason the outer wick thickness, t , was set at a maximum practical , 0 
value of 0.20 inch for the tradeoff. This feature of the primary con-
denser geometry is very fortunate in that the wick thickness on all 
heat tr;insfer surfaces may be made very thin, resulting in low 
tempera ture drops. 

It is seen in Figure 8 that the optimum outer pipe diameter is approxi­
mately 4.5 inches. If the diameter is made smaller, then the con­
denser becomes too long because of the therma 1 storage vol 11me require­
ment. If the diameter of the outer pipe is larger, the mesh must be 
fine to accommodate the gravity head. This increases the flow resis­
tance in addition to a long transverse flow path across the canisters. 

2.2.7 SECONDARY EVAPORATOR 

The secondary evaporator length is determined by the primary condenser 
length. The evaporator wick will be identical to the wick in the 
adiabatic section of the secondary heat pipe. 

2.2.8 SECONDARY CONDENSER 

As in the priw~ry heat pipe, the secondary condenser (emitter) pressure 
drop must ue known for sizing the adiabatic and evaporator wicks. 

1c'fhe final design of the experimental thermal train differed from this 
relative arrangement between primary and secondary heat pipe. 
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Thus, a similar analysis was carried out, but in this case the flow 
path is straightforward, since a conventional circumferential wick 
is utilizea. The length of the emitter is subjected to the restraint 
that an area of 140 sq. in. is available for radiation heat transfer 
to the VM cooler receiver, when all but approximately 110 degrees of 
the outer circumference is shielded by a rotary insulati0n blanket as 
depicted in Figure 9. This requirement, then, fixes the secondary 
length as follows: 

L 
C 

= 
A 

TTD 
(6) 

where Dis the conJenser diameter and A is the required radiation area 
(140 sq. in.) . 

For a 3 kW heat load, relatively low pressure losses can be obtained 
with wicks of the order of 0.050 to 0.10 inch thick as shown in Figure 9. 
Again the partic:1lar mesh size was based on a pore rJiameter necessary 
to providt a capillary head equal to twice the gravitational head due 
to the condenser diameter. The peculiar shape of these pressure drop 
curves is due to the particular bolting ~10th mesh sizes available, 
and the fact that whereas the flow resistance increases for large 
diameters, the flow area also increases for a given wick thickness • 

2.3 STRESS CONSIDERATIONS 

In addition to the wick, the heat pipe wall contributes to the overall 
temperature drop at the various heat transfer surfaces. 

The minimum allowable wall thickness is a function of the required 
strength. Although the internal pressure level at operating tempera-

o ture (~ 1600 F) is only 12 psia, the stresses in the hemispherical 
receiver (primary evaporator) and the large cylindrical emitter 
(secondary condenser) are relatively high when the system operates in 
a vac~um. Because the heat flux(~ 6.1 kW over a two-inch radius 
hemisphere) is relatively high it is very desirab1.e to make the re­
ceiver as thin as possible. 

A TRW computer program, based on the equations in Reference 3 for thin 
wall ?ressure vessels, was utilized to establish the required wall 
thickness. The hoop and radial stresses in the cylinder, the maximum 
bending moment, radial stresses in the end cap as well as the maximum 
combined stresses in the end cap, and cylinder for hemispherical and 
flat end caps were calculated. 
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A review of the properties of Inconel 600* at 1600°F show that the 
yield strength is ;:::::: 9,000 psi and that the stress to produce rupture 
in 50,000 ho~rs is in the range of 1400 to 1700 psi (Reference 4). 
Since the sylt~m must survive 50,000 hours, the stress rupture value 
of 1400 psi w~selected as the design limit. 

The stresses i'f: the receiver and emitter were calculated, and the total 
combined stresses were compared to the stress rupture·· value. Because 
of ~he high stresses which are encountered at the intersection of flat 
end caps and a cylinder, hemispherical or dished en~ caps would be 
required on both the receiver and emitter to reduce the end stresses. 
The results of the specific calculations for the 4-inch diameter re­
ceiver and the 13-inch diameter emitter as a function of end plate 
and cylinder wall thickness are presented in Tables I and II 
respectively. 

Since there are uncertai• .-~ies both in the material data at the operating 
temperature as well as it the manufacturing of the required sections, a 
safety factor of 2 should be used in all of the wall thickness cal­
culations. Thus, the values shown in the tables are the calculated 
stresses and are one-half the design stresses. 

2 .4 START-UP FROM THE FROZEN STATE 

The start-up of a liquid metal heat pipe from the frozen state is a 
complex phenomenon subject to numerous limits and failure modes. 
Since evaporator wick boiling will not occur with liquid metals at the 
superheats involved, all of the potential failure modes relate to an 
inability to supply liquid to the evaporator at a sufficient rate. 

The most obvious difficulty is that the frozen working fluid, sodium, 
must first melt before it can flow through the wicks. The thermal 
energy required to heat the system to the appropriate melting point 
and melt the fluid must be provided by sodium vapor generated in thE~ 
evaporator. A failure occurs if the evaporator is depleted of workjng 
fluid before sufficient fluid thaws to replenish the evaporator wick. 

A second difficulty relates to the rate of energy transport from the 
evaporator in relation to the wick circulation capacity. The hydro­
dynamic capacity of liquid metal heat pipes falls off rapidly at low 
temperatures due to the large vapor pressure drops associated with high 
velocity vapor flow at low densities. If the required circulation rate 
exceeds the hydrodynamic limit at any point during the start-up transient, 
the evaporator may become dry. This would cause a hot spot and poten­
tial failure. 

* This material proved not t~ be suitable and was replaced by lnconel 
617 for a second primary heat pipe (R.R.). 
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TABLE I 

MAXIMUM COMBINED STRESSES AT 1600°F IN rnE 4-INCH DIAMETER 
RECEIVER WITH HEMISPHERICAL END CAPS 

Wall 
thickness (in.) 

0.040 

0.050 

0.080 

TABLE II 

End cap 

0.018 

6108 

680b 

490 
690 

325 
780 

thickness (in.) 

0.021 0.025 

625 ~ 
600 500 

480c 500c 
570 500 

320 310 
635 510 

MAXIMUM COMBINED STRESSES AT 1600°F IN EMITTER BODY 
WI'rn HEMISPHERICAL END CAPS 

End cap thickness (in.) 

psi 

psi 

psi 

Wall 
thickness (in.) 0.040 0.050 0.060 0.080 

0.060 13508 

1030b 

0.093 ..lli. 
980 

0.125 ~ 
1030 

0.140 ~ 
1070 

a Combined cylinder stress 

b Combined end cap stress 

C Minimum accept&ble solutions 

d Acceptable solutions 
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1470 
800 

~ 
810 

62.5 
780 

.ill 
805 

1625 
660 

2QQ. 
680 

640c 
680 

560d 
655 

MQ. 
510 

fil!Q. 
500 

psi 

psi 

psi 

psi 
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A related failure mode corresponds to entrainment of liquid in the 
vapor flow due to the high countercurrent velocities at low vapor 
pressures and high load. When liquid is torn from the wicks by the 
flowing vapor, it is prevented from returning to the evaporator. This 
promotes dryout conditions.,·: 

Finally, a limit on the rate at which vapor can flow from the evaporator 
exists which corresponds to sonic conditions at the evaporator exit 
plane. This, however, is not a failure mode. It simply limits energy 
flow from the evaporator. If the energy input rate exceeds the sonic 
limit, the evaporator heats up, increasing this limit as the acoustic 
velocity rises with temperature. During sonic limiting conditions, 
the heat pipe operates with a large axial gradient, which progressively 
decreases as the sonic limit approaches and exceeds the rate of energy 
input. When the vapor pressure rises and flow velocity decrea3es suf­
ficiently, the vapor approaches isoth~rmal conditions along the entire 
heat pipe. 

Thus, it is an acceptable condition for the heat pipe to operate along 
the sonic limit curve during a portion of the start-up transient. How­
ever, it is not acceptable for the circulation rate to exceed the en­
trainment limit nor the hydrodynamic limit at any point in the transient. 
Also, it must be assured that sufficient fluid thaws to provide a 
liquid return, prior to depleting the evaporator of working fluid when 
starting from a frozen state. This is particularly troublesome with 
very long heat pipes having small evaporators, as is the case in the 
current study. 

The various limits discussed above are all a function of heat pipe geom­
etry and structure. The sonic limit varies with the vapor flow area at 
the evapor~tor exit; the entrainment limit varies with thr vapor area 
and the wick surface structure; the hydrodynamic limit varies with the 
vapor flow area, wick flow area, and wick properties; and the question 
of fluid thawing varies with the starting temperature, system heat 
capacity, and heat rejection characteristics. Because of this, it is 
not possible to present start-up calculations for the general case. 
Instead, calculations were performed for the specific heat pipe dis­
cussed in Section II. This heat pipe is designed to meet the speci­
fications of the steady state and transient operating conditions for 
the proposed application. 

Only the primary heat pipe was analyzed. Successful start-up of the 
primary heat pipe with the sudden application of a 6 kilowatt load 
implies successful start-up of the secondary pipe with the gr~dual 
application of a 2.5 kilowatt load using similar design techniques. 

*This is true only if the wick surface is exposed to the vapor 
flow. (R.R.) 
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For the primary heat pipe the sonic, entrainment, and hydrodynamic 
limits were calculated as a function of temperature using various com­
puter routines. The theoretical basis for these computer routines is 
presented in Reference 1. These limit curves are all plotted in 
Figure 10. It is seen that the sonic limit lies below the entrainment 
limit until the ~xial heat transport exceeds 11.5 kilowatts. Since 
this exceeds the design point, it is clear r.hat the start-up transient 
will not suffer an entrainment-induced failure. 

On the other hand, the hydrodynamic limit falls off very rapidly at 
low temperature and would fall below the sonic limit at about 700°F. 

This suggests that, below this temperature, the liquid return rate 
provided by the wicking system cannot keep up with the vapor flow rate 
out of the evaporator. The system could suffer an evaporator dryout 
if maintained at this condition for a period of time. 

The time for which this condition would actually prevail depends on 
the heat storage and rejection properties of the system downstream 
of the evaporator, compared with the sonic-limited heat supply as the 
system temperatures increase. This cannot be determined without a 
comprehensive transient model of the entire system which was beyond 
the scope of this study. Consequently, to insure successful start-ups, 
it is necessary to constrain the operating regime of the heat pipe to 
those conditions for which no failure mode limits are encountered • 

This can be accomplished through introducing an appropriate quantity 
of noncondensible gas into the vapor core. The gas serves as a dif­
fusion barrier preventing vapor flow from the evaporator until the 
evaporator vapor pressure rises high enough to compress the gas and 
push it downstream. The temperature and pressure at which this occurs 
depends on the gas inventory. 

-3 
For the system under study, a noncondensible gas pressure of 6.7 x 10 
psia will block vapor flow from the evaporator until it reaches 750°F. 
Since there is no vapor flow from the evaporator, it cannot dry out and 
thus the system is protected from a hydrodynamic failure until it be­
gins to "turn on" at 750°F. At this temperature, however, the hydro­
dynamic limit exceeds the sonic limit which then replaces gas blockage 
as the mechanism preventing both hydrodynamic and entrainment failures 
until all limits exceed the input power of 6 kilowatts. 

The addition of 6.7 x 10-3 psia of gas thus constrains the operating 
regime of the primary heat pipe to that shown by the dotted line on 
Figure 10. If, starting from a cold condition, 6 kilowatts is suddenly 
imposed on the evaporator, the evaporator will begin to heat up with 
minimal vapor emission, though some diffusion will occur. When it 
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Figure 10. Heat Pipe Limits for Primary Heat Pipe Operating with 
Sodium as Working Fluid and Inconel Walls and Wicks 
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reaches 750°F, gas will be purged from the evaporator and the gas 
blocked region (gas-front) will begin to move down the adiabatic sec­
tion at a rate dependent on the heat storage and rejection properties 
of the active (unblocked) section. During this process, an upper bound 
on the heat transport from the evaporator is provided by the sonic 
limit curve which protects the system from hydrodynamic or entrainment 
failure in the temperature regime where these are below 6 kilowatts. 

0 Once the temperature at the evaporator exit reaches 900 F, the full 6 
kilowatts can flow from the evaporator which continues to hP.at the 
system and compress the gas. At the design point of 1600°F, the gas 
will be so compressed that it occupies only about 0.1 inch of the con­
denser in the thermal storage unit. 

le should be emphasized that the dotted envelope shown on Figure 10 
does not represent the actual operating curve during a start-up transient. 
Rather it represents constrains on the operating regime which have been 
designed into the system to assure successful start-ups. The actual 
operating curve will fall within this regime, starting with nearly zero 

0 axial heat transfer at 750 F evaporator temperature and ending at the 
0 design point of 6 kilowatts at 1600 F. 

The addition of the noncondensible gas has a second beneficial feature. 
By acting as a vapor diffusion barrier which progressively moves down 
the pipe as temperature and vapor pressure increase, it constrains the 
vapor to the unblocked region. Thus, it is only necessary to thaw a 
little of the frozen fluid at a time as the gas front moves out, rather 
than the entire system simultaneously. This substantially ~lleviates 
the problem of start-up with a frozen working fluid, for it is possible 
to assure the return of the liquid to the evaporator while most of 
the working fluid in the pipe is still frozen. 

Calculation of the maximum evaporator wick fluid depletion during a 
0 start-up from OF yielded approximately 1.5 mils for the noncondensible-

gas inventory specified. This compares with an evaporator wick thick­
ness of 20 mils, showing a substantial factor of safety in avoiding 
wick dryout. 

2.5 VARIABLE CONDUCTANCE 

The gas controlled variable conductance heat pipe attached to the primary 
heat pipe is to provide a heat rejection capability for the thermal 
energy input in excess of that required to power the VM engine, to melt 
the thermal storage material, and to account for the various heat los~es. 
This excess thermal energy is expected to vary from zero to approxin~tely 
3.2 kW during a typical cycle. In addition, by appropriately sizing 
the gas reservoir and gas inventory the variable conductance heat pipe 
fixes the temperaturr level of the entire "thermal train." 
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Most of the experience to date is related to low temperature variable 
conduct,1ncc he.it pipes, but preliminary tests have indicated that the 
theory (Reference 5) is directly applicable to high temperature liquid 
metal system!, . Thus, an investigation was conducted to establish a 
feasible temperature control range, required gas reservoir volume, and 
radiator design for the solar collector application. Various problem 
areas such as the ctiffusion freezeout phenomenon and heat leakage were 
taken into account. 

2,5.l FLAT FRONT ANALYSIS 

First, a rapid survey of the effect of various sink temperatures, evapo­
rator steady-state temperature control spans, and type of reservoir 
(hot or cold) was made assuming a sh,1rp vapor-gas front . This approach 
assumes that the tota 1 pressure in the pipe is established by the evapo• 
rator vapor pressure, that the partial gas pres~ure in the off portion 
of the condenser is the difference between the total pressure and the 
vapor pressure of the working fluid at the effective sink temperatures, 
and that the effect of axia 1 conduct ion is negligible. A cold reservoir 
is defined as a volume whose temperature is approximately that of the 
effective sink temperature, whereas the temperature of a hot reservoir 
corresponds to the hea t pipe evaporator (Reference 5). 

The results arc shown in Figure 11. Some of the trends in the curves 
are peculiar to a high temperat l! re liqu t d metal heat pipe in that the 
vapor pressure at the sink temperatures of interest is negligible. 
Providing a cold reservoir, for example, results in a significantly 
reduced reserv0ir volume requirement. Also, the reservoir volume is 
essentially independent of the m.1ximum sink temperature (full-on 
condition). The results indicate that a :15°F to :20°F control span 
would be feasible by installing the reservoir inside the titanium sup­
port structure where the temperature will be relatively constant be-

o 0 tween 150 F and 200 F. An attempt to achieve much tighter control 
would require excessively large reservoirs. It should also be pointed 
out that the results in Figure 11 represent the vapor temperature 
variation of the variable conductance heat pipe itself. An additional 
temperature drop must be considered in conducting heat through the wick 
and wall of the primary heat pipe and into the variable conductance 
heat pipe, sin~e i.t is the temperature of the primary heat pipe that is 
being controlled. 

2.5.2 TRW GAS PIPE PROGRAM 

After the reservoir location and approximate volume were established 
using the sharp front analysis, a heat pipe and radiator design was 
worked out. One difficulty encountered in sizing the radiator was 
that radiation fin efficiency at high temperatures is extremely low. 
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This poor fin efficiency led to a high conductivity, rather thick fin 
material, which in turn necessitated slotted fins (cold trap) at the 
end of the condenser. This is required to avoid an excessively high 
temperature at the reservoir feed tube entrance due to the high axial 
conductance (ReferencP. 5). 

Once a particular wick and pipe size were established using the prin­
ciples outlined in subsection 2.2, the TRW Gaspipe Program (Reference 6) 
was utilized to deter,nine the effects of heat leakage during shut down 
of the pip~ (i.e., minimum power) and axial conduction on the tempera­
ture at the gas reservoir teed tube entrance and diffusion freczeout 
rate. The progra '."1 also y ielded a more accurate gas reservoir volume 
requirement.. 

A minimum power loss (full-off condition) of less than 0.2 kW was 
found feasible with a 12-inch-length adiabatic section. By providing a 
slotted r ;1 <liator and reducing the wick thickness for a six-inch length 
at the end of the condenser (cold trap), the temperature at the feed 
tube entran . e can be brought down to approximately 600°F in the full-on 
(3.2 kW) condition. Moreover, because of the extremely low vapor pres­
sure of soJ i t: :n at this temperature, the diffusion freezeout rate is on 
the order of i c c over a period of years. The associated radiator size 
is approxima tely 4 inches wide by 30 inches long with a reservoir-to­
condenser volume requirement on the order of 4.5. This ratio is some­
what le ss than indicated in Figure 11 (V /V • 9.5). One reason for 
this is th,'1~ the sink temperature which ~eccondenser "see 5" ic: actually 
somewhat h '. ~he::- than the reservoir temperature for the location chosen 
(inside th0 ti!.: .--inium support structure) in contrast with the flat 
front analy !"i.c: •,1hich assumed them equal. 

2.6 PRELIMi~ARY DESIGN 

Based on the material discussed in Subsections 2.2 through 2.5 a pre­
liminary design for the thermal train heat pipes evolved. The primary 
concern was to establish a set of heat pipe diameters, lengths, and 
wick structures, which yields a system th :i t fulfills the general re­
quirements of the thermal train subsystem. Careful attention to maxi­
mizing capaci.ty and reliability while minimizing system temperature 
drops yieldrd an attractive system design which offered acceotable 
perfonnance, l~ng life, and relative e~se of manufacture. This system 
is shown in Figure 12. 

2.6.1 MATERIALS 

Sodium was selected as the working fluid. In the required operating 
temperature range, sodiu~ offers superior hydrostatic and hydrodynamic 
performance at acceptable pressure levels. Also, it appears compatible 
with the prefrrred materials of construction. 
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With Inconel 600 selected for the wick and wall materials, the effect 
of wall thickness on stress and heat transfer in a conservative sense 
was evaluated. Substitution of columbium alloys in place of Inconel 600 
at 1600°F would, in all cases, satisfy the limits established for 
Inconel 600 because of their greater strength and higher conductivities. 
The converse would not be true. No attempt to resolve the long-term 
operational capability between sodium and Inconel 600 was made in this 
preliminary design effort. Many benefits of Inconel 600 utilization 
include: 

a. Ready availability 

b. Oxidation resistance 

c. Modest raw materials cost 

d. Properties consistent with atmospheric processing during heat 
pipe fabrication 

e. Properties consistent with survival in case of loss of vacuum 
during high temperature system tests 

f. Flexibility in fabrication and welding 

Dependent upon the size of the heat pipe hardware, a large differential 
exists between the fabrication and ttst costs of an Inconel 600 type 
system and a refractory metal system. Specific long-term service con­
straints of Inconel-type heat pipe materials include: 

a. Sublimation rate of chromium, the highest vapor pressure alloy 
element of Inconel. 

b. Mass transport processes between sodium and Inconel alloy 
elements. 

With tegard to chromium sublimation, the upper free surface l!mit 
(assuming no diffusion limit in the alloy) approaches 3 x 10- cm/year 

0 at 1600 F. Use of cladding or coating techniques can reduce this value. 
TRW experience with Inconel/sodium heat pipe systems up to 2200°F service 
temperatures includes satisfactory performance for many hundreds of hours 
with no indication of mass transport failures. However, because of the 
dependence of this type of failure on both the chemistry of the specific 
sodium/heat pipe materials and circulation rates, extrapolation of data 
between various tests and designs is not readily accomplished. 

2.6.2 PRIMARY HEAT PIPE 

Based on the background presented in the previous subsections of this 
report, a thermal train was specified and sized which included all essen­
tial components, primary heat pipe, secondary heat pipe, and thermal energy. 

26 

C t ors I I ti 11 J 



• 

2.6.2.1 Condenser 

Referring to subsection 2.2, Figure 8, the optimum primary condenser 
diameter would be approximately 4.5 inches i.d. A slightly smaller 
diameter, however, was chosen to reduce the gravitational loading on 
the evaporator and adiabatic wicks. This diameter requires a wick 
structure on all the surfaces made of 70 mesh bolting cloth. 

E~uations 3, 4, and 5 when used to establish the thermal storage system 
geometry for a 2-inch o.d. secondary heat pipe with 0.050-inch wicks 
on its outer surface and those of the canisters, yields: 

Number of canisters 

Diameter of canisters 

Length of canisters 

8 

0.9 inch 

35 inches 

A wick thickness of 0.20 inch must be used for the outer surface of 
the primary ~lpe condenser as specified in Figure 8. 

The temperature drop associated with 2.5 ~Wheat transfer through the 
0 primary wick is~ 0.7 F. This value is low because of the low heat 

flux in combination with the thin (50 mil) wicks • 

2.6.2.2 Adiabatic Section 

Because the final system will require a 90 degree bend in the heat pipe 
and to minimize the temperature drop between the primary heat pipe and 
the variable conductance heat pipe, a coaxial bolting cloth wick, 
illustrated in Figure 12 was suggested. This type of wick is easier 
to fabricate and not as easily damaged in bending as circumferential 
wicks or arteries. Moreover, a homogenous wick as opposed to arteries 
randers the system less susceptible to failure by means of wick erosion 
or corrosion. 

For sizing the wick, the effective length and loading (6p) must be 
known. The curves in subsection 2.2 are valid for coaxiai and circum­
ferential wicks, if the relative areas are maintained. The total length 
of the primary heat pipe is 90 inches including the 35-inch condenser. 
Thus, the effective length of the adiabatic section is 55 inches. The 
vapor pressure drop in the condenser is negligible. Therefore, the 
loading parameter (6p) is the sum of the liquid pressure drop, Figure 8, 

0 corresponding to the above dimensions, plus the gravitational head from 
the bottom of the condenser to the top of the heat pipe. Referring 
to Figure 2 for a 2.25 inch o.d. tube, 6p =:, 17.0 psf, and a heat 
transport capacity of approximately 550 ke-inches is obtained for a 
reasonable wick tHckness of 0.3 inch. This is equivalent to a ! .5-
inch diameter coaxial wick. Dividing by the effective length, the power 
transfer capacity is 
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. 
Q = 550 = 

55 11.0 kW 

This is more than enough capacity for the 6.1 kW heat load having a 
factor of safety~ 1.8. A #60 mesh bolting cloth was assumed in the 
calculations for the above conditions. 

2.6.2.3 Evaporator 

Though Equa~ion 2 proved the evaporator flow losses to be independent 
of the evaporator diameter, tht> tot.11 pressure drop 6p term is dependent 
on its diameter. For a 2.0-inch radius hemisphere usigg 60 mesh bolting 
cloth in the adiabatic section the total pressure drop is more than 50 psf. 
Using a 165 mesh bolting cloth, or the equivalent, yields a wick thickness 
of only 0.020 inch, including a factor o[ ~afety of 2.0. 

Based on the stress calculations in subsection 2.J, a hemisphere wall 
of 0.020 inch to 0.025 is required; the cylinder should be 0.050 inch 
thick fTable : J . ~;;ote that m.1king the cyl inc!er wall :oo thick may in­
crease the stresses in the thin wall end cap.) If the minimum value is 
used, then the temperature drop associated with the evaporator varies 
from o°F at the base to 37°F at the center of the hemisphere. Jf a 
larger ter.iperature differential can be allowed, a slightly thicker wall 
is recommended . 

It is only necessary to provide a thin wic~ over the hemispherical heat 
transfer surf ~ce. The wick in the opposite surface and the cylindric~l 
walls can be :hicker to act as a fluid reservoir during start-up and 
to provide lr,w flow resistance in distributing fluid around the 
hemi sphc r,.. 

2.6.3 SECONDARY HEAT PIPE 

2.6.3.1 Condenser 

Because a large diameter secondary heat pipe condenser (emitter) imposes 
a significant gravitational loading on the adiabatic and evaporator 
section wicks, the diameter was reduced to 10 inches for the system 
studied. For a radiation area of 140 square inches the condenser had 
to be 15 inches in length. As in the primary condenser, the diameter 
and heat load fixes the mesh size and thickness. Referring to Figure 9, 
a 0,10-inch-thick wick was selected to minimize the liquid pressure 
drop. This corresponds to 145 mesh bolting cloth for the wick material. 

The smaller diameter condenser also reduces the severe stres~ limita­
tion on the wall thickness. For the present design, a 0.125-inch wall 
thickness (Table II) was selected, leading to an overall temperature 
drop of 8°F through the emitter wick and wall. 
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2,6.3,2 Adiabatic Section and Evaporator 

The same type of coaxial wick used in the primary he3t pipe is also 
recommended for the secondary heat pipe. However, the mesh size and 
diameter will differ. Also, .he secondary adiabatic wick will extend 
into the 35-inch evaporator length. Since the total length of the 
secondary heat pipe is 90 inche1, excluding the condenser, the 
effective length is calculated from Equation las follows: 

- 35 + 2(55) 
2 

= 72.5 i.n. 

The loading parameter, 6p, is due to the conden~~r liquid pressure 
drop obtained from Figure 0 9 and the gravitational head from the bottom 
of the condenser to the top of the heat pipe. Thus, entering Figure 1 
for a 2.0 inch o.d. tube, and 6p ~ 27 psf, a heat transport capacity 
of 275 kW-inc.hes is obtained for 0 a 0.3-inch wick. This is equivalent 
to a 1.4 inch diameter coaxial wick. Dividing by the effective length, 
the power transfer capacity is 

. 
Q -

275 • 3 .8 kW 72.5 

This represents a factor of safety of~ 1.5. Optimization for the 
above dimensions yielded a bolting cloth of 105 mesh for Lhe secondary 
coaxial wick. 

The temperature drop between the primary heat pipe and the secondary 
heat pipe is simply due to the 0.05-inch wall and two layers of No. 105 
mesh screen (or circumferential grooves) on the wall. This corresponds 
to~ l.7°F for a 2.5 kW heat load. 

2.6.4 VARIABLE CONDUCTANCE HEAT PIPE (VCHP) 

The VCHP was discussed in some detail in subsection 2.5. Since the VCHP 
was not a part of the thermal train itself, a general hydrodynamic (QL ff) 
curve was not necessary. A circumferential bolting cloth wick, as e 
shown in Figure 12, is adequate for this heat pipe. Calculations yielded 
a 0.2-inch-thick wick of 50 mesh bolting cloth with a factor of safety 
of about 2.0. By using several transfer wi.cks a very thin wick may be 
used over the evaporator heat transf,~r surface. The temperature drop 
through the wick and wall between the primary and variable conductance 

0 heat pipes varies from zero in the full-off case to approximately 15 F 
in the full-on case. Although this temperature drop is small, it illus­
trates the need for a col'llllon wall. Clamping the VCHP to the primary 
heat pipe would result in an excessive thermal contact reoistance. 
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As mentioned in subsection 2.5, the rather low radiation fin efficiency 
at high temperatures causes some difficulty in the radiator design. 
A nickel-clad copper radiator with slotted fins to reduce axial con­
duction was assumed in the calculation. By providing a 12-inch in­
sulated adiabatic section, tht heat leak in the full-off condition was 
calculated to be less than 0.2 kW. 

The results of the TRW Gas Pipe Program indicated a %as reservoir volume 
of 25 cubic inches for a temperature variation of 35 Fin the VCHP 
vapor temperature. Slightly better control might be achieved with~ 
larger reservoir, but the design is reaching the point of diminishing 
return. The variation in wall temperature drop must be added to that 

0 of the vapor temperature, yielding an overall control range of 50 F. 

The amount of gas inventory fix~~ the operating temperature of the 
system. In the VCHP a 2.4 x 10 lb-moles of nitrogen will yield a 

0 0 primary heat pipe control range of 1600 F to 1650 F, which assures a 
temperature above that of the thermal storage material fusion point . 
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SECTION lll 

DESIGN, MANUFACTURING, AND TESTING OF FIRST 
FIFTEEN FOOT PRIMARY HEAT PIPE 

3.1 INTRODUCTION 

This section describes the design, fabrication and testing of the first 
15-foot primary heat pipe, capable of delivering 6 kW at 1600°F, which 
can be integrated with a thermal energy storage unit described in Sec­
tion VII of Volume III of this report. 

In Section II a preliminary design of a Thermal Train Subsystem was 
analytically evolved which needed experimental verification. The initial 
design appeared inappropriate for the experimental phase because ot its 
complexity. A simpler demonstration design was laid out with which the 
fabrication and assembly methods for wicks and structures of a full-scale 
heat pipe could be established. The general guidelines for the 15-foot 
primary heat pipe were: 

a. Fifteen-foot running length 

b. Constant diameter cross section 

c . :.om1,osite or homogeneous wick structure 

d. 6 kW of power at 1600°F delivered 

3.2 DESIGN ANALYSIS 

3.2.1 HYDRODYNAMIC DESIGN 

Detailed hydrodynamic designs were performed for two 1600°F sodium 
15-foot 6 kW heat pipes. These designs are summarized in Table III. 
Figures 13 and 14 show the calculated performance limits for the two 
15-foot heat pipes with 2.50 and 2.25-inch diameters, respectively. The 
limits are plotted as functions of the evaporator exit temperature. The 
design for the two 15-foot pipes specifies a composite homogeneous dia­
mP.tral wick for the return flow of the working fluid. This wick design 
calls for a 38-mesh bolting cloth which encloses a thin section of 
60-mesh screen. The 60-mesh screen, identified as the "wet finger," 
serves to maintain sodium in the evaporator during start-up and through 
significant volume change due to expansion and contraction. 

The volume change of sodium between room temperature and 16000F is ap­
proximately 21 percent. The required fill is based upon the liquid vol­
ume required at the operating temperature 1600°F, thus during shutdown 
with a single mesh size, the contraction could conceivably be concen­
trated at the evaporator end. Use of a smaller 60 mesh bolting cloth 
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TABLE III 

FIRST PRIMARY HEAT PIPE 
COMPARISON OF DESIGN PARAMETERS 

HEAT PIPE 

Tube o.d. (inch) 
Wall (inch) 
Length (inch) 
Evaporator Length (inch) 
Condenser Length (inch) 

WICK 

Diametral Wick 

Width (inch) 
2 Cross Section Area (inch) 

Mesh (Bolting Cloth) 

Circumferential Wick 

Number of layers 
Mesh 
Wire diameter (inch) 

OPERATING CONDITIONS 

T (OF) emperature 
Power Input (watts) 

Evaporator Heat Input 
Flux (watts/inch2) 

Condenser H,at Flux 
(watts/inch ) 

Axial Mass Tran~port Flux 
(lb/hour-inch2) 

INSULATION 

Number of layers 

Heat Loss (watts/feet) 

First-Primary 

2. 50 
0.0625 
180 
24 
37.5 

1.1 
2.4 
38 

2 
60 
0.007 

1600 
8000 

42 

31 

6.0 

3 

110 

32 

2.25 
0.0625 
180 
24 
37.5 

1.1 
2.1 
38 

2 
60 
0.007 

1600 
8000 

47.2 

22.6 

8.0 

3 

100 

:: L I • · ti'# t · 6 ' 3 t 1 l'1 t # to ttffi# t t ' 

Connnents 

2 • 50 o • d • tube 
considered for 
better start-up 

Primary wick includes 
0. 1 inch wide "wet 
finger" for start-up 
made of 60-mesh bolting 
cloth 

Includes insulation 
loss 

Based on tube o.d. 

Based on power input 

J-M Flex Min-K 
(0.375 inch layers) 
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structure along the diametral length guarantees that it will contain 
sodium by drawing from the 38 mesh bolting cloth as required. 

Theoretically, the 2.5-inch diameter heat pipe provides a higher steady­
state limit than the 2.25-inch pipe at the operating point of 1600°F, 
and significantly higher capacities at lower temperatures. Neither 
steady-state sonic nor entrainment limit either design. Transient start­
up curves could not be modeled for these pipes. For that reason, some 
concern had to be given as to how much power can be applied in the frozen 
start-up. Methods which individually or in combination could assure cor­
rect start-up include: 

a. Start-up at a reduced power, i.e.,< 2 kW 

b. Use of an inert gas to control the rate of vapor front growth 
during the start-up transient 

c. Use of supplemental start-up heaters along the heat pipe 

All three options were available for testing the 15-foot heat pipe so 
that design and operational criteria of both steady-state and transient 
performance could be established. Start-up at reduced power implies, in 
space application, either off-pointing of the collector or shuttering the 
receiver, or both. Use of an inert gas requires containment of the 
inert gas during steady-state heat pipe operation after start-up has 
been achieved. In this case, the location of gas reservoirs, (internal 
or external) must be considered. Figure 15 illustrates a calculated 
interna l gas reservoir length if the gas could be contained internally 
at the condenser end. It is immediately apparent that the temperature 
difference between the primary heat pipe and the secondary heat pipe, 
resulting from the use of gas, would profoundly influence the gas reservoir 
volume. This curve further shows the impracticality of containing a full 
inventory of start-up gas in an internal reservoir when the primary con­
denser is well clamped to a secondary system. 

3,2,2 INSULATION DESIGN 

In addition to the detailed hydrodynamic design, insulation losses were 
calculated for the proposed in-air testing as shown in Figure 16. The· 
hydrodynamic design has to account for these losses. For the in-air tests, 
the primary pipe is therefore designed with an 8 kW capacity delivering 
6 kW at the condenser. 

3,3 MECHANICAL DESIGN 

The mechanical design of the primary pipe is shown in Figure 17. 
One full-scale unit was manufactured per this configuration. The pipe 
was constructed of three 5-foot sections of 2.25-inch o.d. Inconel 
600 tube that are girt-welded. A single diametral wick structure, 1.1 
inches wide, runs the length of the tube and terminat~s 6 inches from the 
condenser end. A flange with a fill tube for later integration with a 
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Thermal Energy Storage System is located 37.5 inches from the condenser 
end. The evaporator end is closed with an end cap which is provided with 
two fi 11 tubes. A double wrap of 60 mesh nickel screen is placed around 
the inner circumference of each 5-foot tube section. The diametral wick 
structure is built up from 94 layers of folded 38 mesh Inconel bolting 
cloth. A 0.1-inch thick 60 mesh (10 layers) nickel screen (the "wet fin­
ger") is located along the core of the diametral wick. The diametral 
wick is held together by Inconel 600 bolts between two 0.025-inch lnconel 
scraps. A 2-foot long by 0.001-inch thick zirconium foil is located in a 
center fold a t the evaporator end of the diametral wick structure to 
serve a s an oxygen getter . 

Several manufacturing concepts were evaluated which are briefly reviewed. 
Key manufacturing design and developmental areas included: 

a. Method of wick forming and manufacture 

b. Use of mitre or bent wicks and tubes for effecting the heat pipe 
offset required in the spacecraft 

c. Modular concepts 

d. Wick installation methods 

e. Wick support methods 

Clearly, a strong interplay between each of the above exists in evolving 
the final hardware design. Though the 15-foot heat pipe design in this 
phase embodied certain simplifying features, which an ultimate thermal 
train subsystem heat pipe will not permit, it provided a mechanism for 
establishing the appropriate full-scale hardware Manufacturing technology. 
Further, it provided a test unit which can ultimately be used to perform 
testing on a long, high-powered liquid metal heat pipe with a thermal 
energy storage unit. 

3.3.1 WICK FORMING AND MANUFACTURE 

Only two forms of wick materials appeared practical for a 15-foot wick 
system, screen materials and porous metal felts. Both require extensive 
shaping or lay-up to achieve the final wick dimensional cross sections. 
From the screen material, long sheets or strips must be formed or cut by 
stamping or die operations. Metal felts might possibly be fabricated to 
achieve a final cross section during manufacture; an alternate consists 
of laying up strips. With either screen or felt materials, the cross­
section will be partially dictated by the manufacturing method ~elected 
and the design solution to off-setting the evaporator from the condenser. 
Metal felts were not available in the length or material of interest. 
Likewise bias-cut screen was limited to 48-inch wide stock. Thus, the 
approach concentrated on was wick design which could be formed from 
15-foot wide screen material and thus avoid joints in the wick structure. 
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Both bolting cloth and conventional screen weaves were found available 
in stainless steel, nickel, and Inconel materials. 

Several rractice methods of lay-up were performed with screens to estab­
lish forming methods. Cuttin~ or die operations were found unnecessary 
when folding methods were demonstrated to be consistent with both handling 
and tolerance requirements. Diametral-type folded structures were capable 
of conforming to 6O-degree bend dimensions prior to tightening of connec­
tors holding the structure together (see Figure 18). 

3. 3 .2 OFFSET 

The pipe and wick structure can be offset by joints or by bending. Bend­
ing appeared attractive in contrast to joints only in that it reduced the 
number of welds required on the pipe itself. Bending of the pipe presumes 
the wick structure can be designed and fabricated in such a manner as to 
permit bending of the thick wicks. These wick designs had previously in­
volved use of bias-cut screen and/or placement of the wick structure along 
the neutral bend axis. The entire wick structure would be fabricated 
prior to installation in the heat pipe tube and the bending operation. 

Joints would allow both shorter sections of pipe and wick structure to be 
independently fabricated. However, a design permitting the joining of 
the wick structure as well as the pipe would be required. A significant 
development effort would be required for developing a method of wick 
connection. 

Development of a method for forming long diametral wick structures, which 
would conform to 6O-degree offset bends, leads to examination of a means 
for providing the tube offset. It was found that lnconel tubes of the 
size of interest (short of a mill run) were available only as rolled, 
welded, and drawn tubes of 6-foot lengths. This suggested the use of 
elbows which would allow transition between straight sections and permit 
easy installation of the wick. As shown in Figure 19, demonstration 
tube bends of 2-inch o.d. stainless steel were made. The contemplated 
design called for axial slitting the bent tube sections to form a split 
elbow to be placed over the wick structure already installed into straight 
tube sections. 

3.3.3 WICK INSTALLATION AND SUPPORT 

Wick installation involved insertion of a single continuous preformed 
wick structure into the tubing. Furtermore, the wick design complexity 
and its method of support were expected to strongly interact with the 
wick installation method. 

Wick support methods which were considered included continuous or semi­
continuous radial rails and structural skins or direct contact between 
the wick material and the tube wall. Either the tube wall itself must 
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Figure 18. O~monstration Diametral Wick 

• 

Figure 19. Demonstration Elbow Sections 

Figure 20. Demonstration Section Installed Wick 
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be deformed to provide a final interference or the wick structure must 
provide a method of locking the support(s) in place. Where bends occur, 
methods different from those used in straight sections were considered. 
These included: 

a. Warping the tube along one axis and installing the wick structure 
to effect an interference fit upon release of the tube 

b. Drawing the tube over the wick structure to reduce the tube 
diameter 

c. Some form of eccentric design which would lock the wick in place 
upon rotation 

The final method selected for the installation of the fully formed 15-foot 
long diametral wick was to compression warp the individual 5-foot tube 
sections normal to the diametral dimension to allow drawing the structure 
t~rough the tube. Release of the tube compression provided an interfer­
ence fit (see Figure 20) lo establish both the structural support and 
capillary communication with the wall wick. Both drawing or lock designs 
involved disadvantages, the first in contamination and the latter in 
complexity. 

3.4 HARDWARE BUILD-UP 

In addition to the physical structure of the heat pipe itself, a number 
of elements supporting the hardware build-up for process and fill, and 
ultimate testing were incorporated. These are summarized in Table IV and 
described in the assembly sequence. 

All parts were fabricated according to print. Final cleaning of the 
parts prior to assembly was per TRW Specification PR-2-2K, level 1. 
Cleaning of the tube sections both prior to and following installation of 
the circumferential wick was made. The diametral wick structure was 
final-cleaned prior to installation and tightening of the Inconel bolts. 
Figure 21 shows the major parts prior to assembly. Installation of the 
diametral wick was effected by compression of the individual 5-foot tube 
sections to allow drawing the wick structure through the tube. The end 
caps, TES flange, and tube girt joints were inert gas w~lded. All welds 
were dye penetrant and x-ray inspected. Following addition of two Nupro 
high temperature valves (SS4-TW-STE-HT) to the fill tubes, the structure 
was helium leak checked. 

The unit was then prepared for process and fill by addition of thermo­
couple instrumentation, start-up and process heaters, and insulation. 
Twelve thermocouples were attached along the 15-foot length using Inconel 
tabs spot-welded to the tube wall. The sensing tips were torch brazed to 
the tube wall using 82-Au-18-Ni braze. The sensi~g points were located 
on the vapor core 90 degrees from the diametral ~ick axis, alternating 
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Diametral Wick 

Wet Finger and 
Circumferential Wick 

Diametral Wick Retainer 

Diametral Wick Connectors 

Getter 

Tube 

End Caps and Flange 

Fil 1 Tubes 

Heat Pipe Fluid 

Start and Processing 
Heaters 

Thermocouples 

Braze Material 

Valves 

Insulation 

·- --.,......,-~ ,,..-, .. ,--,-·•-· ···--~ - •... , 

TABLE IV 

FIFTEEN-FOOT HEAT PI PE 
BILL OF MATERIALS 

Type/Size 

38-mesh bolting cloth 
0.0065 inch wire diameter 

60-mesh screen 
0.007 inch wire diameter 

Sheet 0.025 inch thick 

6-32 NC round head screw 
and nut 

Foil 0.001 inch thick 

2.250 inch o.d. by 0.063 inch 
wall 

Sheet 0.250 inch thick 

0.250 inch o.d. by 0.035 inch 
wa 11 

Bulk 

Semicylindrical heaters 
Hodel 50242, Type 2718-KSP 

CR-Al 1063K6E, CR-Al 1063Kl2E 

Rod 

Nupro SS-4TG 

Sheet 36 by 36 by 3/8 
72 by 36 by 3/8 
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Material 

Inconel 600 

Nickel 200 

Inconel 600 

lnconel 600 

Zirconium 

Inconel 600 

Inconel 600 

Inconel 600 

MSA High 
Purity Sodium 

Lindberg Hevi 
Duty 

Sheathed 
Inconel 600 

82o/.Au-18o/JH 

Satellite Tip 

J-M Flex-Min-K 

d ltt # t '•cir ' fl" ' SUI 
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from side-to-side. Thermocouple 1 which was located at the evaporator 
end and thermucouple 12 which was located at the condenser end were 
removed prior to testing. Thermocouples 2 through 11 were located along 
the adiabatic section which extended 2 feet from the evaporator end to 
the TES flange. Ten 1200-watt half cylinder heaters (Lindberg Model 
50242 Type 2718-KSP, each 18 inches in length) were placed along the 
bottom half of the heat pipe. Two units at the condenser end and two 
units at the evaporator end were removed prior to testing. A triple 
wrap of 3/8-inch J-M Flex-Hin-K insulation was added all alo~g the tube. 

Circumferential joints in the insulation were made at the TES flange and 
2 feet from the evaporator end to effect later reconfigurations with 
minimum insulation impa~t. Figures 22 through 28 show the unit at 
various stages of preparation and fill. 

Figure 22 views the unit from the evaporator end and shows the thermo­
couples along the heat pipe structure. Figure 23 is from the TES flange 
looking toward the evaporator. Figure 24 is from the condenser end and 
shows the balance used to weigh the structure. The dry unit (no sodium 
fill) with valves and thermocouples w~ighed 64.75 pounds. In Figure 25, 
heaters and insulation have been added forward of the TES flange. 
Figure 26 shows the two heaters mounted on the condenser and Figure 27 
shows completion of the insulation. The unit ready for sodium fill 
following vacuum bake-out is shown in Figure 28 • 

The weight of the system including heaters and insulation was 122.93 
pounds, the major contribution coming from the heaters. Prior to fill, 
the unit was thermal vacuum baked as a preconditioning step for cleaning 
the internal surfaces. Vacuum was established by manifolding the two 
fill valves to a liquid nitrogen trapped oil diffusion pumped vacuum 
system. Upon heat-up, using the processing heaters, significant outgassing 
occurred at 600°F which took several hours to e1iminate. The temperature 
was then raised to 1200° and held for several hou.~s without further evi­
den~e of any significant degassing. After connectiC'~ to the fill system, 
8.5 pounds of sodium was transferred intC' the pipe from a primary sodium 
source. The fill was accomplished at 3CJ ·1:,F using argon as a drive gas to 
move the sodium. The initial transfer was to a secondary reservoir which 
was volumetrically calibrated, The sodium was subsequently transferred 
into the pipe from the secondary volume. 

The pipe was operated in the reflux mode using the integral heaters to 
self-process the pipe. Initial venting to vacuum while cold and subse­
quent burping to vacuum at temperature removed the residual drive gas 
(argon). Self-processing up to 1500°F was imposed. 
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Heaters and Insulation Forward of TES 
Flange 
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It was observed that vapor pressure losses did not permit ir-othermal 
operation below l000°F, the steady-state temperature achieved with 
~ 1000 watts input by the two condenser heaters. With 2050 watts applied 

0 to these heaters, the pipe was isothermal above 1000 F and equilibrated 
around 1500°F. These results indicated that the insulation design per­
formed as expected. The~ 1.5-inch axial length increase due to thermal 
expansion is readily apparent at temperature. 

With the fill completed t;~1e primary heat pi-pe was ready for steady-state 
heat transfer tests an~ transient start-up studies. Use of an inert gas 
to assist in start-ur was to be evaluated. Initial testing was to be 
performed with a 24-inch long evaporator using an 8 kW heater. This 
evaporator length was consistent with the design analysis of Table III 
and Figures 14 and 29. The steady-state performance limits for the 
wick design of Figure 14 as function of evaporator flux were analyzed 
(see Figure 29). It can be seen that the heat pipe capacity decreases 
rapidly with increasing evaporator flux. 

The calculated hydrodynamic performance limits shown in Figures 14 and 
29 considered no benefit from the arterial passage ways which existed 
between the diametral wick and tube wall. The calculated inventory to 
satisfy the internal void volume required 8.2 pounds of sodium at 
1600°F. A modest overfill of 0.3 pound was selected to derive some 
benefit from fillets. During steady-state heat pipe mode operations, 
all excess fluid winds up in the condenser, thus offering no real 
capacity increase (unless the unit is operated as a refluxer). Under 
serious overfill conditions, significant condenser heat transfer area 
blockage could occur. 

3.5 INITIAL PERFORMANCE TESTING 

After filling and processing of the first primary heat pipe, initial 
performance testing was undertaken by the designers and builders of the 
heat pipe. The tests were to confirm the power transfer capability of 
6 kW at 1600°F, and to optimize the inert gas fill for start-up of the 
heat pipe from the frozen state. Methods of transient start-up that were 
investigated included: 

1111 Start-up with reduced power input, Le., s:2 kW 

• Use of supple~ental heaters along the adiabatic section 
of the heat pipe 

• Use of an inert gas to control the rate of vapor front 
growth during the start-up transient. 
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3. 5, l TEST SETUP 

The objective of the initial testing, on the 15-foot primary heat pipe 
of the EOS Thermal Train Subsystem, was to determine the heat pipe 
power transfer capability, along with transient tests to establish 
the heat pipe start-up capability. 

The tests were performed at TRW in the ATD Heat Pipe Laboratory, Build­
ing Rl, Room 2015, The laboratory environment was maintained at 
75 ± 5°F, with the test specimen heavily insulated to limit heat loss 
to the surrounding environment, Cooling capability for the specimen 
was provid6d from the laboratory water supply at 70 ± 10°F, 

3,5,2 HEAT PIPE 

The heat pipe is divided into three sections (see Figure 30). The 
evaporatory (24 inches in length), the condenser (37,5 inches in 
length) and the adiabatic section (118,5 inches in lengt!1). For testing 
ni-chrome heaters were located along the evaporator and the adiabatic 
sections and were insulated with J-M Flex-Min-K insulation, A water 
calorimeter was located at the condenser section to remove and measure 
the power that was transferred by the heat pipe, 

3,5,3 TEST INSTRUMENTATION, READOUT EQUIPMENT, AND TEST SUPPORT HARI:MARE 

The following test instrumentation and readout equipment were employed: 

a. Thermocuples 

(1) /H063Kl2E and /H063Kl6E chromel-alumel thermocouples 
sheathed with Inconel 600: 12 required and located 
as shown in Figure 31 Thermocouples #1 through #12, 

(2) Copper constantan thermocouples: 3 required and 
located as shown in Figure 30, Thermocouples #13 through 
#15 

(3) Claude S, Gordon copper constantan grounded sheathed 
thermocouples (0.063 inch sheath diameter) and fittings 
for measuring coolant temperature. Minimum innersion 
depth of 2 to 3 inches: 4 required as shown in 
Figure 30, Thermocouples #16 through #19. 
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b. Electrical Heaters 

(1) Evaporator: Five (5) 48-inch long, 2100 watt 
VULCAN ni-chrome heaters sheathed in Inconel, 
rated at 120 volts and 20 amps. 

(2) Adiabatic section (supplemental heaters): Six (6) 
15-inch long, 1200-watt Lindberg Heavy Duty Ni-Chrome 
half cylinder heaters, Model #50242, Type 2718-KSP. 
Heaters are placed along bottom half of heat pipe. 

c. Heater Power Sources 

d, 

e. 

(1) Evaporator heater circuit : Five (5) 110 volt, 
20 ampere variacs. 

(2) Supplemental heater circuit : 3-phase balanced circuit 
with 120 volt, 12 ampere variac, 

Temperature Control 

(1) Temperature limit on evaporator:- Honeywell Versaguard 
Model #R7161, Type K, 0 - 2000°F range . 

(2) Temperature on calorimeter: Kistler Model #510N 185 Al95, 
opens at 195 ±5°F, closes at 185 ±5°F. 

Temperature Recording 

(1) One (1) - 12 point chromel-alumel recorder: 
l00°F to 1800°F range for monitoring thermocouples #1 
through #12. 

(2) One (1) - 12 point copper-constantan recorder: 
50°F to 200°F range for monitoring thennocouples #13 
through #15. 

(3) Speedomax H single point recorder for measuring 
temperature differential between thermocouples #16 and 
#le, 2 and 5 mV full scale capability. 

(4) Potentiometer for reading temperature differential 
between thermocuples #17 and #19 and between thermocouples 
#16 and #18. 
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f. 

g. 

Flow Measurement 

(1) Dwyer Rate Master Flowmeter, Model #RMC142SSV, 
0.2 to 2.2 gal/min. 

(2) Fischer and Porter Company, Model 10Cl505 turbine 
flow meter. 

(3) Pressure regulator and pressure g,.auge (100 psi, 5 psi 
increments. 

Power Measurement 

(1) One (1) 15 ampere ammeter, (supplemental heate~s). 

(2) Five (5) 20 ampere ammeters (evaporator heaters). 

3.S WATER CALORIMETER 

The basic design of the water calorimeter which acts as a radiation heat 
sink is illustrated in Figure 32. The design considers several radiation 
heat transfer shields with high emissivity surfaces and a single conduction 
heat shield. The radiation emissivity of the radiation heat shields was 
to be better than 0.6, and was achieved by the wet hydrogen oxidation 
process. Depending on the desired total heat transfer, shields with 
varying amounts of cutouts were used. The conduction heat shield had a 
0.375-inch thick layer of J-M-Flex-Min-K insulation. For achieving a 
broad range of heat transfer while keeping the condenser section of the 
primary heat pipe at the design temperature under all heat transfer 
conditions, a total of eight (8) heat shields were to be used as shown 
in Table V. Thus, the power transfer could be varied by approximately 
1.2 kW in the power regime of 5 to 10 kW and by approximately 0.6 kW in 
the power regime of 1 to 5 kW. 

Additional adjustment in the heat transfer, e.g.,~ 10 percent was to be 
attainable by adjusting the coolant flow rate. 
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J-M FLEX. MIN-K 
INSULATION 

HEAT SINK (WATER COOLED, 
12 IN. DIA) 

HEAT SHIELD NO. 3 
(STAINLESS STEEL, 

6.5 IN. DIA) 

HEAT SHIELD NO. 2 
(STAINLESS STEEL, 
5.5 IN. DIA) 

HEAT SHIELD NO. 1 
(STAINLESS STEEL, 
4.5 IN. DIA) 

Figure 32. Radiation Heat Sink for Primary Heat Pipe Testing 
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TABLE V 

RADIATION HEAT SINK DESIGN FOR PRIMARY HEAT PIPE TESTING 

Radiation Shield (fn or ff3) Conduction Shield (#1) Nominal Power (kW) 

Neither No 10. 5 

#2-1 (80% cutout) No 9.3 

#2-2 (60% cutout) No 8 .1 

#2-3 (40% cutout) No 6.9 

#2-4 (20% cutout) No 5.6 

#2-5 ( 0% cutout) No 4.4 

Neither Yes 5.2 

#2-1 Yes 4.6 

#2-2 Yes 4.0 

ff2-3 Yes 3.4 

#2-4 Yes 2.8 

#2-5 Yes 2.2 

#2-5, #3-1 (50% cutout) Yes 1.8 

#2-5, #3-2 ( 0% cutout) Yes 1.3 

The condenser end of the heat pipe is shown in Figure 33 with thermo­
couples installed (spot welded) prior to the installation of the calori­
meter. A typical calorimeter radiation shield is shown in Figure 34. 
The water cooled calorimeter is shown installed in Figure 35. The calori­
meter consists of a 12 inch o.d., 0.05-inch wall copper calorimeter shell 
wrapped with 3/4 o.d, copper cooling coils brazed to the shell. The 
calorimeter is painted on the inside with Cat-a-lac flat black paint to 
enhance radiation heat transfer with the heat pipe and with the radiation 
shields. The completed calorimeter installation is shown in Figure 36. 
The calorimeter was insultated on the exterior with foam insulation. A 
removable insulated end cap was installed on the near end of the calori­
meter. This cap allowed for easy changing of the calorimeter radiation 
shields during testing when it was desirable to have a different radiative 
heat transfer coupling between the heat pipe and the calorimeter copper 
shell. 

57 



•--llll .... ~lll!llll--•~"'!11111!11 ___ _,_11!11!-aW!ll!lll!,-llll!III.-""'""'™ ___ ,.,"', ---- ••--· ·'"'•'"'4 .u...,, s..,, ""· .,..._._..,..., .,.,._ ---'"'"'"""'""'.....,_,...,.., . ~ """'""-.....-1""""'1'"..,...,..,...., ... ,..,... ,---- ·~ r-· ----- - ---- ----
, 

• 

8 

Figure 33. Condenser End of Heat Pipe with 
Thermocouples Installed 

• 

' 

...... 

Figure 34. Condenser End of Heat Pipe with a Typical 
Calorimeter Radiation Shield in Place 

58 



___ ll!!ll!l.,.111\1111""""""'"'""'"""""".,..,. .... .,..,.....,... ...... ...,...__,.,., ,,,_,,,., __ ,..,,..,,, ............. ,..,,.,._..,,..,IP(l,C.""·.......,q"; •~ --"1"-,..._......_ ~ ,.., __ .,.._ ... _, , ... ,..,..... •••· ---..... ~• , ... .. _., ....... .., ... h - ~•-••-:•t8~•1 •• O• •• . r O •• • ••• .... . ~, 

• 

!I -8 

Figure 35. Calorimeter Installed on Condenser 
End of H~at Pipe 

, 
' 

Figure 36. View of Completely Insulated Calorimeter 
and Heat Pipe 
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The thermocouples for the evaporator heater and the evaporator are 
shown installed in Figure 37. These thermocouples were spot welded to the 
heat pipe and the heaters at the specific locations are shown in Figure 31. 
The evaporator heaters are shown catripletely installed in Figure 38. 

The completed heat pipe assembly with all insulation and test hardware 
installed is shown in Figure 36. The external readout equipment, tempera­
ture recorders, flow meter digital counter, variacs, voltmeter, and 
ammeters are shown in Figure 39. 

3. 6. 1 TEST RESULTS 

The results of the initial tests are summarized in Table VI (start-up 
tests) and Table VII (axial transport capability tests). The transient 
temperature data taken are provided in Figures 40 through 50 for the 
locations shown in Figure 31. The tests provided the following per­
tinent information: 

a. 

b. 

Thermal Time Cor.9tant: 

The thermal time constant of the system is very large. 
Approximately 7 hours were required to raise the total heat 
pipe from room temperature to a temperature sufficiently 
above the sodium melt temperature (300°F) using:!!! 1.5 kW of 
heat at the evaporator (refer to Test #7, Figure 46). 

Transient Start-Up: 

(1) 

(2) 

(3) 

Transient start-up could not be achieved with evaporator 
power levels of 1.5 and 2.0 kW as indicated in Table VI 
and in Figures 40 and 42 for Tests #1 and #3. These 
tests were performed on the heat pipe without the aid of 
supplemental heat or an inert gas addition. 

Transient start-up was successfully achieved using 
3.2 kW* of supplemental power aP indicated in Figure 41 
for Test #2. This test was performed without inert gas. 

Transient start-up was successfully achieved using an 
inert gas (1.3 x 10-6 lb-mole of argon) at an evaporator 
power input of 1.5 kW but not at 2.0 kW (refer to Tests 
#4 through #8 shown in Figures 43 through 47 and Table VI), 
when the sodium fill was 8.48 lb. This sodium fill is the 
calculated required fill at 1600°F (1.3 x 10-6 lb-mole of 
argon), and would fill the last 6 inches of the condenser 
at an operating temperature of 1600°F. 

*The limit of the supplemental power source was 3.2 kW. 
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Figure 37. Evaporator End of Heat Pipe with 
Thermocouples Installed and Heaters 
Partially Installed 
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Figure 38. Evaporator End of Heat Pipe with 
Heaters Installed 
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C $M d 

(4) 

(S) 

Transient start-up could not be achieved using an inert 
gas (1.3 x 10-6 lb-Mole of argon) at 2 kW when the sodium 
fill was increased to 8.67 lb. (refer to Test #9, Figure 
48 and Table VI). 

Transient start-up was achieved using an inert gas 
(1.3 x 10-6 lb-mole of argon) at 2 kW when the sodium 
fill was increased to 8.85 lb. (refer to Tests #10 and #11 
in Figures 49 and 50 and Table VI). 

c. Heat Pipe Capacity Tests: 

(1) The results of heat pipe capacity tests are shown in 
Table VI I. The heat pipe capacity was determined to be 
between 4.9 and 5.3 kW for a level heat pipe at about 
1500 to 15S0°F. The data indicate that the capacity is 
relatively insensitive to evaporator elevations between 
zero and 3/8 inch. A slight increase of approximately 
0.5 kW was observed for the reflux mode of operation. 
An operating temperature of 1600°F was not achievable due 
to calorimeter adjustment limitations. However, the 
capacity is not expected to change significantly at 1600°F 
due to the flatness of ~he hydrodynamic limit curve as 
illustrated in Figure 14. The measured capacity of 
4 . 9 to 5.3 kW is less than the predicted capacity of 

0 7.2 kW at 1600 F based on the calculated hydrodynamic 
limit as shown in Figure 14. 

(2) The heat losses through the insulationwere approximately 
65 percent greater than had been anticipated based on 
pretest calculations (see Figure 51). During capacity test­
ing, the system heat losses were balanced using the supplP­
mental heaters as guard heaters. 

(3) The sodium fill was increased to a.as lb. (see Tests #9 and 
and #10 in Table VII) in the anticipation that increased 
capacity could be achieved by filling the fillets and gaps. 
However, the increased fill did not increase the measured 
heat pipe capacity. 

3. 6. 2 CONCLUSIONS,., 

• Transient start-ups at evaporator power levels of 1.5 to 2 kW 
are achievable using an inert gas. (Parametric evaluation of 
gas pressure, however, was not undertaken). 

• Transient start-ups can be accelerated if supplemental heat 
is used to melt the sodium uniformly along the heat pipe length. 

1,conclusions were stated by the designers (TRW) of the first primary heat 
pipe. 
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• Transient start-ups ~re limited by the heat pipe hydro­
dynamic limit, i.e., after start-up is achieved at 1.5 to 
2.0 kW of power, full evaporator power cannot be applied, as 
axial transport capability is still limited as a function of 
temperature by the hydrodynamic limit. 

• This heat pipe r.onfiguration appears to be limited to 5 kW 
at 1500 to 1600°F. Potential means of increasing capacity 
are to increase wick porosity and/or to utilize a larger 
diameter pipe. Other considerations include the use of a 
shorter heat pipe (e.g., reduced adiabatic section length). 

3. 7 EVALUATION OF INITIAL TEST RESU LTS 

Prior to continuing initial testing of the primary heat pipe at EOS, 
it was attempted to sh~d some light on the rather large discrepancy 
between the predictecl ;>ower transfer capacity of more than 8 kW, and 
the apparent capacity of only 4.9 kW. This was done so that testing 
could be pursued according to the changed requirements of the first 
prirnary heat pipe. 

For the primary heat pipe, the following design and operating data are 
pertinent: 

Operating Temperature, T 

Design Power Transfer, P 

Operating Fluid 

Latent Heat 0 £ Evaporization, Hfg 

Liq11 id Density at Operating 
Temperature, o1 
Liquid Viscosity at Operating 
Temperature, u J, 

Surface Tension at Operating 
Temperature, y 

Vapor Density at Operating Temperature 
and Corresponding Vapor Pressure, o 

V 

Viscosity of Sodium Vapor at Operating 
Temperature, u. 

V 

Cross-sectional Area Occupiei by 
Wick Structure, A ws 

78 

1558°F 

6 kW 

Soditnn 

4.4 x 103 joules/g 

0 • 7 48 g / c•,1 3 

-3 2 
1.64 x 10 dyn-sec/cm 

116.8 dyn/cm 

-4 3 1.95 x 10 g/cm 

2.245 X 10-4 
dyn-sec/cm 

2 
14.83 cm 

2 

... t it '' dW. I :rtmm r: 11 

I 

I 

:, 
:I 

1 

'1 

'l 
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Cross-sectional Vapor Flow Area, Avf 

Effective Hydraulic Diameter of the 
Vapor Flow Area, DH 

7.094 
2 

cm 

1.4918 cm 

Based on the above stated operating and design values for the primary 
heat pipe, the effective Reynolds number for the vapor flow at full 
design power can be calculated to be 

N = Re 1.3 X 103 

This would indicate a laminar flow of the vapor with a friction factor 
f = 0.049 as calculated from 

f = 64/NRe 

The pressure drop of the vapor traversing the entire length of the heat 
pipe is found to be 

1,429 dyn/cm 
2 

If the flow cross-sectional area is incorrectly assumed to consist of 
one singular tubular cross-section, as was done in the original computer 
calculations, then the hydraulic diameter is about 3 cm and the Reynold's 
number is better2than 2500. With these values, a pressure drop of only 
about 720 dyn/cm can be calculated for the vapor flow, which is only one­
half of the ~ctual pressure drop. 

Since the heat pipe is being operated in the gravitational field of 1-g, 
the effect of the diameter of the heat pipe has to be considered. The 
sodium condensed at the condenser can flow back to the evaporator through 
the entire wic'.~ structure only if it has been pumped up to the wick 
structure which lies above the lowest point of the internal structure 
of the pipe. For raising the sodium over the entire internal diameter, 
a s11..:tion pressure of 

Aph = 

is required, which is equal to 

6Ph = 3,708 dyn/cm 2 

This is about twice the pressure drop due to the vapor flow. 

79 



• 

I 

The mR i n wick structure, as indicated in Figure 52, is made up of 94 
layers o f 38 mesh bolting cloth and 20 layers of 60 Mesh 0.007-inch diameter 
wire screen. The wick would have a total thickness of 1.502 inch with 
a packing factor of 1, i.e., the individual layers of the wick structure 
would not nest in each other. Since the final thickness of the wick 
was only 1.130 inch, the nesting factor is~= 0.75233. The nesting 
factor is quite often incorrectly equated with the packing factor, which 
is quite different as will be shown later. The active wick flow area, 
i .e., the cross-sectional area that is made up only of the wicking 
material, is ,\,f = 14.27232 cm2• Based on the flow area, Av£, the 
mass flow rate, W, the length of the heat pipe, L, and the materials 
properties of the fluid, the required flow factor~ p x K can be calculated 
to be 0,096 dyn. 

In Figure 53, the available flow factor ~ p x K is plotted against the 
packing factor for various assumed conditions. The curves of the graph 
make it quite clear that the available flow fActor of the primary heat 
pipe wick was com;iderably below the required flow factor for transferring 
6 kW of power in the primary heat pipe. Thus, the reported power transfer 
capacity of only 4.9 kw ,·, was not surprising at all. Even with a packing 
factor of J, the rower capacity would have been marginal. 

In Figure 54, the effect of the packing factor on the pressure drop in 
the wick is presented. This figure indicates clearly the criticality 
of the conftruction of the wick. If the wick has been compressed to 
0.75 of the nomiaal thickness, i.e., the wick has been assembled with 
a nesting factor of 0.75, the effective packing factor is considerably 
~maller than 0.75. This can be appreciated when considering that the 
wick volllll\e has been decreased by compressing the wick structure only 
in the direction which is prependicular to the flow. The~efore, the 
flow area has actually been decreased by a factor of 0.75, i.e., 0.422. 
It is thus more appropriate to use the latter factQr as the packing 
factor in the calculation o~ the permeability K. This consideration 
seemed to have been well born out by the large discrepancy between the 
predicted power transfer capacity of the primary heat pipe and the 
measured one. (See also Section IX,Volume III) 

3,8 PERFORMANCE TESTING OF FIRST PRIMARY HEAT PIPE 

3.8.1 TEST SETUP 

After the initial testing of the first primary heat pipe by the designers 
and builders, general performance tests were to be conducted by Xerox/EOS 
prior to its mating with the secondary heat pipe. The performance tests 
were to include repeated start-ups for establishing thermal transient 
behavior, taking temperature measurements along the heat pipe and 

*The deficiency of the insulation of the heat pipe suggested the power 
transfer to have been considerably lus than 4.9 kW. (R.R.) 
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correlating then against input power and time, operating the pipe at 
various power inputs to determine the temperature distribution along 
the heat pipe, and permitting cool down at various rates. 

When the program for the initial testing of the primary heat pipe was 
laid out, it was established that the total heat losses from the evap­
orator section and the adiabatic section of the heat pipe should not 
exceed 20 percent of the power input of the primary heater ~t the 
evaporator, i.e., the heat losses should be less than 1.2 kW. In 
Figure 55, the calculated heat losses from a 12-foot long section of 
the heat pipe (condenser section not included) are presented when the 

1 St 

heat pipe is operated at the nominal operating temperature of 1558°F in 
an ambient temperature of about 70°F. According to these calculations, 
the insulation thicknes s when using Flex Min-K insulation material has 
to be at least 3 inches. Thi s calculation as sumes that none of the 
heaters increase the effective heat pipe diameter, i.e., that the insula­
tion i s wrapped directly around the heat pipe. When the increaJe in the 
effective heat pipe diameter, due to the secondary heaters, was considered 
then the insulation thickness had to be at least 4 inches thick to 
maintain the heat losses be low 20 percent at tbe power i.nput. Heal 
transfer calculations made by TRW indicated that an insulation thickness 
of only three 3/8-inch thick Flex Min-K layers would satisfy the insula­
tion requirement. (Subsection 3.6Y Heat balance calculations made 
by TRW and based on data taken during the initial testing of the primary 
he~t pipe indicated, that heat losses of more than 2.1 kW occurred when 
the heat oipe temperature wgs still below the operating temperature, 
i.e., between 1500 and 1550 F. 

The initial tests of the first primary heat pipe seemed to indicate that 
the power transfer capacity of the first primary hE:at pipe was less than 
4.9 kW. This was only slightly more than half the capacity that had been 
predicted. (Subsection 3.2.) No explanation for the measured low power 
transfer capacity was presented. Furthermore, a relatively high amount of 
secondary heater power was required for starting the heat pipe. This could 
be explained by the high thermal energy losses from the heat pipe due to 
insufficient insulation. 

Because of these deviations it was felt that prior to the actual comple­
tion of the initial testing of the first primary heat pipe at EOS, the 
insulation should be improved to achieve more rea l istic start-up 
conditions and to establish the correct secondary power required for 
operational testing of the heat pipe. 
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0.1 1.0 10.0 

INSULATION THICKNESS ti, lnc:1111 

Figure 55, Insulation Requirement for Primary Heat Pipe 
with and without Secondary Heaters 
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Upon transfer of the primary heat pipe from TRW to EOS~ the heat pipe 
was stripped of all insulation and the secondary heater elements. The 
two thermocouples along the adiabatic section of the heat pipe w~re also 
removed. Thirteen new thermocouples were located along the adiabatic 
section of the heat pipe as shown in Figure 56. The secondary heater 
was arranged in five d,>Uble •.!lements, each double element enclosing the 
heat pipe entirely as shown in Figures 57 anJ 58. First, insulation was 
wrapped around the heat pipe in sections which were not covered by the 
secondary heater elements as is shown in Figure 59. Then four 3/8-inch 
thick layers of Flex Min-K insulation as indicated in Figure 55 were 
applied in 36-inch length sections. A typical section of insulation is 
shown in Figure 60. 1 n Figure 61, the heat pipe is shown wrapped entirely 
with the flexible Min-K insulation material. Over the Flex Min-K material, 
four 1/2-inch thick layers of Cera-Felt ~F 800 were wrapped as shown 
in Figure 62, The insulation was completed with one layer of aluminum 
foil as shown in Figure 63. The fully insulated primary heat pipe is shown 
in position in Figure 64. 

The set up for testing of the first primary heat pipe at Xerox/EOS is 
shown in Figure 65. The primary heater at the evaporator section of the 
heat pipe, which consisted of five individual elements, was controlled 
through two variacs, One variac controlled four of the ele~ents while 
the other variac controlled the remaining element. The secondary heater 
consisting of the ten elements, was controlled by a single 25 ampere 
variac. 

3. 8. 2 TESTING 

Because of the change in the ir1sulation, the need of which was explained 
above, the initial testing o~ the heat pipe had to be repeated. 

3.8.2.1 Steady State 

In Figures 66 and 67, the temperatures at steady state are shown for 
various power inputs at the evaporator of the primary heat pipe. The 
data of Figure 68 were obtained while increasing the power from 0.323 kW 
to 1.494 kW in steps taking data when all temperatures appeared to have 
reached steady state. Steady-state conditions were normally only achieved 
after 48 hours had elapsed from the time of power adjustment, In 
Figure 69, the data obtained while decreasing the power input to the 
evaporator are shown. It was attempted to duplicate the input power 
settings used during the test of the increasing power input to determine 
whether the temperature distribution along the heat pipe is a function 
of the approach to the steady-state condition. The test results seemed 
to indicate that the same steady-state conditions were achieved regard­
less of whether the primary heat pipe had been hotter or colder prior to 
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Figure 58. Primary Heat Pipe with Primary 
and Secondary Heaters Installed 

Figure 59. Primary Heat Pipe with Secondary 
Heater Elements a~d Intermittent 
Insulation (Flex Min•K) 
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Figure 60. irimary Heat Pipe with Four Layers 
of Flex Min•K Insulation Over One 
Segment of the Heat Pipe 

Figure 61. Primary Heat Pipe with Completed 
Pour Layer• Flex Min•K Inaulation 
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Figure 62. Primary Heat Pipe with Four Layers 
Cera-Felt Insulation Over Flex 
Min-K Insulation 

Figure 63. Primary Heat Pipe Shown with One 
Segment Fully Insulated (four 
layers Flex Min-K, four layers 
Cera-Felt and foil) 
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Figure 64. Primary Heat Pipe Fully 
Insulated 

Figure 65. 

:t ht e , ,.., w • 

Complete Test Setup of Primary 
Heat Pipe 
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Figure 68. Correlation Between Input Power and Operating Temperature 
for First Primary Heat Pipe 
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Figure 69. Active Heat Pipe Length 
as Function of Power 
Input. 
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Figure 70. Required Input Power as 
Function of Loss Integral 
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to the power change. At the tested power inputs, the temperature at the 
evaporator was only about 10°R higher than at the active adiabatic section. 
Since these tests were run with a fully insulated condenser section, power 
input was equal to the losses from the entire heat pipe including the 
condenser section at operating temperature. 

In Figure 68, a correlation is given between the power input (power loss) 
and the operating temperature of the active section of the heat pipe. 
The operating length of the heat pipe versus the power input is presented 
in Figure 69. All data points fall on the same curve regardless of 
whether the points were taken from the increasing input power tests or 
the decreasing input power tests. Finally, the power input is correlated 

in Figure 70 with the loss integral (1, A T x dL, where A T = T - T . J
0 

o room 
The values were obtained by tracing the results presented in Figures 66 
and 67with a planimeter. 

The losses from the entire primary heat pipe, including 
section, are 1490 watts at the operating temperature of 
losses sustained along the evaporator and the adiabatic 
length) alone were found by rationing to be 1190 watts. 
with the predicted losses of 1220 watts. 

3.8.2.2 Transient Start-Up Tests 

the condenser 
1558°F. The 
section (12-foot 
This compared 

After verifying the heat losses from the heat pipe, start-up tests were 
conducted. These tests uere to establish the behavior of the heat pipe 
under transient conditions by applying to the evaporator section of the 
primary heat pipe a given power and then recording the temperature 
response of the thermocouples along the heat pipe as was shown in 
Figure 56. 

A total of three start ups were completed prior to failure of the first 
primary heat pipe. In two cases, the start up was initiated with a 
primary heat pipe at room temperature, and in one case, at a slightly 
elevated temperature at the evaporator. The temporal temperature 
distributiryn, during the start up with a power input at the evaporator 
of 2.579 kW, is shown in Figure 71. During the teat, the temperatures 
appeared to increase steadily shoving no abnormal or erratic disconti­
nuities. The reduction of the data, however, as shown in Figure 71, 
give a more detailed account of the start up history. The temperature, 
seem to indicate that the evaporator wall wick at location 2T and 4T 
was dry almost from the very beginning of the start up. The tem• 
peratures measured at these two locations behaved distinctly differently 
from those temperatures that indicated heat pipe action or initial heat 
pipe action and a later dry out of the wick at their locations. The 
temperature history at location lT indicated that up to 46 minutes the 
location operated in the heat pipe mode. 
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The sharp discontinuity in the temperature rise after 46 minutes must 
be interpreted as a loss of working fluid in the wall wick. This 
discontinuity could not be readily observed on the recording chart, and 
thus the dry out was not recognized during the test. After 194 minutes 
of operation, all temperatures measured were above the melting temperature 
of the working fluid (sodium), whic-:1 is 208°F. No recovery of the initial 
dry length of the primary heat pipe, nor of the section that had gone 
dry about 48 minutes after the start up, can be detected from the data. 
This occurred despite the fact that the heat pipe became fully operational. 

The data of the start-up test which was conducted with a power input of 
3.325 kW are presented in Figure 72. The results are very similar to 
those of Figure 71. Again, the wick section in the area where the tempera­
tures were measured by thermocouples 3T and 4T apparently went dry after 
36 and 54 minutes of operation respectively. No recovery of the wick 
sections that went dry during the start up occurred, though prior to the 
conclusion of the test the entire heat pipe was well above the melting 
temperature of the sodium and the lowest temperature measured on the 

0 outside surface of the primary heat pipe was above 300 F. The test was 
terminated when thermocouples 3T and 4T had reached a temperature of 
1800°F. 

Ie was already pointed out that the diametral wick as built, was marginal 
for transferring 6 kW of thermal power over the entire length of the heat 
pipe. The calculations presented in Subsection 3.7 and Figure 53 
suggested a power transfer capacity of about 3 kW for a packing factor of 
O. 75; the maximum possible for the present wick structure. Based on the 
fabrication, the actual packing factor was considerably lower. The 
transient test data appeared to point out tnat probably the drying out 
of the wick at the evaporator was caused by an undercharge of sodium. 
Each start-up test was initiated after a uniform cooling down of the 
entire heat pipe with a loss of only 1.54 kW at the operating temperature 
and with considerably lower l~sses at the lower temperatures encountered 
during the coo] down. Thus, prior to each test the entire wick should 
have regained its charge if sufficient sodium had been in the pipe. 

At the end of the last test (i.e., at the time all temperatures had 
reach~d the operating temperature of the heat pipe), an apparent failure 
of the primary heater occurred which lat~r was found to have been caused 
by the failure of the heat pipe. 

3.9 FAILURE ANALYSIS FOR FIRST PRIMARY HEAT PIPE 

3.9.1 METALLURGICAL ~~ALYSIS 

After the failure of the first primary heat pipe, the insulation and the 
heaters were removed from the evaporator section of the heat pipe. Two 
large elongated holes were immediately vi1ible from which 1odium 
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hydroxide appeared to ooze out (See Figure 73). The heat pipe was 
discharged and cleaned for further inspection. The evaporator section 
of the heat pipe was acid cleaned and submitted for an analysis by the 
Zyglo process. The results of the Zyglo Test are shown in Figure 76. 

It was difficult to obtain a photograp~ic record of the appearance of 
the heat pipe section under the black light by which cracks and imperfec­
tions of the material are made to show up. nie cracks which were visible 
by the inspection process were, therPfore, painted with a red color and 
the section of the heat pipe was then photographed (Figure 74). All 
cracks run circumferentially. Except for one long crack which is 
located 180 degrees apart from the crack furthest away from the end of 
the evaporator section, all cracks were located on one side of the heat 
pipe. This side was opposite of the w~ld. No cracks were found on the 
remaining section of the heat pipe. It was clear that the large 
elevated holes were due to the attack of the Inconel 600 material by 
the hot sodium hydroxide which was formed between the sodium and the 
moisture of the air when the sodium was escaping through the initial 
cracks. The evaporator section of the heat pipe was shipped to Inter­
national Nickel Company for further analysis. 

The analysis by the International Nickel Company'" confirmed that the 
mode of failure was related to an intergranular attack on the material 
which led to branched, intergranular cracking as indicated in Figure 75. 
The appearance of these cracks is typical for those resulting from a caustic 
stress corrosion cracking mechanism. The predominant cracking was 
observed to be in a circumferential direction, implicating a longitudinal 
tensile stress. The implied longitudinal tensile stress seemed to indi­
cate that the failure was caused by thermal stresses that were the result 
of the temperature gradients measured along the evaporator section of the 
heat pipe as was indicated by the data shown in Figures 40 through 50 and 
Figures 71 and 72. 

J.9.2 STRESS ANALYSIS 

At the measured temperature gradients the heat pipe will vary in diameter 
over a very short length as indicated in Figure 76. 

*T. F. Lembke, Huntington Alloy Products Division, The International 
Nickel Company, Inc., Huntington, w. Va. (September 17, 1973). 
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Unetched • Iconel Alloy 600 
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Figure 76. Effect of Temperature Gradients on the Pipe 

A plate analysis can closely predict the stresses in a thin wall pipe. 
For a plate, the relation between deflection y and the moment M can be 
derived to be 

M(l- ,_,2) r! X - ! '!,2. 2 -, L y - -L (x + 2> 2EI 3 3 L 3 -
(7) 

where 

M Moment 

E Young's Module 

\) Poisson's Ratio 

I Moment of Inertia 

The maximum moment M will be located at the two ends of the transition 
section between the larger and the smaller heat pipe diameters, i.e., 
at x • O and x • L. 

The deflection y corresponds to half the difference in the two diameters 
and is given by 

y • qDtiT 
2 

(8) 
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where 

~ Coefficient of thermal expansion 

6T Temperature difference 

With the stress expressed by 

Mc 
I 

(j = (9) 

where 

1/c Mod~lus of cross section 

the maximum stress can be expressed by using relations 7 and 8 as a func­
tion of the measured temperature difference 6T and the distance L between 
the thermocouples. With 

E = 31 X 106 psi 

6.4 X 10-6 /°F 

the maximum temperature difference 6TM along a length L can be found for 
an allowable stress 0a to be 

6T • 
M 

L2o 
a 

46,357 
(10) 

In Figure 77, this correlation is plotted with the allowable stresses 
taken equal to the creep stress indicated for various operating tempera­
tures and shown in Figure 78. The creep strength is normally defined as 
the stress which causes 0.01 percent creep in 10,000 hours. 

Temperatures were measured every 6 inches apart along the evaporator 
section (see Figure 56). The correlations of Figure 77 lndicate that 
(at an operating temperature of 1800°F) the temperature difference between 

0 adjoining thermocouples cannot exceed 225 F without causing the stresses 
to exceed the creep stress at that temperature. The data shown in 
Figures 71 and 72 indicate that the creep stress was very much exceeded 
due to the considerably higher temperature. Similar and even larger 
temperature differences were experienced during the preliminary testing 
at TRW. (Refer to Subsection 3.1, Figures 40 thro111h 50.) 
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3.10 CONCLUSIONS 

The failure analysis of the first primary heat pipe provided a fairly 
good understanding of the operational behavior of the first primary heat 
pipe and the cause for its final failure. All test data confirmed that 
the first primary heat pipe did not have the power transfer capacity for 
which it had been designed. 

Apparently, the evaluation of the wick as a conduit for returning the 
working fluid from the condenser to the evaporator was not well under­
stood, otherwise the construction of the diametral wick could not have 
been permitted to be so different from the construction that was assumed 
in tl, ·e analysis. Furthermore, the e f feet of the vapor flow area on the 
pressure drop of the vapor was not fully evaluated in the design calcula­
tions. In the computer program, a circular flow area was assumed while 
in the final design, the flow area consisted of two passages separated 
by the diametral wick. The actual flow passage proved to present to the 
vapor flow twice the pressure drop than the assumed circular flow passage. 

During the initial testing, the 
gradients were not recognized. 
thermal stress conditions which 
primary heat pipe • 

detrimental effect of large temperature 
The heat pipe was repeatedly exposed to 
finally led to the failure of the first 

The results of the initial testing of the first primary heat pipe pointed 
out that prior to designing of another high power heat pipe, a better 
understanding of the characteristic of wicks made of bolting cloth had 
to be obtained. The failure analysis made it quite clear that testing 
of the heat pipe has to be conducted in such a fashion that large thermal 
gradients along the heat pipe are avoided. This shed a new light on the 
transient start-up and added a new parameter to the start-up limits of 
a heat pipe. 
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SECTION IV 

DESIGN, MANUFACTURING, AND TESTING OF 
SECOND PRIMARY HEAT PIPE 

4.1 INTRODUCTION 

After the failure of the first primary heat pipe, it was decided to build 
a second primary heat pipe. The failure analysis had provided enough 
confidence that the cause for the failure was well understood and that 
a second heat pipe could be designed that could achieve the desired per­
formance. It was, however, felt that prior to the design of the second 
primary heat pipe, it was imperative to obtain a better understanding of 
the characteristic of the wick structure made of layers of bolting cloth. 
The test data seemed to have indicated that the correlation for the per­
meability of the wick structure as used in the design of the first heat 
pipe was not predicting well the performance of the wick structure in the 
primary heat pipe. 

Since the failure of the first primary heat pipe was definitely traced to 
longitudinal stresses caused by large temperature differentials along the 
heat pipe, it seemed advisable to build the second primary heat pipe 
of a material that had a higher creep strength than Inconel 600 at the 
operating temperature and thus would be less susceptible to the tempera­
ture differentials that might not be avoidable during start up of the 
primary heat pipe. 

It was also decided that, if at all possible, the outer dimension of the 
second primary heat pipe should remain the same as that of the first 
primary heat pipe so that after successful testing of the heat pipe it 
could be mated with the secondary heat pipe which had been tested and 
foand to perfonn according to design. After consultation with the vendor 
of the lnconel material, the new lnconel 617 elloy appeared t( have the 
preferred characteristic creep strength without having apparent dis­
advantages over lnconel 600. The vendor recommended initially the readily 
available alloy lnconel 800 which has been used extensively for sodium 
heat pipes but at considerably lower operating temperatures. The alloy 
was found to have actually a lower creep strength at the design opera­
ting temperature and was therefore felt unsuitable for the application. 
In Figure 79, the creep strength of Inconel 600 and lnconel 617 are 
compared. 

4.2 SECOND PRIMARY HEAT PIPE DESIGN 

After the completion of the experimu1tal wick study which is presented 
in Volume 111, section IX, of this report, the design of the second primary 
heat pipe was initiated. A computer program was developed which permitted 
studying all pertinent parameters as they affect heat pipe operation. 
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The major paramet ?rs which affect the power transfer capacity of a 
heat ptpe are: 

a. Heat pipe diameter 

b. Wick flow area 

c. Wick configuration 

d. Mesh size 

e. Wire diameter 

f. Wick construction 

For the second primary heat pipe, the outer diameter was fixed by the 
interface with the secondary heat pipe. The secondary heat pipe was 
built with an internal diameter that permitted mating with the first 
primary heat pipe which had an external diameter of 2.25 inches. The 
design of the second primary heat pipe was therefore restricted to an 
outside diameter of 2.25 inches. Nevertheless, calculations were also 
carried out for heat pipes with larger diameters to determine the effect 
of a larger diameter on the overall design and power transfer capacity 
of the heat pipe • 

The wick study, conducted in support of the heat pipe design, confirmed 
that the permeability of wicks made of bolting cloth, which had been 
used in the design of the first primary heat pipe, was not predicted 
correctly by the correlations of Reference 1 • The results of the wick 
study, as they were applicable to the second primary heat pipe design, 
could be summarized as follows: 

a. For the bolting cloth, used in the first primary heat pipe 
design, the calculated permeability was only one-half of the 
actual. (See Figure 80.) 

b. The permeability decreases approximately by a factor of four 
when the wick made of bolting cloth is compressed to 0.75 times 
its nominal thickness. (See Figure 81.) 

c. The error in the calculated permeability, in combination with 
the change of permeability due to the unaccounted for variation 
in the manufacturing process (i.e., compressing the wick to 
0.75 times its nominal thickness) resulted in an actual wick 
permeability of only about half the permeability on which the 
design of the first primary heat pipe had been based. 
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Furthermore, the analytical study confirmed that the configuration of the 
wick had a considerable effect on the performance of the heat pipe. In 
the design of the firr,t primary heat ~lpe, the analytical model assumed 
a wall wick leaving a single flow path of circular cross-sectional area 
for the vapor flo~. The construction of the heat pipe, however, employed 
a diametrical wick which provided two separate flow paths for the vapor 
flow. This construction, which was in variance from the analytical model 
used for the design, resulted in a considerably higher pressure drop of 
the vapor flow than had been established by the analysis. 

The heat pipe analysis and the computer program, based on that analysis 
which was used for the design of the second primary heat pipe, took all 
design constraints into account and permitted evaluation of the per­
meability based on the data measured in the wick study. The computer 
output is headed by the invariables provided as input data, the working 
fluid, the operating tempP. i·ature, the power capacity, the outer heat pipe 
diameter, the wall thickness, the total heat pipe length and the wall 
wick thickness. Following the input data are the properties of the work­
ing fluid which are also supplied as input data. The parametric study 
was performed by varying the angle~ as shown in Figure 82. Based on 
the three parameters, the dimensions of the heat pipe, the wall wick 
thickness and this angle, the elevation pressure, i.e., the suction 
pressure required for raising to and maintaining at the height of the 
heat pipe, the working fluid at the operating temperature, the wick 
thickness, tw, the wick area, the vapor flow area, the ratio between these 
two areas, the sonic velocity of the vapor at the operating temperature 
and pressure and the actual vapor velocity in the vapor flow area when 
the heat pipe operates at full power transfer are calculated. The 
computer program automatically terminates the calculation when the cal­
culated required flow velocity exceeds the sonic velocity as the flow 
velocity cannot exceed sonic flow in the heat pipe. 

The second variable in the parametric study was the bolting cloth which 
is determined by its mesh and by its wire diameter. 

The program can calculate the permeability of the bolting cloth by three 
correlations; the analytical correlation which was developed with the 
wick study, but which appears to calculate a permeability too low as 
based on the experimental results 

K = 

where 

16x (1 + c)
2 

• Md n/4 
-1 Mesh, inch M 

d wire diameter, inch 

114 



•11••,,...11. •11:::::::=:::::i::!:::::::::·:: .. •:=::•w"'.",'".::" :'':M4~ '."'".""""'I"'-""""""' .. "".,_""""'"'"'' ,.,..-, , -, , -•-,,_...w,,.....,_,.,,,..,,,,..,,,-e.....,, ' _ ,.,.._..."';C .. --,-, -,, - ~-• -o-.,~ •. ..., __ ....,._ ,.~_,_.... .... .. ""'.,, ...... , .... , - I - .,. , ,...,.. ., ,, '• -,-"'I'•" ' • • •- ·· • · · - ~ · , ... ,. r r ..,..,, •Ill i'l;"ll · <o • ~ - ~~ • _ _ _ ..,,<>~,•••~- , ,. .... ...,., .,. ,,.,. . . ~ •· · ·• " ... , • .,.. . r·• ·· -·•·1"'•'· ,.- .,. ,..-· • r ·: 
I r 

t 
f 

DIAMETRAL WICK 

h 

• 

I 
Figure 82. Heat Pipe Design Dimensions 

115 

-.. . ''* [ ~ < w, .. ,,:, 



____ ...... _. ...... ..,111111!!!11!--~--,__..., ______ .... ,,-• !l""l""'• --0 ,_,.;;,,,.w.o __ .,......,.,~--·~- ~ 

• 

~-• c'-4•~• ••..,_•·•....,. .J/, S • • 

the semiempirical correlation which is presented in Reference 1 and uses 
an analytically derived relation with a correction factor 

K = 2 
122(1-e) 

and the experimentally determined correlation for bolting cloth 

K = 2,51 X 10-4 M-0.797 in2 = 1.62 x 10-3 M-0. 797 cm2 

The permeability correlation used in the calculation is indicated in 
the heading of the computer output. The third column of the computer 
output presents the suction, i.e., the capillary force available for 
moving the liquid sodium through the wick and raising it to the height 
of the heat pipe. This value is entirely a function of the mesh size 
and the wire diameter of the bolting cloth for a given working fluid. 
The fifth column presents the pressure drop of the liquid sodium when 
it flows at the required rate for transferring the stated power from 
the evaporator to the condenser of the heat pipe. The pressure drop of 
the vapor flow is shown in column six. The total pressure drop asso­
ciated with the operation of the heat pipe at the required power transfer 
and at the 1-g gravity of the laboratory is printed out in column seven. 
The difference between the suction and the total pressure difference 
divided by the total pressure is presented in percentage in column 
eight as safety factor. For the heat pipe to operate with the required 
power transfer the safety factor has to be greater than zero. 

Table VIII presents the computer output for calculations made with the 
permeability correlation which was employed in the design of the fir&t 
primary heat pipP.. For all conditions the safety factor shown in 
column eight is negative, indicating that for the assumed permeability 
correlation no design could have satisfied the power transfer require­
ments of 6.3 kW. In Figure 83, the results are plotted to show, in 
graphical form, that the lowest negative safety factor of -22.5 is 
obtained with a wick that uses a 40 mesh bolting cloth and is 2.7 cm 
wide. 

The actual wick was 2.845 cm wide and used a bolting cloth of 38 mesh. 
In Table IX, the results of the calculations are presented which used 
the experimentally determined permeability. With the pe1111eabilities 
determined by the experimental wick study, safety factors well above 
zero can be found for many design configurations. This presumes 
naturally that the wick is built without compression, i.e., with a pack­
ing factor of unity. This corresponds to a wick thickness equal to the 
nominal thickness because the multilayer wick has not been compressed. 
The results are plotted in Figure 84. 
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TABLE VIII 

PARAMEl'RIC STUDY OF A 2.25-INCH DIAMETER HEAT PIPE 
(USING SEMIANALYTICAL PERMEABILITY) 

H[AT PIPE PROCJiAtJ HP2 K• 1 13 t.:IVE,-e[R 1973 - ,'4" 
K, 11.l. ( ,-,)" 

PkO~Nt li071i•31i1-001 
PAnAMEHil C S TUUY 12 D[C[t.&[R 1973 

IC"ICINb FLUlli SOOIUM 22,991 ~Mil/MOL 
OPEkAT I Nii TEMP[l<ATuRE 155&. O[b,F 
POtiEN 6300.0CJ UTT 
HEAT PIPE DIAMETER 2,250 INCH IULL THICKt.ESS .0620 INCH 
tlCK LENbTh 1&0.000 It.Ch ULL IICK THICKNESS .OHO l~CH 

LATENT HEAT ,JIJUL[S/li 
Svkf ACE TEtQ I Ot. ,1./SEC2 

PkllPEkTIES 

IHlkMAl CllhuUCTI V 11 Y, UTT /I.M-0[1.,k 
VISCOSI TY ,11/SEC-Ci.. 
SPECIFIC YIAVITY,1./S[CJ 
SPECIFIC ttUT ,JOULES/I. 
PAI\ TI Al PHSSll(E ,OYN/CM2 

FLUID VAPDk 

.ltllO[ 011 
• 121i[ OJ 
.;110[ 00 
• 1611[•02 
• 7118[ 00 

.225[·03 

.195E-03 

.208E 02 

.950E 01 

IICK lhlCKNESS 1.3110 Cit ELEVATION PRESSURE 3800.211 0YN/CM2 
Ahl.il E 15.00 DEi. AnEA RAT ID .11&J3 SDNIC VELOCITY 611218.6 CM/SEC 
61CIC AkEA 6.&57 CM2 VAPOR AREA "· 189 ca-2 VELOCITY 517.503 CM/SEC 

IIIESH WIRE P[l<M[ABILITY SUCTION li£LP I DELP V (!LP T SAFETY 
llt-1,11«:H CM2 liYN/CW 0YN/CM2 0YN/CM2 0YN/CM2 PEAC. 

20 .0090 • 120[·03 3368 • 17113. 293. 5~36. -112.29 
30 • CJ065 • 510[-011 51117. 11098 • 293. 8191 • -3 7.17 
110 .0065 • 236[-0lt 71165. 6882 • 293. 129711. -112.116 
!>O .0055 • 1ltlt[-Olt 95211. 1115511. 293. 186117. -11&.92 
60 .OOll5 .101 E•Olt 11351 • 20626. 293. 211719. •511.0& 
70 .0037 • 772E-<» 130116. 21111,. 293. 31207. -s&.20 
811 .0037 • 525[-(» 15693 • 391179. 293. 113972. -611.31 
90 • 0035 • 389E•O!> 18111', • 537115. 293 • !>78311. •68.63 

11:1< THICKNESS 1. 770 CM ELEVATIDN PAESSlliE 3800.211 0YN/CM2 
AN<al.E 20.00 OE<. AkU RAT ID .111111 SDNIC Vf:LDC ITY 611218.6 CM/SEC 
11:1< AkEA 8.983 CM2 VAPOR ARU 12.063 CM2 Vf:LDCITY 608.699 CM/SEC 

MESH llilE PERMEA&ILITY SUCTION OELP I OCL P V DELP T SAFETY 
1 lt-1, I M:H w OYN/CW llYN/CM2 0YN/C"'2 OYN/CM2 PERC. 

20 .009CJ • 12CIE•03 3368 • 1331. 1130. 5561. •39.113 
JO ollC/65 • !> lOE-011 51117. 3129 • 1130. 7359. -30.06 
110 • 0065 • 236E-Olt 71165 • 6780 • 1130. 11c,10. -32.20 
511 .C,C,5!> • 11111(-011 9521i. 11110. 1130. 1!>3110. •37.91 
60 • 0'1115 • 101[-0lt 113!>1. 157115. 1130 • 111975. •113. 18 
10 • c,c,37 • 772E•Cb 130"6 • 2C,698 • 1130. 211928. -117.67 
9c., .0037 • 525E-<» 15693. 3011112. 1130 • 31t672. •511.711 
90 .0035 • lltE-05 18111!> • 111026. 1130. 115256. •59.91 
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TABLE VIII 

PARAMETRIC STUDY OF A 2.25-INCH DIAMETER HEAT PIPE 
(USING SEMIANALYTICAL PERMEABILITY) (Contd) 

IICII lhlCKtt[SS 2.1&8 CM I.LE v)T I 0~ PRESSl.#1£ JIICi0.21t 0Ytt/Clil2 
A"11al.E 2,.00 CH Ak[A liATIO 1.0901o SOt. IC Hlt1C I TY t-1t?1&.6 CM/SEC 
• ! C• Ak[A 10.97& CMc VAPOI< AR[ A 1 •• t. c~ .... ~ L.C I I y 729.J1, Cl..,:,lC 

~S11 •: ;. E l'[kM[AblllTY S~CllON LJELI' I 0£LF V Cl[LP T SArtlY 
11'1-l,1~11 CM2 OYtt/C~l OYh/C~ 0Yh/CM2 OYt./CMc P[liC. 

20 .009(J • 120[-0J JJl>8 • 1Cib9. 659. 551o~. •Jy.29 
JO .0065 .510£-011 5 llo 7 • 2560. 659. 70tO. -26.68 
1oO • 0065 .2J6[-0li ho,. 5511& • 659. 1oc,u1. -25.lt i 
5(J .Ci~'> • llolo[•Oli 95211 • 9091. 659. 1J551. •29.71 
60 .uOli5 • 101£-011 11J51. 128blo. 659. 17JliJ • •Jll.55 
70 .OOJ7 • 772[-05 1JOli6 • 169J 7 • 659. 21396. -J9.0J 
Pu .OuJ7 • 525£-05 1569J • 211910. 6511. 29J69. •lo6.5 7 
90 • ooJ, • 3&9£-05 181115 • JJ'Hl. 659 • J&OJO. -52.29 

II Ck 1111c10,css 2.5&& CM CL[VATIDt. Pk[SSIJR[ 3600.211 OYN/CMc 
At.lal.£ 30.00 [i[la AkEA RAIIO 1.5575 SOIIIC VELOCITY 611218.6 01/SEC 
*!Ck Ak[A 12.&17 CMc VAPDk ARCA 8.229 ca.,2 VELOCITY 892.295 CM/SEC 

li(Sh 1lkl P[liM[AbllllY SuCTIOh Lilli' I [i[LI' V DELP 1 SAFETY 
11'1-l,1 ~11 Ct..2 uYN/Cl4Z [iYh/Llil2 OYVCMc 0Yh/CM2 P[liC. 

2(i .0090 • 120l-03 3361!. 933 • 1061. 57911. -It 1.t- 7 
J(i • 0065 • 5 l(J[-Olt 511t 7. 2193 • 1061. 7051o. -27.0lt 
ltO • u<i65 • 2J6[-0lt 71165. 11752 • 1061 • ~613. ·22.35 
5(1 .0055 • lltli[-Olt 9!>211. 77117. 1061. 126118. -211.10 
60 • 0C/415 • 101(-0lt 11 J!> 1. 11035 • 1061 • 15897. -2&.60 
70 • 0037 • 772(-05 130116 • 111506 • 1061. 1~368. •32.611 
80 .OOJ7 • 525£-05 15693. 21336 • 1061. 26197 • •110.09 
9U .11uJ!> .Jb9E-05 lb 111!>. 287!>11. 1061. 33616. -116.02 

•iCK ThlCKNESS 2.969 CM [L[VATIGN PR[SSUli[ 3800.211 DYN/CM2 
ANQ.£ 3i,.oo ou, AREA RATID 2.2052 SONIC VELOCITY 611218.6 CM/SEC 
WICK AREA 11i.118<i CM2 VAPD~ AREA 6.S66 Cait2 V[L OCITY 1118. 21111 CM/SEC 

li(SH IIR[ PERM[A&ILITY SUCTION DELP I 0£LP V OCLP T SAFETY 
1• 1,l'<H CM2 OY,./Clil2 0Y~/CM2 DYh/Ct..2 IJYN/CMc PEAC. 

20 • 0090 • 120[-03 3J68 • 826 • 1806. 61132. •117.6.} 
JO • <i065 • SlOE-Olt Slit 7. 1911 , • 1806 • 7Sli7. -J,.81 
110 • 0065 • 2J6E-Olt 71165. 11206 • 1806. 9813 • •23.92 
50 .0055 • lltlt[-Cilt 95211. 6892. 1806. 121199. -2J.80 
60 .OOltS • 101E-Olt 11JS1. 9768. 1806. 15J 75 • •26.17 
70 .Ci037 • 772£-CiS 1.}0116 • 1211111. 1806. 18ltlt 7. -29.28 
80 .OOJ7 • 52!>E-05 1S693 • 18886. 1806. 21t1192. -35.92 
90 .OOJS • 389E-05 19111s. 2s,s2 • 1106. 31059. .-,.se 
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TABLE VIII 

PARAMETRIC STUDY OF A 2.25-INCH DIAMETER HEAT PIPE 
(USING SEMIANALYTICAL PERMEABILITY) (Contd) 

.i CK lh I l< t-;[SS J • .ld t:ll. EL[~Allllt. Ph[SSJR[ J6CI0.21t OYt./C~ 
Al,t.l.[ 1oe,.0Ci Uu Ai<[A hAl IC J.1.IOb SOt,IC vfLOCllY 61i21tl.6 CM/SEC 
*lt:K Ak[A 15 • 't:> 1 t:li!Z VAPOk Ahl A ,.u9S C~2 VELOCITY 1111i 1.20S CM/SE, 

t.i.Sh ljlk:. P[k~[Abll ITY SuCllUt, u[LF # O[LP V CHP T SArETY 
It,• 11 I \:h Cl-ll uYt./Clt" uYt./Clllt UYl-,/CMZ CiYt,/CM2 P[RC. 

,u • OlJOlJ • 1,u-03 33tit,. 71, "· 32bl • 7&30 • -56.9(, 
Jl, .Outi~ .,11.,[-0li , 11, 7 • Hot. 32!11. 1:1843. •II 1.t!O 
'-u • C,(i6:, • 23b[•lilt 7110, • 3b 1t,. J2bl • 10899. -31.51 ,u .cc,, • 11.1t[•Olt 9)t'- • 6257. :w.i. 1JJJ6. -28.SQ 
t,(J • uUli:> • 10 H•Olt 113, 1. bb67. J2il 1 • 1)91111 • -26.~3 
1(1 • Oul 7 • 712E-o, lJC116 • 11656. 32!i1. 1EI 7 3 7. -30.37 
fj(i .CiOJ 7 • ,,,E-O, 1)693 • 17lli3. 32111. 21i2?1i. -3,.22 
~o • OOJ'> • 3b9E•O> 1e 11o, • 2 3 lOli • 32111. 3C1liS. -J9.i,9 

lolCI'. THICKNESS 3.660 CIII lL[VAll J t. Pk[SS U"[ 3f<c,1,.211 on,. ci.. 
lt.ul E i.s.oo 1,ti:. AR[A RATIJ lt 0 50JEI Sft~IC 'i[LOCITY tilt21ll.6 CII/SEC 
tlCk Af;[A 11.222 CM2 VAPOi, •~£ A J.1121o C!.2 VElftCITY 1920.2JJ CW/SfC 

r.{SH IIRE P[R~[A~ILITY SUlllON OELP I CiHP ~ LHP T SAHH 
l\•1 1 1\C~ Cli.2 0Yt-;/CAQ OYl'i/Ct.12 0Y'1/CM2 [JYt-./CM2 Pl"C• 

20 .OOQO • 120(-0J 3~60 • 6911. 61iJ7. 109.ll. -6~.1~ 
JO • 01)6) • , 10[-(ili Sllo 7 • 163, • bli31. 11869. -,6.611 
ltO .0065 • 236[-0li 71165. 3>l6 • 61137. 1371J. •IIS.80 
so • ~s • 11tli[-O- ~211 • S79S. 61137. 16Ci32 • -110.,11 
60 • oo-, • 101E-O- 11JS 1. 821J • 61tl7. 1811)0. •J8.llll 
10 .0037 • 772[-0S 130116. 10796. 61137. ?1033. -J 7.97 
80 .0037 • s;,sr-os 15693 • 158 78. 61137. 2611). -39.91 
llO • C03S • 3~9[-0S 1&1115 • 21399 • 61137. 31636. •112.6S 

Iii I Ck Th I CK r-.tss J. 965 CM [L[~ATl0t. Ph[SSUR[ JbOU.211 0Yh/Cll2 
Ahlal.E ,o.oo [J£ (, AR[A RATIO 6.6))3 SOhlC VCLDCllY 611218.6 Clil/SEC 
ilCK AHA 1ti.2b9 CM2 VAPOF A"[A 2. 7~6 CM2 VELOCITY 266l.86S CtUSEC 

o(St1 •1H ~Eh~[A~ILITY SUCTIDh DELP t OCLP Y li[LP T SAFETY 
It.• 1,1 ~ti t .. c: LIYh/CM2 0Yti/CM2 0Yt,/CM2 OYN/CM2 P[RC. 

tu • C.0911 • 12CiE•03 3368. 6Slt • 23898 • 283~1. -i-8.12 
Ju .OCl6:> • ,H.1[•011 S 1111. l)J 7. 23898. 292311 • -t12.110 
110 .006~ • i'J6E•OII 7116~. 3330. ?3898 • 31028. -1,.911 ,1., .OC!>S • 11111(-011 95211. ~11)7. 2Jb9&. 331SS. -71.27 
6(1 • C,c,lt~ • 101f•OII 11 J) 1 • 7733. 2389(1. 3Sll31. -67.96 
70 .vl.137 • 772E-o, 1301t6. 10166. 23896. 37&611. ·65.Slt 
PO .OOJ7 • ,zsE-o, 1!1693. 111~1. 23,.9&. 1126119 • •6l.?O 
90 .oc,3, • 3&\IE-0) 18111) • 20150. 23898. 1t78118. •62.08 
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TABLE IX 

PARAMETRIC STUDY OF A 2.25-INCH DIAMETER HEAT PIPE 
(USING EXPERIMENTALLY DETERMINED PERMEABILITY) 

. 
h,~1,i1AA' "Ul"-J" 1-001 

PM,~Uf, IC STuLY ll !J[W .. b£k 1973 

•Ohllli\i, Fll.10 S:JJl ~t,, 22.991 (Jd.\1/l<Ol 
~t'fJ,All:,;. fft,.P(RATUH 1,,t,. u(li.f 
~o.r;; 63UU.DCi AAlT 
t,[AT r'li'[ :1 1AM[T[;; 2.2,Ci It.Ct< OLL THICK:'-.[S5 .0620 It.Ch 
•m. LH, .. Tt1 lt,u.000 I t-.CH ULL •ICK THICKt-.fSS 

L'-Ht. T t,£A T ,J Dill. ES/ l. 
5lJr<fACl 1£'-.<;IUt-.,i../SEC~ 

PkDP[Rll(S 

ih[id•Al Ci>1'1LliC 11 'I 11 Y, U Tl /C~1-[i[ l,.K 
'I ISC05 I 1 Y ,1.,/Slt•Cr,, 
snt1tlC lailAVITY,li/SllJ 
51'[C If I(. t,( A 1 ,J :Jul. [5 / I. 
l'AkllAl PR[SSlJN[,(JYN/CI,~ 

FLUIIJ "APOli 

.1i"o£ U 
• me OJ 
.~1tC,[ 00 
• 161t[•O~ 
• 7118[ 00 

.22,r-oJ 

.19,E-OJ 

.20H 02 

.950[ C1 

t,I C~ ,., , corss 1 .31io c11 EL[VATIU~ Pk[SSUR[ 31100.211 DYh/CM2 
AM,Lf 1,.Ciu DEl, Ak[A kATlll .llb3J SOt-.lC V[L 0C I lY 61t218 ... Clrt/SEC 
lilCK Ak[A 6.b57 Lt.It' VAPU~ Ak[A 1 • lt,Q C~ l. ' y , . • , ~ ... '-•·. :>~l 

';(Sh ,'111[ P[k~[AblLITY SUCTION li[LP I OCLP V (IHP 1 SAHTY 
IN• 1, I1'-tClt 0.2 UYt., C~.2 QYN/CMl OYN/L~ flYt-./Ct.12 PERC 0 

21) • 009ll • 11tb[-OJ JJ6&. 1" 10 • 29J • 5502. -38.79 
30 • vu65 • 107[-0J ; 1117. 171t 7. 293 • 6(Jlo0 • -111. 79 
IICi .0065 • 854£-0lo 71165. 2111i11. 293 • 651i2. lit.11 
;c, • oo,5 • 715(-011 11,211 • 21126. 29l • 7019. J5.69 
6v .0011, • 6111E·U" 11351. Jlb". 29J • 71t 7 7 • 51.&2 
70 • OCiJ 7 • '.°1117£•011 1JOllb. 3t,26. 293 • 7919. 611. 71t 
bu • OOJ7 • 11~?£-011 1~693 • 112,6. 293 • tl31t9. t 1.111 
90 • OOJ5 • ,11ar-011 1811t5 • lob 7,. 293 • 117611. 106.95 

.,c ... Tit ICl<t-.[SS 1. 770 CM [L[VATIOt. PM[SSUk[ J&00.211 OYN/CW 
Alil,L [ 2li.OO uEu Ak[ARA110 • 7'411 7 SDl'.IC V[LbCITY 61t218.6 CM/SEC 
"CK AUA b.9&3 C"12 VAPDk AREA 12.063 CM2 VCLDC I TY 608.699 CM/SEC 

MESH ,11,E P[R~EA6ILITY SuCllON li[LP I liELP V OCLP T SAFETY 
I tr 1, I M:h tr..l liY~/CMl ~YN/CM2 0YN/CM2 OYN/CM2 PC~C. 

20 .11090 • 11t&E·03 JJ68. 1U76. ltJO • 5306. •36.52 
Ju .ull6, • 107E•UJ 51117 • 111116. ltJO. 5717. -9.97 
110 .1.1v6, .~,liE-Olt 71165. 187U. 1130 0 6100. 22.38 
,u • 110,~ • 715[-0II 9,211 • Ullt. IIJO. 611611. u.Js 
61i .ooi., • 61bE•UII 11351. 2!>&J • 1130. 681l. 66.60 
70 • vOJ7 • !>lt7E·Olt 1J01t6 • 2921 • IIJO. 7151. 82." 
1111 • ooJ7 .1192[•011 15693 • 32119. IIJ(l. 71t79. 109.~-
90 .oo» • 111t8E•Oli 181115. 35611 • lllOo 7799. 132.67 
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TABLE IX 

PARAMETRIC STUDY OF A 2,25-INCH DIAMETER HEAT PIPE 
(USING EXPERIMENTALLY DETERMINED PERMEABILITY) (Contd) 

•ICK lklCKh[SS ?, lb& Ct. EL[VA110N PRESSUh[ 3l' uC,. 21t CY I\/Ct.12 
A~i,l[ ?,.Clo [,(., Ak[A F.•IIU 1,(19l,1t SDl'.IC V[LtC I IY f ,1t218,6 C"'/SEC 
'Al Ck AH[ A 1<i.97t- en 'vAP:Jk AR[ A 10.06E: c1 .. 2 'vHOC I TY 729,311 c1,11src 

~(SH WIRE l'[i;M[Ai> Ill TY SUCl I IJh C,[LP I u(LP V u[ LP T SAFETY 
1~•1,l~H C~,2 (J~I\/C"" cm~,L~ UYl',/(1,',2 l,Yt-./CM2 P[i,C, 

2(1 ,Ci\>90 • 11tb£-03 3368. Bbv, 6,'i. ,:i1oo. -36,92 
J.; .oc,~~ • 107[-0J , , .. 7 • 1216. 6!>'i, 567(,, -9.33 
ltt• • u,6, ,b51t[ •Olt 71tt,;, 1,30. 659 • 5<;t,'i. 21i.61t 
50 .CIC,,5 .71'(-0li 95l1t, 1826. 659. 628 7. 51.ltS, 
(,(i .u<i1o5 • 61&[-Clt 11351 • 21 llo • 6'.19. 6, 73. 72,69 
7(1 .C,(13 7 .51i7[-0li 1301tt,, 2390. 65'4, 68119, 90.li7 
80 • uli37 • li92[-0lt 156'i3 • 2b~&. 6,9. 7118 • 120,1t8 
9v ,0(135 ,1t1tb£ •vlt ,~ 11o5, ?Q2(i, 6!>9. 7380. 111,.r,r, 

•1c11. TlilCKt.[SS l.,b8 CM lLlVATIUh Pk[SSukl 3800,211 0Yh/Cll2 
Ahl.LC 30.00 Oll, Ak[A kATIO 1,55/5 SDhlC VELDCITY 611218.6 CM/SEC 
•ltk A"[A 12,bH U...: VAPOk Ak[A 8.229 CM2 VELOCITY 892.2" CM/SEC 

Ml.SIi Ilk[ f'[N"'tli>ILITY SuCTIUh U[LP I O[U' V uELP T SAFE TY 
I N•l,1 M:h c~ DYN/C~ IJYN/CMZ UYN/Clil2 L Y1',/CM2 P[RC. 

lu • oo,o • 11tb[•03 336&. 7511. 1061 • 5616. -110.0" 
Ju • Civ6> • 1C17l-03 51117 • 1u1t2 • 1061. 5903. -12.E:2 
lt(i .u065 .&51tl-01t 7"65. 1310. 1061. 6172. 20.95 ;o • c,o,; • 715[-0lt 95211 • 1565. 1061, 61127 • lt&.19 
60 • 0011, .618[-0lt 113!>1 • 1810. 1061. 6672. 70.13 
7u .0037 • 5117[-0lt 1301t6 • 201t 1. 1061. 6909. ~.(,It 
&O • 0037 • 1192[-0lt 15693 • 2211 • 1061. 7138. 119.&lt 
90 • 0035 ,1t1t6E•01t 1811t5. 2501. 1061. 7363. 1'6.lt5 

i!CII THICK~[SS 2.969 Di El.[VATIOI\ P"ESSUkl 3t00.2• CIY .. /C.,2 
ANt.l.E 35 ,c,o DEii AREA FiUI O 2.2,M SGlolC V£LOC IIY 61t218.6 Cit/SEC 
IICK ARCA 11i,lt80 ca.2 VAPOR AREA 6.566 c"" VELOCITY 1118.2'1i CM/SEC 

lltSH WIRE P£R.,.[A&ILITY SUCTIOh DELP I OCLf' V OCLP T SAFETY 
IN·l,1~11 U.,2 0Yh/CM2 OYh/CMZ 0YN/CM2 0Yh/CM2 P[FiC. 

20 .0090 .1118[-03 3366. 668. 1806. 627". •lt6.31 
JO .0065 • 107[-03 511t 7. 922. 1806. 6529. -21.11 
ltO. .0065 • 851tE•Ott 71165 • 1160. 1806. 6766. 10.32 . 
50 .0055 • 715[-0tt 952ft. 1386. 11106. 6992. 36 .• 21 ..__ 
60 .001t5 • 618[-0tt 11351 • 1602. 1806. 7209. 57.lt6 
70 .0037 ,51i7E•Olt 1301t6. 1812. 1806. 71t 18. 75.66 
80 .0037 ,1t9?E•Olt 15693. 2015. 1606. 7622. 1~.,o ,o .oo» ,ltltllE•Ott 1811t5. 2211i. 1806. 7820. 132.02 
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TABLE IX 

PARAMETRIC STUDY OF A 2 .25-INCH DIAMETER HEAT PIPE 
(USING EXPERIMENTALLY DETERMINED PERMEABILITY) (Contd) 

,d(k THICkt.[SS .3.327 Lt. [L[YAllut. Pk[SSUh[ JE,Gv.2'4 uYt./Ct.2 
A!,.,l.[ 1o1.1.C.O :.il1o Ak[A hAT I u J.1.3ub so:~,c ~ELOl.llY t\'42 lb.6 CM/SEC 
4ICk Ak[ A 1,.c;:,1 L\,2 YAl'Ck ARLA 5.<.,95 C~2 ~[LDC I TY 111111.205 CM/SfC 

:,.[Sh ioll\[ 1-'[F,~.l.to IL I TY Su(.l I u~ [:[LI' • ulLP Y O(Li' T SAf [ TY 
I I~• 1, I !\(.II 1.).,2 :ivt./Lt,,2 IJY~/(.t,,2 0Yt./CM2 OYt,/C~ P[liC. 

2u .110c;o • llibl·vJ 336(, • 606. 32b1. 768 7. •56. 18 
JC .uoo, • 1(17[•(,J 5 lit 7 • t,3 7. 3?t, ,. 7c;, 16. -35.00 
ltli • <.,u6, • b51i[•ult 71o6,. 1053 • 3281. 6131i • -e.22 
,o • 0(155 • 11,E-011 9~2 ... 12!>b • 3261. t.339 • 111.22 
60 • vu1t, .616[-0li 113'> 1. 111,, • 3261. 8535. 32.98 
70 .OOJ7 • , .. 7[-0li 130116 • 16115. 32&1. 8126. u.,, 
au .OOH • 1o112[-0li 156113 • 187'1. 3281. Ii!/ lL. 76.12 
91J .ull35 • lilibE•Oli lb 11i5. 2010. 32111 • 90c;O. 9c;.60 

1UCk TH I CK NESS 3.660 Cl/. fL[VATIDN PliESSUA[ 3~00. 211 CYt-/Cll.2 
AN(il[ .. ,.oo (j(I, AliEA RATIO li.5036 SON IC VEL !IC ITY 61i218.6 CM/SEC 
tlllCK AR[A 17.222 CM2 Y~Or. AREA 3.8111 r.M7 YCL DC ITY 1920.233 CM/SEC 

'.l(SH illR[ PH11/.EAb IL I fV sue Tl Oh O[LP t DELP Y DlLP T SAHTY 
I~- 1, I helt c-.-2 LY~/L"2 liY,_/CMZ OYN/1:Mt 0Yt./C~ P(i.C • 

20 .G090 • 11i8£-0J 3368. 5(, ,. 61137. 1(17'.lb. •66.(, 1 
Ju .GOti'!> • 107£-03 '!> , .. 7. 775 • 61137 • 11c,12. -'!>J.27 
110 .G065 • f>!>ltE•Oli 71165 • IJ7'!>. 61137. 11,u. ·33.112 
Su .Ou55 • 71!JE•Olt 9'!>211 • 116'!>. 61137. 111102 • •16.117 
60 .OOlt'!> • 618£-011 113'!> ,. 13117 • 61137. 11'811. -2.02 
1() • 0037 ., .. 7[-0lt 1JOli6 • 1523. 61137. 11760. 10.93 
80 .0037 • 1t92t•Oli 1'693 • 16911. 61137. 11932. 31.53 
90 .OOJ5 • lilibl•OII lb 1115 • 1861. 61137 • 12(198. 119.98 

.,o lhlCkhESS 3.9ti5 CM ELEYATIUh PRESSUfll 3bll0.211 0Yt./CM2 
Ar-....L E !>O.IIO li[t, Alc[A le AT I U 6.6353 SOhlC VELOCITY 61t218.6 CM/SEC 
111:k Ak[A 1b.2b9 CM2 VAl'Oh AREA 2. 756 CM2 VELDC I TY 2663.865 CM/SEC 

1£S11 Uk[ PERMlAb IL ITY sue TI Oh DELP • UELP V u[LP T SAFETY 
11~- 1, 11(.11 Ille uYt./Ct.'2 uYtUCM2 OYh/Ct.2 0Yh/CM2 P[lcC. 

211 • IIL91J • 111bl·03 33Gtl • >2b • 23t;~II. 211'26. •P~.07 
;;t., .Outi, • 1v7E·03 ~ 1111 • 7JO. 23!198. 261128. -01.90 
It(/ • uu6, .b511[•C,II 71165. 9111 • 238911. 28616. •73.91 
'!>O • O(i)5 • 715[-0lt 95211 • 1097 • 23898. 211795. •G6.92 
60 • ou11, • 61&[•()11 113'!> 1 • 1269 • 231198. 28966. •60.81 
70 .ullJ7 • '!>HE-011 13(1116 • 111311. 238¥(,. 29132. •55.22 
bO .OOJ7 • 1192[-0lt 15693. 1596. 238911 • 2979J. -11~.113 
9(/ .0035 • llllb[•Olt 18111'!> • 17,J. 2 Jll9b. 291151. •38.39 
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The results of the calculations based on the semi-analytically deter­
mined permeability, which are plotted in Figure 83 1 w~uld indicate that 
the best design would consist of a wick 2.7 cm wide with a 40 Mesh bolt­
ing cloth. This design would not quite satisfy the requirements. The 
safety factor is negative, though least negative of all other possible 
combinations. The results of the calculations using the experimentally 
determined correlation between permeability and bolting cloth which are 
plotted in Figure 84 ~ould have called for a wick of about 2.3 cm width 
and a bolting cloth of the largest mesh. 

The measured as well as the analytically determined permeability decreases 
with increasing mesh value. The product of the capillary force and the 
permeability which determines the capacity of the wick, however, increases 
with mesh size for the measured permeability while it decreases for the 
analytically determined permeability. This is shown in Figure85. 

When the results plotted in Figure 84 are analyzed it is found that on 
the ascending side of the curves (positive slope) the safety factor 
improves due to the increasing flow area of the wick with a corresponding 
decrease ill the vapor flow area with little detrimental effect. On the 
descending si ,:e of the curves (negative slope) the safety factot' decreases 
because with the decreasing vapor flow area the pressure drop of the vapor 
flow rapidly increases without much decrease of the pressure drop in the 
wick. This is shown in Figure 86. The design that was chosen for the 
second primary heat pipe uses a bolting cloth of 50 mesh and has a width 
of 3.07 cm. With this design, the pressure drop in the vapor flow passage 
is still relatively low while at the same time the wick has a large flow 
area. This should minimize the effect of possible variations in the per­
meability of the wick structure which might be experienced in the full 
size wick. The final wick design for the second primary heat pipe is shown 
in Figure 87. 

A parametric study of the effect of the heat pipe diameter on the power 
transfer capacity of the primary heat pipe was made using the permeability 
correlation used in the design of the first heat pipe. The results are 
presented in Tables X through XII. If the permeability correlation 
were accepted as valid, the primary heat pipe should have been d~signed 
with a minimum diameter of slightly more than 2.8 inches. 

4.3 WORKING FLUID FILL CHARGE 

With the design of the wick structure established, the amount of working 
fluid for charging the heat pipe had to be determined. With 22 layers 
per section and five sections, the wick width was 1.21 inch. The inter­
nal diameter for the diametral wick was 2.082 inch and equal to the 
external diameter of the heat pipe minus the double wall thickness of 
0.062 inch and twice the wall wick thickness of 0.022 inch. The wick 
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TABLi X 

PARAMETRIC STUDY FOR 2.5-INCH HEAT PIPE OPERATING WITH SODIUM 

tifAT Pl,,E l'iHiliNAM HP2 1<•1 13 r.~\iEt,,bER 1973 
K• ~d,1 

12.z. < ,-el 
PliOGfiAIJ 11071i-Jlt1-001 

PAliA~[TRIC ST~OY 12 OECEW.BEN 1973 

wuf.Kl ,"4(. FU; I[, SUlJIU'-1 2".9111 GRAM/IJDL 
CPEliA T l',G THJ•Ef< AT UR [ 1,51,. [1£ I,. t· 
PO•lf, bJOU.OL ~All 
H[Al Plt'E LIAt.',El[R 2.51i0 INCH ULL THIC~NFSS .0620 I1'1CH 
t1.m LEM,111 1blJ.OlJO I Nell Ul.l ~ICK THICKhES!> 0 (JltltO l~CH 

LATtr,T H[Al ,JDuL[S/(. 
SvkFACl l[r-.5Iu1'1,u/S[t2 

PROPERTIES 

1h[l1"1~ CtiM.1UCT l~ITY,Oll/tlol-Oll..K 
~IStOSITY,(./SEC-C~ 
SPECIFIC C,i<A\lllY,u/SELJ 
SP[LIFIC HEAl,JOlJl.ES/1. 
t'Ahl I~ i'kESSUkl,UYh/1.W 

FLUID VAPOR 

.1t1t0E Olt 
• 121tE OJ 
.,1tot c.,o 
• 1611£-02 
• 7111,E 0(1 

.225E•OJ 

.195[-0J 

.208[ 02 

.950[ 01 

•ltK lHICKl'tESS 1.501t CM [LEVATIUh PRESS~£ 11266.lt1 DYh/CW 
A~ul. E 15.00 Lf.l, AREA liATIO .ll@JJ SOh IC V[L OC ITY 61t218.6 CM/SEC 
t.lCK Ah[A b.t.llJ l:t.lt VAPOli AREA 17.l!tlJ CM2 VELOCITY 1110.590 r.M1S£C 

MESH iillH PER~fAblLITY SUCTIOh ~£LP* IJ[LP V llfLP T SAFETY 
lh•1,l~H Clii? liYl't/Ct.12 0Yh/CM2 [IYh/C!,'.2 OY~/Ct,12 PERC. 

20 .Oli90 • 12:ll-CIJ JJ68. 1J@J. 1bll • 58Jli. •112.26 
JO • li065 • 510[-0li 511t7. J2,2 • 1811 • 1102. -JJ.18 
11(1 • OOii5 • 236E-Oli 71165. 701t 7. 181t • 111t97 • •35.07 
50 .0055 • 11tlt[ •Oli 9524. 11547. 184 • 1599(,. -110.117 
60 .00115 • 101t-01i 11351. 16J65 • 1811 • 20(116. -11, ... 7 
7(J .OOJ7 • 772[•05 1J01i6. 215 lJ. 184. 2596J. • 119. 75 
t-0 .0037 • 525[-c,; 15693. 31640. 1811 • 36091. -56.52 
90 .OOJ5 · • 389£-05 11111i5. 11261t 1 • 1811. 117092. •61.i.7 

tilCk ll• ICKhESS 1.988 CM ELEVATIOl't PRESSUkE 1126.S.ltl 0Yh/CM2 
Ahr.LE ?0.00 DEi. Ali[A RATIO .711117 SOhlC VELOCITY 611?18 0 6 CM/SEC 
tlC!J. Ah(A 11.JtZ u-2 VAPOR AREA 15.2011 CM2 VELOCITY lt82 0 91t6 CM/SEC 

llSH *lkf. PERMEABILITY SUCTION DELP W DELP V DELP T SAFETY 
lh-1,I1'1Ct1 ()12 OYh/C~ ~Yh/CM2 0YN/CM2 OY~/CM2 PERC. 

20 .l">u90 • m,E-03 3Jb8 • 10!>6. 271. 5593. -39. 77 
lO • (J(,6!> • >lOE•C.,lt !:i lli 7 • 21182 • 271 • 10w. •26.68 
It(/ .006~ • ,JoE•lJlt 71165. 5379. 271 • 9916. •21t.72 
>O • 0(.1)'., • lltlt l·Oli 95211. 881> • 271. 13352. -28.67 
60 .CJC.llt5 • 10 lE•Olt 11351 • 1211Y2. 21,. 17029. •33.35 
70 • uOJ7 .772[-05 130116 • 161122. 271. 20959. -37. 75 
&Cl .lJOJ7 • 525[•05 1569J • 2111>J. 271. 28690. --5.30 
9U • 003!> • 389E•05 18 , .. , • 325!>0. 271 • 37088. -51.08 

129 

---........• 

I 
~ 
j 
'j 



TABLE X 

PARAMETRIC STUDY FOR 2.5-INCH HEAT PIPE OPERATING WITH SODIUM (Contd) 

-'ILII lt1ICI(11,[SS 2.li56 Ct.I [L[VATIOh Pk[SSvfi[ li266.lt 1 0Yh/Cll2 
M,i.LE h.l,Ci t[i, Ah[A RAllU 1.0901i SON IC 'iEl OC ITY 61t21b.6 CM/SEC 
,,ICK Ah[A 1J. !, Jb C~·J V~POk Afi[A 12.690 C!.12 V[LCCITY 57P.61t0 CM/SEC 

l.{St, •Ii<[ PCRt.:[AblL I1Y SUCTION u[LP w M.LP , 
u -· s .. - . y 

I Ill• 1, I NCH Cll2 (Jy~/CM2 uY'UCM2 ()YN/C~.;> ,,vr,,1c1o1? PFRC. 

2(, .C,090 • 120[-0J JJ61' • tl61i. Ii 15. 551i5. -J9.26 
3(.1 .C,U65 .51ut-Olt 5 , .. 7. 20J1 • Ii 15. 671.J. •2J.JJ 
lit, • 006, .231,[•C,li 7116:>. lilt02. "15 • 9()1:!J. -11.111 
50 .005, • 11.1iE-01t 9521t • 721J. It 15. 111191t • •19.93 
60 .OOli5 • 1(11[-0lt 113'>1 • 107?2. .. 15. 11.901t. -23.£,lt 
7C .0037 • 712£-05 1J01t6 • 1JliJ&. ""· 111119. -28.00 
&O .Ov37 • 525[-05 1569J. 19763 • "15 • 2111i1is. -35.80 
90 • 0035 • 389£-05 11111., • 266J5. "15. J ,~ 17. •lt2.06 

lfllCk 1li I CK NESS 2 • 906 CM lLEVAT IU~ Pfi[SSURE li2M,.lt1 OYh/Cll.2 
ANGLE J0.00 :Lia AR[A kATl0 1.~575 SOhlC VlLDCITY 61121&.6 CM/SEC 
litCk ARCA 16. 1511 CM2 VAl'Ok AREA 10.372 CM2 VELOCITY 707.952 CM/SEC 

MESH IIIIHE PEN~[A&ILITY SUCTION OELP t lJ[LP V OELP T SAHTY 
I t.-1,I -.;t1 c~ OYN/CM.? 0YN/C~2 0Yh/CM2 DYN/C~ P[RC. 

• 2U • (1090 • 12"[-03 3368 • 7110. 668. 567" • -110.61t 
JO • 0065 • i>1uE·01t 51"7. 111.0 • 668. 66711 • -22.&9 
It(/ .v06S • 236E•Olt 71165. 3770 • 668. b 705. -111.211 
,u .oo;<:, • 11.li[-()li 9524 • 617&. 668. 11112. •111.29 
60 .00"5 • lul[-011 113> 1 • 8~,. 668 • 13690. -17.09 
7U • OCIJ 1 • 772E·:>S 130116 • 11510. 668. 161tltlt. ·20.66 
80 • uOJ7 .52H·OS 15t9J • 16928. 668. 211162. -211.22 
9(/ • CIOJ<:, • Jl.!9[·0'> 1t!1"5 • 2?8 , ... 6611. 277118. •311.61 

•ICk THICk"[SS J.JJJ CM EL[VATl~N P"ES5UR[ It 266 • It 1 DYN/ CM2 
AN(,l[ 35.00 DE!, Ak[A RATIU 2.2051 SONIC VELOCITY 611218.6 CM/SEC 
t.'ICK Af;[A lb .250 Ct,z VAPOJ. ARCA 8.276 C~2 VELOCITY 887.221 CM/SEC 

Mt:SH \" R[ Pl~M[A~ILITY SUCTION DELP I DELP V DELP T SAfETY 
lt.-1,IN:H Cl.2 0YN/CM2 0YN/W2 DYN/CM2 DYh/CM2 PtRC. 

20 • 0090 • 120[-0J JJ6e • 6S~. 1137 • 6058. -,11.,0 
JO • oo,~ • 510E·Olt 51'7 • 1~1oJ • 11J7. 69,J. •25.88 
110 • 0065 • 236[•011 71165 • 33~7 • 1137. 87111. -n.59 
~o • ooss • 1"E•Oli 95211. ~•-69. 1137. 10872 • -12.110 
60 .OOlt~ • 101E•Olt 11J~ ~- 77~0. 1137. 1J1s,. • 13. 71 
70 • 0037 • 772E•O~ 1~Jll6 • 10188 • 11J7. 15591. •16.32 
80 .OCJ7 • !>2M•OS 1;693 • 109,. 1137. 20387. •23.02 
90 • CIOJ~ • 3@9(•0!, 11111i, • 20191t • 1137. 2~~97. -29.11 
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TABLE X 

PARAMETRIC STUDY FOR 2.5-INCH HEAT PIPE OPERATING WITH SODIUM (Contd) 

t.lCk Tt,ICK~(SS l.7~6 C~ fl[VATIG~ l'h[SS~R[ li266 0 lil OYIVCtf.2 
At,l,l E i.u.C,C, lifl. Ak(A kAllU 3,130b SC~IC V(Lt,CllY fltll~.6 CM/SEC 
tlllCi Ul[A 20. 104 (),2 vAPOf< ,;;[,. 6.i.21 C~12 IIELDCITY 11'3.1158 CM/StC 

t.(Sh ~lf.E F(~~[AblLITY SUCTIOt. C,[L? i CCLP V [,[LP T SAF( 1Y 
l~·l,lhCh i.~12 C~t./C~,~ (Jfo/,.t .. 2 tv:./Ct-v lJ\ 1,1Cr.t2 P£11C. 

20 • (,l)':J ;, • l?U·vl 336b. ,~:.,. 20t>!I, 69?6 • -, 1 .J 7 
JlJ .UU6'.> • ,1(1[-(Jli , llt 7. 139b • ,uf,,. 112ci. -33.111 

"" .OGt., ,2Jbl• tJ4, 71it.,. :1029. 206,. 9361. -2c.,.25 ,. • C.,1.1::,, • 141it •Oli 9,21i. li'J61i • 20t>5 • 1129f. -15.6~ 
60 .u,11, • llJ ll•C.li 113':> 1. 703,. ?Ot>5. 13367. -15.06 
70 .<.u.H .na-c.,;,, 131ilt6, 921ib. 2uu·, . 1,580. -16.26 
blJ .Ou37 .,,5[-05 1569 3. 13602. 2065. 19933. -21.n 
9lJ .uCil'J • 3E<9l-05 l&W, • 183J 1. 2065. 21i663. -26.113 

.,c~ Jt<ICk"1[SS Ii. 11i9 U EL[VA110"1 Pf<[SSUk£ II 2611.111 0Yt./Cl-12 
AMil[ 1i;.c,o liEl. Ak[A RATIO 11.503& S!l~IC VEL DC ITY 611218.6 CM/SEC 
IICk Ak[A 21. 706 CM2 VM'OR ARE- ...... 2 c~ " - .l. . . y 1>,J.52 Cll'./SH 

:.:[SIi 11111,[ PEIH,ffAollllY SlJLllDt. lJElP Ito [,[L p II [)£LP 1 SAf[lY 
1'1- l I II.CH C\2 CY',/Cr.tl [IYt./C!l.2 0Yt./Cll2 OYt./Cll.2 F'ERC. 

• 21, .0090 • 12U-li3 336& • ,5 ,. 11052. 8b69. -62,02 
JO .OC(5 .~ 10[-011 51117, 1295, 11057. 9613, •116.116 
liC • lil165 • ,36[-0li 71i65. 2806 • 11052. 111211 • ·32.89 
5(1 .()(,5, • 11tlt£ •Oii 9521, • .. ,9&. lt052. 12916. -26.26 
60 • cc,1.5 ,101£-0li 11351. 6516. 11052. 11t831i • -23,lt& 
70 • 0037 • 772£-05 130116, ~566. ltC,52 • 168&1t. -22.73 
81, .CG37 • 525£-05 15693 • 125911. 110,2. ?0916. •211,97 
90 .~OJ5 ,3tl9E·O> 1& 11t5. 169 lb. IIC,52. 25297 • •28.27 

IIIICI< lhlCk~[SS lt.~52 ()I [LEVAllOt. P"ES~Uf1[ 1t266,111 OYh/Ct.42 
A~Llt 50,C,O uU, "-EA RAi 10 6,63>2 S!INIC YEL!ICITY 611? 18,6 C.,/SEC 
illCk Al'-[A 23.052 ()12 VAPOR AkEA 3,11711 CM2 VELOCITY 2113,521 CM/SEC 

MESH wlr.l P[Nt.-,EA&ILITY SUCTIOh DELP fl DELP V DELP T SAFETY 
lt,•1 1 1 ,Ch (,1,,2 OYh/Cl.2 UYh/~M2 UY"1/Clil2 0Yh/Clil2 PEAC, 

21.i ,(J090 • 121J[-C,3 3368 • 51lol. 8 732, 13517, -75,08 
3u ,U>65 • ; 1or-c,1i 511t 7. 1219. &732 • 11t217 • •63.80 
11(i ,C,065 .23H-C,1t 71t65. 26112, 8 732, 156110, -52.27 
;o .oo,, • 1lili [ -Olt 95211 • 1tl29, 8732. 17328. •115,03 
60 ,C,Gli5 • 101[-(ill 11351. 6136 • t-732. 191311, •110,68 
70 • CiC,3 7 • 772[•05 130116, 8066 • 8732 • 21061t, •38,06 
80 ,(i(J3 7 • >2H·05 15693 • 11863. 8732. 21t861. •36.68 
9U ,C,C,3:, ,J&9E-05 1& 1115. 15987 • 8732. 28986. -37,110 
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TABLE Xl 

PARAMETRIC STUDY OF A 2.75-INCH HEAT PIPE 

t'R0GRAA.: li074•341•CC1 
PARA~•[Tf. IC STlJljY 12 [J(C£M6[R 1973 

110iiK tr,1, Flu I CJ S0CIUII. 2,.991 lif-All/~·oL 
OP(RAllt.l. T[~P[ f. Aluf.[ 1556. [J(t..r 
P0~[R ~3~0.v(J ~ATT 
.. EAT PIPE OIA~ETER 2.1,0 It.Ch IIALL THICKNrss .0620 IM:H 
IICII. L(',l.TH 18u.OOO It.CH I\All IIICK THICKNESS .01tltO It.CH 

LATlt.T h[Al,JOULES/l. 
SUllrACf Tl~ I 0h,u/:;E C2 

PROPERTIES 

T11Hd,Al, COt.tUCTlvlTY,Ull/Ca.•OEl..K 
VI SCCS I TY 1 C./SEC-C•1 
SPEC If IC Iii Av I TY 111/HCJ 
Sf'EC If IC H[AT ,JOIJL(S/l. 
PARTIAL PRCSSUR[ 10Yh/CM2 

ru;ic, uP0R 

.111tOE Cit 
• 121ir OJ 
.540[ 00 
• 161tE•02 
• 71t8[ 00 

.225[-(iJ 

.195[-03 

.20~E 02 

.950[ 01 

IIIICI< THICl<NlSS 1.66(! CM (LEVATION PkESSlJk[ 1t7J2.58 OYN/Ct,,2 
ANGLE 15.0u lil, AklA RAT:;.: .li(!3J SIJlilC VELOCITY 61t218.6 CII/SEC 
IIIICII Ak[A 10.63) l.M2 VAPUR Ak[ A ?2.005 Clo2 VELDCI TY 333.686 CM/SCC 

MESH tlf.E PER~lAblLITY SUCTION UELP I [lLP V DELP T SAHTY 
1,-.1,HLH CM2 CIYh/Clo12 ClYN/tMZ OYN/CM2 OYN/CM2 PERC. 

2<i .OuS,C, • ltOE•OJ JJ68 • 1121t • 122. 59711. •ltJ.66 
l(j .Ov65 • 5 lCiE•Olt 5 lit 7. 2611). 122 • 71t97. •31.35 
ltO .Ot,65 • 236[-0lt h65. 5727. 122 • 1058 ,. •29.lt5 
50 .Ci0)5 • lltloE•Olt 95211. 93115. 122 • llt?J~. •33.11 
60 • OOlt5 .lvl[•Ult 11351 • 13JOu. 122. 18151t • •37.lt8 
70 .0037 • 112c-o, lJvlib • 1/libJ. , .. 2. 2itJJt,, 
BCJ .(1037 • 525E-(f., 15693 • 2,n...-. · · ,~z-.· ·ros/\t1. •llfl.H, 
90 .CiQJ5 • Jt19£-()5 lf! 1115 • Jli(,)li. 122 • 39509. •51t.07 

Ill Ck T .. ICKNESS 2.2~ CM ELEVATION PRESSURE It 732.58 DYl'./CM2 
ANG,L [ 20.0Ci occ. ARCA RATIO • 7lt 117 SCNIC VELOCITY 61t218,6 CM/SEC 
•ICK AFIEA 13.931 ~ VAPOR ARLA 16, 70b C._.2 VCLDC ITY 39?.1t89 CM/SEC 

MESH *IRE PER~EAblLITY SUCTION (J[LP I [(LP V DELP T SAFETY 
IN-1,tt<H Ct..2 liYt./CM2 [JYN/Cti,2 OYN/CM, L'YN/CM2 PERC. 

20 .Ou9U • 12CIE-03 336&. 115&. 179 • 5769. •111.62 -
JO .0065 ,510E-Q.\ 511t 7. 2017. 179. 6929. -2~. 72 
IICJ .0065 ,236[-CJlt 71165, lil71, 179, ~28J. •19.58 
50 .uO!I) • llilil•Olt 9'211 • 71611, 179. 12075, -21.12 
60 .oc .. , • 101[•0- 11351. 10152. 179. 150611 • •21t,65 
1CJ .CJ(i37 • 772E-o, lJC,116, 1J31t6, 179. 1&25 7. -211.511 
f,(i • t,u37 • 525E-o; 1;693 • 19629 • 179, 21151t0, ·36.0S 
90 • (iuJ5 .J8SIE•U5 1111115, 261151t, 179. 31365. •112.15 
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TABLE XI 

PARAMETRIC STUDY OF A 2. 75-INCH HEAT PIPE (Contd) 

i\lClt. h,ICK~lSS ,.l'tlt LM LLEVATIJ~ PhES~Ukl ft 73? • ;& (JY ~/CM2 
Ar.uLE 2,.00 IA.1. Akll kll I~ 1.u9Ult SOIi.iC V[LOCITY U?1&.6 CM/SEC 
.. 1C1t. lk[ A 17 .1.,25 1.i.2 VAP~f, 41, E 4 1!1.611t CM2 V[L DC I TY H0.2~9 CM/S[C 

l(S11 t.1,-l PH,~,llo IL 11 Y Su(.11 or. (,[LP ti CJ[L? V lifLP T SAFE Ty 
1,-r 1,1 :.u, L~·.t uYt1/(;W.( liYt./l~< rm.,c,..,2 fiYN/Ct.'2 PEI.C. 

,v .U.1% • 12UE·OJ JJ6l'. 102. 21i. • H09. --1.00 
JO • OOf,, • , 1(,(•(,lt 511, 7. 16'1 • 211o • 6(,'J 7. -22.69 
ltO .0(;C., • 2J6[-(jlt 71t6,. 3;11. 27ft • i,,ei.. -1l.01t 
,u .e,(J;5 • 1ftli[ •Oli c.,21i. !lb6t'. 21 ... 10f:69. r12.J7 
1.0 .u, .. , • 10 H-oi. 113; 1. 8JOb. 27 ... 13311t 0 -11t. 75 
70 .vo:i1 • 77?[•0~ 1J(jli6. 1(;9(1 • 27•. 15927. •1B.C9 
eu • u,37 • 525[-05 156<. J • 16(6t'. 211i. 210611 • -25.51 
Ol) .C,035 • Jeo[-o; 11' 11+,. 2161t6. 2 7ft. 266,J • -31 .92 

.iCk ThlCK~ESS J.223 CM [LfVATIO~ PRESSUfc[ li732.58 OYtUClil2 
A~(.l[ Jv.oo !Xl. Ak[A f1Al 10 1.5'75 Sot.IC VCLCCITY 61i21b.6 CM/SEC 
ilCk AR[A ,~.to 71 Ct,12 VAPOf, AREA 12. 762 c~,2 VELOCITY H5.J~1 CM/SEC 

~~11 Al~[ P[~~[AblLITY SUCTIUN DELP I 0£LP V liCLP T SAFE TY 
lt-rl,lt-£11 c1,,2 l,Y~/Ct.2 [JY~/Cl,.2 uvi,/L"" UY~/Cl.2 PCliC • 

• 2U .UCi9CJ • 120[-(JJ JJ6b. 601. .... 1. ; 775 • •II 1 o6b 
JO .0f,6:> .,1Cil•OI+ 5 lit 7. lit lit• .... 1. 6588. •21.b 7 
ftU .U,65 • ?36l•Cili 71t6,. 3061i. ltl, 1 • b2Jb. -s..Jt 
~() .oe,5~ • lltft[•Uft 9,2,. • ;oi1. lift l • 10195. -6.5~ 
6U .eiui.5 .1U1[•01+ 11 J,1 • 7116. lllt l • 1'289. • 7 .61t 
7v .liUJ7 • 772E·U5 1J(iltCI. 93;1,. "" 1 • 11t)78. -1c..2e, 
bU .1.,0JI • ,2,r-ei5 15693. lJ 7; 7 • ltlt 1 • l(l'1J 1. -17. 10 
liU .c,oJ:, • Jb9[•115 1(111i5 • 1b51t 1. .... ,. 23 7 lli. -?J.li9 

111Ck lnlCkr.ESS J.6!JII CM [L[VAllDN P~[SSURE lt7J2.58 CiYN/CMZ 
AM,l[ 35.00 OEi. Ak[A UT I U 2.2CJ'..l 1 SDt-.lC VELOCITY 611218.6 CM/S[C 
.t,1Ck Ak[l 22.1o;t, CMj: ~APIJI\ AREA 10.18J CM2 VELOCITY 121.ou CM/S[C 

li(SH WI~[ PEfcM[A&ILITY SUCTION DELP I DELP V DELP T SAHTY 
11-rl,I t«:H CM2 ~Yh/tM2 DYN/~M2 CYN/CM2 DYN/CM2 P[RC. 

7() .0090 • 120£-03 3368 • SJ2. 751. 6016. -,1i.01 
J(i .0065 • 510[-0lt ~ ,_ 7. 1251 • 751. 673~. -2J.58 
110 .006~ • 2J6[-0li 71165. 2712. 751. 8196 • -6.92 
50 .0055 • 11t1t£-01i 9521i • 11111111. 751. 9, .... • ... 01 
60 .OOlt~ • 101c-01i 11351~ . 679e; • 751 • 11787. -J • .C6 
70 .OOJ 7 • 772[-0'} 130116. 82(10. 751. 13763. -~.21 eo .OCJ7 • !>25[·0~ 15693. 12111. 751. 17661. _, 1. 1, 
90 .0035 .Jt19E•05 1& 111~. 161112. 751. 21895. -11.u 
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TABLE XI 

PARAMETRIC STUDY OF A 2.75-INCH HEAT PIPE (Contd) 

11ICK TH I CK :>.[SS It. 11t1t Cit. EL[V,TIGh Ph[SSU~f It 732 .5R ~YN/C~-2 
ANl,l[ 1tCI.OO C,[G Ak[A kAT I~ J.1J(i8 S01-.IC V[LIJCITY 61t218.6 CM/SEC 
ulCK AF.EA 21t. 7JO c-..z VAPCil AR[A 7.9C1 CM2 VfLOC ITY 929.286 CM/SEC 

'.tESt1 :,IR[ P[~krAblLITY suet ION LFLP. uu• v OCLf' T SAHTY 
IN•l,l~t, Cllt' uY~/L~2 uYN/(,~I( C,YN/Ct.2 CYt,/CM2 P[Rt. 

211 • CiG90 • li'O[·OJ JJH • 1tb3 • 1J61t. 65110. -1.fl.b 1 
JO .c.i0c, .!>lv[•Olt , lit 7. 11J6. 1J61t • 72JJ. -2&.81t 
itC .G(,t,5 • ,J6E•01t 11ii-,. 21t62. 1J6'i • &,,b. -12. 78 ,,, • 011,; • lioioE.•Oli '.n,1i. 1tOJ1t • U61t • 1(i 1J ,. -,.5,9 
6u .(;(iii) • lv1E•01t 113, 1 • 5'/17. 1J61t. 116 ,.._ -J.9? 
7(; • 11CIJ7 • 1'ftE•li, 1Ju1o6 • 1;11,. 1J61 •• 1J612 • -lt.16 
bv .U,J7 • 5t'5l·O!> 15693. 11051t • 13511 • 111,1. -fl.50 
9(1 • OuJ5 .Jb9E-O, lb 14.~ • 14.t!'Jb • 1361i. 209911. -ll.57 

•ICk THICKNESS 1t.5,b (.Iii lL[VATION Pk[SSUR[ lt7J2.58 CiYN/Cll2 
ANul. [ .,.co ((1., Af<CA ro110 1t.,liJb SC~IC V[LOCITV 61121!.6 CM/SEC 
IIIC.k Ai.EA 26.7v9 L11112 YAf'OR AR[A 5.9JO Ct,12 V[UICITY 123t.166 CLl/SCC 

~:[SH •lit[ P[~~EAblLITY SUCTION L[LP I OHP Y (J[LP T SAHTY 
IN-1,l~h c~, uYN/CMZ OYN/a.2 C,YN/Clill 0YN/CM2 PEJ.C. 

,u • eivc;1i • 12(I[-(iJ JJ6fl • ltltb • 26U,. 7f<!>f>. -5 7. lJ • Ju • Cill65 • 510[-0lt 5 lit 7 • 10,2 • 2615. bit(, 1. -39.17 
1tO • (J(i65 • ll6E•Olt 71t65. 22flO • 2(, 76 • 9f>k"• -22.95 
50 .u~!> • 1HE•D4 9521i • 3737. ?£,16. 1111i;. - 11i.,; 
fili • oc.,1i; • llil[•Olt 11J!> 1 • 5295 • 26U,. 12 701t • •lli.6!> 
70 • CiliJ 7 • 772[-(b 1J0•6 • 6961 • 2676. lltJ 7CJ. -9.21 
80 • OOJ7 • !>2)[•0'> 1569J • 10238 • 2616. 176117. -11.01 
90 • OOJ5 • Jb9E•Cb 18111!> • 1J79b • 26111. 21207. • 11t.111t 

lilCII. TtilCKh[SS ll.9J& CM ELCYAT I 01\ PR[SSUk[ Ii 7J2.58 0Ytil/CM2 
ANul. [ 50.00 oc .. Ak[A RATIO 6.6J5J SDtillC \tLOCITY 61i2 Ul.6 CM/SEC 
IICK AREA 26.J61t CM2 VAPOJ. ARCA li.275 CM2 VELOCITY 1117.657 CM/SEC 

MESH IIJ.[ P[R~[AblLITY SOCTIOtil DEL? I ltLP V DELP T s•rc TY 
ltil-1,1 M:H CM2 DYh/Ct.12 0Yh/ta42 liYIII/C"'2 0Yh/CM2 PERC. 

?Ii .OCi90 • 120[-0J 3368. 1121. 5767. 10921 • -69.16 
JO • 0065 • ; 10l·Olt 51• 7. 991 • !>767. 111191 • -5s.21 
•o • (iU6!> • 236[-0lt 7'6!1 • 211i 1. 5767. 1261t 1 • •110.97 
~(I .1iu~~ • 1111t[•OII 95211. 3516. !176 7. 111018. •32.06 
6Ci • 0011!1 • 10H.-Olt 11351. 11986 • 5767. 151186. •26. 70 
111 • eiuJ7 • 112£-0'> 130116. 6555 • 5767. 17tr.15. •23.50 
80 • OOJ7 • !125[•0 15693 • 9611 , • 5767. 201111. -22.oa ,o • 003; • 389£•0 11110 • 12993. 5767. 231193 • -22.1, 
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TABLE XII 

PARAMfil'RIC STUDY OF A 3-INCH DIAMETER HEAT PIP~ 

Pkl.l.nA~ 4()74·3~1-001 
Pt.kAA'[ Tk I '.: STliOY 12 ufCE~1bER 1973 

•UkK IM, FU.ii u ~01.i I U~ U.9!,, 1 l.k At./1,tCL 
OPE.kt.TIM, TE',.?(Rt.ll.lf,[ 155b. OEl,.f 
P~•Ek GJuO.~O ,,.TT 
t1[AT PIPE 01~.[l[R J.oco lr,CH uu Tl1ICK I-IESS .0620 INCH 
tilCk L[M,111 lb0.000 IM:11 ULL ilCK Tt,ICKt-,ESS .Glt40 I1'.CH 

LAH'-l HEAT ,JOUL[S/l. 
5J( fA(.[ TE'-5I0'-,l./SfL, 

PROPEnT IES 

Tltfh\Al COl,OUCTIVITY, ;. ATT/C1,t-(J[l,.1C 
VI SC GSITV,~/S[C·L~ 
~i'[C If IC IJ<AV In ,l./Sf CJ 
SPECIFIC 11E~T,JCUL[S/~ 
PANT I Al PhESSUhE ,uY!'./CM2 

FLUID VAPOI. 

.41t(i[ 04 

.1,H OJ 

.,H,r 00 
• 1t4E•O, 
• 7itl![ 00 

.225£-0J 

.195[-0J 

.20&E 02 

.950[ 01 

•ICk THl(l(N[SS 1.8.D CM ELEVATION PI.ESSUI.E 5198.76 OYN/C'-12 
A:,uLE ,,.ov 0£\, AR(Al<ATIU .411JJ SONIC V[LOC ITY 611218.6 CM/SEC 
tlCII. AR[A 12.&J.I C~,2 VAPOR ARE A 26.553 c~:, VELOCITY 276.525 CM/SEC 

t,(S11 4IRE PEh~lAblLITY suc110r. OE.LP I DELP V uELP T SAFETY 
I~- 1, I tf;H C"'2 CiYt.lL"'2 uY,-./L~ ljy~/C.M2 0Y!'./CM2 P[RC. 

"' .uv9o • 120[-0J J.l6b. 932 • bit. 6214. -115.79 

"" • li(J6) • 51lJE•04 5 lit 7 • 21% • !(It. 71;72 • -J1.12 
ltC., • (J(Jt,', • ,JGl•C,it 71165. 11746 • bli. 100211 • -25.5E 
',(J .w,, • l1t1tE•Cilt 9521t. 7777. (Iii. 13059. -27.07 
6C, • Ci01t5 • 1(, lE•Olt 11 J', 1. 11022 • 1111 • 163011. -JO.JS 
1Ci .uuJ7 • 772l•05 1J(Jlt6o 11.4811. bit. 1!1771 • -311.01 
l1u • C,(JJ7 • ,2,r-05 15693. l1l09 • 1111 • 26591 • -110.98 
9c, .uoJ, .J&9E·O!I 181115 • 28 71&. 1111. 311001. •lt6.6J 

•ICI( Tl11CKh[SS 2.422 CM ELEVAlllt. PhESSvRE 519E- • 76 0Yt./CM2 
At.i,l [ 2v.vll DEl, Ah[AhAil' • , .... 7 SON IC VELOCITY 611218.6 CM/SEC 
il(k Ak(A 16.b 11 CM2 VAPOR AkE A 22.;15 ca.2 VELOCITY 325.256 CM/S[C 

t.£St1 V.IRE PEI.WEAE!ILITY SUCTIOI, IJELP I DELP V DELP T SAFE TY 
I t.-1, I t£t1 CM2 OYN/012 0Y~/CM2 0YN/CM2 [IY"1/Clil2 PEliC. 

2CJ .0090 • 12CiE-CJ 3368 • 711. 123. 6033. -ltlt.16 
JCi .OC,65 • ;1oc-oa. 51117. 16 72. 12J • 6993. -2~.,1 
liO .0065 • 236[-0li 71i65. 31i2J. 12J. (j91ilt • -10.~lt 
50 • CJC,55 • 11tlt£ •Olt 9:>24 • ~937. 12J. 1125B. -15.110 
60 .oc,11~ • 101E•OII 11351. 8111J. 123. 13735. -17.36 
70 • OOJ7 • 772£-05 130116 • 11060 • 12J. 16361. •21i.J6 
BO .OOJ7 • ~2;c-0 1~693 • 16266. 123. 21588. •27. JO 
90 .ooJ~ .J89E•0 18111~. 21922. 12J. 272111t. •33.ltO 
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TABLE XII 

PARAMETRIC STUDY OF A 3-INCH DIAMETER HEAT PIPE (Contd) 

*ICK THICKt.[SS 2.993 l:M [LEYATIOt. PhESSUkE 519b. 76 0Yt./CM2 
Al\c.t.l 2,.00 [ll, ltt[A RlllU 1.090~ SD~IC V[LDC llY 61121&.6 CM/SEC 
•l~il ARCA 20.5111i CM2 VAPUk AR[A 1&.a1i2 c~.2 V[LOCITY J&9.70J CM/SEC 

t,£~11 •lkE P[llt.[lbllllY suc1Ior. UELP I DELP V DELP T SAFE TY 
I1'·1,l,.C~ ~ UYVC~ UYt./C~ OYt./Llo.2 0Y1'/CM2 PERC. 

211 • Lu9Ci • 12:JE•OJ 3l6b • 5b2 • 111&. 5969. •113.H 
Ju .eiu65 • 5111[•0li 5 lli 7. 136~. lbb • 675'.J. •23.81 
1111 • Cili65 • 2J6[•0lt 71io, • 2961t • 18b. t:JSl. -10.61 ,v .111155 • l1tit£•(;1t 952li • lib5&. lb&. 1u21i,. - 7 .OJ 
611 .eiv11; • 101[•()1, 11351. 6bt11t. 111~. 12271. -7.50 
70 • C,OJ 7 • 772E-05 130116 • 90,0. 188. 11tlll7. -9.63 
8u • <i<il7 • 5,5£-05 15693 • 1JJ10. 188 • 1fl6?7. -16.07 
90 • c,uJ~ • Jb9l•05 1r, 11i, • 17938. 188 • 2JJ25. -22.21 

WICK lHICKt;[SS J.51f 1 C, ELEVATIO~ PRESSURE 519e • 76 DYN/CM2 
AM,l.[ JU.00 [i[li AR[A klllj 1.55 ,, S Ot. IC YEl 11C I Y 61121@.6 Ck/SEC 
IICK AREA ?J.QP( CM2 VQIOR AREA 1:..liOO CL'?. . VELOCITY '76. 793 CM/SEC 

MESH IIRE P[RM[AblLITY SUCTIGt. ~CLP I DELP Y DELP T SAFETY 
IN-1,INCli CM2 DYl~/CM2 DYl,/CM2 on.,c,.;2 DYt./CM2 PERC • 

• 20 • OU% • 120E-03 3368 • li98. JOJ. 600C,. •IIJ.R6 
JO .<i065 • sioE-011 511t 7 • 11n. JOJ. 667J. -22.8& 
110 .G065 • i'J6[-0li 71165 • 25J!l. JOJ. &Ult 1 • -7.16 
50 • uo;s • 11ia.r-,,1i 95211. 11161 • JUJ. 9663. •1.IIJ 
60 • 00115 .101c-D1i 11351. 5&97 • 30J. 11lQI; . -.•?. 
70 .OOJ7 • 772E-05 130116. 7751. JOJ. 1325J. • 1.56 
80 • 0037 .525£-0'> 15693. 111101. JOJ • 16902. -7. 15 
90 .OOJ5 • l89£ ·05 181115 • 15365. JOJ. 20&66. -1J.(ili 

IICk lHICKNESS 11.062 CM ELEVATION PRESSIJIE 51?8 • 76 DYN/CM2 
ANlaLE J5.0C, DEia ARCA RATIO 2.2051 SONIC VELDC ITY 611218.6 CM/SEC 
IICK Ali[A 27.09b CM2 VAPD~ AREA 12.2811 Cl.l2 \tLDCITY 5910528 CM/SEC 

W:Sh IIRE P[R~EA&ILITY SUCTION DELP I DELP V DELP T . SAF'£TY 
IN-1,I M:h CM2 uY~/CM2 0Yh/CM2 DYh/CM2 UYh/Clr.2 P[RCo 

20 .c,1190 • 12(1[-0J JJ68. .... 1. 516 • 6156. --5.28 
JU • (;065 -~ 1<iE-C,lt 51117 • 1037 • 516. 67S2. -23. 77 
lt(I .Ciu65 • 236(-011 i lt65 • 221tll. 516. 7962. -,.2, 
;11 • C,(155 • 1,11[•(1- ~211. 36f!J. S16 • 9397. 1.J5 
60 • 00115 • 10,r-c,, 11351 • ~220 • s1,. 109311. 3.t1 
70 • <,c,J 7 • 772[•0, 130116 • 6861. s1~. 12S76. 3.7' 
110 .0037 • 525[•05 1!1693 • 10091. S16. 15806. -. 71 
90 • OuY.i ole9E-05 111,5. 13600 • 516. 19315. -fi.06 
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TABLE XII 

PARAMETRIC STUDY OF A 3-INCH DIAMETER HEAT PIPE (Contd) 

•I Ck Thl(llh[SS 11.552 C"' fLrvATIDh Pr.[~S~R[ 519fl. 76 ClYN/Cr.2 
A~l>LE •~ .Ov 8£1.1 AF.[A RATIO 30 1)(JP S!! N IS V[LOC ITV flo218 0 6 CM/SEC 
.\ICK Ai< [A 2~.e,1 en 'vAPti. Al, ( i <l.'JJ:, CP.2 v[L CC I TY 770. 100 Ct.:/SEC 

~:!.Sh ~. 1r.l P[ k~[A~ILITY SuLTl~h ~[Lr~ [i[LP V t: £LP T SAF[ TY 
,~-1,t\CI< C'-'2 :m.,c~.• ;; rm,1u.12 c,v~,::~·2 t,v11,1ci.,2 ni-c. 
20 .C(hU • 120[- (; 3 3:', f, f, • " :,u. 9.H. f 53t.. -1it,.1t6 
J(J .CJL65 • , 1([-(,lt ; lli 7 • QI,,. 937. 7077. -27.28 

"" .vG65 • 23H•Oli 71,t,', • 201io. 937. C l7(,• -E-.69 
50 .oo,, 0 1H[•(Jlt 9'Jt~. ~3lt3. 9J7. 91i 7~ • ... f 
60 .(;(.lt5 • 1c,1E.-01t 11J'J 1. 1, 7Jb • 9.37. 1C!J 71,. •.39 
70 .0037 .nzr-o, 1J(Jltt, •• -in t! . ci :H. 12364. 5.52 
eo . oc, :H • ;2,c-c,, 15693 • 916Ci. 937. ,,,96. 2.6C 
9(/ .Gu35 .3t,ci[-05 11' l ~:, • 123116. 93 7. 1&1tll 1. - 1.l<2 

"C• Tt,ICKttESS ,.007 CJ.I ELEVUIOI\ PHSS!JR£ 51911. 76 0Yh/C"'2 
A'III.L[ lt'J.00 Dll, Ak[A kA! I U 11.,C)t; s0r,1c Y[LUCIIY 61t218.6 CM/SEC 
,'I l,;11 Ar.EA 32.230 U-2 VAi'~~ AHA 1. 1,6 c·~ VELOCITY 1C:'6.068 CM/SEC 

~ 5t, .. tri[ P[Rr.[AulLITY SUCTION DELP~ [,(LP V ()[LP T SAHTY 
lt..-1,t~h c.~., CY,./CM2 OYl',/().:2 OY~/~112 tvt.1n12 P[RC. 

,o • u09u • 1,uE ·v3 336b • 3 71. 1836 • 7110b. -51t .5J 
J(J .(J(Jt,', • ,10[-0lt 5 lit 7 • t,1:,1. ltdt1. 7909. •31i.92 

• 110 ,l.,(Jt,) • 2J6f •(Jli 71t6), 1890 • 18311. l<926 • • 16,37 
:,(. ,<,(155 • 1111tl •C,li 95211, 30~(. 111Jtl. 10133. -6.01 
6C, .c,u1t, • lt• H•Olt 113~,. lllflt. 1t;3fl. 11112,. -.65 
70 ,0(137 • 772£-05 1301t6 • 5769. 1113M. 12l405. 1.PP 

"" .0037 • ,,H-05 15693 • 1:<ltflli. 1t,3f. 15521. 1.11 
9CI • c.,oJ, • Jt''l[•O, 11,w, • 111iJ5. 18311 • 111~71. -1. 77 

1,1(1( Tl11CKhESS 5,11?5 :;1,1 [L[~ATlli~ PRESSURr S 19£• • 76 r,Yt./(1,., 
• r,,l,l [ SC..Oll liU, Ak[A RATIO 6.G3,2 S0hlC VELOCITY 611218.6 c.-,scc 
#ICK Ak[A J11.22f. t:M2 VAPOR AREA 5.158 Ctli? VEL~C ITY 11t23.1t20 Clt!/SEC 

~A[Slt ilfl[ PlR1,,£AulLITY ~UCllllh DELP W C,[LI' V DELP T SAHTY 
I~ 1, I P.Cl1 CM2 liYh/CM2 OYI\/CM2 0Yh/CM2 liYh/CW PERC. 

2(J .C,090 • 12vE•Oj 3368. 3119 • 3961. 9509. •611.58 
JO .C,C,65 • 51v~·Cli 511t 7 • b21 • 3961. 99110. -•&.113 
110 .0065 • 236E•OII 71165. 1779. 396 ,. 11i~39 • •31.76 
50 • oc,,~ • 11tH•01t 9521i • 2916. 3961. 12075. -21. 1J 
60 • 001i, • 101£-0lt 11351 • Ii 132. 3961. 13292. •11t.60 
70 .ocm • 772E-05 130116. 51tJ2. 3961. 11t591 • •10.59 
80 • 0037 • 525£-05 156C>3 • 7989. 3961 • 1711i9. -8.li9 
9U .0035 • Jll9[•05 181115 • 10 76 7 • 3961 • 19927. -8.91t 
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I 
• 

flow area was therefore 15.277 
was calculated from 

2 cm. The density of the wick structure 

~ • 1 - TT d M/4 

where 

6 • density 

d • wire dia~eter, 0,0055 inr.h 

M • Mesh, number of wires per inch 

,-, • o. 784125 

3 The total volume of the diametral wi~k was 6,984.6 cm, while the total 
volume ~f the wall wick w!s 412.5 cm and the volumes of the wicks on 
the end caps was 0.075 cm each. The total Jick structure in the heat 
pipe had, therefore, a volume of 7,397.25 cm. The free space for the 
working fluid was 

VTS • 0.784125 x 7,397.2~ • 5,800.37 cm
3 

3 0 For a sodium density of 0.8705 g/cm at 350 F, this volume corresponded 
to 5,049.2 grams or 11.122 lb. This amount of sodium was considerably 
larger than the charge of the first primary heat pipe which was only 
8.48 lb initially and was later increased to 8.85 lb, 

For the initial fill of the heat pipe, it was stipulated that the entire 
wick structure shall be satvrated with the workina f.luid at or near the 
freezing temperature of the workina fluid. This would prevent the wick 
structure from ever being dry anywhere in the heat pipe, and especially 
in the evaporator section, at the time of start up of the heat pipe. If 
experimentally it should become obvious that the heat pipe had been 
overfilled, sodium could be withdrawn from the heat pipe relatively 
easier than added at a later date. Addition of sodium would require 
the entire fill setup while withdrawal could be achieved by simply 
venting the heat pipe to a calibrated volume. 

4.4 FABRICATIC!i OF fflE SECOND PRIMARY HEAT PIPE 

The fabrication of the second primary heat pipe followed basically the 
same pattern as that of the first primary heat pipe. The heat pipe wall 
was built from three 5-foot long sections. Each section was rolled to an 
outside diameter of 2.25 inch from 0.065-inch thick sheet stock of Inconel 
617 alloy. This work was performed by the same vendor who rolled the 
sections of the first primary heat pipe. Prior to shipment the sections 
were fully inspected by the dye process and radiographically. When the 
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sections ~--~c ~= v~rox/EOS they were cleaned by process C-19 (Code 12705). 
Two layers of 50 mesh bolting cloth were placed into each section. Two 
additional layers were placed in the evaporator section which was to be 
20 inches long. 

The diametral wick was fabricated according to the wick design shown in 
Figure 87. Each of the five sections of the wick were formed in a single 
length by folding bolting cloth into 22 layers. The five sections and 
the two end shims were then bolted together with nickel platerl stainless 
steel screws and nuts in the pattern shown in Figure 88. Considerable 
care was taken to maintain the width of the wick and not to compress the 
bolting cloth to less than 1.210 inch. In Figure 89 the wick is shown as 
fabricated. 

Each 5-foot section of the heat pipe wall was pulled over the wick in­
dividually (Figure 90). The three sections were then welded together 
in an inert gas atmosphere and the two end caps (Figure 91) welded to 
the pipe after being covered with screen material. All welds were 
inspected for soundness and full weld penetration. The heat pipe was 
evacuated and helium leak checked. The heat pipe remained evacuated 
for 2 days to assure that all weld joints were vacuum tight. 

4.5 INSTRUMENTATION, HEATER INSTALLATION, INSULATION AND CHARGING WITH 
SODIUM 

With the basic fabrication of the heat pipe completeci, the following was 
initiated: the build up of the heat pipe instrumentation, installation 
of the primary heater units and the secondary heater units, the insu­
lation of the heat pipe, and the charging of the heat pipe with the 
working fluid, sodium. 

A total of 30 Chromel-Alumel refrasil sheathed thermocouples were 
attached to the heat pipe by tabs which were spot welded to the heat 
pipe at locations shown in Figure 92. At the evaporator, two thermo­
couples covered each location. 11tis was a precautionary measure taken 
to assure that even after failure of one of the thermocouples in that 
area it would still be possible to monitor th~ temperature. 

The primary heater comprised three heater elements consisting of a 
Calrod Tubular Inconel sheathed heater (General Electric Company 
5D878G2) with a rating of 3,000 watt at 240 volt. The total length of 
each element was 164 inches with an effective heating length of 150 inches. 
All three elements were coiled parallel over a 2-inch diameter tube to 
assure that the inner diameter of the heater when placed over the heat 
pipe would make tight contact with the 2.25-inch diameter. 11te primary 
heater construction is shown in Figure 93 where it is compared with the 
primary heater figuration of the first primary heat pipe. 

139 



BOLT 

.0.062 0.767\ • 1.64 

t -., I 
• 

- . ..... .... 

r ..__ --,so--~, 
2.260 

_J_ 

Figure 88. Construction Design of Diametral Wick 
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There are several distinct differences between the test setup of the 
first primary heat pipe and the second primary heat pipe, The primary 
heater of the first primary heat pipe consisted of five separate heat­
ers, Each heater was bent into the shape of a hairpin and placed along 
the evaporator length of the heat pipe. The heaters had an outside 
diameter of 3/8 inch, Thus, effectively only (10 x 3/8)/(2,25 x 3.14) 
x 100 = 49 percent of the condenser surface was directly exposed to the 
heaters. 

The heater of the second primary heat pipe was placed over the evaporator 
section of the heat pipe without gaps between the individual windings 
except where thermocouples were located, thus providing 100 percent cover­
age. The secondary heater consisted of two units of the same tubular 
heater as used for the primary heater. The two units were placed along 
the adiabatic section of the heat pipe 180 degrees apart from each other, 
The size of the two heater elements was so small that they did not increase 
the effective heat pipe diameter. This contrasted with the shell heaters 
which were used with the first primary heat pipe. They increased the 
effective heat pipe diameter to 3.25 inches and thereby increased the 
losses from the heat pipe by about 25 percent, (See Figure 55.) The 
fully instrumented heat pipe with the primary heater and the secondary 
heater is shown in Figures 94 and 95 and a close-up of the primary 
heater is shown in Figure 96, 

The entire heat pipe was covered with four layers of 3/8-inch thick 
flexible Min-K insulation, which were overlaid with four layers of 
1/2-inch thick Cerafelt 800 insulation, The insulation was completed 
with one layer of aluminum foil. The insulation is shown in Figure 97, 
while the fully insulated heat pipe is shown in Figure 98. 

Charging the heat pipe with sodium was initiated by heating the heat 
pipe uniformly to approximately 320°F. A sodium fill of 11 pounds, 
2 ounces ± 12 ounces was specified. Prior to filling, the entire heat 
pipe and its support, consisting of an aluminum channel and firl bricks, 
was placed on a scale, The initial weight of the heat pipe with its 
support was 282 pounds and 8 ounces. The final weight was 294 pounds, 
The amount of sodium added during the fill was thus 11 pounds and 
8 ounces which was well within the specified fill weight. 

The heat pipe was processed for 1 day keeping the heaters at a power 
input sufficient to maintain all parts of the heat pipe above the melting 
temperature of sodium, The temperature distribution of the heat pipe 
under those conditions is shown in Figure 99. 
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Figure 94. Primary Heat Pipe Fully Instrumented 
and Heaters in Place (view from 
condenser end) 

Figure 95. Primary Heat Pipe Fully Instrumented 
and Heaters in Place (view from 
evaporator end) 
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Figure 96. Primary Heat of Primary Heat Pipe 
(three 3000 watt Calrad Units 
parallel wound) 

Figure 97. Insulation of Primary Heat Pipe 
(flexible Min-Kand Cerafelt) 
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4.6 TESTING 

After processing, testing of the second primary heat pipe was initiated, 
Similar to the approach taken by EOS for testing of the first primary 
heat pipe, the power to the primary heat pipe was increased in steps 
permitting the heat pipe to reach steady-state temperature conditions 
along its entire length. (All data presented for the second primary 
heat pipe can be compared with data presented in Subsections 3.6 and 
3.8 of this volume for the first primary heat pipe). As shown in 
Figure 93, the location of the thermocouples along the heat pipe and 
the three sections of the heat pipe -- evaporator, adiabatic section, 
and condenser -- can be readily seen. 

As stated before, there were several distinct differences between the 
test setup of the first primary heat pipe and the second primary heat 
pipe. The primary heater of the first primary heat pipe consisted of 
five separate heaters covering effectively only 49 percent of the 
condenser surface. The thermocouples at the evaporator section were 
placed between the heaters, thus measuring the heat pipe temperature. 
The primary heater of the second heat pipe consisted of three heaters 
tightly wound in parallel. No gaps were left between the heaters, 
thereby heating the evaporator uniformly. Despite the fact that the 
thermocouples were placed against the heat pipe, the thermocouples in 
the evaporator section #2 through #5, would see the heaters which had 
to be considerably hotter than the heat pipe to permit radiation and 
conduction heat transfer frc,m the heater to the heat pipe. Only thermo­
couple #1, which was attached to the end flange of the heat pipe, mea­
sured the heat pipe temperature at the evaporator. 

The primary heater had an effective hot resistance of 6.09 ohms. 

While for the first primary heat pipe, five shell heaters were used 
along the adiabatic section as auxiliary heaters, the second primary 
heat pipe employed only two 3/8 inch diameter heaters. Since the thermo­
couples are all placed 90 degrees apart from the two heaters, the correct 
temperatures were measured along the adiabatic section of the heat pipe. 
Even during operation of the two auxiliary heaters the use of the Calrod 
units for the second heat pipe decreased the heat losses from the heat 
pipe ~y about 25 percent. 

4. 6 .1 TESTING WITHOUT PCMER TRANSFER 

The testing of the second primary heat pipe was initiated by obtaining 
the temperature distribution and power losses under various power input 
conditions. In Figure 100 the temperature distribution along the heat 
pipe for increasing power inputs of the primary heater at the evaporator 
section are shown. These temperature distributions can be compared with 
the temperature dir.tributions of the first heat pipe, which were presented 

151 



·-

,. • 

.... 
I 

"' 
I 

N
 

-• 

• 

12
11

 W
A

TT
 

11
CI

O 
W

A
T

T
 

1
-W

A
T

T
 

r 
• 

• 
• 

a 
I 

IL
 

11
1 

W
A

T
T

 

..
,.

 
a 

I 
• 

• 
• 

I 
I 

a 
I 

I 
• 

I 
a 

I 
. 

,. 

,.-
--

--
~

-

_
h

 
~
 

l'IA
Tll

lr 
I 

I 
1 

I 

0 

' 
' 

~
 

17
 

• 
10

0 
II

O
 

D
IS

T
A

N
C

I 
FI

IO
M

 I
Y

N
'O

II
A

T
O

II
 I

N
D

 O
F 

H
E

A
T

"
"

 L
. 

IN
C

H
 

- ,. l:
IO

W
A

T
T

 

7U
I 

W
A

T
T

 

-W
A

T
T

 

-W
A

T
T

 

M
W

A
T

T
 

11
1 

W
A

T
T

 
11

 W
A

T
T

 

F
ig

u
re

 
10

0.
 

S
te

ad
y

-S
ta

te
 T

em
p

er
at

u
re

 D
is

tr
ib

u
ti

o
n

 A
lo

ng
 S

ec
on

d 
P

ri
m

ar
y

 H
ea

t 
P

ip
e 

• 
· 

--
:r

1e
-~

rM
 

:t
ts

 
s-

··----
---

ii
i 

a
r
r
 

r 
-

w
rm

 
T

 
u

· 
· 

-
--

r 
-:

 a
 r 

-s
 ·

 ·;
 · ·

 -·
 P

P 
•. ' 

~ j 



• 

in Figures 66 and 67. Al 1 temperature distributions were taken after 
steady-state conditions had been achieved. 

In Figure 101, the most pertinent temperatures along the heat pipe are 
correlated with the power input at the evaporator. It takes about 870 watt 
of power to raise the condenser section fully to the temperature of the 
adiabatic section. Furthermore, the adiabatic section has to have 
achieved a temperature of at least 1300°F to bring about uniform condi­
tions for the entire heat pipe. The power and temperature required for 
constant temperature conditions appeared to be quite high. The test 
results are compared with the test results of the first primary heat 
pipe in Figure 102. The second primary heat pipe achieved full operation 
with a power input of 870 watt and a temperature of 1340°F. This compares 
with the first primary heat pipe which required a power input of 1240 watt 
and a temperature of 1450°F. The temperature and power correlation for 
both heat pipes is shown in Figure 103. The results indicated that the 
second primary heat pipe showed some improved performance in an area that 
had not been the primary cause of failure for the first heat pipe. 

To permit the correct evaluation of data, the transient characteristic 
of the heat pipe was analyzed. The heat pipe characteristic can be taken 
from Table XIII where the heat capacity of the entire heat pipe alone 
and with a heat exchanger which was to be added, are presented. The 
steady-state measurements provided the confirmation of the heat losses 
which could be approximated by the correlation* 

CL - PL/~T watt/
0

R 

where 

PL • Power loss 

t:u Temperature difference between heat pipe and 
ambient temperature 

For the entire heat pipe, this loss value was found to be 0.821 watt/0 R. 

The differential equation for the heat pipe can be written as 

C d ( ~T) 
CT dt 

which can be written in the integrated form, where PIN• power input 

~T • (tTo - PIN/CL) exp (-CLt/CCT) + PIN/CL 

*This correlation is valid only in a very restricted region and must be 
considered a linear approximation. 
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TABLE XIIt 

HEAT PIPE CHARACTERISTICS 

Total 
Inconel Wick Heat w/Heat 

617 Material Sodium Total Exchanger Exchanger 

Total, Cc~ 
watt-sec/ F 2,473.92 3,512.72 3,640.18 9,626.82 828.48 10,455.30 

Unit Length, Ccw 
watt-sec/°F 13. 56 19.51 20.25 53.32 

Condenser& Ccc 
watt-sec/ F 508.67 731.82 7 58 .36 1,998.85 828.48 2,827.33 

Thus, the va1ue CL/Cc is the time constant which determines the time it take, 
for the heat pipe to reach ,teady-state temperatures. A typical temperature 
history is presented in Tab ie XV. The values presented show that after 20 hours, 
the heat pipe temperature was still 5 °F from the final temperature of 1561.99°F • 

4.6.2 TESTING WITH PCMER TRANSFER AT 'mE CONDENSER 

0 The initial tests had established that at the operating temperature of 1558 F, 
the power losses from the entire heat pipe were 1210 watts. This indicated a 
loss of 6.722 watt/inch length and therefore, a loss of 958 watts (calculations 
shown in Figure 55 predicted a loss of 980 watt) from the adiabatic section 
and the evaporator section and 252 watts (270 watts calculated) from the 
condenser section. The losses from the evaporator 1ection might have heen 
slightly higher because of the higher temperature of the heater. The exact 
value would have been very difficult to establish and would have been outside 
of the accuracy of the testing. 

The initial power transfer by the heat pipe beyond the losses through the 
insulation was to be achieved by removing successive layers of insulation 
from the condenser secti~n. The expected power losses, as taken from 
F• ~ures 55 and 104 are tabulated in Table XV. 

These were the first test results which did not quite agree with predictions. 
The power losses from the heat pipe increased only to 2 kW vs. 2.2 kW rredicted, 
while the temperatures at the condenser decreased and the temperature along the 
adiabatic section continued to increase and never achieved steady state. 
Pressure of time and the large time constant of the heat pipe did not permit 
further testing that would have been required for explaining the deviation from 
the predicteJ behavior. 
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TABLE XIV 

TEMPERATURE HISTORY OF PRIMARY HEAT PIPE 

• 
TkA~SIE~T Ct~lf ~SE~ TD, Pf:f< All.JR[ 2f- '. A~Ct-, 1971l 

7u.O(,OO .t, 110 1G4,,.3(,Cf 
7G.GGOO 1210.0tiOO lflCO.OGCG 5.GOOu 
POt.ER I ~PUT 1210.c,c, :,,HT 
Fl ~AL TEt,.P ER AT lJi, t 1'.>61.99 LE~EE F 

TIH C~~1STA:.T 12~41.9 SEC 214.9 ~., ~ 3.5(1 H 

Tll·,E HTER ST~RT TH PE~/.. TlJR E 
SEC ;11 I f1 ht< GEGHE F 

u .u .uo 7(i.(;(J 
lbuG 3u.u • :}l., 264.1+3 
36(1lJ 6u.G 1.uu 433.5c:'. 
54uG ~u.u 1 .~u 5bu.57 
1200 120.(; 2 .(,l, 7 C,£1. 4 t: 
9uvO b:J.0 c:'..=10 ~19.69 

lvbuu ll u. f, 3.U, 916.42 
1~600 t H.1.u 3. :1 u 10c,ei.,, 
11+lt vv 21+0.u 4.Gu 1013. 11 
1o2lJv 27L.L 4.:>G 1137.34 
1LLiliL; Ji:;ei.u ,.ut. 1192.6£ 
i9t.uv J3v.G ;.:,(; 1~40.H, '. 2lbu0 3tiL,. v &.00 1a,2.66 
2J1+0u 3~(,.0 6.,c, 1319.(16 
2,t::GG 42v.ti 7.uu 1350. 71 
27Guu 4:,l;.0 7.50 137E<.25 
£t-bl,u 4ru.u t .liO 14C.,2. 19 
J(Jo(,(., ,10.0 t.,e, 1423.01 
321.(j(, 54G.O 9.00 1441.12 
3421)(, ;n.G 9.,o 1456.e 1 
36[1(10 6G(J .u 10.u, 14 7C.5 7 
37flJO 63G.C ,ei.,o 1482 .4c, 
39i;c.,ei 66G.u 11.(,(J 1492.E,4 
,. 14 uu 6?U.O 11.,0 1501.f'5 
4321JU 12u.o 12.r,t, 15(,9.69 
45Gun 75(,.(j 12.,G 1516.5(, 
46f.Cu 7EG.O 13.t•O 1~22.43 
kE,6(,0 f< 10.0 1J.:;,(j 1527.,9 
;C,4iJ0 c4U.U 11+.CO 1532.(;7 
:>221Jli F-. 10.,, 14.,u 153,.97 
:,I+ (j(,(J 901,.u b.U, 1,3Q.36 
55tGu 93(· ' 1:, • :> (J 1;42.31 
~76C,(J 96, 16.l,(J 15kl+ • fl 7 
5<;1tlJu 99u.u ,-,.5c, 154 7 .1ei 
61,Cv 1l•tt,.o 11.c.ic1 1;1+9. (,I+ 
63u&v 1G:>G.C., i7 .jl, 1,,CJ. 73 
61tbJf, H,H,.C l" • vu 1,;2.19 
bbCllJU 1111,.11 K .,(, h53.4 7 
bt4lJL1 11-+J.(J IJ. l,l, 1,,1+.,f 
iGlt,u 1 if iJ . L: 1<..:, (., ,,,~. :;,4 
72uuu,ltliu.u 2u.~u 15,6.3& 
iJbuv 12.lu.u ~ll.,o -,~~7 •. 11 
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TABLE XV 

P™ER LOSSES FROM PRIMARY HEAT PIPE 

Difference Total Loss From 
Number of Insulation Power Loss in Loss Heat Pipe 
Layers at Condenser (kW) (kW) (kW) 

8 0.27 1.2 
0.022 

7 0.292 1.222 
0.03 

6 0.322 1.23 
0.043 

5 0,365 1.273 
0.067 

4 0.432 1.34 
0.093 

3 0.525 1.433 
0.19 

2 0.715 1.623 
0.535 

1.25 2.158 

The last layer of insulation was removed from the condenser section and 
the tubular heat exchanger installed as shown in Figure 105. The 
heat exchanger was designed to be operated either with air or with steam. 
It was assumed that the heat exchange would occur by radiat ion and con­
duction. The expected radiation transfer is shown in Figure 106. At a 
power transter of 5 kW (6 kW minus 1 kW loss from the evaporator and 
adiabatic sections of the heat pipe) by radi8tion alone, the heat 
exchanger temperature would be at least 1320 F. This would very well 
satisfy the requirement of maintaining the operating tel\perature of the 
condenser at the heat pipe temperature. 

After installation of the heat exchanger over the condenser section 
and replacement of the insulation, testing for power losses was con-
ducted to establish again the relation between power losses versus operating 
temperature. The results of these tests are shown in Figure 107. They 
can be compared with those shown in Figure 101. A considerable tempera­
ture differential between the last temperature of the condenser section 
and the adiabatic section was observed. This temperature differential 
could not be explained by the slightly l01,o1er insulation efficiency 
resulting from the increased effective diameter of the heat pipe due to 
the heat exchanger. After a considerable amount of investigation into 
the various reasons for that variation in the behavior of the heat 

160 

* ..., f D It I ttl f - rltS 1 ti en h rt t I 1 t 5 t'rftilif :mt j 



.. 

a w 

Figure 105. Tubular Heat Exchanger at Condenser 
Section of Second Primary Heat Pipe 
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r,o 

CONDENSER LENGTH Le 37.5 INCH 

JO CONDENSER DIAMETER D, 7.:1f> INCH 

EMISSIVITY 0,85 
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Figure 106. Power Transfer by Radiation from Condenser 
Section of Primary Heat Pipe to Heat Exchanger 
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pipe following the installation of the heat exchanger, it was finally 
realized that by an error the heat pipe had not been releveled and 
that the condenser section was 1-1/2 inches below the evaporator section. 
After releveling the heat pipe, the temperature distribution along the 
heat pipe was again that which had been measured prior to the installa­
tion of the heat exchanger. This confirmed that the heat exchanger 
itself should not have any effect on the operation of the heat pipe except 
for a slightly larger power loss when no power is being removed by the 
heat exchanger. 

When power was removed through the heat exchanger, temperature differ­
ences between the adiabatic section and the condenser section increased 
by decreasing temperatures in the condenser section as well as by rising 
temperatures in the adiabatic and evaporator sections without reaching 
a steady-state condition. When this problem was analyzed it was 
established that this condition is brought about by an overfill of the 
heat pipe leading to blocking of the condenser section by excess 
working fluid. 

The heat pipe had been filled with an amount of sodium sufficient to 
fully saturate the wick structure at the freezing temperature of sodium. 
This was done to assure that during start up of the heat pipe the 
evaporater wick would be fully saturated and no innnediate dry ou§ could 
occur. Un~er these conditio~s, however, an excess of 57.95 inch 
(949.63 cm) will be in the heat pipe when the heat pipe reaches its 
operating condition at 1558°F. If all the excess sodium is transferred 
to the condenser section of the heat pipe, it would occupy 55.72 inches 
of the condenser. However, the entire condenser length of the primary 
heat.pipe was only 37.5 inches long. In the 1-g gravitational field in 
which the heat pipe was tested, it would not have been possible to block 
the entire condenser section as some refluxing of the fluid had to occur, 
but still a considerable area of the condenser is blocked preventing heat 
transfer in the condenser and thus raising the temperature in the adiabatic 
section and the evaporator section. This was exactly what was observed. 
The test results clearly indicated that working fluid had to be removed. 
Since this had been expected, provisions for removal had been ilMe. 

It was decided to remove the excess sodium in steps of about 200 grams 
each. A 14 inch volume was attached to the fill tube of the heat pipe 
at the evaporator end and was instrumented with three thermocouples. The 
heat pipe was brought to the operating temperature while the volume 
temperature was raised only to the melting temperature of sodium. When 
these conditions were reached and the v~lume was fully evacuated, after 
sever a 1 argon purges, the va 1 ve to th,. fil 1 tube was opened. The influx 
of sodium into the volume was verified by the steep rise in the tempera­
ture of the volume as indicated by the attached thermocouples. This pro­
cess was repeated three times. After the first venting, the volume 
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weight had increased by 224.2 gramf , After the second and third time, 
the weight increase amounted to 195 grams and 185.9 grams respectively. 
Thus, the total amount of sodium that was withdrawn from the heat pipe 
was 605.l grams. This compared to a pos~ibie surplus of sodium at the 
operating tP.mperature of 710.33 grams. 

Prior to the successful withdrawal of the sodium, a considerable amount 
of difficulties had been experienc~d. The reason for several unsuccess­
ful attempts was finally found by accident to have been a fracture in a 
tube. This fracture was not evident during argon purge and evacuation 
of the volume because of sodium sealing it. After repair, the sodium 
withdrawal proceded like clockwork in a fully predictable manner. 

After withdrawal of sodium from the second primary heat pipe, the steady­
state conditions without power transfer at the condenser section (except 
losses occurring through the insulation) were ascertained for two power 
settings as shown in Figure 108. The results were consistent with those 
measured prior to the withdrawal of sodium so that testing with power 
transfer at the condenser section of the heat pipe could be continued. 
First, the appropriate coolant flow rate for the heat exchanger was 
selected for a desired power transfer. The heater power was then raised 
to the desired power level. A temperature controller monitored the 
temperature of thermocouple #4 causing the power to the heaters to be 
turned off whenever its temperature would exceed 1800°F. The operation 
of the controller was timed and the effective power input was assumed 
to be the average power input during a cycle. For a typical test the 
heater would be on approximately 87 percent of the time and off only 
13 percent of the time . 'nle correlations which were obtained under these 
test conditions were very difff.cult to interpret. It appeared that the 
total average power input could not exceed 4.5 kW. 

The test procedure was changed after observing that the temperature 
differential between thermocouples #1 and #2 was not a function of the 
power input alone, but also a function of the step increase in power 
input; the larger the step increase of the power, the larger was the 
temperature differential. When the power was increased from 3 kW to 
4 kW after the heat pipe had operated for a considerable time at 3 kW 
and had reached steady-state conditions, the temperature difference 
between the adiabatic section of the heat pipe and the tempnature 

0 measured by thermocouple #4 would be only about 140 F. When the power 
input, however, was raised from 1.2 kW to 4 kW, the temperature differ-

o ential would advance to over 250 F despite the fact that the operating 
temperature of the heat pipe was the same. This behavior can now be 
explained by t '. ,e inertia of the sodium in the wick. 
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After a better understanding of the behavior of the heat pipe had been 
obtained, the heat pipe was operated consistently with a total power input 
of slightly over 6 kW (6.11 kW). There was no indication that 6 kW was 
the upper power transfer limit for the heat pipe. Prudence, however, 
dicatated the conclusion of the heat pipe tests at that power level. The 
temperatures along the heat pipe are shown in Figure 109. The steady­
state conditions were n3ar 1500°F. No effort was made to come to a power 
balance at exactly 1558 F, which would have been ver/ time consuming with 
a heat pipe which has a large thermal inertia and time constant. It was 
surmised that operating the heat pipe at the design temperature would be 
considerably easier with the full thermal train when the thermal energy 
storage material would take over the temperature control. Figure 109 
shows the temperatures along the heat pipe to be very constant. Thermo­
couples #19 through #24 measured a temperature between the heat exchanger 
and the heat pipe. Since the coolant is injected into the heat exchanger 
at the downstream end cf the heat pipe, thermocouple #24 indicated the 
lowest temperature. This phenomenon is very similar to that which causes 
thermocouples #2 through #5 to measure temperatures somewhere between the 
heater and the heat pipe. The real temperature of the heat pipe at the 
evaporator was that indicated by thermocouple #1 • 
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5.1 INTRODUCTION 

SECTION 5 

THERMAL TRAIN 

With all components of the thermal train tested and each one having been 
found to perform according to design, the second primary heat pipe, the 
secondary heat pipe with the thermal energy storage unit and the rotat·y 
radiation heat transfer joint were ready fo= integration. 

5.2 INTEGRATION 

For the integration of the thermal train, a sodium joint between the 
primary heat pipe and the secondary heat pipe was required. For

3
filling 

the joint, a calibrated volume was built which could hold 18 in. of 
sodium. The net volume in the joint between the primary heat pipe and 
the secondary heat pipe was 24.58 in.3. When allowance was made for the 
sodium to expand by about 20 percent when raised to the operating tem­
perature of 1558°F and for a void of 10 percent at the operating tem­
perature, a volume of 17.22 in.3 of sodium at the fill temperature of 
about 320°F would have been called for. 

The flange of the primary heat pipe (see Figure li) was welded to the 
lip of the secondary heat pipe, shown in Figure 110, leaving a gap 
between the two heat pipes of about 0.025 inch. Spacers between the two 
heat pipes were not necessary. Because of minor distortions which had 
occurred during the testing of each of the two components, the two heat 
pipes made contact in several spots thereby supporting each othet with­
out spacers. 

The filling of the joint with sodium proceeded without problems. The 
joint volume was not sealed permanently as had initially been intendeJ, 
but "W&S closed off with a valve to permit adjustment to the sodium fill 
at a later date if such should become desirable. 

rhe rotary heat transfer joint was reworked by installing four new 
coil~ into the joint. To improve the cooling operation, the coils were 
supplied with coolant in a counter flow; i.e., coolant could be in­
jected into two coils from the .iownstream side and into two from the 
upstream side of the thermal train. For improving the control of the 
cooling further, cooling could take place either with all four or with 
only two of the coils in operation. 

In Figure 111, the complete full-scale thermal train of the solar col­
lector thermal power system iE shown~ while in Figure 112, the condenser 
end of the secondary heat pipe with the rotary radiation heat transfer 
joint can be seen with the ••ater lines and the pressure lines for mea­
suring the upstream and downstream pressur~ at the ~etering orifice. 
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5. 3 TEST SETUP 

The basic test setup for testing the full-scale thermal train of the 
solar collector thermal powe r system is schematically shown in Figure 
113. The primary heat pipe ~s inserted into the cavity of the secondary 
heat pipe which also encloses the the rmal storage unit. The rotary 
radiation heat transfer joint was slipped over the condenser section of 
the ~econdary heat pipe. Approximately 20 inches of the evaporator 
section of the primary heat pipe was covcn•J with the coils of the three 
electrical heaters which have a tot a l electric power capacity of 9 kW. 
Thermocouples were placed along the entire~ thermal train as indi­
cated in Figure 113. Thermocouples #2 through #5 were located directly 
under the primary heater. They measured temperatures considerably above 
the operating temperature of the heat pipe . Thermocouples #6 through 
#16 measured the temperatures along the adiabatic section of the primary 
heat pipe. Thermocouples #17 and #18 measured the temperature of the 
adiabatic section of the secondary heat pipe . Thermocouples #19 and 
#20 were placed on the condenser section of the secondary heat pipe 
while thermocouples #21 and #22 were locat ed on the receiving surface 
of the rotary radiation heat transfer joint. Thermocouples #23 and #24 
measured the temperatures of the cooling coil of the rotary radiation 
heat transfer joint. 

5.4 TESTING 

After checkout of the instrumentation, testing of the thermal train 
was initiated. First, the steady-state power losses for the entire 
train had to be ascertained. It was already shown that the time con­
stant (which is the ratio between the thermal capacity and the power 
loss) for the primary heat pipe alone was such that the final steady­
state temperature of the heat pipe was not achieved for 24 hours after 
adjusting the power input at the evaporator. Therefore, for each single 
test point at least a full day had to be allocated. Accuracy in the 
correlation between power loss and operating temperature was required 
for evaluating correctly the operation of the thermal train under condi­
tions of charging and discharging of the thermal energy storage unit in 
the secondary heat pipe, and for the determination of the effective 
thermal mass of the thermal train. 

The steady-state power loss data are presented in Figure 114. They 
could be approximated well by a straight line on double log paper and 
by the relation 

Pl = C x Tn 
oss 
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Figure 114. 

POWER INPUT Pin' watt 

Power Losses of the Therma l Train (Primary ~eat Pipe, Secondary 
Heat Pipe with Thermal Energy Storage Unit and Rotary Transfer 
Joint) 
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.... . 

where 

p = Power loss, watts loss 

C = Constant, 3.40 X 10- 5 

T = Temperature, OR 

n = Exponent, 2.310 

With the steady-state power losses established, the thermal train was 
operated in the charging and discharging mode. Power was applied to 
the evaporator section of the primary heat pipe at different power levels 
while the thermal energy storage unit was charged. A typical temperature 
history for the thermal train is shown in Figure 115. The total power 
input into the evaporator is 4199.5 watts. From the data t- ·sented in 
Figure 116, the thermal train is losing about 1460 watts at the charging 
temperature of 1560 °F. Thus, the total amount of power stored during 
the charging processes is about 2740 watts. 

In Figures 116 through 118, the temperature distributions during charging 
at various power levels are presented. Thermocouples /12 through #5 were 
located directly under the heater, while thermocouples #1 and #6 were not 
exposed to the direct heat transfer by conduction and radiation from the 
heater. Thermocouple #1 was therefore the most important temperature 
indicator. If the evaporator should have become depleted of sodium, 
the rmocouple #1 would have risen above the temperature of the adiabatic 
section of the primary heat pipe. lbe reason for this would have been 
that the end of the hea c pipe would no longer have been cooled by eva­
poration of the working fluid. 

During one test a divergent of the temperature indication of thermocouple 
#1 was observed. This occurred when the power at the heater was raised 
in a step from 1.2 kW to 6 kW while the thermal train was near the oper­
ating t emperature of 1560 °F. Fortunat~ly, the malfunction was detected 
in ti.me. The pow,'r to the evaporator was turned off and was not turned 
on again until all thermocouples of the primary heat pipe indicated the 
same temperature. 

Th~ interesting aspect of the above test was the realization that the 
working fluid has an inertia which has to be considered in the operation 
of the thermal train. During the steady-state condition, at t,ihich a 
power of less than 1500 watts is transferred at the evaporator section, 
the circulation of the working fluid in the heat pipe is accordingly 
low, i.e., the velocity of the working fluid in th~ wick is only one­
fourth of the velocity when the heat pipe is operatit .g at (; kW. When 
the power input is increased, the fluid in the wick has to be acceler­
ated. 
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To overcome the fluid inertia requires an additional suction pressure 
above and beyond the suction pressure needed to compensate for the 
flow r~sistance in the wick . As it was the case with the present heat 
pipe when operating in a 1-g gravitational field, available suction 
pressure was already limited and was just sufficient for steady-state 
operation, Thus severe transient condition could not be accommodated and 
dry-out at the evaporator occurred, This sugguted that the heat pipe 
analysis needed further expansion and refinemeut to include the effect 
of transient conditions. 

Figures 116 to 118 indicate relatively large temperature differentials 
between the thermocouples under the heater and the adiabatic section of 
the heat pipe. The temperature of thermocouple #1 clearly suggests 
that the indicated temperatures of thermocouples #2 to #5 were not the 
heat pipe temperatures but were tempe1atures between the heat pipe and 
the heater, A fairly good correlation could be established between a 
fictitious radiation heat transfer, P, 

r 

where: 

p 
r 

radiation heat transfer 

~ ~vaporator area 

r
2 

indicated temperature of thermocouple #2 

T temperature of the adiabatic section of the heat pipe 
a 

e emissivity (assumed unity) 

a Boltzmann's constant 

The c•::>rrelat:!.on between the fictitious radiation heat transfer, P , 
and tie heater power, Pin• are shown in Figure 119. This would iftdi­
cate that th~ power transfer from the heater was very much influen~ed 
by radiation heat transfer and that the contact between the heater and 
the heat pipe was not maintained during operation as can be expected. 
Therefore large temperature differentials tetveen the heater and the 
heat pipe had to be expected. This condition cau• ed the op~ration of 
the heaters close to their maximum operating temperature. 

Figures 115 through 118 show 3lso relatively llrge temperature differ­
ences between the primary and the secondary heat pipe. This differ­
ential varies and depends on the time and power level. The differential 
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Heat Pipe Evaporator 

182 

- c 1Wi :b2 ~ 1,_..-...,_,.,..,...,., tr fj I'S# :Hilkw...~N M at , ,1 • .• 21 w · ,r •ttfi11bitit\e · rrw rt ·rr "r:t :: rmur or .,4 



,. 

was higher than had been anticipated and indicated that the thermal 
joint presented a larger thermal barrier than had been predicted. 
Several reasons for this discrepancy can be assumed. For achieving 
a relatively good conduction pas& between the primary and secondary 
heat pipes, the gap bFtwe~n the two heat pipes was filled with sodium. 
Because of the relatively large thermal expansion of sodium, the gap 
had to be underfilled to prevent the expanding sodium from bursting 
the heat pipe joint. Probably the underfill was too large and consider­
able voids prevented a good heat transfer. The measured high tempera­
ture drop emphasizes the avoidance of joints in the thermal train. 

In Figure 120 the operation of the thermal train with a power input 
of 6 kW and a power extraction of about 2.7 kW are presented. This 
is the most severe operating condition for which the enti1 ., thermal 
train was designed. Except for the larger than expected temperature 
difference between the primary heat pipe and the secondary heat pipe, 
the operation was fulfilling all design requirements at this operating 
condition. The thermal t r ain was shut down on 28 June 1974 with the 
conclusion of the technical effort of the program. 

All components of the thermal train had 
conditions. The thermal train appeared 
design power level of 6 kW. The design 
to protect the components from damage. 
can be initiated again at any time. 

5.5 CONCLUSION 

remained in full operating 
to perform well up to the 
power level was not exceeded 
Testing of the thermal train 

With the full power testing of the solar collector thermal power system 
thermal train, the basic feasibility of the Solar Collector Thermal 
Power System had been demonstrated. The thermal train performed accord­
ing to most of the rlesign goals, i.e., a total power input of 6 kW at 
the evaporator, an energy storage rate of 3 kW, a power transfer across 
the radiation heat transfer joint of 3 kW, and an energy extraction rate 
of 3 kW. lhe only discrepancy between design requirements and test 
results was experienced in the heat transfer from the primary heat pipe 
to the secondary heat pipe through the sodium joint. It is not quite 
clear where and why the temperature drop occurred. It is possible that 
the thermal coupling between the two heat pipes is impeded either by an 
underfill of the joint, by scaling of the two surfaces which were exposed 
to the atmospher~ during testing of the components individually, although 
the surfaces were cleaned prior to integration, or by a temperature drop 
in the condenser of the primary heat pipe. Such a temperature drop was 
not measured in the subscale cavity heat pipe which is described in 
Volume III of this report. 
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APPENDIX A 

FLUID FLOW IN HEMISPHERICAL RECEIVER 

When the hemispherical receiver is irradiated fluid is evaporating from 
the back surface of the receiver carrying the radiation energy away in the 
form of latent heat. The working fluid has to be resupplied by the flow 
in the wick which is governed by Darcey's law and by the law of capillary 
action. The analytical model for the fluid flow in the wick of a hemi­
spherical receiver is shown in Figure 121. 

qMAX 

• '+ t t t +! ! i 

Figure 121. Geometric Relations . 
By Darcey's Law the volumetric flow rate V is 

. 
V • 

(11) 

where 

V volumetric flow rate 

K permeability of wick structure 

Af flow area perpendicular to flow dh:ection 

~ pressure drop 

t:.L distance along flow pass 

1.1, viscosity 

The volumetric flow rate can be expressed by the density p and the mass 
flow rate ~ 

. . 
V • W/p (12) 
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The flow area Af and the distance along the flow pass t:}.., are 

Af = 2 TT R t cos co 

/,.L • R ·" cp 

(13) 

(14) 

Using relations 12, 13 and 14, Darcey's law can be expressed in differ­
ential form 

dp . d !!Sil 
2 T1'KPt COS tD 

The change in the mass flow rate is equal to the amount of fluid 
evaporated 

dW = 

where 

Ai irradiated receiver area 

q heat input per unit area 

Hfg latent heat of evaporation of the working fluid 

The incremental surface area is 

dAi • 2rR
2 

coscp dcp 

and the heat load is by the cosine law 
. 
q 

where 

• q sin~ max 

maximum heat load which occurs on the center of the 
hemisphere 

(15) 

(16) 

(17) 

(18) 

Combining relations 16, 17 and 18 results in the differential equation 
for the mass flow rate 

2TT q· R2 
max - - -----

Hfg 
aw sincp coscp dcp (19) 
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Since 
. 
Q 

where 
. 
Q total power input 

and 

W o = Q/Hfg 

where 
. 
W total mass flow rate into the hemisphere 

0 

re lat ion (19) can be written 
. . 

dW • 2W sin CD cos 'D d(!l 
0 

The solution of equation 19 is 

. . 2 w = WO (1 - sin co) 

. 2 w • Wo cos CD 

. 
When the mass flow rate W of relation 23 is inserted into relation 
15 the differential equation for the pres ~ure along the hemispherical 
flow pass is found to be 

= 
""/2 U. W COS(l) 
I o 
J 2 n K o t d~ 
0 

Integration of the differential equation 23 and relation 21 results 
in the desired relation between the pressure drop and the total heat 
input. 

. 
... p • - - µ Q 

2np K t "fg 

(20) 

(21) 

(22) 

(23a) 

(23b) 

(24) 

(25) 

l t is interesting to observe that the radius of the hemisphere does 
not enter into the relation. The pressure drop can then be equated 
with the available suction pressure produced by the capillary force as 
given by 
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t 

• 

where 

V 

r 
C 

-

surface tension 

effective pore radius 

All values have to be in consistent units in the above relations . 
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