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ABSTRACT

After a review of heat and mass transfer theory relevant
to heat pipe. performance, math models are developed for cal-
culating heat-transfer limitations of high-temperature heat
pipes and heat-transfer limitations and temrerature gradient
of low temperature heat pipes. Calculated results are com-~
pared with the available experimental data from various sources
to increase confidence in the present math models.

For the convenience of the users of the present theory,
complaete listings of two computer programs for high- and low-
temperature heat pipes respectively are appended to the report.
Theée programns enables the performance of heat pipes with

wrapped~screen, rectangular-groove or screen-~covered rectangqular-

groove wick to be predicted.
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ABSTRACT

After a review of heat and mass transfer theory relevant
to heat pipe. performance, math models are developed for cal-
culating heat~transfer limitations of high-temperature heat
pipes and heat-transfer limitations and temrerature gradient
of low temperature heat pipes. Calculated results are com-
pared with the svailable experimental data from varicus sources
to increase confidence in the present math models.

For the convenience of the users of the present theory,
complete listings of two computer programs for high- and low-
temperature beat pipes respectively are appended to the report.
Theée programs enables the performance of hLeat pipes with
wrapped-~screen, rectangular-groove or screen~covered rectangular-

groove wick to be predicted.
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NOMENCLATURE

a nalf of groove width, Eg. (2.15)
A cross~sectional area, Eq. (2.4)
B a coastant in Eq. (2.16)
C permeability factor for capillary structure, Eg. (2.13)
Ce frictional coefficient, Eq. (2.9)
cpf liguid specific heat at constant pressure, Egq. (2.28)
Csf correlation constant, Eq. (2.48)
De effective di;meter of capillary pores, Eq. (2.49)
.Dg diameﬁér of vapor flow passage, Eg. (2.9)
F coefficient for loss of dynamic pressure, Eq. (3.18}
g 'gravitaticnal acceleration, Eg. (2.2)
iiquid rise in capillary tube, Eg. (2.2)
hf fdlly wettad liquid height in capillary groove, Eg. (2.6)
hfg heat of vaporization, Eq. (2.42)
Ke effective thermal conductivity of liquid saturated
wick, BEq. (2.24)
‘Ke thermal conductivity of liquid, Eq. (2.24)
Kw therral conductivity of wick material, Eq. (2.24)
me total liquid mass flow rate, Eqg. (2.13)
my liquid mass flow rate per groove, Eq. (2.20)
m'? liquid mass flow rate per unit length of evaporator
ox condepser, Fig. 2.6
m" vapor mass flow rate per unit of vapor flow area, Eg. (2.50)

ﬁ&xx maximum vapor mass flow rate per unit of vapor flow
¢ area, Eg. (2.59)
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Nomenclature (continued)

M Mach number, lg. (2.54)
n nambex of grooves, Eq. (3.19)
Ne l:iquid transport factor, Eq. (3.6)
Pg liquid pressure, Eq. (2.13)
pg vapor pressure, Eq. (2.9)
P gas stagnation pressure, Eq. (2.51)
Pvap vapor pressure, Eq. (2.44)
pliq liqid pressure, Eq. (2.44)
Apc capillary pumping pressure, Eq. (2.1)
Apf pressure drop due to liquid flow resistance, Eg. (3.1)
Apg pressure drop due to vapor flow resistance, Eq. (3.15)
.Apg averagea pressure drop due to vapor flow resistance, Eq. (3.26)
Aps pressure drop due to gravitational force, Eq. (3.14) '
P wetted perimeter, Eqg. (2.4)
q' heat transfer rate per groove per unit length, Eg. (2.36€)
q” heat transfer rate par unit area, Eq. (2.48)
Q heat transfer rate, Eq. (3.11)
Qmax | maximum heat transfer ra%e, Eq. (2.59)
: xr radius, Eq. (2.3)
X, radius of vapor bubble, Egq. (2.24)
i r, effective capillary radius for liquid flow, Eq. (2.13)
r, irner radius of heat pipes container, Fig. 2.1
rg radius of vapor flow passage, Fig. 2.1
1T principle radius of curvature of meniscus, Eg. {2.1)
iv
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Nomenclature (continued)

radius of capillary tube, Egq. (2.5)
equivalent radius of capillary structure, Eq. (2.8)

Reynolds number based upon axial velocity and
radius, Eg. (2.11) :

Reynolds .umber bascd upon radial velocity at tuke
wall and radius, Eq. (2.11)

thickness of wick structure, Eq. (3.3)

Tenperature, Eq., (2.29)

condenser wall temperature, Eq. (3.30)

evaporator wall temperature, Eq. (2.30)

vapox temperature, Eg. (2.31)

temperature difference defined as (Te-Tg), Eg. (2.40)
temperature difference defined as (Tg-Tc), Eq. (3.30)
stagration temperature, Eg. (2.52)

axial velocity, Eag. (2.9)

bulk average axial velocity, Eg. (2.9)

radial velocity at tube wall, Eq. (2.11)

Weber number, Eg. (2.60)

co-ordinate axes, Eg. (2.29)

axial distance, Eq. (2.9)

length of adiabatic section, Eq. (3.4)

lengyth of condenser, Eq. (3.4)

length of evaporator, Eq. (3.4)

total length cf heat pipe, Fg. (3.3)
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Nonmencleature (continued)
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defined as (pr/dz)/uf, Eg. (2.14)

ratio of specific heats, Eg. (2.54)

groove depth, Eq. (2.16)

porosity of capillary structure, Eg. (2.24)
wetting angle, Eq. (2.5)

liquid dynamic viscosity, Eg. (2.13)

vapor dynamic viscosity, Eg. (e.1l8)

liquid density, Rqg. t2.13)

vapor density, Eq. (2.20)

gas density at stagnation state, Eq. (2.52)
surface tension, Eg. (2.1)

shear stress at tube wall, Eg. (2.9)
nondimensional temperature, Eq. (2.31)

heat pipe elevation angle, Eg. (2.41)

groove width, Eg. (7.22)
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I. INTRODUCTION

An Integrated Cryogenic Cooling Engine System1 (ICICLE)

currently under study at Goddard Space Flight Center is an
attractive concept for providing long life cryogenic cooling
space. Fig, 1.1 is a schematic illustration of the ICICLE
System concept. A miniature Vuilleunier (VM) cycle cryogenic
engine is the central cooling refrigerator. The engine has
three temperature regions: a hot volume (x900° K), an ambient
temperature volume (=310° K) and a cold volume (75° K)}. The
VM engine operates on thermal power which is provided by a
radioisotope. Because safety considerations will dictate the
location of the isotope and experiment requirements will
dictate the location of spaces which must be cooled, the com-
ponents of the ICICLE System will be distributed on a space-
craft. Consequently, heat pipes ranging from cryogenic to
liquid-metal temperatures are used to couple the VM engine to
other components of the system.

An objective of this research is to develop math models
for predicting performance of heat pipes of various wick
structures (e.g. wrapped-screen, opch~dgroove ard screen-
covered-groove wicks) and temperatures ranging from cryogenic
to liquid-metal temperatures. As far as possible, the confi=-
dence in theoretical predictions will be established by com-

- parison of theory with available experimental data.
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Secticn II below is devoited to a review of heat and mass
transfer theory leading to the development of present math
models which is described in Section 11y, Also included in
Section III are comparisons oi present predictions with avail-
able experiments. For the convenience of users of the present

math mcedels two complete program listings for calculating

performance of low- and high-temperature heat pipes respectively

are appended to the report.

Conclusions and recommendations for further work are given

in Section 1V.
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Figure 1,1 Schematic 1llustration of the ICICIE
system concept
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II. REVIEW OF HEAI AND MASS TRANSIER THEORY

l. Intreductory Remarks

- et e

A well-known metrod for the transfer of a large amount

TN AR ST YA AT Ry S o

of heat with small temperature drop consists of the evapora-

tion of a liquid, transport of the wvapor through a duct, and -
subseguent condeansation. In order to work continucusly, the '
condensate must be returned to the evaporator. Ordinarily

this step is accomplished_by gravity or by a pump. In a heat .
pipez, the return of liquid is accomplished by a wick of -
suitable capillary structure.

The principle of operation of a simple cylindrical heat
pipe is shown schematically in Fig. 2.1. The wick is saturated
with a vetiing liquid. In the steady state the liquid temp-
erature in the evaporator is maintained higher than in the
condcnser by an external heat source. The resulting difference
in vapor wressure Apg drives vapor from the evaporator to con-
denser. The depletion of liguid by evaporation causes the
vapor-iiquid interface in the evaporator to retreat into the
wick surface and a capillary pressure is developed. This capil-
lary pressuré pumps condensate back to the evaporator. The
heat pipe can operate without drying out the wick as long as
the capillary pressure term is greater than or equal to the

sum of pressure drops due to licquid and vapor flow resistance

and gravitational forces acting on the liquid.
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The temperaturs drop of a heat pipe equals to the sum of
the temperature drops at the evaporator, vapor flow passage
and condenser. Because of the usual thinness of wick struc;
tures and the small temperature drop at the vapor flcw passages,
the heat pipe exhibits a thermal conductance greatly in excess
of that which zould be obtained by thc use of a homrogeneous
piece of any known metal.

However, uvnlike so0lid heat conductors, heat pipes cannot
be characterized by a single property as equivalent thermal
conductivity. Limitations and thermal conductance cf a heat
pipe are dependent upon not only the size, shape and materials
of the heat pipe but also its heat transfer rate, wick struc-
ture and working fluid. Heat pipes using working fluids
ranging from cryogens to liguid metals have been developed.
Different types of wick structures have been used; several
exam.ples3 are shown in Fig. 2.2, Heat and mass transfer theory
relevant to heat pipe performance are reviewed below.

2. Capillary Pressure in Wick Structures

The well-known Laplace and Young eguation for the capil-
lary pressure difference, Apc, established at any point of a

liquid vapor incerface is

Ap = c(l/rl + l/rz), (2.1)

c
in which xy and r, are the principal radii of curvature of

meniscus and ¢ the surface tension. The commonest method cf

measuring pressure differences across the meniscus in a
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capillary is the abservation of vertical liquid rise, h.

Ap, can then bhe related to h by the equation
bp, = (pf - pg)gh, (2.2)

; where Pe is the liquid density, pg is th= vapor density and

: g is the gravitational acceleration. For an approximate
treatment of the capillary rise, when the radius of curvature
of the meniscus is much smaller than the capillary rise,
Eq. {(2.1) can be reduced to a simpler relation with one radius

of curvature, r, ana the pressure-difference equation becomes

bp, = 20/t = (pg = pg)gh. - (2.3

In the case of a perfectly wetting liguid in a capillary tube,

oy o

tie radius of curvature of the surface of the meniscus ¢ approxi-

mates the hydraulic radius of the capillary, R, defined as

— ey

R = 27/, (2.4)

where A is the cross-~sectional area and P the wetted pzrimeter.

e

{ If the liquid, however, does not wet the capillary surface

é completely, an angle of contact between the liquid and the

| solid surface; 8, will be observed and the radius of curvature
becomes r = R cos 8. Then, the capillary pressure dilferences
and the vertical liquid rises can be accertained by the

relation

Ap

: c = (pf - pg)gh = 20 cos 6/F. (2.5)
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The liquid-vapor interface in a capillary groove under
the action of gravity is chown schematically in Fig. 2.3.
Experimental and theoretical studies of liquid interfaces
in different shaped grooves havé been made by Bressler and
Wyatt4. It was found that both the measured and the cal-

culated fully-wetted height can be represented accurately by

a similar relation as given in Eg. (2.5)
ap, = (pg - pg)ghf = 20 cos 6/R (2.6)

as shown in figs. 2.4 and 2.5, when R for an open groove of
cross-sectional area, A, wetted perimcter, £ , and width, uw,

is calculated by the equation
R = 2a/(@~-w) (2.7)

instead of Eq. (2.4).
Hence capillary pumping pressure, when pg << pgs Can be

calculated by the equation
Ap, = 20 cos B/RE (2.8)

with Re. designated an equivalent radius defined as 2A/f for
capillexy tubes and 2A/(P~w) for open capillary grcoves, i

3. Vapor Precssure Drop

A stationary vapor control volume of diameter Dg and
width dz with mass transfer per unit width m' is represented

in Fig. 2.6 with the terms whuch appear in the momentum

11 '




((@cpPu?)/2)dz

— —_ e = = e
x a
2 Ap  ——— e v+ (dAT/d2 Vd2
g
- - - - lr
Y- J— ——w= APu?+ (dAPu?/dz iz
‘ - exs weas eu» - - e e mm o oum o® J
pamatnl) s—————— w—ﬂ
L]
~ dz " -

Figure 2.6 An elementary control volume for varor flow
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equation, where m' may be positive, zero or negative depend-
ing upon whether the evaporatcr, adiabatic secttion or con-
denser of a heat pipe is under consideration., The principle
of conservation of axial momentum requires chat
*
dpg/dz = —2cfpgﬁz/Dg - 8(d fzg/z Py uzrdr(dz)/Ds, (2.9)
in which pg is the vapor pressure, z is the axial distance,
¢, is the skin friction coefficient Ts/(ogﬁz/2), Re is the
Reynolds number ngDg/ug,ug is the vapor dynamic viscosity,
u is the vapor velocity, and u is the vapor bulk average
velocity.
Integration of Eg. (2.9) from 2z = 0 to z = zt(=ze+zg+zc)
: yields a relation for the total vapor pressure drop
z

. t -
: = 2z
: Apg fo ( £PgY

/p_)dz. (2.10
g
It was noted in the apbove integration that u = 0 at both ends
of a heat pipe. This Eg. (2.10) can be evaluated if the skin
friction coefficient Ce is known.
The values of C¢ for laminar flow may be obtained from

numerical solution of complete Navier-Stokes equations for

the tube fin 1 wall suction and injecticn. The dependence

*With negative m' axial momentun flux associated with m' (=m'u)
may be subtracted from the righthand side of Eg. (2.9); but
for heat pipe application condensation occurs at the vicinity

- of theliquid-vaper interface where u is small, so it is neg-
T lected ir the present analysis.
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Eq, (1.11), .

14




AR e e D

P TS—
sRLLLTOIT

X T

of the fully developed che on the wall Reynolds number

5.6 is

VI A e

Re ( pgng/ug) from Yuan and Finkelstein's solution

shown in Fig., 2,7, It can ke seen in this figure that the

empirical eguation

CeRe = 1/[0.048 + 0.0494/(4.7 + new)o'B], (2.11)

CTIIRT e Wrv

.o

accuritely repraesents the exact numerical data for negative
as well as positive Rew. It can alsoc be seen in this figure
that at Re = 0 Ec. (2.13) reduces to K

che = 16/Re, (2.12)

which is the well~known (lagen~Poiseuille solution for the
fully developed tube flow without wall mass flux. i

It should be noted that in the above derivation of
Eq. (2.10) for the vapor-pressur<e drop complete recovery

of dynamic pressurc due to vapor ‘relocity has been assumed.

N

However, it can be seen in Fig. 2.7 that the friction coef~-

ficient Cer and therefore the velocity grazdient at the wall

A3 N AT S o PRy S AR el e him s =

alsc, bccones zero at Rew = =4,5978, At further increase
in suction, negative velocity gradient exists at the wall; a :
and reverse flow is likely to occur. When the flow reversea
occurs, the recovery of dynémic oressure becomes difficult7. -
Unfortunately, no quantitative information is available at 3
the present time to account for tiae loss of dynamic pressure

at reverse flows. This information is urgently needed,

because most heat pipes have large /Rew/ values at tne condenser,

15
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4. Liquid Pressure Drop

For the flow of liquid through capillary structures, the
liquid prensure gradient in the axial direction dpf/dz may be

calculated by the equationz,
N (g2 :
dpf/nz cufmf/(Arepf), (2.13)

where ¢ is 2 dimensionless constant depending on the detailed
geonmetry of the capillary struvcture, Mg is the liquid dynamic
viscosity, mg is the liquid mass flow rate, A is the total
cross-sectional area for liquid flow, r, is the effective
hydraulic radius for liquid flow , and Pe is the liquid
density. For non-connected parallel circular cylinder c = 8,
and for concentric annular ¢ = 12. However, for wrapped
screen rthe value of ¢ is uncertain and dependent upon the
screen mesh size and the wrapping tightness.

For liquid flow in passages of simple geometry such as
those of open and closed grooves shown in Figs. 2.8, expres-
sions for the pressure drop may be derived by theoretical
consideration. The governing equation for the fully developed

lasiinar flow of liquid in grooves can be written as

2

2%u/9x?% + 2%u/ay? = «a, (2.14)

where a is defined as (dpf/dz)/uf. Eq. (2.14) can be solved

with appropriate boundary conditions. For example, for flow
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in an open rectangular groove of Fig., 2.9 the boundary condi-

tions arsa:

u=0, @ x=+as&ay=20; and 3u/3y = 0, @ y = §; (2.15)
and solution of Eq. (2.14) may be sought in the form

u = B(a? ~ ¥2)y (6 - y/2) | (2.16)

whick satisfies the boundary conditions (2.15). In accordance
with the method of Galerkina, we obtain for determination of

B the equation

5 (3%u/0x%+3%u/0y%-a) (a%-x%)y (§-y/2)dxdy = 0. (2.17)
»=0 y=0
whence
2 . .2
B = 5a/[4(a% + 6%)] (2.18)

and the required solution is
u = -Sa(a®-x%)y(6-y/2) /(4 (a%+6%)]. (2.19)

Now mass flow rate in each groove m, may be determined by
the equation
a §
m, =2 S / p pudxdy . (2.2C)
x=0 y=0
On substitution of u from Eq. (2.19) into the above Eg. (2.20)

there is obtained

19




m, = -5p.0a°6%/9 (a’+5%) - 2,21)
or
dp,/dz = -18(w?+486%)u_m /(507670 ) , (2.22)

for the liquid pressure drop in an open groove of depth § and
width w.

If similar analysis is made for liquid flows in covered
grooves of depth § and_width w, the resultant expression for

the pressure gradient will be
dpg/dz = =72 (0%+s%)um /(507670 . (2.23)

5. Heat 7Transfer

The primary heat-transfer mechanism for heat pipes is
thermal conduction through the liquid saturated wick witﬂ
surface evaporation at the evaporator section and film
condensation with conduction through the liguid-saturated
wick at the condenser cection. Values of the thermal con-
ductivity of heterogencous materials such as the liquid-
saturated wick are dealt with by Gorring and Churchillg.

The simplest configurations, as shown in Fig. 2.10,
consist of arrangement of wick material and liquid in sexries

or parallel. The exact solutions for these cases are ro-

spectively,

K, = Kwa/IeKw + Kf(l—e)] (2.24)

20




Direction of heat transf~

——’-

////// |

/////::;id liquid o

J J// _§
LLLa _ -

iy a e

Series arrangement

Direction of heat transfer
-

7770

liquid

pai el e

a

Parallel arrangement

Ch s

i

Figure 2.10 Heat transfer model for serles or rarallel acrangement of
liquid-saturated wick structures

e sl BT (SR R U

21




7N
Z
<

Figure 2.1l Hzat transfer model for cubic array of truncated 5

spheres :

{

' i

22

- L L DA ke VY ke e L




and

K, = eKg + (1--6)!(w | (2.25)

in which € is the volume fraction of liquid, Ke is the thermal
conductivity of the liquid saturated wick, Ke is the thermal
conductivity of the liquid, and Kw is the thermal conductivity
of the wick material. Thermal conductivities for the liquid
saturated wick of distributed cylinders and spheres can be

calculated respectively by the equations

K, = Kf[KfH{w —(1-5)(Kf—Kw)]/[Kf+xw+(1-e)(xf-Kw)], {2.26)

and

K
e

Kf[ZKf-I-Kw -2(1_5)(Kf_Kw)]/[2Kf+Kw+(l-E)(Kf-xw)jf {(2.27)

The thermal conductivity of a simple cublic array of adjoined,
truncuted spheres having circles of contact of radius r as

illustrated in Fig. 2.11 is as follows:
Ke = Kw/[(R/r) + (ln2R/r)/7}, (2.28)

when fluid surrounding the array is postulated to have zero
conductivity and the radius of contact was assumed to be small
relative to the radius of the spheres.

For some simple geonmetries, analytical expression for
film evaporation and condensation can be derived in a straight-
forward manner, For exemple, for the case of film evaporation

from rectangular grooved wick as shown in Fig. 2.12 with Kf << Kw

23
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if liquid depletion is neglected, the conduction equation

for the liguid in grooves may be written as:
2%7/5x% + 2%1/3y2 = 0, (2.29)

and the approximate boundary conditions may be written as:

@x=0, x=we&y=20: T =-evaporator wall temp-
erature, 7T _;
e
@ vy =48: T = vapor temperature, Tg' (2.30)

On the introduction of ¢ defined as:
¢ = (T—Te)/(Tg-Te), (2.31)
Eg. (2.31) becomes

52¢/3%% + 3%¢/3y% = 0 (2.32)

LI,

with boundary conditions
ex =0, x=w&y=2=0:¢=20; and @y = &: ¢ = 1, (2.33)

A solution of Egq. (2.32) with boundary conditions (2.33) by

the separation-of-variables method is:

¢ = (2/7) L {[(-l)n+l + 1ll/n}sin(nnrx/w) sinh(nny/w)/sinb{nné/w)
n=1l

(2.34)

A AL RSP R Tl e S L TR A MR T Bt 4L e i e

Hence the temperature of the liquid is given by the equation

T = Te+(Tg-Te)(2/ﬂ) El{[(-1)n+1]/n}sin(nnx/m)sinh(nny/w) 3
n= 3
/sinh(nwé/n). - (2.35) ;
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Thz Leat transfer pei unit length of the rectangular grcove :
gq' ~an then be calcuilated by the equation: $
w/2 : é
! = - -« -

q 2K, fo (BT/ay)y=o dx, (2.386)
that is 4
x
« _ :
(T -Tg) = q'/{K (4/7) I [2/(2m+i)]coth[(2m+l)ws/w]l}. (2.37) :
n=0 z
Now let %
¢S B
£(6/w) = w/{4 £ [(2/(2m+l)coth((2m+1)w6/w)i}. (2.38) ¢
m=0
1

Fig. 2.13 shows that the exact values of f(§/w) can bhe

g -

represented accurately by the equation
£(6/w) = 0.185 thl5.4(8/w)]. (2.39) 4

Hence the evaporstor temperature drop for the rectangular R
grooved wick with K, << K, can be calculated azcurately by

the eguavicn N

aw, = 0.185 g'{th[5.4(8/w)1}/X . (2.40) _ﬁ

6. Miscellareous Topics

(i) Gravitational force. The pressure drop cue to gravity

Aps in a column cf ligquid as shown in Fig. 2.14 can be cal-

ulated simply by the equation
Aps = gfgzt sin ¢, (2.41)

where Aps is defined as (p2 - pl) and g is the gravitational

acceleration.
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(ii) Vapor temperature drop. The Clausius-Clapeyron
equation with the perfect gas approximation rszlates Tg ard pg

along the saturation 1line

dpg/dTg = hfgpg/Tg (2.42)

where hf is the heat of vaporization. Hence the wvapor

g
temperatuxe drop ATg ig related to the vapor pressure drop
qu by the equation

T =T.A . .4
A g g pg/(pghfg) (2.43)

(iii) Nucleate boiling. Imagine a spherical vapor

bubble of radius Ty, in a liguid; at equilibrium

2

nry, (pvap - plig) = 2nrbo. (2.44)

For heat pipe application Pvap corresponds to the saturation
vapor pressure at the evaporator wall temperature Te and
pliq cofresponds to the pressure of the vapor at the evap-

orator pg Eq. (2.44) cen be written as

Pe = Py = 20/xy. | (2.45)

-~

Since (p_-p_.} ~ (T_-T_ )(dp/d4T), we can combine Eqs. (2.42) and
e g e g
(2.45) to get

Te-Tg = 2Tgo((hfgpgrb). ‘ (2.46)
Hence if
T - A -« .
e Tg > 2'1‘g U/(hfgpgrb) | (2.47)

wrre.
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a bubble of radius r), will grow and nucleate boiling may
occur.

A'large nunber of experimental data for nucleation
boiling have been reported; and a number of correlation
equations for empirical data have been derived. RohsenowlO
reports the following correlation equation which satisfachorily

represents the pool nucleate boiling data of a number of

investigators:
1/3
Cpf(Te"Tg)/hfg = Csf(IQ"/(uhfg)/G/lg(pf-p§)1} (ufcpf/xf)

(2.48)

in which cpf is the liquid specific heat, g" is the heat flux -
density, and CSf is the correlation constant ranging from
0.002 to 0.015 dependent upon surface~fluid combinations., Fox
example, for water-platinum combination cgf = 0.013 and for
water-nickel Cpe ™ 0.006.

Allingham and McEntirell, made both theoretical and
experimental studies of rucleate boiling from water-saturated
wick material., They ~ecimmend the following correlation

eguation:

4"/ 106 (Tg=Tg) ] = 0.072(c eue/Ry) ™0 6 (pgoyp2) 70+ 22

-0.77 ;
(D G/u¢) ' _ (2.49) :

YT RSTUR
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where G is dcfined as é"/ehfg, € is ihe wick porosity and

D_, is the effective diameter of the capillary pores.

e
(iv) Sonic velocity. For gas flow with wall injection

and suction as shown in Fig. 2.15, the maximum axial mass
flux density m" occurs at the downstream end of the injection
section. On consideratiqn of a control volume for the in-
jection section, the conservation of mass, momentum and energy

reqguires tnat

m" = pu, (2.50)

P, = P + pu?, . (2.51)
2

T, =T+u /(2cp); | (2.52)

and the ideal gas law states that
Po/ (PoTy) = P/ (PT). (2.53)

In the above Eqs. subscript o indicates stagnation state of
the injected gas. In terms of Mach number M, Egs. (2.50)

through (2.52) may be rewritten as:

m" = pM/YRT, (2.54)
p/p = 1+ yM%, (2.55)
T /T = 1+ (y=1)M%/2. (2.56)

In the above Egs. vy is the ratio of specific heats, and R is
the gas corat&nt. Combination of Egys. (2.53) and (2.55) and

(2.56) yields an expression for the density ratio
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po/P = (ieyM2) /[ L+ (y=1)M2/2] . (2.57)

. From Egs. (2.54), (2.56) and (2.57), the following expression

. .
for m" can be derived

" = p /YRT, ML+ (y=1)M2/21% 2 7 (14yM®) . (2.58)

The maximum mass flux deunsity possible ﬁ%ax for a given

stagnation condition is at M equal to unity. m" x can there~

fore be calculated by Fig. (2.58) with M = 1, i.e.

Mo = PoYYRI 7 TZ(Y+1V] (2.59)

(V) Entreinment. For a vapor flow over a liquid surface,
the force which tends to tear the liquid apart is proportional
to the product of dynamnic pressure pgﬁz/z and square of a
characteristic length az. and the force which holds the surface
liquid is proportional to the product of surface tension of
the liguic. 0 and a characteristic length a. At high velocity,

some liquid aay he entrained by the vapor., Weber number Wb

defined as the ratio of the two forces mentioned above, namely:

Wb = pgu“za/c, (2.60)

is used as a criterion for the liquid entrainment.
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iII. PERFORMANCE OF HEAT FIPES

Pexrformance of a heat pipe is dependent ugon the préper—
ties of its working fluid. An approximate analysis of heat
pipes with various working fluids will first be made below
" and then mathematical médels for steady operation of low-
temperature as well as high-temperature heat pipes will be
developed.

1. Approximate Analysis

For gualitative comparison of heat-pipe perfocrmance with
various working fluids, an approximate theory is to be
developed for a simple cylindrical heat pipe at horizontal

orientation as shown in Fig. 3.1. The following simplifying

assumptions are made:
{1) Liquid wets the wick completely,
(ii) Vapor pressure losses are negligible,

(iii) Wick thickness t is much smaller than the radius
of the vapor flow passage,

(iv) Heat flux density is uniform at the evaporator
and condenser surface,

14
»
b
i
3
i
&
2
#
14
(2
1
=

(v) Thermal conductivity of the liquid-saturated
wick is proportional to that of the liquid.

The pressure bélance for steady operation of this heat pipe

SENATT PV res o

can then be written

e

Ap. = Apg. - | (3.1)
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At the maximum heat flux Qn capillanry pressure Apc can Lbe

axl
evaluated by Eq. (2.8) with 6 = 0, i.e-

4p, = 20/Ry (3.2

and liquid pressure drop due to flcw resistance Apg can bLe
¢ evaluated approximately by integrating Eq. (2.13), namely:

Z

; Apg = fot

[cufmf/(Zntrierfe)]dz. (2.3

In this Eq. (3.3) the axial distribution of me in terms of

4 3 »
Qmax can be written as:

€0<z¢ Zet Me = Qpax z/(zehfg)
¥V R =
3 @z, <z < (z4z,): mg Qmax/hfg
@ (z,+z,) 2 2z me=Q. {l—tz-(ze+za)]/ze}/hfg
; (3.4
é_ Substitucion from Eq. (3.4) followed by integration results
i '
? in the following expression for bpg:
-

VR _ , 2 :
i Apg = chafo(ze+22a+zc),(4pfhfgwrirete). (3.5
fix
‘:{-(

o Combination of Egs. (3.2) and (3.5) yields an expression
f,‘_‘v:
4 for Qmax.'

¥

i Q .. ” th{SHrirze/EcRE(ze+2za+zc)]}. (3.6

max




Where Nf is the liquid transport factor defined as cpfnfg/uf,
and it is a function of the working-fluid properties. All
other terms on the right hand side of Eq. (3.5) depend on the
heat pipe design. Fig. 3.2 shows the values of the liquid
transport factor, Nf, for several heat-pipe working fluids.
The temperature gradient of a heat pipe is determined by
the heat flux density and the radial thermal conductance of
the wick material saturated with the working fluid in the
liquid state. Based upon the simplifying assumptions (iii)
and (v) described above, the conductance of the ligquid-
saturated wick U is seen to be propertional to the thermal

conductivity of the liquid divided by the wick thicknesé, i.e.,
Ut K/t or AT <€ Qt/K.. ' (3.7)

Now for a heat pipe of fixed physical dimensions, its
approximate operating characteristics with different work-
ing fluid may be derived from Egs. (3.6) and (3.7). These
are: (a) the maximum heat-transfer capability of the heat
pipe is directly proportional to the values of liquid trans~
port factor of the working fluid, and (b) the temperature
drop at equal heat-transfer rate is inversely proportional
to the liquid thermal conductivity of the working fluid.

Fig. 3.3 shows the values of the liquid thermal conductivity

for several fluids.
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Similarly.; the approximate operating characteristics of
heat pipes of equal maximum heat transfer capability may also
be derived from Egs, 3.6 and 3.7. These are: (a) the wick
thickness required is inversély proportional to the value of
the liquid transpert factor of the working fluid; and (b) the
temperatﬁre drop at equal heat transfer rate is inversely
proportional to the product of the liquid thermal.conductivity-
and the liquld tcansport factor, For the convenience of future “

referance, this product is named the liquid thermal conduc-

tance factor. Its values for several fluids are plotted in

Fig. 3.4-

v W

The foregcing are the relative operating characteristics
of heat pipes in terms of the ligquid transport factor, liquid

thermal conductivity and liguid thermal conductance factor.

TN TP AL S A A T e

The high values for the liquid-metal fluids, as can be seen

in Figs. 3.2 through 3.4, indicate large heat transfer

—
RIL T, ROy

capability and small temperature drop for the high-temperature

o

heat pipes. It is often possible to consider the high-

e

tomperatare heat pipe as an isotnermal device. On the other

LR AR Oh

hand the low values for the cryogenic- and ambient~temperature

fluids iandicate that the ‘emperature gradients is required

[V R T

20 be considered for the lcw-temperaiure heat pipes.

2., Paerforrmance of High-Temperature Heat Pipes

As seen in the above section, the temperature gradient

for high-temperature heat pipe is expected to be small. For
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Schematic dliagran of a cylindrical heat pipe with various

wick structures

Figure 3.6
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the performance, its heat-transfer capability is of main con-
cern. Theories for the calculation of heat-transfer limita-
tions have been developed by several authors, for example, see
Refs. 2 and 3, Indivicdual limitations indicated in Fig. 3.5
are congidered by Kemme3. Following tha work of Kemme, we
defive a mathematical model for cylindrical high-teiperature

heat pipes at various wick structares as shown in Fig. 3.6.

Sonic limitation. The maximum Mach number at the

evaporator exit is unity. For given valuves of vapor temper-
ature and density at the upstream end of the evaporator

Tg and Pg e the maximum mass flux density mﬁax t the exit

of the evaporatcr, assuming that vapor behaves like an ideal

gas, can be calculated by Eq. 2.59, namely:

Mo = Pq /TRTg/IZ(Yﬂ) T, (2.59;

where the value of y for monatonic gases in 1,667 and that

for diatonic gases in 1.4. As the value of ﬁﬁax is related

to the maximum heat transfer rate by the equation:
m" = Q /(wrzh )] (3.8)
max Mex g £g’"* *

Combinaticn of Egs. (2.59) and (3.9) results in an expression

for sonic limitation:

Qg = pg:nfgu-gz ARE_7TZFDT. | (3.9)

it b e



Entrainment limitation. If the dynamic pressure of the

vapor is excessive, some ligquid from the wick-return system

may be entrained. Once entrainment begins in a heat pipe,

fluid circulation increases until the ligquid-return path

cannot accommodate the increased flow. This causes dryout

and cverheat of the evaporator.. Weber number defined by

Eq. (2.60) i.e., Wb = pgﬁza/c, can be used a3 a criterion

for the entrainment limitation. Magnitude of the charac-~

teristic length 'a' in the calculation of the Weber number

is dependent upon the wick structures, which can be empirically

determined for different structures cnce and for all. The

entrainment limitation can then be determined by the equétion
pgﬁza/o = 1, © (3.10)

As u is related to Q by the equation
8 = /(nx2p_h, ) (3.11)
g g fg

Substitution of Eq. (3.11l} into (3.10) yields the following

equation for entrainment limitation:
= 2 -
Qmax = nrghfg/opg7a . (3.12)

Wicking limitation. When the sum of prassure drops due

to gravitational forece and the resistance for liquid and vapor
lows balances the maximum capillary pressure, wicking limi-

tation is reached.
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The maximum capillary pressure for a given liquid-wick

combination can be calculated by Eq. (2.8), i.e.
Ap, = 20 cos B/RE (3.13)

where 8 is the liquid-wick wetting angle, aand RE.is the
effective capillary radius which equals to 23/¢ for the
meshed-screen wick and eguals to 2A/(F-w) for the wick of
open grooves.

The pressure drop due to gravitational force is

calculated by Eq. (2.41), i.e.,
Aps = P92, sin y. (3.14)

The vapor préssure drop can be evaluated by integrating
Eq. (2.9) with values of C¢ fer the evaporator and adiabatic
section being calculated by Eq. (2.11). For the condenser at
IRewl < 4.5978, Ce values can also be calculated by Eq. (2.1l1).
However, IRewl values at the condenser of heat pives operating
at this maximum heat-transfer capability are usually greater
than 4.5978. Under this circumstance the reverse flow is
likely to be developed at the condenser and the recovery of
dynamic pressure at the condenser becomes difficult. At the
present time, no quantitative information of pressure reccovery
at the condenser is available. It will be assumed that the
dyrnamic pressure at the down;steam end of the adiabatic

section will be lost at the condensex. The total pressure
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can then be evaluated by integrating Eq. (2.2) from z = 0 to

z =z, t oz, with Cg values for the evapcrator and adiabatic
saction being calculated by Egq. (2.11}), whence

zZ . +z

ea 0.8
Apg = fo- Zpgu /{DgRe[0.0481 + 0.0494/(4,7+Re ) 1} |
p_/2 , '
g 2 2
+ (8 / pgu“rar/pg") (3.15)
0 z=ze+za

The first integral of this Eg. (3.15) can be integrated in
a stralght~forward manner; and the second integral was
investigated by Bohdansky et. al.12 and Bussel3, whose
results in the present notation may be written as:
b /2
6 s> 2 2 . =2 .
oY rdr/Dg ) = F(Zpgu ) (3.1&) ,
0 ; z=Zz gtz z=2z +2 ;
Where ¥ in first approximation is equal to uvnit., For the :
case of uniform wall heat-flux density at the evaporator,

Rew for the evaporator may be written as Qmax/nh , and

fg7elg
u for the evaporator, and the adiabatic section can also be

entmin e eyl et

written in terms of Qmax as follows:

B

ey 2 . K

Q< z =< z,t u = 4Qmaxz/(1rhfgpgbg Zgl é

- . T m 2

@a <2< (2,42): u 4Qmax/(nhfgpgng ) (3.17) 3
Hence the following equation for Apg can be derived: E!
0 0.3 |

Ap. = (Q .. /hge ) {1 /e D %) (2 /00.0481+ 0.0494/ (4, 7+ ——P2E_y )
g max! "fig g’ ""gg e *7° T ’ _ﬂEngeug 4
+ 3221 « 320 /(n%0 h. D %)) j
gr9s (3.18) %

3
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The liquid pressure drop due to flow resistance can be
evaluated by integration of Eq. (2.13}, (2.22) or (2.23)
depending on whether the capillarxy wick is made of wrapped

screens, open grooves, Or screen covered grooves. The

T L T Y

resultant Apg expressions written in terms of Quax are as

follows:

e

For wrapped-screen screen wick:

¢
9
=
H
¢
&,
P
P

= 2, 2 2 ]
Apf chaxuf(ze+Zza+zc)/[21rpfhfgere(ri rg)}. (3.19%a)

For open-groove wick:

Apf = 9Q

maxuf(m2+462)(ze+22a+za)/(Snpfhfgw363). | (3.19b)

For screen-covered groove wicks:

bpg = 36 Q (m2+a‘)(ze+2za+zc)/(Snpfhfgw3a3). (3.19¢)

max" £

In Egs. (3.19b) and (3.19¢), n is the number of grooves.
On the substitution of Egs. (3.13), (3.14), (3.18) and
(3.19) for the pressure differences Apc, Aps, Apg and Apf

respectively into the following pressure-banance equation,

Apc = Ap8 + Apg + Apf, (3.20)

the maximum heat~transfer rote due to wick limitation can

be calculated.
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Boiling limjtation. Nucleate boiling in the wick struc-
ture of & hexi pipe may interfere with the liquid return.
The liﬁitinq tenmperature drop at the evaporator for the onset

& of nueleution can be calculated by Eg. (2,46), namely:

Te - Tg - ZTgc/(hfgpgrb), (3.21)

where the value of the effective tubble radius is dependent
upon the wick structure and it has to be determined empiri~

cally at the present time. (Te~ Tg) may be written, in

terms of tte heat transfer rate, as follows:

(Te - Tg) - Qmax(ri—rg)/[nKezu(ri+rg)] (3.22)

with the effect1§u thermal conductivity, Ke’ being evaluated
by Eq. (2.26) for the wrapped-screen wicks and by Eq. (2.25)
for the groove wicks., The wvalue of porosity, e, for the

wrapped screen wick is dependent upon the wrapping tightness

and the value ¢of ¢ for the groove wick imay be calculated by

- s
E v
S

the equation

€ = nNV[ﬂ(ri~rg)] : (3.23)

}f : Conbination of Eqs. (2.26), (3.21) and (3.22) yields the
following expression of koiling limitation for the wrapped-

screen heat plpes
Qoo = ZnTgc{ze(ri+rg)Kf[Kf+Kw-(l-s)(Kf—iw)]}/{(ri-rg)[Kf+xw

+ (1me) (K=K ) ihg o r) : (3.24)
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and combination of Egs. (2.25) and (3.21) through (3.23)
gives tihe following expression of boiling limitation for

the groove . heat pipes:

max

Q = ZTgoze[nwa + [n(ri+rg)—nw]Kw}/{(ri—rg)hfgpgrb} (3.25)

Computer program and comparison with experiments. A com-

puter program has been wratten for the rniath model developed
above for the calculation of Leat transfer limitation. A pro-
gram listing together with users instruction is appended to
the manual, Appendix a,

An example of the calculated results using this program
is shown in Fiy. 3.7 for comparison with Kemme's experiments15
under the same conditions., 1t can be seen in this figure that
the experimental data are well represented by the theoretical
prediction. However, it should be mentioned that values of
the liquid-wick wetting angle 6, and the characteristic lengths
'‘a' for entrainment have been so chosen to give this good

agreement.

3. Performance of Low-Temperature Heat Pipes

It was shown in Section I of this chapter that the temp-
erature drops for the ambient- and low-temperature heat pipes
are often important. Complete performance of these heat nipes
will include aot only the maximum heat transfer capability
but also thc temperature drops at various operating conditions.

Accordingly a math model is developed to calculate these gquan-

tities.
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Maximum hcat-transfer capability. Because of the low

values 2£€ liguid transport factor for :he working fluids of
the low temperature heat pipes, the most likely hezat-transfer
limitation is the wick limitation. Procedure for the cal-

culation of wick limitation described in the above section

R et T T Y i R e
™ vh Al At . 2 o it X 1 b :,,' K

for the high-temperature heat pipe is also applicable to the

-~

calculation of wick limitation for the iow-temperature heat
pipes. Thus the wick limitation is calculated by eguating

maximum capillary pressure Apc of Eq. (3.13) to the sum of

the hydrostatic pressure drop Aps of Eq. (3.14), the vapor- i
flow pressure darop Apg of Eq. (3.18) and the liquid-flow
pressure drop Apf of Eq. (3.19).

Temperature drop. The total temperature drop of a heat

pipe is equal to the sum of temperature drcps at the evaporator,
vapor flow passage and condenser. <Conduction model described

in Section 5 of Chapter 1I can be used to calculate the tempera-
ture drops at the evaporator and condenser, respectively.

The vapor pressure drop ATg can be calculated by Clausius-

Clopeyron Eq. {(2.43)
AT_ = T _Ap .2

where the average vapor pressure drop Aﬁg is the difference of
the average vapor pressures at the evaporator and the con-

denser; 1t can be calculated by Eq. (3.27a) or (2.27b) below
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depending on whether |Re,| at condenrer is lcss or greater

than 4.,5975:

0.8
bpg = (2u,0/Thg p D ){z /(0.6431 + 0.0494/ 4.7+ -———SL-—q )
qg. gg g ﬂhfg
0 0.8
+ 64z + z_/(0.0481 + 0.0494/ (4.7~ -‘-——-u) )}
a [o] nhfg
(3.27a)
or
_ ‘ . ) ) . o 0.8
Apg m gQ/hfg)((Zug/‘npng; [ze/(0.0.Gl + 0.0494‘/\4.74' m;—-z-:-:"—) )
g7eVg
+ 64z_1 + 320/(n%0 h. D} (3.27b)
a g f£g-g

These Eqgs. (3.27a) and (3.27b) for Aﬁg are obtained by inte-

gration of Eq. (2.9) using the procedure described in Section 2

of this chaptur,

The temperature drop at the evaporator ATe for thin wick

structures can be calculated by the equation
A'ra = Q(ri-rg)/[nzexe(ri+rg)] (3.28)

where Ke is the effective thermal conductivity of the liguid
saturated wick which may be approximated by Eq. (2.26) for
the wrapped scrcen wick and by Eq,.(2,28) for the sintered-

porous-metal wick. For wick structures composed of rectangular
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grooves with Kf << K, eveporation occuring at the liquid-
vapor interface but not at the groove fin tip, LT, expression

.can be derived from Eg. (2.40), i.e.,

AT, = 0.185 Q th [5.4(6/w)]/(nzer) (3.29)

The temperature drop at the cendenser AT, for thin wick

«idea peruak T

structures can be calculated by the equation
ATC = Q(ri~rg)/[nzcxe(ri+rg)] . {(3.30;

where the effective thermal conductivity K, for the liguid- TR
saturated wrapped~screen and sintered-porous-metal wicks can
again be calculated by Eas. (2,.30) and (2.28), respectively,
For wicks of rectangular groovaes condensation occurs at the
liquid~vapor interface as well as the groove fin tips; and
liguid and groove fin conduct heat in parallel. K, can be

calculated by f£q. (2.25), namely:

Ke = er + (l—s)Kw (3.31)

where & 4is equal nw/[ﬂ(ri+rg)].

Computer program ané comparison with experiments, A com=-

e o el s

puter program for the above described math model for the low
temperature heat pipe has been developed; beth maximum heat
transfer capability and total temperature drops are calculated

at various operating conditions. The program is applicahle

S & SO T el WIS R £

to the heat pipe with wrapped-screen wick, open-rectangular-

grocve wick or screen-~covered-~rectancular-groove wick. The
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program listing together with users instruction is qiven in
Appendix B,

The calculated evaporator temperature drop for a liquid
nitrogen heat pipe with wrapped-~screen wick is plotted versus

heat transfer rate in Fig. 3.8 for comparison with Haskin's

L N TR PCIRLAICHE I S W ey T T N R

experimental data under the same operating conditions.
Predictions based upon the present conduction model closelyv
repxesents the empirical data. Also shown in Fig. 3.8 are
the evaporator temperature drops calculated by the theories
of nucleate pool boiling Eqg. (2.48), and nucleate boiling
in wick structures Eq. (2.49). It can be seen in this
Fig. 3.8 that nucleate boiling heat transfer theory.under-
estimate the evaporate temperature drop. For further
improvement on the present conduction model, liquid property'
variation witﬁ respect to temperature and convection heat
transfer should be accountcd, s can be seen in Figs. 3.2 and
3.10. Details of conduction evaporation model with convection
and property variation considered are describad in Ref. 14,
The low temperature heat pipes with the wrapped screen
wickas have rather poor performance from the temperature-dyop
point of view as can be seen in Fig. 3.10. The grooved heat
pive offers improvemént in both the heat transfer capability
and the effective thermal conductance, because the grooves

provide a small liguid flow resistance for liquid returi and !
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Figure 3.8 Comparison of evaroration heat transfer theories
with experiments
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the highiy conductive groove fins insure low resistance for
heat flow. '

The present predictions for the heat transfer capability
and temperature drops of a Dynatherm liguid nitrogen heat pipe
with grcove wicks are shown in Figs. 3.1l and 3.12 for com-

16

parison with the experiments by Dynatherm under the same

conditions.

SRRV

The above Dynatherm nitrogen cryopipe is used as an
example to illustrate the use of the present computer program
to generate complete performance of the low-temperature heat

pipes.  This heat pipe has the following specifications:

HERISOINY MR WEE FEST . 7 fn b

Mcan groove height, § 0.089 cm E
Mean groove width, u 0.064 cm g
Inner diameter, D; 0.7 cm ; é
Outer diameter, Do 1.27 cm i
Nc. of grooves, n 30 f
Evaporator length, z, 10  cm ?a'?
Adiabatic-section length, z, 120 cm

Condenser length, z, 10 cm .
Empirical capillary radius, RE ' 0.0354 cm _ ;
Container material 6061~76A1 ;

The predicted complete performance of this heat pipe is %'
shown in Fig. 3.13 in which the locus of the maximum

heat~transfer capability and the lihes of constant rate of

heat transfer are mapped on thz total temperature-drop versus :

condenser -temperature coordinates.
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Figure 3.11 Comparison of theoretical heat transfer limitation
of a grooved LN» heat pipe with experimental data
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IV. CONCLUSIONS AND RECOMMENDATIONS

l. Conclusions

In conclusion the results of this research can be sum-

marized as follows:

(i} Fundamentals of heat and mass transfer theory are
reviewed with a view of applicatior to theoretical
analyses of heat pipes of various wick structures
and working fluids.

(ii) A math model for high-temperature heat pipes has
been developed by means of which it is possible
to predict the heat~transfer limitations of heat
pipes with wrapped-screen, rectangular-groove or
screen-~covared-rectangular-groove wick.

(iii} A math model for low temperature heat pipes with
wrappezd-screen, rectangular-groove or screen-
. covered-rectangular-grocve wick has also been
: developed by means of which complete performance
of heat pipes (e.g., see Fig. 3.3) including both

heat transfer limitations and temperaturc gradients

! at different opcrating conditions van be predicted.
(iv) The extent to which the present prediction correlates
the existing experimental data can be judged by

inspection of Figs. 3.7, 3.11 and 3.12.
{v) The theory is capable of ¢reater ref.aement vhen more

comprehensive exgerimental data become available.
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2. Recommendaticns

R T R L R

It is recommended ihat the present thecry should be

extended and developad in the following ways:

(i)

(ii)

(1ii)

'variety of working fluids and combinations of

There is a need for comprehensive experimental
data in particular those for the low temperature

heat pipes. 1Initial work confined to a single

R I A A s Lo g

low-temperature heat pipe at different cperating
conditions would be fruitful, particularly with the
aim of obtaining complete performance of a heat
pipe as shown in Fig. 3.13. The next scep would

carxy out tests on the same heat pire with a

evaporator, adiabatic-section and condenser

lengths.

Laminar and turbulent tube flows with mass injection
have been reasonably well understood. By compari-
son, knowledge of laminar and turbulent tube flows
with large wall suction is limited at.the present
time. Both theoretical and exrgrimental data on
tube flows with large sucticn are urgently needed

to increace confidence in calcﬁlating pressure drops
due to vapor flow resistance.

Mecchanisms of heat and mass transfex in groove wick
are not well understood at the present time. Detailed

studies should now ke made.
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(iv) When the data recommended above become available,
complete pexformance of heat pipe will be able to

be developed with greater assurance of its accuracy.
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APPENDIX A

A COMPUTER PROGRAM FOR LIMITATIONS OF idIGH
TEMPERATURE HEAT PIPES

A complete listing of the computer program in Fortran IV
language for calculation of sonic¢, entrainment, wick and
boiling limitations is given in this Appendix. This program
is written for application to the wrapped-screen-wick, open
rectangular-groove and screen-covered rectangular-groove heat
pipes. Alsc given in this Appendix are the flow diagram of
the program (Fig. Al), and the data input sheets (Table al).
All the integers, beginning with I through N, at the input
are 5~digit figures (I5); and all other inputs are 1l5-digit
figures (E15.5). The main Fortran input and output symbols
are defined as follows:

Input:

GRF " gravitational constant, 981 cm/sec2
ND 4 number of sets of heat-pipe physical dimensions

NTHP 1 type of heat pipes; i.e., 1 for wrapped screen,
2 for cpen groove, and 3 for screen covered groove

RG 5 radius of vapor flow passage, cm
RI 6 inner radius of heat-pipe container, cm
2E /jy. length of evaporator, cm
ZA /2D length of adiabatic section, cm
zC 'Y%  length of condenser, cm
PSI © inclination of heat pipe, radian
' RB l”;gfﬁ'effective bubble radius for beoiling, cm
 THETA -5 liguid wetting angle, radian
fh\ 02 characteristic length for entrainment, cm
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Appendix A - Continued

CDWK L4gibfhermai/gonductivity of wick material, erg/cm sec °K
f B
RF .UV %3 effective hydraulic radius for liquid flow, cm ;

C_ﬁoﬁﬁﬁ\ permeability factor for capillary structure,
a non~dimensional constant

EPSIL .,7%zporosity of capillery structure

T AREA 0957 cross—-sectional area of capillary pores or
capillary grooves, cm

PERI .)nY wetted perimeter of capillary pores or ti;lf
capillary grooves, cm

GRVN 22 number of capillary grooves
R ’

WIDTH ' "7 width of capillary grooves

DEPTH -*’ depth of capillary grooves

NP { number of sets of fluid property input

TSAT 290 fluid saturation temperature, °K

PSAT2"€$ saturation vapor pressure, dyne/::m2

CPF'fzﬁE’ saturaticn liquid specific heat, ergs/gm °K

DENF 9.4 saturation liquid density, gm/cm3

VSFZnéfﬁasaturaticn liquid viscosity, poise

cpF b1 “gaturation ligquid thermal conductivity abg/é~k cec. -

& 7. ) . s .

SFTIZQL saturation liquid surface tension. dvne/cm

HFG 2‘75f3heat of vaporization, erg/gm
, DENG'lﬁi)saturation vapor Gdensity, gm/cm —
: vsG 'Y 7 saturation vapor viscosity, poise
{ GAMMA \.})vapor specific heats ratio

é Output
: ZE length of evaporator, cm
ZA length of adiabatic section, cm
ZAa length of condenser, cm
PSI heat-pipe inclination, radian
A - characteristic length for entrainment, cm
THETA liguid wetting angle, radian
RB effective bubble radius for boiling, cm
TSAT heat-pipe vapor temperature, °K
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Appendix A - Continued

QS sonic limitation, erg/sec

QEL entrai:ment limitation, erg/sec
QWL wick laimitation, erg/sec

QBL bojling limitation, erg/sec

QMAX ultimate heat~pipe limitation (i.e., smailest

of QS5L, QEL, QWL, QBL), erg/sec.

(NCTE: 1 watt = 107 ergs/sec)
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Fig. Al Flow dlagram of prograz for rerformance of hlph-temperature heat pima

Start

{Input magnitude of gravitational acceleration, GHF 1

[Tnm:t number of sets of heat pipe dimen. fons, ND 3

3

] ¥
Inyut valuve of HTHP for type of heat pipe: 1 for
wrapped scresn, 2 for open groove, 2 for cnverwd groove

Irput heat pipe dimensions: RG, RI, ZE, Z&, ZC, PSL,
RE, THETA, A, CO¥K o

no /‘\
-t NTHP=

k. NTH >’
V ﬁyes
“ [Input further dimersions: RF, C, EPSII, AFKA, Falil ot
w112 < NTHP=2?
. yes
A
Mnput furtner dimensiong: GRVN, WIITH, 7P ]

—riinput further dimension: CHVN, WIDTH, LiPTH, AS8A, PERI]

~Id <

[InTut number ot sets of fluid properties, NP e

nput property values: TSAT, PSAT, CPF, DENF, VSF, CDF,
SET, AFG, DENG, VSG, GAMMA

~Alculate sonic, entrainment, wick, bniling and overall

linitations
- . K|
Putout Teat and heat pipe limitation i
K | .
Stop b
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TABLE AL (a)

INPUT DATA FOR WRAPPED~-SCREEN HEAT PIPE

GRF

ND

NTHP (=1)

RG RI

ZE ZA 2C PSI
RB THETA n CDWK
RF c EPSIL

AREA

NP

TSAT PSAT CPF

DENF . \VBF cDr SFT
HFG LEVG VSG

GAMMA




TABLE A

1 (b}

INPUT DATA FOR OPEN-GROOVE HEAT PIPES

GRF
ND
NTHP (=2)
RG
ZE

GRVN
NP
TSAT
DENF
HFG
GAMMA,

B ST T N[ S Motk e,
XX Qe SRS Gy B

Al '
3 e v i T A

RI
ZA
THETA
WIDTH

PSAT
vsr
DENG

74

zC
Al
DEFTH

CEF
CDF
VsSG

PSI
CDWK

SFT
SFT




GRF
ND
NTHP
RG
2E

GRVN

NP
TSAT
DENF
HFG
GAMMA

TABLE Al (c)

INPUT DATA FOR SCREENED-COVERED-GROOVE
HEAT PLIPES

DENG VSG

%

3) 9
RI 8
ZA zC PSI g
THETA A CDWK a:
WIDTH DEPTH ‘§
PERI g
H

. £
PSAT CPF ¢
VSF CDF SFT g
8

%

3
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e A ST i e

bUile (T252,F)ytCHi,J°

C PEPFIRMAGCE (F N sm i FMpERAT Jur =221 PIPES p
20 ENUXMAT (/7G4 PE2EORAMANCT OF A1 S~ TEMVPES2T YL 2 wEAT PpIOES)

. WELITT (64201 ¢
. 1 FORMAT (15! o -~ L :
T2 FORMAT (7 /50n ZF i 74 < £
1 PSI} <

T2 FORMAY (/7317w A THETA RH y

1) FORMAT (C15.%)
12 FRRMAT (2F1%.m)
12 FORMAT (1€15,.5) d
14 FGQMAT (erﬁ.él
16 FORMAY HELS .4}
PEAD {5,111 5RF
READ {511 ND
DO 101 MD=1,M9 .
REAT {Hel) NTm2 H
READ (54,12) ~GeRl}
N3=2,=RG
QTLAN (B,14) ZIZ422,2C,PS1
REAT {(S5414) «3,TETAaACDAK
IF (NTHP = 11 35,31435 o
35 JF (NTHP=2) 32,223,343 :
31 READ (S5413) RF4CeFPSIL
REFAD  {5,12) ARCa,pED]
RE=2 702 FA/PES |
GO T 34
32 FEAD 15,13) GXvh, Al0TH,05PTH
2C=Ww{DTH
GO TC 34
33 AFAD (S,12) G-y wlOTH, DCOTwH
READ (5412) 35€L,PER]
PC = 2, &kAQFA/PIL]
34 READ (541} KNP
WHRITE {(6421) -
WRYTE (Helda) 27 427020 ,PS1T
NRIT" {he22) .
HFIT'_ (6413) A, 1n"TA,FR
WwTTE (£,213})
DO 172 MpP=]1,NP
READ (5433) TGAT.PSAT,CPF
READ (S414) DENFLVYSFLCOF4SFT
READ (521%) HFEG,NING,VSE
REAT (Se1) ) GamMvL
OSLEDENGEHFG® 2, 12t SR GHIGHSGF TISAMMAY PSAT/(Z5NENGR(HamMAel 1))
QEL=3,14159%RQG¥FGAIMFGRSYAT{SFT*CENG/A)
OPC=2*SFTECNS(THITAN/OE
P SENFNFEGREE (e A IC IS INIPST)
'F (MThe -1V 435,41,45
45 IF {NTHP =2) 43,602,943
2] OPE=CeySEe(2Fen , *7 470 /(2 %23, 14l BARDENFIEEGAEAST *XFExRE)
IPF=DPFR/(RTER T =GERG)
I =3, )_j_l__wQ*T':AT*‘ZFT*ZF*- COF®IR T4R0)
WEL=QAL X {COF ¢ CNeK=( e —EFSTLI={CCF=CDwK) )
ORL=QAEL /(HFGEDENG*RAX (R I~RG) ) .
CUL=QEL/ICOF eConK el o=EPSTLIR{{IF=COWK Y )
WHE =2, 2 JRBL
GO YO 44
492 ODFF=Q, PVSER{ R Tmx22ea 2)EPTHARI )Y {7 ¢2.%24+7C)
CPEZC PRI e XU VNP OENFAHFGE (W1 DTHERZ )& (DLPTHE® 3} )

—

- vy g
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ERL Y
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Mty i omt

58 GRL=2 6T SATHS AT o GRVME 4 [OTHACOF + (3,141 89 (R E+A3) =3B VNEWI T ) €COWR Y
o V %7F/((RI-Da)*RFo* CENG*RA)
9% 50 TT 44 .
Y 43 DPFo3CoCEVSFX(WIHTHARR2e0rn TR J)R(ZFEe0. %2l +2C) ;
&1 OPE=DPF (S JE5GRAVNEDENFEHFGY (WEDT HEx 3 )6 { DF2THRre 1)) . ;
Y QRL=2 *TSATHSETHIGAVN I ITH Ak +( 34118 7 (T IGI-GRVNSWIOTRI*C InK)
1/((RI=RGIAHFAEIENGERR) _ .
T a3 44 OPG2T324/(201al5953014109% DENGERF GFHEGELGRAS, ) i
64 NPGX=6 o ®VS5/ (3,161 RIENENGEHEGH) 377 1) !
65 0D 172 M=1,5 !
56 [F (M=)} 52,511,572
57 51 (1PG1=0OPGX*(Zl.%7FEv32.%7A10 i
“ 8 Gu T 5§13
) 52 DNU=FXP( P O*ALN (4 7t /( 32 L&) 595RFGEL%VSG) 10
T INM= L0430 L VLG4H /0NN
71 P SI=UPGAE (IS /AN 32 0% 4) !
1z 53 IF (DPS=DPL) Al,60,60 .
73 ¢C QaL=C
74 GC TD 103
75 61 AG=DPwG2
76 CU=(DPF+DP31) /2, !
77 C0=0P5~DPC i
74 153 Qwl=(~BO+SOSTV(SG*RD-AD«CH )/ AQ !
76 22 FOOMAY (//87n TSAT CS Ghl
L 1 9wb kL wMAX)
ne 1F (GSL-GEL) 7T1.71,72 '
#1 71 QMAX=QSL i
W7 57 1Y 73 i
£3 72 OMax=GFL |
YR T2 [F (QMAK—w AL} Thelds15
- 75 OMAX=0wlL
LY 74 IF (OMAK=QALSY 76,7677 i
57 77 OMAx=28BL i
EYS T6 WRITE (He16) TSATewSL e QEL gl rQ 0L y UMAX
Ag 102 CONTINUE
Q6 1Nl CNRTINUE
9] CALL FXIT
32 SToP
93 END)
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APPENDIX B

" A COMPUTER PROGRAM FOR PERFORMANCE OF
LOW-TEMPERATURE HEAT PIPES

A complete listing of the computer program in Fortran IV
language for calculation of complete perfcrmance of .cryogenic
and ambient-temperature heat pipes is given in this Appendix;
both the maximum heat transfer capability and the evaporator-

as well as the condenser-wall temperatures at various
heat transfer rates are predicted. This program is applicable
to the wrapped-screen-wick, open rectangular-groove and
screen-covered wectangular-~groove heat pipes. Also given in
this Appendix are the flow diagram of the program (Fig. Bl)
and the data input sheets (Table Bl}). All the integers,
beginning with I through N, at the input are 5~digit fig-
ures (I5); and all other inputs are 15-digit figures (E15.6).

The main FURTRAN input and output symbols are defined as

follows:

Input

NQ number of heat transfer rates at which the
evaporator and condenser temperaturss are
calculated, ergs/sec.

QI initial heat transfer rates for temperature
calculations, ergs/sec

DQ stepwise increase of heat transfer rates for

temperature calculations, ergs/sec,

(All other input symbols are same a3 those defined in

APPENDIX A )
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Appendix B ~ Continued

Output

ZE

ac
PSI
THETA
TSAT
QMAX
TE
TC
‘DT

ilength of evaporator, cm

length of adiabatic section, ci

length of condanser, cm

angle of inclination of heat pipe, radian
liquid wettiang angle, radian

saturation vapor temperature, °K

maximurn heat transfer capability, ergs/sec
evaporator wall temperature, °K

condenser wall temperature, °K

temperature difference between the evaporator
and the condenser walls, °K
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A e

Fig, Bl Flow diagram of program for rerformance of low-temperature heat vire

o el g A A R Bl RERt T o G L

Mniut magnitude of zravitational acceleration, GREF N
"

— ¢

¥
Intat_numter of sets of neat pipe dimensions, WD ]
tyumt :

Input value of NTHP fer type of heat pipe: 1 for
wrarvoed screer, for open groov2, 3 for covered groove

input heat pipe dimensions: RG, RI, ZE, 2A, ZC, PSI,
TETA, CIMK

Input nunber & magnitude of heat transfer rates, NQ,
91, DQ

! Inrut further dimensions: RF, C, EPSIL, AREA, PRRI ‘]——,—1

= —

~a—-20 NTHP=2 - 3

yes

‘ [Inpet further dimension: GRVN, WIDTH, DEPTH | e | _""'
r e

| — InplTxt further dimensionss GRVN, WIDTH, DEPIH, SREA, z
PEP‘ —— 1! {5

2

[Input number of sets of fluid properties, NP N masad I

Inpat propercty values: TSAT, PSAT, CPF, DENF, VSR, ] :

CDF, SFT, HFC, DMNG, VSG .

) 3

| Caiculate and output of heat pipe limitations at various! E
operating temperatures :

_ y .

Calculate and output condenser and evaporator wall ;
temperatures and totsl temperature droj at various O

haat transfer rates ™

e :

A :
Stop ’

3
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TABLE Bl (a)

- XNPUT DATA FOR WRAPPED-SCREEN HEAT PIPE

GRF
N
NTHP (
RG

ZE
TEETA
NQ
QI

RF
AREA
NP
TSAT
DENF
HFG

1)

RX
ZA
CDWK

PERI

PSAT.

VSF
DENG

ac

EPSIL

CPF
CDF
VvsG

PSI

ks A A A S Al o e o

LERR SIS SR S

T AT ERETY S DR TNt GRARAL R b s SN T M, R STR
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GRF
ND
NTHP
RG
ZE
THETA
NQ
QI
GRVH
NP
TSAT
DENF
HFG

TABELE Bl (b)

INPUT DATA FOR OPEN-GRCOVE HEAT PIFE

2)

RI
ZA
CDWK

SIDTH

PSAT

vse
DENG

PSRN T A PR  T AN

82

ZC PSI
DEPTH

CEF

CDF SFT
VsSG

AL
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GRF
KD
NTHP (= 3)
RG

2L
TRETA
N

QI
GRVN
AREA
NP
TSAT
DENF
HFG

TABLE Bl (c)

INPUT DATA FOR SCREEN-COVERED-GROOVE
HEAT PIPES

R1

ZA e PSI
CDWK

nQ
WIDTH DEPTH
PERI

PSAT CPF

VSF CDhF © SFT
DERG VvSG
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$JiB {TAB2,F),*CHl,J¢

CTPERFCEMANCE OF LW TCYPEWATURE HEAT PIPES

1 20 FCRMAT (///62d PFRFOSMANCE OF LTw-TFEMPE?ATYGD HEAT PIPES)
2 WRITE (6,20)
3 1 FORMAT (15)
4 TT1l FORMAT (E15.6)
5 12 FORMAT (2E515.6)
6 13 FORMAT (4F15.6)
7 16 FORMAT (4F15,0)
g 15 FORMAT (5F15.0)
] PEAD (5,11) 5RE
10 FEAD (5,1) ND
11 D0 101 MO=1,ND
12 READ (541) NTHP
13 PFAD (5,120 “54F]
14 {G=? "R
15 KEAD (h,1e) 78,24,2C,°S]
1A PEAY (65,12) THETA,COwK
17 FEAD (5,1) N
14k rELAD (5.12) ‘JI'OQ
16 TF (NTHP-~1) 35,72) ,135
én 36 [ F (NTHP=71 334432433
21 A FTAD (5,130 2F,C,ERS]
22 FEAD (5412) 4wEA,PER]
23 FE=p EAREA/DEV
24 5N rn 34
25 32 9%A0 (5,13) GRYA,wlidTH, JEPTH
2 r"‘HIUTH
27 G TO 34
ok 33 PCAD (3417) GOVNewIDTH, 22T
__2n Tar (5, l’l ALEA ,PEL ]
PXal ,...:)_ *‘N[_,\/f"—-_??l
<1 e FMAQ (6,10 52 .
32 21 _FOEMAT (/7720 7F 74 1c
1Sy THiTA) -
13 WP ITE (h,21)
C 38 A1 TF (H5419) 15,7820, PS1,THETA
3‘.‘ UJ ‘ / MP-‘,I.
g SEAY 2133 TSAT, 5AT,CeF
a7 RE AN (5.14) UENE G USFLCNF,SFT
34 FAT (5,13) HFGNRNG, VSE
IQ NPL -2, 2SFTHRCHSITHETAY/RFE
4n a<--r\rfuar«(zcoonzcvnSIH(
%] e ('«TH;’-’) SHpte]l g af
&7 w% 1R (NITHP—?) 4.3'1,3,&‘\
<3 Q] JPF=CRVSFA(Z2 2 ¢2002A¢7C )/ a3+l 3CanEncrhe 308 LA<FuIF)
[N APE=APELIITEI] =R 3%m0h)
iy GO Tu w4
R 42 TPEEO AVSER(WIOTHES 240, kI PTHR 2 S /F e 2o JAIT)
a7 NP EZIPT/ (% e NaRVNATFNFEAFE SR (w TOT HAL 3 € NEPT ™ 3) )
X G T2 a4
. Ta9 43 OPFE30AVSFE{alNTHER2EDEPTHEND ) X202 %2\ iC)
&0 NPFE=NPFE /(5 e ¥ 3 VNENERNEANFGA{ JIAT AXX 2 ) ¥ (QuFT e 1))
;51 44 IPG2=324/0301wl8082,14]15 3% MNGRRFGRHEG 5007 %44 )
82 CPGR=A *VSGA (2 1w 53T IENGHHIGRIGhEG )
. &2 03 103 M=1,5
i R 16 (M=1) 52,5),52
55 51 CPGl= OPuxﬂ(Pl t2Ee32,.%28)
i 56 S3 Ty 53 _
P &7 22 GNAZEARP(O (9% AL Jisl e e THIWLZ (Ve 1w 132 MEGX7 "V SG) ) )

R4



z% ."4..,,-,4-”1 WY [tV
59 TpalE SO K U217 e 12 T IR
".’:‘- ’)—f IF ‘UV) -\'7!_’ )1 -..."f)\.
~ 1 40 LWL =N
&2 GO T 1613
AR el Aw=0PL?
__64 A= (DPFeDPGIY /7, L
HY Ca=0PS—-0rPC
(Y 173 gl =(=3Je5JRTLICeny=L0%CJ} )/ A)
67 =ML+
“6R DN 1C4H Ma=1,14
% IF (Mie-=1) T2,7Y,72
mn 7] =Qwl
T GG TD 73
72 72 J=U+D]
T2 72 uTu_ -AH(“. FALTUS( e Trd/{ 31 el 53 rsm-HTvn ) )
T4 DTRE=2,®%g* JE 7 YSG/ (3 1al 8w W Re R nxg) 5{ /4 0l e”, 26030/ 7T 4,7 ) 4751
75 UTGA=128, *VQ,‘H LA/ 0), IQIWQ*U‘NJ*(DU'*u)“th)
7¢ NTGE=32 2023 /13,1 6196%3, 191530 ENOEREL 1T O {DHvT4))
77 DTaf=TSATEQT e/ (FENGARFEG T
78 UTOA=TSAT*OTGA/{0ENGRAG)
7c DTGL=TSAT3 AT L/ LOENGEHYG)
20 IF (NTHP=1) #2,21,22
31 21 CDE=COr={CoFel0aRk={1la=PSIL)*ICCF=CDer Y /LRl sk (Vo =225 T )57 0
1-Cank 1} o B
37 OTaEz JBlF 1ot ) /{35, Lalogy*Cn-tli s (F[+FPGY)
£3 OTwlz=Q% {22,017 02,161 15950 2*70 % (<] exG))
34 GO T RKY
]y A2 EPP=LRVNT LI Tm/(3,1425G62(2 e ) )
RE COT=FooxCDFe( ]l .- )=C WK
87 {Tdf=u*(RI-PGi/(1.1w‘5¢*5|P*7f1(~lvRC))
44 CTwe={FaP( Teur 30T ’4/-'[)T'-H-—cXP(-’).‘«»'—“DEDTH/.:‘:.’;.nl)l(’-\f’(ﬂ w W T ES TN
1/w{nrnrorx>(—w LGRSEITA/u ) STt
39 NTWE=0 TR 5 L g Tt fLGRYNEZZ=COF )
9 53 TF=TSAT-GTGE_'_.")TNE
al TC=T35aT=2 20T, 0= 3THA-QTGC=-)TWC
92 OTEC=DTGke DT FHAUTHC+DTWC +OTHE _
a3 22 FORMAT (//7h%n TSAT GMAA 1€ TC
1 SRR
A CIF (MQ=1) 92,471,92
95 23 FORMAT (/53H @ TE _ 7C o7}
G6 Q1 wWRITE (6,221}
97 WOITE (6,15) TSAT,Q4TE,TC,NTFC
38 wRITE (64278
a9 DEXIR RIS
1N et Ty 92
1rl 232 ARITE {(Aela) 3, T8, T, Tel
1re A3 ANt iUt
117 Y Yo ST IARUS
1~ g 172 (O%NTINUE N
i~5 101 ¢ ORTINUE
106 CALL f£XIT
107 EYie
, 108 END
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