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1.0 INTRODUCT ION

For the last several years TRW Systems Group, under contract
to NASA-ARC, has performed an extensive research and development
program in variable conductance heat pipe technology. The treatment
has been comprehensive, involving theoretical and/or experimental
studies in hydrostatics, hydrodynamics, heat transfer into and out of
the pipe, fluid selection, and materials compatibility, in addition to
the principal subiect of variable conductance control techniques.

Efforts were not limited to analytical work and laboratory
experimentation, but extended to the development, fabrication and
test of spacecraft hardware, culminating in the successful flight of
the Ames Heat Pipe Experiment on the 0OAO-C spacecraft.

Most of the program's accomplishments have been previously
documented in a series of reports and publications. Early theoretical
and design developments appear in References [1, 2, 3 4, 5]. Later
fundamental work was published in Feferences [6,7]. Hardware develop-
ment and application efforts were cocumented in References [8, 9, 10],
and a computer program for designing and predicting performance of gas
loaded heat pipes was presented in Reference [11].

This document represents the fourth research report issued
on this program. It deals with further analytical, experimental and
developmental studies pertinent to variable conductance heat pipe
technology. :

The particular studies which are covered in this report fall
into three areas, as follows:

1) An analysis was performed on the influence of the
noncondensible gas on the operation of arteries in
gas loaded heat pipes. Analytical models were
derived to a) examine the degree to which dissolved
gas in the liquid increases the propensity for nucleation
of a gas bubbie within an artery (Section 2.0) and
b) explore th. tability c¢f large pre-existing gas
bubbles within an artery (Section 3.0).

1
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An analytical and experimental study was performed
to explore the feasibility of establishing gas
generation scaling laws for accelerated 1ife testing
of heat pipes. (Section 4.0).

A design study was carried out on the use of extensible
containers (e.g. bellows, bladders) to provide variable
conductance cortrol usin_ either the vapor flow modulation
or excess fluid ~ondenser flooding techniques. A vapor
flow modulation prototype heat pipe was fabricated

and tested. (Section 5.0).
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2.0 ANALYSIS OF THE GROWTH OR COLLAPSE OF SMALL BUBBLES IN
GAS LOADED HEAT PIPE ARTERIES

In heat pipes containing gas in the condenser, arterial liguid
acts as a solvent and carries dissolved gas with it into nigher temper-
ature, lower Tiquid pressure regions. The dissolved gas may come out of
solution at these higher temperatures and lower pressures permitting gas
and vapor bubbles larger than a certain critical size to grow. Such
growth will cause a heat pipe artery to deprime and the heat pipe to
fail to carry its design load.

In what follows there is an examination of the axial veriation
of the tendency for bubbles to form in the bulk of the fluid flowing in
the adiabatic section of a heat pipe having a circular artery of uniform
cross-section. There is first a review cf the laws fur the behavior at
the interface of ideal gas-liquid solutions, Egs. (2-1)-(2-3). Then
the gas fraction in the evaporator vapor is found, not from thermo:tatics,
but from simple conservation of mass in the steady-state, Eq. (2-5).
There then follows a very quick review of fluid nechanics and the bubble
growth (or collapse) criterion for a pre-existing bubble nucleus. Counter.
current heat and mass exchanger analysis is then applied, and two numer-
ical examples are presented and discussed. 1t will be shown that the
presencr of gas would cause a gas/vapor bubble smaller than the pumping
pore size to grow, if one were present in the adiabatic section.

2.1 Analysis:

2.1.1 Henry's, Dalton's and Raoult's Laws:

The partial pressure of gas Pg in thermodynamic equilibrium with
a mixture of liquid and dissolved gas is described by Henry's Law for
dilute solutions of gas in the liquid,

Pg =C xg (2-1)

where C is Henry's constant, having units of pressure and being tem-
perature dependent, and xg is the molar fraction of the gas in the gas-

3
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1iquid mixture.

The total pressure P is given by Dalton's Law,
P =P, +P (2-2)

where Pv and P_ are the partial pressures of the vapor zad gas res-

pectively.

g

Raoult's Law gives PV. For a binary mixture of dissolved gas
in a liquid,

P, =P

v sat xv =P

sat (1) (2-3)

where P is the saturation pressure (vapor pressure) in thermodynamic

sat
equilibrium with the pure liquid.

Typical values of Henry's constant for dilute aqueous snlutions
are as shown in Table 2-1. Note the large differences depending upon
the gas species, and note that C doubles approximately over the range
of temperatures from 60°F to 150°F. A large value of Henry's constant
denotes a relatively tnsolunl2 gas ard vice versa.

2.1.2 Steady-Stace Dynamic Conditions at an Interface:

The preceeding reiacions hold for a static condition at the
interface. In a dynamic situation such as exists in a heat pipe eva-
porator where liquid evaporates at an interface, and the vapor sweeps
gas away, conservation of species dictates that,

* s X .. o Y
VX T Gy o TV ¥y ¢ = (2-4)
where ¢ is the molar concentration (dersity divided by molecular weight), v*

the male average velocity normal to the interface¢¢¢F%he diffusivity of the
gas in the liquid or vapor, xg the mole fraction of the g species on the

liquid side,yg the mole fraction on the vapor side, and r the coordinate normal

m e - g
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TABLE 2-1

HENRY'S CONSTANT FOR AQUEOUS SOLUTIONS

SOLUTE HENRY'S CONSTANT, ATMOSPHERES
60°F 80°F  100°F  120°F  140°F  160°F

NH, 26.0 30.2

0, 290 440 620 840 1090 1370

a, 480 620 770 830 950 980

co, 1260 1710 2220 2790 3500

0, 37000 45500 53000 59000 63000 67000

Air 61000 74000 86000 96000 104000 111000

Hy 66000 72000 76000 77000 77000 77000

N, 74000 89000 104000
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to the interface in question. The subscript i denotes t: .. phase. The
avove equation holds at any pair of values of r, one v..ue " v - liquid
side for the left term and the other on the gas side. Thus each side is
equal to the same constant, namely the molar flux of gas rciial to the
interface.

The solution to Eq. (2-4) shows that, on the 1iquid side very
near the interface, a boundary layer is established of exponential decay
thicknessda'/v* This thickness is rather small; for example, for N2
dissclved in 11qu1d H20 at 140°F, dﬁ”'— 4.29 x 10 -8 ftz/sec., and Zor an
evaporatior. -ate corresponding to 20. 0 watts/1n sV, F 0.436 x 107 ft/
sec; the boundary layer thickness ar is then 0.012 1nches. At a dis-
tance of a few such thicknesses removed from the inter‘ace Xg is con-
stant at the bulk value so that the diffusion term drops. On the gas
side yg is constant so that the diffusion term likewise drops. Since
c_ V* =cV*_ hecause the moles of species are conserved,

oKX
Xg =Yg (2-5)

where xg is now understood to be the bulk value a few boundary layer
thicknesses from the interface.

The pressures under dynamic couditions are then NOT given by
Fqs. (2-1)-(2-3), when Xq is understood to be the bulk value. The
equations still hold, of course, when tne su. {ace value of x_, x is

9" 9,s
employed. Hence,

and

y=-v = P = =
Q-S/P ¢ Xg.s/P *g? 9,8’ "g

Substituting into the preceding relation yields

(1-
C xg’S/xg ¢ Xg,s * Peat {1 Xg,s)

< = Psat
9,5~ TR - C¥ P

|

- eyl s
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Since Yg and P are constant in the gas phase

. P
_ : _ sat -
Py = Psat (]'xg,s) = Pat [] X9 T ] (2-7)

where terms xg2 and smaller have been neglected, compared to unity.

2.1.3 Pressure in the Artery £ an Adiabatic Section:

Let the conditions at the end of an evaporator on of heat
pipe adjoining the beginning of an adiabatic section oted by a
subscript e. Lct the distance down the adiabatic section (in the dir-
ection of the vapor flow) be z. Then the pressure in the 1iquid inside

2 uniform artery is:

P, (z) = Pﬁ,e + (dPR/dz) z (2-8)

where for laminar flow in an artery of diameter D

dp 32V u ’
% - L= _ 128 "2 Q
dz 02 - i 61- 0q A (2-9)

where yu, is liquid viscosity, Q heat flow, p, 1iquid density,
and X latent heat. Note that dPR /dz is constant in an adiabatic section.

The pressure P2 e is in turn related to the total (gas plus
vapor) pressure and radius of curvature of the menisci in the wick at
that point.
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2 -
Poe~Pe™ 7 = (2-10)
’ e

Since P, is equ1 to the sum of Egs. (2-6) and (2-7), from Eq.

(2-10), we can write

P 2 -
sat,e + x +eea _ e (2_]])
3,€ e

P’ Psat,e [ ]—xg,e Co r

where again terms of order xg e2 have been neglected. Eq. (2-8) becomes

2.1.4 Criterion for Bubble Growth:

The critical bubble size is related to the surface tension and
the pressure difference between the gas-vapor mixture and liquid.

20 _ P-P. (2-13)
r x
cr

Substituting Ecs. (2-1)-(2-3), (valid for the static conditions
presumed at the bubble interface) and Eq. (2-12) into (2-13) gives

20 dp P

2 ¢ e _ 2 _ _sat,e ]

r_ - Tr. 7 ( HE—> z- Psat,e ]+‘g,e (] C ) !
< e ]

r ]

+ ng + Psat(}-xg)
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2. 258_ dP;
r v, T \daz )*FC psat e psat
cr e ’

’

P
sat,e
¥ (C'psat) 9™ *g,e nsatue&] B '_E;-') (2-14)

Tne terms on the right hand side may be identif :d as follows:

dp
1. - (aii) z, the liquid pressure rise effact, good.
z2. - (PSat o psa*)’ tne liquid subcooling effect, good.
3. (C - Psat) Xy the dissolved gas effect, bad.
1
4.  -x o PSat o (v - —E%Eig), the effect of dissolved gas on
9 i e total pressure, good but small.

It remains to determine xg and 7 as functions of z.

2.1.5 Ccunter-Current Exchanger Relationships:

At the junction of the adiabatic section and condenser z = L,
the liquid in the artery may be somewhat subcooled at bulk temperature
TL and is gas-rich at mole fraction Xg,L’ The 1liquid then flows down
the artery counter-current to vapor sweeping up the artery. The liquid
warms rather gquickly due to a small amount of condensation on the artery
outer surface and is strippe! of gas by the counter-flowing stream of
nearly pure vapor. The governing differential equation for the bulk
temperature is:

: dar _ | _
-me, e ol (1M (2-15)
where m is mass flow, cp specific heat of the 1iquid,ak’perimeter, and
U = h = l—D<—Nu (2-16)
9
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For established laminar flow in a circular artery Nu = 3.65 and
d’ = =D. Similarly, the governing differential equations for bulk mole
fraction in the liquid and vapor streams are, respectively,

. d x

- (M) = K P (kg - ox) (2-17)
. dy

+ (m/M) HE—Q = Kgd’ (yg’s- yg) (2-18)

vhere M is molecular weight of the working fluid, and K is mass transfer

coefficient.

The interfacial conditions are determined by continuity of gas
flow across tt interface,

=K. Py, -y, o (2-19)

Kld)(xg,S'xg) g7 WYg " Yg,s

and Henry's and Dalton's Laws

y = —C . (2-20)

9.5 dp 95
Pe- (a—z-)g 2

where (db/dz) is given by an expression similar to Eq. (2-9) for laminar
vapor flow on the gas side. The mass transfer coefficients are:

p QJ
g D NUm’g (2"2!)

K =
g g
LY.
K, = Mz 5 Num’g (2-22)

A number of realistic simplifications can be madc. For negligible
(dP/dz)g Eg. (2-20) reduces to:

10
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Henry number H is always quice large for cases of interest.
Whether H is large or rot, Egs. (2-19) and (2-23) can be found to result

in:

— = - \:.' - -—
K & (g g xg) = Kol (ygm vy ) = Koy P lyg/i = x)) (2-24)
where
S R (2-25)
0d,x l +l__
T
g x

But because H is large and becauseozgé > cz?i, we have HKg >~ K.

Koa,; =K = M. T Num,; (2-26)

A

The right hand equality is based upon negligible resistince to mass
transfer through tne artery wall; i.e., a thin porous artery wall.

An additional simplication is, because of large H, and because

no=m,andy = x_ i ,
mg m., an yg xg is small

For these reasons Eq. (2-18) is of no interest, and Eq. (2-17)
becomes

(g) ez P, (2-27)

Eqs. (2-15) and (2-27) are in identical form, and the solutions
are, assuming constant iusselt numbers,

-N (L-z)/L

= - tu,h o_og"
T, -T=(T-T))e (2-28)

n
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e
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(2-29)

where Ntu is the number of transfer units with the subscripts h for heat

transfer and m for mass transfer,

Note that

For gases dissolved in water, the following values pertain:

:
°F
68

100

120

140

160

180
200

v
ftz/sec

1.03 X 1073
741 X 107°
615 X 1073
513 X 1072
442 X 1073
.388 X 1070
.392 X 1673

Ntu,h

tu,h

K/cp

tu,m

Py

TABLE

2-2

Pr

SOLUTIONS OF NITROGEN

Pr

7.02
4.53
3.64
3.01
2.53
2.16
1.90

Sc/Sc528°R ScN

1.00
.436
.290
.195
.140
.104
.079

12

2

613
257
178
120
85.8
64.1
48.4

PROPERTIES FOR DILUTE AQUEQUS

Sc, /Pr
N,

87.3
56.7
48.9
39.9
33.9
29.7
25.5

(2-30)

(2-31)

(2-32)

N,
ftz/nr

.605 X 10
1.04 x 1074
1.24 % 107
1.54 x 1074
1.86 x 1074
2.18 x 107
2.54 x 1074

-4

g
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TABLE 2-3

SCHMIDT NUMBER AT 68°F
FOR SOME AQUECY'S SOLUTIONS

Species NH3 C]z COZ 02 H2 N2

Schmidt No. 570 834 559 558 196 613

Unfortunately, Schmidt number exceeds Prandtl number. For
example, at T = 140°F ScN /Pr = 39,9, and the Ntu for heat transfer is
nearly forty times 1arger2%han the Ntu for mass transfer. The effect is
that the region in which the liquid is heated is forty times shorter in
length than the region in which the Tiquid is stripped of gas. Hence
the beneficial effect of subcooling is lost before the effect of gas
stripping can be fully realized.

2.1.6 The Most Critical Axial Position:

The final solution for the danger of bubble growth is given by
Eq. (2-14) combined with Eqs. (2-28) and (2-29). Let,

2o
20 e
F’ - F— (2'33)
cr e re
5: 2 = e - ]
Ze fer
e
and
r P r {128 v QL
e sat,e 4 C
= =, g, = He, = 5 (2-34)
se A 2 ?Eé - DZ A y se Psat,e
Then
-N
t 1 tu,m
£ = -z g 1 24 -z x {1-5 e >
2L se ( Psat,e) se L( Hse)
p -N (1 )
sat tu,m L ,
g % | H e ’ {2-35)
se L( se Psat,e)
13

e UV T S— . -



13111-6055-Ry-00

The quantity : is a measure of the danger of bubble growth, and
it may be plotted versus z/L to find the most critical axial position.

We have noted that Ntu h tends to be many times larger than

Ntu . Because of this fact, T will rapidly approach Te’ and, for z
sufficiently smaller than L, the term Lee (]-Psat/Psat,e) may be appro-
ximated by
z
-y Psat . 1 Psat e (T_-T.) e'Ntu,h (- )
se Psat,e se Psat,e dTe e L (2-36)
With the Clausius-Clapeyron approximation
P T-T, -N (1- &)
: 1 - .sat Loy AM e L o tuh L
se psat,e se RuTe Te (2-36a)

If Ntu h is large enough this term may be negligible.

If, in addition to a large Ntu h the parameter S is smail com-
pared to 5 where

4
S = (Hg= 1) X Ny o Ziﬂ <1, (2-36b)
the most critical spot may be found from Eq. (2-35) to be at the junction
of the evaporator and adiabatic section at z = 0. At this location, under
the conditions above, and neglecting 1/Hse2 compared to unity, there
results

-N
_ tu,m
£ = Tse AL HSe e (2-37)

0
This result is seen to be quite simple. It shows that the con-
trolling factors are X\ > the fraction of gas picked up in the condensate

-N
and the e ,m’ the measure of the effectiveness of the adiabatic section

as a mass exchanger. However, as will be seen in Section 2.2, the para-
meter S is large for zqueous solutions, and this simple result is not
pertinent to them.

tu

14
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2.1.7 The Determination of X and TL:

The TRW GASPIPE computer program [11] predicts fairly accurately
the temperature in the condenser wall and the vapor wick interface tem-
perature as a function of z and the vapor and total pressures. Hence
the molar fraction of gas y as a function of z is known reasonably
accurately. With somewhat less accuracy the program also predicts con-
densate flow rate m as a function of z.

Under the assumption that the condensate condenses in a saturated
state and loses negligible gas by back diffusion as long as the con-

densation rate is high, one can calculate x {z) from:
d (m)_, dn_ylz) dn
dz sat dz H dz

L4, .
= / (4{-21)(3—';‘-) dz (2-38)
mL L

where Lc is the length of the condenser and L retains its meaning for
now as the length of the adiabatic section, more explicitly La'

By the same reasoning and neglecting heat transfer to or from
the condensate after it condenses (which may or may not be justified,
depending on the condenser wick configuration)

(Tm) _; dn

d dm
dz sat dz

L+L

1 ¢ dm
T, - T, = - [ (Te- Tsat) (HE) dz (2-39)
LJL

Egs. (2-38) and (2-39) conclude the analysis in Section 2 of this report.
The results are summarized and two numerical examples are presented in the
remainder of the section.

15
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2.1.8 Summary of Analytical Results:

Eqs. (2-35) together with (2-36a) describe the bubble growth para-
meter £ versus distance in an adiabatic section. Eqs. (2-38) and (2-39)
together with GASPIPE results for Te— TSat and y vers's z serve to fix
x, and T needed for Eqs. (2-35) and (2-36a). If the 7, term in Eq.
(2-35) is large, then Eq. (2-37) may hold. The inequality shown above
Eq. (2-37) determines whether or not ¢ is large enough.

2.2 Two Numerical Examples:

Consider a water heat pipe with a 2 foot long adiabatic section
having an 0.060 inch diameter pedestal artery. Two operating conditions
are considered:

1) Low Power:  Q 24.6 Btu/hr, T, = 637.6°R

2) Figh Power: Q = 245.4 Btu/hr, T, = 740°R

The remaining assumed conditions are taken to be those shown in
Table 6-2 and Figure 6-22 of Referencz [3].

Under the assumption of constant HC values of y, were obtained
as indicated by £q. (2-38):

L HL
.1 dm
‘yL = [;\ [ .V(Z) dz dz
L7y
For case (1)
_ ] -4, _
Y ~0575E (6.74 x 107" = 0,0242
While for case (2)
- 1 =2y _
yL = m (].028 x 10 ) = 0.0364

(These results are obtained from GASPIPE [11]).

16
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Assuming a pumping pore of 1/200 inches gives S For case (1)

_ Usefse | (1/2400)(7.19 x 144) _ o .
se 2ag (2)(.00427)

For case (2)

_ (1/2400)(49.2 x 148) _ 44,
Se (2)(.00340)

Y

Henry number was not found for the higher temperatures. It is
therefore possible only to timate Hse/Hsc for case (1). In this case:

H c./pP C
se e’ sc 120,000 _ 4 49

- :—g— =
Hsc Cc/Pse Cc 0,

Q

The Ntu m value is then obtained from Eq. (2-31). For case (1)

]

o
N = 3.65 s 3£h=

€5 pib}, kil
tu,m D D

= 3.
m m

165 (2.2 x0N@00@) |
02786

For case (2)

N o35 (5946 x107H(3.8)(2) | ,,
tu,m 2825

The remaining parameter in Eq. (2-35) is ¢, . From Eq. (2-34),
2

rg [ 128 v, QL te (128 v, mL
C = =
. ?Eé nDI A Pse nD4
17
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For case (1)

_ [50.4\ {128(.388 x 10'5)(,02786/(32.2 x_3600))(2)). = g1 1073
¢, = \T037 3 Bt
3.14(0.060/12)

For case (2)

o (434 ) (]28(.234 x 107%)(.2825/(32.2 x 3600))(2)\. 4 65 , 1972
S = \70%0 '
3.14(0.060/12)" /

To see whether or not Eq. (2-37) is applicable, we compute:

G H 1 g
S = (H -1)x N _se =<._§§ - L )y N _sSe
L "tum ¢ He H /7L Ttusm ¢

For case (1)

S = (1.09)(0.0242)(11.1)(50.5/5.91 x 10™%) = 2500

For case (2)

s = (1.09)(0.0364)(2.2)(434/4.55 x 10°%) = 833

Both are much larger than unity, and Eq. (2-37) is not applicable.
Table 2-4 summarizes the above results, and Figure 2-1 shows a plot of
Eq. (2-35).

2.2.1 Discussion:

The figure shows that the subcooling effect predominates the
dissolved gas effect at 1- z/L = 0 (where the 1iquid condensate enters
the adiabatic section). In both cases £ is negative, which indicates
that a bubble the size of the pumping pore would collapse completely.

In case (1) the heat flow and resulting velocities are sme11 so
that the Ntu for both heat and mass transfer are larqe. In this case

18
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PARAMETER

Q (Btu/hr)

m_(1b_/hr)

se’ scC

se  S& X

tu,m

Sc/Pr

tu,h
MA/RUTe

[
TE—TL s( R)

SUMMARY OF PARAMETERS:

TABLE 2-4

CASE 1

24.6
0.02786

0.0242
637.6

620

1037
225,000
1.09

50.5

5.91 X 1073

1.33

11.1
29.7

330.
14.6

1.35

19
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CASE 2

249.4
0.2825

0.0364
740
620
7090
330€0
1.2
434

4.55 x 10

18.9

2.2
16,
35,

12.3

3.57
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BULK VALUE OF BUBBLE NUCLEATION PARAMETER, ¢
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CASE 2

Q = 250 WATTS

CASE 1
w;s WATT3
0 .20 40 .60 .80 1.0
1 FRACTION OF DISTANCE ALONG
ADIABATIC SECTION FROM CONDENSER
(1 - z/L)
T
<+
1
7944
FIGURE 2-1, Danger of Vapor-Lock Versus Distance Along Adiabatic Section.
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the fluid rapidly loses its subcooling so that ¢ climbs and reaches N
positive values. However, the gas stripping proceeds rapidly also, and
the value of ¢ quickly drops to the small value arising from the hydro-
dynamic load.

In case (2) the subcooling effect is quite strong initially and
is only gradually lost, because the Ntu for heat transfer (and nass
transfer more so) is small at the higher lio.1d velocities occasiored
by the higher heat load. As the subcod? is lo:t, the dissolved gas
comes into play, driving ¢ positive. 1. - the gas sir pping effect
becomes significant and ¢ reaches a maxinww ond decreases. The maximum
is seen to be large enough so that a bubble appreciably smaller than
the pumping pore size would grow in the artery causing failure.

It is worthy of note that case (2) corresponds to only a 4.4%
demand on the pumping capacity of the wick (z;2 = 4.4 x 10'2 in Table
2-4). The pore size actually needed in the evaporator is thus over 20
times larger than that chosen in the example. When the size of the
potentially troublesome bubbie is compared to this large size, the effect
of dissolved gas is seen to be large indeed.

The parameter ¢ is an inverse measure of the size of pre-
existing bubbles which will grow (or collapse) at any position along
the heat pipe. As such, it is a measure of the potentia! ¥z~ .ucleation
of vapor bubbles from pre-existing gas stabilized nucleation sites within
an artery. If there are nuclei present inside the artery liquid, then
vapor bubbles will grow at a nucleation site whenever £ grows sufficiently
large that the critical radius (r__ = re/g + 1) is equal to or Tess than

cr
the size of the pre-existing nucleus.

Typical heat pipe practice invo’ves values of ro around 5 x 10'3

inches. However, it is difficult to e..imate the size of natural nuclei
which might exist in a heat pipe artery. If we draw from exp.rience with
nucieate boiling from ¢lean surfaces, such nuclei would have radii on the
order of 10"4 inches. Then ¢ would have to rise to a value of order

50 to promote bubble growth. The numerical examples then suggest that
such natural nuclei are generally tolerable except perhaps in systems
under very high load.

21
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In spite of the quantitative undertainly regarding conditions
for bubble growth, the analysis yields useful semi-quantitative results.
It demonstrates that, for a given load (given value of re), there erists
a critical position along the pipe (the maximum in ¢) at which nucleation
is most probable. It also allows one to determine the relative proba-
bilities of nucleation for different operating conditions or heat pipe

designs by comparing the results for refimax + 1.

It is stressed that the thecry develcped holds fur the bulk
averages in the fluid. The centerline v2lues of % persist at lower
values for a longer distance from the condenser and then rise to high-
values. The wall values are considerabiy different than the bulk values
also. If sizeable nuclei are present only on the walls, the critical
position would seem to be just at the transition from th~ condenser to
adiabatic section. But bubbles could not grow to a very 1 ~ge size
before encountering subcooled 1iquid deeper within the artery.

22
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3.0 ANALYSIS OF T..0 oTABILITY OF 'ARG: BUBBLES IN GAS LOADED
HEAT PIPE ARTERIES - REPRIMING OF FAILED ARTERIES

A closed artery heat pipe is one having a high permeability
liquid conduit capable of being operated at liquid pressures lower than
can be supported by a vapor-liquid interface of the size of the artery
flow path. In its simplest form an artery is a cylindrical tube running
inside the heat pipe from the condenser to the evapcrator. The artery
tube can deliver or receive liquid througn a porous web to wickirg on
the pipe wall. The wall wicking has a low permeability but a high
capillary pumping ability and serves to distribute the liquid circum-
ferentially over the pipe wall and to provide strong capillary sucticn
to force flow through the condenser wicking and web, along the artery,
and through the evaporator web and wicking. The web and distribution
wicking will be referred to as secondary or backup wicking in the re-
mainder of this report.

Should a vapor bubble enter the artery at the evaporator end,
for example, through the distribu*ion web or through growth of a gas
bubble nucleated as a consequence of gas in the pipec, such a bubble
will cause the artery to fi1l with vapor, if the bubble exceeds a
critical size. The vapor plug which then forms eliminates liquid flow
through the high permeability artery path and may cause the evaporator
to drv out and tnhe evaporator temperatuire to run away. It is of con-
siderable engineering importance to know whether or not the artery will
regrime when tha heat load on the pipe is reduced. If repriming cccurs,
the pipe can once more be operated at high heat loads with Tow evaporator
temperature.

Experiments at TRW Systems Group have shown that when arteries
made of scree prime, a thin sheath of 1iquid forms and runs along the
screen wall ahead of the main liquid-vapor meniscus. When such an artery
was c2primed by imposing a greater hydrostatic pressure difference than
the screen could support, the ertery emptied of liquid and filled with
vapor and air, but a thin sheath of 1iquid remained intact over the
entire artery wall, as far as visual inspection could determine, aithough
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some pores must have admitted the air. The thin sheath of liquid pre-
vented the artery from repriming by trapp'ng air within it. Only when
the sheath was removed by blowing hot air from a heat gun did the artery
reprime.

One can thus envision the following scenrario for a gas controlled
heat pipe: A heat pipe artery fails at too high a heat (o0ad by entry
of vapor through the evanorator web or a pore on the artery screen wall.
The evaporator dries out, and the evaporator temperature rises rapidly.
A sensor detects the evaporator temperature run away and greatly rzduces
the heat load. Since the open artery and secondary wicking centinue to
deliver some liquid even after failure of the artery, with the power re-
duced sufficiently the evaporation of the remaining liquid supply cools
the evaporator. As the evaporator cools, the secondary wicking and open
artery are able to supply liquid at a greater distance frcm the condenser
thus hastening the cooling. When sufficient cooling has occurred, the
secondary wicking reprimes completely, and a shzath of liquid forus over
the artery screen wall. The bubble of vapor and noncsndensible gas
trapped by the liquid sheath prevents further repriming exceot as the
gas diffuses through the sheath of liauid wetting the artery wall.

Counteracting the diffusion of gas through the artery sheath is
the evolution of dissoived gas carried up the liquid-filled portion of
the artery from the gas-blocked portion of the condenser. A jas-
controlled heat pipe, particularly at reduced neat loads, contains an
extensive section of condenser which is subcooled and contains much gas.
A small amount of the gas is unavoidably dissolved in the condensate
and carried up the artery in the dissolved state. Some of the gas is
lost by "stripping" to the counter-flowing vapor stream in the pipe,
but unavoidably the remainder fiows with the liquid to the vicinity
of the vapor plug in the artery before the liquid is diverted from the
artery by the plug into the secondary wicking. As the liquid flows
over the cap of the vapor bubble plug, gas is transferred to the
bubble cap interface and evolved into the bubble.

Whether or not the arcery reprimes completely then depends upon
whether or not gas diffuses through the artery sheath faster than it is
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supplied by the bubble cap. In what follows these mass transfer rates
are formulated, and a computer program to determine whether or not a
failed artery will reprime at a given reduced heat load is descrived.

3.1 Liquid Flow in the Evaporator:

3.1.1  Objectives:

It is dasired to develop the demand upon the pumping pores im-
posed by a uniformly distributed heat tlux in an evaporator containing
a failed artery. The pressure necessary to sustain the bubble cap is
also desired. The first quantity will be used to establish the maximum
length ot evaporator which can be supplied withcut drv out. Dry out of
a portion of the evaporator would presumablv lead to dry out of the

artery sheath as well and would thus liberate the gas blocking the artery.

Then the artery would be free to reprime until formation of a rn>w sheath
again impeded its progress. The maximum length which can be supplied
withcut dry out is thus taken to be the maximum length of the artery
sheath. The second quantity, the pressure at the bubble cap, will be
compared with the ~2quilibrium pressure established by a balance of the
mass transfer rates into and out of the bubble. If this equilibrium
pressure is lower than the pressure necessary to sustain the bubble, the
bubble will spontaneously reduce in size and vice versa.

3.1.2 Pumping Pore Stress:

The hydrostatic conditi~n of the vapor bubble cap is an equality
of the pressure and surface tension forces. With the assumption of a
hemispherical interface the equality is

20 _
F; + PQ = Pgb + va (3-1)
Under conditions of negligible vapor side pressure drop and zero gravity,
the pumping pore radius of curvature and pipe pressure are reiated by
Po= 2 4 P (o) (3-2)

r
v
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where P. (o) is the 1iquid pressure at z = 0, the end of the evapirator
furthes% removed from the condenser. The bubble is imagirxd to exist
fromz =0 to z = 2, In this portion of the evaporator a parchol ¢
liquid pressure distribution exists

P. (z) =7 (o) + %'pre (Q/Q,) (z/ze)2 .22y (3-3)
where
w. Z, )
Py = ——— (3-4)
KA, >
2
D < s
K, = - (3-5)
32 1
w

The subscript w refers to the backup or secondary wicking, and z, is the
evaporator length.

In the primed portion of the evaporator, Z,
1iquid pressure distribution also exists, but the pressure gradients are

>2Z >z, parabolic

much iess steep due to *he high permeability of the artery.

P, (2) = P, {0) + ¥ aP, (0/Qp) (zp/2,)°

+ %~APe (6/60) [z - zb)/ze]2 (3-6)
where
aP, = % e Jo (3-7)
(KA +vKaAa) X
0’
Ka® 32 (3-8)
26
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At the end of the condenser, assumed to be flooded, the

pressure is

. . 2
- 1 .
PV = Pﬂ (0) + 2' pre (Q/QO) (Zb/‘-e)
+ Loap (d/: ) (z. - 2.)/z ]2
7 e WYy e~ b/ %
+ AP_, + 1 AP (3-9)
ad ~ 2 Yc )
where the last two terms are the adiabatic and condenser section
pressure drops,
APad = APe [(zad - ze)/ze] = APe \Lad/Le) (3-10)
= r - = -
APC = P, L(ZC Zad)/ze] oP, (LC/Le) (3-11)

Eq. (3-9) serves to fix P, in terms of P, (o), d, and z,.

Equating Eqs. (3-2) and (3-9) yields an expression for pumping
porc demand. Rearranging the expression gives

20 _ Y1 *2 1 *2 1 ¥
= = { §APwe zZp "t APe (l-zb ) + APad + ?APC} Q (3-12)

rp 2
where
* -~
z, = zb/ze (3-13)
X3 . .
Q = Q/Qo (3-14)
27
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Since pre is greater than aPe, the demand upon the pumping pore increases

. *2 . %
with zy " as well as Q .

3.1.3 Bubble Pressure:

It remains to determine the bubble pressure difference, Pgb +
. * *
Pip - Py Eas. (3-1) to (3-3) combine to give at z = 2

a S22 2,1 * %2 )
Pp = (Pgb v P - Py 3 Y t7 % 0 g (3-15)
This expression may be combined with Eq. (3-12) to give
_ 2c 1 . 1 xo ] x_ %2
Pb -—a— - [?—Ape + upad +7APC] Q +-2'£\PeQ Zb (3-]6)

- %k
This equation states that Q must be sufficiently small so that the open
artery pumping will exceed the primed flow demand,

%0— > [‘7 P+ Py ‘7 APC] Q" (3-17)
d

since Pb must be positive in order to drive gas out of the bubble and

*
force zb to zero.

3.2 Transfer through the Artery Sheath:

3.2.1 Mass Transfer:

The mass transfer through the artery sheath is linearly related
to Pb, and a quantitative value of the proportionality constant is
desired. The physical situation lends itself to an extremely simple
model. The mass transfer resistance in the vapor space is small com-
pared to the resistance through the liquid sheath, so the enlire 1liquid
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side on the interior vapor liquid sheath interface is virtually uniform
in mole fraction xgb' Henry's and Raoult's laws then give

P, +P =Cx_ + Pvi (1 - x (3-18)

gb vb gb gb)

where C is the Henry constant and Pvi is the saturation vapor pressure
corresponding to the interior temperature, which is taken to be iso-
thermal. In general the temperature Ti will be very slightly less than
the prevailing pipe vapor temperature, because of the slight subcooling
of the liquid near the bubble cap.

From a simple mass balance it is clear that the mole fraction in
the vapor outside the artery at any axial location has bulk mole fraction
y. equal to the bulk mole fraction xg of the liquid in the wicking at
that axial Tocation. Since the mole fraction in the liquid just inside
the exterior vapor liquid sheath interface ‘s equal to yg divided by
Henry numbe H where

H= C/Pv (3-19)

and since H is enormous for the fluid and noncondensible gas pairs com-
monly used in heat pipes, the liquid side mole fraction on the exterior
of the sheath is negligible. Thus the rate of gas withdrawal from the
bubble is, assuming a hemispherical artery end cap,

Cc ‘6/ *
- [l 2
mSh = Hg éa (n DaLeZb + 7 Da /2))(gb
My * R L (3-20)
sh,m ¢

where 8 is the arter} wall sheath effective thickness and RSh m is the
resistance of the sheath to mass transfer,

6
R = -a— = (3-21)
sh,m Mgczdflw (DaLezg 0, /2)
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Of course, if s, is appreciable compared t~ D, the usual logarithmic
cylindrical shell relationship would be used in preference to the slab
relation above.

Eq. (3-15) of the previous section defined a quantity Pb' We
now form the same pressure difference and employ Eq. (3-18) to obtain

Py = pgb *Py o Py T (c - Pvi) Xgb ~ (Pv B Pvi)
SPV
Pp = (C - Py) Xsb = 3T (T-T;) (3-22)

“he Clausius-Clapeyron relation may be used to obtain the magnitude of
aPV/aT

A M P
vV V¥
- T (3-23)

3.2.2 Heat Transfer:

At the same time that mass is flowing through the artery sheath
out of the bubble, heat is flowing through the artery sheath into the
bubble. Again employing a simple slab model for thin sheaths or the
cylindrical shell for thick sheaths

T * 272 (3-26
Qin = g; (w DaLeZb + 7 Da /2) (T - Ti) 3-24)
S ) (n
0 = Ren (T-7,) (3-25)
where
R = i& (3'26)

*.n ¢
sh,h =k, m(D,L 2, ™ +D_%/2)
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3.3 Transfer through the Bubble Cap:

3.3.1  Mass Transfer:

A simple model which shows the main physical features of the
bubble cap transfer is constructed as follows. Let the mole fraction
of the noncondensible which reaches the vicinity of the bubble cap be
Xg," Suppose a boundary layer exists over the hemispherical cap whose
effective thickness is Da/Num,bc and the mole fraction at the edge of
this boundary layer is xge’ Finally, the mole fraction at the bubble

cap su~face is xgb‘ Gas is brought up the artery and back up wicking

at the rate xg L /A Mi moles per unit time. Of this, gas in the amount

xge Q/x Mn is forced into the back up wicking, because of the vapor
bubble plug, and the remainder diffuses through the boundary layer into
the bubble. Hence

';1 = M xg_’mQ - xje Q
be g A M2 XM
¢, ' Nu
= q 222 m,bc (3-27)

g —'__TZ;-—__— Apc (Xge B xgb)

Eq. (3-27) above may be represented in engineering circuit terms
by a mass current M e flowing in succession through two mass transfer
resistances, one RQ m

3

M. = 1 (x. -x) (3-28)

A M1 A M1 1
RQ,m S = - * (3-29)
QMg QMg O F(z)
31



e -~

g VIPREN

13111-6055-RU-00

* *
Note that in the evaporator section F(z, ) is z, itself, and in the
* - . -
adiabatic section F(zb ) is unity. The other resistance 1s Rbc,m

Moo = T (Xge = Xgp) (3-30)

2
R = — (3-31)
bc,m chixriNum,bcTDa

The quantity xg . will have to be found from an analysis to follow

in the next section. It is possible now to eliminate xge and write a

more useful expression for My s

M 1
e T R R - ge T Xgb) (3-32)

3.3.2 Heat Transfer:

In a similar manner, an expression for ch can be found

. ] .
Q. = (T, - T.) (3-33)

be = Ry b ¥ Roe,h i

where

RQ,h = ‘%’ = }—' ?l; v (3'34)

Orp rop Q Flzy )
Rocb * NG (3-35)

C» 2n,bc™a

From the Colburn relationship one woq]d expect that

: 1/3
Num,bc/Nuh,bc = (Scl/Prl) (3-36)

32
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where Sc2 and Pr2 are the 1iquid Schmidt and Prandtl numbers, respectively.

A value of Nusselt number is difficult to fix, because of the
variety of geometrical forms which the web can take, and because of the
complex three-dimensional nature of the flew occurring near the bubble
cap as fluid is withdrawn into the web. It seems improbable that the
value would fall below the value for convection at the average liquid
velocity over an isclated sphere, in which case the upper limit to RbC
would be obtained with NubC = 2.0. On the contrary, it seems that the
value of Nu could be larger than the isolated sphere value. Of course,
a lower limit to the sum RQ + Rbc is certainly RQ itself.

3.4 Bubble-Cap-Sheath Relationships:

3.4.1 Mass Trarsfer:

Equating mass rate of gas in at the bubble cap, Eq. (3-32), to
the mass flow out through the sheath, Eq. (3-20), permits the unknown

xgb to be found in terms of xg , and the heat flow Q and bubble size 2p-

R

sh,m
X, =X 2 (3-37)
gb g Ryt Rbc,m + RQ,m

This value is the static equilibrium value.

At a nonequilibrium state My May not equal Meh in which case
the bubble grows or shrinks at a rate governed by

SR Py o n2, %
Moe = Msh = gt | H *gb R TS Mgz D0 L %

where Pi is Pgb + va or Pb + Pv' Using the latter,

. . P +P)
- Tpl, d * S_EL___JL_ \
Moc = Msh = E'Da Le dt { 2 xgb H RuTi } Mg (3-38;

eyl B e -
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3.4.2 Heat Transfer:

At an equilibrium or quasi-equilibrium thermal state ébc = dsh’
and Eqs. (3-25) and (3-33) yield

Roh.h
* Rbc,h+

T-T,=(T-T) — (3-39)
1 Rsh,h Ra,h

In a nonequilibrium state, as the butble shrinks, latent heat is
delivered to the sheath wall with the result that

. : M. P
_ d ‘ Vi -l *l
Qe -~ Up = af'l(] ; xgb) R,T; 70, L g f
. . M (P +P )
] 2, d vib v | )
Qe = Qp =70, Lo gy J (1 - xgp) H RTT B ( (3-40)

3.4.3 Equilibrium Excess Pressure:

The value of P, given by Eq. (3-22) which would exist if the
bubble were in an equilibrium condition is now denoted as the excess
pressure PX. Eqs. (3-37) and (3-39) then may be substitutad to obtain

Rshlm apv Rs'n,h (T-T)

X ) +
Ren,m™ Roe.m™ Rgam 9 3T Repm® Roc,nt Ro,n

(3-47)

At equilibrium PX here will equal Pb in Eq. (3-16).

3.5 Gas Stripping and Heating:

3.5.1 Adiabatic Section Mass Transfer:

Assume that the mole fraction of gas in the condensate leaving

the condenser is krown to be ch‘ In two calculations using the GASPIPE
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2

program x . was found to be on ..: order of 10°° divided by Henry number

H (Section 2.2). Thus Xge is expected to be quite small, but the product
c xgc may be 10'2 of Pv and is thus quite important when Zo/ra is of the
same order.

As the liquid flows up the evaporator some gas is stripped from
it by the counterflowing vapor. As remarked previously, because of tho
Targe value of H and the equality of the bulk values of liquid and
vapor mole fractions at any axial station, the vapor may be considered to
be pure for purposes of ca’culating mass transfer from the liquid.

Elementary mass exchanger theory then yields for the bulk value of
Xg,w(2)
x. (z) =x e-Ntu,m ((z_ - z)/L ] L (3-42)
g, gc c = “Tadd Q* ‘

where N. is the number of transfer units given by

tu

(3-43)

N - Koa‘? Lag - My A Koa‘r Ly
tu,m m17M1 é
0

The overall mass transfer coefficient effective perimeter product i.

= 1
Koadcy'

1 1 1

o Sy ' L) ' Cqd;
n Da -D-a—- Num’a m Da Ta—- m DOH - Num,v

Because Hcg‘,a’g greatly exceeds <, 35’2 the last or “gas-side" term is
negligible. For this reason Koalp may be written

‘w D, c,oB
Koap = _b;_a_ﬁ__z. (3_44)

Wt ¢
um,a a
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Again, if 8, is arpreciable comparec to D, the ¢, iindrica’ shell
relationship isused for the artery wall resistance.

3.5.2 Adiabatic Section Heat Transfer:

The Tiquid leaves the condenser with an initial subcooling
ATz’s. The GASPIPE program was used tc estimate this subcooling, and
value: o a few degreec Rankine were found. This subcooiing is very
rapidly lost when the artery wali is thin. The remaining subcooling is

1
-N [(z - 2)/L,,] -
e tu,h c ad Q*

T-T =aT (3-45)

2,5

where

u.pPL SN AN
oadp ad . /* Y530 “ad ;) (3-46)

moc,.

Ntu,h ®

2 Qep.s
Because of the high heat transfer ccefricient for condensation on the
outside of the artery, the 1iquid side governs the heat transfer, and
: =D, K
a ¢ .
: anf = U;—-——‘- (3-47)
+ 6
Nuh,a a

The same proviso regarding 6a/na made above is invaked.

: 3.5.3 Evaporator Section Mass Transfer:

In the evaporator suction the siinple Ntu relationship must be
modified, because the mass flow variss with z, as liquid is bled off
tnrough the webs to the evaporator. For this reason tha mass flow is

3 . 6 " é k%
UG A A S (3-48
-]

o
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At any location 2, > 2> 7 in the liquid filled section of the evaporator
artery, the consarvation of gas equation takes the form (neglecting the
effect of flow into the web on Koa) shown below:

: d
(m, (2)7M,) 4. vk Px

dz 0a g
. gfs ] Mgkoad’Lex .
z* é Q* g
0
dx L
R e 1 .
z* dz* Ntu,m L., Q* xg (3-49)
ad
The solution to Eq. (3-49) is
E
- m
Xg = g.e z* (3-50)
L
e 1
E =N - = (3-51)
m tu,m Lad Q*
3.5.4 Evaporator Section Heat Transfer:
By similar reasoning, the subcooling in the evaporator is
B
T-T_=(T-T) 2z (3-52)
e
L
1
E, = N £ = (3-53)
h tush Loy Q*
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3.6 Adiabatic Section Relationships:

3.6.1 Objectives:

It remains to set up relationships for pumping pore stress and
bubble pressure, should the bubble project into an adiabatic section.
These relationships will replace £qs. (3-12) and (3-16) in the event
that the bubble length does exceed the evaporator length.

3.6.2 Pumping Pore Stress:

Egs. (3-1) and (3-2) continue in effect, but Eq. (3-3) becomes
- ¥k ‘* ] * *
Pi(z) =P, (o) + AP0 (¢ - 2), 3, >z > (3-54)
Eq. (3-6) likewise changes form

_ . % * ] g Z - Zb
P,(2) = P (0) + 8P el (zb - ?0 * 8P4l _T;;;—_

P,(2) = P,(0) + P, 0 (z, - 3) + Q" (2~ 2,)) (3-55)

Ea. (3-9) becomes

- *% * ] ¢ % * *x
Pv = Pl(o) + 8P 0 (zb - ?ﬂ + 8P .0 (zc -z, ) + AP (3-5€)

This latter expression together with Eq. (3-2) gives the pumping pore
stress

. ' L
20 * * 1 ¢
==4PQ (z. -2z +35 )
rp e C b 2 Le
* % *
+ap 0" {2 - %) (3-57)
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3.6.3 Bubble Pressure:

The bubble pressure difference P is given by Eqs. (3-1), (3-2),
and (3-54)

. 20 20 ’ A * 1 _
Pp= o2 - & ¢ oP o0 (Zb 2) (3-58)
a P
Substituting in Eq. (3-57) results in
R ZE T S IR BN 1s
R S S o (3-59)

3.7 Critical Deprimed Heat Flow:

3.7.1 Definition:

The critical deprimed heat flow is the heat flow which is
sufficiently high so that some value of s between 0 and the value which
exists just after formation of the artery sheath, gives rise to a bubble
which can exist steadily. A higher value of 6 would cause the critical
bubble to grow by increasing the transfer of gas into tne bubble and by
jncreasing the liquid flow pressure losses. The former increases Px
given by Eq. (3-41) by increasing x_ _, given by Eq. (3-42) or (3-50).
The Tatter causes P,, given by Eq. ?5-16) or (3-59) to fall.

The critical condition is thus defined by the relation

PX = Pb at zb = Zb,CY‘ (3‘60)

3.7.2 Method of Calculation:

. The ratio Px/Pb is calculated versus zb* for a trial value of

Q. The quantity Py is obtained from Eq. (3-16). Eqs. (3-42) or (3-50)
and (3-45) or (3-52) are used to obtain values of Xg o and T - T_ needed
for Eq. (3-41). The computation is stopped at z = z, or at the point

39
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when Eq. (3-12) for the pumping pore stress shows back up wicking dry

out. If the maximum value of PX/Pb is greater than unity a smaller
%

value of Q is tried and vice versa.

(F%)

7.2 Sample Ce.zulations:

Sample calculations were made for selected parameters tabulated
in Table 3-1. The results are shown graphed in Figure 3-1. The sample
calculations clearly show the beneficial effects of thin artery wall
and long adiabatic length for achieving a high value of critical deprimed
heat flow.

3.8 Conclusions:

Analysis and calcuiations show conclusively that a thin artery
wall and an adiabatic section for gas stripping are highly desirable.
Even with such features, however, the maximum heat load which can be
sustained during repriming was found to be only about a tenth of the
load which could be delivered by an open artery. Since this open
artery capacity is presumably only a small fraction of the design
capacity, the load which can be sustained during repriming is very
small indeed.

A l1oad in excess of the repriming load but smaller than the open
artery capacity will not cause failure of the pipe (burnout), but will
also not allow the artery to reprime. A periodic destruction and re-
forming of the artery sheath will occur. On the other hand, the absence
of any load will also impede priming because, at equilibrium, the
vapor core in the evaporator will not be swept of gas, and there will
exist very little diffusior potential for the gas to escape the artery.

Thus, the results indicate that, to prime an artery in a gas-
Toaded heat pipe which contains a gas stabilized bubble, it is necessary
to operate the heat pipe at a load sufficient tc sweep the gas from the
evaporator but below the critical repriming value. Unfortunately, the
aralysis does not yield rate data, and it is therefore not yet possible
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FIGURE 3-1, Calculated Values of Maximum Re-priming Load for an Artery

Containing a Gas - Stabilized Vapor Bubble vs, Artery Wall
Thickness and Length of tha Adiabatic Section.
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to analytically evaluate the practicality of this approach. Some
experimental results obtained at TRW Systems Group on ammonja-helium
heat pipes have shown that very low lcads (2-4 watts) for extended
periods (16 hours) were necessary to successfully achieve primirg.
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4.0 SCALING LAWS FOR ACCELERATED LTFE TcSTING

With the heat pipe rapidly becoming a serious design element in
the solution of many spacecraft thermal control problems, there exists
a major impetus for understanding the mechanisms and developing scaling
Taws for life limiting processes. A need for achieving very long 1ived
high reliability heat pipe systems in a rapidly changing technology
necessitates the employment of accelerated testing techniques.

Within the realm o7 spacecraft temperature control devices,
potential failure processes and criteria can be defined. Efforts on
this task have directly addressed the demonstration that quantitative
relations can be established between a 1ife limiting process and specific
materials compatibility, test temperature, and heat transport rate.

In considering the general problem of develuping scaling laws
for accelerated life testing, TRW Systems defined a broad program and
approach which involved multipie materials systems, extensive material
tests, and a several year time phased effort. Because of funding
1imitations, the present task was of reduced scope, but did not obviate
any of the concepts included in the broader program. Rather, this task
represented a feasibility study to determine the extent to which a
scaling law might be developed for accelerated Tife testing in a specific
heat pipe system. If a successful scaling law could be establiished
for a specific sysiem, it might provide justificavion for undertaking
the broader program which would include all materials combinations of
interest in spacecraft thermal control and all 1ife limiting processes.

Nickel-water heat pipes were selected for study for a numbev of
reasons: (1) it was of interest to accurately study hydrogen gas evolution
which occurs during corrosion withir the heat pipe, and which occurs in other
materials systems with possible important heat pipe applications as well;

(2) past experience showed this couple exhibited a high erough corrosion
rate to permit experimental study of gas generation in a reasonable time
period; (3) the simplicity of studying a system consisting of pure (un-
alloyed) materials; and (4) the commercial availability of the materials.
Actually, Ni 200 was selected because fine screen was available up to
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250 mesh, which was desirable for the study of wick degradation. However,
it was found that in order to comprehensively examine the more important
effect of hydrogen evolution in detail, wick degradation could not be
included in the program. Thus, a higher purity grade of nickel could

have been employed, but this was not an important consideration.

The primary objective was to formulate an accurate scaling law
for the sp2cific example or the water-nickel heat pipe which predicts
the useable 1ifetime at reference {low) operating conditions from data
taken at accelerated (high) operating conditions. It is emphasized that
this task was not concarned with achieving a water-nickel compatibility
solution. However, it was necessary to maintain sufficient control over
the starting materials and fabrication techniques to allow the separation
of temperature and fluid circulation effects.

4.1 Accelerated Testing:

4.1.1 Heat Pipe Materials and Construction

A total of 16 heat pipes were constructed from nickel 200 materials
for the experimental phase of this p-ogram. Containers were 17.5" in
length with 1/2" 0D and 0.035" walls. Two layers of 250 mesh screen
were installed and the end caps and closure tubes were machined from
1/2" and 1/4" diameter rods, respectively. Care was taken to ensure
that all the heat pipes were as nearly the same as possible in terms of
materials and construction procadures. All containers were constructed
from nickel 200 tube of the same heat number and the same was true of
the screen and rods from which the end caps and pinch-off tubes weie
constructed. Efforts were made during welding to use the same temperature
and complete the weld in the same length of time for each heat pipe.

A schematic diagram of the heat pipes subjected to accelerated testing
1s shown in Figure 4-1.

In order to remove the oxide film produced during TIG welding
on the internal surfaces of the heat pipes, all 16 heat pipes were
baked out in vacuum for 2 hours and 26 minutes at 700°C and then re-
duced in hydrogen for 30 minutes at 732°C. A test specimen subjected
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to this reduction procedure showed no oxide film remaining on internal
surfaces after processina. After vacuum bake-out and reduction in hydro-
gen, the heat pipes were stored with plastic caps over the fill cubes.
The heat pipes were filled with 2.0 ml of triply distilled and degassed
water just prior to the initiation of testing. Chromel/alumel thermo-
couples were spot-weided to the outside of the heat pipes and 2" long
wir~ wound resistance heaters were installed on the evaporater sections
prior to filling. Aerotube pipe insulating material was installed to
allow four different condenser lengths Lc’ which permitted operating
with different flow rate. at the same temperature and vice versa.

4.1.2 Measurement of Noncondensible Gas Evolution

As gas is evolved during operation of a heat pipe, it is carried
to the condenser end causing a blockage and consequent temperature pro-
file along the outer wall. Assuming ideal gas behavior, the amount cf
gas present may be calculated from the temperature profile. If the con-
denser end is divided into equal intervals and the temperature at the
center of each interval is Ti’ then under steady-state conditions the
number of ib.-moles of gas n is given by the ideal gas law as:

N P .
n= 4 v A (4-1)
Ru - Ti
i=1
In (4-1), aV is the volume of each interval, Ru is the gas constant,
and
Pgi = PvaPyi (4-2)

th

is the partial pressure of gas at che center of the " interval. In

(4-2), pva is the total pressure (the vapor pressure corresponding to
the temperature in the adiabatic section) and Pvi is the vapor pressure

in the 1th interval.

A data reduction computer program was used to determine the
quantity of gas in a heat pipe at any given time from the measured
steady-state wall temperature profile. This method is based on the
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assumption tnat the wick surface temperature, and hence the vapor-gas
mi (ture,is very close to the wall temperature in the gas blocked region
of the conuenser. This assumption has been found to be vali. through
calculations with tte TRW Gaspipe Program (11].

In practice, each pipe was divided into 3/4" clements with a
chromel-alumel thermocouple placed in the center of each interval. The
thermocouple temperature readings were punched directly into the
computer program, which automatically carried out the operations in-
dicated by egquations (4-2) and (4-1), and printed out the total number
of Tb.-moles of gas in the pipe. Trial calculations indicated *hat the
aiscrepancy between using a 0.5" element and a 1.0" element was less

than one percent,

4.1.3 Accelerated Testing Conditions

It was assuned, based on previous studies of water heat pipes
(12, 13], tnat the gas generation rate would be a strong function of
the operating (vapor) temperature. For this reason a constant temperature,
controlied flow chamber, in which all 1ife testing and accelerated
testing of heat pipes in this program were carried out, was designed
and built. Tne chamber is shown schematically in Figure 4-2. A boxer
fan blows air into a heating chamber and then through mixing baffles
into a plenum region. The air then flows through a 200 mesh layer of
screen ana a 1" thickness of 1/8" celi honey-omb to uniformly distributc
and straighten the flow into the test region. The test region is covered
with a spun glass cover to elim.nate drafts from the environment. In
addition, the entire chanber is insulated with 1" of urethane foam to
furtner m nimize environmental effects. The temperature of the air
entering he test regicn is maintained constant at 80°F by modulating
the heater (1ight bulbs) power thrcugh a proportional controller using
a reference thermocouple. In the course of the program, the chamber
demonstrated set point control of approximately + 0.5°F, and was un-
affected oy convective air currents in the room. However, laboratory
temperature changes of + 3°F, which occurred occasionaily, were found
to result in changes in the chamber temperatuce of + 1°F. Thus, the
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FIGURE 4-2, 3Schematic of Accelerated Life Test Chamber.
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chamber was effective in reducing ambient temperature vaviations, but
did not entirely eliminate them. The test regicon contains three racks
at different levels to hold the heat pipes.

The accelerated testing phase of the program was begun by oper-
ating three heat pipes at temperatures of approximately 150°F, 250°F,
and 350°F This initial testing stage was carried out in order to
determine approximately the time and temperature dependence of the gas
generation function in order to draw up a detailed test plan. Gas
generation curves tor two of these heat pipes operating at accelerated
temperatures of approximately 150°F and 250°F are shown in rigures 4-3
and 4-4. These data were taken during the initial testing period of tne
program and the temperature was not well controlled, as the scatter in
the data indicates. The curves are shown only to indicate the strong
temperature dependence. The apparent parabolic behavior was not found
with more accurate data taken later in tne program.

Based on these initial results, a test plan was drawn up to
begin Tife testing of three reference condition heat pipes and five
accelerated condition heat pipes held at higher temperatures. The
three referance condition heat pipes were set operating in the 80.0 +
0.5°F constant temperature chamber in a slight reflux mode at 85.0 +
0.5°F and 0.42 watts.

The five accelerated condition heat pipes were held at constant
temperatures of 135°F, 150°F, 165°F, 180°F, and 195°F (isothermally)
with zero flow rate. These isothermal he. t pipes were held to within
+ 0.5°F of the indicated temperatures by completely wrapoing the oipes
with heat tape and convering with two layers of insulation. The tem-
perature difference betweer any two points on a heat pipe was less than
0.5°F. Thus, the fluid flow rate in the isothermal heat pipes were
essentially zere. The only time fluid flow occurred wus during the
approximately one hour periods when the heat pipes were operated at
100°F, as heat pipes, for the purpose of measuring the temperature pro-
files. In order to measure the amount of gas generated by high tem-
perature exposure, the heat pipes maintained under isothermal conditions
were taken out of the constant temperature chamber temporarily for
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FIGURE 4-3. Gas evolution in nickel-water haat pipe #3

operated at accelerated condition at 150 -
3°F. The step in the curve may have resulted
from an unrecorded temperature increase.
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FIGURE 4-4. Gas evolution in nickel-water heat pipe #2
operated at accelerated condition between
250°F and 280°F. Data scatter is probably
due primarily to variation in temperature.
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removal of the heat tape and placed back in the chamber and operated as
heat pipes for the purpose of recording the temperature profiles. After
recording the temperature profiles, these heat pipes were removed from
the chamber, wrapped with heat tape again, and placed in the chamber for
further high temperature exposure.

Accelerated testing under isothermal conditions was carried out
for a number of reasons. When operated as a heat pipe (with fluid flow)
the gas generated in a pipe builds up as a function of time and the
consequent change ir the temperature profile at the condenser means that
the vapor temperature in the adiabatic section can be held constant orly
if the power is continuously decreased or more condenser length is con-
tinuously uncovered. The first method requires a temperature controller
for each heat pipe for good accuracy and allows the flow rate to de-
crease, while the second would require a great amount of time in main-
tenance if the insulation were moved by hand. It was desired to study
the temperature dependence with these heat pipes, independent of the
flow rate. Thus, it was decided to test under isothermal conditions
{(with zero flow rate) and it was found possible to hold the temperatures
almost precisely constant over an extended (1290 hours) period using
only the temperature controller on the chamber.

Contrary to expectations, a strong temperature dependence did
not appear with the five heat pipes held at accelerated temperatures of
135°F, 150°F, 165°F, 180°F, and 195°F under isothermal (zero flow rate)
conditions, as shown in Figure 4-5. With these heat pipes the general
behavior appears to be initial (possibly parabolic) passivation, but
at much reduced rates comnared to heat pipes operated with non-zero
flow. The 150°F data of Figure 4-3 (heat pipe mode) is reproduced in
Figure 4-5 for comparison. I* thus appears that the flow rate is an
impor tant variable ir gas generction in nickel-water heat pipes.

The gas generation in the three reference co aons heat pipes
is shown as a function of time in Figure 4-6. As ¢ - ssc? above, the
amount of gas was calculated from the temperature protile wi.n a computer
program based on ideal gas behavior. The scatter in tne data may
result from the fact that the results of the computer program are quite
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sensitive to small variations in the thermocouple readings, particularly
for small amounts of gas (10 x 10710 15, -mote range). These heat pipes
were operated at 85.0 + 0.5°F for 1150 hours, except for two brief
periods (of approximately 2 hours) at 97°F. Within the scatter of the
data, only a linear time dependence can be assumed. Sufficient accuracy
was not obtained to determine an initial period of parabolic passivation.
After 1150 hours at 85°F, the temperature was increased to 97°F in order
to improve the accuracy of the gas measurements. A rapid increase in

gas was noted beyond this point up to the totai 1600 hours exposure
indicating a change in the corrosion behavior.

Having determined that the flow rate is an important variable in
gas generation in nickel-water heat pipes, in that the gas evolution
rate is very low with zero flow rate, but high at the same temperature
when the heat pipes are operated normally with fluid flow, it was decided
to carry out acce ~rated testing with controlled, non-zerc fluid flow.
in order to examine tre flow rate dependence together with the temperature
dependence, eight heat pipes were operated at accelerated conditions up
to 188 hours. The heat pipes employed in this phase of the program were
the five tested previously with zero flow and the three reference con-
ditions heat pipes (from which sufficient reference conditions data had
been collected). A1l these heat pipes contained only a small amount of
gas as a result of previous testing. New heat pipes were not employved
in this phase of the program, primarily because the available funding
was not sufficient to cover the instrumentation and processing costs.
It was initially intended toc operate one set of four heat pipes at the
same flow rate and different temperatures and a second set of four at
the same temperature and different flow rates. Thase conditions could
not be met exactly in practice. After establishing the accelerated
testing conditions for each heat pipe, the power was reduced as gas was
generated as a function of time in order to hold the temperature constant
throughout the testing period. This was done because it was felt that
the temperature dependence would be stronger than the flow rate depen-
dence, as was found to be the case. The heat pipes were operated under
the following accelerated conditions, where the power levels in paren-
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thesis are the initial and final values, respectively: 177°F (9.0 -

8.1 watts), 163°F (6.3 - 5.2 watts), 153°F (6.0 - 4.9 watts), 152°F

(6.7 - 6.1 watts), 152°F (5.7 ~ 5.0 watts), 152°F (6.4 - 5.8 watts),
152°F (5.4 - 4.4 watts), and 151°F (6.0 - 5.6 watts). The results of
these measurements are shown in Figures 4-7, 4-8, and 4-9. In all cases
the time dependence appears to be linear within the accuracy of the

data obtained. Beyond 100 hours of exposure the data may begin to be of
reduced accuracy because the area exposed to the indicated temperature
becomes reduced as gas builds up in the condenser. The resulting re-
duction in gas generation as the temperature falls along the condenser
could be taken into account by an iterative method but the accuracy of
the data does not appear to warrant such a treatment. For this reason,
the curves were drawn with emphasis on the interval below 100 hcurs of
exposure. Displacements in a number of the curves apparently resulted
from unrecorded increases or decreases in the temperature.

4.2 Phenomenological Corrosion Model and Analysis:

4.2.1 Phenomennlogical Model

A phenomenological model of heat pipe degradation in the nickel-
water system was developed which incorporates ccrrosicn and oxidation
theory and contains parameters which may be determined by experiment.
This model is based on the concept of extrapolation from accelerated
conditions to predict behavior at reference (normal) conditions. It
is thus explicitly assumed that the chemical and physical mechanisms
responsible for heat pipe degradation at accelerated conditions are
the same in nature at the reference conditions. In this preliminary
formulation only non-condensible gas generation has been considered.
Effects of wick degradation, which were expected to be of le,s importance
in this system, were not treated because the accelerated testing phase
did not lTeave sufficient funding for this additional activity.

It is known that a clear nickel surface corrodes uniformly at
a linear rate (0.001 mpy) after long duration exposure to distilied
water at room temperature [14]. The initial behavior of nickel in water
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has to our knowledge not been studied in detail. Assuming clezn, un-
passivated nickel surfaces in the heat pipes, corrosion will occur at

all nickel surfaces under the influence of mobile, local corrosion cells.

At each cell nickel oxide and/or nickel hydroxide will be generated at
the anode [15], and hydrogen gas at the cathode [16], according to the
reactions:

Ni + Hy0 ———=Ni0 + H, (4-3)

Ni+2 H20 ----——»Ni(OH)2 + HZ (4-4)
For each molecule of nickel oxidation product one meciecule of hydrogen
gas is evolved. Since the long duration corrosion rate of nickel is
very small at room temperature, a protective film of the oxidation
corrosion products must be formed during the initial exposure. It
appears likely that the film will grow by migration of Nit" ions toward
the film-water interface and by 0 ions toward the nickel-film inter-
tace under the influence of the electirical potential established across
the film in the electrochemical cell. Assuming a constant potential,
oxidation theory predicts passivating film growth will occur at a para-
bolic rate [17]. Hydrogen evolution will thus have the same time de-
pendence, giving:

n (t,7) = F (1) t'/2 (4-5)

where n is the number of 1b.-mcles of hydrogen, t is the time, and F (T)
is some function of the temperature T. This relationship tas been found
to describe hydrogan evolution from steel in boiling water [18], but is
not common to tie (long duration) corrosion of metals generally. Over
Tong periods cf time, uniform corrosion with a linear time dependence
occurs more commonly. Thus, after the initial passivation the hydrogen
evoluticn may be expected to obey:

n(t,T) =F (T) t (4-6)
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The function F (T) may be determined empirically if necessary by
measuring the hydrogen evoluticn at a series of temperatures and plotting
nvs. t? for each temperature, where a = 1/2 for initial passivation
and a = 1 for long-term uniform corrosion. The slope %D- = F (1,,

y = t? of each temperature curve generates the functicn F (T). However,
from the mechanisms of film growth assumed in the model, migrating ions
will experience an activation energy Q in moving from one interstitial

site to the next [17]. In this case the temperature deperdence will vr-

-Q/kT

have as e , where k is Boal‘zmann's constant, g.ving:

F (1) = e /KT (4-7)

——

where B is a propcrtionality constant. 1his is the .clacionship found
with the oxidation of many metals, which is escenti iy the model
assumed here. From a nlot of InF vs. 1/T, B and 0 mav be deternined.
Having determined these narameters by measuring the gas evolution at
accelerated corditions the gas evoluticn at any time may be calculated
for heat pipes operated at refevence conditions from:

n(tT) = Bt U/KT (4-8)

a = 1/? (initial passivation)

[+
1t

1 (Tong-term, uniform zorrosion)

This model is incomplete in certain respects and might be deve-
Toped further in a mora extensive study. It ignores a number of mech-
anisms and effects which might be included in a more complete mndel.
Four of the more important effects may be:

1. The corrosion rate of many metals is increased when
fluid flows over the surface as opposed to a stagnant
situation, in which case the heat transport rate must
be taken into account. It is shown below that the flow
rate dependence is in the form of a threshold.
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2. As gas is generated and collects at the condenser
end of a he.* pipe. the temperature of the affected
‘ength will drop, reducing the area of high tem-
perature gas generation. This effect was partiy
accounted for by more heavily weighing the early
data as discussed in Section 4.1.3.

3. Hydrogen gas in solution has been repurted to
reduce the correosion rate of nickel in water [19].
In this case, the "nitial gas evolution rate would
be less than parabolic.

4. Nc efforts wer2 made to establiish the parameters
controlling the proportionality constant - B.
Petrick I'13] suggests that ithe surface area of
the heat pipe components (wall and wick) wetted
by the liquid represents ore such parameter.

4.2.2 Analysis and Prediction of Reference Condition
Gas Evolutiun Rate

Except for the case of the initial expo.ure cf the isothermal
(zero flow) heat pipes, the data obeys a linear time dependence
corresponding to uniform corrosion, as shown in Figures 4-6 -~ 4-9.
The data during initiai exposure in the 10U x 10'10 1t.-mole range was
not of sufficient accuracy to allow identification ¢cf initial passi-
vatica. Plotting log %%- vi. 1/T resuits in the curve shown in Figure
4-10, indicating that corrosion in these nickel-water heat pipes is
described by Eq. (4-8) with a = 1, within the accuracy of the data.
Calculating the parameters Q and B from the slope and intercept, re-
spectively, results in:

10.29 x 10727 joules,

0
]

0.9699 1b. -moie/hr.
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Table 4-1 compares the actual and predicted gas evolution in
the reference conditicn heat pipes. As discussed above, the flow rate
appears to be an important variable in gas generation in these nickel-
water heat pipes. However, {low rate is usually most important in cases
of crevice corrosion, which is not important with the nickel-water system.
In other cases, only a moderate flow is required for general uniform
corrosicn to remove insulating gas bubbles or depleted solution from
the surface. That is, there may be a threshoid in the flow rate, above
which normal, general corrosion with hydrogen evolution occurs. This
appears to be the case in the corrosion of the nickel-water heat pipes
tcsted in this program. As seen in Figure 4-6, a change in the gas
generation rate appears to occur ¢. changirg the reference operating
conditions from 85°F at 1.37 x 10-3 1b,ar flow rate toc 97°F at
4.67 x 10'3 1b/hr flow rate. This change in behavior appears
to result from the increase in flow rate and not from an increase
in temperature. Comparison with the curves in Figure 4-5 shows that
gas generation in the high temperature, zero flow rate, heat pipes
was low and similar to the behavior found at 85°F with 1.37 x !0'3
Ib/hr flow rate. Furthermore, at flow rates above 4.7 x 10°3 ‘o/hr
the dependence cn flow rate does not appear in the data, as may be
seen by a comparison of the gas generatior curves in Figure (4-3)
taken at ithe same temperature but at different circulation —ates.

It thus appears that the flow rate dependence f is in “he form of a
threshold ft, below which gas evolution is very low and above which
normal, uniform corrosion takes place. Eq. (4-8) for uniform ges
generation may thus be written:

/KT,

n (t,T) = Bte~l (4-9)

f>f,

1.4 x 10°° < f, < 4.7 x 1073 1b/hr

B = 0.9699 1b.-mole/hr
Q = 10.29 x 1020 joules,
with T in °K.
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TABLE 4-1

ACTUAL AND PREDICTED GAS EVOLUTION
IN REFSRENCE CONDITION NICKEL-WATER HEAT PIPES

QUANTITY OF NONCON-
DENSIBIE GAS EVOLVEC

VAPOR POWER FLUID FLOW TOTAL (LB. -MOLE )
TEMPERATURE  INPUT RATE EXPOSURE
(°F) (WATTS)  (10-3 LB/HR) TIME (HR)  ACTUAL PREDICTED
85 5.42 1.37 N49  17.5x10°'9 226.3x107 10
97 1.64-1.42* 5.39-4.67* 447 88.0x107'0  96.3x10710

* Initial and final values, power was continuously decreased
during exposure to maintain the vapor temperature at 97.0°F.

Further experimentation would be required to determine the precise value
of fis the sharpness of the threshold, and bahavior of the gas evolution
below threshold.

As shown in Table 4-1, the proposed phenomenological model seve-
rely over-predicts the gas evolution for the reference condition below
threshold but predicts the reference condition gas evolution above thres-
hold reasonably well, over-predicting by 9.4%.

As an example of accelerated life testing and the scaling law
represented by Eq. (4-9), let it be assumed that heat pipes are required
for a particular application to be operated at 85°F, but at a power input
resulting in a flow rate greater than threshold. If the useful Tifetime
is considered to be limited by gas evolution amount to 200 x 10']0 1b.-
moles, solving Eq. (4-9) for t results in a predicted lifetime of Yife =
1015 hours + 9%.

4.3 Comparison With Literature:

ithough there exists an abundance of lite aiture on the general

guestion of Coviosi
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generation in heat pipes. In fact, the only quantitative study of this
phenomenon which we have found is t.e work of Petrick [13] on the stain-

less steel - water system. Aside from this vork there has deen a "rule-
of-thumb" discussed among heat pipe researchers that the gas generation
rate doubles for every 10°C increase in tumperature, although we have not
been able to locate any publication to this effect. It is of interest,
however, to compare the results of this program to those of Petrick and

to the “rule-of-thumb."

If we assume that we are considering heat pipes operating above
the threshold flow rate, an expression for the temperature difference
necessary to double the gas generation rate is easily derivad from
Eq. (4-9). Let the gas generation rate at temperature Tz ke twice that
at T]. Then,

5 -Q/kT N -Q/kT,
Nl g C=2.8| -2
5t T at iy

2 N

(4-10)

If we set T2 = T] + ATd, whare aTd is the temderature difference
required to double the generation rate, Eq. (4-10) can readily be written

5
E‘)t - . . r AT
l I~'"~ L\ld _ _ g - a
. w0 &\ mm, (a-1)
3t

T .

1

Taking logarithms and solving for ATd yields

2
T] In 2

_ (8-12)
d % T.in 2.

AT

The imp.. .ant thing to note in this result is that the rate
doubling temperature diffe -ential is not a constant, as suggested by the
"rule-of-thumb," but depends on the operating absolute temperature level.
The higher the operating temperature levei, tne greater the temperature

68
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difference required to double the gas generation rate.

What is constant is the activation energy - Q, and a better “"ruie-
of-thumb" would be to establish an average value of Q to be used with
Eq. (4-9). However, if a rate doubling temperature differential is pre-
ferred, it must at leas*t be referenced to a standard temperature - say
20°C (293.16°K). If we let AT; be the value of gTd at standard con-
ditions, Eq. (4-12) reduces to

4
iT; . 5.957 x 10 (4-13)
%- - 203.2

where k = 1.38 x 10"3 joules/°K (Boltzmann Constant), and Q is expressed

in joules.

If we now substitute the activation energy for nickel-water
systems found in this study (Q = 10.29 x 10'20 joules) into £q. (4-13),
we find that Ty = 8.2°K. This is not far removed from the 10°C “rule-
of-thumb."

To compare TRW's results with those of Petrick [13], it must
first be emphasized that two different material systems and different
processing techniques were used. Petrick worked with water/304 stain-
less steel heat pipes, while this study used watei/Nickal 200 pipes.
Further, he used a compietely different method of calculating gas inven-
tories in which he froze the heat pipe and extracted the gas, using a
mass spectrometer to determine the composition and quantity ot gas

present.

In analyzing his test data for fifteen heat pipes run at three
temperature leve’s (100, 200 and 300°F), Petrick observed that gas
accumulated linearly with time up to 92 days. This is similar to the
time dependence found in this study, as given by Eq (¢ 9).

In attempting to formylate a temperature depenaence, however,
Petrick simply used an empiricc] best fit of his data yielding

Q
(78

@
ct|3

= c1 3¢ (4-14)
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where C is an empirical constant and T is in degrees Centigrade.

£q. (4-14) would appear to he of limited use in that it is simply
a curve fit and does not represent any physical or chemical mechanisms.
However, Petrick's data are themselves valid and can serve as an inc2pen-
dent test of the analysis presented herein, leading to Eq. (4-7). His
published data fur the hydrogen generation rate as a furction of temp-
erature are shown in Tablz 4-2.

TABLE 4-2
PETRICK'S GAS GENERATION DATA [13]

H, GMFY.ION RATE T Vai
(vg/em® - day) (°K) (1/°K)
9.63 x 10°° 310.94 .003216

1.69 x 1073 366.49 .002729

1.54 x 1072 422.05 .002369

Tc test the model inherent in Eq. (4-7), we can plot the gas
generation rate vs. the inverse absolute temperature (1/T) on semi-log
raper, as was done for TRW's data on Figure 4-10. This is done for
Petrick's data oa Figure 4-11. As is apparent, the data falls on a
straight line indicating that Eq. {4-7) properly describes the func-
tional dependence on temperature for Petrick's results as well as TRW's.

Furthermore, extracting a value ftor the activation energy - Q
from the slope of the line, one obtains: Q = 8.25 x 10720 joules. This
compares with TRW's value of 10.29 x 10720 joules for the nickel-wate,
system. '

It is also of interest to calculate the rate doubling temperature
differential for Petrick's system. From Eq. (4-13) with § = 8.25 x 1@'20
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*
joules, we calculate: ATd = 10.3°K. In this case the 10°C “"rule-of-
thumb” is remarkably close to correct.

4.4 Conclusions and Recommendations:

From a study of hydrogen evolution in nickel-water heat pipes
under accelerated and reference conditions it has been found possible
to accurately predict, calculating with Eq. (4-9), the Tifetime of a
heat pipe operating at reference conditions from data taken at accele-
rated conditions, provided the fluid flow rate is greater than a thres-
hold value. For flow rates Tess than thrashold the hydrogen evolution
rate is much recduced, but a precise lifetime cannot be calculated with-
in the scaling law. However, this is not of great importance as the
advantage of heat pipes lie in the area of large heat transport, which
is the case covered by the accelerated testing model. Further investi-
gations of accelerated testing of nickel-water heat pipes should include
an accurate determination of the threshold flow rate, the sharpness of
the threshold, and the behavior of hydrogen evolution below threshold.
Evidently, effects of wick degradation are completely dominated by the
large hydrogen evolution in this particular heat pipe system.

0f considerable significance is that fact that the data published
by Petrick for stainless steel-water systems shows a similar functional
dependence on time and temperature as that taken at TRW for nickel-water
systems. Furthermore, the activation energies for the two cases are
nearly the same (8.25 x 10720 ys. 10.29 x 10720 joules). This suggests
that the results may be fairly general for similar systems and are not
too sensitive to small variations in the purity of the water or surface
condition of the wicks and walls, since substantially different pro-
cessing techniques were used.

Also of interest is the fact that the 10°C "rule-of-thumb" for
the temperature differential necessary to double the gas generation rate
was quite close to correct for both studies if referenced to standard
conditions (20°C).
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The results of this study have beer most encouraging and suggest
that the generaticn of scaling laws for accelerated testing of life
Jimiting processes is indeed feasible. It is believed that the success
of this feasibility study now provides the motivation for an expanded

effort in this area.
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5.0 DEVELOPMINT OF A VAPOR FLOW MODULATION VARIABLE

CONDUCTANCE HEAT PIPE

In an earlier publication [3] it was shown that the control
capability of passive, gas-controlled, variable-conductance heat pipes
is sensitive to variations in the environmental conditions. This is
because the sink temperature influences both the gas temperature
and the partial pressure of vapor within the gas blocked region of
the pipes. Thus, variations in sink temperature cause variations in

the gas blocked condenser length and, hence, in the evaporator temperature.

This is particularly troublesome in cases where the sink temperature
varies significantly and approaches the operating temperature. Conditions
such as these characterized as the AHPE flight experiment on the 0AD-C
spacecraft, requiring the use of a sophisticated hot non-wicked reservoir
design in order to achieve the required 10°F ccntrol range [8, 10].

Because of this limitation, TRW has been studying alternate
control techniques which are relatively insensitive to sink temperature
variations. Two such systems have been examined; excess fluid control
and vapor flow modulation. Of the two, vapor flow modulation appeared
to be the preferred scheme for spacecraft thermal control applications.
Thus, this scheme was selected for the design, fabrication and test of
a laboratory prototype.

5.1 Excess Fluid Control:

This control technique is closely related to non-condensible
gas control. It utilizes the same fundamental control approach - that
of passively varying the condenser area to accommodate changing heat
rejection requirements. However, it differs from ordinary gas-control
concepts in two princip~1 ways. Rather than rely on the compressibility
of a noncondensible gas mixed with working fluid vap v *c accommodate
changes in inactive condenser volume, this scheme uses an isciated
extensible container (bellows, bladder, etc.) containing a control
fluid. Also, excess working flu.1 is used to blcck the cordenser
rather than a gas diffusion barrier. Such a system is shown

schematicaily in Figure 5-1.
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Clearly this scheme is comparitively insensitive to variations
in sink tempearture. In the gas controlled heat pipe, the partial
pressure of vapor mixed with the gas inc.reases the "effectiv." gas
volume in a temperature dependent way. Furthermore, the volume of
the gas itself is a relatively strong function of temperature. In
comparison, the volume ¢f the excess liquid used to block the condenser
in the excess fluid control scheme is a relatively weak function of
temperature.

Another related advantage of this technique is that its
transient behavior is not influenced by diffusion effects between
gas and vapor, as is the case with hot reservcir gas controlied
heat pipes, since there is no gas in the system.

On the other hand, this technique also sufferc some obvious
disadvantages. It introduces difficulties in 1-G testing in that
gravity tends to cause the excess fluid to puddle in the condenser
rather than reside as shown in Figure 5-1. To permit 1-G testing,
it is therefore necessary to design the heat pipe with an internal
capillary structure to retain the fluid against gravitational forces.
This is a practical approach, as was demonstrated by the successfnl
applications of liquid condenser blockage to effect a heat pipe diode

[20].

The 1-G requirement also constrains the geometry and location
of the excess fluid reservoir. However, placing the reservoir outside
and below the evaporator, coupled to it through the sadcle, provides
a sat ifactory solution for both 0-G and 1-G operation, as shown in
Figure 5-2.

Another disadvantage to this approach is that it is limited to
applications where the effective sink temperature is above the freezing
point of the working fluid. If the working fluid freezes in the "shut-
off" end of the condenser, the reservoir is decoupled /rom the operating
portion of the pipe by the solid plug, causing a loss of control.

5.2 Vapor Flow Modulation:

This approach to heat pipe control involives a different
primary contrel principle than the gas or Iiquid condenser floodiny
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techniques. That is tu throttle the vaper flow between the evanorator
and condenser sections ¢y the heat pipe, giving rise to a pressure
difference between the twou regions and, with it, a correspondiry
temperature difference. In this way, the overall temperature drg,

can be varied for any given heat flux; i.e., the heat pipe has a
variable thermal conductance.

The principal timitation of this technique is that .he pressure
drop across the throttling va.se comes "off the tc," of the available
zapillary head. This pressure drop must not exceed the capillary head
or vapor will "blow through” the vick. This establishes a maxiinum
value (Elow-thiough 1imit) for the evaporator-to-condenser temperature
differerce, depe’dent on the wick, working fluid and operating temperature.
Furthermore, whatever the magnitude of the thrcctling pressure drop, it
reduc. the hydrcdynamic capacity of the heat pipe. An analytical model
for vapor flow modulation heat pipes including blow through limits
and ope ating characteristics was previously repcrted in Ref [3].

To implement this control mechinism effectively, 3 promising
approach is to passively actuate the throttiing valve with a control
fluid within an extensible container, as with the excess flui. control
technique. This is skown schematically in Figure 5-3.

As with excess fluid control, this tecnnique is relatively
insensitive to the magnitude and variability of the sink conditions.
In fact, as opposed to gas control concepts, performénce improves as
the effective sink temperature approaches the evapr~a*or tempe:. -ure in
that smaller evaporator-to-conderser pressure dify .. .ie’s are involved
and more of the capiliary head is available to circuiate the fluid.

EVAPORATOR CONDENSER

FLUID FIRURE 5-3. VAPOR MODULATED HEAT PIPE 74-/-¢2
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in ->mparison with excess fluid control, the vapcr tiow muduiation
tec'nique does not suffer similar geometric design constraints to permit
1-G testing. Also, since the entire condenser is active at all times,
it is not subject to failure if the sink temperature falls below tne
freezing point of the working fluid, as iong as the condenser itself
does not fali below this temperature. On the other hand, this scheme
requires a valve vhich inhererily reduces reliability. Also, the
limited capillary pressures availabie constrain the system to operate
at rather .ow atsoiute pressures if significant evaporator-to-condenser
temper: ~ differentials are required.

5.3 Control Fluids and Extensibla Containers:

As was see- in the previcus two sections, control of the avaporator
temperature of a heat pipe can be achieved through the use of a bellows,
bladder or other exiensible container located within or thermally
coupled to it. Within the control fluid container may be - “acuum,

é <ingle phase liquid or gas, a two-phase single component .. a two-phase
mixture. As the temperature of the evaporator changes, the difference
between the ‘“apor pressure of the working fluid in the pipe and the
pressure of the control <luid, if any, within the bellows causes the
bellows vo deflect. The movement of .he bhelliws mav be used for
compensating ccatrol.  This sectior presents some considerations

leading to selection of a contr 1 fluid and container.

£.3.1 The Disp’acement of the Bellows:

Consider an impermeable beilows which contains fluid 1 and is
surrounded by a heat pipe working fluid 2. Bcth are assumed to be in
thzmodynamic equilibrium at temperature T. One end of the bellows
is attached to « statio..ary wall as shown in Figure 5-4.

The linear displacement x from the equilibrium position of the
bellows is giv'n by

F=Kx= A(P] - Pz) (5__])

where K is the spring constani, assuning elastic deformation of the
bellows. The change in x with a chang2 i, temp:rature is
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dx _ A
) S S O S (5-2)

The following descriptive terms are used to distinguish the algebraic
sign of dx/dT:

PUSHER dx/dT =~ 0 dP]/dT ~ dP,/dT

2
PULLER dx/dT < O dP]/dT < dP2/dT

For maximum control sencsitivity, it 15 clear that the bellows
(or bladder) defiection should be a strena function of temperature;
i.e., dx/dT :z 0. From Eq. (5-2), we see that this suggests > <-3ll
spring constant - K. However, it is also obvious that a soft, weak
bellows or biadder cannot sustain ar appreciable load or pressure
giffcerence, ac might exist when the heat pipe experiences temperatures
far removed from the design point. Thus, a trade-off exists between
contrel sensitivity and off-design system integrity in establishing
the bellows stiffness.

5.2.2  Control Fluid Selection:

Eq. (5-2) indicates that a good control fluid is one wi~h a
value of dP/dT far removed from that of the working fluid. However,
it is also clear that, in order to gain the benefits of usino ar
extensible container with a small spring constant, the pressure. inside
and outside of the container shouid be nearly equal; i.e., P] = P2.

5.3.2.1 Two-Phase Control Fluids:

The use of a two-phase coni~c?! fluid is attractive in thal its
pressure is a function of (emperature alone, independent of the container
volume. The working fluid 2 is in two-phase equilibrium. Therefore,
its pressure is given approximately by the Clausius Clapeyron elation

- ("z2/Th2) (Tp2/T-1

Py = Py (5-3)

where Tb is the bciling point at pressure PO = 1 atmos and TZ is xM/Ru,
where Ru is the universa® gas constant and M the moiecular weiqght.
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The dPZ/dT term 1s Lhen

dP P T
7 () (54

The P, T relationship for the control fluid depends, of course, cn its

nature; i.e., whether the bellows is evacuated, filled with a gas, a
liquid, or a two-phase fluid or mixture of fluids. In the case of a
two-phase control fluid, P] obeys a relationship similar to Eq. (5-3).

p. = p e /T (Tpy/T-1) (5-5)

T -a - 2 Uy - Tl (5-5)

We see inai Tz] stivuld be much greaver ohan T,Z ror & gooa "pusher”
and much iower for a good "puller". In addition, we desire P] and P2 to
be nearly equal so:

T (T o T Th2
T_— —T- - 1 = T“" —‘-l'-_ -1 (5'7)
ol b2

If the working fluid and the cperating temwperature ar:z fixed, Tb] is
related to Tz] through Eq. (5-7).

b2 'z2  |b2
T -1, |7 °! (5-8)

For example, consider methanol operating ¢ 232°K. For methanol sz =
338.12 and T, = 4250°K. Eq. (5-8) cives Ty versus Tz] as shown in
the third column of Table 5-1.
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TABLE 5-1

Boiling Point of Control Fluid versus Vapor
Pressure Parameter TZ of Control Fluid

Operating Temperature 293°K

Tb’ Boiling Point Desired for Working Fluid
TZ Water Ammonia Methanol
X K °K LS
2700 475.8 239.7 370.6
2900 157.9 241.4 363.8
3100 441.7 244 .1 358.4
3300 428.5 246 .6 353.6
3500 417.5 248.9 349.5
3700 40£.3 251.0 346.0
3900 400.0 252.9 342.8
4100 393.3 254.5 340.0
4300 387.1 256.1 337.3
4500 381.6 257.5 335.0
4700 376.6 258.9 333.0
4900 372.5 260.3 331.4
5100 368.4 261.4 329.8
5300 364.8 262.5 328.2
5500 361.6 263.4 326.3
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To see whether there are suitable candidates for pusher conirui iiuids
we search for one with Tz] much greater than T22 and with a boiling
point close to the value indicated. Similarly, for a good puller, we
seek Tz] muck less than T22 with the same boiling point criterion.
The values of Tb and TZ for a number of fluids are shown in Table 5-2.

Comparison of Table 5-1 with Table 5-2 shows that there app-zar
to be no two-phase “"pusher" fluids which are satisfactory for two of
the three commonly used ambient temperature heal pipe working fluids,
~ater, ammonia, and methano:. In the cace of water only one fluid in
the table, n-propyl alcohol, has a greater TZ, but it is only slightly
greater. The desired boiling point for a vaiue of Tz = 4960°K is 372°K,
and the actual boiling point of n-propyl aicohol is 370.4°K. In the
case of ammonia, there is no trouble finding a fluid with a greater TZ.
However, the Leiling points of the fluids in Table 5-2 are all too high.
in the case of methanal | anly the othar aicohols and water have greater
values of Tz. But the values of Tb for these fluids ar2 all too ligh.
Thus, there is not a single candidate in the Table for use as a "pusher’
fluid with ammor.ia or methanol.

A similar search for two-phase "puller" control fluids shows
that there are no candidates in the table for use with ammonia (values
of Tz are too high), a possible (although not very good) candidate for
water (di-ethyl ketone) and severa! candidates (carbon tetrachloride ana
ethyl iodide) which appear satisfactory for use with methanol.

Another way of looking at the stated requirements and conclusions
is to consider the pressure~temperature curves for the system. This is
shown in Figure 5-5. Since both the control and working fluids are
presumed to be two-phase fluids, tne P, T curves are unique for each
of them, In terms of Figure 5-5, the requirements for a good control
fluid are 1) that the two-curves cross at a temperature Ta which is
very close to the design point (P] = PZ)’ and 2) that the slopes of
(4P 4P2). An inability

i <<

to find a control fluid with Tz] much greater than (pusher) or much
less than (puller) T22 is equivalent to saying the slopes of the P, T
curves are not suf iciently different at the desired control point.

>>

the curves he very different at tnis point
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Vapor Pressure Parameters for Some Fluids

Fluid

Acetone

Ammonia

Benzene

Tert-butyl alcohol
Carbon tetrachloride
Chloroform
Diethylamine
Diethyl ketone
Ethyl alcohol

Ethyl iodide
Ethylene chloride
Ethylidene chloride
Methyl acetate
Methyl alcohol
Methyl propionate
Isopropyl alcohol
N-propyl alcohol
Sulfir dioxide
Trichloroethylene
Water

Boiling Latent Molecular
Point heat Weight
T A "M

°C °K cal/qg g/g-mole
56.5 329.7 124.5 58.1

-33.5 239.7 327.4 17.03
80.1 353.3 94.3 78.1
82.5 355.7 130.5 74.1
76.8 350.0 4€.4 153.8
61.3 334.% 59.0 i15.3
55.5  328.7 91.0 73.1
102.7 375.9 90.8 36.1
78.4 351.6 204.0 46.1
72.2 345.4 45.6 156.0
83.6 356.8 77.3 99.0
57.3 330.5 67.1 99.0
57.1  330.3 98.1 74.1

65.0 338.2 262.8 32.04
79.9  353.1 79.0 88.1
82.3 355.% 159.0 60.1
97.2 370.4 164.0 60.1
-10.0 263.2 92.7 64.1
87.0 360.2 57.3 131.4
100.0 373.2 539.6 18.01
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FIGURE 5-5. Pressure - Temperature Relationship for
Extensible Container Control System Using
a Two-Phase Control Fluid.
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Similarly, an inability to obtain a control fluid with the appropriate
boiling point Tb] (as given by Eq. 5-8) is ta~tamount to saying the two
P, T curves don't cross near the design point.

5.3.2.2 Two-Companent Control Fluids:

Since there appear to be few single-component two-phase control
fluids for use with the desired working fluid, it is of interest to
consider the possibility of using mixtures. For example, in seeking a
"pusher", if there is found a fluid with a desirable Tzl > TZ: but
which has too low a value of Tb] (i.e., the fluid is too volatile), it
is possible to mix it with another less volatile fluid, preferably
with the same value of Tzl’ to obtain a match for P] and P2.

Consider an ideal solution of two components, one more volatile
(subscript m), the other less volatile (subscript 2). The vapor pressure
of the mixture 1s

Prix = *m Pm * X P, (5-9)
where Xm and Xz are the mole fractions of the liquid. Substituting
from Eq. (3-5) yields

T /T T /7 T /T
_ 21/ "bm zlV 'be 2] (5-10)
P] = P0 ['Xme + Xle ] e

xm + Xz =] (5-11)

Comparing Eqs. (5-5) and (5-10) shows that an equivalent Ty can be defined

by
Tz1/Tb£

T.,/7 T.,/T
e FAM | X e Z1” "bm

m + (l-Xm)e

1.1 T../T
T =Tz]/zn:xme 21" bm (1-X e 217762 ¢ (5 1)

[t is then possible to obtain the desired value of Tbl by varying XW.
Solving for Xm we find
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T,./T T /7
e 2V b1 _ izl b

X = (5-13)

m T../7 T.,/7
o z1" 'bm _ e 2zl 'bg

Egs. (5-10), (5-12) and (5-13) hold only for Te= T T,y and are
therefore useful only for conceptual design. For actual design one
would use real mixture vapor pressures obtained from experiment.

Eqs. (5-9) - (5-13) apply to a mixture of two phase fluids.
An alternative approach is to use a combination of a single two-phase
fluid and a noncondensible gas. In this way it is possible to arbitrarily
raise P] so that it matches P2 at any desired set point. This relaxes the
requirement on tne two-phase component of the control fluid in that Tb]
can be equal to or less than the value given by Eq. (5-8).

By introducing a nonconuansible gas, however, the control
fluid pressure is no longer a unique function of temperature, but
also depends on the container volume. If large displacements are
involved this results in a reduced control sensicivity.

5.3.2.3 Single Phase Control Fluids:

If we eliminate the two-phase fluid altogether, and simply
utilize a ncncondensible gas as the control fluid, the pressure can
again be readily adjustabie to match that of the working fluid so
that P] = P2 at the control point. Furthermore, the temperature
dependence of the gas pressure is weak compared with the two-phase
working fluid, yielding a very large difference in dP/dT. Thus, a
single phase gas represents an attractive puller type control fluid.
This system would yield performance similar to gas controlled heat
pipes except that the gas is isolated {free of vapor) and at nearly
constant temperature. Thus, it would be relatively insensitive to
variations in sink temperature.

As opposed to a singla phase gas, one can also utilize a
<ingle phase liquid as the control fluid. Liquids are relatively
incompressible and, at constant volume, exhibit very high values of
dP/dT [Reference 21]. Thus, liquids make excellent pusher type
control fluids, provided very small volume changes are required for

control.
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5.4 Excess Fluid Control Vs. Vapor Flow Modulation:

Both the excess fluid and vapor flow modulation control schemes
show promise for development cf variable conductance heat pipes which
are relatively insensitive to varia*“ons in sink temperature. Part of
TRW's task was to examine both schemes in terms of their practicality
and, in conjunction with NASA-ARC personnel, select the most promising
for hardware development. The following paragraphs present a comparison
of the two schemes from numerous points of view relative to design and
implementation. These comparisons are summarized in Table 5-3.

5.4.1 Required Displacement of Extensible Container:

Since the excess fluid control scheme operates by virtue of
condenser blockage, similar to gas control, it is necessary that the
vapor-liquid interface be variable over the entire condenser length.
Thus, the volumetric displacement of the contrcl fluid container must
be at least equal to the vapor void volume of the condenser (see
Figure 5-1) plus any variation in excess fluid volume due to changes
in liquid and vapor density with temperature. This represents a
relatively large displacement.

The function of the extensible contairer in the vapor flow
m. ‘'uiation technique is to provide linear motion to the valve stem.
By using a small area bellows, one car: achieve substantial linear
motion with very little volumetric displacement. Furthermore, by
designing the valve with a very chort stroke, the resuit is a system
requiring minimal volumetric displacement of the extensible container.

5.4.2 Type of Extensible Container:

One might consider pistons, bellows or bladders as potential
candidates for an extensible control fluid container. In general,
pistons appear to be unsuitable because of leakage past the seals.
Similarly, bladders are frequently avoided beca: . of mass diffusion
problems, although this does not appear insurmountable. The preferrsd
structure seems to be the bellows which is inherently free of both
leakage and diffusion. Furthermore, from a heat pipe fabrication point
of view, a metallic bellows can be heated to high temperatures for
proper vacuum bakeout during processing. Nonmetaliic bladders or piston

(o ]
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seals represent a constraint in this regard.

In the case of excess fluid control, the large displacement
requirements combined with a desire for high conti~c sersitivity dictate
the use of a large extensible container with little resistance to
displacement; e.g., a "soft" (lTow spring constant) bellows or bladder.

In contrast, the small displacement requirements of the vapor
flow modulatiin scheme permit use of a small bellows of greater stiffness.
The actual stiffness requirements depend on the control fluid selected,
as will be seen later.

The stiffness requirement of the extensible container is an
important factor, for it strongly influer .es the integrity of the system
under off Jesign conditions. The pressure differential across the bellaws
is a function of the system temperature and, depending on the fluids
chosen, can be yuite large if the temperature deviates from th dasign
point appreciably. Unless the bellows is stiff enough to support such
differentials other means must be provided .o protect it.

5.4.3 Control Fluid:

The excess fluid control system, as depicted in Figure 5-1
and 5-2, requires a puller type control fluid so that the ccatainer
contracts and available ~ondenser area increases as the temperature
increases. Thus, the field is limited to a noncondensible gas, a
two-phase fluid, or a combination of the two. As shown in 5.3.2.1,
however, it is diffizuit to find satisfactory two-pha<e control fluids
for all working rluids of interest. A pire gas or a mixture of gas
and a two-phase fluid appears most suitatle.

The vapor flow modulation concept cai utilize either a pusher
or pullev type control fluid, depending on which direction one establishes
for the valve to seat (Figwe 5-3 calls for a "puller). Thus, this
provides no restrictior. on the contrcl fluiG. A particularly attractive
approach to tais system, .cade possible by the very small displacements
required, is to use a single phase liaquid as a pusher fluid. Because
a liquid is relatively incompressible, the displacemeni of the bellows

ol
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is essentially independent of botn the working fluid vapor pressure
and the bellows stiffness. Thus, very strong bellows may be used
which provides a ruyged structure and alleviates protection problems
at off-cdesign .emperatures.

5.4.4 Mechanical Motion:

Both systems require mechanical motion to operate. The
excess fluid scheme requires substantial motion of a very soft bellows
or bladder, with associated fatigue ...sinilivies. The vacor modulation
scteme also requires motion of a bellows, bit tne motion is small and
the bellows can be very strong. Hcowever the latter schene also
requires moticn of a va’ve stem tnrougr a guide and repetitive sealing
of a valve. This gives rise *» potential sticking problems although,
once again, the use of a very stif’ bellows minimizes thic concemn.

5.4.5 Merking Fluid:

The excess fluid control scheme imposes no fundamental constraints
on the working fluid over and above those common to al' hest pipes. However,
the pressure differential across the bellows or biadder at cff-design
conditions will be greater tor righ pressure fluids. Cecnsequently, the
use of lower ressure fluids will .implify the prcblem of assuring
system integrity.

In the cas? of vapor flew modulation, the crntrol function is
provided by establisti.c a pressure differential between evaporator
and condenser which yields a cor.<sponding saturaticon temperature
ditferential. 7Tnis and ail other vrossure drops in the circulation
loop must be overcsine by the capii:..rv h2ad. Typical vaiues for
capil’ary pressure are on the order ¢f tens of pst. Thus, it is clear
tnat the working fluids are liwited tu thoze with low absolute vapor
pressures in the operating temperature ranoce 1f significant --iporctor-
to-condenser temperature differentvei. ar2 to be achieveid. Water and
the alcohols (methanol, ethanol, pro-anel. atc.) are ty,p'.al cands ‘ate
fluids which exhibit .ow vapor pressure=s in the temperature range of
interest in spacecraft thermal contrel.
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5.4.6 Wick Constraints:

The excess fluid control scheme imposes no unusual constraints
en the pr mary wick design. Either hcmogeneous or arterial wicks may
be used. In fact, the use of arteries is simpler than with the gas
wontrol technique for the system is presumably gas free and problems
of gas bubble en® apment are minimized.

The vapor flow modulation technique, however, almost certainly
requires the use of arteries. It is necessary to generate as high a
capiliary head as possible to overcome the throttiing pressure drop.
This requires very small pumping pores which, to avoid excessive liquid
flow resistance, calls for an arterial wick structure.

5.4.7 1-G Testing Constraints:

The need for ground testing of the heat pipe places considerable
constraint on the design of excess fluid controlled heat pipes. In
order to achieve condenser blockage it is necessary to include sufficient
capillary structure in the condenser to assure that the fluid will
bridge the voids and not puddle on the bottom. In addition, there
are limitations on the geometry and location of the excess fluid
reservoir. Since this cannot readily contain a capillary structure
to avoid puddling (it must permit motion of the control fluid bellows
or bladder), the equivalent effect must be obtained geometrically,
Figure 5-2 shows a satisfactory apprcach to the probiem. By placing
the reservoir external to and below the evaporator and condenser,
gravitational forces act to keep liquid in the reservoir rather
than in the condenser.

In contrast, the vapor flow modulation concept suffers no
unusual constraints for 1-G testing.

5.4.8 Thermal Characteristics:

5.4.8.1 Sink Temperature:

With the excess fluid control scheme, the portion of the
condenser which is liquid blocked will tend to fall in temperature
and equilibrate with the sink. If the fluid freezes near the end
of the condenser, the liquid reservoir will be ecoupled from the
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active portion of the pipe by the solid plug and the control function
will be lost. Thus, this scheme is limited to applications where the
effective sink temperature does not fall below the freezing point

of the working fluid.

In the case of vapor flow modulation, the control function
is independent of the condenser. Freezing is still a problem, however,
since a frozen condenser cannot return fluid to the evaporator. But
the limitation is on the condenser, not the sink temperature. The
cordenser is nearly isothermal in this case, and it is quite acceptable
to have the condenser above and the sink below the freezing point of
the working fluid. There wiil of course be heat rejection under such
circumstances, but this can be quite small for a condenser near the
freezing point of a fluid such as methanol (F.P. = -144°F).

5.4.8.2 S2t Point Control and Sensitivity:

If a two-phase control fluid is used for an excess fluid
controlied heat pipe, the nominal set point is fixed at the inter-
section of the vapor pressure curves of the control and working
fluids. However, the pressure of a two-phase fluid is not a function
of volume and thus the entire condenser can be turned on or off with
a pressure (and hence temperature) change only equal to that necessary
to expnd or compress the control fluid ccntainer. If a "soft"
container (e.g., bladder) is used, this can be accomplished with
hardly any change in temperature at all. In other words, this system
of fers extremely good control sensitivity.

Unfortunately, as discussed in Section 5.4.3, two-phase control
fluids are not readily aveilable for most cases of interest. Rather,
a mixture of a noncondensible gas and a two-phase fiuid, or a pure
noncondensible gas seem more promising. In such cases, the nominal
set pr.it can be varied according to the gas inventory (partial
pressure); but the control sensitivity is reduced due to the
volume-dependent pressure characteristics of the gas.

The vapor flow modulation concept seems best implemented
with a liquid control fluid. In this case the nominal set point
corresponds to the evaporator temperature at which-the valve
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just closes. This can be easily varied over a wide range by simply
adjusting the 1iquid inventory in the extensible container.

As well as a variable set point, this scheme also has the
potential for very high control sensitivity. The motion of the valve
per unit change in temperature of the 1iguid in the extensible
container is an independent design variable controlled by the volume
and geometry of the container. It is a simple matter to desion the
system so that the valve stem travels its full span with only a few
degrees change in control fluid temperature.

5.4.9 Summary and Conclusions:

Based upon the previous considerations, the vapor flow
modulation scheme was selected as the preferred approach for hard-
ware development. The principle reasons for this choice were:

a. Vapor modulation requires much less motion of
the control fluid extensible container, allowing
the use of a bellows which facilitates fabrication
and increases reliability.

b. The vapor flow modulated pipe can operate with the
sink temperature substantially below the freezing
point of the working fluid since nho portion of the
condenser length is shut off and the fluid need not
freeze. This feature gives the scheme a much broader
range of application.

c. The vapor throttling valve can be actuated with a
single phase liquid control fluid since only small
motions of the valve are required. Thus, 1arge Tovces
and stiff bellows can be used, making the system more
rugged and less sensitive to temperatures outside of
its design operating range.

5.5 Design of a Prototype Vapor Flow Modulation Heat Pipe:

In designing the prototype heat pipe several ground rules
were established to provide experimental flexibility and facilitate
modification if necessary. These were as foiiows:
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0 A1l components must be made of a single material
which is compatible with both water and methanol
to permit testing with either as the working fluid.

0 At least one end cap must be flanged to permit
disassembly of the system.

0 The entire valve assembly must be removable so that
modification or replacement is possible if necessary.

0 The desiagn must provide outside access to the control
fluid container to allow modification of the set
point without disassembling the heat pipe.

0 Size and weight would not be considered constraining
factors in that the heat pipe is a developmental
version.

A schematic diagram of the prototype heat pipe, indicating
the key components and layout, is shown on Fig. 5-6. The following
paragraphs describe the design of the specific heat pipe components,
consistent with the aforementioned ground rules.

5.5.1 Materials:

5.5.1.1 Metal Components:

Monel 400 was selectad for all metal components of the heat
pipe. TRW has accumulated over 20,000 hours of Tife test data showing
Monel 4G0 to be compatibie with water. Further, although life test
data of monel and methanol were not available, it is known that
methanol is compatible with both copper and nickel, monel's principal
components.

5.6.1.2 Working Fluid:

The working fluid was chosen to be water, with methanol as
an alternative. Water is a particuiarly attractive fluid for
vapor modulation heat pipes because of its high surface tension
(high capillary pressure) and 1ow'vapor pressure at temperatures of
interest. This allows a large range in operating conditions without
exceeding the "Blow through Limit," as discussed in reference [3].
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However, water does have a high freezing point which Timits the sink
temperature to r~latively high values. Substituting methanol allows
testing at very low sink temperatures although its operating range
is somewhat limited by vapor blow-through.

5.5.1.3 Control Fluid:

In selecting a control fluid, the principal criteria were
compatibility and the coefficient of volumetric expansion. A good
control fluid has 2 high coefficient which maximizes the displacement
of the valve stem with changes in fluid temperature. Table 5-4 lists
the coefficients of volumetric expansion for numerous potential
control fluids. As can be seen, methanol exhibits one of the highest
values¥ Since methanol is presumably compatible with monel, it was
selected.

Table 5-4

VOLUMETRIC EXPANSION FOR PNTENTIAL CONTROL FL!'" DS AT
AMBIENT TEMPERATURES

ETHANOL s = 0.61 x 1073 (°F 1)
METHANOL 0.80 x 1073
MERCURY 0.10 x 1073
PETROLEUM 0.40 - 0.50 x 1073
TURPENTINE 0.54 x 1073

WATER 0.115 x 1073
PHENGL 0.50 x 1073
BENZENE 0.77 x 1073

ACETIC ACID 0.80 x 1073

*Several fluids with higher values of 8 have recently
been reported in reference [22]
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5.5.2 Valve Design:

The heart of the vapor flow modulation concept is the throttling
valve between the evaporator and condenser sections. This valve opens
and closes so as to automatically adjust the pressure drop through it
to maintain the evaporator pressure within the design control range.
Desired valve characteristics are as follows:

o Since the control fluid (Methano™ liquid) is a
pusher type, the valve must open when the stem
moves toward the condenser.

o The valve must be of sturdy construction and operate
under large enough forces to prevent sticking.

o In the fully open position the valve should offer
very little resistance to vapor flow.

0 For maximum control sensitivity the valve should be
designed so that the flow area is a very strong
function of stem displacement. This suggests a poppet
type valve as opposed to a needle valve.

0 .he valve must be removable from the assembly to permit
modifications if necessary.

A valve design which satisfactorily meets all of these
criteria is shown on Figure 5-7. A disc-type valve head seats
against a ring-type seal of semi-circular cross-section. Vapor
flows axially through six holes in the valve body and then radially
outward tl.rough the space between head and seat. The valve stem
passes tnrough a seventh hole in the center of the body. The valve
body has an external screw thread which interfaces with the bulkhead,
allowing easy removal.

5.5.3  Bulkhead Design:

The purpose of the bulkhead is to separate the evaporator
and condenser sections such that vapor can flow only through the valve,
and liquid only through the wick system (artery). Also, in this
first prototype system, the bulkhead had to include a screw thread
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interface with the valve body to allow easy removal of the latter. In
addition, since there may exist a substantial temperature difference
across the bulkhead between the evaporator and condenser sections,

it should provide sufficient tnermal resistance to heat conduction

so that heat leakage is acceptably low when the valve i< closed.

The low thermal conductivity of monel (12.5 Btu/hr-ft-°F) facilitates
this last requiremc.t.

The bulkhead was designed as a monel disc, 0.35 in. thick,
with a female threaded hole for the valve body and a small through
hole for the artery. It is shown in a photograph on Figure 5-10.

5.5.4 Control Fluid Reservoir and Valve Actuator:

Tn designina the control fluid reservoir and valve actuator,
the following requirements were established:

o The design had to be ruggea, suggesting a small
bellows with a stiff spring constant plus overload
protection in case of temperatures far outside of
the control range.

0 The design would utilize a standard bellows.

o To maximize control sensitivity, the reservoir
volume should be large.

o The design had to include external access to the
reservoir to permit adjustment of the control fluid
inventory and, hence, the nominal heat pipe set point.

0 The design had to include a capability for small
mechanical adjustments in the position of the end
of the bellows which actuates the vaive.

The ultimate design, satisfying all these criteria, is
shown schematically in Figure 5-8. A small standard bellows was
connected to an 8 in. long, 3/8 in. 0.D. tube with an externally
threaded connector. A 1/4 in. 0.D. tube was connecte. to the
other end of the 3/8 in. tube, representing the reservoir fill tube.

The volume of these elements represent the volume of the control fluid.
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An inverted cup was welded to the other end of the L .7 :!ows
which served as the valve actuator. Rather than hard mounting the
valve stem to the bellows, the connection was made with a pinned snring
and disc to provide overload protection to the valve stem. The heliows
and valve actuator assembly was screwed into a sleeve which was welded
to the valve body. This screw thread connection allowed adjustment
of the valve actuator position with respect to the valve bedy. The
sleeve provided overpressure protection for the bellows and also served
as the point of contact with which the entire valve and control fluid
reservoir assembly could be inserted or removed from the bulkhead.

Four holes drilled into the sleeve provided the vapor flow path to the
valve body. Details of the assembly are shown in the photographs of
Section 5.6.

5.5.4.1 Anticipated Control Range:

The volume of the control fluid container (excluding the
fi11 tube) was approximately 0.91 inS. Using 0.80 x 1073 °F”! for
the methanol coefficient of expansion (Table 5-3), and an effective
bellows area of 0.161 in2 (manufacturer's data), one can calculate
the displacement of the valve stem with temperat.-~e as follows:

dx UL
= (5-14)
ar = Agse
dx _ 0.91 (0.8 x 1073) -3,
aT' = 0.161 = 4.5 X 10 1n/°F

Once the valve opens to the point where the throat area
equals that of the holes in the valve body, it can be considered
fully open. The area of the holes equals 2.18 x 1072 inz, and the
area of the throat equals 1.18 1n2 per inch of stem displacement.
Thus, a stem displacemert of only 0.0185 in. is sufficient to fully
open the valve. Based or the previous calculation for %?, this
corresponds to i “emperature change of 4.1°F. Thus, the anticipated
control range of *“e heat pipe; i.e., the range in con*rol fluid
temperature to fully open and close the valve, is approximately 4°F.
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5.5.5  Wick Syst w:

The requirements on the wick system are that it provides a
large capillary head and a low flow resistance. The large capillary
head is necessary to accommodate the press.re drop across the valve,
and the low flow resistance to assure that most of t“e capillary head
is available for this vapor pressure drop.

These requirements are best satisfied with an arterial wick
structure. Thus, the pipe was designed with a single 0.0625 in.
diameter artery along the bottom made with two layers of 300 mesh
monel screen. In both the evaporator and condenser sections the
artery was spot welded to circumferential wicks (four layers af 300
mesh monel screen), themselves spot welded to the tube walls.

The circumferential wicks ended at the bulkhead and the
arteries in the evaporator and conden. r were connected through the
bulkhead by a 1/16 in. 0.D. x .006 wal. monel tube. Thus, lio"
flowed through the bulkhead only through the artery.

Additional wicking in the pipe included a double layer of
300 mesh monel on the external surface of the control fluid reservoir
(excluding the bellows), and transfer wicks providing communication
between the control fluid reservoir and the evaporator wall. The
wicking structure is shown in Figure 5-9.

5.5.6 Tubing and End Caps:

The heat pipe tube was designed in two 12 inch sections
welded to opposite sides of the bulkhead. The tube was sized at
1.0 in. 0.D. x 0.035 in. wall thickness to facilitate installation
of the wicking and valve assembly. Smaller and lighter tubing might
ultimately be used for a flight sysiem, but the large diameter was
more consistent with the requirements of an experimental prototype.

The condenser end of the heat pipe was capped with a welded
disc containing a 1/4 in. fill tube for charging the pipe with
working fluid.

The evaporator end of the pipe was designed with a flanged

end cap using an O-ring seal. This was necessary to pemit installation
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and removal of the valve-reservoir subassembly. The 1/4 in. fill tube
for the control fluid reservoir passed through a hole in the flange -
cealed by a second 0-ring and bolted washer. With this design it

was possible to externally adjust the control fluid inventory without
disassembling and reprocessing tie heat pipe.

The tubing, end caps, flanges, etc. are shown in the
photographs of Section 5-6.

5.6 Fabrication of the Protctype Heat Pipe.

5.6.1 Piece Part Manufacture:

A11 of the components of the heat pipe except the 0-rings
were fabricated from the same material - monel 400. The wicks were
cut from 300 mesh screen. The bellows was a standard purchaced
part with an 0.005 in. wall, 0.161 in. effective area, 1.0 in. free
length and 82.5 1bs./in. spring rate. All other parts were machined
from monel tubing or rod stock.

The principai components of the heat pipe (excluding wicks)
are shown on Fig. 5-10.

5.6.2 Assembly:

The heat pipe assembly utilized an all-welded construction
except for the valve-bulkhead screw connection and the flanged seals
at the evaporator end. In building up the system, the two sections
of tube were individually wickad and then welded to both sides of the
bulkhead. The condenser end cap, fill tube and evaporator flange
were then welded on. The control fluid reservoir-bellows-valve
subassembly was welded and fitted together as a separate unit which
screwed irto the bulkhead. Figures 5-11 and 5-12 show the heat pipe
in partial states of assembly.

In building up the heat pipe all components were repeutedly
cleaned at the piece-part, subassembly and assembly levels by
ultrasonically agitating them in acetone and Freon 113 following a
TCE vapor degrease.
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FIGURE 5-10. Vapor Modulation Heat Pipe Components (incomplete).

W - O B N -

Evaporator tube

Condenser tube

Evaporator flange

Evaporator end cap

Bolted washer to seal control reservoir fill tube

tulknead

Bulkhead artery

Valve components (poppet, body and seat, stem,
actuating 4isc)

Control fluid reservoir assembly components
(reiief spring, inverted cup, oellows, threaded
connector, support sleeve, reservoir tube)
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FIGURE 5-11. Partially Assembled Heat Pipe

FIGURE 5-12. Partially Assembled Heat Pipe
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5.7 Testing of the Prototype Heat Pipe.

The test program for the prototype heat pipe was exploratory in
nature; j.e., to determine the characteristics of vapor flow modulation
devices in order to lay the groundwork for design of flight systems. Two
major areas of i-uvestigation were identified as vollows:

o What were the control characteristics of the
pipe? Would it perform with the anticipated
control range? Was it truly insensitive to
sink temperature variations as “heorized? Would
the system exhibit transient overshoots, under-
shoots and/or hysteresis? Would the system exhibit
stable operation, etc.?

o What were the Timits of operation? What was the
capacity of the system as a function of its set
point temperature and condenser temperature?

Was the operating regime bounded by the theory
as discussed in Reference [3]?

[ 2 .
5.7.1  Tast Apparatuc:

To perform the investigation an experimental apparatus was con-
structed as shown in Figs. 5-13 and 5-14.

An 8 in. condenser was established on the downstream side of the
.lve by circulating ethanol through a plastic jacket sealed to the pipe
with 0-rings. Tne sink temperature was controlled using a constant tem-
perature circulating bath for the coolant with 1iquid nitrogen as a re-
frigerant for the bath.

Similarly, an 8 in. evaporator was established by mounting heated
aluminum blocks on the upstream portion of the pipe. Two clam-shell
blocks were bolted to the pipe, each with 60 watt (at 110 volts) heaters
bonded to them.

There was some concern that the control system might prove unstable
unless the thermal time constant of the control fluid reservoir was small
compared with the heat source. Thus, a 1/32 in.Teflon sleeve was placed
between the aluminum blocks and the pipe to serve as a thermal resistance.
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FIGURE 5-14.

Prototype Vapor Flow Modulation Heat Pice
On Test Stand.
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The thermal capacity of the blocks was 1.175 Btu/°F and the resistance of
the Teflon was 0.11 hr.- °F/Btu, yielding a thermal time constant of 0.13
hr. for the heat source. This compares with a value on the order of 0.005
hr. for the control fluid reservoir. It was anticipated that the heat pipe
would be tested with and without the heater blocks to study the effect of
this parameter.

The system was instrumented with twelve copper-constantan thermo-
couples Tocated as shown on Fig. 5-13. Nine thermocouples were placed on
the heat pipe, most in the region near the valve. The other three were lo-
cated on the heater blocks and in the circulating ethanol coolant. The
thermocouples were read with a 12 point recording potentiometer.

Additional instrumentation included an ammeter, voltmeter, and auto-
transformer for controlling and measring the input power.

The test assembly, as shown in Fig. 5-14, was subsequently insulated
with urethane foam to a minimum thickness of 2 inches.

5.7.2 Test Results - Control Characteristics:

Once the experimental system was de-bugged and fully operational,
an initial test (Test 1) was run to explore the control characteristics of
the pipe and uncover any unanticipated behavior. This test was run with the
pipe level and covered a range in input nower from 5 to 75 watts, and a
range in sink conditions from 26 to 84°F. The heat pipe per.drmed extremely
well, as shown on Fig. 5-15. Measured data at key points during the test
are presented in Table 5-5.

The pipe was first heated to 90°F with the coolant (sink) set at
84°F to establish an equilibrium condition above the anticipated control
range. With the input power maintained at 20 watts, the sink set point was
lowered to 60°F. This brought the heat pipe into its control range and a
small temperature diffcrence began to appear across the valve. The sink
set point w#as now lowered to 40°F and the evaporator temperature fell only
20°F while a 25°F temperature differential developed across the valve.

This indicated that the valve had properly closed in response to the small
drop in evaporator temperature.

The input power was then increased to 50 watts and the system

113
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responded with a small increase in evaporator temperature and a large in-
crease in condenser temperature; again, a proper response indicating an
opening of the valve.

A further increase in input power pointed up the first design de-
ficiency in the system. Although the condenser rose in temperature with
respect to the evaporator, the temperature drop across the valve only fell
to 9°F while the evap'rator temperature rose to 76°F. At thic evaporator
cemperature the valve was presumably fully opened - yet an appreciable
pressure drop was sustained in establishing a vapor flow rate correspond-
ing to 75 watts at 76°F. This could be reduced by designing the valve with
a Tess tortuous vapor flow Séfn and a larger flow area.

At this condition the pipe was outside of its control range; i.e.,
the valve wa~ fully open. To bring it back within control the sink set
point was lowered to 25°F. The temperature drop across the valve increased
to 14°F, indicating the valve must have closed slightly, and the evaporator
temperature fell to 74.5°F. These results suggest that the upper end of the
control range (valve fully open) is about 75°F.

An important point to note is that, in responding to increases in
power, the system exhibited no temperature overshoot. Thus, the thermal
response of the control mechanism was fast in relation to the heat source
as anticipated.

To test the response to a cooling transient the input power was
then reduced to 10 watts. Simultaneously, the sink set point was raised to
35°F. to avoid freezing in the condenser as the valve closed. The response
of the system was monotonic, with no evidence of a temperature undershoot.
After 45 minutes, the condenser temperature had fallen to within 4°F. of
the sink, indicating the valve was almost closed, while the evaporator was
some 32°F. warmer at 71°F.

To see whether the valve would close further the power was lowered
to 5 watts. In response, the condenser fell to within 2°F. of the sink.
However, the evaporator temperature fell to 67°F; below its anticirated
control range. It was apparent that the pipe was again outside of the
control range, this time on the low side.
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With the valve fully closed che evapcrator equilibrium temperature
is established by heat leakage across the bulkhead. The sink temperature
was then raised in steps to see if the evaporator temperature would increase,
confirming this condition. The system was very slow to respond at such low
power and after 45 minutes the power was increased to 20 watts to speed the
process. In response the evaporator quickly rose to 71°F. and then slowly
increased to 72°F., suggesting that the valve opened near the former value.
Thus, the lTower end of the control range appeared tn be about 71°F. yielding
a total range of 73 T 2°F. This is in agreement with design caicuiations
(see Sec. 5.5.4.1).

After the system had equilibrated, the evaporator tempeirature was
72°F. This compares to a similar value of 72°F. early in the test at a
similar 20 watt input power, suggesting that the valve design is relatively
free of hysteresis.

To summarize the results of this test, the following important con-
clusions can be drawn:

0 The heat pipe performed with the anticipated
4°F. control range at a nominal temperature
just above ambient, in agreement with theory.

o The evaporator temperature was relatively in-
sensitive to variations in sink temperature as
long as the sink was below the evaporator contrcl
range. The sensitivity which was observed at high
power and high sink temperature due to the valve
vapor pressure drop could be further reduced by
designing a valve with a larger flow area.

0 The system operated stably with the thermal
mass on the evarorator. No underchoots or
overshoots were observed. Nor did the system
exhibit any appreciable hysteresis.

5.7.3 Test Results - Capacity:.

With proper operation of the control system established, several
tests were performed to measure the heat transfer capacity of the system.
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The first of these tests (Test 2) was directed at exploring the vapor flow
capacity of the valve.

During Test 1, the heat pipe exceeded its control range at an input
power of 75 watts and a condenser temperature cf 67°F. Under these condi-
tions (Table 5-4, time = 125 minutes) the p-cssure ratio across the valva
was P_./P_ = 0.36 psia/0.44 psia = 0.818, where:

ad’ " au
Pad - Pressure in adiabatic sec downztream
of the valve (condenser v. aressure)
Pau - Pressure in adiabatic section upstream

of the valve (evapcrator vapor pressure)

This valve is substantially above the sonic pressure ratio
(Pad/Pau = 0.545) indicating that the rise in evaporator vapor temperature
above the control range was indeed due to the combination of high condenser
temperature and high vapor pressure drop across the valve. Thus, in Test 2
the sink temperature was set Tow enough to assure sonic flow conditions
across the valve. Under such circumstances the power at which the evapora-
tor vapor temperature goes out of control represents the maximum flow ca-
pacity of the fully opened valve.

Unfortunately, in preparing for this test the heat pipe was inac-
vertently heated to a temperature slightly above 100°F. This had the effect
of expanding the bellows beyond the point where the invericd cup bc ttomed
against the valve body (see Fig. 5-8), causing the bellows to expand radial-
1y and slightly <i:etching the pleats. The result was that the bellows was
lengthened which was manifested as a decrease in the control range set
point from 73 ¥ 2°F. to ~ 69 I 2¢F,

Test 2 was run by leveling the pipe, set.ing the condenser at 40°F.
and continually lowering the sink temperature as power was increased so as
to maintain the 40°F. nominal value at the condenser. This was the lowest
feasible temperature for the condenser without running the risk of freezing
while making the necessary adjustments to the sink temperature.

The results are shown on Fig. 5-16. Equilibrium values for the
temperatures of the heat source (average of TC's 1 & 2), evaporator wall
(TC 4), evaporator vapor (average of 1C's 5,6,& 7), condenser vapor
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{average of TC's 8, 9 and 10) and sink (TC 12) are plotted as a function
of input power. The figura c.carly shows that the evaporator vapor
temperature (controlled variable) is a linear function of input power

in the range 67 to 71°F corresponding to input powers up to 100 watts.
Above 100 watts the evaporator temperature rises more rapidly, reaching
a value of 78°F at 150 watts.

For ail conditions of Test 2 the pressire ratic across the
valve was lower than critical. Pad/Pau varied between 0.379 and 0.246
as the power was increased from 20 to 150 watts. Therefore, vapor flow
through the valve was at sonic velocity for all conditions such that
the mass flow was proportioned to the product of the upstream density
and valve throat area. Within the range 20 to 100 watts the increased
vapor flow rate was primarily accommodated by an increase in the valve
flow area. However, above a vapor temperature of 71°F the valve was
fully open. Thus for powers above 100 watts the increased vapor flow
rate was accommodated only by an increase in vapor density, causing the
change in slope of the evaporator vapor temperature curve. Within the
range 100 to 150 watts the pipe was operating at the maximum valve
capacity for each vapor temperature.

Figure 5-16 also points up a second limit observed during
the test. When the power w2s raised from 100 to 125 watts the evaporator
wall temperature rose disproportionately with respect to the evaporator
vapor temperature. This indicated that tne screen wicks around the walls
(see Fig. 5-9) could no longer pump sufficient fluid and partially
dried out. This might be regarded as a hydrodynamic limit although the
axial flow system (the artery) did not fail and the pipe was able to
operate stably.

Following completion of Test 2, a third test was run in an
attempt to establish the capacity of the artery. The resuits of Test 2
indicated that the ai ...y capacity was in excess of 150 watts. Since
the heaters were rated at only 120 watts (at 115V) it was not feasible
to establish the artery capacity by- increasing the power. Thus, it
was decided to maintain the power constant at 100 watts and elevate
the evaporator end of the pipe until failure was achieved.
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While fabricating the heat pipe the artery bubble point was
independently measured at 25.75 psf in acetone 2t 75°F. This corresponus
to 78.4 psf in water at 71°F which suggests that, under no load, the
pipe could be tilted about 13 1/4 inches before the artery failed.

The test procedure was to set the input power at 100 watts
and adjust the sink temperature sucnh that the condenser vapor tewnperature
was approximately 40°F. The evaporator was then eievated in steps and
all temperatures recorded after the system equilibrated at each elevation.
A summary of the test data is presented in Table 5-6.

Several interesting observations can be drawn from the data.
At an elevation of 2 inches, TC 11 began to fall appreciably below
those on the adiabatic section downstream of the valve (condenser
vapor temperature). This was an indication of puddling at the end of
the pipe due to a combination of excess fill and meniscus recession
in the wicks. At 3 inches elevation TC 4 suddenly rose with respect
to the evaporator vapor temperature indicating a circumferential wick
dryout similar to that obtained at 125 watts with the pipe level in
Test 2. Also, at this elevation TC 11 fell below the freezing temperature
indicating the formation of ice at the puddie in the end of the condenser.

No further phenomena of interest occurred as the pipe elevation
was increased to 4, 5, 6 and 7 inches. However, while operating at
7 inches elevation a power failure occurred in the laboratory. This
loss of power caused the pipe to rapidly chill and, since the sink was
at -20°F, the entire condenser froze. When the condenser froze the
fluid could no longer be pumped to the evaporator and the pipe suffered
a freezing limit faiiure, depriming the artery. This prematurely
ended Test 3.

5.7.4 Failure of the Heat Pipe:

As a consequence of the premature termination of Test 3
due to a freezing limit failure, an attempt was made to repeat the
test. This required repriming the artery - a task which proved to
be impossible.

Many attempts were made t( re-prime the artery using every
means available. This included:
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o attempts with the pipe level and no load.

0 attempts with the condenser elevated and no load.

o attempts with the heat pipe reversed; i.e., heating
the condenser and cooling the evaporator.

0 attempts to jar potential gas bubbies cut of the
artery with the condenser elevated.

0 attempts to diffuse potential gas bubbles out of
the artery by operating at low power.

0 re-processing the pipe several times to
achieve a gas free system.

Unfortunately, all attempts to reprime the artery failed.
The pipe always burned out at less than JC watts input power.

As a final attempt to recover the heat pipe it was re-
processed with methanol instead of water as the working fluid.
Methanol has better wetting properties than water and it was possible
that it would prime the artery more readily. This was also un-
successful.

At this point efforts to recover the pipe weire terminated
and the pipe was dissected in order to perform a failure analysis.
The pipe was completely disassembled and examined. No physical
degradation was apparent. The condenser end cap was then cut off
to permit exarination of the ar*ery downstream of the valve - the
region in which the water had frozen. Again, no visible damage
was apparent.

At this point the pipe was placed level and methanol fed
to the condenser end of the artery to see if it would prime through
to the evaporator end. With the condenser side of the artery almost
compietely submerged in methanol, the 1iquid would not pass through
to the evaporator. It was recessary to tip the condenser up before
the Tiquid would flow through the bulkhead. It thus appeared that the
system was damaged in the vicinity of the bulkhead in such a way as
to interfere with capillary pumping through it.

A bubble point test was then performed on the artery fronm
the condenser end. The bubbles emerged at the bulkhead on the
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condenser side when the pressure reached 14.5 psf in acetone at
77°F. This compared with 25.75 psf when the pipe was fabricated,
indiceting a mechanical degradation of the artery at the bulkhead

The pipe was subsequently cut open at the weld on the
condenser side of tke "wlkhead to permit examination of the artery
in this region. It was found that the artery was torn at the point
where it was welded to the tube representing the bulkhead artery
(see Fig. 5-9). The tear was almost complete when examined. However,
it is probable that the condition of the tear was altered during
disassembly and it is not known exactly what conditions were originally.
It appears, however, that the artery was torn at this location as a
consequence of the freezing failure and that this caused the heat pipe
to malfunction.

5.8 Summary and Conclusions:

A prototype vapor modulation heat pipe was designed,
fabricated and tested. The heat pipe was constructed entirely of
monel 400 and utilized water as the working fluid and methanol as
a single (liquid) phase control fluid.

The control assembly performed well during testing, yielding
a control range of 4°F and a relative insensitivity to sink temperature,
in close agreement with theoretical predictions. Furthermore, the heat
pipe operated stably, with no evidence of temperature overshoot,
undershoot or hysteresis for the range of conditions tested.

Tne axial hydrodynamic capacity of the artery was not successfully
measured befcre the heat pipe was damaged in a freezing failure. However,
it clearly exceeded 150 watts with the pipe level and 100 watts with
the evaporator elevated € inches. Actually, calculations indicate
that, depending on the valve position and condenser temperature,
the axial hydrodynamic capacity (artery failure) would have been in
the range ov 4-7 kilowatts.

However, the axial heat transfer capacity of the pipe was
not controlled by a wicking limit but by the sonic limit for vapor
flow through the valve. This was measured at 100 watts with the valve
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fully open at 71°F, rising to 150 watts at 78°F.

Also measured was the capacity of the circumferential
wicks. This was equal to 100-125 watts with the pipe level, yielding

a maximum input heat fiux of 4-5 watts/inz.

The results of this effort indicate that the vapor flow
medulation control scheme is a feasible and useful concept. As a
first effort the prototype heat pipe was relatively successful.
However, several design deficiencies showed up which should be
improved in future versions. These were as follows:

1. The fully open flow area of the valve was too
small, causing excessive vapor pressure drops
and too low a sonic limit.

2. The artery was susceptible to damage when the
condenser froze. This might have been alleviated
by mounting it on a pedestal rather than up against
the tube wall (Fig. 5-9).

3. The artery was difficult to prime even before it was
damaged. This was due to two factors. First, the
artery was made of two Tayers of screen which enhanced
the probability of trapping a gas-stabiiized bubble.

A single layer artery would be preferable. Second,

the artery cannot prime when the valve is closed and

the evaporator is hotter than the condenser, since there
is no vapor continuity across the bulkhead to allow
pressure equilization. But, if the evaporator dried

out there was poor thermal coupling between the
evaporator wall and control fluid reservoir compared
with that between the reservoir and bulkhead. Thus,

it was not possible to prime the arter; i\f the condenser
(and bulkhead) was cool in relation to a dry evaporator
because the valve would remain closed. This can be
corrected by providing a conductive 1ink between the
evaporator wall and the control fluid reservoir. This
will assure that the valve opens if the evaporator
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wall temperature is higher than the low end of the
control range even if the evaporator is dry.

4. The valve system did not have sufficient over-
temperature protection, causing the
bellows to stretch when the temperature exceeded
100°F. This can be simply corrected by providing
more clearance between the actuating assembly and
valve body.

These were the observed deficiencies. It is unfortunate
that the heat pipe was damaged before testing could be completed
since additional improvements might have been identified. It was
planned to test the heat pipe over its entir> operating range as
defined by the freezing and blow-through limits. Instead, only
a small portion of this range was explored, as shown on Fig. 5-17.

In addition, no testing was done without the therr3il mass on the
heat source so that the stability of iLhe system unaer such conditions
is still unknown.

It is recommended that the heat pipe be repaired, reassembled,
and more fully tested before a second generation prototype is designed.
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7.0 NOMENCLATURE
As Aeff - Effective cross sectional area
B - Constant
- Henry's constant
s 4 - D ffusivity
D - Diameter
F - Force
H - Henry number
K - Spring constant of bellows; Mass
transfer coefficient
L - Length
M - Molecular weight
Nu - Nusselt number for heat transfer
Num - Nusselt number for mass transfer
Ntu - Number of trancfer units
E ‘9:7 - Perimeter of artery
: P - Pressure
; Q - Activation energy
. Q - Heat transfer rate
, 60 - Normalizing heat transfer rate
E R - Resistance
Ru - Universal gas constant
S - Parameter defined by Eq. (2-36b)
Sc - Schmidt number
T - Temperature
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Boiling point at Fo = 1 atmosphere
The.mocouple

Reference temperature = AM/RU
Coefficient of heat transfer
Velocity; Volume

Moie fraction

Molar concentration

Specific heat

Coefficient of heat transfer

Thermal conductivity; Boltzman's constant
Mass flow rate

Moles of gas

Radial coordinate; meniscus radius of
curvature

Time

Mu.e average velocity

Mole fraction - liquid side
Mole fraction - vapor side

Axial coordinate

Volumetric coefficient of thermal
expansion

Artery wall sheath thickness
Parameters defined by Eq. (1-34)
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Latent heat of vuporization
Viscosity

Kinematic viscesity

Bubble nucleation parameter
Density

Surface tension

Tortuosity

Porosity

Subscripts (except as noted above):

a

ad

au

bc

cr

in

-

Artery; Adiabatic section

Adiabatic section; Adiabatic section
downstream of valve

Adisvatic section upstream of valve
Bubble

Bubble cap

Condenser

Critical

Double

Evaporator

Gas

Heat

Internal; Interval
Into

Liquid; Less volatile
Axial ﬁosition

Mass; More volatile
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mix

oa

sat

sh

Mixture
Overall

Pore

Surface
Saturation
Sheath

vapor

Back up wick
Fxcess

Regionl; Region 2
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