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Secfion 1

SUMMARY

The pripaary objective of this multitask program was to continue the development of
spiral artery crybgenic thermal diode heat pipes. Ethane was the working fluid and stainless
steel the heat pipe material in all cases. The major tasks included: (1) building a liquid
b'loeka;ge (blocking orifice) thermal diode suitable for the HEPP space flight experiment;

(2) building a liquid trap thermal diode engineering model; (8) retesting the original liquid
blockage engineering model, and (4) investigating the startup dynamics of artery cryogenic
thermal diodes, -

The liquid blockage diode for HEPP was U~shaped and had a two diameter stainless
steel envelope (6.35 mm, evaporator and 9. 525 mm, transport/condenser). An electrically
heated copper block was bolfed to the evapf;rator and a flanged aluminum saddle was brazed
to the condenser so that a radiator surface could be attached to it. Qualification test re~
sults were near predictions except for one shortcoming, Start up attempts directly from a
room temperature cooldown or from an adiabatic condition after a hard thermal dry-out
were erratic although a few successes were achieved. Successful priming could only be
effected by first entering a reverse mode (i.e., flooding the evaporator section), which
both pressure primed the artery and wetted the evaporator surfaces, followed by a gradual
condenser cooldown {~ 1° C/Min), A summary of the measured performance for all of the
heat pipe diodes built under this contract follows,

Liquid Blockage Liquid Trap,
Eng Model HEPP Model Eng Model
o @), . W-M 11.2 24 12
o Forward Conductance, W/°C 4,5 5 6
o Reverse Conductance; W/°C 0,005 0,005 0. 037
¢ Shutdown Energy, W-hr 0.02 to 0,10 . 0,32
0. 10

Since the startup difficulty could only be overcome by undergoing a preconditioning
sequence, this might limit the possible application of artery thermal diodes. An investiga-
tion was therefore undertaken to study and possibly resolve the problem. Two reasons
were suspected: artery priming difficulties and/or surface wetting problems, An analytical
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investigation of artery priming determined that artery permeability is fhe important

criterion for how easily an artery primes. For a given capillary pore size, the higher the
wick permeability the larger the evaporator heat load at which full artery priming will occur,

An experimental investigation was also conducted into tiae wetting characteristics of
ethane/stainless steel systems using a specially constructed.chamber that permitted insitu
‘observations. Results were qualitative but revealed that there are no wef:tin;g‘ ﬁroﬁiems
with the ethane/stainless steel system. Ethane exhibited the same predictable wettmg be—-
havior as Freon 113 and Acetone which were used as compamson standards.
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Section.2

INTRODUCTION

The application of heat pipe thermal diodes to the cryoéenic temperature range would
greatly expand the mission capabilities of the éver-increasing number of spacecraif that -
require low temperature cooling for their payloads. Instead of relying upon solid cryogens
or Icefrigeralted helium loops, which are either heavy or unreliable, the thermal diode would
permit th'e use of a passive space radiator system for almost any vehicle orientation., . When
the radiator surface becomes cold enough o serve as an acceptable heat sink (e.g. ,- views
deep space), the diode heat pipe would operate as a high thermal conductance link between
the radiator and the heat source, This allows the payload to be cooled'by radiation. If the
radiator surface becomes warmer than the heat source, as when illuminated by sunlight,
the diode action 'would break the thexrmal connection thereby isolating the-payload. During '
this time, the payload would either remain cold due to its own thermal inertia or it could be
coupled to an alternate heat sink such as a solid cryogen. In any event, the benefits of a
wable heat pipe diode thermal control system are obvmus ~ less overall system welght

and/or longer migsion life.

5 . . .
The thermal diode concepts-that are considered the most practical for hardware

implementation because they result in the fastest, most positive shutoff, are the liquid trap
and liquid blockage configurations.

In the liquid trap design, a non-communicating reservoir is located at the evaporator
end of the heat pipe and also is in thermal contact with the heat source, During normal
mode operation, when the evaporator and reservoir are warmer than the condenser section,
the reservoir is empty because any fluid in if has vaporized. The fluid cannot return since
there is no wick communication with the evaporator. When the thermal gradient reverses
{condenser warmer than evaporator) heat' pipe operation is terminated becaus:e aJl of the
working fluid eventually condenses and stays trapped in the reservoir. Thus, the heat pipe
wick becomes starved of fluid.and cannot operate. Because the liquid trap diode mechanism
relies on complete removal of all working fluid, the shutoff time is directly related to fluid
iriveni:ory. It is usually better suited to those heat pipe wicking systems that require less
iluid (i.e., axially grooved heat pipes as opposed to arteries), since the shutoff energy
requirements are lower and shutoff time quicker,
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The liquid blockage concept also uses a non-communicating fluid reservoir but with
two important differences. The reservoir is located at the condenser end of the heat pipe
and it is completely filled with excess fluid during the normal operating mode. Shutoff
is effected when, due to the reversed temperature gradient, the excess fluid evaporates
from the reservoir-and condenses in the vapor space of the evaporator section, The

. reservoir is sized so that it holds enough fluid to completely choke the evaporator vapor
space, which inferrupts the heat pipe action,

The ¢onventional liquid blockage design needs a vapor space sﬁall enough fo self-
-prime during 1~g testing. But this restriction also results in decreased transport cé:pacity
‘during normal opération due to excessive vapbr preésure losses. A unique concept which
permits blockage without requiring a restricted vapor spacé_ is the blocking orifice design
(References 1 and 2), In this concept, a solid plate with one small opening (orifice) adjacent
to the wall, is located inside the heat pipe at or before the entrance to the evaporator sec~
tion, During normal operation, a small vapor pressure drop is experienced at the orifice,
During the reverse mode blockage is established by the creation of a liquid meniscus across
‘the orifice, which retains (without draining) all of the excess liquid which has condensed in
the vapor space of the evaporator. o ‘

As préviousiy mentioned, 2 very common aerospace application of thermal diersn in-
volves heat rejection from a source package to a radiator during normal operation, with
shutoff when the radiator is exposed to a hot environment, The conventional liquid blockage
" diode concept or liquid blockage using an internal orifice are attractive shutoff techniques’
in this case for the following reasons: '

- @ The liquid reservor can be easily heated by the hot environment to expell liquid
" in the shutoff mode and it can be cooled by radiation to a cold environment to
promote liquid retention in the normal mode ' '

R é;aliera]ly, the eﬁapofator is short compared with the condeﬁser and total pipe
length, minimizing blocking fluid requirements ]

_® The liquid reservoir volume may be substantially reduced or eliminated by the
~extent to which the blocked length liquid requirement is satisfied by expansion of
the normal fluid inventory during the hotter reverse mode condition,
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The liquid trap concept for blockage in this case is less aftractive because of
packaging considerations, For reverse-mode operation, the reservoir to collect the normal
inventory of working fluid must become an integral part of the heat source package., Thus,
not only must there be a thermal interface between the heat pipe evaporator and source but ‘

also between the source and the heat pipe reservoir, which complicates the source package
assembly,

This report describes four major tasks which were aimed at advancing the development
of spiral-artery heat pipe thermal diodes.

1. Build and test a liquid blockage (blocking orifice) cryogenic thermal diode for the .
HEPP experiment

2. Fabricate a liquid trap cryogenic thermal diode engineering model for testing at
NASA-ARC

3. Thermal vacuum test the original liquid blockage (orifice) cryogenic thermal diode,
engineering model

4. Investigate (by analysis and experiment) the start-up dynamics of spiral artery
cryogenic thermal diode heat p}ipes.
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Section 3

- FABRICATION AND TESTING OF A LIQUID BLOCKAGE (BLOCKING ORIFICE)
CRYOGENIC THERMAL DIODE FOR THE HEPP SPACEFLIGHT EXPERIMENT
(MODS 8 AND 10)

3.1 THE EXPERIMENT

" The main objective of the HEPP spaceflight experiment is to measure long term
zero;g operation of selective cryogenic heat pipes. The experiment incorporates two types
of heat pipes: a conventional axially grooved (rectangular groove profile) aluminum iso-
thermalizer, and a stainless steel thermal diode. Both heat pipes use ethane as the cryo-
genic working fluid and have a nominal operating temperature around 200 K (-100° F).

The basic experiment shown in Figure 3-1, is mounted in a tray and consists of a
shielded space radiator, the two heat pipes, and a phase change material (PCM) canister
which contains heptane (melt point = 182 K). For packaging purposes the heat pipes are ,
bent in a U~shape, the condenser sections are mounted to the radiator and the evaporators
are positioned iﬁboard and atiached to heater blpcks. The PCM canister, which has a
nominal 30'watt-hour capacity, is also mounted to the radiator and serves as the heat sink
for the high power tests, since the dump‘capability of the radiator is small ("-'3 Watt:s) and
suited only for the long duration, low power tests, The radiator also serves to resolidify
the heptane so that it éan be used again.

" Two kinds of thermal diode concepts were considered: a liquid trap design (made with
axially grooved forged stainless steel tubing), and a liquid blockage design which used a
spiral artery wick and the blocking orifice technique. This section describes the develop-
ment of the liquid blockage thermal diode concept.

3+2 DESIGN AND FABRICATION

Three candidate envelope configurations were considered for the eryodiode heat pipe:
(1) the 1/4 inch (6,35 mm) OD tube used for the engineering model (see Section 5), (2)
a larger 3/8 inch (0.53 mm) OD tube, and (3) a hybrid two~diameter design that has a 1/4
inc'h'(6.35 mm) OD evaporator/blocked-transport section and a 8/8 (9,53 mm) inch OD con-
denser/unblocked-transport section, The baselined diode concept for each one was the
blocking orifice-liquid blockage technique using ethane as the working fluid, which was
successfully demonstrated in the engineeriﬁg model.
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Fig. 3-1 HEPP Cryogenic Heat Pipe Experim;mt
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After running various parametric analyses which altered the artery diameter, it was
decided that the most predictable design would be one that used the same artery developed
for the engineering model. T this way existing tooling and proven fabrication techniques
could be directly utilized. Performance predictions were made for each candidate configura~
tion using the same 0,117 inch (2,97 mm) OD artery. Calculated throughput for the 3/8
(2, 53 mm) OD tube and the hybrid 2-diameter designs were nearly equal (9,5 watts @ 190 K,
o-g) and about 10% higher than-the 1/4 inch (6.35 mm) OD configuration.

However, besides throughput other things must be considered. A prime disadvantage’
of the uniform 1/4 inch (6.35 mm) OD design is the relatively narrow vapor anmilus (0. 0385
inch (,978 mm)) that is kept throughout the unblocked transport section and the condenser, -
when it is only needed in the evaporator section, The narrow vapor space in the evai)oi-atoi-
is required since it permits festing in one~g and also minimizes the excess liguid and
reservoir volume requirements, In addition to creating assembly problems, maintaining
a narrow x'rapor space in the condenser increases the likelihood that the vapor annulus will
self~prime and interfere with normal forward mode performance,

Using the larger 3/8 inch (9,53 mm) OD tube eliminates the self~priming problem but
introduces another disadvantage. It requires a larger fluid reservoir (3.9 times larger) to
hold the excess fluid needed to block the evaporator vapor space during the reverse mode,

The hybrid two~diameter configuration offers a reasonable compromise, It has a
slightly higher throughput over the constant 1/4 inch (6.35 mm) OD envelopé, while main-
taining the relatively small reservoir size and also provldmg the adva.ntage of a larger vapor
space through the condenser, A comparison of the three concepts with respect to reverse
mode considerations (reservoir size, shut-down losses) is presented below for al90K
evaporator and a 210 K condenser/reservoir.

Reverse Mode Comparison (Ethane Fluid)

Reservoir (1) Shut down Energy (2)
HP Charge Charge Volume Length during 1 hour

Design Concept _  (grams) (grams)  (in3) (in.) (watt - hr)
1) 1/40D 3.78 1,13 0,127 2.0 0.19

{6.35 mm) (2.08 cc) (0.8 mm)
2) 3/8 OD 5.3 4,42 0,496 7.6 0.65

(9, 53 mm) . (8,13 cc) (193.0 mm)
3) 1/4-3/80D 5.0 113 0,127 2.0 . 0.19

(64 35~9, 53 mm) (2.08 ce) (50,8 mm)
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(1) Reflects engineering model~fype design (6.25 in. OD) (158,75 mm)
(2) Includes conduction and {ransition energy losses.

. In addition to the above, the pipe pressure at storage conditions (120° F) (322 K) is
much lower for the hybrid design than the others; 886 psia vs. 1449 psia (6108 KPa vs
9989 KPa) for 1/4 OD and 1036 psia (7142 KPa) for 3/8 OD.

Since the hybrid 1/4~3/8 OD design offers the best combination of forward mode and
reverse mode performance, it was selected as the baseline configuration for the liquid
blockage diode heat pipe. An overall layout of the basic cryodiode configuration is shown
in Figure 3-2. Performance predictions as a function of operating temperature are given
in Figure 3-3.

Early in the program several hardware samples were fabricated to verify proposed
assembly techniques,

o‘ A sample artery was made and tested by performing 1ift tests before and after *
several bending cycles. The lift tests verified no degradiation in pore size due
-to bending

e 3/8to 3/8 (9.53 mm to 9,53 mm) OD butt weld samples made with an orbital
welder showed good weld penetration and negligible drop~through

e Swaging and spinning operations for fhe transition sections were also successiully
demonstrated, Samples were made which join 1/4 inch (6.35 mm) OD (evaporator)
to 3/8 (9,53 mm) OD (condenser) tubes and 5/8 (15,88 mm) OD (reservoir) to
3/8 (9.53 mm) OD (condenser) tubes, Both samples were butt-welded (orbital)
together with good results

3.3 RESERVOIR DESIGN CONSIDERATIONS

A non-communicating reservoir is usually preferable to one that can communicate
with the main artery. Although the latter has the advantage of being able to replenish the
main artery in the event of a fluid deficiency, it also has other counterbalancing
digadvaniages,

o If the artery wick is-allowed to extend beyond the end of the condenser, it causes
' a backpull on the condenser meniscus which decreases the net available capillary
head and resulis in a lower transport capacity., Since cryogenic heat pipes are
typically low capacity pipes to begin with, this further decrease in capability is
undesirable,

3~4



G-&

0787-002

0.375 DIA 0250 DIA ' -
—::_':u:: —_—
— ; - = = = ———-E;{—‘———G- Y
/( ~ Y ™~oriFice z ?
2.00R LOCATION
N f— 4.00 (EVAP) —~
! e 8.25 ~ 150
19.76 s :-’
I £
!
12.125
I
! g2 DIMENSIONS, IN
\/ LENGTH oD
-
EVAPORATOR 4{10.16) 0.25 {0.635)
! ~—|BLOCKED TRANSPORT| 4{10.16) 0.25 {0.635)
TRANSPORT 29.4{74.68) 0.375{0.953)
CONDENSER 15.6(39.37}) 0.375{0.953)
RESERVOIR 3(7.62) 0.625(1.588)
OVERALL 48,9{124.2) -
0 625 DIA
——————————————— _—— ____‘ ‘r
el ey e ey e :________—;_{ s
15.63 {COND) J «— 3,00 —>| e
] RESERVOIR
21.25 - -

Fig. 3-2 Overall Design Layout for HEPP Liquid Blockage Cryodiode Heat Pipe




101

CAPACITY, W
o1
T

E-S
1

0g

1-g.0% CM TILT)

CRYODIODE HEAT PIPE FOR HEPP

® ETHANE WORKING FLUID
® BLOCKING ORIFICE {h = 38.5 MILS)
*2 DIA DESIGN
0.194 IN, (4.93 mm} EVAP/0.319 (8.10 mm) COND (ID)
. LEFF =105 em
¢ ARTERY QD = 0.117 IN. {2.97 mm)

1 1 1 ! ! 1 |

3 L
0 180

0787-003

160

170

180 190 200 210 220 230 240
VAPOR TEMP, K

Fig. 3-3 Cryodiode Forward Mode Predictions




e A communicating feservoir requires extra wicking which in turn occupies volume
that must be compensated for by increasing the reservoir size significantly. This.
is especially true with our reservoir design that has individually separated
capillary channels and a highly conductive aluminum -matrix to accelerate evapora-
tion in the rev:erse rﬁo‘de. ' ‘ B o ; o .

® The extra wicking in a communicating reservoir increases the reduired fluid
charge, -which in turn increases the storage pressure..

Temperature control requirements for the reservoir of a liquid blockage diode are -
relatively simple: the reservoir should run slightly’ (a fraction of a degree K) below vapor
temperature in the normal mode of operation, and slightly above vapor i:emperature in the
reverse mode of operation, Both requirements canbe met by thermally couphng the reservoir
to the condenser boundary conditions,

~ As an example for illustrative purpoges, consider a spacecrait application in which a-
diode couples a detector to a radiator which is subject fo a varying space environment, The
diode condenser is attached to the radiator., The excess liquid reservoir is at the condenser

- end of the diode, and has a small portion of the radlator surface dedicated for reservmr
thermal control. During normal mode operation, the reservoir will tend to rej ect heat
from. the dedicated radiator surface. The a:saal solid conductance between the condenser
and reservoir is relatively small, The reserv01r can, however, obtain heat by condensatmn
if only partially filled with liguid. When the reservoir internal passages are filled with
liquid, and a thin liquid layer covers the exposed face of the reservoir internal aluminum
block, the thermal resistance between the vapor and the reservoir will receive only a
small amount of heat by condensation, and the reservoir temperature will fall below t_he
main radiator temperature, to a value app'roaching the adiabatic s_urfaée tempéraf:ure,

The preceding discu_ssion involved three assemptions:

1) negligible heat leakage from the spacecraft to the reservoir

2) equal absorbed heat flux on the reservoir ;adiator and main radiator

3) negligible variation in dipde boundary conditions d}lrmg normal mode‘operaﬁono

Heat leakage must be minimized between spacecraft and diode and spacecrait and radiator
for any reasonable cryogenic temperature. Insulation requirements between reservoir and-
spacecraft will be similar {o those for other parts of:the diode and radiator, and well
within the capabilities of multilayer insulation blankets., Equality of abhsorbed heat flux



should occur naturslly, since both radiators will usually be sharing the same surface. The
rate of variation in diode boundary conditions is a function of orhif and surface orientation.

Considering the same example under reverse mode operation, when the absorbed
flux drives both radiator surfaces above diode vapor temperature, evaporation occurs in
both the reservoir and condenser regions and condensation occurs at the detector end of
the pipe (evaporator), Excess liguid obtained from the reservoir will accumulate at the
detector end of the diode, effectively shutting off the diode. As the diode shuts off, the
temperature of the vapor, condenser, and reservoir all rise. To keep the reservoir above
vapor temperdture, the iﬁequality: ‘

Q Q
abs abs
>
Mcp res ’ Mcp cond

must be satisfied., Reservoir temperature will then rise faster than condenser temperature,
but will stay close to vapor temperature so long as liquid is available in the reservoir for

evaporation,

For applications in which the radiator environmental flux varies rapidly, the transient
cool down of the. rdservoir following a shuidown must be at least as fdast as the condenser to

permit the reservoir to fill with liquid when the diode is ready to turn on. This implies

eAR EARAD
> -——
MCP res . MCp cond

Where AR for the reservoir is that portion of the rad.iator which is segmented and
dedicated to reservoir cooling, and ARAD for the condensger is the main radiator area.

The MCP product includes the entire mass which must be cooled by heat rejection to space
(iees for the reservoir - the reservoir case and internal metal, attachment saddles, and
reservoir radiator; for the condenser -~ the condenser including wick and fiuid, the attach-

ment saddles and the main radiator),

It may be noted that the temperature control requirements for a liquid blockage diode
are relatively easily achieved compared with those for the gas reservoir variable conductance
heat pipe (VCHP)., The gas reservoir (or gas reservoir cold trap) must in general be main~
tained at a femperature significantly below condenser temperature to permit gas storage at
a reasonable gas partial pressure in the reservoir. Hence VCHP's are subject to changes
in set point as a result of coating degradation or anticipated thermal leakage, The liquid

3-8



reservoir, by contrast, runs cloge o condenser temperature, Thermal isolation of the
reservoir from fhe spacecraft can be handled together with the rest of the diode and radiator,
since requirements are simila,r,_ and the coating degradation constraint is no more severe
for the liquid reservoir radiator then it is for the main radiator.

The ability of the reservoir to funoction properly with small temperature differences
has been confirmed experimentally, A 1/4 in. (8,35 mm) liquid blockage diode with ethane
working fluid was operated continuously for 5 hours at 10 watts evaporator power-at 1 cm
adverse tilt and a temperature of -100° F (200 K) with the reservoir af a temperature only
0.02 to 0.04° F helow vapor temperature,

3.4 ORIFICE ORIENTATION

The orientation of the orifice has an effect on the blocking capability of a given size
_opening under 1-g test conditions, Two orifice orientations are of interest: 12 o'clock and
6 o'clock, The maximum tilé posifion at which complete blockage can still be realized is
obtained by equating the orifice capillary pressure to the hydrostatic head that it must
support. | ' o

3.4.1 12 O'Clock Orifice

A ,
Ty, . A
Z Py 6
ZIR ¢ :
\
P26
P1 = Pressure at lowest point in condenser liquid (maximum pressure point,
¢ flat menescus)
P, = -Vapor pressure
P1 ~ P,

&

Orifice Capillary Pressure

o 20

AP =— = —o =(Pv —Pl)
ho ho 12
2
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Hydrostatic Balance

P1 =P1-pDe

12 6 (Dc De)
P P, -~ Ph-p|—" —
1g 1, 2 2

n

By -manipulating these equations, the orifice pressure equality for the 12 o'clock position
can be expressed as:

205 D +D
— = p|n+ ¢ e
h

0 2

SALARANN

X ‘ / 240 ‘Dc . . De
' ] A jﬁ-;i
AN o 4 | 4 1
P, -

Hydrostatic Balance

P =P = ph-p (D +D,)
12 c
2
P = P + pD - pPh
16 112 i (o}

In a similar manner, the orifice pressﬁre equality for the 6 o'clock position becomes:

20 = [h+h'+(Dc"De)]
b : ° 2
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These results have been plotied in Figure 3~4 as a function of both heat pipe temperature
and adverse tilt, As seen, the analysis predicts a more tilt sensitive orifice at the 12 o’clock
position, which is not intuitively obvious since it is at the top of the pipe. However, this
paradox can be explained by studying the hydrostatic balances developed and realizing that
the blocking meniscus must sustain a larger vapor-liquid AP at the 12 o'clock position
gsince the liquid pressure is lower than the 6 o'clock point, while the vapor pressure re-
maing the same, For adverse tilts, complete blocking (up to the orifice plate) at the 12
o'clock position can only occur at the colder temperatures (~ 150 K), However, blocking
throughout the 4~inch (101.6 mm) evaporator section only, will take place over the entire
temperature range from 150 K to 210 K. The 6 o'clock position can sustain complete
blocking up to the orifice over the ‘entire temperature range for adverse tilts below about , 10

»

inches (2,54 mm).

Although the preceding discussion was based on the analytical predictions, test data
have been observed that support the results. An evaluation of the test data which was ob-
served during the checkout runs follows.

e At the 12 o'clock orifice position and .10 inch (2.54 mm) adverse tilt only the 4-
inch (101.6 mm) evaporator section was successfully blocked at an evaporator
temperature of 200 K

e Af the 6 o'clock position, complete blocking (up to the orifice piate} was observed
for level, .05 (1,27 mm) and .10 inch (2, 54 mm) adverse tilis at a 200 K evaporator

@ With the orifice still at 6 o'clock, when the tilt was further increaseci to 15 inches,
. (3. 81 mm) blocking at the orifice could not be achieved, Evaporator temperature
was also 200 K, ‘

3.5 THERMAIL MODEL

The simplified thermal nodal modc_al of the liquid blockage diode heat pipe experiment
which was developed is presented in Appendix A, including the AGTAP subroutine code for
the diode mechanism, In addition to altering forward and reverse mode parameters in
accordance with the c¢aleulated temperature gradients, the program logic includes a PCM
routine which models the phase change phenomenon. It also has generalized inputs to permit
rapid modification and evaluation of radiator dimensions and location relative to diode attach-
ment points, Two options exist for controlling the inputs to the PCM and reservoir heaters.
One uses an on/off duty cycle routine which permits-separate changes in both heater wattage
and duty eyeie° The other hea!:er control option uses a fixed temperature set-point and
tolerance band, When the control temperature is above the set point, the heater is off; when

it is below it, the heater is tirhed on.
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Computer runs were made which verified that during the forward mode the reservoir
temperature will always be lower than the condenser (and vapor) temperatures by about 1 K,
thereby ensuring a filled reservoir and clear condenser vapor space. The predicted thermal
profile after 4 hours with an evaporator input of 10 watts is given in Table 3-1, Runs were
also made to demonstrate successiul reverse mode trangition and temperature separation
between condeunser and reservoir during the following cooldown, Resulis are given in
Figure 3-5 for the case of a 40 watt PCM input (40% duty cycle) and a steady 2 watt reser-
voir inpui. : .

The effect of reservoir heat input on blocking response was also investigated at two
extreme PCM heat inputs (5.6 and 40 watts). " The results are given in Table 3-2 and indicate
a minimum reservoir heater requirement of at least 2 watts fo achieve complete blockage
in a reasonsble time (;16 minﬁtés). . ‘

3.6 HARDWARE DESCRIPTION

The HEPP diode heat pipe utilizes the blocking orifice technique to effect liquid

_blockage of the evaporator vapor space during reverse mode operation. It is made from
‘ stainless steel tubing (28 mil wall) and has a 1/4 inch (6.35 mm) OD evaporator/blocked

transport section, a 3/8 inch (9.53 mm) OD condenser/transport section, and a 5/8 inch

(15, 88 mm} OD excess fluid reservoir. The different sections are joined together by
* swaging the appropriate fubes to a,chigve a uniform intexrface OD and then butt welding,

The pipe contains a spiral artery Wl.ckmg system similay to that.used in the engineering model
‘ (see Section 5).and uses purified ethane as its working fluid,

As shown in Figure.3-2, the diode is bent into a U-shape., One leg of the U containsg
the evaporator, which is attached to a cylindrical copper heater block; the opposite leg con-
tains a brazed aluminum saddle which is attached fo a radiator surface. The excess fluid

" reservoir is located at the end of the condenser and also contains a brazed aluminum saddle

“to which a 9 in2 (58 emz) radiator surface is aftached, The overall dimensions of the U-
shape are approximately 14 inches (0.36 m) across the base and 22 inches (0.56) along each
leg. A detailed weight breakdown is confained in Table 3, 3.

~ The finished diode heat pipe assembly is shown in Figure 3-6 after the saddles were
_bgraz_ed- to the condenser and reservoir, and the mounting tabs welded onto the transport

‘section.. A closeup view.of the. reservoir assembly which shows the clips for attaching the

PRT sensors is shown in Figure 3-7. Closeups of the brazed condenser assembly and the
transport-to~evaporator transition section are shown in Figures 3-8 and 3-9., Note the
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Table 3-1 Normal Mode Experiment Temper‘a-ture at 4 hours, QEV AP 1 O‘Wétts

NODE TEMP (K)
1 . EVAPORATOR BLOCK 193.6
2 EVAPORATOR WALL 192.7
3 HP VAPOR 192.0
4 CONDENSER WALL 1919
5 RESERVOIR 191.1
6 RESERVOIR RADIATOR 1909
7 MAIN RADIATOR (W/PCM) 183.3
8 MAIN RADIATOR 191.6
9’ PCM CANISTER - 182.6
6787-035
2165+  70.~ A - 3W ON RES _ i i
o TIME Qpem Qges
2132} - 78}
0~ 5 HR 40W 2W
> 5 HR 0 - 0
21091 80,
t DUTY CYCLE: PCM = 40%
RES = 100%
2082 85 CONDENSER
206.4L. w0l _RESERVOIR AREA = 9 iN.2 (58 cm?)
v .. & . RESERVOIR
a 2026 o g5 |
: g g5,
s F-
1998 |- 100}
1970 |  .j05.F
1943 + 110}
1915 L 415
1887 | 20
1859 L . -125. ] ] — 1 1. | 1 ol J
0 5 1.0 15 2.0 25 3.0 35 4.0
- *TIME, HOURS - -
0787-005
Fig. 3-5 Reverse Mode and Cool Down Predictions for HEPP (Cryodiode)
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Table 3-2 Reverse Mode Performance Predictions

"HEAT INPUT TO

INITIAL PCM HEAT INPUT TO TIME FOR BLOCKAGE BLOCKED
TEMPERATURE  RESERVOIR (WATTS) PCM (WATTS) TO OCCUR (MIN] LENGTH {INCHES)

100 1.0 5.6 15.6 8.7

100 20 5.6 62 8.80

100 5.0 5.6 2.4 8.85
PARTIAL

-100 1.0 40.0 4.64""| BLOCKAGE [ T™*1.04

100 2.0 400 98 8.88

4100 5.0 40.0 26 886
PARTIAL

162 10 400 3174 | BLOCKAGE | ~*4.00

162 20 400 8.9 8.18

162 5.0 40.0 26 8.16

0787-036

Table 3-3 Detailed Weight Breakdown, HEPP Liquid Blockage Cryodiode

COMPONENT

MATERIAL

WEIGHT (GRAMS}

HP TUBE ENVELOPE
SPIRAL ARTERY
RESERVOIR INSERT
WORKING FLUID
EVAPORATOR BLOCK
SADDLE ASSY
RESERVOIR RADIATCR
INSULATOR SHIM

1)
2
3
4
5
B!
7
8

Q787-037

304 STAINLESS STEEL
- 304 STAINLESS STEEL
ALUMINUM-6C061
ETHANE
COPPER 102
ALUMINUM-BCB1
ALUMINUM-6061
KAPTON

86.7
32.

254

10.2

988.8

2724

45.4
5.
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PRT clip and mounting pads. Figure 3~10 shows the final diode heat pipe assembly mounted
to its vibration test platform. At this point, it had been charged with ethane, welded closed
and thermal vacuum tested,

3.7 QUALIFICATION TESTING

Objective. The main objective of the qualification test was to demonstrafe a diode
heat pipe that could be effectively used as part of the HEPP -experiment. Counsistent with
tlns objective, the pipe requirements were: ,a minimum forwa,rd mode fhroughput of 750
watt-cm (0-g eqmvalent) and good thermal conducta.nce, at least 5 watts/ °C, It should also
show a rapid transition to the shut-off operating mode in response to heat inputs at the con-
denser and reservc;ir and quick recovery to forward mode operation. .

As a secondary objective the effect of orifice orientation on 1-g performance in both
the forward and reverse opérating modes was also évalua.ted. Two orifice orientations
were considered, (a) ovifice opening at the top of the pipe '(}2 o'clock.position) and (b)
orifice opening at the bottom (6 o'clock position). -As shown in {_iecﬁon 3.4, the 12 o'clock
orientation is the more conservative one as far as maintaining a blocﬁed evaporator, since
it must sustain a larger delta-P; - But even the 6 o'clock orientation inc[poses a greater demand
than the actual zero-~g flight requirément. As far asinfluencing the reverse~to-forward mode
transition time, the 6 o'clock positio;l.would be most -lik'(_a ;hé :-aero-_-g sitl:lation since the favor-
able draining effect would be less than that experience with a 12 o'clock orifice opening.

Test Set-up

The cryodiode heat.pipe qualification unit was tested in a 2 :Et‘(O.Gl ) diameter x 4 £t
(1. 22 m) long thermal vacuum chamber loeated in Grumman's Thermal Laboratory. A
cross-section of the installation is s_]goum in Figure 3~11, The U-shaped heat pipe was
attached to a rigid mounting platform through lotw-k tilermal isolators, and the enfire set-up

wasg isolated from the room ambient by an LN, cold wall’ and a 107° torr vacuum,

Heat was supplied to the pipe through a 1.5 inch‘(SS.l m) diameter copper heater
block attached to the evaporator section. At the condenser, heat was removed through an
aluminum radiator fin (2.6 ftz) (0.24 mz) which was bolted to the condenser saddle, The
radiator fin confained a tube through which LNZ could flow to accelerate the system cooldown
from room temperature, Once near the desired operating temperature, the LN2 flow was
stopped and the pure radiation coupling to the cold wall used to reject the heat, Strip heaters,
attached to the back of the radiator fin and insulated with MLI, were used to adjust the hea.t
pipe vapor temperature as required,
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INSTALLATION

CONFIGURATION  EVAPORATOR

QUADRANT LOCATION OF
CONDENSER

RADIATOR
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MOUNTING
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CAM
OUTSIDE WALL
0787011 {VIEW LOOKING IN-CONFIGURATION (A) SHOWN)

Fig. 3-11 Cryodiode T/V, Test Installation (dualification Unit}
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The entire mounting platform was balanced between a center support, which ran the
length of the platform, and an eccentric cam v;rhich was positioned.off—ceqter near the
chamber and doors The cam was attached to a rotary feedthru so that it could he adjusted
under test. The amount of angular rotation of the plate was measured by a callbrated
secale which was hard mounted to the plate and which could be sited through the chamber
door viewing port by using a surveyor's transit.

Since the heat pipe was tested with two different orifice orientations (12 o'clock and
6 o'clock) it was neéessary to flip.the heat pipe 180 degrees and remount it fo the base
plate, When this was done, the radiator fin was also reinstalled on the condenser flange
to’ conform to the cold Wall shape.

Instrumentation :

The qualification unit was instrumented vﬁth the 11 platinum resistence thermometers
baselined for the HEPP éxﬁeriment and 18 additional copper-constantan thermocouples,
The thermocouples were-used-to check the calibration of the PRTs and provide more de-
t‘aﬂed thermal profiles. The PRTs were mechanically fastened to the pipe by suitable
designed clamps whereas the thermocouples were spot welded to the steel tubing whenever
po}ssible. Detailed instrumentation information is given in Figure 3-12." Alter instrumenta-
tion, the entire heat pipe except for the condenser and reservoir radiator interfaces, was
insulated with 25 layers of aluminized mylar (MLI). '

_ Before starting the formal test procedure, some preliminary test points were run to
determine if the heat pipe contained the proper charge of working fluid, For these prelimin-
a.rir tests, the charge valve was removed from the pipe by pinching off and welding the
secondary charge tu]ﬁe, which separated the primary charge tube and the charge valve. After
the preliminary test datahad verified a properly filled pipe, the primary cha.rge tube was
pinched off and welded closed.

Test Results

The fest program consisted of a-detailed performance evaluation before vibration
testing, followed by selective forward and reverse mode spot checks afterward, The
majority of the tests were run with the orifice at the 12 o'clock pogition; only during the
pre~vibration sequence were a few teéts run with the orifice at 6 o'clock,

The forward mode, steady state tests determined the maximum heat pipe throughput
for a combination of four nominal pipe temperatures (150, 170, 190, and 210 K) and four
adverse tilt settings (0.25, 1.0, 2.0 and 4.0 cm), The transient tests, which were run at
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the lowest (0.25 cm) tilt, monitored the reverse mode response for selective reservoir heat
inputs (I, 2 and 3 watts) at the two extreme temperature conditions (150 and 210 K).

Forward Mode

During the forward mode (steady-state) tests the maximum heat load was limited by
the dump capability of the condenser radiator. The radiator capacity calculated for the

various test temperatures is given below:

Test Tenip (Kj _ Radiator Capacity (Watts)
150 4,9
170 8.5
190 12.4
210 18,5

At all of the test temperatures, the evaporator heat load could be increased to the capacity
limit of the radiator, 'Beyond that the heat pipe temperature would increase to accommodate
the load. Even at adverse tilts up to 4 cm (the limit of the test setup), the dryout limits
could not be reached, A summary of the steady state performance, in the form of evaporator
-heat load versus adverse tilt, is presented in Figure 3-13., At the maximum tilt 4 cm) the
measured heat loads were: 4 watts at 150 K, 7.2 watts at 170 K, 10.5 watts at 190 K and
17,3 watts at 210 K. Using a static wicking hejght of 12 cm (corresponding to lift test data)
a maximum zero tilt heat load of 25 watts was estimated at 210 K, Temperature profiles
for representative fest points are shown in Figure 3-14, Data are presented for both
orifice positions, for pre~and post-vibration fest points, and for adverse tilt extremes.

As seen by comparing TP154 and TP104, the orifice position has no effect on the forward
mode performance, The post-vibration thermal test data (TP101V, TP104V) also show
little change, The average value.of forward mode thermal conductance is 7.4 watts/° C

at the 200 K level, and 2,4 watts/* C at the 150 K level.

Reverse Mode

Temperature profiles at the beginning and end of .reverse mode tests for the 6 o'clock
and 12 o'clock orifice positions are shown in Figure 3-15. These fully established profiles
are shown after 15 and 13 minutes respectively; however, the actual time at which blockage
was first established was about half that shown. This data is significant because it ve_rifies; '
the different temperafure profiles predicted for the two orifice locations. The 12 o'clock
orifice was previously shown to be more sensitive for sustaining a fully blocked vapor space
up to the orifice location. This is Seen in the TP205 data since the blocked section extends
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only through the evaporator section (about 10 cm). However, at the 6 o'clock position
(TP252) the blocked section extends up to the orifice (abouf 20 cm) and the evaporator is
more effectively insulated from the unblocked vapor space, which is filled with warmer
vapoy.

Shutdown energy was estimated by using the method of Reference 4. The shutdown
time is taken as the interval from the moment the reservou' begms to rise in tempererture
above the transport section to the tlme the blocked transport section rate of temperature
increase drops sharply. The energy absorbed (shutdown energy) during transition is de-
fined as

~

Q

where: mcp

|

(me ) (T~ T) = QT

It

thermal mass capacitance of the diode evaporator a!nd' defector block

Ty = témperature of the detector block at complete shutdown
Ti = temp‘ératu;.'e of the detector block at the start of re_\fe_rsal .
Qe = detector EIock‘heater p.ower

T = shutdown tlme -

This relationship is a conservatlve estlmate smce 1t includes the energy absorbed by
the evaporator block due to the surroundmg amb1ent. )

Y

" Being conservative and using the data shown (Figure 3-15) for TP252, the shutdown
energy is calculated to be 0,098 W-hr at the maximum, ° -

The comparison between the platinum resista.;lée thermometers (PRTE) and the
corresponding copper-constantan thermocouples is sho{rm‘in Figure 3~16., The PRT calibra-
tion curve is given in Figure 3-17, As seen, the agreement-between the measurements is
poor ranging from 0.1 to 5° C difference depending upon-the sé’nsors{ The tiaermocouple
measurements are cons1dered the more accurate, since ‘they were spot welded to the heat
pipe tube. 'The PRT measurenients on the other hand are influenced by the uncertainty
associated with the interface thermal resastence between the sensor and the fube, They use
mechanical clips and an interface grease.

System Testing

Thermal vacuum testing of the integrated HEPP éryogenic heat pipe-experiment was
conducted at the Johns Hopkins Applied Physics Laboratory (APL) under the direct super-
vision of ITE, Inc., the system integrator. Two thermal tests were run: one hefore and
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one after vibration testing the entire assembly. During each sequence, the diode was tested
to determine the following:

o Startup from ambient

e Long fterm, low load forward mode performance
e DMaximum heat transport capacity

® Reverse (shut-off) mode behavior.,

Start Up From Ambient

Initial start up from ambient was successfully demonstrated during both pre- and
post~vibration thermal tests by the convergence of evaporator and condenser temperatures
during the prolonged cooldown. A low evaporator heat load was applied at all times; 0.5
watt during the pre~vibration test and 1.0 watt during the post-vibration test. Figure 3-18
shows the startup-data for the post-vibration test sequence, Initially, a large temperature
difference developed between the evaporator and condenser, but the heat pipe eventually
recovered. This is indicated by the convergence of the evaporator and condenser tempera-
tures at -40° C (233 K). )

Long-Term, Low Load Performance

The cryodiode heat pipe was successfully operated at a 2 watt load for several hours,
Figure 3-19 shows a typical temperature profile taken during pre-vibration tests.

Maximum Heat Transport Capacity

The maximum heat transport capacity tests were run at the PCM melting point (182 K}
by incrementing the evaporator heat load until a dryout-was recorded, as evidenced by a
runaway evaporator temperature., The maximum heat transport capacities recorded during
the tests are summarized below and reflect operating temperatures from 190 to 200 K,

Summary of Maximum Measured Transport Capacity

Adverse Tilt Operational
Test cm (in.) Q s Watts
'max
Pre-~Vibration «19 (. 075) 20
Posit~Vibration +19 (0,75) 24
«51 (+20) 22
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These data indicate that there was no performance degradation due to vibration and
that the artery diode heat pipe is very insensifive to adverse tilt. A typical temperature
profile is shown in Figure 3-20. By comparison, it is of interest to nofe that the forward
mode throughput measured for the axially grooved transport heat pipe degraded from 22
watts to 10 watts when the adverse tilt was increased from 0.19 cm to 0.51 ¢m, during
post-vibration tests,

After experiencing a "hard" dryout, the heat pipe did not always recover when the
load was sharply decreased (up to a factor of ten). As in the qualification festing, re-
starting the heat pipe after a dryout could always be accomplished by first entering a re-
verse modé, followed by a controlled condenser cooldown (== 1°C/Min).

Reverse Mode Performance : .

Rapid transition from a low load forward mode to a fully blocked reverse mode was
always readily accomplished by appropriate increases in radiator and reservolr heat jnputs.
All reverse mode tests were run with a melted PCM (>182 K)o After a uniform forward
mode profile was established, a heat load of 40 watts was applied to the main radiator and
a 4 watt load fo the reservoir. The measured response of the evaporator, condenser and
reservoir temperatures during reversal are shown in Figure 3-21, Both'the reéervdir
and condenser temperatures increased in response to the applied loads and after about 2
minutes, - they both exceeded the evaporator temperature and the evaporator started to
accumulate fluid, In 4 minutes, the diode was blocked up to the orifice position. The .
condenser and reservoir were emptied of fluid affer 6 minutes, as evidenced by sharply
iﬁoreasing temperatures. The evaporator temperature remained constant throughout the
test while the temperatures of the condenser and reservoir increased by 18°-C and 26° C,
respectively over an 18 minute interval. The corresponding temperature rise on the
blocked side of the ,Qrif@pé was 4° C,_

o _'fransition back to a forward mode was effected by allowing the condenser and
reservoir {o cool and applying a low (2 fo.6 watt) evaporator heat load,
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Section 4
FABRICATION OF A LIQUID TRAP CRYOGENIC THERMAL DIODE HEAT PIPE,
ENGINEERING MODEL (MODAQ)

An engineering model of a spiral artery iiquid trap diode heat pipe was fabricated at
Grumman and tested at NASA-ARC, Complete deiails are presented in Reference 3, but

the major results are summarized in this section,

The diode heat pipe consisted of four main parts: an evaporator, a transport section,
a condenser, and the liquid trap reserwoir. The wick was a spiral artery formed by wrapping
250-mesh stainless steel screen and 0, 04-cr-diam. spacers on a’ central mandrel., ,The
reservoir had a larger diameter (1.588 cm) than the 0.635 cm OD heat pipe portion and was
connected to it by a conical transition section and a butt=welded: joint, The _‘it;térnalicore of
the reservoir consisted of laminated aluminum channels having a total intermal void volume
of 6,42 ce, There was 1o capillary connection hetween the réservoir la::xiinates and the
artery wick. i.iqilid communication between artery and pipe wall was. achieved with three
scroll-type Weios of 250-mesh screen equally spaced in the condenser and evaporator only,
Circumferential grooves (63/cm) were used in the evaporator and condeﬁggr sections and
* standoffs were pi:'ovided on the artery for support in the unblocked transport section,

An overall layout of the liquid trap diode is shown in Figure 4-1 and addltmnal con-
\structlon detalls are given in Table 4-1,

Tests were run in a thermal vacuum chamber with.varying charges of ethane fluid
(see Reference 3). The opt1mum charge was found to be 2,67 grams, The maximum
measured transport capacity was 12 w-m at 200K with a forward conductance of 6 watts/° C.
The shutdown energy was estimated as 0; 32 watt-hours and the reverse mode thermal
conductance was calculated as 0.037 W/°C, -

Although the heat pipe demonstrated good tranéport capacity and reasonable shutoff
times, it could not be reliably primed either after a thermay dryout or after a cooldown from
ambient, Reliable startup was only initiated when preceded by a diode reversal followed by
condenser cooling at a rate less than about 1° C/Min,
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Table 4-1 Liquid Trap Diode Heat Pipe Dssign Data

LENGTH, CM
EVAPCRATOR
TRANSPORT
CONDENSER
RESERVOIR
TRANSITION
CHARGE TUBE
INACTIVE SECTIONS
EFFECTIVE

DIAMETER, CM
PIPE OD
PIPE 1D
ARTERY OD
SOLID TUNNEL OD
RESERVOIR OD
CHARGE TUBE OD

10,160
2B.257
30.48
15.56
1.624
4.445
2.840
48.57

0.635
0.493
0.300
0.051
1.688
0.318

OTHER PERTINENT DESIGN INFORMATION INCLUDES.

PIPE:

SCREENING:
CIRCUMFERENTIAL GROOVES:
RESERVOQIR:

0787-038

304 —1/8 HD STAINLESS STEEL
250—MESH 304 STAINLESS STEEL

63/CM ({160/IN)

6061 ALUMINUM LAMINATES

0,239 CM THICK WITH 0.127 CM

DEEP AXIAL MACHINED GROOVES,
CORE MACHINED TO 1.448 CM OD FOR
PRESS FIT INTO 304 — 1/8 HD STAINLESS
STEFL CYLINDRICAL SHELL
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Section 5

THERMAL VACUUM TESTING OF THE ORIGINAL LIQUID BLOCKAGE (ORIFICE)
CRYOGENIC THERMAL DIODE, ENGINEERING MODEL (MOD 11)

This section presents the resulis of a thermal vacuum test which was run to check
previously measured data that had been obtained using an environmental cold box. The
details of the earlier test evaluation are contgined in References 2 and 4, The thermal
vacuum tests confirmed that the performance was similar to the earlier test (November
1975 and March 1976) and close to theoretica_I predictions. .

The eng:_ineering model liquid blockagé‘diode consists of four sections: an evaporator,
a transport séotion, a condenser and an excess fluid reservoir, which is attached fo the end
of the condens:er. A blocking orifice is positioned in the transport seetion about 10,16 cm
from the entra:mce to the evaporator., The iiqui& reservoir has a larger diameter than the
rest of the heat pipe (1,588 cm vs 0.635 omj and contains a matrix of laminated aluminum
channels which retain the excess liguid, There is no capillary communicafion between the
reservoir insert and the piral artery heat pipe wick. Design details are summarized in
Table 5~1 and the overall layout, including thermocouple locations, is shown in Figure 5-1.

For this retest, the engineering model cryodiode was configured and instrumented in
the game ma.n.i:ter as in prévious tests '_(see Reference 4), with one notable exception - the
charge valve was removed and replaced w1th an intermediate pinch~off charge tube that was
joined to the main charge tube by a svya'gelocéfitting, This minimized the evaporator end-
effects introcuced with a-large mass {the charge valve) and eliminated the need for guard
heating and cooling. "The heat pipe was charged with 4.8 grams of processed ethane fluid,
which corresponds to about a 7% overfill at 200 K,

As before, -three aluminum masses were attached to the pipe: at the evaporator, a
0,197 Kg mass to simulate a detector block; a condenser mass of 0,765 Kg for ease of
mounting the pipe assembly to an LNZ sink; and a reservoir mass of 0.205 Kg, also for
maintaining the reservoir in contact with-the LN2 gink, The reservoir and condenser
blocks were mounted to an LN2 sink which was designed to capture the blocks in a com=-
pression-type arrvangement, Rod heaters integral fo the compression block were used to
control the forward mode temperature and also provide an alternate means for dicde

reversal, Strip heaters were attached to the evaporator block for forward mode heat loads
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Table 5-1 Engineering Model Liquid Blockage Thermal D‘io‘de Design Data

LENGTH, CM
EVAPORATOR
TRANSPORT—BLOCKED
TRANSPORT-UNBLOCKED
CONDENSER

" RESERVOIR
TRANSITION
CHARGE TUBE
INACTIVE SECTIONS
EFFECTIVE

DIAMETER, CM
PIPE OD
PIPE ID
ARTERY QD
SOLID TUNNEL OD
RESERVOIR OD
CHARGE TUBE OD

10.160
10.160
24,130
21.273
6.033
1524
4.445
2540
50.010

0.635
0.483
0.300
0.051
1.588
0.318

OTHER PERTINENT DESIGN INFORMATION INCLUDES:

PIPE:
SCREENING:
CIRCUMFERENTIAL GROOVES:
RESERVOIR:

ORIFICE
HEIGHT:
0D:
LOCATION:

0787-039

304 — 1/8 HD STAINLESS STEEL
250--MESH 304 STAINLESS STEEL _

B3/CM (160/IN)

6061 ALUMINUM LAMINATES

(_1.239 CM THICK WITH 0.127 CM

DEEP AXIAL MACHINED GROOVES.
CORE MACHINED TO™1.448 CM OD FOR-
PRESS FIT INTO 304 — 1/8 HD STAINLESS
"STEEL CYLINDRICAL SHELL

+.076 CM (.030 IN)
483 CM (.10 IN)
10.16 CM FROM EVAPORATOR ENTRANCE
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and also to the reservoir block as the primary means to initiate diode reversal, All
thermocouples were copper/constantan and were welded to the stainless steel pipe envelope,
They were monitored with a Bristol strip chart recorder,

The entire assembly was insulated with 25 layers of aluminized mylar super-insula-
tion (MLI) and installed in the thermal lab thermal vacuum chamber. During the tests, the
=5 torr. Thus the cold wall
was warmer than the operating pipe, which promoted a conservative heat gain estimated at
less than 0, 15 wait.

cold wall was not filled and the vacuum was held to at least 10

Results:

Two basic performance points were obtained for comparison: forward mode Qmax
at 1 cm adverse tilt and reverse mode with no tilt, During the forward mode runs the pipe -
teniperature was kept near 200 K by suitable adjustments fo the condenser block heaters.
Once the 1 cm tilt was set the evaporator power }w}as incremented end held for 15 minutes,
until a dryout was achieved. As seen in Figure 5-2, the heat pipe tra_néported 22.4 watts
.(11.2 w-m) and dried out when the power was increased to 27 watts, This agrees well with
. predictioné and also indicates that performance had not degraded from the earlier tests,
.The forward mode conductance as calculated from the measured thermal profiles was
3.6 w/°C (see Fig., 5-3).

During reverse mode testing, the reservoir heater burned out and it was necessary
to initiate reversal by overpowering the condenser block heater, The evaporator load was
zero. As observed in Figure 5-4, a transient plot of average temperatures, the condenser
temperature increased at a rate of 1.4° C/min and the temperature rise of the reservoir
preceded that of the condenser due to its smaller mass, The evaporator temperature,
which started at -79° C, held virtually constant and reached ~76° C at the end of 30 minutes
when the condenser temperature registered -51° C. Full evaporator blockage was achieved
‘about 10 minutes after starting.
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Section 6
AN INVESTIGATION OF THE START-UP DYNAMICS OF SPIRAT..

ARTERY CRYOGENIC THERMAL DIODE HEAT PIPES (MOD 12)

The previously reported test results for the cryogenic thermal diodes were good ex-
cept for one persistent problem. The only way they could be reliably started from = dried
out condition was to heat the condenser, which flooded the evaporator section with ethane
fluid, followed by a gradual transition to a forward mode thermal gradient (evaporator
temperature above condenser temperature). This start-up technique proved necessary for
both the liquid trap and liquid biockage-designs. Attempts to start the pipes directly froni
a room temperature cooldown or from an adiabatic condition aftfer a hard dry-out usually -
fajled, although a few successes were witnessed, usually after an initial cooldown,

Presuming a similar characteristic in zero g, this means that if a cryogemc thermal
diode is used as a piece of flight hardware there would have to be operatxonal constraints -
imposed which would involve precondmomng the heat " plpe by ﬂoodmg the evaporator.
Within the present state-of-the-art, as far as a ﬂ1ght apphcahon is concerned, this means
that only one preconditioning reversal mode is necessary as Iong as the 1mposed thermal
loads are below the dry-out limit, In actuality, this might be acceptable for most cases
since design safety marging of 2 to 4 are typ1ca11y used, However, 11:1 séme cases even the
one preconditioning sequence might not be acceptable, Also, there is no reason to behevg
that this start-up problem is peculiar to diode-artéry pipes, it probably exists in any cryo-
genic artery-type pipes made with the same materials and fluids. Since there are many _
useful spacecraft and sensor applications for cryogenic heat pipes and thermal diodes, it is
important that they can be used without imposing any operafional constraints upon the -
mission, ' '

The specific reason for the start-up problem is not clear, bui: there are two prlme
candidates: surface wetting and artery priming, A surface wettmg “problem could exist '
between thé 304 stainless steel surfaces snd the ethane fluid, In a dried out condition, the
existing surface chemistry (possible as a restult of contaminants) could cause a hon-wetting
situation which can only be overcome by foreibly flooding and hence condmomng the sur-
faces. Once the surfaces have been wet, they tend to remain wet until a dryout condltmn
is experienced, The "harder' the dry-out, fhe more surface area becomes dried cut and

non-wetting, Thus, on a subsequent start-up attempt fhe active evaporator surface area is
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severely restricted which results in much lower throughput capability, There is strong
evidenceé to support this wetting theoiy, since once a heat pipe has been started it can be
repeatedly cycled from no load to high load ae long as a dry-out situation is not encountered,
In fact, it appears that, once started, it can remain ma:n adiabatic_state indefinitely before

a load is applied.

The other theory explaining the difficult start-up is thafi an artery priming problem
exists., This would most probably be caused by the entrapment and subsequent growth of
vapor bubbles within the arterial voids, thereby interrupting the liquid flow, Consider a
cool-down from room temperature, - Initially, the entire eystem (vapor and liquid) is iso~
thermal and in an adiabatic condition, The screen artery is partially saturated by virtue
of the screen-wicking capability, During the cool-down, heat is being pulled out of the
condenser and the vapor pressure can drop below the saturation pressure of the liquid in
the artery, -The warmer liquid within the artery then tends to flash, which resulis in the .
formation of internal vapor bubbles., At this time the evaporator is dried out because it
ca:nnot draw enough fluid from the vapor-blocked artery. Gradually as the artery 1iquid
cools, the satura,tlon pressure dvops and liquid capillary forces tend to collapse the
arter1a.1 vapor bubbles. In theory, a partially primed artery can be fully primed by per-
mlttmg contmual fluid circulation at low heat loads and the introduction of cooler liquid
from the condenser-to the other parts of the artery. After a time, the cool liquid advances
to the evaporator where the last remants of vapor bubbles collapse under. the capillary
forces. This sequence can be accomplished by operating the deprimed heat pipe at a load
wh1eh is less than the maximum capacity of f:he partially primed artery and keeping it
) operatmg long enough to collapse all of the vapor bubloles.

Priming problems that come after a hard dryout at operating temperature can be
described as follows. Once the capillary pumping limit is exceeded, the amount of fluid
vaporized decreases which subsequently causes the vapor pressure to drop, This reeults
in a pressure imbalance across the liquid in the artery which causes liquid flashing and
vapor bubble formation within the artery. The displaced liquid ends up in the heat pipe as
free liquid and the deprimed artery has a much reduced load capacity, Once again, in theory,
the artery can be prlmed if operated long enough at a low load within the capability of the
deprlmed wick, As before, this is accomplished by the cool condenser liquid causing pro-
gressive collapsing of the vapor bubbles as it advances toward the evaporators
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For both the depriming sequences cited, the artery can be forcibly reprimed by
heating the condenser. This raises the vapor pressure which then forces free liquid to

enter the artery and displace or collapse the entrapped-vapor bubbles.

The actual reason for the stari-up difficulties encountered with the ethane artery
cryodiode heat pipe.could well be a combination of both wetting and priming problems,
. However, it was felt that the greatest insight could be obtained by separate investigations.
Surface wetting characteristics were studied by experimental means, and an analytical
investigation of the priming phenomenon consisted of predicting detailed temperatuve dis-
tributions and their influence on bubble grqwth; .

6.1.ANALYTIC STUDIES OF PRIMING
Introduction

The 1/4" (6.35 mm) OD cryogenic dicde with spiral artery wick has been made in

several versions and tested with a variely of working fluids, Many of the diodes experienced

difficulty in priming and/or required special priming procedures, such as diode reversal,

prior fo successful-forward mode operation. To provide a better understanding of the artery

pz}iining problem, an analysis was performed which takes into account the detailed internal
structure of the artery, The gap regions of the artery are assumed to be initially filled with
vapor, The artery is divided longitudinally into sections, and calculations are perforr;aed to
determine if each section, starting at the condenser end of the pipe, can fill, I all sections
fill, the artery is said to be primed.,

The discussion of the analysis covers the following areas:
1)' ﬁea;t pipe geometry being studied

2), Priming criterion

3) Nodal model

4) Calculatioﬁ of thermal couplings used in nodal model
5) Computer program

6) Analytic resulis

7) Conclusions and recommendations.,

While only one pipe configuration was evaluated in this study, the method of analysis is
easily adapted fo other geometries and working fluids.



Diode Heat Pipe Geometry

The diode geometry modeled in this analysis is shown schematically in Figure 6-1.
The pipe has a 1/4 inch (6,35 mm) OD and, exclusive of reservoirs, 1is 27 inch (0.68 m)
long, For purposes of this study the reservoir is neglected, A liquid blockage reservoir
would be the first region to fill on cooldown, and would be inactive during the priming
process. A liquid trap reservoir would-be dry during initial cooldown, and also be inactive
during the priming process. '

The pipe has a 4 inch (10,16 cm) evaporator, 15 inch (38.1 cm) adiabatic section, and
8 inch (20.32 cm) condenser. The evaporator uses electrical sirip heaters for heat source
and the condenser is clamped to a liquid nitrogen cooled block, Evaporator and condensef
are wrapped in multilayer insulation (MLI) and the complete assembly is assumed to operate
in a vacuum environment, '

Priming Criterion

The priming criterion used in this analysis is that a vapor bubble in the gap region
of the artery must collapse when subject to a temperature distribution within the pipe which
is characteristic of steady state heat transfer conditions. -

In equation form, this requires
Pv,g < Pl,g + APc,g

where Py, g is the saturated vapor pressure characteristic of a bubble within the artery,

Pl, g is the liquid pressure adjacent to the bubble at the point on the bubble closest to the
condenser and highest in elevation in a 1-g field, and APec,g is the pressure difference
across the meniscus (surface tension divided by half the gap width) at the condenser end of
the vapor bubble in the artery. The vapor bubble is assumed to be in thermal equilibrium
with the liquid filled gap and screen regions which surround it, This implies some transport
of heat (as vapor flow) within the bubble. There will also be an associated (extremely small)
temperature variation over the surface of the bubble, which is neglécted in th{s analysis.
The bubble is treated as isothermal.

At the onset of this priming study, some thought was given to perxforming a transient
calculation, modeling the pipe in detail as cooldown proceeded, starting from an initial iso-
thermal room temperature condition, There were several difficulties with this approach:
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1) Some fluids (c.g. methane) would initially be above critical temperature, presenting
modeling problems for heat transfer within the pipe. Below critical temperature,
there would be a problem in handling the filling of the porous regions with liquid
consistant with the structure of a nodal thermal analysis model, and computational
stability problems- associated with the vapor nodes (small thermal capacitance and
large thermal couplings).

2) Transient cooldown curves can vary considerably, so that a number of curves
would have to be evaluated,

3) Programming and computation time would be considerable compared with a steady

state approach.

Difficulties aside, however, it was recognized that in most cases where priming
problems were encountered, the experimentalist would let the pipe remain (soak) at cold
conditions for several hours. Hence, the ability of the pipe to prime under cold steady
state condition is, in a sense, a more important aspect to assess analytically, . A pipe

which failed to prime under these conditions would not be likely to prime during a mono~
tonic cooldown,

Nodal Model

The nodal model is shown schematically in Figure 6-2. The pipe is divided longitudin-
ally into seven sections (2 in the evaporator,. 8.in the adiabatic section, and 2 in the con—
denser). Multilayer msulation (MLI) surrounds the evaporator and adiabatic sections,

The condenser is coupled directly to a cooling block. In the radial direction, the MLI
{which is subject to large temperature differences) is divided into 2 nodes, and the pipe
itself into 4 nodes - the pipe wall, the vapor space, the porous wicking (artery screening
and webs) and the gap region within the artery., A description of the nodes follows:

1) Nodes 1-5 - outer layers of MLI (nocies 1 and 2 cover the evaporator and nodes
3-5 cover the adiabatic section)

2) Nodes 6-10 - innér layers of MLI
3) Nodes 11-17 -~ pipe wall
4} Nodes 18-24 - pipe vapor space

5) Nodes 25-31 -~ porous wicking consisting of three cylindrical webs and the sereening
used to make the artery
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6) Node 32 ~ the vapor filled gap region within the artery, Initially, node 32 extends
the full length of the artery and is thermally coupled to all the surrounding porous
nodes. Priining is then tested for a meniscus across the gap at the condenser end
(node 31). M priming can succeed, the gap region within node 31 is assumed filled
with liquid, and the coupling between nodes 32 and 31 is set equal to zero. This is
equivalent to having the vapor region of the gap extending from nodes 25 to 30.

A new steady state temperature distribution is fhen obtained, and priming tested
for filling node 30, The process is repeated until either priming fails or the last
node (node 25)is filled

7) Node 101 - A boundary node representing the inside wall of the vacuum chamber,
assumed kept at a constant temp (90° F) (2"7" C) in this analysis,

8) Node 102 ~ A boundary node representing the liquid nitrogen coolant in the con-
denser block, assumed to be'at ~136° F (~93° C) in this analysis,

A brief description of the couplings is given below. A more detailed description
showing the quantitative evaluation of each coupling is presented in the next section.

A total of 22 radiation couplings are provided:
1) Vacium chamber to outer MLI (5 couplings)
2) Outer MLI to inner MLI 5 éouplings)

3) Inner' MLI to pipe wall (5 couplings)

.4) Pipe wall to porous material 7 (;ouplings)

It may be noted that no radiant couplings have been provided in the longitudinal direction,
Surrounding the MLI, the vacuum chamber is considered a relatively large high emittance
enclosure, Within the MLI, longitudinal radiant heat transport is included in the couplings
for conduction parallel to the laminations; Within the heat pipe, radiant flux is generally
small because of the low temperatures and the view factors for loﬁgitudinal transport are
fairly small, ’

A total of 43 ordinary conduction couplings are provided:
1) Parallel conductance within MLI (8 couplings)
2) Heat pipe wall (6 couplings)

3) Condenser wall to LN (2 couplings)

2
4) Evaporator wall to vapor (2 couplings)
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5) Adiabatic wall to vapor (8 couplings)

6) Condenser wall to vapor - . (2 couplings)
7} Vapor to porous wicking ’ (7 couplings)
.8) Porous wicking to gap réé:ion ‘ (7 c6up11"ngs)
9) Between vapor space nodes (6 coiiplirigsj

A total of ten fluid conductors (one-way couplings) are provided:
1) Condenser wall to porous wicking ' (2 conductors)
2) Within porous wicking - 6 c;opducéors)

. 3).“qu<’)ué wicking to evap;ora,tor wall ‘(2 ’coné!uctors)} o

It may be noted that fluid conductors are provided for the liquid flow path, whereas
ordinary conductors are provided.for the vapor flow path, .The use-of ordinary conductors .
for the-vapor flow is related to the computational procedure used to calculate the vapor
flow, For each vapor node, the vapor is assumed to be-at saturation pressure, and the .

vapor flow between nodes is a consequence of the node to node pressure differences. -

Thermal: Coupling Calculations -(Engineering Units used for convenience)

Nodal Geoﬁetry

A schematic of the nodal geometry, showing lengths and radii, is presented in Figure
6-3, Nodes are taken as centered within the boundaries.

Radiation Couplings {(22)

1) MLI Blanket

The MLI blanket is assumed to consist of a total of 25 layers of crinkled, single
aluminized mylar. This is divided into inner and outer blankets, each having an effective
emiittance of 0,015, Then ‘

Ri,j = eeﬁAz,j- eeffz-rrr i,j1
For example 0.3125\ 2
R1,6 = 0,015 x 277 /15 = %091 (10'4) £t
The coupling between the outer MLI nodes and the vacuum chamber, R increased

5 et : . , 101,1 _
t0 6.545 x 10 4 to reflect only half as many layers, and this value was also used between the

inner MLI node and pipe outer wall, R6 11° The corresponding blanket effective emittance
]
values, allowing for the change in mean radius, are 0,0166 and 0, 0436, respectively, Some

rums were made with both of these values taken as 0,024, Resulfs were similar,
- 6-9



2) Pipe Inner Wall fo Artery Surface

The coupling between the pipe inner wall and the artery outer surface is based on an
effective emittance for both surfaces of 1.0 and an area based on a mean radius of 0,153
inch less the thickness of the three webs (3 x . 041 inch) which support the artery.

Table 6-1-is a list of the radiator couplings, showing nodes coupled and the coupling
values. '

Conduction Couplings -~ (Ordinary)

1) Longitudinal Conductance in MLI (Parallel io the Laminations)

Thermal conductance within the MLI parallel to the laminations is a complicated
radiation and conduction phenomena which does not lend itself to treatment as a pire radia~
tion or pure conduction coupling, Experimental data is available (Ref. 5) for crinkled
single side aluminized mylar expressed in terms of effective.conductivity, K ofE? at layer
densities of 1850 and 3230 layers/meter. The data is shown plotted in Figure 6-4, from
which it can be seen that Keﬂ is a strong function of temperature (taken here as a fourth
power mean temperature).

We have 25 layers of MLI in a 3/8 inch thick anmilus surrounding the pipe, cori'espond-
ing to a layer density of 2625 layers/meter. An estimated curve for this layer density is
also shown in Figure 6-4. The curve is a straight line on the semi-log plot with the form

b

KeffzaT
— I e
where T, . = i j
i,] S
2
a = 1.320 (107°) w/(m-k)
b = 1,972

the conductance coupling is then

, i,j
where AX is the cross-gectional area for parallel conductance

= (v 2 2
AX 'IT(I'O ri)
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Table 6-1 Radiation Couplings

NO. NODES COUPLED R, (FT9)
1 1,8 4091 x 10
2 , 2,7 4.09 x 104
3 ‘ 3,8 1023 x 10
4 - 4,9 1023 x 10%
5 5,10 1023 x 107
8 101,1 6.545 x 107
7 101,2 6545 x 107
g 101, 3 1636x 1074
9 . 101,4 1636 x 107 :
10 " 101,5 1636 x 1074
1 8,11 6545 x 10
12 7,12 6545 x 107
13 8,13 1636 x 102
14 9,14 - 16.36 x 1072
15 10, 15 1636 x 102
18 11,25 4,968 x 1073
17 12,26 4968x10°
18 13,27 12.42 x 107
19 14,28 12.42 x 1073
20 15,29 1242 x 1072
21 16, 30 9,935 x 107
22 17, 31 9936 x 107
Q787-040
ML
T osoo Py }\\ﬁz e | os | Py CONDENSER
* 03125 % | [ pLoct
. @6 ; 7 oS | ey | ®10
A . | ] i i PIPE
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- o 1 €32 | L
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lt——EVAP ::I - - ADIABATIC $-|——CONDENSER——
0787-029

Fig. 6-3 Schematic for Nodal Geometry
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and 1 1, is the d15tance between node centers. The A values for the outer and inner
plankets are 3.32x10™° ft2 and 1.79x10™° £t respectlvely.

Bedause of the strong temperatlu-e dependence, the K i, %ralues must be computed
based on nodal temperatures, making the solution’ interacitive. The initial values loaded in
are based on a mean temperature of 200°K (360°R), At 200°K, K .. = .04583 w/m- °K
(+0265 Btu/hr it °R)

Then, in English units,

T, . b A
-Kij=0.0265 L)

? 360 . s
.6 15

Values for Ki ; are given in Table 6-2 for 360°R, for the 8 longitudinal MLI couplings,
2
2) Pipe Wall Conduction Couplings

The pipe wall iz stamless steel with an assumed thermal conductlwty, k - 10 Btu/
(hr-ft - °F), The couplmgs are then ’

L 3 N 2 2.
,_Ki,j KA =K b _(do_ -4 -
Ll:J Li,J‘ 4

where d = 0,250 inch and d, = 0,194 inch, and L ; 15 the longltudinal distance between
node centers., S ‘

Resulting Ki j values are giveﬁ in Table 6-3,-
]
3) Condenser Cooling Block Conduction Couplings

A schematic of the condensey cooling block geometry is shown in Figure 6-5, The .
total thermal resistance is made of of 5 parts - resistance between the node center and the
pipe.surface, coﬁtact resistance between pipe and V~-Block, resistance across V-block,
contact conductance befween V-Block and LN, cooled block, and resistance across the LN

2 A 2
cooled block, Each nodé has a 4" longitudinal length, Then

1 .1 t/2 s -1 . 12 . 2 . 1/2
i,] L kss TI DB, - S-Fal b, kal 4
X
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Table 6-2 ML Paralle| Conductance Couplings (T = 360°R)

Ky fat 350°R}
NO. NODES COUPLED BTU/HR °F
1 1.2 5.285 x 10°
2 2,3 3.020 x 107
3 3,4 2114 x 10°%
4 4,8 2.114x 1.0'4
5 6,7 2.846 x 107
6 7.8 1626 x 107
7 8,9 1138 x 107
8 9,10 1.138x 10°%
0787-040
V BLOCKS
LN,, COOLED BLOCK
V-BLOCKS AND LN, BLOCK ARE ALUMINUM =
THERMAL RESISTENCES
NODE TO CONTACT, PIPE V-BLOCK CONTACT, V-BLOCK COOLED
RrotaL © * + * * -
PIPE SURFACE TO V-BLOCK TO COOLED BLOCK BLOCK
0787-031

Fig. 6-5 Condenser Cooling Block Schematic
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where L = node longitudinal length - 4 inch
e
"t = pipe wall thickness ~ ,028 inch

"= "pipe nods to wall mean dia - 0,236 inch

D
k__ = conductivity of stainless steel - 10 B/hr £t .
D_ = pipe OD - 0. 250 inch
h, = contact conductance = 1000 B/hr ftz

- 5, ‘= &hape factor, V Block = 0,9601

k,, = conductivity of aluminum = 100 B/hr ft °F
y- = height of V--Block contact = 1,375 inch
x = heat transfer length in LN, block =1 inch .
Then, upon substitution of the appropriate values,
1 - 1
K, , 11,0
i,)
or,
K5 © Bioz,16 = Kiop,17 = 1.0 B/hr °F

These are conductors 15 and 18,
4) Pipe Wall to Vapor Couplings

The measured film coefficients for evaporation and condensation for ethane at 200 K
are 1620 and 2890 Btu/hr ft2'° F, respectively_. The conductance values are then

. . h d,
KI:J L 11133

Cueley

0,194 2
K

m— = 3.7 °F‘ v
= 13.7 Btu/hr

= 1620x 7T ( 12

11,18

For the adiabatic section, ‘the wall will in general, be hotter than the vapor; and dry,
| since there is no wicking between wall and artery 111 this region. For laminar vapor ﬂow,
the film coefficient is estimated to be 11 Btu/hr ft2 ° 7,

The resulting wall to vapor couplings are given in Table 6-4,
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5) Vapor Space to Artery Couplings

Evaporation or condensation may take place at the artery surface, with film co-
efficients representative of the thermal resistance of the liquid layer between the artery
node and the artery surface. The conductance is then

7D I .
K .= _art i)
The thickness of the liquid layer is estimated as one layer of screening (since the outer
sheath of the artery is 2 layers thick), Then, e.g.,

mO.112) 2
Kig,25 = 007 g0z 13 = 1798 Btu/hr °F

The set of resulting values is given in Table 6-5.
6) Artery Gap to Screen Couplings

Within the arfery, the coupling between the vapor filled gap regions (node 32) and
the spiral screening is based on the thermal resistance of one layer of screening. The
area is based on a gap width inside the artery of 0,318 inch (assuming only the outer suriace
of the gap is effective for heat transfer), and the length of each porous screening node.

Wli
Ki,j -‘k1 'T
€eBey -
0,318°¢(2) -
K25’32 = 0,0797 x ———————— = 1.635 B/hr °F

(- 0026) (12)
The set of resulting values is given in Table 6~6.
7) Vapor Flow Couplings

For any vapor node, the vapor pressure is set equal to the saturation pressure
corresponding to the temperature of the node. The flow rate of vapor between any two
adjacent nodes, agsuming laminar flow, is then
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Table 6-3 Pipe Wall Conduction Couplings

NO. NODES COUPLED K; BTUMR °F
9 n,12 8137 x 10°

10 12,13 4650 x 10

11 13, 14 3.265 x 102

12 14,15 3.255 x 10

13 18, 16 3616x 10°

14 " 18,17 4.068 x 1073
0787-042

Table 8-4 Wall to Vapor Couplings

NO. _ NODES COUPLED K BTUMR °F

17. 11,18 . - .. 137

18 12,19 - 137

19 13,20 . 0236

20 14,21 © 0236

21 15,22 0.236

22 16,23 489

23 17,24 489
0787-043

Table 65 Vapor to Artery Conduttance Couplings

NO. NODES COUPLED _ KﬁBTUIHﬂoF

24 18, 25 1798

% 19,26 1.798

26 20,27 4.494

27 Tro1,080 ° 4404

28 22,29 4494

29 23,30 3595

30 24,31 3595
0787-044
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A D P G P - P
v A

m, . = ! J
2N\ a4y L ;
where AV = vyapor flow area

= hydraulic diameter of vapor space
f = friction factor (shear stress/dynamic head)

N_ = Reynolds Number

R
ﬁv = Mean vapor density for nodes i, j
;ch = Mean vapor viscosily for nodes i,j
8, = gravitational constant
P ,P - .
Vi vj = vapor pressure for nodes i, j
L. = distance between node centers for nodes i, j -

As written, m, ; is positive for flow from i to j and negative for the reverse. The

3
heat flux associated with this mass flux is

2. =h, m .
Ql,] fg. mlsJ
“where 'ﬁf = mean latent heat for nodes i,j

In terms of conductance, Ki j
ad

Y . =K , (T, ~T
QI,J 1,] ( 1 j) )
The pressure and femperature differences are generally very small. To avoid numerical

accuracy problems, the approximate form of the Clausius-Clapeyron relation is used;

Pvi -P  fd® P B,
l _ - I
'I‘i' - Tj dT /i,j Ti‘,j'

where J = mechanical equivalent of heat (778 ft-1bs/Btu)

and Tij = (T, +Tj)/2
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Also defining

2
AV DV gc
k . = —
)] 2(fNp) L

we can-write:

L o h dp_

3 >

. By dT 1]
Values for k - are 1nput ag initial values for the K i, couplings., The CLC1 subroutine saves
all the 1mt1a1 conductor couplmg values, and recomputes new K . values for the latest set of

’
temperatures in the nodal solution,

In evaluating the k , the vapcfr space ares is the annullar area between wall and artery,
less the web cross-Sectional area, the hydraulic diameter is taken as twice the annulus area,

and the fNR produ.ct for laminar flow is taken as 23. 8. Then evaluating, for example,

k18, 19°
2 8 4
(- 01575/144) (. 082/12)" (4.18x10") b -
kig 19 = T T = 0.2691 5
o 2 (23.8) (2/12) : Ib - hr

Values for the ki i are given in Table 6-7.

Liquid Flow Conduction Couplings - -

The liquid-couplings are one-way conductors, identified in the nodal model by inserting
a minus sign in front of the upstream node number. The heat conducted may be written

-

iy " Fgy T T Ty Cp (0T
hence K., =m_.. &,
whenee ~i,]. -i,] Pl'
Where . Cp . = liquid specific heat

i I
The liquid mass flow is determined from the vapor mass flow, since the liquid inventory at

each node is constant for steady state conditions., For example:

m_o5,11 m

11,18

That is, the liquid flow from the artery node 25 to evaporator node 18 must equal the
evaporation at evaporator node 18.
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Table 6-6 Artery Gap to Screen Couplings

NO. NODES COUPLED . Ky BTUMR °F
31 25, 32 : 1.635
.- 32 . 26,32 - - < .1635
33 | ) . 27,32 . 407
’ 34 . 28,32 : 407 "
35 29, 32 . 407-
3 30, 32 3.27
7 - - 31,32 I 3.27
0787-045
Table 6-7 Vapor Paisage Couplings, Ki,j
! ,CONDUCTOR NO. -~ NODES COUPLED Ki.i {LBM FT4ILB Hﬂz’
- - 18,19 . 0.2691
39 19, 20 0.1538
40 20, 21 . 0.1076
2 ) 21,22 0.1076
42 22,23 ¢ 0.1196
43 2324 : 0.1345
0787-046
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Then since

. @1,18  Fa1,18 T117Tag)
m = =
11,18~ .
s £
g g
K(58) = K g5 11 = ©5 Kyq,18 @11~ Tag) -
where C, = (3P1/11f
g
Stmilarly, conserving mass at 13,
K(52) = K g5 19 = Cg Kip 19 T35~ T19)

For flow along the artery from node 26 to node 25, conservation of mass at node 25 gives:

K (1) = K pg,05 “Kogs,11 *Ca [K @) (Tgs = Tyg) + K G (Tys - Tsz)]

where the extra terms account for evaporative flow to the vapor space and gap. Similar
expressions conserving mass at nodes 26, 27, 28, and 29 (in sequence) are:

K (50) = Ky 56 = K(GL +K(2) + C, [K (25) (T, = Tyg) +K (32) (Ty - T32)]
K (49) = K_gg oy = K(50) + C, :K (26) (Tyy = Tyg) +K (33) (Tyq = TSZ)]
K @48) = K_gg pg = K (49) + c, _K (27) (Tyg = T,) + K (34) (T, - ng)]
K@7) = K g0 50 =K 48) + C, -K (28) (Tp = T,p) +K (35) (T g - T32):|

The liquid flow from the condenser wall to the artery is assumed to be the same for
each condenser node (since the condenser nodes could exchange liquid between themselves),
giving c,
K16,30 =7 [K (22) (Tyg = T1g) + K @8) (Tyy - Ty |

K (45)

n

and K (44) = K (45)

K 17,31
Then a mass balance at node 30 gives

K (46) - K_

51,30 = K@D ~K@5) + C, [K (29) (Tgy = Tpg) + K (36) (Tgy - ng)]

These couplings are recalculated with each iteration in the nodal model solution.
Inifial valuies of 1.0 are input for each liquid flow coupling for data handling purposes, but
these are replaced by comptted values during the first iteration.
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Computer Program

The computer program used in this analysis is a large general purpose nodal program
called T-15 ~ Transient Thermal Analyzer. T-15 contains a number of subroutines, in-
cluding STEADY, which iteratively determines temperature distributions at steady sfate.
T~15 also provides subroutine CL:CI called during each iteration and subroutim—; CLGC2,
called afte-r determination of a steady state solution. These subroutines can be used to

update the nodal model or perform any auxiliary operations desired by the user.

For this artery priming study, the CLCI subroutine was used to perform the following
operations: '

1) Store the initial data set of conductance coupling values, for possible use later in

the calculation

2) Modify couplings as required for parametric studies (vapor flow resistance, MLI
conductance parallel to the lamination, and MLI effective emit@:ance)

3) Calculate latest values for temperature dependent couplings (MLI parallel con-
ductances, MLI normal emittance, vapor conductance, fluid conductors) during
the iteration for the steady state temperature distribution

4) Calculate the priming head at the condenser end of the arfery, with a statement
"Artery primes in 1-G" printed out. This is not the real test of priming (which
is made in subroutine CLC2}, buf it does provide evidence of each pass through
CLCI during the calculation,

The operations performed by the CLC2 subroutine are:
1) Verification that priming can start at the condenser end of the artery
2) Determination of artery permeability for liquid pressure drop calculations

3) Modification of the nodal model to refliect filling of the artery node at the condenser
end of the pipe {(node 31} with liquids This involves sefting the coupling between
this node and the gap (coupling 37) to zero, and reducing the coupling to the vapor
space (coupling 30) to refiect the increased liquid thickness.

4) Recalculation of the steady state solution and printing the result

5) Calculation of the priming head in 1-g, allowing for the liquid pressure drop in the
liquid filled artery node, and printing whether or not priming of node 30 can take
place with node 31 filled
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6) If priming can take place, the couplings between node 30 and the gap and vapor
space are modified as in step (3) above to reflect node 30 filled with liquid, and
the calculations of steps (4) and (5) are repeated. This process is similarly re-
peated in sequence for priming of nodes 29 down fo 25. ¥ node 25 can fill with
liquid in 1-g, the entire artery is primed.

7) X priming in 1-g cannot occur at any of the nodes from 31 to 25, the gravity head
(liquid density f{imes the gap height above the bottom of the pipe) is removed to see

if priming can occur in o-g.

8) If priming can occur in o-g, the node is assumed to fill with liquid, the couplings
are adjusted as in step (3) above, a statement is printed out that priming in o-g
can occur, and steps 4-7 are repeated. If node 25 can fill with liquid in o~g, the

entire artery is primed

9) If priming cannot occur in 1-g, following the o-g priming caluclations, the evaporator
heat flux is reduced (by an amount specified, in watts, as dummy conductor 127) and
the entire sequence of steps (1) thru (8) is repeated.

Subroutines CLC1 and CLC2 are included in Appendix B.

Analytic Results

The computer nodal model previously described was run for off-design variations of
three parameters; wick permeability C(124), MLI effective emittance C(123), and MLI
parallel conductivity C(126). Wick permeability was found to have a direct influence on the
ability of the artery to prime itself when under load. As seen in Figure 6--6: the maximum
evaporator heat load under which the artery will still prime (i.e., maximum priming load)
changes nearly linearly with wick permeability. The nominal artery design (normalized
permeability = 1.0) has 2 maximum priming load of 5 watts, which decreases to under 3.5
watts at 75% of the design value. This type of :performance is consistent with observed test
results, Figure 6-6 indicates that higher priming loads can be obtained by suitable in-
creases in wick permeability, For instance, doubling the permeability would increase the
maximum priming load to about 10 watts. Another péi_nt of interest is that the o-g priming
load is only 1/2 watt higher than the 1-g value. This means that any artery priming pro-
blems which exist in 1~g will not vanish in o-g,

The effect of degradation in MLI performance is to cause the wall temperature in the
adiabatic (transport) section to become warmer than the evaporator wall temperature.

This can be explained by the fact that the tra:asf)ort section is more poorly coupled o the
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condenser section and is therefore more sensitive to changes in MLI conductance which
increase the coupling to the surrounding higher temperature ambient, Typical resulls are
summarized below for degraded values of both effective emittance ( Geﬁ) and parallel
conductivity (€ 11), using the nominal wick permeability, For these cases, the condenser
temperature sink was -93°C.

Normalized MLI Parameter (Tevaporator -~ Tadiabatic)*C
Cetr €11 _
1,0 1.0 ~ .23
2.0 1.0 -, 148
10,0 1.0 . + . 096
10,0 10.0 + o423

As seen, with nominal MLI parameters the evaporator is colder than the adiabatic section
(AT is negative) as would be expected. However, as the MLI degrades the AT becomes
more positive, which means the adiabatic section is warmer than the evaporator., This
curious occurrence has actually been observed during some thermal vacuum tests, which

correctly infers that these test articles were poorly insulated.

Conclusions and Recommendations

To permit high'e}: maximum priming loads, the wick permeability must be increased.
This can be accomplished by usfng composite ai'tery wick designs with coarse interior mesh
and large flow channels surrounded by the finer screen mesh needed to create the necessary
capillary pressure rise. Also, it is recommencied that permeability measurements be per-~
formed on each artery in addition to the normal capillary rise test wlzlich is used to check
arﬁery integrity. ) |

6,2 EXPERIMENTAL INVESTIGATION OF SURFACE WETTING

Laboratory tests have been conducted to determine the wettability of ethane with
various stainless steel wick samples. This data is considered necessary to help understand
and explain priming and transport behavior recently obtained with the subject diode heat pipe.

Ethane wettability was deterinined by measuring its wicking height at cryogenic
temperatures and comparing it with other fluids such as acetone and Freon-113 whose
wetting characteristics are well known. The wicking height to which a particular fluid will
rise with a square mesh screen wick is given by:
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2 cosl

h = BT . ' (1)
where h = measured wicking height
O = surface tension
§ = contact angle
r = pore radius of screen opening, taken as one-half of opening‘

p = liquid density

A fluid which has perfect wettability will have a zero contact angle, and therefore,
its ideal wicking height, hi is |
20
hi T rp
Thus, a measure of wettability of a fluid with a particular wick is its actual wicking height
versus its ideal wicking height, or )
wettability = h/h, = 20 cosb /rp . cos @
20°/rp -
. A test rig was designed to allow visual observation of the wicking height (h) which,

aloilg with known fiuid and wick properties (0, #, r) was used to caleulate wettability or
cosf from equation (1). The wettability test apparatus is shown in Figure 6-7. IL consists
of a welded aluminum housing with three flanged ends that provide a leak tight enclosure
using O—rinf;r seals., The top flange has a see through glass port for viewing into the chamber,
The test sample is held in pogition directly beneath the view port. One side ﬂaﬁge has pro~
vision for evacuating the enclosure, introducing charge, and monitoring infernal pressure.

A cooling coil is wrapped around the chamber to enable it to reach eryogenic temperatures
when testing with ethane. Therrﬁocouples on the chamber wall monitor system temperature.

To determine the wicking height, a sample of screen wick about 1 inch (2.54 cm) by
4:inches (10,16 cm) is inserted info the chamber and held in place using a small spring
clamp. The long side of the sample is notched every 1/2 inch (1,27 cm) to permit estima~
tion of the wicking height attained, The chamber is then evacuated and cooled to the desired
temperature:. Next, the test fluid is introduced from a specially prepared charge bottle,
The apparatus is tilted horizontaily until the entire sample is wet with fluid and then set
in the vertical position and allowed to stand until the wetted height reaches equilibrium (see
Figure 6-8). The bottom of the wick is always in contact with fluid which will rise fo a
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Fig. 6-7 Wettability Apparatus
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particular height on the wick according fo its weitability. By shining a narrvow beam of
light through the viewing port, the darker wetted height can be discerned from the lighter
unwetted region and its height gaged by the 1/2 inch (1.27 cm) marks along the sample,

A description of the wick sample used is given in Table 6-8, Applieable fluid
properties are listed in Table 6-9 for the three fluids tested, Freon-113, acetone and

ethane,

Test results showing observed wicking heights and calculated wettability, i.e., cos 8,
are presented in.TabIe 6-10. Because the test rig was designed to provide only an approxi~
mate measuremeént of wicking height the values shown in Table 6~10, which are accurate
to £0.64 cm, should be treated as a qualitative comparison between the test fluids, From
the results if is clear that ethane has the same wetting characteristics as Freon-113 and
acetone with respect to stainless steel screen, A wicking height of 1.5 in. (3.81 cm) was
observed for etﬁane, which indicates a wettability factor of about 0.5, comparable to that
of Freon-113 and acetone,

It was observed during testiné with all three fluids that the insertion.of part of a dry
sample of a single layer of screen into the fluid did not result in the fluid rising up along the

wick, Rather it was found that the sample first had to be wet along its length then held’
vertically with one end in the fiuid, In this way, drying would begin at the top of the wick
and proceed to a certain point down the wick below which the wick continua Iy remained wet.

" The situation in the diode heat pipe is quite different since there are many layers.
of screen that make up the artery. The gaps formed between these layers promote capillary
action that eventually wets the entire wick. Open air bench tests with a multiple layer sercen
wick dipped in acetone confirmed that the wick will draw fluid up along its length, This self-

wetting property was also demonstrated with the multiple layer screen wick and ethane fluid
using the fest apparatus.
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Tahle 6-8 Wick Sample Characteristics

TYPE

100 MESH
STAINLESS STE

EL

CONSTRUCTION

SINGLE LAYER
1BY 4 INCH
(2.54 cm BY 10.1

6 cm)

WIDTH OF
OPENING, INCH (mm}

0.0055 (0.1397}

r, PORE'RADIUS,

0.00275 (0.0699}

[NCH {mm} . ,
CLEANING PASSIVATED
0787-047 ~ . -
Table 6-9 Fluid Properties
. FLUID - FREON-113 ACETONE ETHANE
" TEMP OF (K) 86% (303 K) 70°F (284 K) -120°F (189 K)
_DENSITY, LB/FT® 97 489 34
. !SURFACE TENSION © 00013 0.00155 0.00106
LBF/FT —
0787‘-54‘3 )
_Table 6-10 Wettability Test Results
WICK SAMPLE
TEMP 100 MESH
°F (K) PASSIVATED
® WICKING HEIGHT, INCHES (cm) v
— FREON 113 70 {294) 075 (1.81)
— ACETONE 70 (294} 1.75 {4.45)
~ ETHANE -123 (187) 15 (381)
e WETTABILITY FACTOR COS ¢
— FREON 113 70 (294) 053
— ACETONE 70 (204} 0.53
— ETHANE -123 {187} 0.46
0787-049
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Section 7

CONCLUSIONS

The development of spiral artery cryogenic thermal diodes has been advanced to ine-
clude the following accomplishments;

e A liquid blockage (blocking orifice) design was built and qualified for the HEPP
spaceflight experiment

e A liquid trap engineering model was built and tested. Throughput (w~m) and for-
ward mode conductance was similar to the liquid blockage design but reverse mode
conductance and shutdown energy were higher

& An analytical and experimental investigation of the startup dynamics of steel/ethane
heat pipes with spiral artery wicks revealed that wick permeabiiity is an important
influence on the maximum heat load permitted during startup. Higher initial heat
load capability (priming load) can be obtained by inereasing the wick permeability.

A modified composite artery wick should be built to evaluate design improvements
aimed at increasing the priming heat load capability, If would include a coarse interior
screen with relatively large and uniform gaps (for increased permeability), surrounded by
a closure wrap of very fine pore screening (for maximum capillary pressure rise).
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Appendix A

HEPP Liquid Blockage Thermal Diode, Computer Model
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O CONDUCTION COUPLING
D RADIATION COUPLING

0787-050
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DESCRIPTION
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EVAPORATOR WALL
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MAIN RADIATOR (L3 + L4), ROOT
MAIN RADIATOR {L1 + L2L ROOT
PCM

SPACE
INTERNAL STRUCTURE
EXTERNAL SHIELD

Figure A1. HEPP Cryo-Diode Network




MASS CAPACITANCE

THERMAL MASS

NODE NUMBER (BTU/°F) WATT-HR/%C)
1 0870 0459
2 00557 00294
4 0324 ' 017
5 0160 00844
6 0217 0114
7 078 0411
8 74 918

‘ 72 (SOLID) 38
) 108.6 (MELT} 57.26
956 (LIQUID) 504




CONDUCTICN

COUPLING VALUE
COUPLING NUMBER JOINING NODES (BTU/HR °F) (WATTS/°C)
1 1201 1254 x 1074 6.614x% 10°
2 3201 4884x 10 2560 x 107
3 12 20.480 10.801
4 2.3 27.4 14.45
5 34 3110 164.02
6 45 773 408
7 48 469 2473
8 78 1.44 759
g 97 10.000 5.274
10 56 275 1.45
RADIATION
{BTU/HR °R%) WATTS/°K%)
1 1201 N 2282x1072 689 x 10712
2 3.201 6.18x 10712 19x 10712
3 4201 3.250 x 10°12 1002 x 10712
4 5-201 1.051 x 10°12 3.233x 10712
5 8201 186x 10712 572x 1072
6 9201 5.044 x 10712 1651 x 10°12
7 6-201 1.607°% 10712 4943x 1012
8 8-202 9.62 x 10712 296x 10712
9 8200 a52x 10710 29.3x 10710
10 7200 686x 1070 21.1x 10710
11 7.202 693x 10712 213x 10712
12 6-200 041 x 10712 289 x 10710
13 6-202 95x 1072 292 x 10°12




INPUT VARIABLE

DEFINITION

T{221)
T(232)
T({233)
T(224)
T(238)
T{(237)
T(238)
T{239)
Ti241)
T(242)
T{244)
T{245)
T{248)

Ti247)
Ti248)
T(249)
Ti{250)
T(251)
T(252)
T(253)

. Ti254)

T{255)

-

T{256)

T{257)
Ti260)
T{261)
T(263)
Ti{262)
T(264

T(271)
T(272}
T(273)
T{274)

.

RESERVOIR RADIATOR FIN LENGTH (iN). ... A
RESERVOIR RADIATOR SURFACE AREA (N2

RESERVOIR RADIATOR FIN THICKNESS (1N}

PCM RADIATOR AREA"(FOR L} {iN?) -
PCM RADIATOR FIN LENGTH (Lg) (iN}

FCM RADIATOR FIN THICKNESS {IN)

PCM RADIATOR AREA (FOR L) (n?)

DIODE RADIATOR AREA (FOR L,) N

DIODE RADIATOR FIN LENGTH {12,) {IN)

DIODE RADIATOR THICKNESS {IN}

DIODE RADIATOR FIN LENGTH (FOR L,) (IN)

DIODE RADIATOR AREA (FOR L,) (in2)
PCM RADIATOR FIN LENGTH (L) (IN}

WIDTH OF PCM AND DIODE RADIATORS {IN)
RESERVOIR RADIATOR EMITTANCE
PCM AND DIODE RADIATQR EMITTANGE
T1, LOWER LiMIT OF MELT RANGE {°F)
T2, UPPER LIMIT OF MELT RANGE (°F)
LATENT HEAT OF PCM (BTU/LBM)
MASS OF PCM MATERIAL (LBM)
CP (SOLIDY) {BTU/LR °F)

CP {LATENT)

RAT1 = ChisoLID)
CP (LIQUID)

RAT2 =g TATENT)

CHECK VALUE TO DETERMINE WHAT CP TO USE {CPMCK} {BTU/F)

FRACTION OF PCM REMAINING
WATT-HOURS REMAINING

CAP{9) — INITIAL VALUE

COUNTER (MUST INITIALIZE TO 0.0}
OPTION CODE FOR HEATER ROUTINES
+1 ACCEPTS HEATER CYCLING RbUTINE
O REJECTS BOTH OPTIONS

-1 ACCEPTS DUTY CYCLE ROUTINE

% DUTY CYCLE ON PCM

TIME SPAN FOR PCM (SEC]

% DUTY CYCLE ON RESERVOIR

TIME SPAN FOR RESERVOIR {SEC)




QUTPUT VARIABLE

- .- DEFINITION

T{205) -
T{2086}
T(208}
Ti209}
_ Ti210)
T{211)
T{212)
T1214)
T(215}
T{2186)
T{217)
T{220}
" Tl221}
T(222}
T(223}
Ti226}
T{227)
T(228)
Ti229)
Ti230)
T(235)
T(240}
T(243)

HEAT INPUT TO THE PCM.(BTU/HR)

HEAT INPUT TO THE RESERVOIR (BTU/HR)

NET HEAT AT DIODE PIPE {BTU/HR)

CURRENT MASS IN RESERVOIR {GMS)

MASS IN BLOCKED SECTION {GMS)

EVAPORATOR LENGTH (INCHES) -

BLOCKED LENGTH {INCHES)

CONDUCTANCE BETWEEN EVAPORATOR & CONDENSER {BTU/HR®F)
LATENT HEAT OF WORKING FLUID (BTU/LBM)

LIQUID DENSITY OF WORKING FLUID (LBM/FTO)

3 MASS IN RESERVOIR {GMS}

EVAPORATOR TEMPERATURE RATE OF CHANGE-{°F/HR)
RCM TEMPERATURE RATE OF CHANGE (°F/HR)
CONDENSER TEMPERATURE RATE OF CHANGE (®F/HR) -
RESERVOIR TEMPERATURE RATE OF CHANGE (*F/HR}
REVERSE MODE ENERGY {WATT-HRS)

% RESERVOIR CHARGE REMAINING

OUTPUT INTERVAL {HRS}

PREVIQUS PRINTOUT TIME (SEC)

FIN EFFECTIVENESS FOR RESERVOIR RADIATOR

FIN EFFECTIVENESS FOR Ly PORTION OF PCM RADIATOR’
FIN EFFECTIVENESS FOR DIODE RADIATOR FOR L,

FIN EFFECTIVENESS FOR-DIODE RADIATOR FOR L,




FILEO T1SCLLCI FORTRAN @ P1 GRUMMAN DATA SY STEM

SUBRDUTINE CLC1 TTAQQOLO

C ~THIS SUBROUTINE IS CALLED AT_THE START _QF_EVERY_ _ITERATIQN.. . TTACQOZQ

COMMON STGIS000)s NPDS{50), L1{50)s L2{SD)s NLAST(S0), FCT(50) TTAOCO30

- COMMON KILL yNTABSy NMTRIC,METPR+IHEATsSIGsXJ14XJ24XJ3 YTAGQ040

COMMON BUFF({20),T{1000) CAP{1000)sCONDI{2000)+RAD(2000)+Q{100). TTAQOOSO

i NCOND{2,2000) , NRAD(2,2000) 4 NIN{1000)+NBNI250)-,KEY{S)s NQ{100)s TTAGDOS0

2 KAY(4) 4 FLUX{ 1000} R : TTA0GG7Q

COMMON TIME ODTIME, FTIME, DUM, TTAQQOB0

T KNIN, KNBN» Nty NS KODE» KNQ» ) TTAQGCO90

2 KOUT KOUNT s NOSRT TTAQ0100

C REVISED TIROS-N CRYO EXPERIMENT NETWORK TTAOOLI10

IF(TIMELGT.0.0) GO TD 132, . TTA0Q120

SUMQG=1 .0 . T, - FTAOG130

BKL=0,0 TTAQ00140

HPCOND=25¢18 TTA0O0150

XLAT=1.0 TTACO0160
RHOL=1.0 . TTAGD170——

AK=(1e0 TTAOO180

132 AX=TIME-AKZL.667 TTAOG190

IF(AX+LT=1667) GO YO 133 ° TTA00200

AK=AK+1.0 TTA00210

133 IF(AX+LEW0.56335) GO Tu 134 TTADO0220

Q{a)=0.0 TTAG0230

Q(53=0.0 - TTAGO240

G0 TO i3S TTA0Q250

134 Q{8)=,417%T(232)%SIN{S .573B%AX) TTAGO260

Q(5)=,417%{T{239)+T(245) )XSIN(5.5738%AX} TTAQO270

135 T(230)=TANH(Z2.390E~06*T{231 ) #{T(2483%{(T(6) 445601 **3)/T{233))*%,5) TTA00280

A/(2-390E-06#T(231l*{?(zdel*((T(6)+460.)**3)/T(233))**.5) TTAGOZ90

RADL121=1,061E=11%(T(232)%T(230}) TTA00300

RAD(13)=1.07T1E-13x(T(232)%T(230)) TTAQO310

T{240)=TANH(2.390E~06%T(241 ) %{T{249)*{ (T(B)+460+)%%3) /T{242))**,5)TTA00320

C/{2o390E-06%T{241)4(T{249%((TIBI+450.)%%3) /T(242) )%%,5) TTA00330

T{243)=TANH(2.390E-06%T{234) ¥ (T(249)R((T(B3)+460.)%%3) /T(242))%%,5) TTA00340

D/(2.390E~06*T(244) % (T(249)%((T(B)+460. ) %x3)/TC242) )%*,.5) TTAQO350

RAD(B8)1=9.522E-14%{ T(239)*T{240)+T(243) *T{245)) TTAQ00360

RAD(9)=9427E-12%(T(239)%T{240)+T(243}*T(245)) TTAGO370

RAD(5)=1.785E=13%(T{245)+T(239)) TTAQ0380

RAD(7)=1.73SE-13%T{232) TTA0O0390

CAP(6)=.0214%(TI(232)%T(233})) TTAQGO400

CAP(B)=+0214%((T{245)+T(239))%T(242)+2.906) TTAOO410

c T(3)=(COND{AYET(2)+COND(S)*T(4)+COND(2)*T( 201} +RADI2)¥{(T(201)+460TTAOC420

c A-)**4Jl/(COND(Q)fCDND(5)+COND(2)+(RAD(2)$(IT(2013+460mi**3’)) TTAO00430

IF{T{264))401,400,402 TTAC0440

401 CYCLE=TIME®3600./T{272) TTADQ450

ICYCLE=CYCLE TTACO460

CYTIMESCYCLE-ICYCLE TTAQO04TO

IF(CYTIKRE-T(271)3403,403.404 TTAQQ280

403 Q{1)=T(269) TTAGC4S0

GO TO 405 TTA0O0500

404 Q(131=0.0 TTADOS10

405 RYCLE=TIME®3600./T(274) TTAGOS520

IRYCLE=RYCLE TTA00530

RYTIME=RYCLE-IRYCLE TTA0Q540

IF(RYTIME=-T{2731)406+406,407 TTA0O550


http:HPCOND=25.18

FILEQ

4086

407

402

409

T 600

150

- 109

200

TISCLC1 FORTRAN P1 . GRUMMAN DATA

GL2)=F (270}

GO IO 400

at2)=0.0

GO TO 400

IF(T(2)LT.T(265)) G(1)=T{269)
1F(t(4).GE.r(2551.AND.T(4).LE.(T(265)+T(266)): a(ly=ac1}
IF(T(4)oGCT«(TI265)4T(2656))) QU1)=0.0
IFIT(5) LLTLTL267)) Q{2)=T{270)
IF(T{5)4GETL267) cANDT{S)LEL(TI267)+T{268)3) Ql2)=0(2)
IF(T(S)eGTo(T(26714T(268))) Q(2)=0.0
Tt205)=0all)

T{2056)=0(2)

RES1=1 ¢376/453.5924

EVPL=4 o/ 124

IF(BKL.GT4040) GO YO 600

CONDLA)=27 .4

COND(5)=311.0
HPCOND=1+/( (1 ./COND{4) }+ {1+ /7CONDC(S) )}
IF{TIME+GT+0e} GO TO 150 !
T20=T(2})

T90=T{9)

T40=T(4)

TS50=T(5)

QREV=0.,

IF(T{3}.6T.T(2)) GD TO 100

BLKM=0. -
BKL=0 : TY (ﬂ?'rtﬂg
DREM=0. B
RESM=RES1 R‘E?RODAL AGE 15 P00

G0 TO 14 ORIGIN

IF(RESM.6T40.) GO TO 200

DREM=0,

RESM=0 +0

BLKM=RES1

IFIT(4).LT+T(2)) GO TO 14 °

6o To 8

TSR=4604+T(5)

T201R=460++T(201)

SUMQ=Q(4)=RAD (4 ) ¢{ TSREK4 o ~T201R** 4, )=COND( 10I#(TL5)-T(6))

FT=T{5}

XLAT=PROP{6+6TT)
RHOL=PEOP{1.6.TT]

DREM=( SUMQ*DT IME=-CARP(S)}*(T(5)=T50) ) /XLAT
RESM=RESM-DREM

BLEKM=BLKH+DREM

IF{BLKM:LT«0s0} BLKH=0.0
BKL=BLKM/{RHDL*1.2566E-4)
[F(BKL oL Ts0 «0) BKL=0.0

IF{BKL .LT+EVPL) GO TO 300
BRKLT=BKL-EVPL
[F{T{4).LE.T(2)).GO TO 14
COND( 4 3=9+155E—-04

COND{5)=174 «0
QREV=9,155E=04*(T(4)=-T{2))+QREV
GO TO 14

S YSTEMS

TTAQQ560
TTAD0570
TTACOSa0
TTA00590
TTAGO600
TTA0D610
TYAQQ0620
TTAQO&3Q
TTAQ0640
TTAQDES0
TTA00660
TTACU670
TTA00680
TTA0D690
TTADO700
TYAQQO710
TTA00720
TTAOGT730
TTAG0740
TTAGO0750
TTAOC760
TTAOO770
TTAQO780
TTAGG790
TTACOBOO
TTAG0S10
TTA00820
TTAOCGE30
TTAGCS840
TTA0GE50
TTACGB60
TTAQCET7C
TTAQU880Q
-TTA0G0890
TTAQ0S00 .
TTAQ0910
TTA00920
TTA00930
TTACOS40
TTAOOSSQ
TTA0QS60
TTAQGS70
TTA0CSE0
TTA0G990
TTA01000
TTAG1010
TTAC1020
TTA01030
TTA01040
TTAO1050
TTA01060
TTAQ1C70O
TTA01080
TTA01090
TTAD1100



FILED T1SCLC1 FORTRAN P} GRUMMAN DATA SY S«TEMS

aoan

300 IF(T(A).LE.T(Z)J G0 TO 14 i LTTAO1110

‘ﬁPQQuQ:a?A&Q_Lilhlig535L£541*SQEIL;Qlﬂlﬁ*&éLlﬁlANﬂLlla;QT*BKL) “TTAR)IZO.
COND (4 }=HPCEND - TTAO01130D
COND{S)=174 40 . TTA01140
GREV=HPCOND*(T{4)~ T(2))+QREV . TTAOL1S0
14 CONTINUE . TTAQ1160

PCM CALCULATIONS, T1=LOWER MELT TEMP, T2=UPPER MELT TEMP, XLAT=LAT HT TTAQL1170
SLDST= WT PCM.s CPSLD= CP SOLIDs RATI= CPIMELT)- /CP ' SOLIDs RATZ2=CPILQITTAOL180

FCPIMELT) 4 CPMCK= CP CHECK VALUEs MCP SOLID, MCP{LQ}sLT«MCP(MELT) -~ TTAQ1190
COMMON/PCM/ RAT1:T1+T2CPNMCK TTAO1200
CPMCK=T(257) TTAO1210
T1=T{250) TTAG1220
T2=T(251} TTAQ1230
RATI=T(255} - TTAO1Z40
RATZ=T{256) TTAQ1250
TMID=T1/24 + T2/2. TTAOL260

TL9)=PCM NODE TTAQL270
IF(T(9).LT,¥1) GO YO 10 TTAD1280
IFCT(3) .LT.TMID) GO TO 20 TTAQ1290
IFCTI(9).L.T.¥2) GO TO 30 TTAD1300
IF{CAP{9) +.GTes CPMCK} CAP{9)=CAP[9)%RAT2Z TTACL1310
GO TO 98 TTAG1320

10 IF(CAPIS) ,GT. CPMCK) CAP(9)=CAP{9) /RAT} . TTACL1330
G0 TOQ 98 TTAOL340
1IF{CAPI9) .LT. CPMCK) CAP(I}I=CAP(Y)IRAT] ITAO1350
G0 TO 58 TTAQ1360
1IF{CAP{S) +LT. CPMCK) CAP{9)=CAP(9)/RATZ TTAQL3TO
CONTINUE TTAO 1380
T(208)=5UMa TTAC1390
T{209)=RESN%¥453 5924 TTAC1400
T(210)=BLKMN*4 53,5924 TTA01410
T(211}=COND {4) "TTAQ1420
T(212)=BKL*¥12, TTAQ1430
T(214)=COND (5} TTAOLS440
T(215)=XLAT TTAG1450

"T{216)=RHOL TTA01460
TL217)=DREM*453., 5924 TTAQ1470
T(220)=({T(2}~T20) /DTIME TTA01480
TL221)=(T{9)-T90)/DTIME TTA0149¢C
TE222)=(T(4)-T40}/DTINE * TTAQL1500
T{223}=(T(5)~TS50)} /DTINE TTAOL510
T(226)=CREV*DTIME/3.413 "TTAQ1520
T(227)=T(208) /(RES1%453.5924) TTAL183¢C
"T{228)=K0OUT TTAC1540
T{229)=TIME*3600. TTAG1550
T20=T(2? TTAQLI56Q0
T90=T{%) TTAQ1570
T40=T(4) TTAQ1580
T50=T(S) TTACISS0
T(263)=CAR {9} TTAO1600
TT(234)1=0{4)r3.413 TTAQLI610
T(235)=Q(5) /3413 o TTAQ1620
RETURN TTAQ1630
END TTAQ1640
A-8


http:IF(T(9).LT.T2
http:IFT(O).LT.TI

FILEQ TCASEL

2.
3

DATA

P1

4 4BYBRAZE AT RESERVOIR SADDLE
S+ NODE 3 ITERATED

t110

0.0

Q 1

2=9.000E
- 3=9«400E
4=9.8B00E
5=~9.800E
6=9+800E
8=-9.800E
9=8.000E

0 0.0
200~4.600E
201 T.000E
202-2.000E

0

01
01
01
c1
o1
01
al

gz
o1
o2

- R-R-N-N-E-N-N-N-N-N- NN NN - NN -N- MR- NN NN N .- N-N- - N-N-R NNl el ==l e]

205
206
208
209
210
211

212
214
215
216
217
220
221

222
223
225
227
228
229
230
231

232
233
234
235
239
240
2481

242
243
244
245
248
249

250-
251-

Ce0
0.0
Q.0
0.0
Ce0
0.0
0.0
0.0
0.0
0.0
G0
0.0
0.0
Ce0
0.0
0.0
0a0
0.0
0.0
8.000E=01
4.690E 0O
22.00E Q0O
2.000E-02
0.000E 0O
C«000E 0O
15.00E 01
84000E-C1
BJ66OE QO
2.000E-02
8.000E-01
B.&660E OO0
15.00E 01
D.000E=01
20.000E-01
1.315E 02
1.305E o2

OO0 OHOOoOO0OLOOVOCO00ODOOO0CO0O0O0Q0LOOOOOOO0QOODOOROCOO0OOoO
OO0 O0DO0OO000ODODOO0OCO0000VOOROOLOO0OROO00OCGOOO0LOOOOCOOOOD0

S5+000E-0S 5,000E-05
1=~9.000E 01
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FILEO

252
253
254
255
256
257
260
2861
262
263

TCASE]

DATA, .

6.,030E 01
3.000E_0QQ
42,000E-01
1.,508E 02
8.B00E-03
1.000E 02
_1+000E 0O
1.000E 00
0.0

0.0

264-1.0

CO0O00O0D0DO000QOOUOO0OO

265-9.400E
266 1.8900€
267-8.500E
268 1.800E

01
o1
01
01

~0— 269 0°000E 02

270
271
272
273
274
1110

1110

[
ONOHPUNCPOCOYINDLWN-O

-
-

1110

[
QW

e
=~ OWNYONONEWN -

£110

000000000 ROO0000OOCO0RODOLDLDOROQODOO0SS

0.000E CO
4,000E~01
1+000E 01
1.000E 00
1.000E OL
G0
B.T00E~02
5570E~-03
6+150E-02
3#240E-02
5+000E-03
1,060 00
1.000E 00
1.593E ©O0
0.0

201

201

201
201

0
201
201
201
201
201
201
201
202
200
200
202

0

[ RO IR S TP R LR P
[ T R PV

"y
o

QOGO O®NPU-

Pl

QOO DOOOOOOO0DOLODNOOODLDOO0DODOODDOOO0O0

1.254E-08
4+ BS4E~-04
2+048€E 01
27.40E 00
31.10E 01
7« 730E-01

.4«6%0E 01

2+750E 00
Q.0

040

0.0

2.242E-12
601 80E=-12
3+4259E~12
1.051E~-12
1..000E-09
S5.044E-12
1.000E-09
1.000E=0Q9
t+0C0E-09
1.000E-09
1+.00CE~09
0.0

0+.000E 02

COO0O0O0O0O000GCODOO0BACOLOOLOOLOOODCA

CO0O0OOLOO00O0ODLOOOOOLOODODOOO

OO0 CO0ODDODDONO0OO00ODOO0O
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FILEQ TcCASEl DATA

(= =0 - WPY

11100
11190

le
Za
N

5-

¢“o%cno0ocoCodLowo

11100
111060
111090
11100
11100
1110¢
11100

0l

6 0.0
8 0.0
0 0.0
0

CoOMPLN

0 2000

1 7700 o
2 T.TQOE 0
4 T+TODE 0O
5 T.700E ¢
8 7.700E ¢
8 7.700E 0©
9 7.700E ¢
3 Te700E ¢
200-4.600e o
201 7,000 @
202~2.,000€ @
262 0,0

0 0.0

Q

1
1
1
1
1
1
1
1
2
1

REPRODUCIBILITY OF THE
ORIGINAL PAGE IS POOR

Pl

5 0.6008 00
- 1. 0.000E g0

VOOOUCROLOOVOOLO B

5+000E-05 2.400E g1

COOoO0DO0BOoO Socooo
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Appendix B

Subroutines CL.C1 and CLC2 for T15 Computer Code (Priming Analysis)



BEETKﬂTUCEB

TLITY OF THE

GRIGINAL pAGE 18 POOR

RELEFASE 2.0 CLC!

SUBEQUTINE CIC1?

DATE = 79075 16/86/24

C THIS SUBROUTINE IS CALLED AT THE START OF EVERY ITEEATION

nothhhoOOoLbaOO OO0 aocoOnNnOnnon

coMMOY  STG{5000), NPOS{50), L1(50}, L2{50}, HLAST {50}, FCT(50}

COMNON KZILL, NTABS, NNTRIC,AETPR,

COBNON  BUFF(20),T {1000),CAp (1000) ,COND(2000),RAD (2000} ,0{100),
1 HCOND{2,2000},NEAD(2,2000) ,§IN{1000},NBN(250),KEY{5) ,NQ(100),
2 KAY{4) ,FIUX(100C),DIST1{2000) ,DI52{2000),ISC1{2000),I5C2(2000}

CONHON TINE, DTIME,
1 KNIN, KNBN, NG,
2 KoUT, KODNT, NOSRT

DIMENSTON A(QJ),TB(BI,P(IGJ,RHO

IBBAT,SIG,XJd1,X32.%J93

PTIME, DUA,
N5, _  KODE, KNG,

v {10) ,XHUV {10) ,HFG {10}

COND (5%) =BY¥, SAT. PEESSURE POR T(zu), pSy

COND {55)=DELPP, PRESSURE DIFF.
* COND{56)=RHOL, LIQUID DENSITY O

CCND {57)=PGAF, GAP PBRESSURE,2SF

COND {§8) =PCGAP, CAPILLARY PRESS

AVATLABLE FOR GAP PRIHING, PSF
F NUDE 28, PECF

URE OF GAP, PSF

COND (59)= KVAP, FLUID IDENIIFICATION FOR PROP SUBROUTIKE

‘COND{60)= B, EXPONENT FOE HLI P
COND {€1)= CPV, VAPOR SBECIFIC H
CCRD{62)= CPL, LIQUID SPECIFIC

COND {63)= IGAP, GAP THICEKNESS,

COND {64)= HGAP, GAP HEIGHT aBOV
COND {65)-COND{107).= INITIAL VAL
COND (108)=1.01 SKIPS INITIAL BO
CGND (105) =T [21)

COND {110} =T {32}

COND (118)=DPI, LIQUID ERESSGRE

COND {139)=DABRT, ARTERY OuDa, IK
CORD (120) =APOR, POROUS AREA, 50
CgND {121)=DPOR, PORCUS MATL. HY
COND {122)=DI, INSXIDE DIA. COF PI
KVAP= € FOR ETHANE

COND {123)=%MLI, COR. FACICE FOR

CORD {124) CORRICTION FACTOB{FRACTION) TO ARTERY PEREEABILITI*AREA

COND {125) =ARTERY PERMEABILITY#A
COND {126) =COERECTIOR FACTOR FOR

ARALLEL CONDUCTARCE CALC

EAT

HEAT

INCHES

E LOW POINT OF CONDENSER
UES OF COND 1~-43 RESPECTIVELY
OKKEEFING

DROP, DPSF

CHES

. IN.

D- DIA-, INCHES
PE, INCHES

HLI EADIAL BAD. LINKS

REA,FT#%Y
HMIT PARALLEL CONDUCTARCE

COND {127) =TOTAL HEAT DECRENENT IR WATIS To PIND PRIMING LIHIT

N1=COND{108)
IF(N1-EQ.1) .GO TO 2
KyaP= COND(59)
B = CCHD {60}
CPV= CCND(61)
CPL= COND(62)
TGAP=COND(63) /12
HGAP=COND {64) /12.
STORE INITTAL CONDUCTANCE VALUES
Do 1 1=1,43
1 COND {I+64)=CCND (1)

FOR AlLL REGULAR CONDUCTORS

71500010
T1500020
71500030
T1500040
21500050
T1560060
T1500070
71500080
1500890
71500100
71548017110
71500120
71500130
T1500140
71500150
71500160
71500170
T1500180
71500190
1500200
71500210
71500220
T1500230
71500240
T1500250
71500260
73500270
71500280
71530290
£1500300
T1500310
71500320
71500330
T 1500340
71500350
71500360
71500370
71500380
71500390
71500400
71500410
71500420
T 1500430
71500440

T 1500450 °

T 1500460
T 1500470
T1500480


http:IE(Nl.EQ.1J
http:COND(108)=1.01

RELEASE 2.0 CLC BATE = 79075 16,/46/28

COND {108} =1 01 T1500490

G "ALTER VAFOR PRESSURE DFOP BY FACTOR INPUT AS COND{111) T1500500
PPAC=COND{111) T 1500510

Do 7 I=38,43 . T1500520°

. 7 GOND{I)=COND{I)/PFAC T1500530
G ALTER MLI EFF EMITTANCE BY FACTOR INPGT AS COND{123) . T¥500540
TMLI=COND {123) T1500550

pe 9 I1=1,5 - . T1500560
RBD(I)=XHLI*BAD(I)_ T 1500570

9 RAD{I+10)=XMLI*BAD{I+10) 71500580
G RECOMPUTE CONDUCTORS 1 THRU § 11500590
2 Le 5 I=1,43 11500600

5 A{I) »cnn(1+54) 71500610

Do 12 1=1,8 —T1500620-

— 32— A(T)=COND{126) *A(1) T1500630
pQ 3 I=1,4 T1500640
TB(I)-(((T{I)*USQ 6) ¥E4+{T (I+1) +459. 6)¢*u3/2.)**.25 71500650

3 COND{I)= A{I)*{TB{I)/360.) **B T1500660

D¢ & I=5,8" T1500670
TB{I}= (((211+1)4u59 6)##4+(m(1+2)+459.5)*tu3/2.)** 25 T 1500680

4 COND (I)= A (I)*(TB(I)/360.)*#*B . T1500690

& BECONEUTE FLUILD CONDUC‘I‘CgS 38 THRU 53 ) TI15007Q0
TV=T {24) - . ) 71500710
HFGY=EROP {6, KVAP,TV) Ti500720

€ TENP 1V BUST BE IN DEGREES F FCR PROP SGBEOUTINE T 1500730
z €2=CPL/HFGY 71500740
e 6 1=1,7 T1500750
J=I+17 P1500760

P {I)=ERCP{8,EKVAR,T{J}} T1500770
HFG[I)=PROP(6,KVAP,T(J)) . 71500780

REOY (I}=PRCP{3, K?AP LT{d}) 715060790

6 XMUV[I)=PROE {4, KVAP,T{J)} T1500840

oo 8 I=1,6 T3500810
J=I1+37 : T1500820

HFGB= {HFG{I) +HFG(I+1}) /2. . 71500830

RHOY E= {(REOV {I) ¢RHOV {I+1)} /2. T1500840
XMUVB= (XMUV{T) X8OV (I+ 1)) /2-. ' T 1500850
DRPVDT=RHOVEFRFGB/ (T (I+17) +459.6) *778. 71500860

8 COND{J)=A{J) *DPYDTHEFGE*RHOVB/XNUVB T1500870
COND {53) =C2*COND{1T)*{T{11}-T{18}) . T15008890

COND {52} =C2%*COND{18)*(1{12)~-T{19)) 71500890

COND £513) =C2% {CQND {24) 2 [T (25} T{18;;+C0ND(31)a{m(25;-r{32));+coun T1500900

1133) 71500910
COND{50) =C2%* {CQOND(25) * {T{26)~T{19)) +COND {32) *(T{26)~T(32) } } +COED T1500920

1{52) +COND (51) T1500930

COND {49) =C2% [COND (2 6) * {T{27) - T(ZO))+COED{333*(T(27jvT{32)))¢COHD Ti500940

1{50) T 1500950

CCOND {48) =C2%* (COND (27) * {T(28)-T{21)) +COND (34) *{T {28)-T{32) ) ) +COND T 1500960
9


http:PROP(8,KVAP.TA
http:II+)p459.6)**4+(T(+2)+459.6)**4)/2.)**.25

IELEASE 2.0 , CLCi

10
13
100

101
102
103
104

1 {49)

COND {#7) =C2#* {CGND (28) * (T (29)~1T (22)) +CCND (35) * (T (29) ~T (32) } ) +COND

1 {48)

OF THE

ITY
REPRODATLJLCIBH’ 1§ POOR

ORIGIN

DATE =

AGE

79075 16,/46/24

COND {45) =C2% {COND (22) # (T {23) - T{15))+coun(233*(T(2u}-r(11));/2.

CCND {44) =CCND{45)

COND {u6) = C2*{COHD(29}*1T(30)—T(23})fCOHD(36)*(T{JD)—I(BZ)))+COND

1 [47) ~CCND {45)
PV=PRCP{8,KVAP,TV)
RHOL=EROP {1, KVAP,T(31))
STEN=FROP{5,KYAP,T{32)}
DART=COND{119)

LISCCFRD{122)
WVYAP={BI-DART) /2l

STENV=FROP {5,KVAP,TV}
PL=PV-RHOL*HGAP-2.*STENV/H VAP
PCGAP=STEN®*2./TGAP

RHV=PRCP {3,KVAP,T (24))
HG=PRCP (6,KVAP,T{24))
DPVDT=BHV#HG*778./ (T(24) +459.6)
BGAP=EV+DPVDT# (T (32)~T (24)).
COND (54) =PV

CCND {56) =RHOL

COND {S7) =PGAT

COND {58) =PCGAP
DELPP=PL+PCGAP~PGAP
COND (55) =DELEP
IF{CORD{43)aEQ.0a)GLC TC 11
IF(DELBP.GTala} GO TO 10
DELH= —DELPB/REOL*12.

YRITE {6,100)DELH
IF{DEIH.LE.HGAP) WRITE{6,102)
TG1=24.*3TEN / [PGAP~FL)
TGO=24,*STEN/ ( EGAP~EV)

WRITE {£,103) TG1
HRITE {6, 104} TGO

GQ TO 11

WEITE {6,101)

CONTINUGE

FORMAT {* ARTERY WILI NCT PRIME IN -G,

1IKCHESY)
FORHBAT {' ARTERY PRIEES iN 1-GY)
FORXAT {* ARTERY PRYEES IN 0-G')

FORMAT{* H3X GAP WILTH FOR 1-G PRIMING

FORMAT {* MAX GAP HIDTH FOR 0-G PRIMING
BETURE

DEBUG INIT, SUBCHK

ERD

EXTRA BEAD REQ. = T',F9.5,"

]

', F6.5," INCHESY)
,F6.5,' TIHCHES?)

1500970
T 1500980
T1500990
T1501000
71501010
T1501020
T1501030
T1501040
T1501050
T1501060
T1501070
71501080

. T1501090

T1501100
T1501110
T1501120
71501130
1501140
71501150
71501160
71501170
71501180
T1501190
71501200
71501210
T1501229
T3501230
71501240
T1501250
71501260
T1501270
T1501280
71501290
71501300
T1501310
T1501320
T1501330
71501340
T1501350
T 1501360
T1501370
71501380
T1501390
T150 3400
T1501410
T1501420
T1501430



RELEFASE 2.0 CLC2

UBRCUTINE CIC

DATE = 79078

C THIS SUBROUTINE IS CALLED AT THE END OF EVERY
JTERATICN BEFORE TINE IS INCREMENTEL

c

C

" IH

11

12

CCMNCE  STG{5000), NPCS{50), L1(50), L2(50), NLAST({50), PCT{50)
COHMON KILL,NTABS,S¥TRIC,METPE,IHEAT ,SIG,XJ1,%J2,XJ3
coMuor  BUFE{20),T (1000),CAP (1000) ,COND {2000} ,RAD[2000) ,0{100),

10/46/29

T1500010
T1500020
T1500030
71500040
T1500050
T1500060

1 NCCRD(2,2000) ,NEAD({2,2000) ,HIN{1000) ,NB¥ {250) ,KEY {5) ,NQ(100}, T1500070
2 KAI(H),PLUX{IOOO),BIS1(2000],DIS2(2050),13C1(ZODO)rISCZ(ZDOO) T1500080
CCHHCX TINE, DTIME, FTINE, DUH, 71500090
1 REIN, KHBR, NG, N5, KODE, ENQ, T1500100
2 KCOT, KQUNT, NOSBT . T1500110
DIBNEESION A(43) T1500120
IS SUERCUTINE PERNITS P2HTTAL ARTBRY PRIHING T1500130
LELPP=COND {55) : 71500140
IFP({DEIEP.LE.0.)G0 TC 10 T4500150_
LPOR=CCND {12 1) T1500160
BI=3.14159¢€ T1500170
DART=CCND(119) T1500180
APOR=CGCHD {120) T1500190
AGAD=PI*DART?%*2_ 74, -APCE-. 759PI# {.016) %%2 71500200
TGAP=CCHND(63) T1500210
C1=AGAP¥TGAD*22_ /24 E832. 71500220
C2=RECR#*DBCR%*2. /1658880, T1500230
CLF={Ci+C2) %12+ 71500240
CIP=CIE*COND {124} 71500250
CCHD (125)=CLF/12. T1500260
§=37 71500270
IF{CCHD(¥).L1T..0001)G0 10 1 71500280
COND {N)=0. T 1500290
COHND (§~7) =COND {§-7) *.0821 T1500300
GC TC 9 T1500310
N=f~1{ T1500320
IF(N.1E.31)6C T¢ 10 71500330
60 TC 2 T1500340
.Q{1)=C {1} -COKD {127) #3.413,2. 71500350
c{2)=C (1) T1500360
N=37 71500379
IF(Q{1}.LB.0.) G0 TO 10 T 1500380
Do 12 I=31,37 & 71500390
COND {I1)=COXD {E+64) 71500400
QEVAP={0{1)+G(2)) /3413 715004810
HRITE (€,204) CEVAP T 1500420
CALL STEADY T¥500430
EVAP=COND {59) T1500440
HGAR=CCND{64) /12, T 15004850
TGAP=COND (€3) /12. 71500460
BV=PRCE(8,RVAP,T{204})} 715060470
FHOL=EROE{1,KVAP,T(31)) T1500480


http:IF(N.LE.31

RELEASE

5

200 FORMAT{(®

201

202 FORHAT{"ARTEEY PRIMES IN 0-G EITH HODE ',X3,'FILLED,

Y O
>RODUCIBILY
%%MN AT, PAGE

2.0 CcLC3: : DATE = 79078

STEN=FROP{S,EVAP,T(32))

PGAP=EROE {8,KVYAP,T(32)) .
BBOV=EROP {3, KEYAR,T(2Z4))

HBFG =PROP{6,KVAP,T(24))
EEVDE=RHCV*HFG®*T78. /(T {24) +459.6)
PGAP=FV+DPVDT* (T {32)-T(24)}
ECGAP=STEN#*2./TGAP

LP1=0.

INOL=FROP (2,RVAP,T{31))
CJ—XBUI/RHCL/CCRD(64)/CLF/E 18808
J=38~K

BC 4 1=1,J
LPL=C3I*COND [45+1) #CCND {1114I) ¢+DPL
CCHD (118) =LBL
HYAP=(CORD {122} -DART) /24.
STIENV=PROP (5,KVAP,T (24))
FI=PV~FHOL*HGAP-2.*STEHV/¥ VAP-DPL
DELPE=EL+PCGAP~PGAP

COND {S4) =PV

COND {EZ) =DELEP

COND (S6)=RECL

CGND {E7) =PGAP

CCRD {S8) =PCGAP

COND {109)=1T(24)

CCRD {110)=T(32)

CALL RITE

H=H-§&

IF{DEIFP.1T.0.) G0 %€ 3

WRITE (6,200) #, DELEP

GC TC 1

WRITE (&, 201) B, DELDP
DEPZG=PRESSURE DIFF FOF PRIMING IN ZERO-G
EPPZG=DELPP+RHOL¥HGAP
IF{DPEZG.1T.0.}G0 TC 5
WRITE{€,202) B,DPP2G

GC TC 1

RBITE (§,203) 8,DPP2G
IF(DELIPP.LT.0.)G0 TIC 11

1¥=°,FS.5," PSFY)

OF THE
1S POOR

10/46/2%

T1500430
T1500500
T150051%0
1500520
T1500530
71500540
T 1500550
21500560
T1500570
T 1500580
T1500530
71500600
T1500610
T 1500620
T1500630
T1500640
T1500650
T1500660
T1500670
T 1500680
T1508690
T150076G0
T1500710
T1500720
11500730
T1500740
T1500750
71500760
71500770
T1500780
T1500790
T1500800
Ti500810
TI1500820
71500830
T1500840
T1500850
T1500860

ARTERY PRIXES IH 1-G HITH NODE®,I3,°' FILLED, PRESSURE DIFT1500870

T1500880

PCHMAT {* ARTERY WILI HCT PRIME IX 1-G HITH HCDE' ,13,° FILLED, PREST 1500890

1SURE DIFF =',F9.5,% ESE!}

TCIFFERERCE = *,B9.5," ESEY)

FRESSURE

T1500900
T1500910
T1500920

203 PORMAT (*ARTERY SI1L NOT PRIHE IN 0~G NITH NODE *,I3,' PILLED, PREST15006930

1SURE L[IFF = *,¥9.5,' PSEY)

204 PORBAT{(//,' EVAPORATOR FCOWER CHANGED T0?,P9.5,' WATTSY)

10

IF(DRYEPLLTa 0u o ANDLC{1}GTu0L}GO TO 11

'B=b

T1500940

Ti500950
71500960



RELEFASE 2.0 CIC2 DATE = 78078 10/46/29

CALL HITE ) T1500978
RETORE T1500980
END 71500990
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