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ABSTRACT

The design of heat pipes involves knowledge of phenomena

such as surface tension forces, wick permeabilityý, and fluie

vaporization and condensation. Considerable variability in

these phenomena has been observed in heat pipe experimentr,,

Thus, a probabilistic design model for predicting heat pi-pi

heat transfer rate ,hats- een developed taking into: considera-

tion uncertainty in the prediction of the above phenomer.t.

The probabilistic model yields a mean, a standard deviation,Ii and the distribution of heat transfer rate based on the

means, standard deviations, and distributions of the deoign

par&meters. The probabilistic method is compared to experi-

mental data from heat pipes with wire mesh wicks. Mean val-

ues, standard deviations, and distributions are presented

for wick permeability, critical radius, area, porosity, tor-

tuosity, and heat transfer rate. A technique is described

for making wire mesh wicks. The probabilistic design model

indicates the ranye of design without the use of safety .fac-

tors.(q

()
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NOMENCLATUfM

A cross sectional area of liquid saturated wick,
ft 2  m2  2

A cross sectional area of vapor passage, ft 2 , cm2
V

b tortuosity or wick geometry constant, dimensionless

D diameter, ft, cm

d characteristic dimension, ft, cm

e porosity of capillary structure or wick, dimension-
less

F force term

g gravitational acceleration constant, 32.2 ft/sec2

-g dimensional conversion constant, 32.2 lbm ft/lbfcsc

H gravity head, inches 120

I h elevation distance, ft, cm

h latent heat of vaporization, BTU/lbm, cal/gm
fg

J mechanical equivalent of heat, 778 ft lb/BTU

2k thermal conductivity, BTU/hr ft OF, watts/cm 0CS ] 2 2

K permeability, ft 2, cm

"L pipe length, ft, cm

-• L' effective length, L e/2 + La + L c/2, ft, cm

m mass flow rate, lbm/hr, gm/sec

M momentum, Ibm ft/sec

N liquid transport factor, BTU/hr ft, watts/cm
2 2

p pressure, lb/ft dynes/cm mm Hg

p probability

q heat flux, BTU/hr ft 2 , watts/cm2

SQ maximum heat transfer rate, BTU/hr, watts

r radius or radial coordinate, ft, cm

xi



re sppre radius, in evap6rator wick, it, cmn

-pore ra'iius in condenser wick, ft, cm

r.. inside radius of heat pipe, ft, cm
Ypý.

R miniscus radius of curvature at liquid vapor
interface, ft, cm

' t thickness

t wick thickness,, ft, cm

T temperature, OF, °ýC

u axial velocity, ft/sec, cm/sec

v radial velocity, ft/sec, cm/sec

V volume, ft 3, cm 3

w work, lbf

x axial coordinate

y vertical coordinate

z coordinate

a accommodation coefficient

y specific weight, lbf/cu.ft.

E emissivity of radiation heat transfer

A difference symbol

6 •wetting angle, degrees
1 I • dynamic viscosity, ibm/ft sec, gm/cm-sec

p densityý, ft. /lbm, cm3 /gm

a surface tension, lbf/ft, dynes/cm

angle of inclination

Subscripts

a adiabatic

c condenser

c calculated&
a

('7 xii



j evaporator, or arbitrary wick pore

g gravity effect

i inside

£ liquid

max maximum

fr fully recessed

f friction

N dimension

V vapor

w wick

p pressure

r recessed

Pi pipe

o outside surface
Ob observed

I s steel

v vapor

w wick or wall

STATISTICAL NOTATION

lx estimate of the mean of a population of random variables,

S1 estimate of the standard deviation of a population of
random variables, x

x.i a particular random variable (K.i is a random K)

the mean (general)

a standard deviation (general)

n sample size

xiii.



E ~expected& Valude of'1 -distribuitOd

N~xS )normal distribution with rndan RE and standard- deviat.-

Z'Z (RSk. ZZ distr~ibution with ri-ean* x and standard- devia--
xx
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CHAPTER 1

INTRODUCTION

1.1 'Design Methodology

Optimization and reliability of design have been the

L •topics of growing interest to engineers in recent years. A

fcitical review of present design methodology: that based on

arbitrary "ignorance factors" or safety factors, is under way.

The realization that design parameters are usually character-

ized by some statistical distribution of values rather than

by a single value indicates that probabilistic methodology is

a logical alternative. The present deterministic (single val-

'-.•-•- j-ued) methods are special cases of the probabilistic methodology

when the parameter variabilities are set equal to zero. Fig-

ure 1.1 shows a comparison between the conventional determin-

istic design and probabilistic design methodologies. In actual

~ physical systems, the absence of design parameter variability

is indeed a rare case.

i •P P P

Deterministic +-=

x1 x 2  x3

I •Probabilistic +AL

Sx1 x 2 x 3

Figure 1.1. Design Methodology.
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it is not difficult to find exampl•-s 60 design param.ter

variation. For instance, in heat transfer we describe the

rate of energy radiation from a body as

2 bT4

where Q is the rate of energy radiated, T is the absolute tem-
perature of the body, a bis a universal physical constantý e

is a property of an emitting surface, and A is the surface

area of tne emitting body. Values of e are quite variable. 2

Values of ab and T may depend on the accuracy of the instru-

mentation used. The functional variation of Q will grow as

the fourth power of the temperature variation. It is in-

deed optimistic to believe that the calculated Q and actual

Q are identical. Yet that is what the deterministic model

implies. The objective of this discussion is not to under-

mine the deterministic model but to improve upon it. The

deterministic model has been an engineering tool for many

years and has worked well. The probabilistic model uses

the deterministic equation to find the mean value of the

design result. But the added feature of the probabilistic

methodology is that it yields a statistical distribution

of the occurrence of the design result. This determines

the expected range of the design result or, in the parti-

cular example mentioned (Equation 1.1), the probabilistic

design yields a bound on the variation of Q. We are now

able to determine a range in which the actual energy ra-

diated, Q, may lie instead of calculating a single value

2
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of Q and hoping that it is similar in magnitude to the actual

Q• Ip many cases, an agreement of plus or minus 30% between

the calculated result and the actual result is considered to

be normal. This is in itself an admission of the uncertainty

in -modeling natural phenomenon. The probabilistic approach to

design gives us a logical measure of this uncertainty.

1.2 Design of Heat Pipes

The application of deterministic design techniques to the

design of heat pipes has indicated a need for an improved tech-

nique. Uncertainties in wick pore size, wick permeability,

surface conditions, liquid inventory, and fluid properties

has rendered the classical deterministic design approaches

" finaccurate . Probabilistic design , which treats the design

parameters as random variables, has been used successfully to

1
describe the integrity of structural components. Thus, it

is logical to consider the use of probabilistic techniques in

the design of heat pipes.

3Haring and Greenkorn used a statistical distribution to

describe the pare radius in a porous medium. Figure 1,2 shows

the beta distribution which was used to model the uncertainty

of pore radius in a porous medium. Pore radius is so vari-

able that deterministic descriptions cannot be made. It is

*• virtually impossible to randomly choose a particular pore and

accurately calculate its radius. The probability distribution

enables the researcher to do the next best thing. That is,

one will be able to describe a range of radii in which a par-

ticular pore radius might be observed. One is able to observe

3
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---- °FREQUENCY OF'

OCCURRENCE

•_0 R/Rmax1

= Figure 1.2. Beta Distribution Model of Pore
-- •= Radius in a Porous Medium
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OCCURRENCE

1 8

U

SPERMEABILITY IN FT2 x 10 -9

S~Figure 1.3. Permeability Distribution of 100
• Mesh Stainless Stee'l Screen
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the range of variation and th probabilities of residing in

- certain locations of the range. Also, experiments at The

University of New Mexico have shown the wide variability of

wick permeability-data.20

Figure 1.3 is a plot of a continuous distribution approx-

iL.ation of experimental permeability data and illustrates the

high variability in this heat pipe design variable. The mea-

sured permeability of wick samples taken from the same materi-

al is not exactly the same even though great care may be taken

to uniformly clean and assemble each sample in an identical

way. Choosing one particular value of wick permeability or

even the average value would be erroneous in light of the high

scatter between samples. Therefore, it is more correct to de-

scribe wick permeability using the average of all samples as

an estimate of the mean permeability, K, and the standard de-

viation, Sk, as a measure of scatter.

Heat pipe operation is a function of permeability, sur-

face tension, wetting angle, fluid properties and geometrical

configuration.6 If any of these parameters are distributed

and, therefore, described by a probability distribution, the

resulting heat flux capability of the heat pipe will be dis-

tributed with a mean heat flux, Q, and a standard deviation,

Sq, as a measure of variability.

Plotting of typical design results, as in Figure 1.4,

shows the power of the. probabilistic design method. The •

t deterministic method gives an acceptable answer and a

factor of safety while the probabilistic method indicates

5
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a finite probability of failure. One minus the probability -

of failure (l-p) is the probability of a successful design.

The probability of obtaining a successful design is usually

termed the reliability

probability of failure

flux cuxve
at fux critical region

-- mAI -•- . .. flux limit curvemean T---I.- heat flux uv

heat /,
HEAT flux I / distributionFLU 1 deterministic
FLUX value I safety factor

TEMPERATURE TEMPERATURE

Probabilistic Design Deterministic Design

Figure 1.4. Design Methodology Comparison

The usefulness of the probabilistic design technique

may be extended to heat exchanger design. There may be hun-

dreds of heat pipes in a heat exchanger system, each having

a different heat transfer capability. Conventional determin-

istic design dictates that the minimum heat transfer capa-

Sbility be used as characteristic of each heat pipe. This is

essentially a "worst case" analysis. Another conventional

design technique uses the mean heat transfer rate multiplied

by a safety factor based on experience. The calculated per-

* formance of the heat exchanger, using either the "worst. case"

values or the mean values with a safety factor, no doubt will

give a design safety factor which works. But typically, such

6



a design is very conservative and the overdesigned heat ex-

changer is larger and more expensive than necessary. The

probability of manufacturing One h;ndred heat pipes that have

a performance decidedly worse than average, and, therefore,-a

"1"worst case," may be very small. For example, if the pioba-

bility of occurrence of the worst case is .05, then the prob-

ability of manufacturing a heat exchanger with 100 "worst case"

heat pipes is (.05) 100, which is a very rare event.

The purpose of this research project is to:

1. Measure statistical data on water heat pipes using

wire mesh wicks.

2. Develop a probabilistic model of heat pipe operation.

Based on the literature, it appears that heat pipe design

considerations have been purely deterministic. The publica-

tion of Holm4 indicates some realization of experimental un-

certainty in the collection of data. Holm presents his data

using an error bound but does not mention anything about re-

5peatability and distribution theory. Phillips presents data

on nominal pore diameter for 200 mesh stainless steel screen.

It is optimistic to hope that this deterministic pore diameter

value is representative of the sample. A mean pore diameter,

standard deviation and distribution will better represent the

physical characteristics of this wick. Also, it has been ob-

served at UNM that permeabilities of sczeen samples have large

standard deviations despite many efforts to obtain uniform
•I 20

samples.

'V 7



A surve~y of the literature reveals no effort to. account

for paramiter variability in the field of heat transfer. Little

information is available on the statistical behavior of .heat

transfer parameters such as convection coefficient, cchductiv-

ity, and permeability. The audthor has not yet found any lit-

erature which applies probabilistic approaches to heat traris-

fer design.

A
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CHAPTER 2

THEORY

To develop the probabilistic theory for heat pipe design,

it is necessary to derive the deterministic model c¢i which the

probabilistic model is based. The classic derivation of the

heat pipe design equation appears in the literature.8 In this

chapter, the classic derivation-of the fully saturated wick

model is described. This derivation is based on the prin-

ciples of conservation of momentum, energy, and mass for a

differential element in the wick. The fully saturated wick

model is• later modified for the partially saturated wick con-

dition annd il be used as the basis of the probabilistic de---

sign equation.

2.1 Deterministic Model of Heat Pipe Operation

The heat pipe to be considered in this' work is cylindri-

cal in shape with an annular wick, as shown in Figure 2.1.

The major assumptions used in the development of the deter-

ministic model are-

i. The system is treated as one-dimensional.

2. The wick is fully saturated with liquid.

3. The heat flux is uniform over the evaporator and

j condenser sections.

4. The liquid-vapor interface meniscus can be charac-

terized by one radius of curvature.

5. The liquid and vapor are at the same temperature

along the entire length of the pipe.

6. Wick properties are isotropic.

0 9
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7. Differentials raised tO the second ,r higher powers

are neglected.

8. The heat pip6 is wick limited, that is, viscous- V
pressure drops in the liquid saturated wick are so"

much larger than, those in the Vapor t44t the vis-

cous pressure drop in the vapor is negligible.

9. The vapor condensing on the liquid-vapor interface

has a velocity in the y direction only. Therefore,"

there is no contribution to momentum changes in the

x and z directions.

A differential fluid element taken in the condenser sec-

tion of the heat pipe wick may be used for the analysis. Ap-

plying conservation of mass to the element shown in Figure

2.2, the relationship between liquid and vapor flow rates is

obtained

S+ (x+d (2.1)

where
m = pe (EwZw)u (2.2)

* ~du, *
m(x+dx) pe(Z)(u + - dx) (2.3)

Combining Equations 2.1, 2.2, 4nd 2.3, and solving for mv
V

du k
d m = x dxe(twZw) (2.4)

From the liquid-vapor interface of the differential element

;v = P v Zwdx (2.5)

*where tw is the average wick thickness as would be measuredJ 1by a micrometer.

_
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p Interface-

-- r

x M

F
F tPXF Wu. ,(x+dx)

IWall Z Dimension is Zw
x x+dx

Figure 2.2. Momentum Terms for a Differential Element of Wick
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Figure 2.3. Energy Terms for a Differential Element of Wick
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Application of conservation of momentum in the x direction

-to the element of Figure 2.2-yields

SZF M -M (2.6)

x x+dx '

where the momentum terms are

P. 2 ewZw (2.7)

_ p 2 - Zw k (u P

Mx+dx - g ,g e gc a dx e ww(2.8)

where no contribution is made to momentum in the x direction

by the vapor as it enters the element As a result of assump-

tion 9.

The force terms are composed of the capillary pressure

forces as described by the Laplace-Young equation

Ap= (1 + (2.9)
R1 + 2

By assumption 4, this equation reduces to

P= 2a (2.10)

where Ap i3 the pressure drop across the liquid vapor inter-

face at x. The pressure forces are

F e etwZ (2.11)i, Px

F (p + dp - R e t Z (2.12)
Px+dx v v R+dR w w

13



For t1he heat pipe with an- annular wick with large vapor gas-

sage, a low- density vapor and low vapor flow rate, pv is con"

4stant and dpv is zero. 'the force on the element is found

by the summation of Equations 2.11 and 2.12

F - F -e t Z 2a dR (2.13)px p(x+dx) ww 2 2 +dR n.

RdR will be neglected when compared to R2 .

Because of the low flow rates and velocities that occur

in capillary wicks, the flow is free of inertial effects, is

laminar, is described by Darcy's law

dx _ p£A , (2.14')
dx K£

and viscous forces on the element are given by

F dx [e(.twZw)] (2.15)

f dx w

The net viscous force on the element is obtained by combining

Equations 2.2, 2.14, and 2.15

2
Ff _K Z .ukut dx (2.16)

If the heat pipe operates in a gravitational field (or

acceleration field), another force term must be added which

is the weight component of the fluid eleent along the direc-

tion of flow

Fg g e zcos dx (2.17)

14



The gravity component force tday be ,4us or minus depending on

the orientation of the heat pipe. in thins analysis, as shorin

in Figure 2.1, the heat pipe is oriented so that the evapora-

tor is above the condenser and the gravity force opposes the

liquid flow. The summation of forces on the element is

EF =F . - F -F -F (2.18)
x p (x) p(x+dx) M g

Combining Equations 2.6, 2.7, 2.8, 2.13, 2.16, 2.17, and 2.18,

we obtain the differential momentum equation for the fluid

element

2a x P-- cos6 dx (2.19)

R22

P k d ( u .) 2

dxgc dx

Conservation of energy must also be satisfied. Referring to

Figure 2.3, neglecting kinetic energy effects the energy terms

are

Energzy in Energy out
.1- d (myh£)

Qv h m(x+dx) = .h. + dx dxSv v (x dx

QP = th£ -T j d2 T2,

- k£ (twZw
Q (heat removed externally)

W W (work against gravity)

(2.20)

From assumption 5, the conduction terms are negligible and

th,- energy equation becomes,

15



+Q 0 -W~(2.21)

replacing m with Eqain2.4

-vp dx e1
etZ (2.22)

Inin"g Equati.,ons 2.21 and 2.22f

duh _____ M E 0 (2.23)

etZdx e%&dx
WVW

and siplifying thze derrivat~ive

h duy. - u £hz Q W 0
cl deWZw etwZ-ft

Ftm-ass=--ntin Saxill e-e..,arature9-mdiet-s(2.24)

are negligible and assumiing axiall pressure -gainsare

smail1 for the water heat- viDe,

dhe = 0(2.25)

Combining-Equations 2.24 and 2.25

I I - hZ i - +o(2.26)
etwZw dx et-Z& 8z

where

wP ~+ . iC~OS ettZ dx (2.27)g gcW W

Q0 =+qdx Z w(2.28)

h v h lifg(2.29)

4) 16
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Ccr-brin;Tg Ezauatacois 2.26, 2.27, a-t- 2.28

Pp. = Z - - s6 (2.30)

adi

- -_- q u_ (2 .3 1 )

Solving for t:-e average velocity and integrating over the

length of the condenser, the energy equation be-,Aoes

- x
q_ X C), dx (2.32)uz= - - 9__. 7s~F- u
fgg w 1gJ 0

integrating to a position x along the condeniser and rearrang-

Inca te?_-_s

+qx (1 ._- . -) (2.33)

2g wfl

The gravity tern inside the bracket Is much smaller than 1

and can be neglected, resulting in the following simplified

form of the energy equation

u - q x (2;34)
zgetwP£

Combining Equations 2.34 and 2.19 to form the energy-continuity-

momentum integral equation

P Rf2a -R f 1 -'I ~ &d. f. cos p2
IVO h0 hfg Ew fox gc

f0 gh 2  -Z_2 xdx (2.35)

(at x =0 R-c, at x =x R mi = r)
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Se Aass d w St~bMtI 2On r-esut'-= :E-- tro ~ s t On f
unif•or heat flux an the evaDorator and co. =den- ms s=trn

in F'igure 2.4.

Ii 1~ -e a -41 L "
p x

Figure 2.4. Mass Flow Distribultion]Equaltion 2.35 is valid f~or the con-demisr region on-ly and ncW

a relation in the evaporator region is needed. To l~k the

energy and =omentim. analysis between the condenser and evapor-

ator, we Rill use the foll owing bormndary condittions

____ ___

u - U = - (2.36)
c h-gtwePt e

q I aC (T X .e O<x<Le (24.37)
geh weP -g e - h Iep -0

qe Le(2.38)

gLq (1L(c I;e (2.39)-e hftepZ t Le )
Equation 2.39 is the link between the evaporator and. condenser

ve-rQcities and can be cmbined with Eqgation 2.35,, resulting

in the energy-continuity-momentum integral equation n for the

evaporator. The same but more simplified analysis may be

qj• q1$



apltiec1 to e a tiC secta aince t=there the heat flux

- -l ---- - zi-- - --- 1o~

%-P= MS ze a eo forms _ . .. zi-e "into the glat

* aLre- Elaid frict~ion and capilzv ress"-- rise Addition of 1

_______2 _peg L+ L L-~.

,2- a 2 - a. -,.4 , -~- 11"

+ o wc r 1 -e f'ua It

-- tcl in th ik -'i btie frmtei[e£to•

t!;q ((.4.)

Equnarcps 2.1 is the basic deate2oringtio thaxim !---at trans-

fer rate equation for the ppie consideredi in this workek.[

The term (phLe/) s conky xefarred t as the <iLid tra+nL-

port factor, which is a group of f luid properties. he termL2

(KA/LI) is a Smoup of wick prcper-ties 011-ere LI is the afiec-

stive flow length or average flow length- of a given liquCpid par-

ticle in the wick. L' is obtained from the integration of

Darcys law, Equation 2.14, according to the mass flow dis-

tribution of Figure 2.4. The mass f~low equations for the I
heat pipe considered in this wzork. are given byJ

rn e(x) ;n -(O< x <

M i L < -e+L

m ~ ~ (x m( L +L)a e a

i(x) * xL -L~ (Le La < x<L) (2.42)

The mechanics of the integration of Darcy's law are shown in

Equation 2.43 resulting in the expression for L'.

19



-~ +LFF f . = e a
~p;a fl(xidx + j mxý dx

S -+ 1 (2.43)

LII
(2.454)

i~i energy-continuity equation. The reason for the reiteration

' ~of the derivation of Equation 2.45 is that we will modify
this integration step to obtain the de+ ig equation for the

Spartially saturated wick condition.

S'i 2.2 Deterministic nde! of Heat Pipe oeration with Par-

par{ tially Saturated Wick cnto

One of the major assumptions in the preceding analysis

was assumption 2 which stated that the heat p4.pe wick was

fully saturated. Many times this is not the case. The
i

liquid-vapor interface may recede into the wick result-

ing in performance different from that predicted by Equation

2.40. An attempt to modify Equation 2.40 for the partially

saturated wick condition follows.

Modifying assumptions for a partially saturated wick

analysis are:

20



1. Capillary force properties are non-uniform across

the wick as the result of the variation of critical

capillazy radius in tne wick. Critical radius will
be a function of t; therefore, critical radius will

decrease in the direction towards the heat pipe wall.

2. Permeability is assumed uniform .swoss the wick.

3. Uniform heat flux in the evaporator and condenser

is maIntained during the partially saturated (de-

saturated) mode of operation.

4. The effect of the desaturation is to increase vis-

cous liquid flow losses in the wick due to higher

liquid velocities in the desaturated wick. The

higher liquid velocities are required to maintain

the mass flow in a smaller area.

5. A heat pipe f-inctionin•, at non-equilibrium during

the desaturation or recession process will re-

establish equilibrium only if the receding liquid

vapor interface encounters a smaller pore size re-

sulting in sufficient additional capillary force.

Figure 2.5 graphically illustrates the assumptions of

the recession or desaturation mode of heat pipe operation.

Figure 2.5(a) shows the mass flow distribution for the satu-

rated and partially saturated mode of operation. The shape

of the distribution is a result of the assumption that the

t21
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DISTANCE ALONG THE HEAT PIPE, x

Figure 2.5. Mass Flow Rate, Liquid Recession Distribution,
and Liquid Pressure Distribution for Fully
Saturated and Partially Saturated Wicks
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heat flux in the condenser and evaporator are uniform. Figure

2.5(b) shows the liauid-vapor interface for the fully satu-

rated and partially saturated modes of operation, The fully

saturated condition of Figure 2; 5(b) indicates that there is

sufficient capillary force at the upper t, level in the wick

-to sustain the frictional and gravitational losses of the sys-

tem. If this balance cannot be maintained by the capillary

forces, liquid will be deplet•i due to evaporation in the

evaporator more quickly than it can be restored by the capil-

lary forces at the given liquid-vapor interface. The result

is a non-equilibrium condition in which the liquid-vapor in-

terface recedes into the wick. Now 'hat the fluid is receding,

there are two possible outcomes:

1. The fluid will recede until it encounters a stronger

capillary force which will reestablish an equilib-

rium condition.

2. The fluid will recede until it encounters the heat

pipe wall resulting in the dryout and failure of

the heat pipe.

For the analysis of recession, we will assume that the liquid-

vapor interface will reestablish an equilibrium condition at

some level in the wick. Returning to Figure 2.5(b), we see a

hypothetical liquid-vapor interface distribution for a par-

tially saturated wick. The t 2 level in the wick is assumed

to have the highest capillary force capability and, therefore,

Sthe smallest critical radius. The t level has a higher cap-

illary force capability than the tw level but a smaller capa-

bility than the -2 level.

23



Iii j
Referring to Figure 2.5(b and c), the mechanics of the

recession will be described. Starting at the condenser end

J, •of the heat. ripe, we observe the liquid pressure and liquid

level (position of vapor-liquid interface). Moving from rightIi "to left in the condenser region, the liquid pressure begines

to decrease due to gravity aard viscous forces. This pressure

loss can still be maintained, however, by the capillary pres-

sure at the tw level in the Wick. Moving into the adiabatic

region, the pressure loss in the liquid has exceeded the capil-

lary pressure capability of the t level pores and the fluid
w

recedes. The ti level pores h&le.sufficient capillary force

to maintain the liquid pressure loss and the liquid level re-

mains at E. V Moving into the evaporator region wijh ever in-

creasing liquid pressure loss, it is observed that the t1

level pores cannot sustain any more pres3ure loss and the liU

quid level recedes to the next level, t 2 . At the t2 level,

capillary forces are sufficient to maintain the viscous and

gravitational losses of the system. The level has the

highest capillary pressure capability and any additional re-

cession will result in burnout. The difficulty in this anal-

ysis is the determination of the capillary properties at dif-

ferent levels if such a situation exists. In this work, the

above theory is applied to wire mesh wicks whose capillary

properties can be determined at the various levels. This

may be a difficult matter for powder metaý or other types of

wicks.
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The preceding analysis indicated that th% liquid-?vapor

interface recedes into the wick, resultihi" 1& a decreased flow

area and increAsed iiquid pressure loss., 1he onily difference

this introduces into the combined enprgy-continulty-momentum

equation, 2.35, is the thickness. of the liquid element. All

other terms of Equation 2.35 must be maintained at their pres-

ent values, consistent with Figure 2.5(a), except the liquid

pressure loss tema given by Equation 2.1*, Darcy!s law, which

will be used to form-the integral equation for the pressure

loss in the liquid. For the recessed liquid-vapor interface,

Equation 2.45 does not apply because the liquid flow area is
not constant with length. This is shown in Figure 2.6

IL
LL

-~--Lr-------j

w A
2 A rli ~2r

Le Lk L -.- §P

Figure 2.6. Liquid-Vapor Interface Distribution

Figure 2.6 is a redrawing of Figure 2.4(b) and will be used

to determine the total liquid pressure loss for the recessed

liquid level condition. Application of Equations 2.14 and

2.42 to Figure 2.6 the total pressure loss is

"25



L __ [r r me (x)dx Lx)me )dx

I'P A,- - - A____J1. fr L r

Ilk a(ý).dx [Le+La •a(X) -L x)4xAr +r

e L L+La '

ee r

(2.46)

Simplifying, we obtain

PmrL' (A) r
= r (2.47)Ar P K . .

where

LLfr)+ e - Lfr) (Lr -L) (La + Le - Lr)
L' (A)f =•fr + 2 Ar + Ar + A

+ c- (2.48)

and the resulting model for heat pipe operation in the de-

saturated or recessed wick condition is

P£f@ K ) _ _0gH
P_ ____ K___pg (2.49)Qax - (L'(A)_r rtr a-c

The only difference between Equation 2.49 and 2.41 is the L'(A)r

term (Darcy flow length) and the critical radius, rc. In

Equation 2.49, we use the L' (Aý to account for the additional

pressure loss due to the recession and rfr to account for the
increased capillary force at the fully recessed level, there-

fore, level t2 in Figure 2.5. Figure 2.6 may be interpreted

as a general case of fluid recession and does not imply that

there are always three distinct levels of constant pore size,
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I
r. The integration of Equation 2'.46 may be applied to any

amount of recession "steps" as long as one integrates between

Sthe discontinuities. The discontinuities of Figure 2.6 are

atL , , L, and L + L.
fr' "e r e a-

aedIn the design of heat pipes operating under the desatu-

rated wick condition, the recession lengths, therefore, Lfr

and L pf Figure 2.6, must be determinect to .nsert into Equa-

tion 2.49. Also, one must know the variation of rc as a func-

tion of the t dimension of Figure 2.6. The rc variation may

be theoretically hypothesized or experimentally determined.

In this work, rc as a function of t is determined experiment-

ally. Given that the rc variation is known, one can calculate

the recession lengths by plotting the pressure distribution

along the wick and observing where the liquid pressure loss

exceeds the capillary pressure rise of a given pore. The

pressure loss in the wick is a combination of viscous and

gravity effects and is given by

d_2 _ •()• _•H _(2.5Q)
dx gA(x)p g L

Integration of Equation 2.50 results in the pressure distri-

bution along the wick of a heat pipe shown in Figure 2.7.

-- x m(x)xdx pkgHx
P-x) -P(;) J A -x + H (2.51)

P( ) P~) pt () g0 L 0
-o0

If one has no excess liquid in a pipe and neglects the effect

of the diameter of the pipe, Equation 2.51 becomes
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"-X
_ (x) xdx g

[. )o Z fa, - -- g cosc (2.52)
Kpt 0 A(x) g

where rn(x) is defined by Equation 2.42.

H

Evaporator

H 0

Figure 2.7. Heat Pipe Configuration

Equation 2.52 is difficult to solve in closed form be-

cause the area term is. a function of x. A trial and error

solution is proposed using Equations 2.49, 2.50, 2.52, and

2.53.

M= m h (2.53)
ýmax max fg

First, compute •ax using Equation 2.49, initially setting LI'(A)

equal to L/A. Second,.compute m using Equation 2.53. Then,

using Equation 2.52, start plotting P,. beginning at the con-

denser end at x equal o. Increment, using small x until

the term (p x - Pc) exceeds the capillary pressure rise of the

pores at the inside diameter of the wick. At this point, set

A(x) equal to the new and smaller recessed area as a result

of the fluid recession and record the x position. Referring

to Figure 2.6, the new area will be Ar. Continue to plot

pressure along the entire length of the pipe in like manner,
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always observing t;7 =ass flow d1i:tribution of Figre 2.5 (a).

--'rom this pressure plot, one can calculate the recessed lents
of the wick and, therefore, calculate L' (A) nze n L' (A)

from Eciuation 2.48 is inserted into Equation 2.49 and the pro-

cedure is repeated until the Q value converges, which us=-

ally takes about four iterations. A coiputer program was

written to Derform this computation and is discussed in- Chan-

ter 6.

2.3 The Probabilistic Model of Heat Pipe ODeration

Many of the design parameters of Eauation 2.49 are ex-

tremely variable. Experiments show that the wicking proper-

ties, K, A, and rc may vary plus or minus 30% of the absolute

mean value. The reasons for the variability or uncertainty

in the determination of these variables result from variability

of materials, variability of manufacturing, and, to some ex-

tent, experimental measurement variability. Generally, the

uncertainty in these design variables is too large to be ne-

glected. The probabilistic model of heat pipe operation in-

corporates the variability of the design parameters so that

the variability of the design result, max' can be determined.

Given that the design variables of a particular system

are described by a distribution of values rather than a single

deterministic point, we may be able to fit certain functions

to data to describe the variability of design variables.

'These functions are called probability distributions. The

permeability, X, may be described by a certain probability

distribution while the critical radius, rc, may be described

by another.
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TefixrSt. st-ep in tte analysis of t::__ Pr-CBEbiii1'ti&c =Zdat"I

1i.i be the fO•I•,rJ• tn aEsstIS-

I. Q, Kx r Haxn Z are ass~ed to hS1.. Q, K, re, B, L"3-•}r" -°ae- ' '•--

re. var•.bes •_esae • a c•+tnn• _r= a-i.-

2. • •. pcbe-•-.!ity -is,.--itios vi-i be

de-scr-be-d b~y two parneters, tbe mea an~d staiar

deviatin..

3. z-ll orither _ variables iill be considered dete•inistic

since tb-"i variabiit4-ies -are c-_arat'aiveiy a.f -ne notation for a given randm variable -asing these assu=p-

tions will be (p zz zz ) where zz is the rand= variable, ,i

is the =ean and arz is tne standard deviation. The verea-

bilit-y variate pair being (p.. 0k .

The probabilistic design equation is the deterministic

design equation with the random variate pairs inserted. The

probabilistic design equation is

p- Y _____ O'r'% 2 pig_____UH

) (T;O -o
Ilk'jA); V A)) a~) -0 a

(2.54)

Equation 2.54 represents the functional relationship be-

tween the random variates of the probabilistic design model.

Many times, the distribution parameters (the mean and

standard deviation in this analysis) must be estimated from

{• experimental data. The consistent and unbiased estimator for

the mean of a random variable, x, is defined by Miller and
17Fzeund as

1-6
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n x

2._e n is t_ •m f of rrinadys ama the esti te-r foes the

fr -(2.56)

N , whi U the ransd= intoiaates willi be determ ibuion euer-

3mentals data, thenr ma! er wiriutio be esFited •re E.8 sows

2.54hy or theticas distri t~iooly saturated tnick becraes

2.54biltye caste ofig randdcieifitmes rexed

(QS =OSO oN4 U (SS) 2

The solution of Equation 2.57 is the rando variate (QiS,o,

which may he translated into a probability dsltribution func-

tion such as the normal distri~bution. Figure -2.8 shows a

hypothetical distribution of maximumh heat transfer rate for

a given heat pipe design. The designer may determine the

variability of the design and decide if it meets or exceeds

the specified minimum value, OS. The area to the right of

QSindicates the probability that a heat pipe, with the given

variable properties, will exceed Us. The design engineer can

adjust the xa distribution by changing the distribution of

the heat pipe properties so that a very small portion of the

distribution Lies below in the failure region.
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Figure 2. 8. DirtribrntioA of Eeat ylaw CapaebilitY
of H 7eat Pipe Whse De-si=g Parr-ý-
eters Are Assuned Randon

:• Sol3uti;On tec" .-nniues will! he_ discussed in depth in Mhap-

• - ter F for Equatiori 2.57.

Tile basic argim--ent behind the probabilistic design ap-

proach is that we can obtain a quantitative measure of the

uncertainty of the system performing as required. Many timesi iIwe mwy- obtain a set of measurements that, when inserted -into

the deterministic equation (Equaticn 2.49, or any equation

for that matter), give a vastly different result from reality.

The conclusion may be that the particular deterministic equa-

tion is poor, but this may not be a proper conclusion. One

must look at the distZibution of functional solution variables

to determine the validity of the model. It may be highly

possible to obtain a calculated result relatively far from

the observed mean result yet still lie in the range of the

distribution.
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Chaujters 6 anzd 7 -ai-1 ==,zIyze the prcbailistic deis

14 zetiagololgy Inidet andczais w-ll 1:e =a- -imtl actmal

Eftest dt.in Chapter 3,r thea ifetalls of z~cva tech--

rz---m for t-= m- s~e=5flt of Orj- desiga variables, IK: A, Ls,

S-1
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The heat pipe design used as a basis for obaing data

-ji o a ,typical wre =esh wiic, heat pipe is shoidn in Figure 3.1.

T t-e =ateria! used !n the construction of the wicks and pipe was

3u4 stainiess steel. She dir-nsions shzwn in Figure 3.1 were

chosen as typical for a wire =esh heat pipe of this design with

San ainnular wrick. The active length of the heat pipe was 22 in-

* ces and the evaporator was 13.5 inches. _Me evaporator was

chosen to be large (a significant portion of the pipe) to in-

sure lo7 radial heat transfer and therefore little chance of

vapor blockage in the wick as a result of high radial heat

fluxes. The inside diameter of the heat pipe was .743 inches

and the outside diameter was 13/16 inches. Thermocouples

were placed along the outside surface of the heat pipe to

monitor axial temperature loss. The end caps on the heat

pipe were removable to facilitate the testing of many differ-

ent wicks without the additional labor and expense of construc-

ting a new heat pipe for each wick. Vapor thermocouples were

attached to the removable end caps to monitor vapor tempera-

ture. Four different sizes of wire mesh were used to obtain

four variations in the design equation.

Figure 3.2 shows the stainless steel heat pipe with end

caps. The thermocouple wiring harness was attachea and bonding

cement was applied to the thermocouple junctions. Figure 3.3

shows the same heat pipe of Figure 3.2 after insulation, heater

wire, and calorimeter have been installed. Excessive insulation
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a-s added to the evaporator to £aximize t-he input heater effec-

tiveness. Figure 3.4 shows the exper-Inentai heat pipe mounted

and ready for testing._ The heat pipe is tested with the evap-

orator hicgher than the condenser so that the wick limited con-

c -iti on can he reached without excessive heat flux. The appa-ra

tus used to =easure the gravity effect is sho-n in Figure 3.5.

A sliding probe two feet in length is inserted into the heat

pipe until electrical contact is made with the excess working

fluid in the bottom of the pipe. Contact is indicated by a

Sreading on a microazE-eter. The length of the probe, Lp, is

measured andthe pressure drop due to gravity, Apg, is cal-

culated using Equation 3.1. Figure 3.6 shows the wire mesh

wick being inserted into a heat pipe. The wicks were manu-

factured to fit as tight as possible and were inserted through

the condenser end and pressed tightly into the evaporator.

Figure 3.7 shows the heat pipe under test. Figure 3.24 is

a simplified drawing of the heat pipe operating at steady

LpPg L sine + r (3.1)Ig Pi L

state and temperature recorder monitoring temperature distri-

butions along the pipe and the calorimeter temperature rise.

Figure 3.9 shows the technique used to experimentally

determine wick permeability. A balloon approximately two

feet in length was inserted into the vapor cavity of the

heat pipe and pressurized to 50 psi. This pressure was

chosen to ensure a sufficient force to press the balloon

against the wick as shown in Figure 3.26. The objective of

the measurement is to force fluid through the wick in a
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anner similar to the actual _operation of tihe heat pive. Figure

3.26 shows Lhe s-al" error that will result in the pereability

test due to the inability of the balloon to seal off a sal! area

near the seam. This error is considered insignificant since that

seam void carries a small amount of fluid by the =eniscus

shLTdn in Figure 3.27. A pressure head of six inches of water

was used to drive the fluid through the wick. The liquid flow

velocity resulting from this driving pressure was approximately

.015 ft/sec (.015 ft/sec was calculated to be the maximum flow

encountered during operation of these heat pipes and is in the

Darcy flow regime) and the pressure loss was taken across the

wick structure only. Permeability was calculated using Equa-

tion 2.14. Figure 3.11 shows the preparation for a permeability

test with the balloon ready to be pressurized.

2 a_ pg H (3.2)
re go

The apparatus used in the determination of capillary

critical radius is shown in Figure 3.14. Wick samples were

pressed between two O-rings and submerged in a reservoir of

working fluid. The sample covered a 2.25 inch hole which

was attached to a 2.25 inch plastic tube. The tube acted as

a fluid container so that the liquid head could be supported

by the capillary forces of the wick sample structure. The

"fluid level was then lowered until the wick sample could no

longer support the fluid inside the plastic cylinder by sur-

face tension forces. At that instant the capillary rise

height was measured. Critical radius, re, was determined
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using Equation 3.2. Figure 3.12 shows the capillary rise

height apparatus broken doim and in the testing configuration.

Figure 3.13 shows the measurement of wire mesh thickness after

the capillary rise test. The wire mesh thickness data will be

used in Chapter 5 to determine liquid recession depths.

Figure 3.15 shows the apparatus used to manufacture the

wire meshwicks. The wrapping mandrel twenty-five inches in

length is mounted between spring loaded jaws which press

against the wire mesh as it is wrapped. Figure 3.16 shows the

initial phase of manufacture. A piece of wire mesh is cut to

size and a retainer rod is spot welded at the edge. The wire

mesh is inserted into the mandrel and placed into the appara-

tus. The wire mesh is then wrapped on the mandrel with the

spring loaded jaws pressing against the wire mesh to produce

a tight fit as shown in Figure 3.17. Figures 3.18 through

3.23 reiterate this sequence in detail. Figure 3.25 shows

the final result of the wick manufacture. The 1/4 inch over-

lap at the edge of the wick is necessary to insure strong spot

welds. The resultant structure is quite strong and incompres-

sible which gave accurate and repeatable readings in the per-

meability test.

The procedure for testing is given in the appendix.

Chapter 4 will deal with properties of heat pipe wicks mea-

sured using the apparatus just described.
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2% V
Figure 3.2. ,Stainless Steel Heat Pipe andI

Figure 3.3. Evaporator Section (insulated)
and Condenser Installed

4Figure 3.4. Testing Configuration
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Figure 3.6.••F Inserting Wire

Mesh Wick into
Heat Pipe

Sm Figure 3.7.

Testing Maximum
Heat Transfer
Rate

i!

Fiqure 3.8.
Determination of
Liquid Heat Loss
Due to Gravity
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L Q.

Figure 3.10. Heat pipe configuration for wick limiting
test

U

Figure 3.11. Permeability test
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Figure 3 .12. Capillary Rise Capability Test Apparatus

S; Figure 3 .13 Checking Wire
Mesh Thickness
after Capillary
Rise Test
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Capi 1 lary

Rise Height
-•H P la s t La

5 Cylinder

Working Fluid

Figure 3.14. Capillary R~se Height Apparatus
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Removable Center

. Handrel

• ~She]]

Wire Mesh to
be Wrapped

Retai ner Figure 3.16. Apparatus
Used to Wrap Wire Mesh
Wicks

R~et a iner•/ •-

Wi re Mesh

Mandrel Shell

Removable Center

Figure 3.17. Wrapping Con-
figuration for Wire Mesh

Spacer Wicks
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1'1

Figure 3.18. Initial Phase of Wire Mesh

Wick Manufacture

I

Figure 3.19. Apparatus Ready for Wrapping
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Figure 3.20. Mandrel and Wire Mesh Are In-
serted into the Apparatus

' .

Figure 3.21. The Wrapping Is Initiated by
f Turning the Collet and Lowering

the Compression Jaws
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Figure 3 .22. Wick Seam Is Spot Welded and
Excess Material Removed

Figure 3.23. Mandrel Is Removed and Wick
Is Extracted by Removing Center
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114" Overlap

Figure 3.25. Wire Mesh Wick Cross Section of
Typical Two Layer Wick
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Pressurized3 a1-1oon

A

Error in Permeability Test

Figure 3.26. Illustration of the Permeability
Error in Using Flexible Balloon
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Additional Flow Carried Seam Flow Channel

by This Meniscus

!•' !Figure 3.27, Additional Liquid Flow Paths
i i in Wire Mesh Heat Pipes
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CHAPTER 4ý

BUEAT PIPE WICK -PROPERTIES£

"The properties of heat pipe.wicking materials are ex-

tremely variable. Wick properties such as porosity, critical

radius, Wetting angles., and cross sectional area are not

identical for the same type of wicks manufactured from the

same materials under carefully controlled uniform conditions.

In order to measure the extent of such variability a total of

50.square weave wire mesh wicks were tested in the following

categories

Type of Wick Number of Wicks Tested

100 Mesh 304 Stainless Steel 5
(tight wrap)

100 Mesh 304 Stainless Steel 30

(moderately tight wrap)

200 Mesh 304 Stainless Steel 5

50 Mesh 304 Stainless Steel 5

100 Mesh Copper 5

Five properties were measured for each wick. These properties

weze permeability (K), critical radius (re), wick cross sec-

tional area (A), porosity (e), and tortuosity (b).

In this chapter tabular values of the experimental data

used to determine the heat pipe wick properties are presented.

The reason for presentation of this data is to show the extreme

variability of the readings and to show how one incorporates

these readings into estimates of the random variates used in

design.
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4.1 Permeability 1.
Permeability measurements for each of the 50 wire mesh

wicks tested are shown in Figures 4.1 through 4.5. Each mean

value and standard deviation was generated using Equations I
2.55 and 2.56 using the number of replicated points which is

designated as the sample size. The individual means and stali-

dard deviations result from experimental error in observing

the data. The overall mean is the mean of all the individual

means and the overall standard deviation is calculated using

Equation 2.56 for all the data points in the data set. (Note:

• Each data set is data for a specific type of wick.) The over-

all mean and overall standard deviation are used as the para-

meters of the random variate pair to describe variability of

the manufacturing process. According to Data Set 1, the per-

meability variate, (K,Sk), for the 100 mesh stainless steel
.-9 -9,wicks, is (5.241xI0 , 1.096x10 9 ). Now that the distribution

parameter estimates are known, it is helpful to assume a proba-

bility distribution for the given random variable. Since

these data are repeated readings, one generally chooses -the

normal distribution to model variability of the design vari-

able. All of the data were tested for normality and did not

17reject the Kolomogorov-Smirnov Significance Test at the 99%

significance level; thus, the data are considered normally

distributed.

Factors contributing to the uncertainty in prediction of

the permeability are:
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1. Variability of wire diameter in the mesh and between

mesh lots

2. Weave manufacture variability

3. Wrapping manufacture variability

a) Weights of wire mesh wicks are not identical in-
dicating more wire mesh on certain wicks.

b) MWrap compression is not completely consistent due
to change alignment of the two screen layers.

c) Tightness of wick fit in the pipe may vary re-

sulting in a variable seam channel flow path.

One may notice the significant difference between the perme-

ability in data sets 1 and 2 shown in Tables 4.1 and 4.2

Although each of the wicks had identical mesh sizes, the wicks

of data set 1 were wrapped to fit very tightly in the heat

pipe. This tight fit compressed the screen structure which

resulted in a low permeability. This demonstrates the sensi-

tivity of the permeability measurement to compression of the

wick layers against the pipe wall.

The uncertainty in the prediction of heat flow capability

for a heat pipe with the above permeability characteristic is

directly proportional to the variability of the permeability.

4.2 Critical Radius

Capillary critical radius readings are affected by

1. Wetting angle

2. Width of wire mesh openings

3. Compression of the two or multiple layers of wire mesh

The data of Table 4.6 shows the uncertainty in the measurement

of capillary pressure capability of one and two layers of wire
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mesh. Here capillary pressure capability is the pressure rise

measurement using the apparatus of Figure 3.14.

The data of Table 4.6 are taken from data set 1 and 2*

since 100 mesh stainless steel screen was used in both sets.

The equality of standard deviations between the two layer and

one layer data indicates the consistency of the capillary pres-

sure measuring device. All of the single layer capillary pres-

sure measurements proved to be statistically different from

the two layer measurements according to a hypothesis test. 1 7

It should be pointed out that the difference between the

one and two layer capillary pressure capabilities may vary de-

1pending on the degree of compression and distortion of the two

layers. If the two layers of wire mesh were compressed tightly

together, a rather large difference in capillary pressure

capability would be expected between the compressed two layer

structure and the single layer of wire mesh due to the smaller

capillary pores formed between the two layers. If the two

layer structure was loose, very little difference would be

expected. The wick structures mentioned in Chapter 3 are

compressed sufficiently to cause intermeshing of the multiple

layers of wire mesh.

The difference in capillary pressure capability of one

and two layers of the same wire mesh is an important factor

in the recession theory analysis of these types of wicks.

During the two layer capillary pressure tests, the liquid

receded into the two layer structure and encountered higher

capillary force resulting in the difference between one and

*peference Appendix A
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two layer readings.- This will be discussed in detail in

Chapter 5.

Table 4.7 shows small samples-of data from other tests

and in every case the one and two layer capillary pressure

capabilities proved to be different, statistically.

Tables 4.8, 4.9, 4.10, 4.11, and 4.12 show the critical

radius values, r for all the dat&.~fr'

Uncertainty of the widths of wire mesh openings (due to the

manufacturing) are considered the prime variabilities in the

measurement of this property. Wetting angle was assumed con-

stant throughout the structure since the wicks were cleaned

uniformly.

4.3 Wick Cross Sectional Area

The wick cross sectional area distributions proved to be

very consistent with low standard deviations. Tables 4.13,

_o 4.14, 4.15, 4.16, and 4.17 show cross sectional area data for

all of the area tests. The low standard deviations indicate

a consistent intermeshing of the multiple layers of wire mesh.

Uncertainties in the measurement of this property arise from

a) Differences in wire mesh lots

b) Measurement variations for the wick inside diameter
(one must avoid additional compression of the wick
structure while making the measurement)

4 A Porosity and Tortuosity

Porosity and tortuosity for all 50 wicks were calculated

from measured values according to the following definitions
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Void Vol Weight of Wickporosity e Total V = Weight of (4.1)Vol W (A) (LA)

2er fr
tortuosity b rK (4.2)

The porosity distributions proved to be almost identical

from wick to wick. Tables 4.18, 4.19, 4.20, 4*.21, and 4.22

show the porosity and tortuosity data. The tortuosity data

were almost independent of wire mesh size except for data set

1 which had a very low permeability. One might expect higher

tortuosity for these wicks but looking at the variables for

the calculation of b we are -ble to see the opposite. The re

used in the calculation was the value of the two layer wick, (rf2

which was about 20% smaller thAn that for the single layer.

The permeability for this wick design is higher than other

designs because of the additional flow through the seam flow

channel (see Figure 3.26). This tends to lower the tortuosity,

b, somewhat as compared to other wire mesh structures since the

permeability seems to have dominated the tortuosity calcula-

tion. The standard deviations for e and b were calculated from

the input variabilities into the equations using the algebra

of moments method.7 The uncertainty in the calculation of b

was rather high as a result of the high uncertainties of the

input properties e, re, and K.

4.5 Summary of Wick Property Data

Table 4.23 summarizes the uncertainties in predicting

properties of wire mesh wicks of this particular design.

Many of the properties may vary considerably depending on
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the type, -6 manufacture methods used. Since all of the datA

distributions are c.onsidered- normal,. one can quote the

mean property value plus or minus three :stanAdar deviatiohs

and be assured that 99.7% of the property values will lie

S 7within these bounds.' (For small sample sizes, tolerances

should. be placed on this probability.) Figures 4.1 4.5

show discrete probability plots of the various design variables

which were assumed normally distributed,
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TABLE 4.1

PERMEABILITY DISTRIBUTION FROM

DATA SET 1

(100 mesh, stainless
steel, 304 2 layer)

Mean K (ft 2  Standard Deviation K (ft 2 ) Sample Size

-9 -103.5U8x10 1.926x.-10 30

5.244xl0 9  2.685xi0- 0

9 -10
5. 246x10- 2. 874 xlO-1

5.407x10- 9  1.495x10-I0

6.654xi0 9  42.158xi0- 0

Overall Mean 5.243x10-9

Overall Standard Deviation 1.096xi0-9

*Note: These standard deviations are a result of experimental

error in the determination of each individual K reading. The

sample sizes are the number of replications per K reading.

TABLE 4.2

PERMEABILITY DISTRIBUTION FROM

DATA SET 2

(100 mesh stainless
steel, 304 2 layer
wrap mandral .001"
smaller diameter than
Data Set 1)

Mean K (ft ) Standard Deviation K (ft 2) Sample Size

5.951 x10- 9  4.467 x10- 1 0  10

6.080 xl0-9  3.364 xl0- 0 1

6.081 x10 9  2.297 x10- 0

6. 204 x10 9  2.575 x10- 0
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TABLE 4.2 continued

-9 -10

6.25UX10- 
4.356xl 10

6.326xlJ-0 9  2.176x10-1
0

0.412x10-9  1.968xlO

6.427x10 -
3.795xl 10

6.566xl0 9  305l- -10

6.698x10 
9  3.641xl 10

-9 -10

6.850xl0 3.748xl0

6.909xJ.0-9  
4.862xl10'1

6. 953x109  3. 122x101

7.184X10- 
3.601xl 10

7.191xl10
9  3.192xl 10

7.323x10- 
2.834xl 10

7.463x3.0 
9  1.381xl 10

7.474xl109  
5.334x10 -10

7.479x10-
9  2.634X10-1

7.482xl10 
4.464xl 10

7.775xl3- 
9  3.342::O101

8. 116x10 9  
4* 518x10-1

0

8.154x10-9  
2.877xl 10

8.214x10-9  
4.302x101-

01

8.246xl109  
2.674xl 101

8.337xl) 0 
370l- 10

8.338x10-9  
2.142xl 101

8.379xlJ.0
9  5.015x10 1 0

8.701x109  3.439xl0

Overall Mean 7.193x10- sq. ft.

overall Standard Deviation 0.B41xlO9 
sq. ft.
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TABLE 4.3

PERMEABILITY DISTRIBUTION FROM

DATA SET 3

(200 mesh stainless
steel, 316 3 layer)

Mean K (ft 2 ) Standard Deviation K (ft 2 ) Sample Size

2.584x10- 9  .483x-10 10

2.798x10 9  9.819xi0- 0

3.074x0-9  2.845xi0-

-9 -10
3.171x10 2.149xi0

3.796x0-9  6.949xi0- 0

-9 ft
Overall Mean 3.084x10 sq. ft.

-9
Overall Standard Deviation 0.460xi0 sq. ft.

TABLE 4.4

PERMEABILITY DISTRIBUTION FROM

DATA SET 4

(50 mesh stainless
steel, 304 2 layer)

Mean K (ft 2 ) Standard Deviation K (ft 2 ) Sample Size

-8 -9
2. 739 x10 i.339xl0 10

2.822xi0- 8  8.494xi0-9

3.209xi0 8  1.625x0-9

3.230xl0-8  9.071xi0- 9

3.290xi0- 8  i.625xl0-9

I Overall Mean 3.056xi0-8 sq. ft.*

"-8Overall Standard Deviation 0.260x10 sq. ft.
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TABLE 4,5

PERMEABILITY DISTRIBUTION FROM

DATA SET 5

(100 mesh Cu 2 layer)

2Mean K (ft2) Standard Deviation K (ft2) Sample Size

6.031xi0-9  4.131xi0o- 0  10
6.400xi0 3.475xi0

-9 -10
6.421xi0 4.344xi0- 0

6.577x0-9  3. 111x10- 0

6.737xi0- 9  2.586xi0-I 0

Overall Mean 6.433xi0 sq. 'ft.

Overall Standard Deviation 0.263xi0 sq. ft.
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TABLE 4.6

CAPILLARY PRESSURE CAPABILITY OF ONE LAYER
A1qD TWO LAYERS OF WIRE MESH

(100 mesh stainless steel 304, 35, readings
taken from data set #1 and #2)

One layer Two layer 'Difference
capillary capillCry data
pressure pressure h2 - h
capability capability, h 2

(inches H20) h 2

5.000 5,625 09625
4.625 5.e250 0.625
5.250 5.875 0.625
5a000 5.500 0.500
4.625 5.000 0*375
49750 5.250 0.500
4.625 5*500 0.875
4o750 5.899' '..149
4075Q 5.750 1000

4.500 5.750 1.250
5.250 6°250 1.000

4e000 5.625 1 .625
4750 5-3350" 0,600
-5250 6*250 1.0000
S5f500 )4000 0*500
4•)675 5,50C 0.824
4*500 5025C. 0.750

4.250 4*625 0*375
4*125 5*364 1@239
4625 4.*750 0*125

5.000 5o625 0*625
4*750 5e875 1 *125ý

5,56 5750 09385.
5o364
4.750 5.500 0,750
5.250 5e87b 0.625
5.000 5.750 00750.
4.e75 5*500 0,625'
49875 5*500 0*625'
4.362 5*625 1.262'
4o375 5o875 105001
4.500 5o364 09E64'
4.500 5.364 0.E64'
5*000 5*500 0*500,
4o750 5*500 0*7501
4.500 5a36A 09864

Mean 4.761 5.552 0.790

Stan- 0,349 0.350 0.332
dard
deviation
(all distributions
Normal)
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TABLE 4.7

CAPILLARY PRESSURE CAPABILITY OF ONE LAYER
AND TWO LAYERS OF WIRE MESH

(data taken from data sets 3,4,5)

¾ One Layer Two layer Difference
capillary capillary data
pressure pressure h- h
capability capability -.

(inches H 2 0) hI h2____

(Data set 3, (note: for
200 mesh data set 3,
stainless this is 3
steel, layer capability)
3 layer)

8.000 9.750 1.750

7.000 9.500 2.500

7.500 9.000 1.500

9.250 10.250 1.000

7.350 8.750 1.400

7.819(Overall Mean) 9.450 1.630

0 . 8 7 6 (Overall Stan-
dard Deviation) 0 5 9 7  0.556

(Data set 4,
50 mesh
stainless
steel,
2 layer)

2.364 2.875 0.510

2.364 2.750 0.385

2.000 2.625 0.625

1.875 2.625 0.750
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VTABLE 4.7.! (continued) I

-2.250 2.625 0".375

2.171 (Overall 'Mean) 2.700 04529

(Overall Stan-0,F.223'011 0.160
dard Deviation

(Data, set 5,
100 mesh

5.250 5.875 0.625

5.250 5.875 0.625

5.164% 5.750 0.585

5i250 5.875 0.625

5.250 5.875 0.625

5.233 (Overall Mean) 5,850 0.617

0.038 (Overall Stan- 0,056 0.018
"dard Devia-
tiQn)
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i TABLE 4.8

CRITICAL RADIUS DISTRIBUTION

FROM DATA SET I

(100 mesh stainless

steel, two layer)

Mean rfr inches) Standard Deviation r (inches) Sample Size
rr fr ____

4 055xi0 3  1.000x10 4  5

-3~ r 4.247x10 3

S4.337xi0 3

-4 . 8 0 9 xl0-3

4.906x0-3

Overall Mean 4.470x30 inches

Overall Standard Deviation 0.369xi0 inches

TABLE 4.9

CRITICAL RADIUS DISTRIBUTION

FROM DATA SET 2

(100 mesh stainless
steel, two layer)

Mean rf inches) Standard Deviation rf inches) Sample Size

3.639x!0-3  1.00x10- 4  5

3.645xl0"'3

3.786xi0-3

3.858-10-3

3.870x10 3

3.877xi0-3

3.878x10 3

3.887x10- 3
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-I -3TABLE 4.9 Ccontinued)

3.961x10-
3 .

-3
3.96%cl0

3.969x-iO{

5. 051x103

5. 053x10-
3

5.051xl10
3

4.139x103

-- 3

4.140x103

4.140xG13
3

-3

4.l4OxlO -

4.141x10 
3

4. l43x'L.O 3

4.245x103

4..257x103

4.257x103

4.265x10 
3

4.337x103

4. 337X10-
3

*4 .539 X1l'

-3
Overall Mean 4.069x10 inches

-3
~ *Overall Standard Deviation O.214X1D inches

Ncte: All rf rreac~ings are those of th~e multiple layurs of

scizeen.
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-' TABLE 4.10

CRITICAL RADIUS DISTRIBUTION

* FROM DATA SET 3

(200 mesh stainless
steel, 3 layer)

Mean rfr(inches) Standard Deviation rf r(inches) Sample Size

S2.162xi0- 3  1.000x10-4 5

2.336xi0-3

2.396x10-3

3.575x10-3

I 2. 603xi0-3 7

Overall Mean 2.414xi0 inches

Overall Standard Deviation 0.181xi0 inches

TABLE 4.11

CRITICAL RADIUS DISTRIBUTION

FROM DATA SET 4

(50 mesh stainless
steel, two layer)

Mean r (inches) Standard Deviation r (inches) Sample Sizefr _fr

7.92xxl0-3 1..000x10- 4  5

8,,278xi0
3

8.278xi0
3

8.278xl0 3

8,675xi0-
3

Overall Mean 8.444x10- 3 inches

Overall Standard Deviation D.339x10-3 inches
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VTABLE 4.12

CRITICAL RADIUS DISTRIBUTION

- FROM DATA SET 5

(100 mesh copper,
two layer)

Mean r fr(inches) Standard Deviation r fr(inches) Sample Size

3.888x10- 3  1.000X10- 4  5

"3,888x10-3

-- 3.888xi0
3

3."888x10-3

3. 971xi0-3

Overall Mean 3.904x!0-3

Overall Standard Deviation 1.000xl0-4
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TABLE 4.13

WICK CROSS SECTIONAL AREA DISTRIBUTION

(Data from data set 1, 100
mess stainless steel, two layer)

Mean A(sq.ft.) Standard Deviation A Sample Size
-4 -5

2.285xi0 5.040x10 16

2.354xl10 4  6.289x103-341-4 -5

2.375x10-4 5.250x10-5

2.445xi0 4  4.790xi0 5

2.503xi0- 4  1.104x10-5

Overall Mean 2.392xi0 sq. ft..

Overall Standard Deviation 0.848x!0 sq. ft.

TABLE 4.14

WICK CROSS SECTIONAL AREA DISTRIBUTION

(Data from data set 2, 100
mesh stainless steel, two layer)

Mean A(sq.ft.) Standard Deviation A(sq.ft) Sample Size

2.236x10-4  6.790x10 6  16

2.261x10- 4  7.510x10- 6

2.270x10 4  4.900x10 6

2.294x10- 4  2.294x!0-6

2.324x10- 4  5.370x10-6

2.334x10- 4  6.270x10-6

-4 -5
2.336x10 l.124x10

2.337xi0 4  6.280x0-6

2.353xi0-4  7.900xi0-6

2.359x10 4  7.890x10-6
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3l-4 -62.36x1 7.780x10

4 -6
2.373X10 4  6.270xl0-5

2.382x10-4  1.236x10-

2.387,X10- 4l.001X10-
5

2.387x10-4  6.000106

2.392x10-4  9.78010-6

2.392xl104  6 .880x10-6

2.401X10-4  8.750x10-6

2.402xl104  9.200x10-6

2.416x10-4  1.022xl10

2.416X104 .34lO

2.2X10 1.300X10 5

2.426xl10 4  8.500X10-6

F2.426xl10
4  1.169X10-5

2.441X10 4  1.117X10 5

2.469xl10 4  1.674X105

2.47.5xl10 4  1.479X10-5

2. 555x10-4  1. 190X1.*0-5

2.558xl104  1.189X105

4 -52.584x104  6.540X10 t
3

Overall mean 2.393x10 sq. ft.

Overall Standard Deviation 0.816x10 - sq. ft.
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TABLE 4.15

WICK CROSS SECTIONAL AREA DISTRIBUTION

a (Data from data set 3, 200 mesh,
stainless steel, 3 layer)

Mean A(sq. ft.) Standard Deviation A Sample Size

1.579x10-4  5.390xi0- 6  16

1"614xi0 4  1.294X10 5

1.677xi0- 4  6.440xi0-6

l.682X- 4  -6-6

1.688xi0 8.570X19-

Overall MWan 1,648x10-4 sq. ft.

Overall Standard Deviation 0.487x10-5 sq. ft.

TABLE 4.16

WICK CROSS SECTIONAL AREA DISTRIBUTION

I (Data from data set 4, 50 mesh
stainless steel, 2 layer)

Mean S(sq. ft.) Standard Deviation A Sample Size

5.203xi0-5  2.091xi0-6  16

5.295x10-5 1.i0O0 xl-5

5.314xi0 5  1.890xi0 5

5.406xi0- 5  1.860xi0-6

5.438x0- 5  1.001x10 5 -4

Overall Mean 5.331x10-4 sq. ft.

Overall Standard Deviation 0.936xi0-5 sq. ft.
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TABLE 4.17

WICK CROSS SECTIONAL AREA DISTRIBUTION

(Data from data set 5, 100 mesh
Cu 2 layer)

Mean A(sq. ft.) Standard Deviation A Sample Size

2.759xl0- 4  1.719xi0- 5  16

2.836x10-4  1.474xi0

2.893x10 4  1.037xl0 5

2.939x!0 4  1,053xiO-

3.092x10- 4  9.650xi0-6

-4
Overall Mean 2.903x1.0 sq. ft.

Overall Standard Deviation 0.124xi0-4 sq. ft.
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TABLE 4.18

POROSITY AND TORTUOSITY DISTRIBUTIONS

(Data from data set 1, 100
mesh stainless steel, two
layer)

Mean Standard Mean Standard

Porosity Deviation Tortuosity Devistion
(dimensionless) Porosity Dimensionless) Tortuosity

0.582 0.0'24 18.553 3.244

0.577 0.113 18.944 2.827

0.591 0.0898 14.113 2.376

0.614 0.0180 19.561 1.403

0.602 0.0782 14.322 2.016

Overall
Mean 0.593 16.098

Overall
Standard
Deviation 0.0359 2.727

TABLE 4.19

POROSITY AND TORTUOSITY DISTRIBUTIONS

(Data from data set 2, 100
mesh stainless steel, two
layer)

Mean Standard Mean Standard
SPorosity Deviation Tortuosity Deviation

Porosity Tortuosity

0.596 0.0249 10.257 0.975

0.636 0.0107 8.472 0.557

0.611 0.0190 8.229 0.687

0.583 0.0210 8.794 0.740

0.619 0.0186 9.836 0.752

0.606 0.0273 8.927 0.888
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TABIJ 4.19 (continued)

0.607 0.0189 8.157 0.663

0.597 0.0166 10.688 0.772

0.594 0.0148 9.721 0.652

0.604 0.0151 8.757 0.661

0.578 0.01-68 10.323 0.690

0.569 0.0132 9.984 0.610

0.582 0.0233 10.519 0.984

0.584 0.0186 9.106 0.742

0.585 0.0168 11.644 0.833

0.577 0.0137 9.136 0.645

0.574 0.0154 9.618 0.710

0.591 0.0206 9.300 0.707

0.580 0.0226 9.225 0.795

0.587 0.0203 10.312 0.866

0.573 0.0158 10.303 0.708

0.578 0.0130 7.924 0,525

0.568 0.0114 8.116 0.473

0.585 0.0184 10.375 0.863

0.584 0.0122 9.885 0.685

S0.570 0.0157 1.704 0.551

0.552 0.0143 10.841 0.670

j 0.581 0.0127 8.314 0.572

0.578 0.0116 9.219 0.511

0.589 0.0179 9.482 0.670

A Overall
SMean 0.588 9.473

OverallV§. Standard
Deviation 0.0170 0.937
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TABLE 4.20

POROSITY AND TORTUOSITY DISTRIBUTIONS

(Data set 3, 200 mesh
stainless steel, three
layer)

Mean Standard Mean Standard
Porosity Deviation Tortuosity Deviation

Porosity Tortuosity

0.631 0.0142 10.074 0•600

0.622 0.00588 9.221 0.463

0.641 0.00553 10.186 0.562

0.645 0.00844 11.941 0.361

0.630 0.00950 10.184 0.287

Overall
Mean 0.634 10.321

Overall 0.00933 0.992
Standard
Deviation

TABLE 4.21

POROSITY AND TORTUOSITY DISTRIBUTIONS

(Data set 4, 50 mesh
stainless steel, two
layer)

Mean P Standard Mean Standard
Porosity Deviation Tortuosity Deviation

Porosity Tortuosity

0.617 0.0312 7.617 1.035

0.614 C.0145 9.468 0.985

0.656 0.0183 7.957 1.598

0.640 0.0149 7.428 2.701

0.653 0.0171 9.696 1.025
Overall
Mean 0.636 8.433

Overall 0.0197 1.068
Standard
Deviation
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TABLE 4.22

POROSITY AND TORTUOSITY DISTRIBUTIONSUJ
"(Data set 5, 100 mesh, Cu
2 layer)

Mean Standard Mean Standard
Porosity Deviation Tortuosity Deviation

Porosity Tortuosity

0.648 0.0122 10.105 0.676

0.600 0.0256 10.450 1.000

0.634 0.0142 10.358 0.911

0.626 0.0202 10.277 0.837

0.623 0.0147 10.373 0.757

Overall 0.626 10.313
Mean

Overall 0.0175 0.313
Standard
Deviation

i
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Figure 4.1. Pezmeability Distribu-
tion for Data Set 2
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.3-
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0
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4.0 5.0 6.0

Critical Radius x 103 inches

Figure 4.2. Critical Radius Distri-
bution (two layer capa-
bility) for Data Set 2
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.3• 3 Figure 4.3. Cross Sectional
Area Distribution
for Data Set 2
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3- Figure 4.4. Porosity Distri-
bution for Data
Set 2
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Figure 4.5. Tortuosity Dis-
.2 tribution for

Data Set 2
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CHAPTER 5

RECESSION IN WIRE MESH WICKS

In Chapter 4 the basic determination of wire mesh wick

properties was described. In this chapter the application

of the recession theory of Chapte-r z to the wire mesh wicks

will be presented. The wire mesh wicks tc be analyzed will

be the two layer square weave type wicj,. that were used in

the experimental measurements.

Many descriptions7 of wire mesh wick characteristics have

modeled the surface tension phenomenon as shown in Figure 5.1.

The screen layers are spaced one screen opening apart, and

the radius is equal to one half the screen opening size. Li-

quid recession is shown in Figure 5.2(a). This desaturation

process is unstable since the capillary forces have not in-

creased due to the recession (Figures 5.2(a) and (b)). Using

this physical model, the wick would dry out at relatively low

heat transfer rate, yet experimentation shows this not to be

the case. Many times fluid recession occurs down to the se-

cond layer and remains stable, and no dry out is observed at

higher than expected heat transfer rates. Thus, a more ac-

curate description of the wire mesh capillary structure is

apparently required to help explain these observations.

Figure 5.3 shows a sketch of plain square weave wire cloth.

Figure 5.4 shows a sketch of two layers of wire cloth compressed

together as occurs in the construction of a heat pipe wick.

Generally, when wicks are wrapped, the two layers do not align
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perfectly as suggested in Figure 5.1. Normally the wrapping

results in the structure shown in Figure 5.5. The high points

of the bottom layer of wire mesh tend to fit into openings of

the top layer, resulting in a structure with a thickness less

than the sums of the thicknesses of the individual layers.

Figures 5.6, 5.7, and 5.8 show a cross section view, A-A, of

the compressed doube layer of wire mesh previously shown in

Figure 5.4.

--•__-.0 0 0 0,
Pipe Wall

Figure 5.1. Classical Wire Mesh Capillary Model

i'-04 D la--

(a) (b) (c)

Pipe Wall Drying

777/ 7+7
Figure 5.2. Recession and Dryout
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Figure 5.3. Single
Layer of Wire Mesh

A
Figure 5.4. Compressed Double
Layer of Wire Mesh

Si' i too-

Figure 5.5. Proposed Wire Mesh Capillary Model
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In Figure 5.5, the simplified drawing of the intermeshing

of the two layers shows that a mraller capillary radius exists

at the interface of the two layers. Figures 5.6, 5.7, and 5.8

are detailed drawings of Figure 5.5. The mean thickness of a

double layer of 100 mesh stainless steel was .0160 inches with

a standard deviation of .00107 inches based on 72 readings.

In Figure 5.6, the fully saturated wick is shown with a large

~'capillary radius at the t Wlevel. In Figure 5.7, liquid is

shown recessed to the first layer of wire mesh. This recessed

level will be termed the first layer capillary pressure capa-

bility of the wick and, when the liquid-vapor interface re-

cedes to that level1, the fluid experiences a cap.illary force

characteristic of the first layer. The distance from the

wall of the first layer is called the recessed depth, tl, and

is graphically determined from Figure 5.7. The graphical de-

termination of t is performed by measuring the distance from

the pipe wall to the hypothesized liquid level on a large

cross sectional drawing of the wick. For the first layer,

t 1 is three fourths the thickness of the wick, tw, with the

same standard deviation. Therefore, for a 100 mesh stainless

steel wick, the liquid experiences a .capillary force equiva-

lent to the first layer capability at a distance .00120 inches

from the wall with a standard deviation of .00107 inches. The

perimentally and is tabulated in Tables 4.6 and 4.7 of Chap-

ter 4.
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If additional capillary force is required of the wick, the,

liquid level will receed to the configuration shown in Figure

5.8. The liquid-vapor interface has now encountered: a smaller

capillary radius, r 2 . This configuration is termed the two

layer capillary pressure capability, the data for this liquid

level tabulated in Tables 4.6 and 4.7. The recessed depth of

this level of recession, t 2 , is again determined graphically

and averages 59% of the wick thickness with the standard de-

viation of the wick thickness. For the 100 mesh stainless

steel wick the liquid level will encounter a capillary pres-.

sure equal to the two layer capillarytpressure capability

.0094 inches from the wall of the heat pipe with a standard

deviation of 00107 inches. If additional capillary force

is required of the wick, no smaller re will be encountered

during the recession and the wick will dry out.

To add to the information presented in Figures 4.7 and

4.8 we will refer to Figures 5.9 and 5.10 which are photo-

j, graphs of the wick structures tested in this work. The photo-

graph of the 100 mesh two layer wick (12.5x) of Figure 5.9

shows the intermeshing of the two layers of wire mesh coisis-

tent with Figures 5.6 an' n.7. Figure 5,12 'shows a top view

of the intermeshing and illustrates how the high points of

the lower layer tenf, to fill the openings of the top layer

p• of wire mesh. Fivare 5.11 is a sequential recession of fluid

in a 100 mesh staiinless steel two layer wick, High intensity

* lamps were used to observe the liquid vapor interface as it

recedes. The liquid rece0ed to a location between the two
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200-mesh stainless steel 200-mesh stainless steel
3-layer wick 2X 3-layer wick 12.5X

100-mesh stainless steel 100-mesh btiinless steel
2-layer wick 2X 2-layer wick 12.5X

Figure 5.9. Wire mesh structures for 200- and 100-
mesh stainless steel wicks
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- _ _ _ -_ _ _

• 1 50-mesh stainless steel 50-mesh stainless steel2-layer wick 2X 2-layer wick 12.5X

I I,

100-mesh copper
2-layer wick 2X

* Figure 5.10. Wire mesh structures for 50-mesh stainless
• . [ steel and 100-mesh copper wicks
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Ix
SiFully saturated Wattage increased, Recession

Swick at low watt- recession begins Increases
S~age

Liquid has re- Burnout begins Wick function
recessed to randomly terminated at
minimum capil- complete burnout
lary radius

Figure 5.11. Sequential observation of liquid reces-
sion and final burnout for 100-mesh
stainless steel 2-layer wick

Figure 5.12.
Comparison of
Randon Inter-
meshing of Two
Layers of 100-
Mesh Stainless
Steel Screen

d Compressed To-
gether
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layers where maximum capillary forces were encountered. When

tLe heat transfer rate was increased further, the liquid-vapor

interface receded to dry out. Maximum capillary forces were

encountered at the interface of the two screen layers which

is illustrated in Figure 5.8. Tables 4.6 and 4.7 of Chapter

4 indicate a significant capillary force difference between

one and two layers of wire mesh.

Figure 5.14 shows the three possible configurations of

the liquid-vapor interface that will be observed in this

analysis. Figure 5.14 (a) shows the fully saturated wick

with large capillary radii at the t level. The capillary
Cw

pressure capability of this level is small and will be ne-

glected. This configuration of the liquid vapor interface

is assumed for the condenser and adiabatic sections of the

heat pipe considered here.

The partially recessed configuration of Figure 5.14 (b),

where the wick is saturated at a level where t = . 7 5tw is

assumed to exist from x = Lfr to x = Le. The configuration

of Figure 5.14 where the liquid is fully recessed to the level

where t = 59t is assumed to exist from x = 0 to x = Lfr*

The reason for this detailed analysis is to determine the

actual saturation distribution as shown in Fi'gure 5.13 (b),

of the wick so that L'(A)r may be calc',.lated. Now that the

values of re at various levels are specified, we can calculate

U'(A) using Equation 2.52. Applying Equation 2.14 to the evap-r

orator section of our heat pipe we obtain the expression for

liquid pressure lcss and
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"")(X) dx Im +

A = .59A 0 < x < L
fr - -. fr

Ar =3/4A Lfr <x_ (5.1)

A=A L <x <Le e

Apr P L' (A)r
* 2

L<~2 er
r r ••

L2L + + La + A (5.2)

L' (A) is the expression that accounts for the reduction of flowr

area due to recession. Equation 5.2 can now be used in con-

junction with Equations 2.49, 2.53, and 5.1 in the iterative

solution• discussed in Chapter 2.

This concludes discussion of the deterministic recession

model. Chapter 6 will outline computation techniques for the

solution of Equation 2.52 using probabilistic techniques. The

analysis presented in this chapter is considered valid for any

size square weave wire mesh wrapped according to the procedure

shown in Chapter 3. Although this particular analysis was done

"C with two layer wicks, the effects of multiple layers (greater

than two) could be incorporated into this analysis. For in-

stance, this analysis was used successfulll on a three layer

200 mesh wick assuming no recession into the third layer.
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m Mass Flow Distribution

H (c)

Saturation Distribution

'dC.)'(b)

4J'~ wf 34
a) 44 2- .59A

0

>1U) (a)

a(a
(4 (d

*L e -- Ia* L c

Figure 5.13. Hypothesized Recession Model for Two
Layer Square Weave Wire Flesh Wicks
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small pressure capability

first layer capillary pressure capabilityJ

t u (b)

- / 't-V-

second layer and maximum capillary I
pressure capability

"(c)

S"2=' 59t

Figure 5.14. The Three Possible Configurations of
the Liquid Vapor Interface in 100-Mesh
Square Weave Wire Cloth
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CHAPTER 6

COMPUTATIONAL METHODOLOGY

6.1 Methodology

In this chapter the foundation is developed for the solu-

tion of Equation 2.57, the probabilistic model of heat pipe

operation. Simple deterministic equations are used as ex-

amples of the formulation of'a probabilistic design model.

The probabilistic model uses the basic equation structure

of the deterministic model. Probabilistic methodology is

applied to account for the variability in the deterministic

model.

To illustrate the solution to the probabilistic design

equation, simple mathematical models will be used.

Many physical phenomena may be described by mathematical

models. A simple example is shown below.

Q= Q + Q (6.1)

Q = Flow Rate

Assuming that this deterministic model describes the physical

phenomena adequately, we may form a probabilistic model by

transforming the deterministic variables into random variables

which are governed by some statistical distribution
S(Q3P1IQ 3 P2,...Q3Pn) = (QIPI,'QIP2,...QIPn)

+ (Q2 PI,Q2 P2 , P

QIQ2,Q3 = Random variables

QP = Random variable distribution parameters

SQQ2 = Independent 6.2)

For our particular analysis, virtually all distributions of
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physical properties are two parameter. Therefore, the A* -

tribution is determined solely by the mean and standard devi-

ation. We may now transform our general probabilistic model

to that of simple two-parameter distributions and obtain
(Q 3,sQ3 MirQl +SQ (Q2,sQ2(63(....SQ ) = ~S) + ) (6.3)

where (QSQ) is a random variate pair.

The reason for changing the deterministic variable to a

random variable is that most physical variables

may not be known precisely. If there is

uncertainty in describing these input variables, there will

be uncertainty in the functional result. Describing the un-,

certainty of the functional result may be the best way to

describe the natural phenomenon.

There are three techniques for finding functional vari-

ability and they are discussed as follows:

a) Simulation: We will use the flow rate example to illus-

trate the procedure. We are given the following

03 = 01"+ Q1 = Flow Rate - ZZ*(QI'SQ) (6 t)

Q2 = Flow Rate -ZZ2 (Q2 (Q2 ,SQ2)

This solution technique. uses a random number generator to

supply a ZZ1 distributed flow rate, Ql' dnd a ZZ2 distributed

flow rate, Q2" These individual random numbers are inserted

into the above equation and the random result, Q3' is recorded.

This procedure is repeated many times, and the Q3 parameters

* and distribution can be determined using Equations 2.55 and

J2.56 and a significance test.

* ZZ1 designates a particular two parameter distribution such
as the normal distribution.
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Uniform Random
Number Genera- zz Cumulative
tion between Distribution
0 and 1 Function

0_

>1

4.H

- -.. zz Probability
(U 'Density Function
0

ZZ Distributed Random Variable

Figure 6.1. Simulation of Functional Variability

The simulation algorithm is as follows

Do down to.and including 5, n times

,•Call ZZ 1 Distributed Random Q1
Call ZZ Distributed Random Q

Random Q = Random Q, + Random Q2

Store Random Q3

5 Continue

Call Subroutine Parameter Estimation

Call Significance Test

End

From this technique we can determine the functional mean,

1' variability (standard deviation) and distribution.

1 b) Partial Derivative Method: This method uses a Taylor ap-

"proximation of functional variability and is derived in most
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elementary statistical texts. To find functional variability
• • ."using this method we proceed as follows:

Given[

F =f(Xl, x *xn) (6.5)

E(F) = F = f(E(Xl),E(x 2)...E(Xn)) (6.6)

All X Independent

f(X 1 ,x 2 .. xn) (6.7)

(the mean function result is the computation of all the

variables means in the given equaticn)

The functional variability (standard deviation) is derived

from the Taylor approximation as,

2 (aF) 2 (22 +(a )2 a + (6.8)

"and for our example

SQ 3 = (SQ 2 + S Q22)1/2

Note that this method yields a good approximation of the func-

tional mean and standard deviation but indicates nothing of

the functional distribution.

c) Algebra of moments: This method uses the algebra of moments

or expectations to determine functional variability exactly.

Unfortunately, algebra of expectations becomes difficult when

functions contain many random variables and powers of random

v'ariables. Because of this difficulty this method is used only

on simple functions and these results are shown in Table 6.1.
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TABLE 6J.

MEANS AND STANDARD DEVIATIONS FOR
SIMPLE FUNCTIONS USING ALGEBRA OF EXPECTATIONS

Function Mean Standard Deviation

a=b+c a=b+c Sa= (S b +Sc / 2

a=b-c aSbc Sa=(S. 21+221/2

22S22S S 2 2 1/2
a=bc a=b/c a (S S 2-2

a---a ~ z S a ( 4 b2 S b 2 +3 2 S b 42 1 1 /

ab 2 -a2 [2 2-2 1/22--- a!

a43a~ S a(4b +2b

b,c independent

The aJ.gebr" of expections gives the functional mean and

the standard deviation but does not indicate the func-

tional distzibution. For example, the algebra of expec-

tations gives the following exact result which is in-

cidentally the same as the partial derivative result.

Q3= Ql +Q2

S Q 3 2 + S Q22) 1/2
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Examples of Functional Uncertainty

The three sample functions we will investigate are*

1) Q3 Q 1 + Q2

2) A= B - C

3) V =Q/A

The first function, Q1 + Q2 ' appears in Table 6.2. The stan-

dard deviation of the function was calculated using simulation,

partial derivative and exact techniques at various standard

deviations and sample sizes. Looking at the range of input

variable standard deviations, one can conclude that this func-

tion is well behaved. The functional standard deviations are

actually smaller, percentage wise, than the input variable

standard deviations. Even at large input standard deviations

this holds true and all techniques give the same resultant

standard deviation.

The second function, A = B - C, is not so well behaved.

Table 6.3 shows what can happen if the input variables, B & C,

are nearly the same in magnitude with high standard deviations.

This is the classic numerical problem of subtracting two num-

bers of almost equal magnitude. Notice that at moderate input

standard deviations (say 9% of the input variable mean) the

functional standard deviation grows to 225% of the functional

result. The simulation mean becomes unstable at these high

standard deviations as one might expect.

* The reason for choosing these simple functions is that they
appear in many engineering applications and also form the
basic structure of Equation 2.57.
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TABLE 6.3I i
. b STANDARD DEVIATION GROWTH OF THE FUNCTION

YY* USING SIMULATION, PARTIAL DERIVATIVE
AND ALGEBRA OF MOMENTS METHOD

Random
Variable Partial
standard Simulation Derivative &
Deviation Algebra of
(in % of Sample Moments Method**
mean) Mean Stdv. Size Mean Stdv.

.1 50.0098 1.3278 300 50.00 1.3793

1 48.6319 15.3096 300 50.00 15.1724

2 51.6134 28.9453 300 50.00 28.9655 ,

S3 48.6156 43.4557 300 50.00 42.7586

1 4 47.0834 53.3973 300 50.00 56.5571

5 48.5659 70.2449 300 "'50.00 70.3448 ,,

6 53.0261 83.8806 300 50.00 70.9831

S7 44.2171 99.3238 300 50.00 97.9310

8 51.4417 107.2407 300 50.00 111.7231

9 S3.8297 131.5490 300 50.00 125.5173

*(YY A B - C, B N(1000,Sb), C - N(950,S c))

•* In this case the partial derivative and algebra of moments
nmethod a,:e identical.
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The third function, Y = Q/A, presents a problem when de-AI
nominator random variables approach zero. Table 6.4 shows the

"" •standard deviation growth of this function. Notice that in

this case the partial derivative and exact method diverge fron'

the simulation method. The simulation is affected considerably

by random choices of A near zero while the other techniques

are not. This divergence may be a good indicator of numeri-

cal problems in this function.

The purpose of these examples is to point out the numeri-

cal problems associated with the computation of the functional

standard deviation. Caution must be observed in this calcula-

tion since the physical phenomenon variability may differ,

significantly, from the calculation.

6.2 Application to Heat Pipe Design

In the next several pages the three techniques are pre-

sented for finding functional variability as applied to

Equation 2.57.

a) Simulation

The simulation technique is the most useful because the

distribution of the heat transfer rate can be determined as

well as the mean and variability. The mean heat transfer

rate is

n q.

S= • --- (estimate of mean heat transfer (6.9)
i rate)

where
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qi N (610)

pgchfg
N -

The qi values are obtained by randomly choosing a value for

each of the random variables (rfrH,K,A,L'(A) r). The random val-

ues (Kir fri Hi,Ai,L'(A)ri) are chosen by entering the cumulative

distribution'functions of each of these parameters using a random

number generation technique. The procedure for generating a

random variable from a particular distribution is shown in

Figure 6.1. The cumulative distribution functions are deter-

mined from experimental data using Equations 2.55 and 2.56.

The estimate of the heat transfer rate standard deviation is

obtained from Equation 2.56 and is rewritten in Equation 6.11.

-2n (qi - Q)
S = 1 estimate of variability (6.11)

S 1=1 (standard deviation)

The parent distribution of qi is hypothesized using a goodness

of fit test. This technique becomes accurate for large

and moderate coefficients of variation.

C ,b) Partial Derivative Method

The mean heat transfer rate is determined by introducing

the means of the random variables into the deterministic design

equation and solving for Q.
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K f2 Pgc(.) (6.12)

L' (A)- fr

The standard deviation is given by an approximation using a

Taylor expansion

F = FXl, X2 .6..Xn)

f~! \ 2 (s 2 +a\f (2 af )2 (s 2 (6.13)

S, =£1 )xl) cx2)Va- (Sx '' Xn)6.

and in our case

(DM2 2 aý \2 2 2

Sq )k + Vf) SrfEr) + QISY(6.14)y • •2
+k (A)) (sL' (A) r)

The distribution of Q cannot be determined through significance

tests and must be assumed or calculated in closed form.

c) Algebra of Moments

This technique, introduced by Haugen,1 is an exact tech-

nique for determining Q,S . The mean is calculated as in the

partial derivative method

Q)(2 PNk(L) (6.15)

(all random variables are independent)

The standard deviation is formulated using algebra of the first

and second moments. For the functions

Z11 XY
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2S VSx2 + S 2

xyx

These formulae may be used in succession to obtain Sq. The

distribution is determined in the same way as the partial

derivative method.

The computer program block diagram is shown in Figure

6*6.1, and'the actual listing appears in the appendix. The

-computer program is simply the iteration procedure mentioned

in Chapter 2 using the three solution techniques of this

chapter.

I1I
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-. -. r

START

READ IN K,Sk A,SA
rfr'Srfr L'SSL,
r ,S HSH
r rr

Radius of vapor
passage, Sr

Heat pipe dimensions
Fluid density
Fluid latent heat

if Fluid surface tension
Fluid viscosity

[WRITE All ~theabveI

S....' L • •° °°•parameters

CALCULATE N

Sdown to and including
statement 100 14 times

0odown to and including
statement 40 n times

Figure 6.2. Computer Program Flow Diagram
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CALL SUBROUTINE
GAUS(k) FOR 5 NOR-
MALLY DISTRIBUTED
RANDOM NUMBERS 6 SUBROUTINE
FROM 0-1 GS

S~RANDOM NUM-
• BERS (NRN)

GENERATE THE NORMAL RANDOM VARIABLES

RK = NRN*SK+K RH = NRN*SH+H

RRE 2 = NRN*S fr RL' + NRN*SL,+L'

RA = NRN*SA+A

CALCULATE A RANDOM HEAT FLOW RATE, RQ

RQ = N (RK.RA)/RL' (2o/RRE 2 - PgRH/a)

x(I) = RQ (store random Q)

40 CONTINfUE

SCALL SUBROUTINE MVALU SUBROUTINE MVALU
l•, (PARAM4ETER ESTIMA•TION CALCULATE MEAN Q

OF Q DISTRIBUTION) _ND SQS •' , .WRITE Q ,SQ ,X

SNINTCALL KSTST-"•--(GOODNESS OF FIT
STEST FOR Q DIS- 0-'•SUBROUTINE KSTST
STRIBUTION) HYPOTHESIS, Q

• DISTRIBUTION
---- '='•NORMAL AND TEST
• •--USING KOLMOGOROV

LSIGNIFICANCE TEST

Figure 6.2. (continued)

113



SUBROUTINE RECESS
CALL SUBROUTINE RECESS EXPECTED PRESSURE

LOSS IS CALCULATED
USING MEAN Q,SQ AND
RE2. THE RECESSED
DARCY FLOW LENGTH,
L' (A) r, IS .CALCU-
LATED AND PRINTED
OU T

L L (A) r 1

CALL SUBROUTINE DELTAT SUBROUTINE DELTATURE

LOSS THROUGH THE
HEAT PIPE IS CAL-
CULATED AND PRINTED
OUT

CALCULATE PARTIAL
DERIVATIVE AND EX-
ACT MEAN, Q

i -SUBROUTINES SUMDIF,
CALL SUBROUTINES QUOTE, AND PROD
SUMDIF,QUOT, & PROD ALGEBRA OF EXPECTATIONS

SQ IS CALCULATED ANDli-t PRINTED OUT
CALCULATE PARTIAL DE-
RIVATIVE STANDARD DE-I
VIATION & PRINT OUT

NO 1YES

QPREVIOUS -_

100 CONTINUE

Figure 6.2. (continued)
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CHAPTER 7

THE PROBABILISTIC DESIGN EQUATION

The probabilistic model was mentioned in Chapter 5 and

is written below for the recessed condition

""(K;Sk) 2 Pt g(HSH)

(L'A)r"SL' (A)' ;sr • S g)
rr fr

(7.1)

The assumptions are the same as the deterministic equation

with the addition of the following:

a) A, K, rfL L3(A)r and H are random variables and are

described by simple two parameter continuous

distributions.

b) Variabilities of all other parameters are considered
small and are therefore deterministic

c) All random variables are independent

d) Coefficients of variation (x/s x) are large (>7) for
denominator random variables.

7.1 Comparison of Probabilistic Model with Experimental Data

To test the validity of the probabilistic model, fifty

heat pipe wicks were manufactured, tested, and their proper-0
ties recorded in the Append.x and analyzed in Chapter 5. TheI, following analysis will examine data set 2 in detail since

this data set is compbsed of thirty tests and carries the

most significance. The analysis for the other data sets are

identical and will be mentioned throughout the discussion.

For each of the fifty heat pipe wicks tested, K, A, L', and

fr were recorded. A steady state heat transfer rate was
r.frwrereode.
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established and the evaporator section was raised until the

wick began to dry out. The steady-state iaximum heat trans-

. ~fer rate, Qo"was recorded along with the gravity effect, H,
at dry out. The experimental values of K, A, L', rfr, and H

-were inserted into the recession design equation, Equation 2.57,

and Qca was calculated. The deviation of the observed experi-

mental mea. heat transfer rate from the calculated mean heatA transfer rate, Qco - Qob' was calculated for each test. Table

Aj 7.1 shows the mean and standard deviation of Qa - Qob The

mean difference, Qca - Qob' was small in all cases when com-

pared to the standard deviation. We will test this hypothesis

using the following Student's T Statistic,17

I D 1(n) 1 / 2
cc D - T a/2 (n-1) (7.2)•o• calc. S_

D

n Qca. ob.

i=l n

If the calculated T value, Tcalc., is less than the critical T

value at the a = .005 significance level, we will accept the

hypothesis that there is no significant difference between Qcz

and Qob" Table 7.1 shows the results of the hypothesis test.

At every heat transfer rate, the meaa observed heat transfer

rate was not significantly different from the mean calculated

heat transfer rate. This indicates that Equation 2.57 is a

good predictor of the mean heat transfer rate. Figures 7.7

through 7.11 show plots of the data from Table 7.2 and a com-

parison of the mean maximum calculated heat transfer rate with

experimental data for each of the data sets. Figures 7.1

through 7.3 show the distribution of Qca - Qob' which is called

the difference distribution. Appendix A shows values of Qca
and SQca for all the heat pipes tested.

116



0
=a m to fw m w w m 0) a ca w w

m a 0 0 0 0 0 a 0 0 0 0 0 0

o U

ct4i 0 V 0: an C> an 0q 04 0t 0 0;" 0V

40 -i IkD ýv %D - N- - %0 to to0 %0 to0 %0-

34 -~ ClC l-

HUOIr -: 4 a 4 4 4 O

E-t d-i 1%ý Ln Ce CA CA4 4r c N n c) c

LAIn
0H 0)i £ DOc >L i n t

E-4 > UI 4J N r- 0n r- 'V n - r CA4 Cf0 CD H~N o
M1 >4J E) %D I ON 0; LA H ; 0; N CA 0 H

o: LAO' H) t- 4 N- H- - - - 1 - -

rX4
0

0
Qn 0) 01 O'ý CO cA to0 0 CY 0 ai M' 0

H- 0Cu) al al mb Cl mA to0 0 0 0 G ON 0D

a: I 4-J 0
a 0( Cd CA) N1 0) N4 4 In 4 0 H4 0ý 0 CA
a) Hý H-

Gb GbG . C aG G

a% H CA CA m Ca% h ON Naf N CA N

0d4-) > Ch 0 0 0; H4 110 If) '0 I) H ý '. 4
(d a) IV OD H In mO H N N In N In 0

H H H H

117



3Figure 7.1. Difference Distribution for Data
Set 2 (42-59 watts) Using Reces-
sion Model (Q calculated minus Q
observed)

- .2-

0

-10 0 10

Qca - Qob Watts

3Figure 7.2. Difference Distribution for Data
Set 2 (70-90 watts) Using Reces-
sion Model

.I1
.-i .2
r-i

1$ o .I

-20 0 +20

Qca- Qob Watts

"-I Figure 7.3. Difference Distribution for Data
Set 2 (100-130 watts) Using Reces-

-- •sion Model
.2.

-0 0 +

00
Qca- b Watts
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These values were calculated from Equation 2.57 using the

simulation technique. 200 random variables were calculated

for each simulation and the resultant Qca distribution did

not reject the Kolmogorov Smirnov significance test at 99%

significance. The distribution of Qca was hypothesized as

normal. The uncertainty bound on the predicted heat trans-

fer rates for each pipe will be plus or minus three standard

deviations from the mean since these limits will encompass

99.7% of the Qca Normally distributed random variables. If

the observed heat transfer rate lies in this region of plus

or minus three standard deviations of Qca' the probabilistic

design equation is credited as having predicted the occurrence

of the experimental result, Qob" If Qob falls outside the

three standard deviation bounds, the probabilistic design

equation will be considered inadequate in the prediction of

the occurrence of Qb Referring to the data of Appendix B,

each of the 135 observed heat transfer rates, Qob' were within

the three standard deviations of Qca If we assume that the

three standard deviation bound on the variability of the

calculated heat transfer rate to be correct, then the proba-

bility of observing Qob within these bounds will be .9972.

From 135 tests, all the observed heat transfer rates were

within these bounds. The probability of observing 135 ob-

served heat transfer rates within the three standard devia-

tion bound and 0 onitside the bound is (.9972)135 or .668.

This indicates a high probability that the calculated vari-

ability of the observed heat transfer rate, Sq, is correct
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-• Figure 7.4. Distribution of Qca
o8- about Qb for 100•-•

8Mesh Stainless Steel,
" 6- Two Layer Wicks- at a

Mean Wattage of 50-.566
•3s4 '4- L"

0
02

0

44i
0 0.[

0 -3 -2-1 0 1 2 3
z Standard Deviations from the Mean

44
o 8 Figure 7.5. Distribution of 0Qb

about Qca for 100-
6- Mesh Stainless Steel,

Two Layer Wicks at a
W Mean Wattage of 81.333
44-

S2-

0-

- -3 -2 -1 0 1 2 3

Standard Deviations from the Mean

0

4 8- Figure 7.6. Distribution of Qob
0 about Qca for 100-
En• 6- Mesh Stainless Steel,

Two Layer Wicks at a:•--r•_ 4 IMean Wattage of 116.799

2-i

0

4-4

oO2
0 0 ,"

* -3-2-1 0 1 2 3

Z Standard Deviation from the Mean
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- - **- =o -+

200

.0 Experimental Data

SRecess.ion 'Theory, Equation 2.49

100 - • -+. .
441

.4' 150-

r4

E-.i

100.,4-

SI I
1.5 2.0 2.5 3.0 3.5

Heat Pipe Gravity Head, H (inches water)

Figure 7.7. Comparison of the Mean, Maximum Heat
Transfer Rate with Experimental Data

i' ifrom Data Set 1 (100 mesh stainless
steel two layer wicks, tight wrap)
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200

0 Experimental Data

m-Recession Theory, Equation 2.49

-P

- 150

x

S100-

50)

CD

3.0 3.5 4.0 4.5

Heat Pipe Gravity Head, H (inches water)

Figure 7.8. comparison of the Mean, Maximum Heat
Transfer Rate with Experimental Data

from Data Set 2 Y100 mesh stainless
"steel two layer wicks)
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100 --

2?

o Experimental Data

1 Recession Theory, Equation 2.49
"�~' 80.IJ

14)

60
-ICo

- 60 -

$4
0

P• 40

4-P

20

i I , I

3.0 4..*0.. 5.0 6.0 7.0

Figure 7.9. Comparison of the Mean, Maximum Heat
Transfer Rate with Experimental Data
from Data Set 3 (200 mesh stainless
steel 3 layer wicks)

1
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1 200

0 Experimental Data

- E3 Recession Theory, Equation, 2.49

U)

0 150

x

"101

i llot

o 0
*1$4 100

'44

ý4.

S 50
rz

ix

"0 I ,___ ___I

2.1 2.2 2.3 2.4

Heat Pipe Gravity Head, H (inches water)

Figure 7.10. Comparison of the Mean, Maximum Heat
Transfer Rate with Experimental Data
from Data Set 4 (50-mesh stainless

- steel two layer wicks)
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-• - . - 2,00 0.

0 -Experimental Data

. Recession Theory, Equation 2.49

P 150

01

I ~ 100
1 44

$4

4j

05

50

3.0 3.5 4.0 4.5

Heat Pipe Gravity Head, H (inches water)

Figure 7.11 Comparison of the Mean, Maximuam HeatI Transfer Rate with Experimental Data
from Data Set 5 (100-mesh copper two

II

~ layer wick)
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according to data from 135 tests. Figures 7.4, 7.5, and 7.6

show the distribution of the observed heat transfer rate, Qb'

about the mean calculated heat transfer rate, Qca for data
set 2. The distribution of Figure 7.4 did not reject the

Komogrov-Smirnov significance test when tested for Normality

and neither did the distributions of Figures 7.5 and 7.6.

However, as heat transfer rate increased, the occurrence of

Qob appeared more likely at the tails of the distributions

and the resulting distributions became flatter than expected.

The consistency of predicting the range of occurrence of
Qob using Equation 2.56 is evident. However, some basic

numerical problems may result in applications to low heat

transfer rates at high gravity effect and also to low heat

transfer rates at high permeabilities. Upon examination of

our mathematical model below, we can readily see how problems

K 2 PgH)

r(A) fr c

arise. Shown below are two sample calculations using data

from data set 2. One calculation has a high gravity head

K 24. 62.4 (2.96) (Low
Q £• .069 x10- - 4.4 x 10-3(12)) Gravi yLoLoss)

Q=N 'aK (5900 -3500)

K 5900 62.4 (4.21) (High (7.4)SQ N5x -3( Gravity4.4 x 103(12) Loss)
K-N LK(A) (5900 - 5000)

r

loss while the other has a low gravity loss. Notice at the
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I.

high gravity head loss the subtraction of the two rather large

4 numbers. this shows the classic numerical problem of loss of

I significance when subtracting two nearly identical numbers.

-Such a problem was discussed in Chapter 6 and if one refers

to Table 6.3 of Chapter 6 the sensitivity of this computation

to error at relatively small standard deviations can be realized.

Input standard deviations for the surface tension term are on

the order of 5% and the gravity terms are approximately 1%.

- As shown on the previous page, these particular values of stan-

dard deviation lead to problems at low heat flow since the sur-

face tension and gravity terms are on the order of magnitude of

5000. If one refers to Chapter 6, Table 6.3, we can observe a

reliable prediction of the mean of the difference function.

Despite the high resultant standard deviation, the error in the

mean (calculated by simulation) is small in comparison (about

10%). We may conclude that although low heat flow (near wick

dry out) standard deviation calculations may be unreliable,

the mean heat flow calculation is quite good as indicated by

the data discussed earlier in this chapter. If calculations

Smust be made in the low heat flux range (less than 50 watts

I and near burn out), the resultant calculated standard devia-

tions of heat flow will probably be conservative. Another

numerical problem results at high permeabilities and low crit-

ical heat transfer rates. This is exemplified in data set 4

of the appendix (50 mesh stainless steel wicks). The permer

I ability was large and the capillary pumping term was small

resulting in a loss of significance in the difference term.
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This resulted in extremely large calculations of standard de-

viation and seemed too conservative as indicated by the data.

We have been examining the prediction of heat transfer

rate knowing the properties of the particular wick tested.

If one wishes to design a heat pipe using the manufacturing

technique of Chapter 3, then the wick properties of Table 4.23

should be used. These property values give the range of occur-

rence of wick properties for a particular heat pipe manufac-

tured. Table 7.2 shows the mean calculated wattage and stan-

dard deviation at various values of H, using the three tech-

niques mentioned in Chapter 6. The wattage values of Table 7.2

give the rangc- of maximum heat transfer rate one might expect

if a heat pipe was designed and operated at the particular

gravity effect, H. Notice that the calculated standard devia-

tions are quite high due to the high standard deviations of

the input properties of Table 4.23. The three techniques used

to solve the probabilistic design equation were quite close.

The simulated results were slightly higher than the rest due

to high variability in the denominator random variables. Now

that the variability of the manufacturing process has been des-

cribed, its applicability to design will be discussed.

7.2 Results of the Probabilistic Design

Assume that our design specification required that a par-

ticular heat pipe of this design operate at 75 watts at a grav-

ity head of 2.96" H2 0. Referring to data set 2, the results of

the probabilistic model (H = 2.96" H20) yields

Mean heat flow 125.707 watts
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Standard deviation 24.678 watts

Distribution Normal (passes Rolmogorov
significance test)

Assuming the estimates of the mean and standard deviation to

be perfect, the probability of failure for this heat pipe at

75 watts is

125.707-75 06 .98

1- .98 = probability of failure

= .02

Since 30 samples were required for the estimation of the

mean and standard deviation of the heat flows these estimates

are by no means perfect. Due .to.ýhe randomness of these es-

timates we will quote a maximum probability of failure at

some confidence level. Using tolerance theory,17 we may con-

clude that the upper tolerance limit of the probability of

failure for this heat pipe design is .10 at a confidence of

99%, or that we are 99% confident that the probability of.

failure does not exceed .10. These tolerance limit values

were computed from a table based on a given mean, standard

deviation and sample size. This result indicates that the

maximum amount of failures one might expect from 100 units of

this design is 10 units. If this probability of failure is

unacceptable, we can decrease the probability of failure by

changing design parameters such that the meam heat flow is

larger. For example, we can enlarge the wick area and one
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might calculate a heat flow of 150.00 watts at a standard

deviation of 25 watts with a maximum probability of failure

of .025 or 175 watts at a standard deviation of 30 watts

with a .005 probability of failure. The difference between

the mean calculation and the specification will indicate the

risk one takes in designing a certain heat flow. The design

distribution can be manipulated to minimize the risk of pro-

ducing below specification. The reliability of this design

is an initial start up reliability. An increase in failure

probability may occur due to gas generation in the heat pipe.

The resulting gas may block the condenser.

__- 17.3 Heat Pipe Temperature Drop

The heat pipe thermal analog circuit appears in Figure

7.12. Applying this analysis to our low mass flow water heat

pipes, we are allowed to neglect the evaporation temperature

loss (Tew - T ev) the vapor flow loss (Tev - T cv) and the con-

densation temperature loss (Tcv - T cw). These conclusions were

a-result of inserting the maximum expected mass flow rate, (.7

lbm/hr) into the pressure loss equation, 7.5 (derived from

kinetic theory) and the Clausius equation, 7.6.

AP = ma _ 21aRTg where R = Universal Gas (7.5)
gc727rL M c M=Constant

M M = Molecular Weight

AT = T AP/phfgJ (7.6)

*: Figure 7.12 shows the general thermal analog circuit and our

thermal circuit is reduced to
T T. T T. T
eo ei ew ci co

R ep Rew Rcw Rcp
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CP

-- J

where

r /r.
R ILn o Xep, 2TIrk T

(7.8)
.•. RCW =9-n riiv

2• r

'Rew = w(7.9
2¶kWLE

:r/r.
Rcp 2. 0k3- (7.10)

This model should adequately describe temperature loss assum-

ing the fully wetted wick. For the fully recessed situation

near burn out, the evaporator wick resistance is modified as

follows

REW R'W x RFRW/RRW x RRW

RpRW =n re/(ro + 1/4 (ri ro) )/ 27Tk (Le - Lfr)

R FRW = kn ri/(ro + .41 (ri - ro)/2rkC(Lfr)

It is assumed that the fully and partially recessed areas of

the evaporator wick section combine in parallel to form a

total resistance.

The thermal conductivity of the wick-fluid matrix is dif-

ficult to determine, but may be approximated by

kw = ek-£, + (1 - e)ks (7.11)

assuming that the wick is well bonded to the pipe wall (little

wick-pipe thermal resistance). This equation is inaccurate in
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our -particular case hecause of the poor pipe-wick contact and

oxide coatings Which yield a high thermal resistance as shown in

| Figure 7.13. . t is therefore assumed that the wick contact

a resistance with the wall is on the same order of magnitude as

that of the fluid and thermal conductivity of the wick is

essentially that of the liquid.

I ,%' Poor Contact

Pipe Wall

Figure 7.13. Wick Contact with Pipe Wall

As shown in Table 7.3 the stainless steel wick tempera-

ture loss predictions (using conductivity of the fluid as the

wick conductivity) were always slightly higher than the ob-

served temperature losses. The stainless steel wick has

sufficient rigidity to allow some parallel heat paths to exist.

However, the above assumption (conductivity of the wick equal

to conductivity of the fluid) yields a conservative result and

is more indicative of reality than the predictions of Equation

* 7.11.

The copper wicks, on the other hand, seemed to be described

accurately by the fluid conductivity assumption. It is theorized

that the copper wick lacks the rigidity for even mediocre thermal
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TEMPtRATURE LOSS PREtDICT.1ON (Recessioh. Mo~dei)
-Obs. S: obs. Calc. S Ca-c,

SData DT DTo DT D T °
:• - Set Wattage °FOF OF °

S1 42-59 8.309 3.432 a. 297 3.1-77

-90 -04

1 70- 9.369 3.,293 15T.046

1 100-130 12.799 3.271 21.,939 8.386

2 42-59 6.799 1,788 7,163 2.609
2 70-90 9.033 1.564 1.2.438 3:132

2 100-130 12.099 2.4il 18.835 3.803

3 20-30 2.000 0.707 2.582 1. 235

3 60-80 4.799 1_923 8.070 1.743

4 50-60 7.399 1.341 16.3ý2 21.767

4 100-130 14.600 2.191 41.899 23.400

5 45-55 7.400 1.516 7.789 1.638

5 90-120 16.400 1.949 18.980 2.352

Note: a) Obs DT - mean observed temperature loss
b) S obs DT - standard deviation of observed

temperature loss
c) Calc. DT - calculated mean temperature loss

using recession model
d) S caic. DT - standard deviation of the cal-

cul~ted temperature loss
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.;ontact with the p.ipe wall and, that- 43s4entiall oprle

~heat If low- ,path§, exist,.

].l'igke, .7..14 shows a typic4 wiemehbat pi&tempera-

r :yture distribution,. Refer to the app~endi daastsf vpor

te~mperature and, temperaturels.
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CHAPTER 8

CONCLUSION4S

& 8.1 Probabilistic Design

* The probabilistic approach to design is ill-ustrated in

this work. For any given- deterministic design equation,

A =_F(x, x2 ,...xn)

g• that describes the behavior of some physical phenomenon, we

j• may transform into the probabilistic domain where

1A F(1 2 n)

R indicates the partigular variable to be
random and described by some probability
function

The random result of the probabilistic design equation, RA,

indicates the uncertainty of the design quantity to be pre-

dicted as a function of the input parameter uncertainties.

The value of the probabilistic design is that it eliminates

the requirement for safety factors (which are arbitrarily

conceived and may not describe the situation at hand) in

favor of a quantitative measure of the range of a design re-

sults. One can therefore indicate the probability of manu-

facturing a successful design hence predict it's reliability.

Three methods for the solution of the probabilistic design

* equations are mentioned. They are

"a) Simulation

b) Algebra of moments

c) Taylor approximation
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These methods work well in prediction of most design function

- variabilities but caution must be exercised in the handling

of certain functions such as RA-RB and 1/RA at.large coeffi-

cients of variation.

8.2 Heat Pipe Design

The recession model is quite reliable in the prediction

of the mean heat flow capability of the wire mesh wick heat

pipe. The prediction of heat flow standard deviations was

good at high heat flows (therefore low gravity components).

At low heat flows the magnitude of the gravity and surface

tension terms approach each other to form the classical

numerical problem mentioned in Chapter 6. At these low heat

flows, prediction of the standard deviation is conservative.

The recession model is by no means perfect and the descrepancy

of standard deviation predictions at low heat flows is in-

herent to this particular model.

Uncertainty in the description of heat pipe wicking prop-

erties is discussed. A "rule of thumb" for predicting under-

tainties in heat pipe properties is listed below in Table 8.1.

The variability of these properties are a result of experimen-

tal and manufacturing variability. It should be mentioned

that the property data generated in this work describes the

wicks manufactured by the process mentioned in Chapter 3.

Other types of wire mesh designs may have significantly dif-

ferent properties.
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TABLE- 8. 1

"UNCERTAINTY OF VWICK PROPERTIES
AS'A % OF THE mEAN PR6PhRyT

___iStandard Deviation
* Property in% %of Mean

Permeability, K 10%

Critical radius, re 5%

Wick cross sectional
area, A 3%

Porosity, e 3%

Tortuosity, b 10%
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APPENDIX A

BASIC RAW DATA

DATA NOMENCLATURE

The following is an explanation of data format.,

K Wick permeability as described by Darcy (Ft 2 )

SK Standard deviation of permec.bility (Ft2)

RE Effective capillary critical radius based
on two layers of screen (inches)

SR Standard deviation of critical radius (inches)

2A Flow area of the wick (Ft)

SA Standard Deviation of flow area (Ft )

I LAYER Capillary pressure capability of one
layer of wire mesh (in. H2 0)

II LAYER Capillary pressure capability of two
layers of wire mesh (in. H2 0)

SUB TEST FORMAT

VAPOR Heat pipe vapor temperature at equi-
TEMP librium (OF)

H Total gravity head loss experienced

by heat pipe (in. H2 0)

SH Standard deviation head loss (in. H2 0)

ALPP Darcy effective flow length (L') for
non recession model

K
p K P (Ft)

SRALPP Standard deviation of Darcy effective
flow length non recessed model (Ft)

Note: Each of the standard deviations are a result of
experimental error in determination of the parti-
cular properties

Al



ALPPR Darcy effective flow length for recession
model (Ft)

SRALPR Standard Deviation for Darcy effective
flow length recession model (Ft)

RL Distance from the evaporator edge to
the beginning of the fully recessed
region of the wick (Ft)

SRL Standard deviation for RL (Ft)

CALC Heat pipe wattage capability using the

WATTS R recession model Eq( ) (Watts)

SWR Standard deviation of CALC WATTS R (Watts)

CALC Heat pipe wattage capability using non
WATTS recessed model Eq( ) (Watts)

SW Standard deviation of CALC WATTS (Watts)

OBS Experimentally observed wattage capability
WATTS of a heat pipe with the above mentioned

properties (Watts)

DT CALC Calculated temperature drop from evapora-
tor surface to condenser surface. All
vapor temperature drops were negligible (OF)

SDT Standard deviation of DT CALC (OF)

OBS DT Experimentally observed temperature drop
along a heat pipe with the above mentioned
properties (OF)

A2
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TEST DATA SHEET FOR DATA SET #1

TEST# 17 18 19

K 3.5840 E-09 6.6540 E-09 5.2460 E-09

SK 1.9260 E-10 2.1580 E-10 2.8740 E-10
RE 4.0550 E-03 4.8090 E-03 4.2470 E-03

SR 1.0000 E-04 1.0000 E-04 1.0000 E-04
A 2.2830 E-04 2.3540 E-04 2.3750 E-04
SA 5.0400 E-0 6  6.2900 E- 66 5.2000 E-06

I LAYER 5.0000 4.6250 4.1250

II LAYER 5.6250 4.7500 5.3640

(42-59W)
SUB TEST)

VAPOR TEMP 140 140 146

H 3.0600 3.2700 3.7400

SH 0.0417 0.0417 0.0417

ALPP 1.0400 1.0400 1.0400

SRALPP 0.0300 0.0300 0. 0300

ALPPR 1.3260 1.3380 1.3430

SRALPR 0.0651 0.0769 0.0700

RL 1.0410 1.2080 0.7910

SRL 0.3210 0.4500 0.2890

CALC WATTS R 48.1120 49.0530 42.4140

SWR 5.3890 7.9690 5.6810

CALC WATTS 60.0870 60.8100 54.0170

SW 5.7640 8.4360 6.3500

CBS WATTS 55.0000 52.0000 53.0000

DT CALC 8.3830 8.6460 7.1740

SDT 1.0700 1.6870 1.0530

OBS DT 10.0000 7.0000 8.0000

(CONTINUED)
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TEST DATA SHEET CONTINUED FOR DATA SET 0 1

(70 - 90W
SUB TEST)

VAPOR TEMP 165 166 182

H 2.5009 2.2500 2.7600

SH 0.0417 0.0417 0.0417

ALPP 1.0400 1.0400 1.0400

SRALPP 0.0300 0.0300 0.0300

ALPPR 1.3380 1.3600 1.3440

SRALPR 0.0748 0.0965 0.0722
RL 1.1240 1.2080. 0.8330

SRL 0.4270 0.5760 0.2830

CALC WATTS R 67.0410 101.8750 85.6470

SWR 7.2360 14.4850 9.2860

CALC WATTS 83.7070 127.7850 100.4470

SW 8.0990 18.4170 12.4160

OBS WATTS 78.0000 84.0000 80.0000

DT CALC 11.9080 18.2870 14.7720

SDT 1.4090 3.0880 1.7190

OBS DT 15.0000 9.0000 8.0

(100 - 130)W

SUB TEST)

VAPOR TEMP 198 185 204
H 1.8000 1.8700 2.0800
SH 0.0417 0.0417 0.0417

ALPP 1.0400 1.0400 1.0400
SRALPP 0.0300 0.0300 0.0300

ALPPR 1.4140 1.4280 1.3720
SRALPR 0.1300 0.1490 0.0696
RL 1.2080 1.2080 0.8540
SRL 0.7490 0.8100 0.3270
CALC WATTS R 96.3000 136.1640 122.2110
SWR 12.0020 22.0540 12.0210
CALC WATTS 118.9330 169.8960 155.1590
SW 10.6320 26.3460 16.6560
OBS WATTS 110.0000 110.0000 100.0000

DT CALC 17.1850 24.3230 20.9000
SDT 2.2210 4.2000 2.0280

OBS DT 18.0000 13.0000 10.0000
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TEST DATA SHEET FOR DATA SET #1

TEST # 20 21

K 5..2440 E-09 5.4870 E-09

SK 2.6850 E-10 1.4950 E-10

RE 4.9060 t-03 4.3660 E-03

SR 1.0000 E-04 1.0000 E-04

A Z.5630 E-04 2.4450 E-04

SA 1.1040 E-05 4.7900 E-05

I LAYER 4.2500 4.5000

II LAYER 4.6250 5.2500

VAPOR TEMP 138 147

H 2.9600 3.7500

SH 0.0417 0.0417

ALP]? 1.0400 1.0400

SRALPP -0.0300 
0.0300

ALPPR 1.3340 1.3260

SRALPR 0.0645 0.0648

RL 1.0410 0.9990

SRDT 0.3080 0,3070

CAIJC WATTS R 48.1020 41.9380

SWR 5.3550 4.9170

CALC WATTS 60.1170 52.9920

SW 5.6620 5.7160

OBS WATTS 43.0000 43,0000

DT CAtLC 7.5660 6.4070

SDT 0.9680 0.7900W
OBS DT 6.0000 3.0000

£ (CONTINUED)
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TEST DATA SHEET CONTINUED FOR DATA SET # I

(70 -90W
SUB TEST)

VAPOR TEMP 178 157

H 2.3900" 2.7300

SH 0,041-7 0.0417

•ALPP 1o0400 1,0400

SRALPP 0.0300 0.0300

AIPPR 1.3630 1.3310

SRALPR 0.0749 0.0680

RL 1.1660 0.9990

SRIL 0.4370 0.23140

CALC WATTS R 78.5490 83.5200

SWR 8.9850 07.40820
CALC WATTS 97.8670 104,2500

SW 10.9480 7.6330

OBS WATTS 87.0000 73.0000

DT CALC 12.6340 12.9560

SDT 1.6100 1.1420

OBS DT 8.0000 7.0000

(100 - 130)W
SUB TEST)

VAPOR TEMP 192 192

H 1.6000 1.9800

SH 0.0417 0.0417

ALPP 1.0400 1.0400

SRALPP 0.0300 0.0300

ALPPR 1.4110 1.3490

SRALPR 0.1300 0.0707

RL 1.1660 1.'0830

SRL 0.7490 0,4390

CALC WATTS R120.1130 129.5810

SWR 14.5570 10. 555

CALC WATTS 149.8650 161.2640

SW 15.3920 9.3140

OBS WATTS 128.0000 104.0000

DT CALC 18.2170 20.0970

SDT 1.7020 1.5970

OBS DT 13,0000 10.0000
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TEST DATA SHEET FOR DATA SET #2

"TEST # 22 23 24

K 6.909: E-09 7.479 E-09 6.850 -E-09
SK 4.862 E-10 2.634 E-3:0 3.748 i-10
RE 4.139 E-03 3.786 E-03: 3.645 E-03
SR 1.000 E-04 1.000 E-04 1.000 E-04
A 2.475 E.-04 2.584 E-04 2.555 -E-04
SA 1.479 E-05 6.F40 E-05 1.190 E-05
I LAYER 4.625 5.500 5.250
II LAYER 5.500 6.000 6.250

(42-59W)
SUB TEST)

VAPOR TEMP 156.000 ý56.000 155.000
H 43.300 4.740 4.650
SH 0.,042 0.042 70.042
ALPP 1.040 1.040 1.040
SRALPP 0.030 0.030 0.030
ALPPR 1.324 1.317 1.323
SRALPR .064 0.067 0.064
RL .999 1.187 0.299
SRL .2846 0.270 0.273
CALC WATTS M36.840 44.557 56.165
SWR 7.502 8.73' 9.430
CALC WATTS 46.516 56.569 71.074
SW 8.743 10.500 10.562
OBS WATTS 46.090 48.000 48.500
DT CALC 5.671 7.185 8.922
SDT 1.272 1.470 1.640
OBS DT 5.000 5.000 7.000

(CONTINUED)
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TEST-'DATA• SHEET CONTINUD -OR -DATA SET #

-7o,-- 9 ow.

SUB- TEST)

VAPOR TEMP 192.,000- 169.000 189.000
H 3. 840" 3.'760, 3,.890

SH 0, 042 0. 0A42 0.042
ALPP '. 1040 1.040
SRALPP 0.030 0.030 0,030
ALPPPR 1.327 1. 329 1.330
SRALPR, 0.067 0.069 0.068
RL 1.104 1.208 1.083
SRL 0.340 0.374 0.351
CALC WATTS R 62.268 104.462 101.620
SWR 10.270 11.761 13.471
CALC WATTS 77.506 129.862 126.742
SW 13.294 15.189 17.383
OBS WATTS 75.000 82.000 84.000

PT CALC 9.894 17.290 16.571
SDT 1.760 2.024 2.362

OBS DT 10.000 8.000 8.000

(100 - 130)W
SUB TEST)

VAPOR TEMP 198.000' 194.000 187.000
H 2.850 3.130 2.990
SH 0.042 0.042 0.042
ALieP 1.040 1.040 1.040

SRALPP 0.030 0.030 0.030
ALPPR 1.357 1.348 1.351

SRALPR 0.077 0.069 0.073
RL 1.083 1.208 1.020
SRL 0.404 0.453 0.430
CALC WATTS R 127.166 151.798 158.986
SWR 15.435 14.060 16.870
CALC WATTS 158.640 191.804 199.124
SW 19.603 18.773 21.956
OBS WATTS 101.000 i10.000 114.000
DT CALC 19.936 25.203 25.577
"SDT 2.492 2.299 2.743
OBS DT 12.000 12.000 10.000
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TEFT DATA SHEET FOR DATA SET #2

TEST # 25 26 -27

K 8.379 E-09 7.184 E-09 6.250 E-09
"SK 5.015 E-10 3.601 E-10 4.357 E-10
RE 4.265 E-03 4.053 E-03 3.639 E-03

SR 1.000 E-04 1.000 E-04 1.000 E-04
A 2.336 E-04 2.558 E-04 2.469 E-04
SA 1.124 E-05 1.189 E-05 1.674 E-05
I LAYER 4.750 4.000 5.250
Ii LAYER 5.350 5.675 6.250

(42-59W)
SUB TEST)

VAPOR TEMP 159.000 156.000 140.000
H 4.300 4.160 4.730
SH 0.042 0.042 0.042
ALPP 1.040 1.040 1.040
SRALPP 0.030 0.030 0.030
ALP:PR 1.329 1.3391 1.347
SRALPR 0.057 0.101 0.075
RL 1.062 0.729 0.916
SRL 0.279 0.332 0.272
CALC WATTS R 43.536 49.895 45.583
SWR 7.900 8.098 8.396
CALC WATTS 53.920 68.235 58.079
SW 10.754 8.432 9.692
OBS WATTS 51.000 51.000 57.000
DT CALC 6.433 7.833 6.992
SDT 1.114 1.4211 1.461
OBS DT 6.030 5.000 6.000

j (CONTINUED)
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TEST DATA SHEET CONTINUED FOR DATA SET # 2

(70 - 90W

SUB TEST)

VAPOR.TEMP 166.000 186.000 168.000
H 3.970" 3.760 4.080
SH- 0.042 0.042 0.042
ALPP 1.040 1.040 1.040
SRALPP 0.030 0.030 0.030
ALPPR 1.323 1.382 1.3.96
SRALPR 0.0646 0.105 0.089
RL 1.083 0.749 0.958
SRL 0.Zi91 0.330 0.325
CALC WATTS R 62.783 76.951 76.970
SWR 9.587 11.413 11.977
CALC WATTS 78.854 99.996 96.957
SW 10.926 14.798 15.126
OBS WATTS 82.000 85.000 91.000
DT CALC 9.243 12.118 12.107

SDT i•562 1.861 2.084
OBS DT 11.000 8.000 8.000

(100 - 130)W
SUB TEST)

VAPOR TEMP 198.000 192.000 185 000
H 3.100 3.000 3.640
SH 0.042 0.042 0.042
ALPP 1.040 1.040 1.040
SRALPP 0.030 0.030 0.030
ALPPR 1.342 1,385 1.392
SRALPR 0.078 0.101 0.113
RL 1.166 0.729 0.958
SRL 0.464 0.332 0.332
CALC WATTS R 123.787 126,594 91.236
SWR 14.974 16.363 12.654
CALC WATTS 154.466 167.072 114.119
sw 19.230 24.198 14.898
OBS WATTS 114.000 116.000 118.000
DT CALC 18.670 20.1:74 14.153
SDT 2.480 3.136 2.008
OBS DT 12.000 11.000 12.000

'A1
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* TEST DATA SHEET FOR DATA SET #2

, TEST# 29 30 31

K K 8.116 E-09 6.081 E-09 6.326 E-09
SK 4.052 E-10 2.641 E-10 2.126 E-10
RE 3.961 E-03 3,958 E-03 3A859 E-03
SR 1.000 E-04 1.000 E-04 1.000 E-04
A 2.441 E-04 2.402 E-04 2.359 E-04
SA 1.117 E-05 9.200 E-6 7.890 E-06
I LAYER 4.500 4.750 4.750

4 II LAYER 5.750 5.750 5.900

(42-59W)
SUB TEST)

VAPOR TEMP 166.000 155.000 175.000
H 4.460 4.120 4.180
SH 0.042 0.042 0.042
ALPP 1.040 1.040 1.040
SRALPP 0.030 0.030 0.030
ALPPR 1.332 1.329 1.32S

o SRALPR 0.065 0.065 0.065
RL 0.895 0.958 0.958
SRL 0.271 0.279 0.289
CALC WATTS R 46.369 49.950 54.853
SWR 9.131 6.951 7.775
CALC WATTS 59.364 63.329 69.723
SW 10.683 7.892 8.965
OBS WATTS 54.000 58.000 53.000
DT CALC 7.011 7.501 8.089
SDT 1.478 1.133 1.226
OBS DT 6.000 3.000 10.000

(CONTINUED)
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TEST DATA SHEET CONTINUED FOR DATA SET # 2

4

(70 - 90W
SUB TEST)

VAPOR TEMP 192.000 167.000 194.000

H 3.970" 3.640 3.540

SH 0.042 0.042 0.042

ALPP 1,040 1.040 1.040

SRALPP 0.030 0.030 0.030

ALPPR 1.339 1.341 1.339

SRALPR 0.073 0.075 0.074

RL 0.937 0.958 0.979

SRI, 0.310 0.337 0.344

CALC WATTS R 77.526 72.873 88.706

SWR 11.672 8.557 9.884

,CALC WATTS 97.116 91.406 111.176
SW 15.573 11.531 13.286

OBS WATTS 79.000 93.000 77.000
DT CALC 12.030 11.130 13.328
SDT 1.859 1.351 1.525

OBS DT 8.000 5.000 12.000

(100 - 130)W
SUB TEST)

VAPOR TEMP 200.000 198.000 206.000

H 3.180 2.770 2.900

SH 0.042 0.042 0.042

ALPP 1.040 1.040 1,040

SRALPP 0.030 0.030 0.030

ALPPR 1.352 1.352 1.348

SRALPR 0.069 0.072 0.069

RL 0.917 1.102 0.999

SRL 0.358 0.435 0.398

CALC WATTS R 136.161 122,527 130.109

SWR 14.388 21.518 11.607

CALC WATTS 171.234 153.882 163.779

SW 19.563 16.004 16.587

OBS WATTS 118.000 130.000 114.000

DT CALC 20.837 18.605 19.395

SDT 2.201 1.751 1.710

OBS DT 1.500 10.000 13.000
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TEST DATA SHEET FOR DATA SET #2

TEST # 33 34 35

K 8.214 E-09 7.324 E-09 8.154 E-09
SK 4.302 E-10 2.834 E-J10 2.877 E-10
RE 4.140 E-03 4.337 E-03 4.539 E-03
SR 1.000 E-04 1.000 E-04 1.000 E-04
A 2.426 E-04 2.294 E-04 2.334 E-04
SA 8.500 E-06 8.470 E-06 6.270 E-06
I LAYER 4.625 4.750 4.625
II LAYER 5.500 5.250 5.000

(42-59W)
SUB TEST)

VAPOR TEMP 175 165 179
H 4.210 3.990 4.210
SH 0.042 0.042 0.042
ALPP 1.040 1.040 1.040
SRALPP 0.030 0.030 0.030
ALPPR 1.318 1.317 1.319
SRALPR 0.062 0.068 0.062
RL 1.062 1.187 1.021
SRL 0.238 0.259 0.233
CALC WATTS R 47.540 40.836 51.748
SWR 8.899 6.668 8.755.
CALC WATTS 60.319 51.572 75.837
SW 10.298 7.681 10.232
OBS WATTS 48.500 48.000 50.000
DT CALC 7.203 5.937 7.551
SDT 1.419 1.032 1.331
OBS DT 5.000 8.000 8.000

(CONTINUED)
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TEST DATA SHEET-CONTINUED FOR DATA SET # 2

(70 - 90W
SUB TEST.)

VAPOR TEMP 190 182 180
H 3.830" 3.660 3;680
SH 0.042 0.042 0.042
ALPP 1.040 1.040 1.040
SRALPP 0.030 0.030 0.030
ALPPR 1.A24 1.322 1.329
SRALPR 0.065 0.064 0.066
RL 1.083 1.268 0.999
SRL 0.263 0.288 0.257
CALC WATTS R 66.836 58.804 86.713
SWR 9.729 7.904 10.211
CALC WATTS 82.935 72.906 108.077
SW 12.166 9.899 12.433
OBS WATTS 80.000 77.000 77.000
DT CALC 10.388 -8.740 12.910
SDT 1.522 1.191 1.528
OBS DT 8.000 8.000 8.000

(100 - 130)W

SUB TEST)

VAPOR TEMP 202 194 189SH 3.250 2.970 3.18
SH 0.042 0.042 0.042
ALPP 1.040 1.040 1.040
SRALPP 0.030 0.030 0.030
ALPPR 1.331 1.335 1.333I SRALPR 0.058 0.061 0.050
RL 1.104 1.208, 1.042
SRL 0.304 0.359 0.290
CALC WATTS R 115.933 101.329 123.185
SWR 12.139 9.497 11.304
CALC WATTS 143.664 125.615 153.237
SW 14.569 11.017 13.306
OBS WATTS 118.000 109.000 114.000
DT CALC 17.309 14.895 18.203
SDT 1.813 1.388 1.607
OBS DT 13.000 10.000 10.000
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TEST DATA SHEET FOR DATA SET #2

TEST # 36 37 38

t K 7.475 E-09 6.698 E-09 6.566 E-09
SK 5.334 E-10 3.146 E-10 3.085 E-10

"RE 4.141 E-03 3.870 E-03 4.337 E-03

SR 1.000 E-04 1,000 E-04 1.000 E-04

A 2.421 E-04 2.416 E-04 2.401 E-04
SA 1.300 E-05 1.022 E-05 8.750 E-06

I LAYER 5.000 5.250 4.675

II LAYER 5.500 5.875 5.250

(42-59W)
SUB TEST)

VAPOR TEMP 172.000 165.000 180.000
H 4.220 4.170 3.730
SH 0.042 0.042 0.042
ALPP 1.040 1.040 1.040

SRALPP 0.030 0.030 0.030

ALPPR 1.316 1.317 1.318

SRALPR 0.067 0.062 0.063

RL 1.208 1,166 1.166

SRL 0.251 0.257 0.275

CALC WATmS R 43.123 61.611 50.960

SWR 8.549 8.793 6.935

CALC WATTS 54.369 77.503 64.387

SW 9.742 9.927 8.150

OBS WATTS 47.000 54,000 53.000

DT CALC 6.593 9,413 7.740

SDT 1.418 1.471 1.140

OBS DT 5.000 7.000 7.000

(CONTINUED)
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TEST DATA SHEET CONTINUED FOR DATA SET #2

£

(70 - 90W
SUB TEST)

j VAPOR TEMP 194.000 175.000 195.000
H 3.380' 3.380 3.460
SH 0.042 0.042 0.042
ALPP 1.040 1.040 1.040
SRALPP 0.030 0.030 0.030
ALPPR 1.327 1.327 1.324
SRALPR 0.067 0.067 0.065
RL 1.208 1.187 1.208
SRL 0,332 0.332 0.305
CALC WATTS R 95.714 101.988 65.902
SWR 12.006 ii,.•86 7.876
CALC WATTS 119.515 127.300 82.085
SW 15.745 13..903 10,315
OBS WATTS 75.000 77.000 76.000
DT CALC 14.956 15.862 10.206
SDT 2.086 1.850 1.249
OBS DT 10.000 9.000 12.000

(100 - 130)W
£ SUB TEST)

VAPOR TEMP 195.000 205.000 205.000
H 2.940 2.650 2.86
SH 0.042 0.042 0.042.
ALPP 1.040 1.040 1.-040
SRALPP 0.030 0,030 0.030
ALPPR 1.338 1.346 1.336
SRALPR 0.063 0.068 0.061
RL 1.208 1.208 1.208
SRP 0.392 0.443 0.373
CALC WATTS R 126.022 152.780 102.459
SWR 14.558 14.981 8.918
CALC WATTS 155.837 189.397 127.379
SW 17.116 15.879 11.376
OBS WATTS 110.000 119.000 118.000
DT CALC 19.456 23.582 15.716
SDT 2.273 2.344 1.377
OBS DT 10.000 14.000 18.000
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TEST DATA SHEET FOR DATA SET #2

TEST# 39 40 41

7.192 E-09 5.951 E-09 6.235 E-09
SK 3.193 E-10 3.363 E-1O 2.832 E-10
RE 4.051 E-03 3.878 E-03 3.877 E-03
SR 1.000 E-04 1.000 E-04 1.000 E-04
A 2.392 E-04 2.416 E-04 2.363 E-04
SA 6.080 E-06 1.134 E-05 7.780 E-06

C I LAYER 5.000 5.250 4.750

II LAYER 5.625 5.875 5.875

(42-59W)
SUB TEST)

VAPOR TEMP 175.000 160.000 174.000
H 4.010 4.560 4.310
SH 0.042 0.042 0.042
ALPP 1.040 1.040 1.040
SRALPP 0.030 0.030 0.030
ALPPR 1.317 1.315 1.322
SRALPR 0.063 0.06? 0.062
RL 1.187 1.146 0.979
SRL 0.260 0.228 0.225
CALC WATTS R 58.780 34.876 46.413
SWR 8.036 6.665 7.214,
CALC WATTS 74.435 44.341 59.278
SW 9.548 7.920 8.667
OBS WATTS 53.000 50,000 51.000
DT CALC 8.892 5.299 6.853
SDT 1.287 1.089 1.130
OBS DT 8.000 8.000 8.000

(CONTINUED)
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TEST DATA SHEET CONTINUED FOR DATA SET #2

(70 - 90W
SUB TEST)

VAPOR TEMP 187.000 1*5.000 180.000
H 4.010" 3.900 3.-30
SH 0.042 0.042 0.042
ALPP i.040 1.040 1.040
SRALPP 0.030 0.030 0.030
ALPPR 1.328 1.321 1.332
SRALPR 0.067 0.064 0.067
S1.208 1.187 0.958
SRL 0.341 0.278 0.253
CALC WATTS R 108.078 65.546 80.464
SWR 10.049 8.549 8.619
CALC WATTS 134.972 81.772 101.040
SW 13.158 11.076 11.275
OBS WATTS 84.000 73.000 78.000
DT CALC 16.639 10.205 12,094
SDT 1.597 1.384 1.327
OBS DT 10.000 10.000 10.000

(100 - 130)W
SUB TEST)

VAPOR TEYIP 195.000 189.000 190.000
H 2.770 3.160 3.120
SH 0.042 0.042 0.042
ALPP 1.040 1.040 1.040
SRALPP 0.n30 0.030 0.030
ALPPR 1.340 1.334 1.337
SRALPR 0.063 0.060 0.059
RL 1.208 1.208 0.950
SRL 0.402 0.357 0.273
CALC WATTS R 140.222 104.590 108.881
SWR 10.791 10.281 9.333
CALC WATTS 174.624 129.736 136.060
SW 13.838 12.980 11.979
OBS WATTS 115.000 120.000 125.000
DT CALC 21.447 16.122 16.206
SDT - 1.665 1.616 1.366
OBS DT 14.000 18.000 12.000

A18

V



TEST DATA SHEET FOR DATA SET # 2

TEST # -42 43 44

K - 6.954 E-09 7.483 E-09 6.081 E-09
SK 3.122 E-10 4.A65. E?10 2.298 E-10
RE 3.969, E-03 4.146 E-0'3 3.969 E-03
SR 1.000 E-04 1.000 E-04 1.000 E-04
A 2.426 E-04 2.382 'E--04 2-353 E-04
SA 1.169 E-05 1.236 E-06 7.960 E-06
I LAYER ,5.365 4.750 5.000
II LAYER 5.750 5.500 5.750

(42-59W)
SUB TEST)

VAPOR TEMP 165.000 185.000 176.000
H 4.440 4.210 4.170
SH 0.042 0.042 01042
ALPP 1.040 1.040 1. 040
SRALPP 0.030 0.030 0.030
ALPPR 1.318 1.323 1.322
SRALPR 0.062 0.059 0.059
RL 1.041 0.895 0.894
SRL 0.226 0.229 0.224
CALC WATTS R 40.253 40.468 45.587
SWR 7.542 8.214 6.703'
CALC WATTS 51.350 51.983 58.509
SW 9.047 9.800 8.129
OBS WATTS 53.000 45.000 45.000
DT CALC 6.107 5.986 6.683
SDT 1.236 1.313 1.049"OBS DT 10.00,0 8.000 5.000

(CONTINUED)
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STEST DATA SHEET CONTINUED FOR DATA SET # 2

(70 - 90W

SUB TEST)

VAPOR TEMP 185.000 192,000 198.000
H 3.810' 3.490 3.420
SH 0.042 0.042 0.042
ALPP 1.040 1.040 1._040
SRALPP 0.030 0,1030 0.030
APPR 1.327 1.343 1.341
SRALPR 0.065 0.077 0.760
RL 1.020 0.874 0.895
SRL 0.256 0.256 0.255
CALC WATTS R 75.292 85.704 83.753
SWR 9.646 10.709 8.474

* CALC WATTS 94.157 108.543 105.741
SW 12.601 14.156 11.220
OBS WATTS 86.000 88.000 72.000
DT CALC 11.656 13.420 12.483
SDT 1.561 1.702 1.305
OBS DT 8.000 10.000 8.000

(100 - 130)W
SUB TEST)

VAPOR TEMP 190.000 205.000 198.000
H 3.140 3.000 3.070
SH 0.042 0.041 0.040
ALPP 1.040 1.040 1.040
SRALPP 0.030 0.030 0.030
ALPPR 1.319 1.333 1.329
SRALPR 0.061 0.064 0.063
RL 1.020 0.854 0.874
SRL 0.285 0.264 0.254
CALC WATTS R 116.538 118.852 102.627
SWR 10.946 12.124 8.546
CALC WATTS 145.170 149.571 129.286

t SW 13.833 15.507 11.046
OBS WATTS 114.000 121.000 120.000
DT CALC 17.811 17.700 15.137
SDT 1.715 1.846 1.245
OBS bT 8.Uo0 15.000 i0.000



TEST DATA SHEET FOR DATA SET #2

TEST # 45 46 47

8.702 E-09 8.338 E-09 6.427 E-09
SK 3.439 E-10 2.742 E-10 3.796 E-10
RE 4.143 E-03 4.140 E-03 4.051 E-03,
SR 1.000 E-04 1.000 E-04 1.000 E-04
A 2.337 E-04 2.270 E-04 2.387 E-04
SA 6.280,E-06 4.900 E-06 1.001 E-05
I LAYER 4.875 4.875 4.050
II LAYER 5.500 5.500 5.625

(42-59W)
SUB TEST)

VAPOR TEMP 168.000 170.000 179.000
5 H 4.078 4.280 4.140

SH 0.042 0.042 0.042
ALPP 1.040 1.040 1.040

9SRALPP 0.036 0.030 0.030
ALPPR 1.317 1.325 1.346

- SRALPR 0.058 0.060 0.064
"RL 0.937 0.854 0.708
SRL 0.232 0.221 0.215
CALC WATTS R 65.462 40.704 44.146
"SWR 9.656 7.538 7.281
CALC WATTS 83.766 52.739 57.578
SW 11.397 9.220 8.816
OBS WATTS 51.000 50.000 52.000
DT CALC 9.530 5.725 6.495
SDT 1.446 1.092 1.157

SOBS DT 6.000 10.000 6.000

• (CONTINUED)
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TEST DATA SHEET CONTINUED FOR DATA SET # 2

(70 - 90W SSUB TEST)

VAPOR TEMP 185.000 200.000 190.000
H 3.460' 3.580 3.480
SH 0.042 0.042 0.042
ALPP 1.040 -1.040 1.040
SRALPP 0.030 0.030 0.030
ALPPR 1.337 1.347 1.367
SRALPR 0.075 0.077 0.082
RL 0.937 0.833 0.687
SRL 0.261 0.244 0.228
CALC WATTS R 99.720 84.430 78.652
SWR 10.273 9.422 9.171
CALC WATTS 125.386 106.740 101.497
SW 13.540 12,510 12.328
OBS WATTS 81.000 83.000 83.000
DT CALC 14.706 1i.143 11.786
SDT 1.542 1.354 1.433
OBS DT 8.000 10.000 10.000

(100 - 130)W
SUB TEST)

VAPOR TEMr- 190.000 205.000 190.000
H 2.970 2.680 2.910
SH 0.042 0.042 0.042
ALPP 1.040 1.040 1.040
SRALPP 0.030 0.030 0.030
ALPPR 1.326 1.337 1.356
SRALPR 0.067 0.066 0.0679
RL 0.916 0.812 0.666
SRL 0.270 0.260 0.227
CALC WATTS R 135.919 149.236 109.447
SWR 10.797 10.381 10.220
CALC WATTS 170.892 189.573 140.463
SW 13.992 13.625 13.463
OBS WATTS 112.000 130.000 125.000
DT CALC 19.941 21.276 16.187
"SDT 1.538 1.423 1.512
OBS DT. 12.000 13.001 14.000
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d

:•E;TEST DATA SHEET CONTINUED FOR DATA SET # 2

(70 -90W
• SUB TEST)

VAPOR TEM-P 189.000 180.000 190.000

H 3.58V 2.950 3.310
SH 0.042 0.042 0.042
ALPP 1.040 1.040 1.040

SRALPP 0.030 0.030 0.030
ALPPR 1.349 1.352 1.348
S.AP .7 0.080 0.078
RL 0.812 0.812 0.833
SRL 0.233 0.260 0.254
CALC WATTS R 82.475 113.993 71.195
SWR 8.437 9.536 6,899
CALC WATTS 104.588 145.198 90.239
SW 11.175 12.906 9.238
OBS WATTS 80.000 89.000 80.000
DT CALC 12.401 16.294 10.092
SDT 1.282 1 '35 0.998
OBS DT 10.000 10.000 10.000

(100 - 130)W
SUB TEST)

VAPOR TEMP 1)2,000 192.000 190.000
H 3.040 2.700 2.540
SH 0.042 0.042 0.042'
ALPP 1.040 1.040 1.040

-C SRALPP 0.030 0.030 0.030
ALPPR 1.337 1.337 1.,339'

SRAL-PR 0.064 0.066 0.066
RL 0.791 0.812 0.792
SRL 0.236 0.262 0.261
CALC WATTS R 111.588 133.755 110.377
SWR 8.870 9.888 7.484
CALC WATTS 141.818 169.661 140.466
SW 11.636 12.848 9.801
OBS WATTS 121.000 110.000 - 110.000
DT CALC 16.592 18.949 15.487
SDT" 1.270 1.402 1.040
OBS DT 12.000 10.000 15.000
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- 1 TEST DATA SHEET FOR DATA SET 4,2

TEST # 48 49 50

K A 5.204 E-09 8.246 E-09 6.412 E-09SSK 2.576 E-10 2.674 E-10 1.968 E-10
SRE 3.887 E-03 4.257 E-03 4.257 E-03
SSR 1.000 E-04 1.000 E-04 1.010 E-04

•,A 2.387 E-04 2.261 E-04 2.236 E-04
SA 6.000 E-06 7.510 E-06 6.290 E-06
I LAYER 4.875 4.500 4.500II LAYER 5. 875 5. 365 5.365

i 242-59W)

SUB TEST)

VAPOR TEMP 176,000 174.000 176.000
H 4.210 3.780 3.870
-SH 0.042 0.042 0.042
ALPP 1.040 1.040 1.040
SRALPP 0.030 0.030 0.030
ALPPR 1.331 1.330 1.330SRALPR 0.061 0.062 0.062

RL 0.812 0.833 0.830
SRIL 0.216 0.235 0.233
CALC WATTS R 54.535 6'.828 43.227
SWR 7.240 7.782 5.839

4.CALC WATTS 70.427 79.545 55.724
S8.826 9.459 7.127
OBS WATTS 49.000 58.000 43.000
DT CALC 8.067 8,728 6.031
SDT 1.127 1.188 0.862
OBS DT 6.000 10.000 7.000

(CONTINUED)
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TEST DATA SHEET FOR DATA SET #2

TEST # 51 52 53

K 8.337 E-09 7.463 E-09 7.775 E-09
SK 3.730 E-10 1.382 E-10 3.343 E-10
RE 4.140 E-03 4.140 E-03 4.245 E-03
SR 1.000 E-04 1.000 E-04 1.000 E-04
A 2.373 E-04 2.324 E-04 2.392 E-04
SA 6.270 E-06 5.320 E-06 9.780 E-06
I LAYER 5.000 4.750 4.500
II LAYER 5.500 5.500 5.365

(42-59W)
SUB TEST)

VAPOR TEMP 168.000 184.000 185.000
H 4.160 4.020 3.980
SH 0.042 0.042 0.042
ALPP 1.040 1.040 1.040
SRALPP 0.030 0.030 0.030
ALPPR 1.315 1.323 1.330
SRALPR 0.057 0.059 0.061
RL 0.999 0.896 0.833
SRL 0.235 0.232 0.233
CALC WATTS R 50.830 50.886 49.416
SWR 8.118 7.406 8.126
CALC WATTS 64.889 65.495 63.716
SW 9.722 9.112 9.813
OBS WATTS 48.000 54.000 49.000
DT CALC 7.529 7.362 7.378
SDT 1.255 1.116 1.297

SOBS DT 8.000 6.000 5.000

(CONTINUED)
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TEST DATA SHEt:T CONTINUED FOR DATA SET #2

(70 - 0T
SUB TEST)

-~VAPOR TEMP 177.000 192.000 194.000
H 3.610" 3.560 3.660
SH 0.042 0.042 0.042
ALPP 1.040 1.040 1.040

SRALPP 0.030 0.030 0.030
ALPPR 1.330 1.343 1.347
SRAPR 0.073 0.076 0.077
RL 0.979 0.874 0.833
SRL 0.260 0..247 0.245
CALC WATTS R 86.563 79.212 69.306
SWR 9.649 8.123 9.610
CALC WATTS 108.494 99.799 87.654
SW 12.643 10.782 12.113
OBS WATTS 86.000 82.000 85.000

DT CALC 13.060 11.655 10.487
SDT 1.466 1.202 1.416

OBS DT 10.000 6.000 8.00.0

(100 - 130)W
SUB TEST)

VAPOR TEMP 189.000 202.000 202.000
H 2.860 2.990 2.990
SH 0.042 0.042 0.042,
ALPP 1.040 1.040 1.040
SRALPP 0.030 0.030 0.030
ALPPR 1.324 1.332 1.337
SRALPR 0.063 0.064 0.065
RL 0.950 0.854 0.812
SRL 0.287 0.256 0.257
CALC WATTS R 140.225 116.434 116.188
SWR 11,067 8.609 10.409
CALC WATTS 175.901 147.187 146.990
SW 14.331 11.205 13.472
OBS WATTS 18.000 125.000 125.000
DT CALC 20.936 16.966 17.341

1. 6061.559SDT- 1.60 .209 i 5

OBS DT 10.000 10.000 10.000
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TEST DATA SHEET FOR DATA SET #3

TEST# 54 55 56

K - 3.074 E-09 2.584 E-09 3.796 E-09

SK 2.845 E-10 1.483 E-10 6.949 E-10

RE 2.336 E-03 2.396 E-03 2.525 E-03

SR 1.000 E-04 1.000 E-04 1.000 E-04

A 1.614 E-04 1.579 E-04 1.688 E-04

SA 1.294 E-05 5.390 E-06 8.570 E-06

I LAYER 8.000 7.000

II LAYER 9.750 9.500

(20-30W)
SUB TEST)

VAPOR TEMP 152.000 146.000 164.000

H 7.230 7.100 7.010

SH 0.042 0.042 0.042

ALPP 1.040 1.040 1.046

SRALPP 0.030 0.030 0.030

ALPPR 1.227 1.239 1.225

SRALPR 0.055 0.056 0.055

RL 0.937 0.729 0.999

* SRL 0,180 0.148 0.193

CALC WATTS R 26.665 20.406 25.080

SWR 6.529 4.382 8.379

CALC WATTS 32.035 24.953 30.116

SW 7.399 5.118 9.191

OBS WATTS 26.500 25.000 25.400

DT CALC 2.878 2.136 2.779

SDT 0.779 0.479 0.976

OBS DT 2.000 1.000 2.000

(CONTINUED)
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TEST DATA SHEET CONTINUED FOR DATA SET # 3

(70 -90W
SUB TEST)

VAPOR?, TEMP 150.000 192.000 200.000

H 2.860 3.620 3.980

SH 0.042 0.042 0.047

ALPP 1.040 1.040 1.040

SRALPP 0.030 0.030 0.030
ALPPR 1.257 1.255 1.255
SRALPR 0.075 0.069 0.074

RL 0.854 0.749 1.083

SRL 0.377 0.216 0.498

CALC WATTS R 92.933 74.076 99.119

SWR 13.026 7.632 20.465
CALC WATTS 110.930 88.276 117.492

15.865 9.227 23.810
OBS WATTS 78.000 70.000 75.000
DT CALC 10.231 7.952 11.474

DT 1.588 0.839 2.384

OBS DT 4.000 3.000 4.000

A, 28
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TEST DATA SHEET FOR DATA SET

TEST # 57 58

K 2.798 E-09 3.171 E-09

SK 9.819 E-11 2.146 L-10SRE 2, 162 E-03 2.603 E-03

SR 1.000 E-04 1.000 E-04

S 1.677 E-04 1.682 E-04

A 6.440 E-06 7.860 E-06

SA 9.250 7.350
I LAYER 10.250 8.750
II LAYER

(20-30W)
SUB TEST)

VAPOR TEMP 162.000 175.000

H 7.360 6.850

SH 0.042 0.042

AI•PP 1.040 1.040

SRALPP 0.030 0.030

ALPPR 1.222 1.222

SRALPR 0.055 0.055

RL 1.100 1.062

SRL 0.181 0.070

CALC WATTS R 34.337 18.559

SWR 6.742 5.653

CALC WATTS 41.373 22.590

SW 7.892 6.496
S SWrS 29.000 24ý000

DT CALC 3.842 2.060
SDT 0.797 0.659

OBS DT 3.000 2.000

(CONTINUED)

1-71
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TEST DATA SHEET CONTINUED FOR DATA SET #3

(60 -80W)
SUB TEST)

VAPOR TEMP 203.000 194.000
H 4.350 4.050
SH 0.042 0.042
ALPP 1.040 1.046
SRALPP 0.030 0.030
ALPPR 1.244 1.242
SRALPR 0.067 0.067
R 1.208 1.083
SRL 0.376 0.314
CALC WATTS R 92.092 75.657
SWR 9.862 9.050
CALC WATTS 107.954 89.044
SW 11.745 10.827
OBS WATTS 81.000 79.000
DT CALC 10.581 8.688
SDT 1.168 1.082
OBS DT 5.000 8.000
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TEST DATA SHEET FOR DATA SET #4

TEST # 59 60 61,

K 2.729 E-08 3.209 E-08 3.291 E-08

SK 1.339 E-09 1.381 E-09 1.265 E-09

RE 7.921 E-03 8.278 E-03 8.675 E-03

SR 1.000 E-04 1.000 E-04 1.000 E-04

A 5.314 E-04 5.203 E-04 5.406 E-04

SA 1.890 E-05 2.091 E-06 1.860 E-06

I LAYER 2.365 2.365 2.000

II LAYER 2.875 2.750 2.625

(50-60W)
SUB TEST)

VAPOR TEMP 182.000 195.000 188.000

H 2.480 2.290 2.250

SH 0.042 0.042 0.042

ALPP 1.040 1.040 1.040

SRALPP 0.030 0.030 0.030

ALPPR 1.328 1.328 1.342

SRALPR 0.064 0.063 0.076

RL 1.041 1.166 0.916

SRL 0.403 0.439 0.442

CALC WATTS R 35.0'03 68.111 38.561

SWR 26.410 32.289 31.797

CALC WATTS 44.122 85.004 48.406

SW 30. 879 37.535 37.576

OBS WATTS 55.000 56.000 56.000

DT CALC -10.778 21.366 11.904

SDT 8.668 10.562 10.533

OBS DT 8.000 8.000 8.001

(CONTINUED)
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TEST DATA SHEET FOR DATA SET #4

"(100-130 W)
SUB TEST)

VAPOR TEMP 200.000 200.000 200.000

H 2.250 2.230 2.100

SH 0.042 0.042 0.042

ALPP 1.040 1.040 1.040

SRALPP 0.030 0.030 0.030

ALPPR 1.348 1.345 1.364

SRALPR 0.085 0.082 0.098

RL 1.083 1.117 0.937

SRL 0.440 0.449 0.464

CALC WATTS R 133.845 286.371 118.182

SWR 29.706 32.232 33.356

CALC WATTS 163.944 103.088 144.277

SW 40.669 44.143 45.878

OBS WATTS 115.000 120.000 123.000

DT CALC 45.000 28.965 40.421

SDT 10,006 10.608 11.280

OBS DT 18.000 14.000 14.000
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TEST DATA SHEET FOR DATA SET #4

- ,TEST # 62 63

K 2.822 E-08 3.231 E-08
SK 8.494 E-10 9.071 E-!0
RE 8.675 E-03 8.675 E-03

SR 1.000 E-04 1.006 E-04

A 5.438 E-04 5.295 E-04

SA 1.001 E-05 1.100 E-05

I LAYER 1.875 2.250
II LAYER 2.625 2.625

(50-60W)
SUB TEST)

VAPOR TEMP 176.000 170.000
H 2.300 2.240
SH 0.042 0.042
"ALPP 1.040 1.040
SRIALPP 0.030 0.030
ALPPR 1.355 1.331
SRALPR 0.084 0.065
RL 0.791 1.124
SRL 0.432 0.448
CALC WATTS R 23.412 158.707
SWR 23.637 29.374
CALC WATTS 30.089 73.392
SW 30.476 34.452

OBS WATTS 53.000 55.000

DT CALC .7.027 18.544

SDT 8.365 9.631

OBS DT 8.000 8.000

(CONTINUED)
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TEST DATA SHEET FOR DATA SET #4

(100-130w)
SUB TEST)

VAPOR TEMP 195.000 184.000
H 2.030 2.120
SH 0.042 0.042
ALPP 1.040 1.040
SRALPP 0.030 0.030
ALPPR 1.378 1.351
SRALPR 0.108 0.087
RL 0.812 1.124
SRL 0.458 0.471
CALC WATTS R 147.351 123.177
SWR 27.892 29.889
CALC WATTS 183.923 149.780
SW 38.544 40.569
OBS WATTS 122.000 126.000
DT CALC 50.058 41.568
SDT 9.374 9.913
OBS DT 12.006 15.000

ia4
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TEST DATA SHEET FOR DATA SET #5

'TEST # 64 65 66

K 6.737 E-09 6. G31 E-09 6.421 E-09SK 2.587 E-10 4.131 E-10 4.344 E-10RE 3.888 E-03 3.888 E-03 3.888 E-03
SR 1.000 E-04 1.000 E-04 1.000 E-04
A 3.092 E-04 2.759 E-04 2.939 E-.04
SA 9.650 E-06 1.719 E-05 1.05 3 E-05
I LAYER 5.750 5.250 5,250
II LAYER 5.875 5.875 5.875

(45-55W)
SUB TEST)

VAPOR TEMP 175.000 201.000 185.000
H 4.310 4.580 4.490
SH 0.042 0.042 0.042
ALPP 1.040 1.040 1.046SRALPP 0.030 0.030 0.030
ALPPR 1.308 1.307 1.305
SRALPR 0.055 0.055 0.055
RL 1.208 1.208 1.145
SRL 0.245 0.230 0.735
CALC WATTS R 61.077 30.988 45.768SWR 9.506 8.860 10.015CALC WATTS 77.575 39.683 58.129
SW 11.395 10.535 11.815
OBS WATTS 53.000 45.000 55.000
DT CALC 9.561 4.284 6.803
SDT 1.587 1.320 1.650
OBS DT 7.000 5.000 8.000

(CONTINUED)
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TEST DATA SH2ET CONTINUE D FOR DATA SET 45 -

1 • (90-120W
SUB TEST)

VAPOR TEMP 185.000 201.000 180.000
-H 3.550 3.590 3.750
SH Q.042 0.042 0.042
ALPP 1.040 1.040 1.040
SRALPP 0.030 0.030 0.030
ALPPR 1.327 1.328 1.327
SRALPR 0.068 0.068 0.068
RL 1.208 1.208 1.200
SRL 0.308 0.315 0.302
CALC WATTS R 112.410 94.374 87.366
SWR 11.538 12.657 11.942
CALC WATTS 140.247 118.145 109.325
SW 15.031 16.431 15.490
OBS WATTS 104.000 105.000 110.000
DT CALC 17.930 13.421 13.764
SDT 1.911 1.985 1.997
OBS DT 15.000 15.000 19.000

49,

*,~-
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TEST DATA SHEET IOR DATA SET #5

TEST# 67 68

K 6.400 E-09 *6.577 E-09
-SK 3.475 E-10 3.11W'E-10

RD E 3.971 E-03 3.888 E-03
SR 1.000 E-04 1.000 E-04
A 2.836 E-04 2.893 E-04
SA 1.474 E-05 14037 E-05
I LAYER 5.165 5.250
II LAYER 5.750 5.875

145-55W
SUB TEST)

VAPOR TEMP 190.000 186.000
H 3.950 4.380
SH 0.042 0.042
ALPP 1.040 1.040
SRALPP 0.030 0.030
ALPPR 1.308 1.308
SRALPR 0.055 0.055
RL 1.124 1.208
SRL 0.263 0.240
CALC WATTS R 71.543 52.877
SWR 10.360 9.568
CALC WATTS 90.255 67.271SW 12.109 11.431
SW 55.000 55.000

DB WATT 10.302 7.715
DT 1.710 1.487

S DT 8.000 9.000

(CONTINUED)
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TEST DATA SHEET CONTINUED FOR DATA SET 4#5

(90 - 120 W
SUB TEST)

VAPOR TEMP 195.000 186.000
H 3.650 3.490
SH 0.042 0.0op

ALPP 1.040 1.040
SRALPP 0.030 0.030
ALPPR 1.327 1.328

SRALPR 0.068 0.067
RL 1.208 1.020

SRL 0.301 0.279
CALC WATTS R 91.632 113.258

SWR 11.601 11.854

CALC WATTS 114.474 141.463

sw 15.102 15.440

OBS WATTS 95.000 100.000
DT CALC 13.395 16.866

1.822 1.857
SDT
OrPS DT 15.000 18.000

A
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'APPENDI-X B3

COMPUTER PROGRAM

/ID) 01 6367080*Mý-6S9 ROBERTS*CHARLES
/J'013 TIMiE=10,G'rl

DIMFNSTUN AAN(40O),F(400),O2F(40O).DIFF(4O00,tX(400)
OMON, RHOPIf,tJL,ALHILRE,3RHFGAKSKS.AL
nO 681 II11,1O
READ, HV
REA09,SRV
P V P V/2.
SRV=',;V/2.

RE: AD .A IL

READ, AL
READ, AK.
RE AD 1, AK

READoRr' ~oue romf
R FA D9S k bes, available COPY*
READ I00*RH0FHFG
READ) 100,)SIGMAIJL
READ 100,I1,SH
READ 100,TT,ALPP

100 FORMAT([:23.79,F2O7)
200 FORMAT("-i20o79F"20s7qE20oI)

WR ITE( 6.102)
102 FORVJAT(G 'X,*AK*,13X,'SK',15X,*RE',15X,'SR',15X,'H*,15X,'SH',/)

WRI 1E16, 101) AK9SKEESP¾H9SHI
101 FORiV.AT(2X, 1PE1?-5,4X.1PE1l2.5,;4X,1PE12.5.4X,1PE12.5,4X,1PE1?.5,

14X, IPE12*S9/)
SRALPP=* 03
DO 400 KLl,93

C, ~W I TF( 6,103)
103 F3PMAT((6X*AL.PP',/)

WkITE(6o104) ALPP
104 F0RNAT(2X,1pf(12o5,/)

PR INTSaAL-PP
WRI-TE(b, 165)

165 FnFlNMA T(6 X '~TUMP 9/
WRITF(6,166) TT1/

166 FORP4A1('Xv1PE12*59/) I0

-fj4



-~ --.------ ~.'t' ~i#.'

kC L A ( YiA A~ RH F*5 *'Af'L'/ ,-4J

.F1'c TJ.A*i-7.

C= -1 C F," A*0 I7.',A14

02 '!AT( 2X, 9 9! r T "L.V W,-AT7S3 l ,2X.9 9fw PPALIJ;L I VY,FTSfl ,2 f'PIT-4tAL -

OrX 1' T I=AF

10 f Ij: 1j0~ S le. + A

6FXI -P4$ /1%1.

2" T-1, /102 V

95- 0 y IP I?.5
X 1; (-- A

1UY NT
I3X+( N *T.6

SjoCO1~ o~de O
e2i~yigbl eidCO



-P~ -66 ALPH

ALPHA4CI13/,(QTr*)
PR I lT 6669ALPHA43

300o FORM~AT(//-*CiOEFF! ClrEN.T -,P SKURFSIS ='.FZO.Q/*8/)

A4=AKT *0,'L.A'

A3S=C3/R!7-C2*I4
CALL 0JT.i0,W1,~
si-=si*c 3
S2=C2*SH
CALL. SUitMtTF(S3,'31,S2)
CALL PR0bCS4vZK,'ALvAKqAL)
CALL 0UCT(S59S4 ,!'PAL13PA4vALPP)
CALL Pr~lC.nSf.9S59S3*AS9AI)

PR INTS6 r ,,-e :

P0WA=C*#AKL*(AK/ALPP)*,)ll

POWK=C*ANL*C(AL/Al-fP) *()13
P0WLP=-C*AINL*( AL*'JSK/(ALP.P**2) )*0fl
QC=C*ANL.* C AK*-AL/ALPP)

k POWH=QC*(-C2)
POWRE=QC*(-C.3/(NE**2))
S7=(PfWA**2)*C SAL**2)+ r'WK**2) *(SK**2) +(POWLP**2)*SAP**'

1 (QH*) *(CSII**?) PQtre*()SR** 2)
S7=SORT( 7)
PR INTS7
CALL RCCLSn(FXeAR.S0~t'I,¼j')LPFNSPýALPN,4HSH)
AL PPALPP.N
SR ALPP=SR ALPN
PR I NT 9SPAtPP
CALL DLTATCPVS-,Vf:FXA09S(lSIG)

4(,0 CONTINUE
6~31 CONUINUL

CALL EXIT
END
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C ~ N~J !J tr N[EPQAT'lR PAO-rAC. A A.NFP (v')GIV/ES UNFIFORNI RANDlOM
N OM ef.-P I, G;A US-( K)- 'r-vMFS NO PVA L LY r ') TEC (091) NU M 6E: S

rC IF .ý-N FI-%" RE T?%JTTIAL-f7!zDi G''us f2Hnt)L) 1,0T ;,C- TNITiALIZFD,.

6)ATA 167- T

OATATWP/.Vt/

10 TSFT=
A=SC[T(-2. *At.rOC-(PJNF()) -

STrP=A'-Cr!:(p) -,\tN

20 1 E T = C.

B4



FUNCTMfN RANr(hi)

C FflRTI;AIl imUT LN E TrC':G.NFPATF FLOATING RAN[16: NUM.9Ei; qVF~ IHE

C QANGF ('.' 0.0 Tt0 rv.0

c RnTIN qYHARR AUPH~tJR** ?2-FEflRUAPY 1'9.9.

I C OUTVAL-:NCP (TXqQY)

DATA TX/722771/

I IF Mr. 'i.2 1

flANqF='LfAT(TX)/1040r57-.#)
R FT UP N.

3 1 X CNo 104;%ý37 r4)

4 RAN4F=RY

PETWUtN
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SUPV'IlJT INF SSrt,,.-0f)

()TMENOTC1N AANC~400),,F(fiti)0),P.F(400)o-zD1F-F(40()ý,X(4060)

on .3c i'1,N

-36 r-f I)=C.

L=N+l
M=1-+1 C

00n 114 1=L.

U=! X11 A".
S=CIG

PRINT 777,N

777 FOPAMAT(//GA.MPLF SIZE= .15)

(0.

3i DO ? I=I*N
I F( X(I)-Z) '1,2*2CI

I K=1-1 e

X(K)=X( Ii

X( I)=Z

Tr (Y) .5,6,4

G 0 TO C.

~, CONT T NJI

DO 91 1=1 N

0=1.

IF (X() I .¶SI

C. 2 IP((I)-x (K) 31,932 971

3 ? D0 52 .=19,N

L2=J4-
F3 X(L)=X(LP')

F(YI) -X(K)) `192 ?tll

JI CONITTNI

M = lL
flF77o.
D)O 7 1 1 =,9M

9 %3F-7= )F C7 I) SI-

DO 41 1=19,f

1 31 IJU= A~'l(UU

P=1 .
132 C:ONrT TN' i-

B6



P- -'A,*- 3 gP 4lT -3 ;

IF PIl) 114 i1.3 4,-.1
135 P X=1.I'

134 CO~NT'I IJE

DO q31 1=1 9M

31 CON T I NtI
PRWTr gi

SH8R DAP~r TO.FP' fTA OUN CY rJOSERVrr) FUNCTION
INO~ji"4L ''JNCTMfN AISOLUTr nIFFrCrENCEf)

rDIF~d9

-IF (cY!WMx-DiFF( I) ios5,$39, 1- Reproduced from
91'3 0IYLFVX=DIrF( r bespt =available copy.

A 3 CI)NT IN' V-
PRINTr 4OOrIFPWX

0O FfPA~ 1A/T/M ~A X I W11- A R c.nL U T 7 I' Fr-f-REMC F= ,F20 83

~rPTNT 433,pTf17'T
401 Ff. MAT(//c"(rJLMiOCrl~f1V -RITTCI-A VALUE AT 91) Pt'PCT CL~l *F15#kl/)

PFTURN'

u~B7



1) F - T A T.. (RV S'O'-'

~Ufl'fluTTN IC,L12 TC6 ,S!) G, )

C 1 0,~T1, 1-7Ta 10'

)=MCN 1*

No= IC' 0

IKP=218.*

fRd.C=7./ 12o
Do 5 T= 1 0
fRPV=(CAUS(O *S RV 4RV

SVCL= (3AUSr V0) GeSPFS 0ý 01+2) + FlrWI

P I vC-- .393/R Vc

QE.L (GAUS O)SO)4-O --

"SUk4p= r, ?F + QWjj,+Qrj C+0f CC

*n T( I ) =R * SIJPP
CALL ~LNNOITST
"IPIi"JT 100*'r)'.T,')T

E!N
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SU9 ~oUT-riNF~ AKVAL(N. X.ALSAL* AKtS(()
bDI K Ks-lf6m X(40.0)
PRIN~T 501-

501 FORMAT(#DA'TA IS')
DO 14J=,

14 PRINT 6219X(J)

*PRINT 16

1et FOQMAT(QSAIMPLF S!Z-F TS6)
PRlI NT e-,10 N

olO FORM~AT (IH 15)
DO 231=9
A=(GJAUl(0) *SAL)4AL

Z=N
suiA1=0

* DO 181 12=19N
181 SUM.=!UM+X(T?)

FV3AR=SUM/Z
sumsc=o *

DO vlil T3=1,o .tikr

SOSTr,-Inr' T( SUJMSON)
PRINT 1')6,9FX9AP,!C3IG

Iob F n,ý MA T(I/VF AN VALIJF I-,!C-?o8F// o STANCAQ0F I VArTfTlN=',20.P8//)
AF=SUMS, Z

X2=09

X4-os

v2X2~1+X(I)**

X3=X2+.X( T )**
21 X4=X4+X(I)**'4

CM?=:/?ý.V*(X2/7)A(Xl/Z)+',*(XI/7)**3
At.PHlA3=CfA3/(1501T (AF 1* 3)
PRINT 21019ALflHA3

a03 r'*OP?4AT(//QCOr'FlPCTNT cr SK'WNFSS =* F'PF0o8//)
M4 X 4/ Z-4*(X 1/ Z)(X 3/ 7 ) + iX 217 X1/7 *2- 7,ox1/Z7.*4

ALPHA 4-CM4/ (AF**P)
PRINT 3')1,ALPHA4

301 FORlVAT(//sC(EFFIClCNT CF KIJPTn1SI1 =,*F?0o8//)

AK=, fA

RETUN N
END O

1ýA



SU00r0t;T'TNE RVALu(tN.X*Rt:gR)

DT-MENSTON X(400)
PRINT 900

5900 fr& A T( 'DA TA I S~
Do -13- 1=19N

13 PRTNT 62flX(J)
£ 620 ~Fmot)T( lHF15.Eb)

PRIN~T 1I'

isF5 ~P MAT ( ISA MPtj: S T ZF T S*

PPINT f-11,oN

011 FOr.QIAT( IH 9T5)

D C 162 1 =1 N
162 X(.I)=C(INS-T/X(TI

Z=N

rin 19 2 7 "'=IN
182 stJrMstUMl+X (T2;)

E XB3AR = !l UM, 7

DO 102 T3=1 ,N

)M~0NIJV.~/ C7- 1)

SOS IGSO13RT (StMt4ýN)
"r-'TNT lC79FX~lA',S(OlT',

107 r-Or O./MrAN VALLIF ='.r-2nA*//. STA&NDAPr) DEVI ATION= 4 9FOo 3//)
AF = FU qC 7

X2=0.
SX3=0. Rerdue rom

X4=0* 
oy

fOn 22 t1=1 9
x1='xl4X(y)
X2=X2#X( T )*2Il X3=X3+((T )*c*3

PRINT 204,ALPHA?
3(04 FflPr4AT(// cnf-FICTfNT Cr: SKE'aNOSTS '',iF;!C.//)

PRNT) 1 1q,/ H

302 ~ ~ ~ ~ ~ ~ ~ c F AT Cf FICIFNTOFK1



SJRCUT I* MVALU (Ni,Xv AL,$ AL)
DIMENSIO'N XU4Q3)
PRINT 600

600 FORM'AT('SAM'PLE SIZE IS~i
PRINT 610,N

rkj610 FUa7?AAT( IH* 15)

&PI=3.14 !3q/576.

* DO 3a) T=,N
.30 X(1)I I *P1**Z -X I N*2)

16o{ SlJM=SU?41-X( T)

DO 00~ 13=l,PJ

1)0.

A4=O. Rrdube pY

DOLP O T-1 A R (FF*3)

X'IN = ,Al +X A

* ALPHA=CV31/(FF*R(FF2))
ORTNT 3D66,AL-P1A3

1C0 0 F0Q'AT(//lCfrFFFTCTCIYT CrF KUr-TCST'. ,OF20*8//)

AL =FX 1:A,
PE TUR N\
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5UH'LTTr MAN(N,9X*FXeAR9~SGIG)
D Mt rMC X'(4600)
PRINT 5o30

600 F 0 RMA-T C IS-Al4PLE ST7F ISO)

PRINT 5109N
610 -FDPIMAT( IH, 15

Z=N

10DO 180 1I=1,N C

EXflAPRqUk/Z

Dfl 190 T3=19N
iQO SUMS0=SLMSd+( X( 13i ýXi3An)**2

SUIMSON- GUM GO/( Z- I)
SQFIG=S(0RT(9UMSGN)
OPINT 59vr-X0AR,SeCSV,

!559 FORM1AT(//'FAN VALUE %-tqF2C.8//,'STA~Nr)AD D)FVIATI(eN=.,F20o8/,)
RcFTUP.
END

Copy ayciiilrhle to P1XC dOO9 10(
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SUIVZOUT_1NF PECEstS(QiSQ*ALFPN9SRALPN9H9SH)
DI-MENSION Y.JOO)
-CbMw,,N~ flHfjF9UL9AL9H1L R'7 9SR sHFG9AK 9SK ,SAL.

ýCOVNICI` /CLLK/RECFSLi, RE~SSL
AM0={C*&05692/(KPC.*14O.))

SAfIO=SQ-*.O.5692/t H-FG*60.)
,EL=14 95112 o

FH=t-/ 1?o
SF=W12.

A X=.()

DX=*25f 12.

C1=. * 5* A"0)/( r$-r**2) *32 .2*AK*AL)4(.5/24 * *FH
A=(A3 40*IL)/(AK*32.2*(THflF**2)*EL*3o*AL/4.)

8=FH/-2 o

DO ' 11.N

IF (-7C-t-IL) 596,6~
51 O)Pt=PD

OR INIT Pr)

3 CONTT IMJ=

6 RFCFSL=f:L-¶JX

ALr*FN='FCE'-L* *21(5 9273 IL)It+2. *EL/ o+. 5
NN= 10 0

00 9) 1=1,NN
RK=(GAtS(0 )*5V)+AbY
'7A=(GAIJS(0)*SAL)+AL

RA~i0= (GAU$ (0 ) *AtAO )+Ak1,
RH=(1AtJ;( 0)*S!-H) +FH
RTH=(C-AIJS( 0)*.C~i2)+,7F,

RC-- (UL*.5*RAVO )/( (1PrI**2') *22.2*rK*PA)+(0.9/24. *Ri
AA=(PA'.¶0*UL.)/VPK*-2.?*(iQHor**?)*FL-*PTH.*PA)

RSf=PI-/2 .
PL=(A Al?*. ')X**2) ( :LAA +r3) *flx+Rc

y ( I -R )
CONT IMJL

C~l W~N(Nt..VXOAP~X)Reproduced from

SPD=1F) b~estl available copy.

SL)PF =-A*-OX+FL*A+B
89=SPD* *2+SH**2
SRF5L=cQRT(fll?)/SL(7PF

0)O 10 1=104JN
RRFCSL-(GAU9(0)*SfI:US.L)+RECESL
RTHri0=( ,AU3( 0) *.014) +*jI

REL_(C.A1JS((O)*SEL)-4tl.
RTTH= (GAUS (0) *.04 ) +2 ./3.
RALrPPN=(PPFCSL**2)*PTHnr),REL+PTTH*PEL-+..e5

10 Y(I)=RALPPN
CALL I1AN(NN9YsXr3~6AP.X)
SPALPN=SX
PR TNT 9SRALION
PR! NT9,'X I
PRINT .SRFSSL_

M IDC p 0 C~)' to LXA.,_ dries U&

B13 pell.i.At fhly Lzc'.L'1 reproductioa



-MOP-"-

-U3RCVT!NE SUfJDIF(SA*SF-p-.C)
SA=EB**23+SC**2
SA=SQRT(SA)
RETURN
E 14r)

SUSIFCUTINE CUCT(SAvSBSC*EEARCSAR)
SA=({CLAR--*2)*(S!!**2)+(BDAR**2)*JSC**2))/(CBAR**4)

SA=SGRT (SAI
RETUrtK
E.ND

St~t3PCUTINF PPOP.(,SA,SF3.SC.EI2AR9CBAR)

SA=S~r;T( SA
RlETURN
r- N.) RepOduc.~j ropY.]

SUO'~rIJTrNE XSOAP;-(SX29SX:-XO-AR)
SX2=4 .AXt3AR*XPAR**SxS^x+2) *SX**4
SX2=SOPT( SX2)

END)

Cc-.Y cy ni" %c t ý0- t i rhld
I1 I rc 2b1
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APPENDIX C

HEAT PIPE EXPERIME-Tin TEST PROCEDUPES

The followAng is a step-by-step procedure for the testing

of a water heat pipe.

1. The heat pipe is thoroughly cleaned using trichloro-

ethylene, alcohol, and water.

2. - A wick is saturated with rresh distilled water and in-

serted into the pipe.

3. The wick is inserted with the seam facing down and

is forced against the evaporator plug.

4. The pipe is then filled with distilled water to fur-

ther saturate the clearance area between the wick and the

pipe wall.

5. The water is drained and 30 cc of excess water is

injected.

6. The condenser plug is inserted and sealed.

7. The pipe is then evacuated to 23 inches of Hg.

8. The evaporator is lowered and full power (100 watts)

applied. The start up is observed to avoid premature burnout.

9. When the pipe pressure reaches 0 psi, the condenser

valve is opened to vent any non-condensible residual gases.

10. After venting and resealing, the calorimeter is

turned on and the system allowed to reach an equilibrium

at the particular power level to be tested.

11. The evaporator is raised in increments of one fourth

inch until a wick burnout is attained. A burnout is defined

Cl



'7F

as a sudden temperature rise of more than 10F at the extreme

end of the evaporator after equilibrium is reached.

12. A second measuremert is made to determine the burnout

height within one eighth inch of the true height.

13. Data recorded at this time are:

a. Heat pipe temperature distribution

; b. Calorimeter flow and temperature rise

c. Pipe vapor pressure

d. Burnout height

14. The power is now disengaged and the evaporator seal

broken-

15. The gravity head is measured at the various burnout

heights, as shown in Figure 3.5.

16. The permeability is measured, as described in Figure

3.9. Thirty flow readings are recorded. Permeability is cal-

culated according to the formula K = uL'm/pAAp,, where Ap is

assumed to be the linear head loss through the wick.

17. The wick is removed from the pipe and portions of

it are placed in the wick apparatus, as described in Figure

3.12. If five consecutive identical readings are observed,

they are considered to be the mean and the standard deviation

is chosen to be one half the least count of the instrument.

r fr is calculated as: rfr = 2a/pGH.

18. The data are compiled for reduction.

The procedure for wire mesh wick manufacture is as follows.

1. The raw wire mesh is cut to size end the retainer rod

is welded to an edge.

C2



2. The wire mesh is inserted into the mandrel, wrapped

I:° in the tirapping apparatus (Figure 3.15) and welded.

4. .The wick is cleaned as follows:

Jý a. Ultrasonic cleaner with alkanox.

A b. Rinse with tirchloroethylene.

c. Rinse in methanol.

d. Rinse in distilled water.

5. The wick is oxidized in air at 850OF for two hours.

6. Storage is under distilled water.

C

i-'

,r;

-----. C3


