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ABSTRACT 

Results of an experimental and analytical iny_estigation of water heat 

pipes are presented. Eight water heat pipes used as radiating fins and eight 

water heat pipes having an adiabatic section and a condenser were investigated 

while in or near a vertical position. Different heat inputs were applied to 

maintain steady-state operation of the heat .pipes at temperatures of approxi-

mately 200· F, 250· F, 3000 F, and 3500 F. A dak acquisition systenl was 

used to record heat inputs, surface temperatures, interior temperatures, 

and pressures of the heat pipes. 

Governing equations were developed for water heat pipes. These 

governing equations were programmed for a digital computer so that the 

effect of parameters contained in the equations could be studied. The paralll-

eters studied are permeability, apparent contact angle, and length of the 

adiabatic section. Solutions of the governing equations and the paralnetric 

studies are presented in graphical form. 



The design and fabrication of the heat ptllit§ .. i§_gescribed. An assenlbly 

procecl\.ire designed to prevent contarnination of the vapor space of a water heat 

pipe is presented. Experimental results are given for determining the 

pernleabilityof 100- and 250-mesh stainless steel screens that were used as 

wicking material for the heat pipes. 

A high altitude simulation syst(~m was used when testing the eight 

water heat pipes as radiaUng fins. From experimental data, comparisons 

were m'a.de for these water heat pipes. The comparisons, which are presented 

in the form of graphs, are as follows: Thermal conductivity of water heat 

pipes, temperature profile of a water heat pjp~ versus a_s<?lid rod of 

comparable material and dimensions, the effect of the length-to-diameter ratio 

on heat input, variation of heat input to wick thickness, heat input per powld of 

weight, and analytical results versus experimental results. 

The eight water heat pipes having an adiabatic section were tested as a 

conductor between a heat source and a heat sink. Experimental data obtained 

were reduced and presented graphically as follows: Thermal conductivity 

of heat pipes, effect of length-to-diameter ratios on heat inputs, variation 

of heat input with wick thickness, heat input per pound of weight, and analytical 

results versus experimental results. 

The results of this study show that, for water heat pipes used as 

radiating fins, the analytical analysiS and the assumptions therein are justified 

by the agreement with the experimental data for a temperature range of 

200 0 F - 350· F. Also shown by this stUdy is that, for water heat pipes having 



an adiabatic section, the analysis and the assumptions therein are most 

applicable for a temperature of approxinlately 250 11 F. Other results are that 

heat pipes increase the heat transfer rate when used as radiating fins or 

conductors, heat pipes are weight-saving devices, the magnitude of the 

radial Reynolds number has little or no effect on heat pipe design, and th(~ 

study of the heat addition and rejection profile of a heat pipe should be extended 

so that heat pipes could be more efficiently designed. 
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TNTIUlj)\ICTJON 

A. DefinHion of a Heat Pipe 

Heat pipe technology has advanced rapidly lo it.~ peesent slale I-i in(:e it 

was "reinvented" in the early 1960' s. A heat pipe is a self-contained device 

that achieves very high thermal conductance by means of two-phase fluid flow 

with capillary circulation. It is a device that depends upon the evaporation of 

a flutd at one end and the condensation of the fluid at the other 0nd to transfer 

heat. The transportation of matter from the evaporator to the condenser is 

accomplished by vapor flow. The flow from the condenser to the evaporator 

is by capillary flow of a liquid through porous material. The space through 

which the vapor flows is referred to as the vapor space and the porous 

material is referred to as the wick. 

Heat transfer by a heat pipe is accomplished by changing the states 

of a material from its liquid phase to a vapor and. then from a vapor to its 

original state. The two modes of heat transfer most often considered Cur 

heat pipes are conduction and radiation. When radiation is the mode of heat 

transfer, the pipe is heated at one end while the remainder of the heat pipe 

is exposed so that heat may be radiated from the exposed surface to the 



2 

':11 rrollncIing space. If conduction is the mode of heat transfer, heat is applied 

at one end of the pipe and a condenser is connected at the opposite end to 

rmllOVO the heat. 

Tho heat pipe was fil'st introduced with a configuration very similar 

to the ono Llsed at the present. A typical configuration is depicted in Fl.guro 1. 

CONTAINING ENVELOPE 

FIGURE 1. CONFIGU:RA TION OF A HEAT PIPE 

B. Survey of Literature 

A patent by Gaugler [1] was entitled "Heat Transfer Device, " and the 

device des(;ribed therein is now known as a heat pipe. This patent was filed 

December 21, 1942 and granted June 6, 1944. The principle of the device 

was to evaporate a liquid at a point above where it was being condensed, 

without doing additional work to lift the liquid to where it was being evaporated. 

From this patent arose the concept of a closed container with a 

wicking material using capillary action as the driving force when a volatile 

liquid was being evaporated and condensed. In this patent an example is 



., 
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described ustng anhydrOlu~ ammonia fl:-I the working fluid :111c1 ~11ntne(!d pnwucred 

iron as the ca.pillary strucilu·C. The' {!uthor dopicteu f:evf'I':ll conOj·;1I1';I1.i.()m, 

of: the capillary strncture. 'rhe prj.mary appllcaticm [lclv, )!.ILud b.y (::lllp,ltT 

was transfcrr1.ng heat in rcfrigerati.on ~lystem R. 

Giftcrd [2] described n clevi.ce Himihr to a 110:11, pipe. 'l'he device 

was a thermal check vnlve for use in Jw1-i.Ul11 or h:v(ir()~I:.)n liquifi(,l'f:, 

refrigerators for various electronic devices, cryo))umping, :11l(1 storage 

dewars. For these. applications it was llesirable for the devico to pro\.'i.t!(\ 

heat flow in one direction only. The dovice described consisted of a ::>rnall. 

stainless stoel tube atld was capable (Jftransferrillf.;' lnrger ~uantitiC'·..; of 

heat than a copper rod of cOlllparable size. 

After the heat pipe was "reinvented" the first work reported was to 

deterlnine experimentally the heat transfer capability of heat pi pCB [:3]. A 

water' heat pipe (30 centimeters long) and two liquid sodium heat pipes (30 

centimeters and 90 centilneters long, respectively) were subjected to tests to 

determine the maximum heat input. \Vicking nlaterial used was either 

stainless steel screen or porous Alundum tubes. Heat transfer was by 

radiation and temperature profiles were .obtained For the 90-centillleter-lon~1: 

heat pipe. III obtaining these tcmp('rnturc profiles, Grovel', ct al. ncC'ol111L.,c1 

for the sharp drops at the unheated end of the heat pipe as being due to 

hydrogen generation. The conclusion arrived at by them was that :30 watts/ 

eentimeters2 was the mmdmU111 heat illPUt rate. It was l~\ 111Cluded that this 

maximum rate was restricted 1)~\' the deformation or (h'\ ill:': of the \\iuk. 
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A report by Cotter [4] was the first attempt to develop a quantitative 

enginoering theory ,lin" the design and perforrr.ance analysis of heat pipes. 

Employing simple physical laws, formulas and data developed in References 

15, (i, and 7, and ongineering judgement, Cotter developed expres~ .1S for the 

vapor prefisure, maximum height of capillary rise, pressure gradient in the 

axial direction, and the amount of heat transferred.. Two of the assumptions 

made by Cotter [4] were that the viscous losses jn the vapor spaee and the 

wick were equal and that no boiling occurred in the wick. This work and the 

experiments mentioned above contributed much to the understanding of the 

mechanics involved in the operation of heat pipes. 

In addition to Cotter [4], Marcus [8] did important theoretical work 

in heat pipe analysis. Marcus developed an expression for optimum wick 

thickness plus the other exp":'essions essential in heat pipe analysis. This 

work was based on the assumption that viscous forces in the vapor are 

negligible and that boiling occurs in the wick. Through his efforts, knowledge 

of heat pi.pe analysis was extended, and an alternate method was developed for 

determining important parameters in heat pipe design. 

\Vith the basic thcory of heat pipe~ established, Deverall [9] was 

one of the first to apply the heat pipe to a specific use. A heat pipe, 29 5/8 

inchcs long and 3/4 inches O. D., was constructed and experimentally qualified 

to transfer heat isothermally from an externally mCWlted radioscope to the 

electronic component section of a satellite. This heat pipe consisted of a 

stainless steel tube, a 1 DO-mesh stainless steel screen Wick, and distilled 
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watC'l' ~lf:~ 1hc' \1 orl<ing fluid. ~()me of the pr(l(~edures inportant to heat pipe 

assc~lll!) 1.\ ~1llr1 operations fI P(~ diHcusscd in this report [D]. Hesults of one of 

the tc:~,t.,,;; ::;htiwod that t1w 11(~:lt pipe was essentially .i.sothermal nt 19Do F over itF: 

lengtl1 with u heat input of 102.8 \latts; 95 watts were transferred to the 

cooling water. 

In 1965, Ranken and Kemme [10] summariz;ed the Los AlruTIOS and 

Euratom heat pipe investigations for the preceding period. They prcscl1tc'c1 

and discussed the theory and types of heat pipes constructed prior to 1iJGG. 

Available test data we!.'e also discussed. 

Clayton, [11], and Kemme, [:l2, 13], experimentally determined 

operating characteristics of heat pipes, Clayton experimented with water 

heat pipes of two different lengths, 24 inches and 48 inched. In the water 

heat pipes, the following parameters were varied: 

(1) Applied heat load 

(2) Wick thickness 

(3) Liqu:i.d sump (liquid in excess of the quantity required to fill the 

capillary structure) 

( 4) Effect of negative gravity 

(5) Heater area. 

Kemme experimented with heat pipes, 3/4 inch O. D. and 12 inches long, and 

varied the following parameters: 

(1) Applied heat load 

(2) Operating fluid (potassium and sodium) 
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(:3) Wh~k configuration (channels, loose-fitting screen, tight-fitting 

screen, and a combination of screen and channels) . 

Clayton [11.1 and Kemme [12, 13] agreed that maxilnum performance 

of heat pipes could be predicted with some confidenoe using existing heat pipe 

equations. Clayton [11] concluded that contaminants in the pipe degrade 

performance and that a liquid sump is necessary for a satisfactory perform-

ance. Kemn1e concluded that heat transfer characteristics of heat pipes could 

be changed significantly by varying wick structure and that heat transfer 

capability of heat pipes could be subsiantially improved by the use of a two-

component wick. 

References 14, 15, and 16 present data useful in designing heat pipes. 

The data presented are properties or combinations of properties of fluid~ and 

wicking material used in heat pipes. 

In References 14 and 15, two similar approaches to designing heat 

pipes are presented. Both are lnodifications of designs previously described. 

In these designs, there is a grouping of properties that optimize heat transfer 

in heat pipes. The data are exhibited in the form of graphs. 

One of the first investigations for applying the heat pipe concept to 

spacecraft thennal control problems was conducted by Katzoff [t 7]. This 

report reviewed the theory of heat pipes, some possible applications, design 

computations, wick characteristic8, multifluid operation, and other areas 

in which research and development are needed. 

Three possible applications subjected to mathematical analysis by 

Katzoff [17] are: 

V 

, 

/ 

I Y 
l r i, 
I V 



(1) Maintenance of an evacuated cylinder at a lU1iform temperature 

by lining the inside surface with a saturated capillary structure 

(2) Transfer of heat isothermally between parallel plates 

(:3) Improving temperature uniformity of an irradiated cylinder by 

wrapping lll.~at pipes around the circumference at equal intervals. 

An orbital experiment was conducted [18] to demonstrate that a hent 

pipe will operate, as predicted, in the absence of gravitational forces. The 

heat pipe was 12 inches long, O. 75 inch O. D., and constructed of a stainless 

steel tube lined along its full length with a 100 -mesh stainless steel screen 

wick. Water was used as the working; fluid. The heat pipe was operated in 

an earth orbit, and its performance was monitored by telelnetry of several 

tracking stations during 14 revolutions. Heat was supplied to the heat pipe 

by a 10-watt electric heater. 

The results of the orbital ex,Ueriment indicated that the absence of 

gravitational f'Jrces does not affect the perforrnance of a heat pipe. The 

start-up and equilibrium operations were similar to tests in a gravity field. 

Reference 1 S contains a useful assembly and cleaning procedure for 

heat pipe::;. 

Haskin [19] made the first investigation for a heat pipe operating 

below room tenlperatllre. The heat pipe was 33 1/4 incIles long, 3/4 inch 

O. D., and constructed of a stainless steel tube line along its full length \vith 

an Avril rayon cloth wick. Nitrogen \-.;as used as the working fluid. Heat 

loads of up to 130 watts were transferred u.'dally in the heat pipe. 

7 
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Her·d.ll t s of this effort show tha.t a heat pipe using nitrogen can transfer 

heat loads or .100 watts witb about half the telnperature drop of a soliel copper 

rod of COll1p:il'ahl(' sjzo. The heat pipe was senHitive to inclinations from thc 

horjzun!,IJ -'I,itl' I !JueaUf;U of the weak capillary action that is due to thn l()w 

surfa<.'(~ 1"I\,')'iflll It liquill Ilill'ogen. A :.,cvcrc problem was encountered whon 

the evaporator surface ol,('rating tenlperatures were noar the critical ternpora

ture of nitrogen owing to the formation of a vapor film. 

Anand and Hester [20] did analytical and experimental work with heat 

pipes and areas associated with heat pipes. The experimental program was 

to deterlnine a suitable Inethod of control for the heat pipe and to establish 

suitable Wick/fluid configurations for certain temperature ranges. Sufficient 

understanding of heat pipe operation a.nd fabrication methods was acquired to 

allow_the design of a heat pipe for thermal control in a spacecraft application. 

N(~al [2l] reported the results of a number of heat pipe experiments 

using various wick structures. Also, included in his report was a development 

of heat pipe design equations and a discussion of various working fluids for 

heat pipes. 

Two-heat pipe systems were designed, operated, and evaluated sing 

wicks of refrasil, stainless steel screen, and sintered copper fiber. '.d1e 

first was 16 inches long, 1 1/2 inches O. D., and constl'1_1p.ted of a copper tube 

lined along its full length with a 1/S-inch thick sintered copper fiber wick. 

Water was used as the working fluid. The second heat pipe was 24 inches 

long, 3/4 inch O.D., and constructed of a stainless steel tube with wicks of 



refrasil and stainless steol seroen. Either water or ethyl alcohol were used 

as the working fluid in this lJipe. 

In general, the condenser was cooled with water fronl tho building 

supply at about 68° Ii' for both heat pipes; however, some experiments were 

made with refrigerated coolant in order to observe the heat pipe operation as 

the working fluid froze in the wick. The startup of an initially frozen heat 

pipe was also conducted. 

Results from this report [21] are as follows: 

(1) The thermal conductivity of nonmetal wicks is too low for their 

use in heat pipes designed to transfer large heat loads. 

(2) Wicks of refrasil should be bonded to the pipe wall to decrease 

the resistance to energy transfer. 

(3) The relative limits for water and ethyl alcohol were predictable 

from the hydrodynamic theory. 

(4) Liquid with large intermolecular forces are good heat pipe 

working fluids, because they exhibit high surface tensions and possess latent· 

heats of vaporization. 

(5) ,The power limitations of heat pipes studied were due to 

limitations on capillary pwnping. 

(6) The stainless steel screen wicks, formed by rolling the wire on 

a mandril, resulted in heat pipes that were not reproducible in detail. 

(7) The startup of a frozen heat pipe, even at very low power levels, 

may lead to a bu rnout. 
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(8) The sintered copper fiber wick possessed a large capacity for 

transferring power, but the wick was not bonded to the heat pipe wall, and 

the contact resistance to heat transfer resulted in a '7ery large overall 

temperature drop. 

e. Role of the Heat Pipe in Modern Technology 

Heat pipes can be used as a heat transfer device while acting as a 

structural member. Therefore, where the heat pipe is applicable it is a 

weight-saving device also. Space applications are favorable for the heat pipe 

since weight saving is of prime importance in space' vehicles. 

Recently, ,considerable work has been devoted to developing the heat 

pipe for application to nuclear power supplies. Heat pipes are used to transfer 

heat isothermally from the reactor core to a thermionic converter some dis

tance away and to improve the efficiency an.d reduce the weight of the 

ra.diator. The use of the heat pipe in cormection with a nuclear power supply 

could be considered for either space or earth installations. 

A potentially attractive application of the heat pipe concept [22] is to 

utilize a closed heat pipe loop to absorb and reject excess of heat leaking 

through cryogenic tank walls during exter:ded storage in spa.ce. A schematic 

of such a concept is illustrated in Figure 2. The working fluid used in this 

type of heat pipe is a cryogen with a boiling temperature slightly lower than 

that of the stored cryogen. 

l' 



TANK WALL 
(I~SULATED) 

STORED liQUID 

HEAT PIPE 
RADIATOR 

INSULATIO~1 

- HEAT PiPE COil 

FIGURE 2. HEAT PIPE CONCEPT TO CONTROL BOILOFF RATE 

As heat leaks through the normal insulation and is transmitted to the 

heat pipe in contact with the tank walls or stored cryogen, the heat pipe 

absorbs and transfers this heat to the outer loop which in turn radiates the 

heat to deep space. Since only part of the heat leak is absorbed by the heat 

pipe, the reduction of boiloff will depend on the percentage of stored cryogen 

in contact with the heat pipe. Application of this concept could result in a 

large weight savings if the duration of cryogen storage is a long period. 

Heat pipes may have an application in improving the temperature 

uniformity of the outer surface of an object, such as a spacecraft, that is 

subjected to nonumiform heating from all external source. Consider a long 

metal cylinder which is subjected to radiation. The skin temperature of this 

cylinder would obviously'be nonuniform because of nonuniform heating. 

The addition of heat pipes around the cIrcumference at regular axial 

intervals will cause almost immediate transfer of heat received by 

the heat pipes fron1 irradiated. areas around to the shaded areas, with 

11 
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practically no temperature drop. The heat pipes create a series of narrow 

isothermal bands around the vehicle, and the. only variation in temperature 

is between each heat pipe and the adja.cent metal. Therefore, heat conduction 

around the cylinder 11lay be neglected, and the only appreciable heat flow in 

"' the metal skin will be axially between the heat pipe and the;adjacent lnetal. 

One important application of the heat pipe i:::i to transport heat between 

a concentrated source, such as an electronic component, and a sink, such as 

a heat exchanger or radiator. The heat pipe would be of greuter importance 

in the case where it could serve a two-fold purpose,' such as where a 

structur1l member was required between the sink and the source. 

Utilization of the heat pipe as a means of improving the performance 

of space radiators has been considered. Since the heat pipe is essentially 

an isothermal device, it can be used to eliminate the temperature differential 

between the tube and the solid fin of the radiator. The required surface area 

of the radiator will be reduced, since the radiator will be radiating at a 

higher temperature. When heat pipes are used in conjunction with vapor 

chambers as radiators, instead of the conventional central tube and fin 

deSign, substantial weight savings are realized. 

The major role for the heat pipe is probably in space vehicles where 

weight saving is so important. After subsystem.s of space vehicles are more 

clearly defined, the applicati,ons cited here are only a few that can be 

expected to be discovered. It is important that the heat pipe be thought of 

as being in i.ts infancy and its role in modern technology is not really 

completely defined at this time. 



I). Barlic PrincipleH 

The heat pi.pe, as prevlollHly defined nnti illustrated in Figu 1.'0 1, 

COllf,lHtH of a sealed contain~r Uned with a wiek thai iH saturated with a li4Llld 

:11. :Illcl Iletll' the l"lutllrat1()11 PI'(~Hf·1tll·C c,()l'I'nf::)pOllciing to its .lifJltid LUnlp()rHtln·(~. 

;\[,; IlUat if::) added to OIlL) owl oj' the plpo, 1nrlHcd the evaporator, the li4Uicl ill 

the adjaCCl'it wick evaporates and absorbs its J.atent heat. Becanse of thu 

resulting difference in vapor pressuro, the: generated vapor flows fr0111 the 

evaporator to the cooler, condenser ene! where the vapor condenses onto the 

wick and gives up its latent heat. 

The evaporation of liquid at the vapor-l;.quid interface causes the 

residual liquid to retreat into the capillary structure, giving a Ineniscus 

radius of curvature and a contact angle that are smaller in the evaporator 

1 ') 
d 

than in the condenser section, where the condensate is being deposited. This 

difference causes a pressure gradient in the liquid that pumps it through the 

wick from the condenser section back to the evaporator section, thus 

completing the cycle. 

The heat pipe, an efficient heat transfer device, must operate within 

certain design limitations. The maxinlum total power that can be transferred 

in a heat pipe of given size and with a given fluid is determined by the ultinlate 

pumping capacity of the capillary structure and by the onset of filln boiling 

)JctWCCll the pipe wall and the wick. It has been found that the capillary pump-

ing limitation is 1110 re prevalent than the film boiling limitation if metal wick 

structures are used. 
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TlIl) IHUllpjng eapaciiy of the capillary structur~ depends on tho size 

iJnd guonwtry of tIll'l wi(~k, aH well as on the properties of the working fluid, 

:;llcll au H~i b_U~Il1. 1wal- ()f v:-t})()j'jY,al.ion, f->llrface Lension, dontlity, and VlflQ(.~lty. 

Tllu illlld.illlW It't:laU()n~;/lip h(:twcnn th(~ lll.iimate IHuuping (!apaciiy of tho wick 

awl iLL; gl!(jilwtJ'icai faci()l'h, a~i wull a~j ihe proporties of tho working fluid, 

can bu o/ltained IJY aPl>l.yillg gl!lI(! l'al cOlH-wrvatioll o4,uaiions to tho sy st.em. 

if'; 



CIIAPTEH II 

IH;VE LUPMENT OF TIIEUHY 

A. Htatic CondHion 

Suppose no heat is hddod to or removed from the heat pipo (Fig. 1), 

and the pipe is in static eqllillbriulll. Then, tho pressure u..istributiol1 in the 

liquId phase, P.e (z), obcys tho hydrostatic law for an incompressible fluid; 

The pressure in the vapor phase, P (z), (assumed an ideal gas) has a 
v 

(1) 

Boltzmann distribution, but the variation in pressure may be neglected so that 

the pressure, P , may be assUllled constant. At the interface between the 
v 

liquid in the wick and the vapor in the vapor space, the radius of the pores, 

r , and the apparent contact angle, e, must be such that the surface tension, 
c 

CT, supports the pressure difference. Thus, 

2 CT cos 0 

r 
c 

B. Steady-State Heat Pipe Hegime 

Consider a cylindrical heat pipc in a steady-state operatIon. Basic 

working relations will be derived by taking averages over the cross section 

of the pipe Wid by invoking simplifying assumptiuns. 

15 



Tho conservation of mass for a fluid with density, P (Z, 1.'), and 

v(~l()city, 'V (Z, r), can be oxpressod as 

..-.. 
\lor Y - O • (3) 

Since there 1s no flow normal to the olltor I)()llndal'ies of the liquid region, 

the velocity components, V and Y , satisfy the l)oundary conditions, 
z r 

v (0, r) = V (L r) == V (z r ) == 0 . 
z z' r' 0 

(4) 

The total axial flow of vapor, m
v

' and of liquid, lll,e' at the axial position, 

Z, are 

r 

nl (z) ==J,v p (z,r) V (z,r) 27rrdr 
v v z 

o 

1'0 

lll.e(Z) == J P,e (z, r) V
z 

(z, r) 27Tr dr . 
r 
v 

Applying Gauss' theorenl to equation (3) in the cylindrical region 

between 0 and z and inside r 0' and using equations (4) and (5) 

The average radial and axial pressure gradients will be inversely 

(5) 

(6) 

proportional to the flow areas in the radial and axial directions, respectively. 

For pipes in which r L > r2, H'e radial pressure gradient, will be neglected, 
v 0 

and it will be assumed that both the flow velocity and pressure in the liquid 

depend only on z. 
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The momentLl~n equation for steady viscous inCOlllpr()ssilJ](~ flow with 

a velocity component in the Z direction only may be written 8S 

(7) 

Reference '1 shows that the secowl term un the right side of cCjllaUon t 7) j::~ 

negligible relative to the first and third terms. Then equation (7) may iJ(.~ 

written in the following lnanner. 

W + P g cos I~ 
i. g t-' 

C 

(8 ) 

where W is the average velocity of the liquid and K is the permeability of 

the wick. Equation (8) is a version of Darcy's law. Since 

n; = (J V A , ( 9 ) 

where A is the area perpendicular to the flow direction, equation (8) may be 

written as 

111i. g 
-1r-(-r"""2 ---?)p- + -(-r - P.e cos (3 . 

o v.f. °c 
(10) 

The dynamics 01 the vapor flow is different sincc, in general, an 

equation like equatiun (10) relating the local pressure gradient with the local 

mass flow does not exist, and the initial term in equation (7) is uften not 

negligible. 

ValJor flow in the evaporator and the condenser is similar to pipe flow 

with injection and suction through a poroLls wall. The results frum 
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Hofereneo 5, which is concerned with flow through a cylindrical pipe with 

suction and injection, will be used for the condenser and the evaporator. 

Using the results from Reference 5 and assuming incompressible 

laminar flow with uniform injection ('1' sLlction, regimeR may be ef:ilablished 

that depend on the magnitude of thc Radial Reynolds number, It where 
e 

R =+ 
e 

r 

P r V 
v v r 

/-Lv 

1 ---
27f/-L v 

l' 

Note that R is positive for evaporation (injection) and negative for con-
e 

r 
densation (suction). For ! R I «1 viscous effects dominate, and the 

e 
r 

axial velocity profile is sinlilar to the parabolic shape for Poiseville flow. 

Neglecting gravity, the resulting pressure gradient is approximately 

d P v 8 /-Lv 111v (3 11 
d;- = - 7f P r 4 1 + "4 R e - 270 R ~ + ••• ) 

v v r r, 

(11) 

( 12) 

with IR 1« 1; therefore, ternlS of R2 may be neglected. Equation (12) is 
e e 
r r 

derived with R assumed a constant and independent of z. These limitations 
e 

r 
on R are appropriate for the evaporator and the condenser of a heat pipe. 

e 
r 

\Vhen IR 1» 1, high evaporatfon and condensation rates exist and 
e 

r 
the cases of evaporation r..nd condensation differ. For high evaporation 

rates, the radial dependence of velocity is not parabolic but is proportional 

1T 
to cos 2 (rrv)2 and the pressure decreases in the direction of flow. 

When condensation rates are high, the flow is of tpe boundary layer type 

and the pressure increases in the direction of flow due to partial dynamic 

recovery of the decelerating flow. For flow of the boundary layer type, the 



axial velocity i::-; constant across most of the section, wUh the transition to 

/',01'0 voloeiiy occurring in a thin layer ncar the wall. Frolll Heforonco .f [or 

either ovaporation or condensation, with tho limit H -. 00 leads to 
o 

Sln 
v 

4.) 1A g 
IV v C 

l' 

di'. 

4 
where s '-" 1 for evaporation anci s = ~ for condensation. 

The Heynolds numbor, 

H. 
e 

z 

p r V 
v v z 

flv 

111 
V 

( 14) 

m.ay be used to describe the vapor flow in the axial dire..!tjon. If an adi.abatic 

section connects the evaporator and condenser of a heat pipe, with R ~ 0 
e 

in the adiabatic section, then the Poiseuille formula, 

elP 
v 

dz 

8 ~{ ni 
v v 

7r p r 4 
v v 

111ay be used for lanlinar vapor flow in the adiabatic section. 

r 

Flow dynalllics are also concerned with the relations betweell the 

vapor and liquid pr8ssures and the vapor and J.iquid mass flows. In the 

static and steady-state cases, equation (~) is appropriate. In the steady-

(15 ) 

state ca~c, P depends on z. The vapor and liquid mass flows are coupled 
v 

with tho liquid temperature at the interface, T (Z, r
v
)' which also det.ermines 

d lUi 
the vapur pressure of the liqUid. p, The local condensation rate. 

dz 

is given by HoferCllce '* as 
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dz 

a r (P - P) v v 

The numerical factor, a ~ 1, includes both the probability of conden-

sation of an impinging vapor molecule and the roughness of the meniscus 

(1 G) 

interface formed by the capillary structure. Equation (lG) may also be used 

for surface evaporation except when bubbles are forming, due to boiling, in 

the capHlary structure. 

For a heat pipe, though the amount of heat transfer may be very large, 

the axial and radial temperature gradients are v'3ry small and axial conduction 

terms are small compared to other terms. Using the preceding, Cotter [41 

showed that ihe axial transport of energy is approximately 

q = A m (z) , 
v 

where A is the heat of vaporization of the fluid. 

The basic equations presented in this section were taken from 

Reference 4, except changes were Illade in some of these equations. The 

IJ..e 
nlajor change was made in equation (10). The substitution of K for 

b/.L.e 
-- was made so that the properties concerned could be determined 
~ r2 

c 
experimentally or found in tl n literature. 

C. Heat Pipe as a Radiating Fin 

A heat pipe as a radiating fin may be defin~d as a hea t pipe with a 

( 17) 

heat input, q, added to the evaporator and this heat input is radiated from 

the remaining section, the condenser, 0 f the heat pipe. The addition and 
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rejection of heat is assumed to be at a constant rate. With the baf'ic.J..l4uations 

from the previous section, the relationship between q and other properties 

may be established. 

From equations (G) and (17), the vapor and liquid mass flows may 

be obtained. 

(18 ) 

Consider equation (10) and aSSU111e that heat is added and rejected as 

depicted in Figure 3. 

~EVAPORATOR~~~.----------CONDENSER 
. Le~~.~-------------- Lc ------------------~ 
~------------------------L--------------------------~·~I Z=O Z=L 

and 

FIGURE 3. HEAT ADDITION AND REJECTION 
(RADIA TING FIN) 

The rate of heat transfer in the axial direction is assumed to be 

q = A In = 
v 

q (L - Z) 
e 

L 
c 

O:'S z:;:; L 
e 

L :sz:sL 
e 

( 19) 
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. 
lIt. := - 111 := 

V £. q (L - Z) 
e 

AL 
c 

o:sz:s L 
e 

L :sz:sL 
e 

( 20) 

where qe is the total rate of heat transfer to the evaporator. 

Using the v.bove for l';£., equation (10) can be integrated to obtain the 

pressure variation in the liquid. 

then 

(21 ) 

With nl given by equation (20) and using equations (11), (12), and 
v 

(13), the pressure variations in the vapor can be found. Two conditions, 

I R 1« 1 and I R I» 1, may be considered. 
e e 

r r 

1. I R 1« 1 
e 

r 

Neglecting R2 terms, (,~quation (12) becomes 
e 

dP 
v 

dz 

. 
8J.1. 111 

V V 

7r P r4 
v v 

r 

(22) 



then 

Substituting equation (11) into equation (22) yields 

LIP 
v 

dz 

Substituting equation (20) into equation (2:3) and integrating 

4 J.I. q L 
v e 

~ p = p (0) - P (L) = 4 
v v V trp r A. 

2. I R I »1 
e 

r 

v v 

Substituting equation (20) and s =-- 1, evaporator, and s = 4/ 7f, 

condenser, into equation (13), and then integrating gives 

then 

P (L) 
v 

{' d P 
P~ (0) v 

v 

1 
4 P r 4 g 

v v c 

4 
7 J~ [qe (L - z )] (_~) 

i\L i\L dz, L c , c 
e 

(2:3 ) 

(24) 
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The axial heat transfer depends on the capillary forces being able to 

sustain the required circulation of fluid. The maximum pressure differen-

tial hetween vapor and liquid that c an be supported by surface tension in the 

eapillal'Y structure is defined by oquation (2). Then for the particular case 

of lU1iform heat addition and removal for the heat pipe as a radiating fin, 

equations (2), (21), (24), and (25) may be used to define the limiting con-

dition for the total axial heat transfer. 

1. 1 R 1 «1 
e 
l' 

4 J.i.v qe L J.i..Q qe L 
+ + p ~ Leos Q = 2 a cos e 

7f p r4"}.. 2 K P n "}.. 7f (r2 - r2 ) .Q g fJ r 
vv .t:. 0 V C C 

2. 1 R 1 »1 
e 
l' 

( 1 - -::2'7f4 ) q2e J.i..Q qe L Q" 
~ L Q 2acos() 

8 P r 4 "}..2 g + 2 K P "}.. 7f (1'2 _ 1'2 ) + P.Q g cos fJ = r 
V v c .Q 0 v c c 

D. Heat Pipe Having an Adiabatic Section 

A heat pipe having an adiabatic section consists of an evaporator, 

( 26) 

(27) 

condenser, and ap adiabatic section connecting thc other two sections. It is 

assumed that heat is added to the evaporator at a constant rate and removed 

at the condenser at a constant rate with flow through the connecting section 

being adiabatic. 

Equation (18) is applicable in this ease and can btl used. Consider 

equation {1 0) and assume that heat is added and removed as depicted in 

Figure 4. 
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The rate of heat transfer in the axial direction is 
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where qe is the total rate of heat transfer to the evaporator . 

. 

(28) 

( 29) 

Using equation (~9) for 1ll£, equation (10) can be integrated to yield 

the pressure distribution in the liquid. 
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P n ( L) [ L L + L L j x. p.q e. e a 
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Two conditions, I R 1« 1 and I R I» 1, must be considered for 
e e 

r r 

the pressure variation in the vapor. 

1.\ RI e 
r 

« 1 

To find the pressure variation for the condenser and the evaporator, 

substitute equation (29) into equation (23) and integrate. For the adiabatic 

section, substitute equation (23) into the equation (31) and integrate. 

then 
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(33 ) 

For this case, using equations (2), (30), (32), and (33), the limiting 

condition on the total axial heat transfer is as follows: 
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E. Considering Boiling in the Wick 

(35) 

Marcus l~] derived an equation for the maxilnum heat transfer for a 

heat pipe if boiling in the wick is considered. In this derivation it was assumed 

that viscous forces in the vapor are negligible and the heat pipe has an 

adiabatic section. The maximum heat transfer is 

[

'1' (Jill" 1. \, 'r (-=-- -~) lPwoJ - (1' - l' ) - P1.L Lcos,sl] ~ 
_ ::lat, l' l'I, I'll t ~ \'e v(.: gc f 

"l! r --
- w 1-11 1. II" J 

(36) 

where an approximation for keff. is keff.= E k.e+ (1 - E) kwick' rn = radius of 

r + r 
bubble nucleus, and r v 2 0, then neglecting P - P w v v 

e c 

F. Governing Equations Summarized 

Equations (26), (27), (34), (35), and (37) are the governing equations 

for a heat pipe. After solving for q for each case, and considering that 
Inax. 

r 
~ for a specific temperature is the primary variable, these equations are 
r 

o 

as follows: 



where 

where 

1. Heat Pipe as a Haciiating Fin 
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where 

where 

2. Heat Pipe Having an Adiabatic Section 
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c. :v1arcus' equation 

(46) 

where 

T t (J Pi. K L 
D = sa. e 

J.i..R, L Pv J 
( 47) 

G. Solution of the Governing Equations 

Equations (38), (40), (42), (44), and (46) were programrlled for 

the digital computer to permit rapid evaluation of the heat input to ~ 

heat pipe. These equations were solved for specific cases. The temperatures 

considered were ~OOo F, 2500 F, 3000 F, and 3500 F. Each equation was solved 
r 

with varying -...::!... and the above temperatures for heat pipes with r c:qual 
r 0 

o 
to 0.0:208! 0.0312, 0.0625, and 0.1250 foot. The wicking material used was 

250 mesh screen made of 316 stainless steel wire with a diameter of O. 001c) 

inch. The input data to the computer, given in AppenclL'\. A. \\'crc fr()m the 

refer enee.o;.; Ul' calculated. 

The solution of equations (38) and (40) was accomplished by llsing 

iiiput data frum AppendL'\. A and a digital computer. Theoe solutiulls are 

shO\vn in Figures 5 through~. Ecwations (38) and (40) were derived by 

considering the heat pipe as a radiating- fin \vith small evapuratiun 2nd cun-

densation ratef:i considered in equation (3t5) and large evaporation and COl1-

dp.nsation rates considered in equation (40). Considering the calculated data, 
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as shown by the curves, it i~ concluded that evaporation and condensation rates 
r 

have no effect on the heat transfer rate for heat pipes with --Y.. > O. 5. 
r 

o 
The solution of equations (42), (44), and (46) was obtained by use of 

a digital computer and input data as given in Appendix A. The solution to 

these equations is shown in Figures 9 through 12. Equations (42) and (44) 

were derived by considering a heat pipe with an adiabatic section having slow 

evaporation and condensation rates for equation (42) and rapid evaporation and 

condensation rates for equation (44), Equation (46) was dm:ived by :Marcus 

in Reference 8, As in the previous case, evaporation and condensation rates 
r 

have no effect on the heat transfer rate for heat pipes with .....:i.... > 0.5. 
r 

o 

H. Parametric Studies 

The governing equations were solved by a digital computer for different 

permc abilities, apparent contact angles, and lengths of adiabatic section to 

deter.".inc the effect these parameters had on the heat transfer rates. 

Permeability 

:'llrce values different from the value shown in Appendix A were used 

for the "meability, TIle values of permeability used were G. G x 10-1
1), 

3 ,) c-, .. ;] and 3, 25 x 10-2 ft2. When these values were used (all other 

inputs '. I "lS given in Appendix A) the optimum, r Ir , becomes larger v 0 

as the '. 

consider 

oCCllrs, 

ture, and 

! or the permeability was increased. The optimum, r I r , is . v 0 

- .he value of r /1' at which the maximum heat transfer rate 
v 0 

I equations were solved for each value of permeability, tempera-

I , 
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The variaUon of the hoat transfer rate with permeability for a heat 

pipo as a radiatinf,!; fin is shown in Figure 13. To make the eompari80n 

depicted in Figure 13, the following were used: Ecw,.ation (3t)) , r oqual to 
o 

o. O:31~ foot, and tomperature equal to ~50o F. Using equation (4~), w.'Lh 

r equal to O. O;H~ fout and :' ternperature of ~500 F, tho variation of the heat 
o 

transfer rate with permeability for a heat pipe having an adiabatic section is 

shown in Figure 14:. 

For the larger values of p0rineability, the effects of the evaporation 

· ~ 1 

and condensation rates becoine 1110re pronounced. As the value ot pern~"eability 

ir~cl'eases, the range of l' /1' effected increases, for exanlple: 
v 0 

.Pe rnle ability , K 

3.25 X 10-10 ft2 

G. 50 X 10-10 ft2 

3. 25.,x. iO:-_~ft2 

Not effected by evaporation 
and condensatlOn rates 

r'T 
-' > 0.95 

1'0 

To investigate the effect of the apparent contact angle, five values 

other than zero degree (as given in Appendix A) were used for the apparent 

contact angle. The values used for the angle were 10, 20, 30, 35, and 40 

degrees. When these values were used (all other inputs were as given in 

Appendix A), tlw heat transfer rate d'~cre3.sed as the apparent contact angle 

increased. Equations (38) and (42) 'Nere solved fur each of the values of the 

angles, temperature, and r. These equations were chosen because, for a 
o 
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r v 
change 'ill angle, the optilnwn, did not change. Also, neithfJr of the 

r o r 
equations a-rc effected by evaporation and condensation rates for -.:i. > 0.5. 

r 
o 

2. Apparent Contact Angle 

The variation of the heat transfer rate with apparent contact angle for 

a heat pipe as a radiating fin is shown in Figure 15. To m,ake the comparison 

depicted in Figure 15, equation (38), r = 0.0312 foot, and a tenlperature of 
o 

2000 F were used. Using equation (42), r = 0.0312 foot and a tempera.ture of 
o 

2000 F, the variation of the heat transfer rate with apparent contact angle for 

a heat pipe having an adiabatic section is shown in Figure 16. 

By varying the apparent contact angle, it can be shown that heat pipes 

cease to operate as tue angle enlarges at a specific temperature. In effect, 

for any given temperature, there is a maximurn apparent contact angle. With 

other parameters, as defined in Appendix A, the maximum apparent contact 

angles for heat pipes are as follows: 

Temperature 

2000 F 

2500 F 

3000 F 

3500 F 

3. Length of Adiabatic Section 

MaxirrLum Apparent Contact 
Anglf) - Approximate 

43 deg 

38.5 deg 

32.5 deg 

22 deg 

To determine the effect which the adiabatic section had on the h.eat 

transfer rate, the governing equations were solved with different lengths for 

the adiabatic section. The values of the other parameters relnained constant, 
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f;lS given in Appendix A. The values llsed for the length of the adiabatic section 

were 0, 0.125,0.20, 0.25,0.333, and 0.50 foot. When the 10np;th of the 

adiabatic section is zero, the heat transfer rate (Fip;s. 3 and 4) js the same 

as that for a heat pipe used as a radjating fin. To show the variation of the 

heat transfer rate, equation (42), an r of 0.0312 foot and a tem perature of 
o 

2500 F were llsed. The variation of the heat transfer rate for a parti.cular heat 

pipe is depicted in Figure 17. 
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CHAPTER III 

DESCHIPTION AND DESIGN OF EXPEIUMENTS 

A. Properties of Fluid and Wicking M.aterial for Heat Pipe Design 

Properties of the fluid that must be considered when designing hcat 

pipes are surface tension, latent heat of vaporization, viscosity, etc. Due to 

the availability of distilled water and also for the temperature range 

considered in t.hese experiments, it was advisable to use distilled water. A 

figure in Reference 1.4 shows the optimum temperature for heat pipes with 

water as the working fluic is approximately 300° F. 

A property of wicking nlaterial that is most important when testing 

heat pipes in the vertical position is capillary rise. The radius of the pores 

and the permeability are important when heat pipes are tested in either the 

horizontal or vertical position. Since in these experiments the heat pipes are 

oriented vertically, the capillary rise capability of the wicking material must 

be determined. For these experiments the capillary rise required is 1 foot. 

Data were taken from References 14 and 17 to obtain Figure 18. Byobserva

tion of Figure 18, to obtain a capillary rise of 1 foot, the screel should be 

250-mesh. Therefore, a 250-mesh stainless steel screen wa~ chosen for 

these experiments, except for one heat pipe in which 100-me,~h stainless 

49 



20 

I 
." 
W 
:I: 
U 
~ 

I l 
w 
~ 10 
~ 

>-
~ 

I -< 
-i 
..J 
0:: 
< u --

00 

I 

./ 
~ 

V 
V 

100 

: r 
I 

I / I --;-

vV 
/ 

...l 
200 

MESH 

/ 

,// 

vV' 
/ I 

I 

300 

FIGURE 18. CAPILLARY ruSE VERSUS SCREEN :MESH 

~ 

1 
! 

I 
I 
I 
I 

I 
) 

400 

U1 
o 



[j 1 

steel screen was used. The 100-mesh screen wa.1:! used to establish whether 

the data used for capillary rise were correct for destgning heat pipe wicks. 

The radius of tho pores of the screen woro determined by cunsidering 

that the diameter of the poros would bo tho l:)al1l0 dimenl:)ion as one side of tho 

square openings in the SC1'OOll. Tho dimCl'lsion of tho square openings was 

equal to 1 inch nlinus the mesh size (2,50) times the (Hameter of tho wiro 

(0.0016) divided by the mesh size. For the 250 mosh screen, tho radius of 

~ ~ 
the pores, r , equals 1. 0 x 10 feet [( 1 - 250 x 0.0016)/250 x 12 == 1. 0 x 10 

c 

feet] • 

The penneability, K, was deternlined experimentally for 100- and 

250-mesh screens. The procedure and experinlental apparatus for determining 

the permeability of screens are described in Appendix B. Values of permeabil-

ity detbrmined :or the two screens are as follows: 

Screen 

100-mesh stainless steel 
wire diameter = O. 0045 
inch, Type 316 __ _ 

250-mesh stainless steel 
wire diameter = 0.0016 
inch, Type 316 

K 

2. 67 X 10-9 ft2 

B. Determination of Wick Thickness for Experimental Heat Pipes 

In References 4, 8, and 19, nlethods for determining the wick thickness 

required for heat pipes are presented. References 4 and 19 use the san18 

method; first q is cl'!;l.nlized with respect to the radius of curvature, r , 
Inax. c 

and then it is optimized with respect to r /1'. If this proccJure is followed, . v a 
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tho optimum ratio of r /r is approximately ,J ~ . An equation for detennin-
v 0 3 

ing the optimum wick thickness is presented in Reference 8. This equation is 

only for a thin. wick. If the equation from Reference 8 were used to determine 

the wick thickness for a heat pipe operating at a specific temperature, the 

thickness of the-w.ick_is. independent of the radius of the heat pipe. Also, when 

determining wick thicknesses by using Reference 8, it is necessary to deter-

mine several parameters r,3xperimentally. If this equation were used, with 

the unkno"1n paranleters esti.mated, for determining the wick thicknesses 

required in this experiment then the approximate value of r /r , for a heat 
v 0 

pipe at 3000 F, is O. 9. 

From the study presented in Chapter II of this dissertation, the 

optimum value of wick thicknesses should be such that r / r is apprOXimately 
v 0 

0.3. This value of r / r would exist only for heat pipes operating under the v 0 

conditions as established in Cha?ter II and Appendix A. 

For the experiments included here, it was necessary to limit wick 
r 

thicknesses so that r /r would be 0.8 <..::L < O. 98. The factors which v 0 r 
o 

determined this range for r /r were the available power supplies and 
v 0 

quantity of wicking material. 

C. Assembly of Heat Pipes 

Previous experiments indicate that one of the most important 

procedures for consideration is the assembly of the heat pipe. The heat pipe 

should be sealed so that pressure may be built up inside the heat pipe. 



Precaution should be taken to prevent contamination of the inside of the heat 

pipe. Compatibility of materjals and cleanliness should also be considered. 

In this experiment, compatibility of materials was assured by use of 

a wick of stainless steol scroen, a container of stainless steel, and water 

as a working fluid. Contamination and compatibility are important, because 

if foreign gases collect in the vapor space, the part of the heat pipe occupied 

by these gases will cease to operate as a heat pipe. 

Since in this experilnent two types of heat pipes are considered, 

assembly procedures differ. The steps in the assembly and the major parts 

of the heat pipes are given in Appendix C. 

D. Experimental Investigation of Heat Pipes as Radiating Fins 

The experilnental setup consisted of two heat pipes, a test fixture, 

the high altitude simulation systelns, and the data acquisition system, as 

illustrated in Figure 19. The test fixture with two heat pipes attached, just 

prior to placing in the vacuum chalnber, are shown in Figure 20. A detailed 

description of the high altitu.de simulation system and the data acquisition 

system is presented in Appendix D. 

The test fixture was designed to suppo_rt two heat pipes. It consisted 

of plates and bars to furnish support only. The fixture had the capability of 

rotating the heat pipes through 360 degrees. Therefore, the heat plpe could 

be fixed in any position. Teflon was used as insulation where a junction 

existed between the heat pipe, or heater cover, and the test fixture (Fig. 20). 
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The test sp(;'JCirn.~ll.2.0nsisted of a heat pipe, a heater element, 3 

thCX.lllo.c.ouples attaehed to the heater, 9 thermocouples attached to the surface 

of the heat pipe, 2 therm.ocoupl0s in the vapor space of the heat pipe (if r 
- 0 

was greater than 0.0208 foot), and a pressure transducer. The approximate 

location of the above are shown in Figure 21. The heat pipf~S were approxi-

111ately 14 inches long, of differ,;mt radii, and constructed of stainless steel. 

The..oute.r....radii and other data for the heat pipes tested are shown in Table 1. 

The heater was constructed by winding a 26-gauge wire (Xactglo, 

Inconel, Claud S. Gordon Co., Cleveland, Ohio) around approximately 3 inches 

of the heat pipe. The heater wire was attached to a terlllinal post 011 the 

lower end of the heater, wound arolli'1d the heat pipe to the top of the heater, 

and then returned to another ternlinal post at the lower end of the heater. The 

heaters were wound so that the power necessary to perform the test was avail-

able. The power inputs to the heater were determined by digital measure-

ments. 

The test apparatus was supported in the vaCUUlll chamber by the test 

fixture. The therlnocouple leads were taped to the test fixture and then fed 

through the chrunber wall with a standard vacuum feedthrough connector. A 

thermocouple cold junction (an ice bath) was located adjacent to the chaIIlber, 

and the thermocouples were connected to the data acquisition system. The 

pressure transducer leads were similarly fed through the vaCUUln chamber 

wall and connected to the data acquisition systenl. Also, the power Sllpply 

leads were fed through the vacuum chamber wall and connected to the power 
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TABLE 1. DIMENSIONS AND DATA (RADIATING FIN) 

~ 

Heat Pipe 1 2 3 4 5 6 

Insid~ Diameter - inches 
1 3 1...!. 3 

3 3 -
2 4 2 4 4 

Outside Diam.eter - inches 1...!. 1...!. 2...!. 3 1...!. 1~ 3--
4 2 4 4 4 2 

Inside Radius, r - feet 0.0208 0.0312 0.0625 0.1250 0.0312 0.0312 
0 

Outside Radius, r - feet 0.0520 0.0625 I 0.0938 0.1562 0.0520 0.0625 
s I 

Wick Thickness, t - feet 0.0024 0.0024 0.0024 0.0024 0.0028 0.0060 

Radius of Vapor Space, 0.00184 0.0288 0.0601 0.1226 0.02.84 0.0252 
r - feet 
v 

r 
v 0.88 0.92 0.96 0.98 0.91 0.81 

r 
0 

~lesh of Screen 250 250 250 250 100 250 

Layers of Screen 8 8 8 8 3 20 

I Length of Screen - inches 112 18 37 75 62 42.2... 
4 4 2 

Distilled \Vater - Cubic 15 20 35 85 15 25 
Centilneters I -

7 

1 
2 

7 
S 

0.0208 

0.0364 

0.0024 

0.0184 

0.88 

250 

8 

112 
-1: 

25 

8 

1 
2 

1~ 
4 

0.0208 

0.0520 

0.0024 

0.0184 

0.88 

250 

8 

112 
4 

25 

i 

C.ll 
00 
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source. Separate vaCULUTI, feedthrough connectors were used for the power 

leads and therlnocouple leads to avoid interference. The test fixture, specilnen, 

and vaCULUn chrunber "valls wert pain~ed black to minimize the reflected 

energy. 

The tests were desj,gned to explol'e the operation of eight water heat 

piill\s aj temperatures of approximately ::WO° F, 2500 F, 3000 F, and 3500 F. 

One of the paralneters that was studied was the power input to heat pipes 

with different ratios of r Ir. From other studies it was known that approxi
\' 0 

mately 6 hours were required to achieve steady-state heat transfer. The 

power input required io bring a heat pipe to a specific temperature could be 

approximately determined by referring to the analysis. To reach steady state 

at the four temperatures required approximately 1 week. To permit faster 

achievement of steady state, power supplies were left on 8.t night. Steady 

state was considered to be established when all temperatures recorded varied 

less than 1 degree per hour. This assumpti.on was well bOJ.'ne out by longer 

runs that established a steady-state condition where essentially no temperature 

variations were noticeable. No readings were recorded when the vacuum war 

greater than 1 x 10-5 mm of Hg. The pressure was monitored to check the 

temper:~.ture mea~urements. 

The t(;;::;t runs are ~'..unmarized in Table E-I and Figures E-1 through 

E-8 in Appendix E. 

'£h0 te~~'; procedure was essentially tr ... e saIne for all test runs once 

the specimen was prepared for that particular test. The test runs were begun. 



no 

by simultancoll,':.)iy turning on tho data acquisition syst~m, tho power supplies 

to the specinwn heaters, the backing PUlllp, the heaters to the ejector pUlnp, 

and diffusion pump, the cooling water to tho pump condonsers, and then 

pressurizing tho liquid nitrogen storage trailer. After a test was started, 

the power supplies and other equiplllent that was safe were left on ov~rnight, 

When the diffusion and ejector pump oil reached approxinlately 5200 F, the 

rcughing pump was turned on, and the liqUid nitrogen flow to the pumping 

systmn cold trap was begun. Liquid nitrogen flow to the VaCUU111 chamber 

cooling jacket was begun for tests 7f and Sf. The vacuum was then read on 

the Pirani gauge, and the system was switched to "hi-vacuum, " or onto the 

diffusion and ejector pUlnps when the vacuum reached 150 microns. 

After hi-vacuum operation was achieved, the Rro®dure consisted of 

periodically checking the vacuum, the ther1110couple ice bath, the heater 

power supply readings, the specinlen temperature distribution, and the 

pressure. The power input was raised or lowered as necessary to reach a 

desired temperature. The specimen telllperature was observed until steady 

state was achieved1 and then a new test run was begwl by changing the po';.'er 

inputs. Once a series of test runs was c0111pleted (or at the end of the work 

week), all of the- test equip111ent was turned off. The cooling watei~ to the 

ejecto!' and diffusion pUlnp oil (:ondenser was left on for approxhnately 

2 hours to protect solder joints. 
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E. Experimental InveHtigfltion of Ileat Pipes Having an Adiabatie Section 

The experimental setup consisted of two heat pipes, a test fixture, 

a water Rupply system, and the data aC(luisition system as illustrated in 

Figure 22. The test fixture with two heat pipes attached are depicted in 

Figure 23. The test fixture is tho same OnG used in tho previous tests. Tho 

data acquisition systenl used for the hoat pipes with an adiabatic section is 

described in Appendix D. 

The test specilnen consisted of a heat pipe with a copper tube, a 

heater e '.enlent, 2 thermocouples attached to the heater, 3 thernlocouples 

attached to the metallic surface of the heat pipe, 2 thermocouples in the 

water supply, 2 thermocouples in the vapor space of the heat pipe bf r was 
o 

greater than 0.0208 foot), insulation fro111 the bottom of the heater to the end 

of the heat pipe, and a pressure transducer. The approximate location of the 

preceding are shown in Figure ~4. The heat pipes were approximately 

14 inches long, constructed from st,ainless steel, and with p> copper tube 

wound arot.U1d approximately 4 inches. The specimen heater is similar to 

those for heat pipes as radiating fins, as described in the preceding section. 

The dinlensions and other data for the heat pipes tested are shown in Table II. 

The test f~ture with two heat pipes attached was placed on a table. 

Then the thermocouple, pressure transducer, and power supply leads were 

attached to a patch panel from which cables led to the recording systeln or the 

power supplies. All thermocouple leads were passed through an ice bath. 

The water supply and drain lines were connected to the copper tubes on the 
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TABLE II. DIMENSIONS AND DATA (ADIABATIC SECTION) 

Heat Pipe 9 10 11 12 13 14 15 ! 16 

1 3 1 
3 

3 1-.!.. 1 1-.!.. Inside Dianleter - inches - 12 2 4 4 2 2 2 

Outside Diameter - inches 1-.!.. 1J.:.. 2~ 3 2 1J.:.. 2J.:.. 1-.!.. -) -.!.. 
4 2 4 4 2 4 4 ..... 4 

Inside Radius, r - feet 0.0208 0.0312 0.0625 0.1250 0.0312 0.0625 0.0208 0.0625 
0 

Outside Radius, r - feet 0.0520 0.0625 0.0938 0.1562 0.0625 0.0938 0.0520 0.0938 
s 

Wick Thickness, t - feet 0.0024 0.0024 0.0024 0.0024 0.0060 0.0114 0.0036 0.0024 

IRadiUS of Vapor Space, 0.0184 0.0288 0.0601 0.1226 0.0252 0.0511 0.0172 0.0601 
r - feet 
v 

r 
v 

0.88 0.92 0.96 0.98 0.81 0.82 0.83 0.96 
r 

0 

Mesh of Screen 250 250 250 250 250 250 25e :250 

Layers of Screen S 8 8 

I 
8 20 38 12 S 

') 1 
162 J:... i 

Length of Screen - inches 11~ 18 37 75 42-- I .- - .)-

4 ~ 
. ) i .LJ~ V • 

I 
I 
! 

Dibtil1ed \Vater - Cubic 
15 20 35 85 25 I 1:20 :2) :35 

Centimeters i 
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heat pipes. \\l11en Ow prcl!Olllng waR cOlllpletl~d, tiw test setLlp was complete 

and testing could hegin. 

uf Uw parallwtuf'H that \Va,:-; ,C;ltHUC(! W:J.i; U1C IleaL input to heat pipes with an 

adiabatic Rection hav lng (ljrr()rl~nl r /" ratios. From preliminary testing 
v () 

it was dete:.:'mined that approximatoly G huurs was required to achieve steady-

t5iate heat transfer. The hoat inpLit t· :quil'ed t.o raise a heat pipe to a specific 

temperature was approximately determined by referring to the analysis. To 

obtain steady-state operation at the four ternperatures required approxilnately 

one week. To assure that steady state was reacLed each day, the power 

supplies were turned on eac:b day at appruximately 7 A.lV1. As in the previous 

t8sts, steady state was c:onside red tu be reached when all temperatures 

recorded varied less than 10 F pel' hour. The pressure in the vapor space 

was monitored to check the temperature lllCasurements. The data from the 

tests are summarized in Appcndi..'( F. 

The test procedure was essentially the same for all tests once the 

specimen was prepared. rrho test runs were begun by simultaneously turning 

on the data acquisition :';ystems, the puwur su.pplies to the specimen heaiers, 

and tho water supply to the :·;PCC'jIJlCJl. After the heat load had been applied 

for appI'(lxilll. Lely all hOllr, the plltll\! was turned on so that the water supplied 

to each heat pIpe c:ollid be accLuatr..:'ly ,-~ontl'ullccl. 



After steady state for the water supply was reaclwd, tho proecclurn 

consisted of periodically checking the thermocouple ice bath, the heater 

G7 

power supply readings, the specimen tmnperature distribution, the tempera

ture of the water elltering, and leaving the heat pipe and tho pressure. The 

power input was raised or lowered as necessary to reach a desired tempera

ture. The specimen temperature was observed until steady stato waR aehiev(~d; 

the tenlperatures and pressures were then recorded, and the flow rates of the 

water were measured. A new test was begun by changing the power inputs 

and adjusting the flow of the water. At the end of each day, all test equiplll0nt 

was turned off. 



ClIAPTEH IV 

ANALYSIS OF :~X:PEIUMENTAL HESULTS 

A. Determinatiun of Apparent Contact Angle for Heat Pipes as Hadiating FillS 

Most of the parameters in the theoretical analysis were detern1ined 

experilnentally or taken fron1 the references, but the apparent contact angle --""'--------

was not de1eI:lnin.ad...by these procedures. This angle could probably be 

detern1ined expe-rimentally, but due to the c0111plex nature of the interfaces 

in the heat pipe, the angle for each temperature was deterlnined by using 

experilnental data accumulated in the testing of the heat pipes. The apparent 

contact angle for each test was determined by comparing calculated heat inputs 

and the heat inputs determined experilnentally using data taken from six water 

heat pipes as radiating fins. The calculated heat inputs were determined by 

varying the apparent contact angle while holding the other paran1eters constant 

in the governing equations. In effect, this approach experimentally detennined 

the apparent contact angle. 

The appar~nt contact angle, 0, versus the ten1perature for the 

experimental data is plotted in Figure 25. The dotted line in Figure 25 depicts 

the InaximUln apparent contact angles that can exist in the analysis presented 

in Chapter II. The solid line is an approxilnate average of the experimental 

results. The values on this line were used in all calculations that follow. 
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The values of the apparent contact angle for use in the c0111parisons of heat 

pipes as radiating fins are as follows: 

Te mperature 
T"'OF 

~:OO 

250 

300 

350 

Apparent Contact Angle 
o '" degreos 

41. 5 

36 

28 

11 

By observing Figure 25, it was apparent that a trend for the apparent 

contact angle was est&blished by the experimental data, and therefore, the 

data on tl1e solid line could be used. As the radius of the heat pipe increased, 
r 

or as the ratio 2- decreased, the apparent contact angle generally increased 
r 

o 
slightly. No data were plotted for Heat Pipes Nos. 5 and 8. Heat Pipe No. 5 

contained wicking 11laterial of 100-mesh stainless steel screen and did not 

function as a heat pipe. Heat Pipe No. 8 was tested at 45 degrees to the 

horizontal, and for this case, analytical data for comparison purposes were 

not available. 

B. Comparisons - Heat Pipes as Radiating Fills 

To COlllpare heat pipes to other radlating fins and to COlllpare the 

effects that dimension changes had on heat pipes as radiating fins, it was 

necessary to develop the tables shown in Appendix E. One of the most 

important steps in developing these tables was using the computer program 

described in Reference 23. The procedure for developing these tables is 

described in detail in Appendix E. 



1. Thermal Conductivity Versus Temperaturo (Hac!iating Fin) 

The thermal conductivity of a stainloss steel rod, as shown by the 

dotteclline in Figure 26, was taken from pap;e 22 of Heforenoo 24. Tho 

thermal conductivity of the heat pipes at each temperature was determined 

by interpolcJting the results calculated for solid rods from the computer 

prograln and cOlnparing them with the heat input in the experiments. These 

results are shown j.n Figla'o 26. 

The data shown by Fjgure 26 indicate that the thermal conductivity is 

dependent on the wick thickne.ss. Therefore ,._for._the. .. rangs of r / r in tl~e v 0 

experiments, three curves were drawn for three different r /r IS. The 
~ 

r /r ratios chosen were approximately O. 8, 0.9, and 0.97. These curves 
va· 

indicate an increase in thermal conductivity with an increase in temperature 

and wick thickness. 
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2. 'femperature Profile of a Heat Pipe and a Solid Rod of COlnparable 
Size 

To ... compare the change in temperature caused by a heat pipe occupying 

Ii portion of a solid rod and a solid rod of comparable size, a test case for a 

heat pipe and a run for a solid rod from the computer progranl of Reference 23 

were chosen. The computer run w1as obtained by using a solid rod the sanle 

size as the heat pipe with a thermal conductivity of 10 Btu/hr-ft-o R, which 

is approximately the thermal conductivity of the heat pipe walls. For the 

computer run, the base and surrounding temperatures were assumed to be 

the same as the heat pipe operating tenlperature and the temperature of the 

inside of the vacuwn chamber. The test case chosen was Test No. 4b and the 
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temperatures, as shown in Figure E-4, weru t.~klln from Uw OXr)(~l'illj()llt.al 

claia. The data from the computer run are shown in Table 1';-111 or Appundix E. 

The comparfson of tho he at pipe and the soHd rod is shown in F 19I11'( ~ ;J, 7. 

Observing Figure ~7, it is apparent that by makinJ.!: a nn a heat pipe, 

the temperature at the end farthest from the source more nearly appl'()aCIH~H 

the base tomperature than if tho fin was a solid rod of comparal>!e Ilwtel'ial. 

Test No. 4b shows that a heat pipe will raise the temperature of this end 

approximately 45° F above the temperature of the end of a solid rod. Examining' 

the test data for each heat pipe and comparing with data from tho computor, 

the temperature differences between a heat pipe and a solid rod f01' the ends 

away from the source are shown in Table E-IV of Appendix E. 

3. Length-To-Diameter RC3.tio Versus Heat Input 
(Radlating Fin) 

LID ratios for heat pipes have bel3n discussed in previous investiga-

tions, but data for making a comparison for LID ratios were unavailable. In 

this investigation, however, experiments were conducted using four heat 

pipes haVing a constant wick thickness and different LID ratios. The LI D 

radios fell in the range of 4 to 24. To C0111pare LID ratios, the heat inputs 

through the containing cylinder were not considered. To arrive at the heat 

inputs, interpolations of the results of Table E-Il in Appendix E were .made. 

These results are plotted in Figure 28 and are compiled in Table E-V of 

Appendix E. 

As the LID ratio became small, the heat input varied approximately 

as the radius of the vapor space. This was especially true when going from 



..... 
0 

2 
w 
I¥ 
::l 
I-
~ 
D: 
W 
n. 
~ w .... 

300-. ----~---.----.----,-----r----r_---_r--~ 

250 

W HEAT PIPE NO.4 (TEST 4b) 
o SOLID ROD (k = 10) 

2001 I~ 

0
0 2 4 (, 8 10 12 

DISTANCE ~ INCHES 

14 

FIGURE 27. COMPARISON OF HEAT PIPE AND SOUD ROD (RADIATING FI~) 

16 

-J 
~ 



75 

~--------------------~----------------------I~ 

0
0

 

.. 
N

 
'
-
N
(
'
t
'
)
~
 

~
 

0
0

0
0

 
II)

 

:Z
:Z

:Z
:Z

 
N

 

W
W

W
W

 
II 

~
~
g
,
.
D
.
.
 

... 
C:C:C:C: 

~
 

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

~ 
~
~
~
~
 

W
W

W
W

 
.. 

:::1::::1::::1::1:-_
_

 
0 

Cl 
0
G
J
~
~
 

0 
~
 

L
tl 

('t') 
0 

t-t 
II 

N
 

<: ~ 
~ ~ 

-0
 
~
 

0 
-

'-... 
...I 

~
 

if). 

~ ~ 
N

 
~
 

>
 ~ ~ Z
 
~
 

0
0

 
~ ~ ::t: 

0
0

 
C'-l 

[ 
~
 

~
 
~
 

Cl 
~
 

~
 

:5 
0 

0 
0 

~
.
 

-
~H/n.1.9 

""-J
 

b '.1.ndH
I .1.Y3H

 



7G 

an L/D of 8 to an L/D of 4, for in this case, the heat input and the radius of 

the vapor space approximately dOllbled. For values of L/D larger than 8, 

thiH relation did not hold, because the v&.riation in the heat input was less 

than tho variation in the radius of the vapor space. 

4. Variation in Heatlnput with Varjation in r /r Hatio (Radiating Fin) 
v 0 

To define the varjation in heat input. with a vari.ation in the r /r ratio, 
v a 

Heat Pipe Nos. 2 and G were chosen. The dimensions of these two heat pipes 

are the sanle except that for Heat Pipe No.2, r /r equals 0.92, and for 
v a 

Heat Pipe No. G, r /r equals 0.81. Also, the anlount of distilled water 
v a 

requir.ed for. each of these heat pipes was different, because the amount of 

working fluid required is dependent on the amount of wicking material present 

in the heat pipe. Results fronl Table E-II were used to plot Figure 29, which 

indicates the variation of heat input with the variation of r /r. The heat 
v 0 

inpu.t through the stainless steel container of the heat pipe was not considered. 

Figure 29 indicates that there is an increase in the heat input to a 

heat pipe as the ratio r /r decreases for the tenlperature range of 250 0 F 
v 0 

to 3500 F. To decrease r /1' requires an increase in wick thickness if 
v 0 

other dimensions remain constant. Actually, it appears that the curve for 

an r /1" of 0.81- should follow the dotted line from 2000 F to 250 0 F. There
v 0 

fore, the increase of heat inputs would exist for the temperature range of 

2000 F to 3000 F if the ratio r /r was decreased. Calculations indicate that 
v 0 

an increase in heat input should exist for an increase in wick thickness. 
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5. Heat Input Per Pound of Weight (Radiating Fin) 

A comparison was made to deternline the amount of heat input pel' u.nit 

of weight for heat pipes and solid rods. For this cOlnparison, Heat Pipe No. 3 

and a model h(~at pipe were compared with two stainless steel rods and a 

copper rod. The geometry of these heat pipes and rods are depicted in 

Figure E-9 of Appendix E. The data and a description of how the data were 

obtained are shown in Table E-VI and Appendix E. The comparison is nlade 

in Figure 30. 

The nlodel heat pipe was constructed because the experilnental heat 

pipes had thick walls. The thick walls were used because of problelns 

involved in fabricating heat pipes having thin walls. For a pressure safety 

factor at 2 and a yield strength of 90 000 psi, the wall thickness required was 

only O. 002 inch. Since it would be impossible to fabricate a heat pipe of this 

thickness, a wall thickness of 0 . 05 inch was chosen for the paper fabrication 

of the Inodel heat pipe. It seenlS feasible to fabricate heat pipes with a wall 

thickness of 0.05 inch if proper precautions and the latest techniques are used. 

Where weighL is critical, it may be necessary to fabricate thin-walled heat 

pipes. 

G. AnalyticP.l Results Versus Experimental Re~t.ut~ (Radiating Fin) 

The analytical results were compared to experimental results by using 

data from Table E-ll of Appendix E. The results were c0111pared for four 

heat pipes. Heat Pipes Nos. 5 through 8 were not considered for this 

comparison. The conlparison is shown in Figure 31 with the experimental 

---------------------~ 
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by tlw flo] ic1 lincH. 

wiek (~Onstrlletion. Ileat Pil)e No, 7 had an ' Ir equul to 0, :)~;, wIdell appl'oxl
v () 

mutely correHpondH to tlw plots for lloat Pjpe N(). 1 in jc'il~ll.l·l' ;;.1 < (:;l!(:lll:tll:d 

data were not available for Heat Pipe Nos. 5 ano H. For HeaL l)jpu Nu, (;, 

which had a r 11' equal to 0.81, thc calculatcd data fell well above the v 0 

experimental data. The difference between experimental and ealculaied data 

was nearly constant for temperatures :2:00 0 F, ~50° F, and 3000 :F, but this 

difference, as shown in Table E-II, decreased ~.t 3500 F. 

C. Comparisons - Heat Pipes Having an Adiabatic Section 

To compare heat pipes to other conductors and to compare the effect 

that dimension changes had on heat pipes having an adiabatic seotion, it was 

necessary to develop the tables in Appendix F. To formulate these tables, 

Reference 25 was used extensively. The procedure for developing these tables 

is described in detail in Appendix F. 

1. Thermal Conductivity Versus Temperature (Adiabatic ScL:liuJ\) 

The therlnal conductivity of a stainless steel rod, as shown IJY the 

dotted line in Figure 32, was taken from Hefercncc 2·1. The thermal 

conductivity of the heat pipes at each temperature was determined by jntorpo-

lating the results calculated for soHd rods and comparing them \vHh thl' heat 

input in the experiments. These results are shown in Figure ;3~. 
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The data Bhown in Figure 32 indicate that tho therl11al conductivity of 

J1( ::1 pipes having D.n adialmtic section it> dependent on the wick thicklwHH and 

(:1C! diameter of the heat pi.pc. The paranwter wick tbicknesH had un oppoHite 

dlcct on tho two types of heat pipeB studied. IleaL Pipe Nos. 1 ~ find 1 U have 

r Ir ratios of O. 9U and O. ~B, respectively, and for these heat pipes, Lhe 
v 0 

thermal conductivity uecres.ses as the temperature increases. For Heat Pipe 

Nos. 14 and 15, the r Ir ratios are 0.82 and 0.83, respectively, and for v 0 

these heat pipes, the therlnal conductivity increases as the temperature 

increases. The diameters of Heat Pipe Nos. 14 and 15 are O. 1250 and O. 041G 

foot, respectively, and coul6 account for the difference in the thernlal con-

du.ctivity of these pipes. Since the diameter of Heat Pipe Nos. 14 and 18 is 

O. 1250 foot, it appears that a thiii wick is more effective for lower tenlpera-

tures and thick wicks more effective for higher telnperatures. 

2. Length-To-Dianleter Ratio Versus Heat Input 
(Adiabatic Section) 

In this section, fou.r heat pipes with a constant wick thickness but 

different LID ratios were compared by using experilnentol results. The 

h~at pipes had LID ratios of 4, 8, 1U, and 24. The heat transported directly 

through the stainless steel cylinder was not considered in this cOlnparisol1. 

To arrive at the heat inputs, interpolations of the results of Table F-II were 

made. These results are plotted in Figure 33 and are compiled in Table 

F-lli of Appendix F. 
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As the L/D ratio became small, tho heat inpu.t varied approximately 

as the radius of the vRpor space varied. This approximation was u8peciaUy 

applicable for tho valuos of L/D:: 4. to 8. Fol' values of L/ D I:!:reatcr Lhan H, 

the variation in tho heat input waR less than Ow var:iation in the radju.f; of tho 

vapor Apaoe. 

a, Hpat Input Versus r /1' Hatl.o 
(Adiabatic Section) v 0 

To dofine the variation in heat input \Y i.Lh a variation in tho r / l' ratio, 
v 0 

Heat Pipe Nos. 10, 13, 14, ancl16 were (:hoH(\11. These heat pipes make two 

pairs of heat pipes whose dilnensions are idontkal except for their r /r 
v 0 

ratios. The r /r ratios are as follows: Ileat Pipe Nu. 10 is r /r = 0.92; 
v a v 0 

Heat Pipe No. 13 is r /r = 0.81; Heat Pipe No. 16 is r /r = 0.96; and 
v a v a 

Heat Pipe No. 14 is r /r = O. 82. Since the quantity of distilled water v 0 

depended on the wicking material in the heat pipe, the quantity present in the 

above four heat pipes was different. Hesults from Table F -II were used to 

plot Figure 34, which shows the variation of heat input with the variation of 

the r /r ratio. The heat input through the stainless steel container of the 
v 0 

heat pipe was not considered. 

4. Heat Input Per Pound of Weight (Adiabatic Section) 

A comparison was Inade to deterll1ine the amount of heat input per 

lmit of weight for heat pipes and solid rods. For this cOll1parison, Heat Pipe 

No. 16 and a model heat pipe were conlpared with two copper rods. The heat 

pipes considered had an adiabatic section. The geometry of these heat pipes 

and rods is depicted in Figure F-9 of Appencii"{ F. The data for this 
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cOlnparison are shown in Table F -IV of Appendi:'~ F and a dosc:;,.'jnl.j C 111 );' llU'.'" 

the data were obtained is contained in Appendix F. A cOll.lparit::c),: f())' t.h(~~L~ 

heat pipes and the two copper rods is shown in Figure 33. 

As for the case of the radiating fins, an analyticai 1I1udel of a heat 

pipe was (<?rmulated which did not contain the excc~~~ivc weight of thE;.' heat 

pipes which were tested. The dimensions l'l'qnil'cd for thcse heat pipes arc 

identical to those for heat pipes as radiating fins and are discussed in a 

previous section .. 

5. Analytical Results Versus Experimental Results (Adiabatic Section) 

The analytical res ults were conlpared to experilnental res ults by using 

data from Table F-ll and data interpolated fr01n tables in Appendix F. The 

experilnental and analytical data for Heat Pipe Xos. 12 and 16 were used. 

The conlparison is shown in Figure 36 with the experimental results shown 

by the dashed line, the calculated results from equ.ation 42 (L = S ~ inches) 
a 

shown by the solid line, and the calculated results from .i\larcus' equation 

shown by the dash-dot line. 

The two heat pipes had a r /1' ratios of O. ~6 and 0.98 and, therefore. 
\' 0 

were of thin ", ick construction. By observing Figures F-1 through F-8 in 

AppendL'{ F, it \,,'as concluded that the length of the adiabatic section varied 

from approximately ~ inches to 8~ inches. The length of the adiabatic section 

for Heat Pipe l\os. 12 and 16 was approxi.mately 8~ inches. .!?or the heat 

pipes with thick wicks, the calculated heat inputs were much greater than 

the heat inputs determined by the experiments. 
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CHAPTER V 

CONCLUSIONS AND RECOMMENDATIONS 

An analysis was developed that predicts the maximum heat transfer rate 

(q ) for steady-state operation of water heat pipes. The analysis will be max. . 

applicable to heat pipes that have sinlilar geometries and are operating under 

approximately the smue conditions. The a is corroborated by 
lnax. 

experimental data for a temperature range of 2000 F to 3500 F. 

The analysis, for water heat pipes used as radiating fins, was 

corroborated by experimental data for the teluperature range considered in 

this dissertation. Where analytical and experimental data differed, the 

percent difference would be acceptable in designing water heat pipes to be used 

as radiating fins. The trend of all experinlental data, for water heat PLUCS 

used as radiating fins, was the same as the analysis indicated. 

Specifically, the temperature range where the analysis is most 

applicable for water heat pipes having an adiabatic section is 250 0 F to :n5° F. 

This range is probably determined by the assumed heat addition and i'ejection 

profile depicted in Figure 4. lvlaintaining an adiabatic section was :ti.lJ1ost 

90 



H1 

ilnpossible when testing water heat pipes. Therefore, possibly a heat addif:iol1 

and rejection profile that resembles the profile depicted in Flgu 1'e ~ should 

be assumed. 

By .3olving the equations that define q , it was determined thnt for 
m3..'<:. 

r Ir > 0.5 that I R 1« 1 or I R I» 1 had little or no effect on.':] . 
V 0 e e 111 'lX Q 

r r 
Since in practice, r Ir will generally be greater than 0.5, the magl1itude v 0 

of I R I is not an important factor in water heat pipe design. 
e 

r 
From the experimental data, it was concluded that heat pipes are 

capable of iner-easing the heat transferred for either type of heat pipe 

investigated. This increase was acco111panied by an increase in thermal 

condu0tivity substantiaJly above the thermal conductivity of the containing 

cylinders. 

Heat pipes are weight-saving devices as shown in Figures JO al1Cl ~5. 

Figure 30 shows that a thin-walled heat pipe usec1 as a radiating fin is 

approximately three times n10re efficient at 200 0 F and four times more 

efficient at 3500 F than is a copper rod. In Figure 35, these values incl'C~ase 

to 10 (forlnerly 3) and 7i (formerly 4) when a heat pipe '.vith an ~1(liabatie 

section is used. 

Thin-walled heat pipes used as radiating fins should be investigated 

experimentally to further justify the heat transferred per pound of weight 



The heat addition and rejection profiles, as sho'wn in Figures 3 and 4, 

should be determined experimentally for different temperature ranges. Using 

these experinlental heat addition and rejection profiles, the analytical and 

experinlental determination of q should agree for all temperavlres 
lUax. 

where the profiles are aVailable. 



APPENDIX A 

INPUT DATA FOn SOLVING GOVEHNING EQUATIONS 

To compute q from the governing equations by use of a digital 
max. 

computer, it was necessary to establish the properties of the distilled water 

and the wicking material. These properties are shown in Table A-I. 

TABLE A-I. PROPERTIES FOR COMPUTER INPUT 

Temperature, 
of, oR 

Screen Type 

Radius, r - ft 
o 

Surface Tension, (J -

Ib/ft 

Density of Liquid, 
Pi. - Ibm/ft3 

Density of Vapor, 
P - Ibm/ft3 
v 

Viscosity of Liquid, 
Mi. - Ibf hr/ft2 

Viscosity of Vapo·r, 

Mv - Ibf hr/ft2 

Length of Evaporator, 
L - ft e 

Length of Adiabatic 
Sec., L - ft 

a 

200°F 250°F 
600o R 7100R 

250 mesh 250 mesh 

4. 1 X 10-3 3. 75 X 10-3 

60.1 58.8 

0.030 0.072 

1. 77 X 10-9 1. 32 X 10-9 

7.3 x 10-11 8.0x 10-11 

0.25 0.25 

0.50 0.50 

250 mesh 

-'',' 

3.4 X 10-3 

57.0 

0.155 

1. 05 X 10-9 

0.25 

0.50 

250 mosh 

0.299 

9.1 x 10-10 

U.jU 



94 

TABLE A-I. PROPERTIES FOR COMPUTER INPUT ~ConclLtde(1.) 

Temperature, 
° F, °U 

Length of Heat Pipe, 
L-ft 

200° F 
6600 R 

1.0 

2500 F 
7100R 

1.0 1.0 1.0 

Perlneability, K - ft2 3.25 x 10-10 3.25 x 10-10 3.25 x 10-10 J. 25 X 10-10 

Radius of Curvature, 
r - ft 

c 

Latent Heat of Vapor
ization, A
Btu/Ibm 

cos e 

cos {3 

978 

1 

i. 

1 X 10-4 

945 910 

1 1 

1 1 

Gravitational Accel
eration, g - ft/hr2 4.175x 108 4.175x 108 4.175x 108 

Constant, g -
c 4. 1 75 x 1 08 4. 175 x 1 08 4. 175 x 1 08 

lbnl/lb
f
, ft/hr2 

Mechanical Equivalent 
of Heat, J
ft-lb/Btu 

Thermal Conductivity, 
k - Btu/hr-ft-o R 

eff. 

778 778 778 

2.0 3.0 4.0 

Radius of Bubble 
Nucleus, r - ft 

n 
2.08 X 10-5 2.08 X 10-5 2.08 X 10-5 

Specific Wetted Periln- 4 

/
' ,~LOxl0 

eter, P - 1 ft 
w 

2.0 x 104 

Porosity, E 0.70 0.70 

',-

r :::: 0.0208, 0.0312, 0.0625, and 0.1250 feet 
o 

2.0 X 104 

0.70 

871 

1 

1 

4. 175 x 108 

4. 175 '>( 108 

778 

5.0 

2.08 X 10-5 

2.0 X 104 

0.70 



APPENDIX B 

EXPERIMENTA L DETERMINATION OF PEHMEABILITY 
OF 100- AND 250-MESH STAINLESS STEEL SCHEENS 

1. Introduction 

A comnlon material llsecl for heaL pipe wicks is a stainlesH steel 

screen. The wick is an important factor in the operation of the heat pipe. 

A wick that is properly designed will ensure that sufficient liquid is always 

available in the evaporator of the heat pipe so that the heat transferred will 

be a maximum. 

The flow rate of the liquid in the wick is limited by the maximum 

driving force from the capillary pressure and by the pressure losses from 

viscou3 dissipation. The capillary pressure depends on the surface tension 

of the liqUid and the pore size of the wick. The viscous losses depend on the 

viscosity of the liquid and the permeability of the wick. This Appendix presents 

the measurenlent of permeability of two stainless steel s<.:reens that can be 

used to form wicks of heat pipes. The two screens were 100-mesh made of 

0.0045 inch dianleter, type 316 stainless steel wire and 250-mesh made of 

0.0016 inch diameter, type 316 stainless steel wire. 
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~. Analysis of Experiment 

Since the flow in most heat pipe wicks is usually laminar, Darcy's 

Law (,~ :-.' KA (liP describes tho flow. This law is valid for one-dimensional 
M (Z 

flow in porous media that is dominated by viscous effects. The permeability, 

K, is ihe uonstant that must be experimentally determined. 

The experiment consists of Ineasuring the flow rate thr(1ltgh the porous 

Inedia (stainless steel screen) over a range of pressure drops. With the flow 

rate, Q, an area of porous lnedia, A, the viscosity, j.I., and dP/ dz known, 

and by rearranging Darcy's Law, the penneability, K, Inay be calculated. 

3. Experimental Apparatus 

The system is composed of a supply of distilled water, the test section, 

and the instrumentation to measure the flow, pressure drop, and the ten1perR-

ture of the water. Figure B-1 is a sch81natic of the test apparatus. 

The test section is several turns of stainless steel screen wrapped 

on a stainless steel rod. The screen and rod are force fit into a secht.!.\ of 

1. O-inch stainless steel tubing. Pressure taps, to which a mercury manometer 

can be attached, are located 8 inches apart on the tube. Figure B-~ shows the 

test section ~lnd the dimensions used for testing the two stainless steel screenE'. 

The supply of distilled water is contained in a 6-inch-diameter tank 

that has a nitrogen pressurization system. Also contained in the flow system 

are valves and a filter for the water. 

The instrwnentation consists of a mercury manometer, a thermocouple ~ 

a graduated cylinder, and a stop watch. 
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One variable that is diHicult to control is the tightness of the screen 

in the test section. The method used here is to calculate the length of screen 

required based on the thickness of the screen and the dimensions of the test 

sel.!tion. 

4. Description of Experilllent 

Major problems in nleasuring penneability are clogging of the porous 

media. by foreign matter and air bubbles and ensuring that the test section is 

always full of water. 

To prevent contamination by foreign matter, distilled water is llsed 

for the tests, and it is filtered before entering the test section. 



STAINLESS STEEL SCREEN 
100 MESH- 6 TURNS 
250 MESH -15 TURNS 

STAINLESS STEEL TUBE 
0.0. = 1.000 IN 
1.0. = 0.856 IN 

t 

8 INCHES 

FIGURE B-2, TEST SEC TION 



To prevent air bubb' f~S l the test sectiun is baked at ~WOo F 1'01' 1 hUllr 

to force out water that is i d- !I'e.- thr .. ~~l:' lJL.._lJl·~s. The actLlal test tUllC i~. 

kept to a minimum to prf' ent c' .:-:' .I111g. 

To ensure that :it is fi~' .. \\o'~" lawr d';Cll!, the test, the test sectiun 

is InoWlted vertically in the system. 

Observing the preceding prE, l.Lttions, the tanJ.,: is filled with distilled 

water and pressurized. FrOlll the tank the water flows through a control 

valve, the filter, the test section, a control valve, and into the graduated 

cylinder. 

Downstrerun of the test section, the temperature of the water is 

measured with a thernlocouple, so that the viscusity, /J., can be obtained from 

existing data. The pressure drop across an ~-inch portion of the test section 

is measured with a mercury manometer to determine liP/Liz. The water that 

flows into the graduated cylinder is measured, and tll(: lime for such an 

amoWlt tc flo'.\' is recorded by a S1;Op watch (from this. the flo\\' rate can be 

determi!1ed) . 

5. Resluts and Conclusions 

Two different screens were subjected to tests to determine thl' 

permeability. Th.c experimental data determined are presented in F igu l'S 

B-3 and B-4, and average values cf permeability arc 2.1-'7 ,;: lU-~ 1L2 f«Jl' the' 

lOO-mesh screen and 3.25 :<: 10-10 ft2 fur the ~30-l11csh scrCL'.ll. 
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The consistency of the experimental data sho'Ns that if the procedure 

described herein is followed, the permeabilities determined are realistic. 

Also, compared to available data, the determined values for permeability 

are approximately correct. 



APPENDIX C 

ASSEMBLY PHOCEDUHE FOR HEAT PIPES 

1. Steps for Assenlbling Heat Pipes as Radiating Fins 

The procedure for assembling heat pipes that serve as radiating fins 

is as follows: 

(1) Cut the stainless steel screen to the prescribed size and roll it 

wltil it is approxilnately the size of the opening in the cylindrical container. 

(2) Place the rolled screen in the cvlindrical container. 

(3) Insert a spring inside the screen in the container. 

(4) Silver solder the pressure transducer connection intu the luwer 

end cap. 1 

(3) Place the cylindrical container, screen, sprint;, caps, :.md uther 

parts which protrude into vapor space in a sonic cleaner cOl1\,aining r l'eon 113 

and clean for 30 minutes. 

(G) Hemovc thl' assembly from sonic c ll';.ull~r, screw l'nd caps in. t11l'1l 

silver Rolder aromd the end caps. 

1. For heat pipes with an r = O. o;'!o~ ft. silver sf"Jlder a tube inl(1 a phi:';' ~tnd o . 

screw the plug into 10\\'c1' end cap. 

111;3 
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(7) Place the assembly into an oven at 5500 F, and bake for a period 

of 1G hours. 

(8) Remove the assembly fr0111 the oven and plug all openings. 

(9) \Vind the heater wire on the upper portion of the containing 

cylinder. 

(10) Insulate and cover heatei"and connect to test fLxtllJ~e. 

( 11) Install all thermocouples that are on the outside of the heat pipe 

and heater. 

(12) Hemove the plug sealing the thernlocouple outlet from the end 

cap. 2 

(13) Fill the inside of the heat pipe with a measllred amount of 

distilled water. 

(14) Wait approximately 15 minutes, drain and measure tlw excess 

distilled water. 

~ 15) Add ~ hI :3 cubic centimeters of distilled watc], tu l:ll' heat pipe. 

(Hi) Screw the thermocouple assembly into the end cap.i 

~ 1'1) Connect the pressure t].'ansducer • 

. (1b) E\'acuatc the heat pipe till a pressure of approximately O. Ii p~i:. 

is obtained. 

oj .... Fur heat pipes with an r = O. O~()j ft. rer~lOye plug c{)ntainin~ the 
u 

pressure tnw:;t\ucl'l' connectiun. 

;j. h,r lwrlt pip"'''' \\ith an 1.' II. 1.1:::0 ft, screw in a plug cnntaining the 
() 

pn'~~,lll'L' tJ::lll~t IULl'r L'UIH1CctiUl1. 



(19) Check for leaks with a leak detector. 

(20) Stop the leaks by tightening fittings, otc. 

111;) 

(21) Evacuate the heat pipe to a pressure of approximately O. G psia. 

(22) Paint the heat pipe illld test fixture black to en8uro an uniform 

emissivity • 

... -. -' (23) .. Elac_e the test fixture and heat pipe in vacuum chamber and 

connect the power supplies, thermocouples leads, pressure transducer leads, 

etc. 

The major parts to be assembled for a heat pipe as a radiating fin 

are shown in Figure C -1. 

:2. ~teps for Asselubling Heat Pipes with an AcliaiJ'ltic SectIOn 

The procedure for assembling heat pipes with an ad~ abulic SC'l:tiUll is 

as fl·11ows: 

(1 through 10) Steps 1 through 10 are the sam~ as fur a hL'at piVe' 

serving as a radiating Dn. 

~ 11) Install all thermocouple::; thai arc 011 tlw outside of tIll' heat piJll', 

heater, and the two on the conci..!n:-il'l'. 

\ 12) Inf'.llatl! the adiabatic section and thf..' condenser. 

(13 through :22) Steps 13 through ~:l are the same as steps 1~ t'I'(\:-:,1I 

:21 fur a heat pipe serving as a radiating fin. 

(;.!3) Connect the power supplies, water supply. tlWl'IIJlJl'( :Ilplt 1t'i.U I~. 

pre<..;<;.;ltre transducer leads, etc. 
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The major parts to be Rssembled for a heat pipe with an adiabatic 

section are shown in Figure C-2. 

WIND 
HEATER 
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C<*TAIHIHG CY~IHOfR 
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THER...oCOU"~~ 
OiJTLET 

EHD t;AP 

PRESSURE 
OUTLET 

FIGURE C-2. HEAT PIPE PARTS (ADIABATIC SECTION) 
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APPENDIX D 

EXPEIUMENTAL EQUIPMENT FOR HEAT PIPES 
AS RADIATING FINS 

The experimental equiplnent consisted of the high altitude simulation 

systenl and the data acquisition systenl. This equipment is government 

property 111aintained and operated by the Propulsion and Vehicle Engineering 

Laboratory of the George C. Marshall Space Flight Center. 

1. High Altitude Simulation Systeln 

The .high altitude simulation sy-stem, or VaCUU111 system, consists of 

the following primary components: Vacuwn chaulber (diffusion pump, ejector 

pwnp, backing pump, and roughing pump), valves, pressure gauges, and 

liquid nitrogen sotrage trailer. 

The vacuum chamber is u stainless steel cylinder approximately 

8 fee i ; long and 4 feet in diameter with a dished heat at each enJ. One of the 

dished heads is hinged for a door and the other is attached to the pumping 

system. The chamber encironment is controlled by a cooling jacket that 

permits a cooling liquid) such as liquid nitrogen, to bE! circulated through the 

cooling jac ket and the chamber door. The door is of double wall construction 

connected to the jacket so that the cooling liquid circulates through both the 
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jacket and the door. The interior surfaces of the chamber viewed by the heat 

pipes are painted black to nlinilnize radiant energy reflections. 

The vacuum chamber wall is designed with three ports that can be 

used for viewing, instrurnentation, or for power feedthrough. For these tests 

the ports were used for plugs to feedthrough 29 thermocouples, 2 pressure 

transducers. and 2 power supplies. 

The pUl11ping systenl consisted of four pU111pS that could produce a 

vacuunl chamber 111inimUl11 prp.f,Sllre of 5 x 10-7 111111 Hg. The chamber vacuum 

was initiated by a roughing pUl11P of large capacity. After a rough vaCllW11 

was obtained (150 nun Hg), the low vaCUUl11 was achieved and l11aintained by 

a fractionating oil diffusion pUlnp, an oil ejector pump, and a rotary backing 

pump operating in series. The pumping system WJf3 designed and manufactured 

by the Consolidated Electrodynamics Corporation for NASA/MSFC. The 

following pumps were used in the system: 

(1) Type :\ICF-15000 fractioning oil diffusion pump with 32-inch-

dia1neter casing. 

Operating range: 5 '.' 10-7 to 5 '< 10-1 mm Hg 

.:\Ia .. dmLUll speed: 81 779 cfm at 3 '< 10-4 mm Hg. 

(2) Kinney Type K13-150 oil ejector pump 

Uperating range: G -: 10-4 to -±< 10-1 111m Hg 

~la..xinlll1n speed: -i07 cfm at :3 '< 10-2 111m Hg. 

"". 
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(3) Kinney Type KDH-130 rotary oil sealed backing pUU1:O. 

Free air displacelnent: 131 cfm at 535 rpul 

U'tilnate pressure: 1 x 10-2 111m Hg. 

(4) Kinney Type KD-310 rotary oil sealed roughing pump. 

Free air displacell1ent: 311. Cflll at 360 rpm 

Ultimate pressure: 1 x 10-2 III In Hg. 

The high altitude simulation system design incorporated the necessary 

valves and pressure gauges to control the system. All system valves were 

hand operated except the 32-inch valve between the vacuum chamber and the 

diffusion PUlT ... p, which was motor driven. There were three types of pressure 

gauges used in the system: A cold cathode ionization type and a Pirani type 

were used to monitor the chamber vacuum; a Bourdon tube gau.ge was used 

to 1110nitor the pressure in the liquid nitrogen storage trailer. Both the high 

and low vaCUWll gauges were products of the Consolidated Vacuum Corporation, 

Rochester Division, Hochester, New York, and were of the following specifi-

cations: 

(1) Cold cathode ionization type 

Discharge vacuwn gauge 

Type GPH:"100A 

Three range selections 25 x 10-3 to 1 x 10-8 1111n Hg. 

(2) Pirani Var,uum Gauge 

Type 2203-04 

Two range selection - ;;WOO - 50 microns. 
~ ... ..,.... ...... ............ -... ..... ,. ~ ....... "'. ~ ... ~. '. 1#.' ... It .... » 

... 
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The Pirani gauge was used to monitor the vacuum while the system was 

operating at a low vacuum, and the ionization gauge was used to monitor the 

vacuum when the sy stem was operating at a high vacuum. 

Liquid nitrogen was required for the vaCULUll pUlllping systonl cold 

trap and also for the vaCUWll charnber cooling jacket. The liquid nitrogan wa~ 

supplied frOlll a 9-toll-capaclty liquid nitrogen storage trailer. The storage 

trailer was a self-pressurizing unit that was Inaintained at a pressure of 

25 to 30 psig for the test runs. Flow was conirolled to the vacuum systenl by 

a hand valve, and the siorage trailer pressure was maintained by a hand vent 

valve and an automatic (spring-loaded) relief valve. For safety reasons, the 

storage trailer was located outside of the building that houses the vacuum 

system, and the liquid nitrogen was supplied by a 1-inch-diameter insulated 

pipe. 

2. Data Acquisition System 

The data acquisition system consisted of 29 thermocouples, 2 pressure 

transducers, a digital recording syotem, and a tape-controlled typewriter. 

The thermocouples were standard 24-gauge copper and constantan 

thermocouple wiring. The thermocouples on the outside of the heat pipes and 

heaters we't'e spot welded and brought out of the vacuum chamber through a 

standard vacuum-type feedthrough electrical connector. The thernlocouples 

in the vapor spaces of the heat pipes followed the same exit path as the other 

thermocouples. A thermocouple cold junction (ice bath) was located 
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adjacent to the vaCUUl11 chanlber, and the thermocouple outputs were carried 

by way of a floor conduit to the recording systenl approxh11ately 50 feet away. 

The pressure transducers were capable of 111onitoring pressures of 

o to 150 psia. The pressure transducers were connected to a tube that pro

truded Jr0111 the end cap of the heat pipes. The leads fr0111 the pressure 

transducers were brought out of the VaCUll1l1 chamber through a standard 

vacuum-type feedthrough electrical COlUlector and carried by way of a floor 

conduit to the recording system. 

The digital recording system was a Dymec system. This system could 

record up to 100 channels of data. A digital output was pWlChed on paper tape 

along with the necessary signals to control a Frieden flexowriter. The tape 

was fed through the flexowriter control system for each recording, and the 

data outputs were typed in millivolts, newtons, volts, or amperes. 

The data acquisition system accuracy was dependent upon the range 

selected. For this test series, a range of 0 to 10 millivolts was selected, 

and the systenl accuracy in converting the thermocouple output was ±O. 01 

nlillivolt (approximately 0.4° F) . 



APPENDIX E 

BUMMAllY OF EXPEHIMENTAL AND CALCULATED DATA 
FOR HEAT PIPES AS HADIATING FINS 

The telnperature profiles, on the surface, that were obtained experi-

n1entally for the heat pipes are plotted in Figures E-l through E-8. These 

temperatures were obtained by converting experilnental readings from 

millivolts to 0 F. To establish the profile, the temperatures were plotted 

at distar.ces from the end of the heat pipe that corresponded to the location of 

thermocouples on the heat pipe. The temperature for the length, L , (see 
e 

Figures E-l through E-8) was the temperature in the vapor space since no 

thermocouples were located on the surface of the evaporator. 

In Figures E-l, E-5, E-7, and E-8, peculiar temperature profiles 

exist that require additional explanation. Test la, shown in Figure E-l, 

depicts the temperature pr-ofile for a solid rod. Reduction of data reveals 

that for Test la the heat pipe did not function as a heat pipe and therefore 

it was a cylinder-radiating heat. To obtain Figure E-5, data frOln Heat Pipe 

No. 5 were plotted. Since the wicking material (100-n1esh screen) contained 

in Heat Pipe No. 5 did not possess sufficient capillary rise capability, no 

heat pipe existed and therefore explains the temperature profiles of Fignre 

E-5. Tests 7f and 8f had larger temperature gradients on the surface of the 
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heat pipes than did the other tests of Figures E-7 and E-R. This larger 

tenlperature gradient was beuause for Tests 7f and 8f liqujd nitrogen was 

circulated through the cooling jacket of the vacuum chamber. 

Table E-I summarizes the heat inputs and losses for the eight heat 

pipes that were experinlented. 'TI10 temperature in tho vapor space was 

recorded in millivolts by Thermocouple No. 13 or estimated from the readings 

on the surface of the heat pipes where r was equal to 0.0208 foot. The 
o 

tClnperature, T was the temperature of the surroundings recorded by a 
s 

thermocouple inside the vacuwn chamber. The heat input to the systera 

[Table E-I, Column (7) 1 was determined by the inputs to the--heaters on th~) 

heat pipes. The ampel'age and voltage were recorded by the data acquisition 

system, and then by converting these readings, the heat input to the system 

was obtained. 

The heat losses [Table E-I, Colwnn (8)] we.~e calculated by using 

the equation q = A e 0"1 (r:r4 - rr4) and data recorded for thermocouples, 
s s 

1, 2, and 3, that were fixed to the heater covers of the heat pipes. The data 

from these thernlocouplos were reduced to obtain tempera.tures, T, and 

with the other terms of the equation being defined as A = area of surface, 
s 

ft2, e = emissivity, '0. 95, 0"1 = Stefan-Boltzlnann constant, O. 1714 x 10-8 

Btu/ft2-hr-o R4, and T = surrounding temperature, the heat losses were 
s 

calculated. The heat input [Table E-I, Column (9)] to the heat pipe was 

obtained by subtracting the heat loss from the heat input to the systenl. 
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T_ABLE E-I. SUMMARY OF EXPERIMENTAL HEAT INPUTS AND LOSSES (RADIATING FIN) 

(2) (3) (4) (5) (6) (7) (8) (9) (10) 1 

Temperature Heat Input I 
In The T 

Heat Input Heat Loss Heat Input To Heat Pipe , 

Test Vapor Space s To Sysrem ( Calculated] To Heat Pipe (Calculated) 

:-;umber Date Time eF -F Btu/hr Btu/hr Btu/hr Btu/hr 

la 10'25'6~ 0900 220 82 52 27 25 25 

li) 10,22/68 1030 267 97 98 43 55 ! 58 

1e 10 '23/68 1045 309 100 137 60 :7 I 79 

111 10 ':!4/68 0930 358 103 209 94 115 I 111 

I :!a 10'30/68 1440 199 86 65 24 41 

I 
39 

:!b 10,,31,'68 1300 252 93 111 47 64 61 

:!c 11/1.'68 1400 298 100 176 84 92 87 

:!d 11 5,68 1430 333 105 293 71 122 113 

:1a 11 13, 6S U730 201 90 109 48 61 61 

3b 11 13,6b 1330 249 92 171 72 99 99 

3(: 11/14/6tl 0900 297 105 245 106 139 137 

3d 11!'15/Stl 0730 351 127 352 164 188 188 

ola 11/13/68 1330 220 92 207 65. I 142 

I 
136 

I 
4b 11/14/68 0900 258 105 269 81 ISS 184 I 

ole 11/14/68 1530 313 111 419 142 277 275 

4d 11/15/68 0730 345 127· 522 193 329 324 

Sa 10/21/68 1055 152 

I 

68 144 98 46 28 

5b 10/21/68 1530 176 76 145 112 33 35 

5e 10/22/68 1030 258 97 306 214 92 68 

5d 10/23/68 1045 276 100 288 189 99 67 

~ 

~ 

~ 
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TABLE E-I. SUMlVIARY OF EXPERIl\1ENTAL HEAT INPUTS AND LOSSES (RADIATING FIN) (Concluded) 

\ 1, (2) \3) \ 01) (5) (6) (7) (8) (9) (10) 
Temperature Beatlnput 

In The 
T 

Heat Input Heat Input Heat Input To Beat Pipe 
11L'al PIP': Test Vapor Space s To System ( Calculated) To Heat Pipe (C~ulated) 

:'\Ul1lOer :'\umber Daw Tilne of of Btu/hr Btu/hr Btu/nr BtWhr 

I 
L: I Ga 10 30 6S 101010 203 86 77 38 39 42 

I til> 10 31 6::; 1300 250 93 130 65 65 ~5 

~~ bt' 11 1 68 1400 295 100 201 105 96 94 
l; lid 11,5 68 0730 :}47 105 316 164 152 155 

- 'a 11 21 6~ 1535 l08 75 49 26 23 20 
- .t) 11 ~6 6b 0730 250 87 65 34 31 

I 
31 

- 7l' 11 :!:2 6h 1400 302 87 83 45 38 37 i 
- Ie! 11 :26 6~ 1535 355 93 143 68 75 70 
- 7e 11 :2. 6fi 0730 332 100 118 5S I 60 I 58 
- .f 11 27 6b 1350 265 -188 120 67 53 51 

~ :,a 11 21 61) 1535 209 75 b3 50 33 33 
~ t'o 11 22.68 1400 260 87 118 80 38 31 
... ~c 11 26.68 0730 290 87 162 92 70 12 
... :,d 11 26.68 1535 348 93 248 128 120 112 
... ~e 11 27 68 0750 323 100 204 116 !:i8 8t 
... ~f 11 27 6il 1350 275 -188 207 117 90 88 

f 

C 

..... 
t-.:l 
o 



1 :~ 1 

The heat inpllt to the heat pipu ()htoill{'d Il,v till' }ll'('('('<iill}; W'Jt; c(lIl:iid('I'I'd :IH 

tho experiment.al heat input. 

The heat .input ['faIlle- 1-:-.1, C01Ulllll (10) I t() the heat pipe wa~i (~alcll~ 

latcd by llsing rt'duced data fl'Olll 'J'IW1'I\\lll'uuplc' NUi:"l. ·1· through 1:..! and Ull' 

equation uf the precelUllg lWl'a~I,I'fiJlIl. III 11](,:-1n ('nlc-uJuU()IlN, t.lw !'('dIH'('t! d;l1:1 

from each thermocouple was considered aH the surface lelUpl~l'atLll'e fot' a 

i-inch section except for Thermocou.ple No. 1:2 which was [or a 2-inl'h S{~l'tiOJ1. 

The heat radiated fr01n each section was calculated and by sUlluuing the heat 

radiated fro111 all sections the heal input was determined. The calculated heat 

inputs were used for c0111parison with heat inputs from the experiments. 

Table E-II is a summary of data uOlnputed for heat pipes as radiating 

fins. 

To obtain the heat input l Table E-ll, Column (3) J through the stainless 

steel cylinder, the C0111puter program of Reference 23 was used. The inputs 

to the computer prograln were as follows: 

Area == Cross-sectional area of containing cylinder of the heat pipe 

Perilneter == Perimeter of heat pipe 

Length == Length of heat p7.pe exposed 

Thermal Conductivity == Thermal conductivity of stainless steel or 

k == 10 Bt~/hr-ft-· R 

Base temperature:::: Temperature in the vapor space 

Emissivity = O. 95. 



(1) 

Te5t 
No. 

l_ 

Ib 
Ie 
ld 

1. 
.!b 
~,-' 

~d 

Ja 

J~ 

.k 

1.: 

-Ia 

~L 
~. 

5!.J 
j,. 

;'1 

63 
f.t, 

i~ 

7c 
-;-, ~ 

'f! 
71 

ba 
lib 

be 

bd 

8e 

8[ 

,~) 

Heat Input 
To Heat PIp" 

Table E-l 
~'hr 

:!s 
55 

lit> 

4: 

~ 

:)Z 

oj: 

~; 

:S:i-

I-I~ 

271 

J..:~ 

~" 
33 
~2 

~:J 

J9 

9~ 

1:,2: 

~J 

31 
3-
7j 

f,O 

~.3 

33 
;):; 

70 

I~O 

~~ 

90 

TABLE E-II. SUMMARY OF CALCULATED DATA (RADIATING l<l:\) 

(3) 

Hea! Input 
Thru 5.5. 
Cylinder 
Bw.'hr 

24 
32 
41 
52 

24 
37 
-46 
5;') 

37 

55 
72 

91 

7;' 

9~ 

136 

ISl 

12 
1;' 

~5 

". 
~5 

:15 
~6 

60 

11 
I;' 
22 

"' .!5 
~7 

.l1 

31 

37 
;'1 

44 
5~ 

14) 
Itea' lllput 

.h,-u ".".,r Spat· .. 
IExp. ) 
BtuJhr 

1 
23 
38 
&3 

17 
27 
46 
67 

24 

44 
67 
9i 

67 

96 
14, 

177 

:w 
18 
67 
71 

30 
SH 
92 

12 
16 
16 
-47 
35 
.!6 

12 

33 
69 

44 

39 

(5) 

He': JDput 
Thru Vapor Space 

I Eel· 38) 
BtaVhr 

III 
24 
30 

15 
27 
3~ 

~9 

20 
44 

79 
107 

46 

102 
1~2 

207 

45 

66 
83 

115 

16 
26 
37 
3~ 

17 

(6) 

TemperaJure 
In Vapor 

Space 
OF 

220 
267 
309 
358 

199 
~52 

29-
333 

lOI 
:!49 

297 

351 

25'; 

~13 

3-4~ 

15:.! 

176 
.!~~ 

276 

20a 
250 
295 
347 

20~ 

250 
302 
355 
332 
265 

209 
260 
290 
348 
323 

275 

(7) 

SulTOUDding 

Temperature 
OF 

82 
9'7 

100 
103 

86 
93 

lOa 
105 

90 
9:? 

lOS 
l.!j 

9~ 

IU5 

III 

127 

6S 
76 
97 

100 

06 

93 
1110 
105 

75 
H7 

~7 

93 
100 

-I~~ 

15 
~7 

~7 

93 
100 

-188 

\8) 

FiB. 25 

ctearee-

40.5 
33.5 
26 

7 

·U.5 
35.5 
28.5 
18.5 

·U.5 
36.5 
;'!S.5 
11 

40.5 
35 
25 
13. ;) 

41. 5 

36.0 
29 
I:!. 5 

41.0 
36.0 
27.5 

9 
19 
34 

(t) 

H.'Ja;;ul 
To Solid 

11..0<1 k=10 
BWhr 

27 
36 
.. 5 
56 

28 
42 
53 
63 

48 
70 
91 

11;' 

11.1 
1-13 
2M 
::!34 

15 
19 
33 
37 

29 
-II 

53 
67 

15 
19 
26 

31 
30 
32 

2-! 
3S 
41 
54 
48 
55 

(10) 

Heat Input 
TolloUd 
loll k=20 
BWhr 

33 
45 
57 
74 

34 
:;:! 

70 
8-1 

58 
39 

119 
15-4 

134 
17b 

255 
29t; 

l~ 

41 
-41i 

36 
51 
6, 

90 

I!I 
2;' 

3" 
-15 
40 

~2 

31 
44 
54 
73 
62 

n 

Ill) 
Heat Input 
To Solid 
Rod k=l00 
B\whr 

49 
69 
92 

123 

. 46 
77 

106 
132 

76 

I~O 

157 

..!16 

16:; 

1.2":' 

334 
396 

!4 

31 
62 
70 

"" 7:j 

lU-l 

1-1-1 

3() 

·41 

59 
79 
69 
bl 

-16 
67 

o!-I 
119 

101 
10~ 

112) 
He:>t Input 
To Solid 

Rod ~=210 
Blwhr 

:>2 
7-1 

101 
137 

5i) 

!!2 

115 
1401 

7, 

1..!6 

1'75 

2-13 

16S 

231 
3-49 
41, 

2-l 

32 
66 
7;; 

52 
50 

113 

1~ 

3l 

45 

66 

91 
,0 

74 

-I~ 

13 
9~ 

132 

111 
117 

(13) 
Heat~ 

ForFU 
Emci.elll:}' 

BCw"hr 

:.e 
Sl 

112 
1:;4 

53 
!fI 

Il3 

:56 

;0 
125 
lSI 

:!;"1 

161 
21 ~ 

333 
401 

26 
34 

71 
9.2 

56 ,6 
1:!1 
17:! 

36 
51 
77 

10"; 

~;! 

54 

:u 
80 

100 
147 

122 
127 

(14) 

I'1B 
UfideDCY' .. 

45 
II .. 
75 

77 
74 
75 
75 

76 
77 
77 
75 

!5 
;C; 

83 
92 

177 
t'T 

130 
121 

70 
76 
79 
SB 

" 61 
n 
at 
&8 
63 

13 
U 
70 
82 
n 
71 

...... 
N 
N 



The heat input [Table E-ll, C OIUllll1 (4)] (the heat which is transported 

through the intorportion of the hoat pipo) was determined by subtracting. The 

heat input [Table E-ll, Column (G)] was calculated by usinge(luation (38), 

Ow dilnensions of the he:~t pipe considered, and tho angle, 0, as shown in 

Table E-ll. The heat input to the Holid rod ['I'able E-II, Columns (9 - 1~)] 

was calculated by the computer program of Heference 23 using the camensions 

of the corresponding heat pipe and for four different thermal conductivities as 

shown in the table. The lengths of the corresponding exposed heat pipes were 

considered for the solid rods. 

The heat input for fin efficiency l Table E-ll, COIU111n (13)] was cal-

culated by using the equation q = A e 0"1 (rr4 - rr4 ). These calculations used 
s s 

a constant temperature at the surface, with this temperature being the tenlper-

ature of the vapor space for the case under consideration. The other terms of 

the equation were as previously defined. The fin efficiency [Table E-II, 

Column (14)] was obtained by dividing the total heat input to the heat pipe by 

the heat input for fin efficiency. 

Table E-Ill is an example of the input and output fro1n the COll1puter 

program of Reference 23. The case shown is for a solid rod having the same 

d~mensions of Heat Pipe No. 4 and the same temperatures obtained in Test 4b. 

Table E-IV defines the telnperat1lre difference at the ends away from 

the source for heat pipes and solid rods of comparable ll1aterial. 
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TAll LE E -III. COMPUTER INPUT AND OUTPUT FOR 
A SOLID ROD (RADIATING FIN) 

x 
ft 

0.833 

0.750 

0.667 

0.583 

0.500 

0.417 

0.333 

0.250 

0.167 

0.083 

o. 164 x 10-10 

q 
Btu/hr 

143 

12:3 

105 

89 

75 

62 

50 

39 

29 

21 

9 

Cross-section area 

Length 

Perimeter 

SurrolU1ding temperature 

Base temperatu.re 

Emissivity 

Heat transfer coeff. 

Thermal conductivity 

Output 

Input 

717 

7D.3 

691 

680 

671 

664 

658 

653 

650 

647 

645 

J. 07712 ft2 

0.83333 ft 

O. 98457 ft 

565 oR 

718 ° R 

0.95 

0.0 

T 

257 

243 

231 

220 

211 

204 

198 

193 

190 

187 

185 

10 Btu/hr-ft-O R 
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TABLE E-l V. TEMPERATUHE DIFFEHENCES AT TIlE END OF' HEAT 
PIPES AND SOLID HODS (RADIATING FIN) 

a Test b Test c Test cl Test 
Heat Pipe No, AT,.., OF 6.'1' ,...., ° F 6.T ,...., 0 F 6.'f,....,°F 

-
1 -G 'l:~ GO 82 

2 25 :Hi G1 83 

3 30 49 G2 79 

4 35 45 65 73 

6 27 47 84 105 

7 6 10 18 75 

8 18 5 63 115 

NOTE: Minus (-) indicates end of heat pipe below temperature of end of 
solid rod. 

TABLE E-V. HEAT INPUTS THROUGH THE VAPOR SPACE OF FOUR HEAT 
PIPES (RADIATING FIN) 

q for q for q for q for 
Heat Pipe L D L T=200· F T=250° F Tz:300° F T=350° F -No. inches inches D Btu/hr Btu/hr Btu/hr Btu/hr 

1 12 
1 

24 12 20 33 58 -
2 

2 12 
3 

16 17 27 47 77 
4 

3 1"2 1-1-
2 

8 24 44 69 97 

4 12 3 4 52 90 129 183 
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Table E-V defines the heat inputs through the vapor space of Heat 

Pipe Nos. 1. through 4 if the heat input through the stainless steel cylinder 

was not included. 'J'hese heat inputs wero taken fronl Table E-ll and presented 

in Table E-V when comparing L/D ratios. Interpolation was used since the 

exact ten1perature does not appear in Table E-ll. 

Figure E-9 depicts the geometry for the heat pipes and solid rods for 

detennining heat input per pOLU1d. The solid rods are shorter in cOlnparison 

to the heat pipes because longer heat pipes are needed to provide an a.rea for 

the heater. 

Table E-VI summarizes the data required to determine the heat input 

per pound for two heat pipes and three solid rods. The heat inputs through 

the stainless steel cylinders (k = 10), stainless steel rods (k = 10), and 

copper rod (k = 210) were calculated by using the computer program of 

Reference 22. The volUlne of stainless steel or copper was computed using 

the geometry shown in Figure E-9. The weight was computed fron1 the volume 

with the density of stainless steel = 490 lb/ft3 and the density of copper 

= 559 Ib/ft3. 
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HEAT PIPE NO.3 
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9·1/4'· 
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FIGURE E-9. GEOMETRY OF HEAT PIPES AND SOLID 
RODS (RADIATING FIN) 
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TABLE E-VI. HEAT INPUT PER POUND (RADIATING FIN) 

Heat Input I Thru S.8. 
Cylinder Heat Input volume We1g:l.t 

Base Surrounding or Solid Rod Thru Vapor Space Total of S. 250-Mesh 

Test Temperature Temperature k= 10 Table E-n Heat Input Steel Screen 

No. ·F ·F Btu/hr Btu/hr Btu/hr in. S lb 

H.P.3a 201 90 37 24 61 34.4 0.1 

H.P.3b 249 92 55 44 99 34.4 0.1 

H.P.3e 297 105 72 67 139 34.4 0.1 

H.P.3d 351 127 91 97 188 34.4 0.1 

S.S.R.1a 201 90 48 - 48 39.4 -
S.S.R.1b 249 92 70 - 70 39.4 -
S.S.R.le 297 105 91 - 91 39.4 -
S.S.R.ld 351 127 115 - 115 a9.4 -

M,H.P.3a 201 90 9 24 33 4.0 0.1 

M.H.P.3b 249 92 14 44 58 4.0 0.1 

M.H.P.3e 297 105 20 67 87 4.0 0.1 

M.H.P.3d 351 127 25 97 122 4.0 0.1 

S.S.R.2a 201 90 33 - 33 18.6 -
S.S.R.2b 249 92 43 - 43 18.6 -

S.S.R.2e 297 105 56 - 56 18.6 -
S.S.R.2d 351 127 71 - 71 18.6 -
C.R.1a 201 90 *59 - 59 *18.6 -
C.R.lb 249 92 *86 - 86 *18.6 -
C.R.le 297 105 *112 I - 112 *18.6 -
C.R.ld 351 127 *162 - 162 *18.6 -

* Heat input through copper rod (k = 21!!) and volume of eopper 

NOTE; H.P. denotes Heat Pipe; S.S.R. denotes Stainless Steel Rod; M.H.P. denotes Model Heat Pipe; C.R. denotes Copper Rod 

Weight 
Cylinder Total 
or Rod Weight 

lb )b 

9.8 9.9 

9.8 9.9 

9.8 9.9 

9.8 9.9 

B.2 11.2 

11.2 11.2 

11.2 11.2 

11.2 11.2 

1.1 1.2 

1.1 1.2 

1.1 1.2 

1.1 1.2 

5.3 5.3 

5.3 5.3 

5.3 5.3 

5.3 5.3 

6.1 6.1 

6.1 6.1 

6.1 6.1 

6.1 6.1 

Heat lnput 
Per PoUDd 
Btu/hr-lb 

6.2 

10 

14 

19 

4.4 

6.3 

8.1 

10.3 

27.5 

47.3 

72.5 

I 102 

6.2 

8.1 

10.6 

13.5 

9.!! 

14.9 

20.2 

25.8 

...... 
N 
00 



APPENDIX Ii' 

SUM1'IlAHY OF EXPT':ltIM.T~NTAL AND CALCULATED DATA 
FOU HEAT PIPI'~S HAVING AN ADIABATIC SECTION 

The tomperaturo profiloH, on tho stool surface of tho heat p:ipes, that 

were obtained experimollthlly are plotted in Figures F-1 through F -H, The 

telnperature for the length, L , was the tenlperature obtained in the vapor 
e 

space since thernlocouples were not present on the surface of the evaporator. 

These te111perature profiles were obtained by converting an experilnental 

reading from lp.il1ivolt~ to 0 F and then plotting these t81nperatures at distances 

from the end of the heat pipe that corresponded to the location of the thermo-

couples on the surface of the heat pipe. Note the change in the tenlperature 

profiles with the change in condenser length. For Heat Pipe Nos. 9, 10, 

and 11, the total condenser length was approxinlately 4 inches, whereas for 

Heat Pipe Nos. 12, 13, 14, 15, and 16, the total condenser length was 

approximately 1 1/2 inches. 

In Figures F-1, F-2, F-3, and F-5, peculiar temperature profiles 

occur. In Figure F-1, the temperature profile for Test. 9c has a large 

decrease in temperatur.e and inter.sects the temperature profiles from Tests 

9a and 9b. This large df)crease in temperature was due to a leak dE;}veloping 

in the heat pipe duri'1g the test. In Figure F-2, the circulnstances that existed 

129 
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for Test 10d were similar to those of Test ~c except the leak was less severe. 

No eauso for the tem perature profiles for Tests 11e and 11d waH found. A 

logical conelllfijon for these two tOlnporatllre profiles of Figure F-3 was that 

a loak developed during the tests. In Figure F-5, the temperatare profile 

for Test 1:3d is high near the evaporator but no cause for the high temperature 

was founel. 

Table F-I summarizes the heat inputs and losses for the eight heat 

pipes used in the experiments. The tornperature in the vapor space was 

recorded in millivolts by Thermocouple No. 6 or estimated from the readings 

on the surface of the heat pipe where r was equal to 0.0208 foot. The 
o 

temperature, T , was the temperature of the surroundings recorded by a 
s 

thennccouple located in the r00111 where the experilnents were run. The heat 

input to the system [Table F -I, Column (7)] was determined by the inputs 

to the heaters on the heat pipes. The an1perage and voltage were recorded 

by the data acqutsition system, and then by converting these readings, the 

heat input to the system was obtained. 

The heat losses by radiation [Table F -If Column (8)] were calculated 

by using the equation q == A e al ~ r1 - r1 ), data recorded by Thern10couple 
s s 

Nos. 1 and 2 that' were fixed to the heater cover, and data from the thern10-

couple in the room. The data from the three thermocouples were reduced to 

yield T and T , and with e = 0.95, the heat losses due to radiation were 
s 

calculated by llsing the above equation. 



TABLE F-I. SUMMARY OF EXPERIMENTAL HEAT INPUTS AND LOSSES (ADIABATIC SECTION) 

(1) (2) (3) (4) (5) (6) (7) (8) (9) I (1:l; ! 
Heat LoB. Heat Loss I 

Temperature Heat Input by by I i I 

Heat In to Radiation Convection 
I 

;:-~: .:..:: .:..:". 
T 1 

Pipe Tell' Vapor Space • SY8tem (Calculated) (Calculated) To Heat Pi~ 
Number Number Date Time OF OF Btu/hr Btu/hr Btu/hr Btu/hr 

9 9a 12/9/68 1430 206 75 235 59 51 125 

9 9b 12/10/68 1240 249 75 365 97 80 188 
9 9c 12/12/68 1400 302 74 245 87 75 83 

9 9d 12/11/68 1400 355 75 443 151 124 165 

10 10. 12/9/68 1430 201 75 503 122 102 27S 

10 lOb 12/10/68 124( 263 75 510 149 122 :2JS 
, 

10 tOe 12/23/68 1315 300 80 398 £] 70 I :::J~ i 
10 lOd 12/26/68 1130 340 81 517 115 ~,? ! -J .... I 

11 11. 12/19/68 1430 201 75 906 223 175 -
11 11b 12/20/68 1400 259 76 468 176 141 151 
11 11c 12/23/68 1315 2VS 80 827 245 186 396 

11 11d 12/26/68 1130 347 81 927 297 217 413 

12 12. 1/3/69 1500 205 79 391 61 44 286 
12 12b 1/6/69 1300 252 78 706 86 61 559 
12 12c 1/7/69 1045 299 78 907 117 87 703 
12 12d 1/7/69 1345 354 79 919 144 107 668 

13 13a 1/14/69 1330 209 79 62 24 17 2i 

13 13b 1/15/69 1415 257 79 141 30 22 I 
13 13c 1/16/89 1330 308 79 208 41 30 137 j 
13 13d l/17/69 U30 359 79 309 57 43 209 

14 14a 1/14/89 1330 210 79 112 33 25 M 

14 14b 1/15/69 1415 253 79 206 48 37 121 
14 14c 1/:6/69 1330 308 79 249 59 47 143 

14 140 1/17/69 1330 352 79 454 69 53 

I 
333 

15 15a 1/22/69 1500 20;; 71 83 29 24 30 

15 15b 1/22/69 1230 2M 70 142 43 35 64 
15 100 1/21/69 1415 320 70 204 52 50 102 

15 15d 1/23/69 1345 348 73 222 63 53 lOG 

16 16a 1/3/69 1500 203 79 209 49 ~7 123 
16 16b 1/6/69 1300 252 78 410 93 84 233 
18 16c 1/7/69 1045 300 79 586 141 113 332 
16 16d 1/7/69 1345 346 79 796 229 176 391 

--- ---- -
-w 
v' 
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The heat losses by convection [Table F-I, Column (9)] were calculated 

by using the equation q == A h (T - 'T ) and data recorded by the three 
s R 

preceding thermocouples. The data from the thermocouples were reduced 

to yield 'f and T and with the other terms of the equation defined as A == 
s s 

area of surface, (ft2) and h == film coefficient, (Btu/ft2-hr-o R) the heat losses 

due to convection were ca.lc11.1ated by using the above equation. The fil1n 

coefficier.t, h, was calculated by using the 111ethod shown in Reference 25, 

pages 333 through 340. 

The heat input [Table F-I, Column (10)] was found by subtracting 

losses due to radiation and convection from the heat input to the system. 

Table F-II summarizes the data computed for heat pipe having an 

adiabatic section. To obtain the heat input through the stainless steel cylinder 

[Table F -·II, Colulnn (3)] the equation q == A k ~; was used. The heat 

input to the solid rods [Tahle F-II, Column (8-10)] was calculfited by using 

the preceding equation. The terms of the equation are defined as follows: 

A == cross-se.ctional area, ft2, k == thermal conductivity, Btu/hr-ft-e R, 

AT == difference in temperature, OR, and Az == length where AT occurs, ft. 

The heat input through the vapor space [TalJle F-II, Column (4)] was 

determined by subtracting a~d is the heat transported through the interportion 

of the heat pipe. 

The heat inputs [Table F-II, Colulnns (5-7)] fronl the equations were 

calculated by the computer program defined in Chapter II. The apparent 

contact angle (0) used in these calculations was zero degrees. 



TABLE F-II. SUMMARY OF CALCULATED DATA (ADIABATIC SECTION) 

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) I (11) I 
Heat Input Heat Input 

Heat 
Thru Vapor Space Thru Vapor Space 

I Approximate' 

Heat Input Through Heat Input 
Eq.42 Eq.42 

Heat Input Heat Input Heat Input Heat input Thermal 

To Heat Pipe 8.S. Cyl. Thru Vapor Space 
L = 61nches L = 0 

Thru Vapor Space To Solid To Solid To Sol1d Conductivity 

Test Table F-I k=lC (Exp. ) a a Marcus' Eq. Rod k=10 Rod K=l00 Rod k=210 For Heat Pipe 

Number Btu/hr Btu/hr Btllihr Btu/hr Btu/hr Btu/hr Btu/hr Btll/hr Btu/hr Btu/hr-ft-° F 

9a 125 29 96 96 144 193 10 102 216 124 

9b 188 34 154 90 136 159 15 147 308 128 

9c 83 34 49 68 105 124 25 251 528 33 

I 9d 168 43 125 26 41 86 32 317 665 53 

lOa 279 34 245 148 222 295 16 163 343 In 
lOb 239 51 188 130 195 230 24 235 

! 
494 101 

lOe 235 26 209 108 162 190 25 246 516 95 

lOd 310 44 266 60 90 147 42 425 I 892 74 

11a 508 84 424 302 454 430 37 368 773 139 

11b 151 75 76 273 405 412 31 312 521 50 

lie 396 64 332 223 328 389 311 388 515 101 

11d 413 89 324 105 160 279 53 534 1122 77 

l:.!a 286 39 247 608 915 1200 10 10~ 214 283 

12b 559 153 406 569 852 1000 28 275 583 201 

12e 703 206 497 445 668 790 36 361 758 195 

12d 668 123 545 177 265 550 42 416 975 160 

13a 21 11 10 329 491 270 5 49 102 43 

13b 141 14 127 300 452 222 6 60 127 233 

13c 137 21 116 220 331 170 9 93 196 273 

13d 209 52 157 80 124 120 16 164 343 128 

14a 54 6 48 1250 1876 450 6 56 119 96 

14b 121 20 101 1175 1768 380 9 86 182 140 i 
He 143 11 132 840 1260 345 9 93 196 153 

14d 333 57 276 390 570 263 16 156 329 212 

15a 30 25 5 132 199 185 10 101 212 I 30 

I:;b 64 48 16 122 183 152 15 146 306 

! 
51 

15c 10;! 65 37 77 112 110 19 192 404 53 

I 151! 106 56 50 45 66 90 22 220 462 48 

16a 123 11 112 301 453 460 5 46 98 263 

I 1 fib 233 33 200 282 422 430 9 93 195 251 

16c 33Z 44 288 221 332 389 13 126 265 263 

16d 391 64 327 108 160 285 19 186 390 210 I -1 
- -



ri'he approximate thernlal conductivity [Table F-II, Colulnn (11)] was 

obtained by comparing the heat inputs [Table F-II, Column (2) J with the 

heat inpl-J..t.sJo the solid rods. 

Table }'--'_U defines the bnat inputs through the vapor space of Heat Pipe 

Nos. 9, 10, 1~, and 16 if the heat input through the stainless steel cylinder 

was not considered. These heat inputs were taken frOln Table F-II and 

presented in Table F-III for comparing L/D ratios. Interpolation was used 

since the exact temperature does not appear in Table F-II. 

TABLE F-III. HEAT INPUTS THROUGH THE VAPOR SPACE OF FOUR 
HEAT PIPES (ADIABATIC SECTION) 

q for q for q for q for 
Heat Pipe D L T=200° F T=250° F_ T=300° F T=350° F -

No. inches inches D Btu/hr Btu/hr Btu/hr Btu/hr 

9 12 1 
24 92 155 -2 

10 12 2- 16 180 209 280 
4 

16 12 1-1. 
2 8 112 200 288 330 

12 12 3 4 230 399 498 541 

Figure F-9 depicts the geometry for the heat pipes and solid rods for 

determining heat inputs per pound. The solid rods are shorter in comparison 

to the heat pipes because larger heat pipes are needed to provide an area for 

the heater. 

Table F-IV summarizes the data required to determine the heat input 

per pound for two heat pipes and two solid rods. The heat inputs through the 

stainless steel cylinder (k == 10) and copper rods (k == 210) were taken from 



Table F-II. Tho volume of stainless stocl or copper was calculated using the 

geometry shown in Figure F-9. The weight was computed by using tho volume 

with the donsity of stainless steol := 490 Ib/rt3 and the density of copper 

== 55~ Ib/ft3. 
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COPPER ROD NO.3 

FIGURE F-9. GEOMETRY OF HEAT PIPES AND SOLID 
RODS (ADIABATIC SECTION) 



TABLE F-IV. HEAT INPUT FER POUND (ADIABATIC SECTION) 

Heat Input 
Thru 8.S. Volwne 

Cylilllkr or Ileal Input of Weight Weight 

Bas~ Tl'lllpcraturl' Solid Rod Thru Vapor Space Total Stainless 250-Mesh Cylinder Total Heat lnput 

Tl'~\ Temperatul't.' Drop kl0 Table F":n Heat Input Steel Screen or Rod Weight Per PcilDd 

:\ .. ~ 'n ~ ll' l' -F of Btu/hr Btu/hr Btu/hr in. 3 lb Ib Ib Btu/hr-lb 

H. P. It;;\ :.2 \ )~) 1-l 11 lU 123 34.4 0.1 9. i:l 9.9 11. 3 

II. P. ld, _.l_ ~~ ;~J ..!ou 233 3·1.4 U.l 9. t' 9.9 23.5 

Ii. \'. : \;,' :hll.l ;~:- H 2SS 332 34.4 0.1 9.';' 9.9 33.5 

h. 1'. 1 ... 1 :l·h, ."ili 1;·1 :L~7 3~1 34.4 0.1 9. ~ 9.9 39.5 

I.:. h. _:, ~t.IJ H ~~:-.. ~tI '39.4 l~.j 12 ... 7.7 

. i\. _ . _.j-
·t ~ 1~;-) 1~5 '39.4 12. 7 12. ,. 15.3 

. !.:. -, ~.j.!.l :\:- ~I;.j 2b5 :' 39. 4 12 ... 1') -_. I 20. S 

, . ]'" -,; i-tl; ."it; ;; ~)I) 390 '39.4 12.1 12. 7 30. 7 

i :':. E.!'. :\a I _>1:-: 14 , : ~ IlJ -1.0 ). 1 1.1 1 'J 94 

:,1. h. P. ~t' ~.)"': ..!Li 4 "':U\I :W4 4.0 U.l 1.1 .. ) 170 .!..~ 

~t. H. P. ll'L JL'U J:) J .~ ... ..!9J 4.0 U.1 1.1 1 -) 244 

:',1. H. P. :"l: ;H .. .-)....: .) ,~ :334 4.0 0.1 1. 1 1 -) 278 .,_ I 

I..:. R.:..,a ~I_~J 14 li3 Li3 1::;. l) 6.1 6.1 10.3 

L'. H.;:;r _.)- ..!li 10:) 105 " lb. li 0.1 b.l 17.2 

C.H.:k Jul) 35 147 1017 10.ti 6.1 

I 
6.1 24.1 

C. R.:~d :Hti 5l 210 210 '·10.6 b.l 6.1 34.5 

Heat input throug,h copper rod (k -= 210) and volume of copper 

:':uTE: H. P. ucnotcs Beat Pipe; M. H. P. denotes Model Heat Pipe; C. R. denotes Copper Rod 

~ 

I 
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