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INTRODUCTTON

In January of 1975 work was started at Georgia Tech on a project
aimed at gaining a better understanding of the various design parameters
which affect steady state an§ transient operation of cryogenic heat
pipes. This report briefly describes the progress made on the project
during the pefiod January through December of 1975. Financial support
has come from NASA under grant NSG-2054 and the work has been monitored
by Jack Kirkpatrick of Ames Research Center and Stan 0llendoxf of
Goddard Space Flight Center. One M.S. thesis (reference 1) which is
directly related to the project was published in June of 1975 and a
gsecond thesis in the area is currently being prepared and should be
published about July 1976. It is anticipated that several papers will
be publishgd in recognized technical journals over the next few years
as a result of the work.

Heat Pipe Under Study

A 304 stainless steel heat pipe with slab type capiliary structure
and nitrogen as the working fluid was studied in the temperature range
of 60°K to 120°K. The pipe is 1.27 cm in outside diameter and 9.14 cm
in total length, TFigures 1 and 2 show geometry of the pipe and the
configuration of the capillary structure. In the transient studies,
deseribed in detail in this report, saddles are included at evaporator
and condenser ends and a radiator is included at the condenser end.

Summary of Results to Date

The work performed under the grant is divided into two main areas.
The first area includes development of accurate steady state equations

for predicting capillary limitations and development of equations for
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Figure 2. Close-Up of Composite Silab and Circumferential Wick
at Heat Transfer Section



predicting thermal resistances, Ixtensive computer surveys were run
using the equations developed and it was found that a heat pipe of the
type described above could transfer as much as 30 to 40 watts with an
overall temperature drép of a few degrees Kelvin. The second area of
study was the transient operation of cryogenic heat pipes. The problem
was first studied with the aid of an analog computér and currently a
digital computer approach is being pursued. Results of the analog
work, which is limited to small transients and does not account for
fluid dynamics, show the effects of small step temperature changes and
the effects of fast and slow sine wave variations of small amplitude
on heat pipe operating parameters. The digital program now under
development will be much more powerful in that large transients, even
including the case of start-up from the supercritical state, can be
studied. At preéent a simplified model, which does not include fluid
dynamic effects, is being successfully examined on a digital computer.
The next step is to incorporate fluid dynamic effects.

Future Plans

The main theoretical effort is now being directed towards making
the transient model, which is being examined on a digital computer, more
realistic and more flexible. Tt is expected that this work will require
another six months assuming that current levels of effort are maintained.

Some effort is now being directed to planning some low temperature
heat pipe experiments which could be used to gemerate data for verifying
and modifying both steady state and transient models. In the near term
the experiments would be carried out in a laboratory on earth. Also
some initial thought has been given to the idea of a space experiment.

The National Aerconautics and Space Administration currently is designing



a "Long Duration Exposure Facility" and a "Sky Lab" either of which

would be ideal for this type of space experiment,



RESULTS TO DATE

During Calendar 1975 significant progress has been made both in
the steady state and transient parts of the work. Computer programs
are now on hand for predicting capillary limitations, and steady state
thermal resistances for slab type cryogenic heat pipes. An analog
scheme has been developed which handles small transients and work is
progressing on a much more powerful digital solution scheme which will
be able to handle large transients including startup from the super-
critical region. FEach of these steady state and transient approaches

will be discussed in detail.

Steady State Thermal Resistances

In the typical design of a heat pipe, little attention is given to
predicting thermal resistances. This is the case because accurate pre-
dictions are extremely difficult in most systems. It is not uncommon
to underestimate overall heat pipe temperature drops by an ovder of
magnitude.

In the present analysis resistances are considered in the pipe
wall at the condenser and evaporator, in the layers of capillary material
around the circumference of the evaporator and condenser surfaces, in
the fluid gaps between layers of capillary material, at liquid vapor
interfaces, and in the vapor region. Imn addition it has been assumed
that the circumferential portion of the capillary structure partially
drys as heat transfer is increased towards the capillary limitation.
This problem is discussed in detail in references 2 througﬁ 5. Results

of several studies, see reference 2, suggest that in long heat pipes’

part of the condenser surface may not be active at relatively low heat



transfer rates., This effect has been considered in developing 2 thermal
resistance model at the condenser end.

The following momenclature is used in computing thermal resistances,

df distance between centers of screen filaments
o conversion factor
£2 enthalpy of vaporization of N,
kf conductivity of stainless steel screen filaments or of the
stainless steel pipe
kg conductivity of liquid nitrogen
kp conductivity of stainless steel pipe
kW conductivity of the liquid filled screen portion of the wick
% axial length
ax
gca active condenser length

gcd Jength of condenser at design conditions

RE length of evaporator section
zeff effective length of vapor path
N number of screen layers

P, vapor pressure

Q heat transfer raté

QMAX capillary limitation

R ideal gas constant

N outer radius of pipe wall

Ty inner radius of pipe wall

I inner radius of wick

Tom hydraulic radius of complete wick structure
Te distance between centers of screen filaments

RIC resistance of interface at condenser



resistance of liquid wvapor interface at evaporator
resistance of pipe wall at condenser

resistance of pipe wall at evaporator

total resistance

resistance of vapor

resistance of wick at condenser

resistance of wick at evaporator

temperature of outer surface of pipe at condenser
temperature of outer surface cf pipe at evaporator
temperature of liquid at the liquid vapor interface
temperature of inner surface of pipe at condenser
temperature of inner surfage of pipe at evaporator
vapor temperature

wall thickness of pipe

thickness of liquid layers between screen layers
TE - TC

viscosity of vapor

density of liquid

density of wapor

angle within each quadrant over which liquid is present in
the wick at the evaporator

thickness of central slab

The equations developed for computing resistances are given in the

following list,

The resistance of circumferential layers of capillary structure and

working fluid gaps is (éeé Figufe“ﬁf
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N N-1 -%,
E R + E R ,L (L)
W n n

n=1 n=

Ty = (@-1)é4r, - (n-1)8

fn r, - ndr. ~ (n-1) B
il 2m k&
w ax -
Ty - nérf - (n-1)B
in - ndr. - nB
g — Mg
Re = 27 K. & (3
f Tax

Dry out of the evaporator.surface is accounted for by (see Figure 4)

T
g = 2 . (4)
1+ L
Quax

Assume that the active condenger length is & = & .
ca cd QMAX

The wick resistance at the condenser then becomes

N N-1
R[JC=§:Rn+ E:Rn,ﬂ. (5)
n= n=1

QMAX . ry - (n—1)4rf - (n-1)B
—_— r, - dnr. ~ (n-1)R
n 2mn k4
w cd
QMAX Iy = 4m:f - (n—l?B
— In
qQ r., — 4nr_. - np

R = ZBk ) : 7
n m 2 “ed

The wick resistance at the evaporator is
N N-1

RWE=[1+69MZX~]'ZRH+ZRH,£ (8)

n=1 n=1

THRE
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r. — {n-1) 4r_. - (n-1)8
on B £
Ty - 4n Te - (n-1)8

S TR (9)
w B

Ty - 4nrf - {(n~-1)B

fn Ty - 4nrf - nf
R 21 k, &g (10)

The effective thermal conductivity of the fluid-metal combination in a

typical single layer is (reference 2)

_ 1
kw - kg d k d
£ ) £
7. | 2% tae 2
£ £ £
2,
+ 3 K 77 1L
£ g f
r k. jld. - 2r +1
£ £ £ £
N 1

The resistance of the pipe wall in the condenser and evaporator sectiohns is

A
n —=
Quax s - (12)
RPC Q 2T kf g’cd
T
in ']-:é
_ Q B '
Rog = {1 + QMAX] on kg L 13)

The interfacial resistances at condenser and evaporator ends is approx-

imated as
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Q (2ﬁ)1/2 RS/Z T 5/2
Re = g % ) h 172 (14)
Q T T *cd Py fg e
A (zﬂ)l/z R3/2 TLI5/2
RIE =11 -+ R NV (15)
MAX 41 r, RE P, hfg g,

The resistance of the vapor is computed by assuming fully developed
laminar flow and accounting for the obstruction presented b& the slab

with a hydraulic diameter.

2-2)
R, - S U, teer Ty \ Py Py 16)
2
T ey hfg LCHD

C C T

T (17)

CHD 27 o 2 GT + 4 .
Hare (reference 1) has developed equations, based on Natiomal Bureau
of Standards data, which give nitrogen properties and stainless steel
properties in the temperature range of 60°K to 125°K.
Vapor Pressure [lbf/ftzl
p, = 1.71041 x 1076 (T)5 - 1.20901 x 1073 (T)* + 3.71275 x 1071 (T)3

(18)

- 5,70868 x 10(T)2 + 4.28513 x 103 (T) - 1.25125 x 105

Density of Liquid and Vapor [lbm/ft3]

P, = = 5.8917 x 10713 (1)7 + 4.50297 x 10710 (T)® - 1.15298 x 1077 (T1)5
+ 4.95327 x 1076 (T)* + 2.9749 x 1073 (T)3 - 5.98552 x 10™! (T)2

(19)
+ 4.54425 x 10 (T) - 1.21455 x 103
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1.39324 x 10~13 ()7 ~ 1.042325 x 10710 (T)8 + 2.638736 x 1078 (T)°

©
I

1.14015 x 106 (D)* - 6.78395 x 107% ()3 + 1.385389 x 1071 (T)2-
(20)

I

1.07628 x 10 (T) + 3.10045 x 102

Viscosity of Vapor and Liquid [(lbf - sec)/ft2]

u, = 8.55910 x 1021 (1T)7 - 6.55918 x 10718 (T)6 + 1.70105 x 10715 (T)3
- 8,08553 x 1071% (T)* - 4.27309 x 10711 (1)3 + 8,90377 x 1072 (T)2
— 6.94007 x 1077 (T) + 1.99577 x 10°5 1)
u, = 4.48282 x 1071% (T)* + 2.34251 x 10711 (T)3
. (22)
- 3.55312 x 1079 (T)2 + 3.14221 x 1078 (T) + 2.16226 x 107°
Thermal Conductivity of Liquid Nitrogen [ —*—}EEL———J
& hr £t °R
k, = 1.0970566 x 10711 (T)5 - 9,2427627 x 109 (T)* + 3.090593 x 1076 (T)3
- 5.1457532 x 107% (T)2 + 4.2210737 x 1072 (T) - 1.26105 (23)
Heat of Vaporization [Btu/lbm]
hfg = - 4.11334 x 10711 (T)6 + 2.0908 x 1078 (T)5 - 1.43119 x 107% (T)*
- 1.03235 x 1073 (T)3 + 2.6159 x 1071 (T)2 - 2,40246 x 10 (T)
(24)

+ 8.89614 x 102
Surface Tension [lbf/ft]

6 = 6.70239 x 10712 (T)* - 4,60497 x 1072 (T)3 + 1.19096 x 1076 (T)2

_ 1.44813 x 107" (T) + 7.58324 x 1073 (25)
Ratio of Specific Heats of Nﬁtrogen
k = 1.572403 x 1076 (T)2 - 8.6844907 x 10™* (T) + 1.52913275 (26)
Thermal Conductivity of Stainless Steel [Btu/ft hr °R]
k. = - 4.02016 x 105 (T)2 + 3.20878 x 1072 (T) + 1.30266 (27)

£

where T = temperature in degrees Rankine.



For any heat pipe of specific structure there are four primary

variables directly related to the thermal properties of the heat pipe.

These are TE’ T

c? TV’ and Q. Among these four variables any two are
independent while the other two are dependent.

The present numerical procedure involves first specifying Q and
TC and then making use of the fundamental relationship of temperature,
resistance, and heat transfer rate to calculate temperatures at several
locations along the path of heat flow and to calculate the thermal

resistance of the various sections of the heat pipe. The temperatures

calculated are only approximate since the simple resistance equation

is based on the assumption of constant conductivity across the heat
flow path between the two locatioms at which the temperatures are
known. This approximation should not lead to appreciable errors since
the length of each heat flow path considered is small and consequently
the value of AT is small.

The equations which results from applying this method cannot be
solved analytically because of the presence of high order terms, so
an iterative solution is necessary. The iteration process used in this
analysis converges rapidly on the solution, partly as a result of
knowing the range in which the solution lies, so that the computer
time required for this portion of the numerical analysis is not large.
The iterative procedure converged on the solution to an accuracy of 4
decimal places in an average of only 2 iterations.

An outline of the numerical procedure is now given

15
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I, Specify ¢ and TC
(Q will vary from 10 Watts to 30 Watts)

(TC will range from 60°K to 125°K)

Approximation: TLI 2 TV

This is an excellent approximation since the resistance of the
"liquid~vapor interface is extremely small. (RI is typically
about 0,0001 °K/Watt)

The properties of each section will be evaluated at a temperature

which is the mean of the temperature of the boundaries of the sectionm.

Algebraic manipulation of the equation Q = (TPCI - TC)/RPC vields

o o.T o, a. T . T.2 «,fT a, T2 T
“1 +( 17, %2 _ 10)3:2 +(1c+:zc+m_1cucz)TPcI

4 TPCT 2 2 4 PCI 4 2 3 2 2
o o Q r
Ll 3. 252 _ .4 AN
+( Z T "z T %t Im, Y ) 0 (28)
cd B
where o, = - 4.02016 x 1073 ap = 3.20878 x 1072  a, = 1.30266
ITI. Sclve equation 28 for TPCI'
' =
IIT. Assume a value for Tv and compute T (TV + TPCI)/Z.
IV. Compute kg from equation 23 for T = T°,
e T'.

V. Compute kf from equation 27 for T
VI. Compute kw from egquation 11,

N
VIE. Compute 2: Rh from equation 6.
n=1 )

N~

VIII. Compute R from equation 7.

1
n=1 ny &
I¥. Solve Equation 29 for TV using linear interpolation method,

repeating steps IV, V, AND VI.
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T. - T
v PCT
5 N1 -1 =0 (29)
Q E Rn + Q E Rn,ﬁ
n=1 n=1

X. Compute RWC from equation 5.
XI. Take T' =[TPEI + Tv]/ 2
XII. Compute k2 from equation 23 at T'.
XIII. Compute kf from equation 27 at T'.
XIV. GCompute k from equation 1l at Tt.

XV. Assume values of T and determine TPE using iteration, repeating

PET I
steps: XI through XIV and using equation 30.

T
PEL \'} _
5 T -1=0 (30)
Q [ 1+ LQM]{ Rn + Rn’g’}
n=1 n=

XVI., Compute RWE-from equation 8.
XVII. Solve equation 31 for TE.

Substituting metal conductivity equation into Q = (I - TPEI)/RPE gives

2 pEr " 2 E
o [+ [+
o %2 ° 2 2
+( 5 Terr "2 TeEz T7 Temr "7 Temrt % ) . (31)
r
o o Q in -1‘_&
L o Zg2 - I
+( Z Tprr T 7 TpET T %3 TpEr T 48 o )" 0

XVIIT, Compute ka from equation 27,

THE
RECRODUCIBILITY OF
ORIGINAL PAGE IS POOR



XIX. Compute RPE from equation 13.

XX. Compute hfg from equation 24 at T = Tv
XXI. Compute P, from equation 18 at T = TV
XXTII. Compute RIc from equation 14 at T = TV

XXTII. Compute RIE from equation 15.
EXIV. Let £ .. = 3.0 ft - !;E/Z -(sacdlz)g/q__ %
XXV, Compute , from equation 21.
XXVI. Compute oy from equation 18.
XXVII, Compute Py from equation 19.
XXVIII. Compute RV from equation 16.

XXIX. Compute Ry = Rpp + R + Rop o+ Ry + Rpy + Ry + Ry, and

alternate equation RTOT =(IE - TC)/Q'

The complete computer program is given in Appendix A,

The effects on thermal resistance of changing the size of liquid
gaps, wall thickness, mesh size, and number of circumferentia% layers
of capillary structure has been examined on the computer for a nitrogen
heat pipe. Table I shows some of the gecometries studied. Figures 5
through 21 show how temperature difference and resistance change with
changes in operating temperature and heat flux for the cases described
in Table I,

Several figures related to Cases 1 and 6 are included to show
order of magnitudes for resistances for these two extreme cases, Only
one plot is given for each of the other cases. It is interesting to
note that overall temperature difference may increase or decrease with
increasing vapor temperature at constant heat flux. TFor example in
Case 1 the heat pipe temperature difference increases as the vapdf

temperature increases while just the opposite is true in Case 6.



Wall Filament Distance Between  Number of Thickness of
Case f Thickness (mm) Mesh Size Radius (mm) Filament Centers Screen Layers Fluid Layers(mm)

1 1.0150 400 0.0155 0.06919 2 0.03048
2 0.3968 400 0.0155 ' 0.06919 2 0.03048
3 2.0300 400 0.0155 0.06919 2 0.03048
4 1.0150 250 0.0241 0.1198 2 0.03048
5 1.0150 100 0.0815 0.2937 2 0.03048
6 1.0150 400 0.0155 0.06919 1 -—

7 1.0150 400 0.0155 0.06919 3 0.03048
8 1.0150 400 0.0155 0.06919 2 0.01524
9 1.0150 400 0.0155 0.06919 2 0.06096

Table I. Values of Parameters for Cases Considered in This Study

61
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The reason for these different trends is that the thermal conductivity
of liquid nitrogen decreases with increasing temperature while the
conductivity of stainless steel increases with increase in temperature.
In Case 1 the conductivity of the metal controls the effective conduc—
tivity of the fluid metal combination whereas in Case 6, the 1iquid

nitrogen controls the effective conductivity of the combination.
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Capillary Limitations

Writing momentum, energy and continuity equations for steady operation
of the model heat pipe at capillary limited heat transfer and making the

standard simplying assumptions the following equation is obtained.

3 2N/
CL = — E (32)
Rggr % /1 1 Buy P 2ogs
b + 4n_ 6 ET.+ % + T i, P X'
T CC e c L "VvV
whare
QCL = Qapillary limited heat transfer rate
ch. p
N = ___ﬁ_g__L = "Heat Pipe Number"
L

¢ = surface tension of liquid

h’g = heat’ of wvaporization

pL = liquid density

By = liquid dynamic viscosity

rP = pore radius at evaporator surfacg

—_ 6'1‘

K= 73 i - effective inverse permeability for slab
AA + BB based on approach velocity.
Xa K5

GT = total thickness of slab

n, = number of layers of fine mesh in slab

np = number of layers of coarse mesh in slab

GA = thickness of a single layer of material A

GB = thickness of a single layer of material B

KA = inverse permeability for material A based on approach velocity

KB = inverse permeability for material B based omn approach velocity
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geff = effective length of liquid path in slab

b = width of slab

Kc = inverse permeability for material at evaporator and
condenser surfaces based on approach velocity

L = average distance traveled by liquid in circumferential
capillary structure at evaporator or condenser (approxi-
"mately 45° arc)

n, = number of layers of capillary material on circumference
Gc = thickness of a single layer of material C

£e = axial length of evaporator section

Rc = axial length condenser section

By = dynamic viscosity of vapor
Py = density of wvapor

r. = hydraulic radius of vapor space

Approximately one hundrea different capillary arrangements were
studied in order to determine capillary limitations. Table II shows
geometric parameters for six of the combinations examined. Capillary
limitations as a function of vapor temperature are shown in Figure 22
for each of the combinations listed in Table II,

Transient Analog Computer Studies

A rather simplified transient model of a cryogenic slab type heat
pipe with radiator connected is shown in Figure 23. Due to limited
analog computer capacity relatively. few nodes were used. The equations

written for this model are:

27 Ee k- pc V dT
Qe = —2=. P (Te - Tl) + —R PP £ (33)
1n (rA/rB)




Table II.

Description of Composite Wick Systems Considered in

this Study

Total Thickness

Wick Screen Mesh Size  Number of Layers Screen Thickness — m of Slab - m
Composition
" n =
_ Number A B C n, o) . SA;IO 6Bx10 chlo GT nAGA + nBSB
1 250 100 250 2 8 1 0.867 0.314 0.866 2.68
2 400 50 400 2 5 1 0.744 0.448 0.744 2.39
3 400 30 400 2 4 1 0.744 0.622 0.744 2.64
4 400 30 400 4 5 2 0.744 0.622 0.744 3.41
Wick Wire Diameter  Pore Radius Inverse Permeabilits’r—l/m2 Effective Permeability - 1/m2
Compasition "o Layer "C" Layer :
Number Y 4 —g ~7 —9 _ n,S n,§
mx 10 mx 10 KAxlO KBXIO KCxIO R =6/ ATA + BB y x 1077
T & X
1 0.482 0.359 58.4 2,610 58.4 2,716
2 0.311 0.191 163 195 163 207
3 0.311 0.191 163 63.5 163 67.3
4 0.311 0.191 163 63.5 163 69.6

oy
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dT 4T 2k
1 - e p (T -1T.)
de [ppcpevp + pw;wevp] in (rA/rB) e 1
(34)
L gekw )
+ (T - T.)
[chPeVP + pwpwevw] 1n (rB/rC) vap 1
dT b k&
vap _ w e (r. =T )
de [pwpwevw + pwpwcvw + 2maca] 1n (rB/rC) 1 vap
(35)
& kW £c
+ (T, - T__ )
[pwpwevw + prWCVWA+ Zmaca] 1n (rB/rC) 2 vap
dT bw k% .
BT e TGy Teap ~ T2
pp PC P Py we w % ME/Te vap
(36)
4 kp Qc
+ (T -1T.)
[ppcpcVp + prWCVW] In (rA/rB) c 2
ch by kp L. 4 T, %,
= T, - T )+ —7— (T_~-T) (37)
49 e V 1n(r /fr) ( 2 c c V R T c
Pppe'p A"'B ’ppe'p e
dTr 2 Ta zc A0 L ngace
e m (Tc - Tr) - Tr + m c (38)
r T T Tt r r
Limiter
o o s Sl G
i wap 27 k2
w e
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where

Ar = area of radiator

e, = effective specific heat of adiabatic section and slab
cp = gpecific heat of pipe material

c. = specifié heat of radiator

m = mass of adiabatic section and slab

m_ = mass of radiator

Qe = heat flux'into evaporator

QSPace = heat flux into radiator

Qr = pnet heat flux from radiator

Rc = contact resistance between node ¢ and node r
Te = temperature node e

Tl = temperature mnode 1

Tvap = temperature node vap

T2 = temperature node 2

Tc = temperature node c

Tr = temperature node r

eVP = volume of pipe material in evaporator

cvp = volume of pipe material in condensor

evw = yolume of wick material in evaporator

cvw = yvolume of wick material in condenéor

£ = emmissivity of radiator

density of pipe material

=
It

il

o]

v effective density of wick and working fluid

¢ = Stefan-Boltzman constant

8 = time

44
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The limiter equation allows one to include the capillary limitation
in computations.

Figure 24 shows a schematic of the analog computer circuit. Note
that inclusion of the radiator introduces non~linear terms in the
equation., However, these non-linear terms have thus far caused no
difficulties in the computations.

Figures 25, 26, and 27 show sample results of some computations
performed for a nitrogen heat pipe of configuration. Figure 25 shows
performance for a step change of 5°K in the evaporator temperature.
Wotice that heat transfer at the hot end (Qe) is limited for some time
due to capillary limitations. The system has essentially stabilized
after 60 seconds. Figure 26 shows how all parameters vary for a rela-
tively fast sine wave, Notice that the capillary limitation considerably
affects heat transfer through the evaporator. As expected, the compu~
tations indicate progressively smaller oscillations in temperature as
one moves away from the evaporator and finally the radiator Increases
with time but oscillates very little. There is a considerable phase
shift between oscillations in different temperatures. Figure 27 shows
the system changes for a relatively slow variation in evaporator
temperature. Evaporator heat transfer is again limited by capillary
restrictions. The amplitude of temperature oscillations tends to be
more uniform thr;ughout the pipe than in the case where fast oscillations
were. considered. There are large phase shifts.

Transient Digital Computer Studies

The analog computer program described above is limited to small
transients and thus is of limited use. For this reason a digital computer

program is now being developed to handle transient computations. The
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new approach will allow predictions tc be made for wvarious start-up
situations including start-up from the supercritical state.

The digital work is now in the early stages of development.
Fluid dynamic affects have not vet been incorporated. However, it is
anticipated that these important affects can be readily included at
the appropriate stage.

In the preliminary model now being studied several assumptions
are made. (See Figure 28)

Evaporator sadle: lumped mass, contact resistance to pipe wall,

known heat input or fixed temperature.

Wall: nodes in r and & directions, contact resistance
to wick.
Wick: dryout circumferentially as £(Q)} innermost layer

of nodes at same temperature as vapor.
Vaporé " lumped system, includeg mass of slab, linear
temperature drop along tube. )
Adiabatic section

and condenser: nodes in r,z directions, nodes become active as

f(Q), innermost node of wick at same temperature

as vapor.

Wick: contact resistance to pipe wall.

Wall: contact resistance to radiator,

Radiator: lumped mass with known heat input or fixed temperature,
Axial conduction: evaporator temperatures averaged for boundary

condition in adiabatic section, weighted fraction
of total heat transfer in axial direction subtracted

from each evaporator node.






Thermal properties: constant at the temperature of the last time step.
The nomenclature used in the digital approach is:
AR area of radiator

Cq specific heat of radiator

¢ specific heat of saddle

e, specific heat of vapor and slab

kw thermal conductivity of wick

Rc Iength of adiabatic and condenser section
Re length of ewvaporator

mR mass of radiator

m_ mass of saddle
m_~ mass of vapor and slab

NIE number radial nodes in evaporator
NJE° onumber circumferential nodes in evaporator
NIC number radial nodes in condenser

NJC number axial nodes in condenser

QIR heat-input to radiator from space
QIS heat input to saddle
Rc contact resistance pipe to saddle or radiator
Ty inside radins of pipe
T, radius at node i
r, outside radius of pipe
Tc? - temperature of condenser node 1,j at time step n
1,3
TE? ] evaporator node Lemperature at i,j
1,1
TR radiator temperature

T saddle temperature



Ax
Ay
Az
AB
E

g

vapor temperature

thermal diffusivity of pipe wall

1/81 ln(rO/rI) {(see coordinate transformation)

2n/NJE  (circumferential node width)

QCINJC (axial node width)

time increment

emissivity of radiator

Stefan-Boltzman constant

53

It is convenient to transform from cylindrical to rectangular coordinates.

Make the-following substitutions

thus

In cylindrical coordinates V2T is

%r 1T _ 12 3%
ar r 9r T 3¢2 922

X -

y:

in r/rC

¢

{See Figure 29).



QY

Substitution into V2T

108’0 15T ., 19T 1 T . 9%z
T2 3%7 r? 3x r? 3x r2 3y2 322
1 9% 1 o2 82T
r2 3x2 r2 ayz 9z

Figure 30 shows the transformed computer grid for each of the vari-

ous regions. The computational procedure for each time step

AB{n + ntl) dis: 1)} Explicit Balance on Ts
NJE
. ol QIE AB 2M0w L 2 T n
= - -
s me_ (NJE)@m )(c )(R ) 2 : 1,3 s s
2) Explicit Balance on Vapor
200 k8T
T ntl _ E : (T T n)
v T~ Mx m_c_ NJE m.C, NJE NJE— v
j=1
2A8 k 2 :EEf n a
(T -T) +T 3
Ax me NJC NJC-l v v
j=1
3) Explicit Balance on Radiator
200 % T ¥, NJe
T n+l 2 : (T -7 n)
R mR R NJC R
g & AD Q A8
f&_c“‘— M+ p— o+ LT ;
TR TR°R

4) Alternating direction implicit evaluation of evaporator grid.

(developed next page); and

5) Alternating direction implicit evaluation of condenser grid.
(similar to &)
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As an example of the implicit equations used, consider an interior

evaporator node for an i sweep.

ntl/2 n
r 2 TE - TE :
i i,3 i,j _ 1 T ntl /2 T ot+l/2 o ntl/2
= . -
©oen WO\ By Peas o i
1 n n n
L * Ty - g
7 1,3-1 1,5+ 1,3
T ™ NJE »
E, . T,
af e Fed Y[ - Lo 2 : r o i
NJE c, NJE E, .\ Az
1,1 N 1,7
> -
E
o T

The equation can be rewritten as

2
(a8 n+l/2 S atl/2\ [ a8 ntl/2\ _
(z(Ax)Z) (TEi_l j) * ( a (Ax)z) (TEi ; ) (2(Ax)2) (TEi’j_H_)

86 fon Lo +(ri_A82)Tn
Z(Ay)z Ei,j+l Ei,j—l 0. (Ay; Ei,j
r.2 A8 TEn Nk

A i,3 pr 1 P B
2(Az)2 [| NJE c. NJE E, .
T n i1 =1 i,]
2. "=, . :
=1 1,1

References 6 through 9 have been utilized extensively in developing

the approach described above.
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CONCLUSTONS

The primary general goal of this project was to develop techniques
for predicting transient operation of cryogenic heat pipes. In particular
the work was aimed towards development of schemes for predicting start up
from various initial conditions such as those encountered in the super-
eritical regime. In accomplishing these goals it was necessary to first
study steady state operation. The steady state work included prediction
of performance limitationg and thermal resistances. The transient part
of the project has been divided into two areas: subcritical operation
and supercritical operation. ‘

During calendar 1975 the steady state part of the program was essentially
"completed and some results of computations are included in this report.

The development of schemes for predicting transient operation is pro-
gressing well at this time and some preliminary results are included herein.
It.is significant to note that several graduate and undergraduate

students have received valuable training while performing tasks under
this grant. One M.S. thesis, directly related to the project, was pub-
lished during 1975 and it is expected that another one will be completed

about July 1976,
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PROGRAM MAIN Tursia OPT=t FTN 4,4+R401 7
PROGRAM MAINCINPUT,OUTPUT, TAPES=INPUT, TAPE6=0UTPUT)

THERMAL ANALYSIS OF A CRYDGENIC HEAT PIPE

WRITTEN BRY DAVID RUIS 10/29/75

UNTTS OF INPUT QUANTITIES ARE AS FOLLOWS ===
TFMPERATHRE R 3 ===BTU/HR LENGTH ww=eFT

e SeReeRKeleNeNe Ko Nl

DIMENSTON AYTV(PU3),AYDT(203),AYR{203) ,AYRTOT(203),AYRPE(203%),
CAYRWE (2033, AYRTE(203) , AYRVIPOT) ,AYRIC({203) ,AYRAC (203), AYRPC (P03,
CAYTC(PO)

T DIMENSION IR(512)

DIMENSION TVS5(203),RTS(P03),RPES{20%),RWES(203),RTESC(P03),RVS(203)
CrRICS(205Y,RWCSI{203),RPLS(203)

DIMFNSTON TVIC(203),TVI1(203),RT1(203),RT11(203},RWEL(2NT),
CRAETI(ZOI),RWCI(203),RUC11(203)

REAL NeKW, KF KL

REAL LCA,LE MUV,LFFF,LCD,LASTT

INTEGER CHOUNT,CT

INTEGER SYM

Kw(T?V):KI(TZV)/((DF/(&.O*RF))*(B.O*(KL(TZV)/KF(ny))+DF/f?.0*RF1
C=2.0)1+2 0*KL(TZVIZC(DF/{2,0%RFI)*{(KL(TZVI/KF(TZV)IX((2.0%RF}/
CIDF=2  0*RFI+I 0V +RL(TZVI/(CLOXRF/(NF=2.02RFI+1.0)4%x2,.0

KF(TYV)z=4 , 02016L=-5xTYVAx2 , 0+3.20RT7BE=22TYV+1,30266

FUNCBIDTV,DTAVISIDIV=TPCI}/{ (QMAX/ (2., 0%PIxKW(DTAVIXLCP))*SiIMA
CHOQMAX/ (P, O0XPTAKL(DNTAVIXLCD) ) *SUMBI=1, 0

KL{TXV)=1,0970566E=114ATXVX425,0=0 242762 TF=-9%xTXVxxd,0
CH+3,.N090593F=pxTXVax3 0=5_ 14575 2F=U0xTXV2%x2 0+4 ,2210737/E=2*%TXV
C=1.26108% .

FUNCCCIDTPFI,DPTAVI=((DTPFT=TV)/C(PI/(P  O0ATHFTAIYX{(},0/(2.02P1
CARWINPTAVIXLEYIASUMA+ (1. 0/(2,04PT*KL(D2TAVIXLE)YYASUMB)) ) =N

FUNCACTI)=( A1 /0,03 %xT14%x3 04+ (ATATC/ 2. 04AP/2 . 0=Al*xTC/U, D)xTxx%
CR2.0+{ANXTCATC/O,04A2%xTC/2 , 0+A3=AIXTCATC /2, 0=AP%TC/2,0)%Ti=AL1AT(
Cxx3,0/8, 0=A2%TCAkTC/2.0=A3%TC=(QMAX/ (2. 0*PT*LCDIIXALODG(RA/RE)

FUHNCD(DTE)= (AT /0, 0)*DTE#23 0+ ({(=A1/4, 0)*TPEI+(A1 /P 0)*XTPEFT+AR2/2.0)
C*DTF*ADTF+((=A1/2,0)*TPETATPEL=(A2/2, . 0)xTPFI+(AL/4, 0)*xTPETxTPFI
CHUAP/2.0)ATPET+ARYXDTE+((=~A1/Q  0)ATPEI*%x3 0m{A2/2,0)%TPEI*xTPF
C=A3+TPFI=Q*xALNG(RA/RB) /(4 , 0xTHETAXLE))

CALL PLNIS(1H,512,9,00)

CALL PLOTMX(348,.0)

CALL PINT(5,.0,2,.0,~3)

XPx12,0

po o4go0 Lzbuﬁ’

GATE=N.0N

5YM=z()

WRITE(6, 3333%)

READ(S, 7141 YWT,RF,DF,N,BFTA

7111 FORMAT(T7,F12.R, Tt9,F1?P.8,T31,F1°2.8,T83%,F5,1,T48,Fi2.8)

WRITE(&G,T7222)L

1222 FORMAT(T70,"CASF &#",T77,12)

WRITE(6,7777)

WRITF(6h,7229)

7229 FORMAT({TAS,"WT", T80, "RF", 765, "DF",T77,"N",TR7,"RETA")

WRITF (b, 7P30)WNT ,RF,DF, N,BETA

~ REPRODUCIBILITY OF THE
ORIGINAL PAGE IS POOR



PROGRAM MAIN 4774 OPT=] FTIN 4,4+R401

7230 FORMAT(T30,F12,8,T45,F12.8,T60,F12.8,T75,F5,1,T82,F12,8)
WRITE(H,7777)
SLABTH=SB,0FE=3
LEz0.S
LCh=1,0
RA=0,04167
@=102,3%9
HUMAX=102,3%9
DQ=-6.8?{1
PT1=3,14159
A1==4 ,02016E=5
AP=3,20R7RE=-¢
A3=1,.30266
TCINC=0,5R79396985
RR=RA=WTY
RC=RB=4 ,0xRF+N=RFTA* (N=1_0)
ROHDZ(PI*RCARC=2, 0*RCASLARTH} /{2, 0xPT*RC=2,04SLABTH+4,0*RC)
o0 300 K=1,2
TC=10R,0
Nna t90 J=1,200
i THETA=(PI/2,0}/01.0+(Q/0MAX))
NI=TNT (N}

COMPUTING TPCT AND RPC

cCOom

COUNT=O
ERPSI=0,001
TPCT=TC
LASTI=TL

i} F=FIINCACTRCI)
IF(FYS,, 20,7

5 Fiz¥
IP1=TPCT

6 TPCI=TPCI+O,.5
F=FUNCACTP(CT)
TF(F)&6,20,10

7 F2=F
TPP=TPCT

8 TPCTI=TPCI+0 .5
F=FUNCA{TPCT)
IF{F}9,20,8

9 FizF
TP1=TPCT
GO TN 1%

10 F&=F
TPe=IPCT
GO T 13

13 TP3c(TPIxF2=TP2AF 1} /{F2=F1)
F3=FUNCA(TP3)
ZA=ARS(LASTT=TPY)
LASTI=TP3
IF(ZA~EPS1)21,21,14

14 TPI=IP?
TP2=TP3
FizF¢g
FP=F3
COUNT=COUNT+1


http:QMAX=102.39
http:0=102.i9

PROGRAM MATN 70,70 oPT=1 FTN 4,4+R401%

60 70 13

co WRITE(H,1030)TPCT

1930 FORMAT(T30,"TPCT =",138,F7,2,750,"DOUBTFUL")
G0 7O 30

21 TPCI=TP3

IF{GATE ,NE,0.0)GO TN 30
WRITE(6,1040)TPCI,COUNT,F3
1049 FORMAT{T30,"TPCT =",138,F7.2,T50,"COUNT =",T59,15,T65,"F =", 169,
CFa,.3)
WRITE (b, 222?)
30 TAV=(IPCI+TC)Y /2.0
RPC=ALOG(RA/RBYIZ(2 O0%PTA(ALATAVATAVHAZ*TAVHAZIALCDACO/AMAY) )
£
C COMPUTING TV AND RWC
C
PSUM=0,0
NN A0T=t, NI
FISFLOATC(T}
TEFRM=ALOG((RB=(FI=1.0)44  0*xRF=(FI=1,0)}%RETA)}/(RB=4 0*F[*RF=(FT1~1)
CxRETAY)
PSUM=TERM+PSIIM
40 CONTTRUF
SHIMA=PSIIM
PSUM=0,0
NM]I=NT=~t
NN 427=1,N4]
FI=FLOAT(1}
TERM=ALNG((RB~A , 0xFT*xRF=(F =1 ,0)*BETA)Y /(HR=U ,0xF [*RF=FI*RETA))
PSUM=TERM+PSIM
a2 CANTIMLUIE
S1MB=PSHM
FF(NMY EQ 0YSHMA=0,0

ITEPATIVE SOLUTTNN BY LINEAR INTERPOLATION METHOD

0 Tv=T1PC1
EPSS2z=D.001

1 TAV=(TV+TRLTY /2.0

- F=FUNCB{IV,TAVY)
IF(F)6(,90,70

2] F1=F
TVX1=TV

61 IV=Tv+5.10
TAV={TV+TPCTY /2,0
F=FUHNCRITY, TAV)
IF(F)AL,90,63

63 Fe=F
Tve=1vV
GQ T8 79

&R F2=F
Tve=1lyv

in FV=TV+R,0
TAV=(TV+TPCT )} /2.0
F=FUNCR{TV,TAV)
IF(F)T71,90,70

71 Fl=F

TVXti=TV



PROGRAM MAIN

79
A0

g0
2010
91

2000

95

[ v Bl e |

160

102

1045

115

120

121

n/7n nNPI=

COUNT=0

t FIN d4.4+RU0Y

TV3=(TVX1+F2=TVPxF1) /(F2=F1)

TAV2(TVI+TPCINI/2.0
COUNT=COINT+1
ZB=ABS(TVI=TV?)
FF(7B.AF.EPS2IGO T
FISFUNCR(TVI, TAV)
Ft=F2

TVX1=Ty?

Fe=F3

Tv2=1Vv3

GN TO AQ
WRITE(6,2010)11V,C0O
FORMAT(TSQ0,"TV =",
TV=TV3Y

IF(GATE NELND,LNDIGO
WRITE(H, 20001V, CN
FORMAT(T30,"TV

-
-

CF6.3)

WRITF (6,2222)
CONTINUFE
RUC={1.0/(2,0%xPTxK

CN*Q/QMAX Y ) % SUMA

- AT EVAPIRATOR =ww-

TRPET=TV
TAV=(TPETI+IVI/2,D
FeFUNTCITPET, TAV)
TFLF)100,125%,115
IPL=TPE1

Fl=f
TPEI=TPFI+4,0
TAV=(TPETI+TV) /2,0
F=FHNCC(IPET,TAV)
IF{F)lur, 125,105
TP2=1PEI

F2=F

00 TOH 120
Te2=TRET

FP=F
TPET=TPFI+4,0
TAV=(TPET+IVI/P, 0
F=FUNCCCTIPET, TAV)
ITF(F)ila, 125,119
FPI1=TPE]

Fi1=F

COUNT=(
FPS3%=0,001
[PA=(TPIAF2=1P/ %k 1
COUNT=CNUNT+1
TAV=(TRP3I+TV) /2.0
[C=ABS(TP3I=TR2)
IF(7C,LE.EPS3IGO T
FIz=zFUNCCITPI, TAV)
Fizk2

[P1=1P2

0 9

UNT
T55,FR.2,TH65,"COUNT =",T73%,15%, TAS, "DOURTFUL™)

10 a5

UNT,F3
T35,FR.2:, 150, "COUNT =", T58, T4, T65,"F =",149,

WITAVIALCOXR/OMAXYI I &«SUMAR (L 0/ (P 0RPF KL (TAV) LT

COMPUTATION OF TPET AND RWF

Y/ (F2=F1)

n 24

CIBILITY OF THA

Bﬁﬁﬂyo[ﬂj PA&H;IS-EGKEH

ORIGINATL


http:TAV=(IPETIV)/2.fl

PROGRAM MATM ras74 UPT=| FTN 4,4+R401 7

[ FPzF3
TP2=TP3
GO 10 121
125 WRITE(6,20B0)TPET, COUNT
2080 FORMAT(TSO0,"TPET =", T157,FR,.2,T67,"COUNT =",T75,15, TAS5,"DNDURTFHL").
174 IF(GATE NEOL,0)G0 TI} 130
1’6 WRITE(6,2090)TP3,COUNT,F3
2090  FORMAT(TI0D,"TPET =", 137,F8.2,T50,"COUNT =",T5R,15,T164,"F =",T6E8,
CF6.3)
WARITE(6,2277)
130 TPET=TP3
RUES(PI/(2.04THETA)II* (1, 0/(2,0xPTALE) )% (SUMA/KW{TAV)+SUMR/KL{T AV
C}))

COMPUTATION OF T+ AND RPE

in N eie]

1E=TPF1
F=FUNCD(IF}
FF(F)150, 1RO, 165
150 TE1=TE
F1=F
191 TE=TE+1,0
F=FUNCD(TE)
TF(F)151,181,158%
153 TFe=TF
F2=F
GO TiY 174
164  TE2=1F
F2=F
166 TF=TE+1,0
FsFUNCDL{TF)
IF(FYiaR,tH1,16h
ihB JFi=T1Ek
Fi=F
170 Ci=n
171 TF3=(TEV+F2=TE2xF1 )/ (Fo=F1)
CT=CT+1
/N=ABS(TE3=-TF2)
TEIZC LI ELEPSAIGH TU 180
FRI=FUNED(TER)
Fi=Fe
TEI=TE?
Fa=sF3
IFA=TF 3
GO TN {71
180 TE=TE?
FzF3
IF{GATE ,NE.,N DIG N tA3
181 WRITE(6,3030)TE,F,(T
2030 FORMAT(TR0,"TE =", FR,2,T45,"F =",T46,F10,3%3,Ta0,"CT =2%,165,158}
183 TAV=(TF+TPE1Y/72,.9 .
RPE=(PT/(P,0*xTHFTAYI*AING(RA/RBY/ (2, 0%xPTxLEXKF(TAV))

C COMPUTAFTOM OF INTFRFACIAL RESISTANCE

HFG=7T78. 1A% (=4 1 1334E~112TVxxh, 042 , 090HE=BATV2x5, 0«1 131 19F~6%



PROGRAM MATN

ImEwN e

[l Ne e

InEaNel

T4/774 oPT=1 FTN a4.4+4R40% 7

CIVAXA D=1, 03235E=3%TV*43,0+2,61S59UE=~1*xTV+TV=2,40246E+1*TV+R RI614
CE+72}

PYV=1, 7104 1E=6ATVxxS 0] 2090 1F=3&xTVexd 0+3,71275E~142TVa2x3,0
C=5.7086RF+12TVATV+U ,PAS13E+3xTV=1,25125E+5

LCA=LCD*J/QMAX

IINTTS OF RIC AS COMPUTED HFRF ARE (SFC R / LRF FT)

RTC=14,40R%TY%*2 .5/ (RC*|,CA*PV*HFG+HF )
RIE=(PL/(2,0%THETA)YXRIC*LCA/LE

COMPUTATINN OF VAPDR RESISTANCE
UNTTS ARF (SEC R / LBF FT )

LEFF=3,0=-LE/2,0=LCD*Q/ (2. 0*%QAMAX)

MUV=B 559 E=214TVX4T 06 . 5591 AF=18xTVx26 0+1  JOL09E~15+TV4x%x5,_ 0=R,
CORLBIF-1adxTVARd  Ondd 2TI00E=11xTVA24 0+8,9037TE~02TVAIV=a, QUO00TF -7
CxTV+] , 9957 1F =5

ROV=]  39324F =132 TVax7 0wl 0U2325E=104TVhkb , 0+7,63R7I6F~82TV.a%, 0
C=1.1H015E-6xTVR2/ Umb  JBIOGFE=UaTVA%3, 041,385 4R0E=1xTV*TV=1,07628
CE+1xTV+3,10045F+2

ROL==5.R917F=~13xTV*%7 044, 50297F=10xTVx6,0=1,I5298E=7+TVax5 0+4,6
C327E=h2TVaxd 042, 9TUYE=34TVA 43 =5 9BYS2F~14TVATVHY SUAPSF+fATY =1
Ca21455E+3

RV=G  0AMUVAL EFF£TVA(1,0/RNDY=1,0/R0L) /(PI*ROVAHFGAHFG*RCHDAx4, 0}

UNTT CONVFRSION

St=0,4097
RVST=851+RV
RTEST=S1*RIF
RICST=S1*RIC
S2=1,.8987
RPCST=SPxKPC
RPESI=52%xRPE
RWCSI=SPx2RWC
RWESI=S24RWF
$3=0,595%46
IrST=S3«i(;
TPCTST=83+«T1PL1T
TV51=83xTVv
TPETST=S3%TPHT
TEST=8%1[F
HST=0x0.2930
RTUOT=RPFST4+RWESI+RIESTHRVSI+RICST+RUWISI+RPCST
S4=304_,R
XRTQT=(TESI=TCST)/QST
DFST=354xDF
RFST=54%xRF
HETAST=Sd+HFTA
RAST=SU*RA
WIST=84xdAT
DELTAT=TESI~ICSI]

WRITTING AND SETTING UP ARRAYS

IF(K.NE,1YGD 70 1AS

REPRODUCIBILITY OF THE
ORIGINAL PAGE IS POOR



PRNGRAM MATN

185

LA7

118

tan

533%

60673

7777

5005

5000

14/74 nPi=t FTN d4.4+R40] i

TV1I(J)=TVSL

RTICJY¥=RTOT

RWE1 (J)=RWEST

RWCE(J)=RWCST

GO TO 1AA

IF(K ,NELT1)GO TOQ 187

TVi1(J)=TV31

RT11(J)=RTQOT

RAE11(J)=RRES]

RWET1(JY=RUWCS]

G0 TU 183

IF(K.NE 53060 TO 18R

VS (J)=TVST

RT5(JY=RTOT

RPFS{J}=RPESI

RWES{.J)=RWEST

RIES(JI=RTFS1

RVS{JY=RVSH

RICS(J)=RTCSI

RWCS(J)=RWCST

RPCS{J)=RPCST

CONTI'NUE

AYTV(J)I=TVST

AYDT(JII=DELTAT

AYH(J)=RSI

AYRTOT{.T)=RTAT .

AYRPE{JI=RPEST

AYRWF{J)=RWEST

AYRIELJI=RIEST

AYRV{J)=rVSET

AYRTC(JI=RICS]

AYRWC{J)=RW(CST

AYRPCLOJ)=RP(CST

AYTC(J)=TLS7Y

GATE=1,0

TC=TC+TCINC

CONTTMUF

WRITE(6,3333)

FORMAT (1H1)

NRTITE(6,6063)

FORMATC(T20,"HNITS =e=",T45,"TEMPERATURF == K", T5%,"RESISTANCF == X
C/AATT",T79,"HFAT TRANSFER RATE =~ WATTS"})

WRITE(6,7777)

WRITF(&,7777)

WRITE(&,/T777)

WRITF (&, 7/777)

FORMAT(1HN)

WRITE(H,500%)

FORMAT(TL,"NY, 122, TV, 729, "OFLTAT",T3A,"RIOT", T4, "RPE", T60,
C"QWF",T?lp“RIE",THP,"PV",TQS;"RIC“.T1OQ,"RNC",711'5,"RPC“,T1PF>,"TC"
)

aRTTE(b,7227)

Dﬂ 200 J:Iup()”lﬁ

WRTTE(6,S000)AYRCT) ,AYTY(d) L AYDTCI) ,AYRTOT () , AYRPECJY LAYRWE(T), AY
CRTIECJIY,AYRVIJI,AYRIC(I) JAYRWC(I) , AYRPCIJ) ,AYTC(T)

FORMAT(TC, ,Fba2,T20,F6,2:T728B,Fb.°, 135, E10,4,TH6,E10,4,TYT7,E10,1,
CTAB,E10.8, TT9,E10,4,T90,E10.4,1104,810,4,T112,E10,4,T123,F8,7)


http:AY,4PC(,J)=RPC.SI

PROGRAM MAIN

! 200

OO0

510

300

Oon

610

jasru 0pPT=1 FTN 4,4+R401

CONTINUE
2=+DO

PLOTTING DY VS, TV AT CONSTANT @

IF(K,NE,1)6GO 10 519
CALL SCALECAYTV,6,0,200,+1)
FYIv=AYIV(201)
DVTVSAYTV(202)
AYDT(201)=0,0
CALEL SCALFCAYDT,7.0,201,+1)
FYDT=AYDT (202)
DYDI=AYDRTC(203)
CEALL AXTS5(0,0,0,0,17HYAPDR TEMPERATURE ;=17,6,0,0,0,FVTV,DVTVY)
CALL AXTS{0,0,0,0,7HDFLTA Te47,7.0,Q0,0,FVDT,DVYDT)
CUNT LNUF
AYIV(PD1)=FVTY
AYTV(P02)¥=DVTV
AYDT(201)=FVDIT
AYDT(202)=DVvDT
CALL LTNE{AYTV,AYDT,200,1,+50,S5YM)
SYM=5YM+1
CONT IMUE
CALL. PLAT(XP,0,0,=3%)
ARRAY 25
PLOTTING RTOT,RWF,RAC, VS§. TV

CALL SCALECTVS,6,.0,200,+1)
FVEVSTVSI201)

L DVTV=TVS(202)

RTS(2011=0.0

CALL SCALF(RTS,7,.0,201,1)

FVYR=RTS {202}

NDVR=RTS(203)

RTS(201)=FvR

RIS(202)=NVR

CALL AXTS(0,0,0,0,7HVAPUR TEMPFRATURE ,=17,6.0,0.0,FVTV,DYIV)
CALL AXTS(U.0,0,0,1BdTHERMAL RESTISTANCE,+18,7.,0,90,0,FVR,DVR)
SyM=1

CALL LINECIVS,RTY,200,1,+50,8YM)

SYM=S5YM+ 1

RWES(PO1)=FVR

RWES (202 =DVR

RACS(201)1=FVR

RWCS{202)=DVR

CALL LINECIVSH,RWES,200,1,450,5YM)

SYM=SYM+ 1

CALL LTNECTVS,RWCH,200,1,+50,8YM)

PLUTTING RPE,RPC, VS, TV

SYM=SY#H+1

CALL PLOT(XP,0,0,=3%)
TF(RPES(L).GT.RPLS(1))610,61Y
RPF5(201)=0,0

CALL SCALE(RPES,7,0,201,1)
FVR=RPES{(202)



PROGRAM MATHN

615

I

650

h55

19

Mmoo

oo

YR L PI=1 FIN 4,4+R401

NDVR=RPES(203%)

GO TY 618

RECS(201)=0,0

CALL SCALF{RPC%,7.0,7201,1)

FVYRz=RPCS{(2072)

DVR=RPCS(203)

CONTINUF

RPES(2D1)=FVR

REES(202)=DVR

RPCS (P01 )=FVR

RECS(202)=NVR .

CALL AXTS(0.0,0,.0,1THVAROR TEMPERATUPE;‘I7;6.ﬂrn.ﬂpFVTV'ﬂVTV}
CALL AXTSI0,0,0,0,184HTHERMAL RESTSTANCE,+18,7,0,90.0,FVR,DVRY
CALL LTHELIVR,RPES,200,+1,+50,5YM)

SYM=SYMe ]

CALL LINECTVS,RP{5,200,+1,+50,8YM)

PLOTTING RIL,RTC VS, Tv

SYM=SYmMi

CALL PLOI({¥¥,0,0,=«4%)
TEFCRIFS{IY.GT.RICS(1))650,655
RIES{(AD1)¥=0,0

CALL SCLAIFeRIFS,T7,.0,201,1)
FVYR=RIFS{202)

NDVR=ZRTIFR(20G3)

0 TO A5%

RICS(P01)=0,0

CALL SCALRIRICS,7.0,201,11%
FVR=RICS(P0OP)

DVRZRTCHR{203)

CONTINUFE

RIES{PO1)=FVR

RTIES{POPY=DVR

RICHR{PO1 Y =pVH

RICS(PO2)=NVYNR

CALL AXTS5(N, 0,0,0, 1 7HVAPOR TEMPERATIHRE ,~17,6.0,0,0,FVIV,DVTV)
CALL AXTS{U,0,0,.0,1BHTHERMAL RESISTANCE, 18,7 ,0,90,0,FVR,DVR)
CALL 1 INECTVS,RTFES,200,1,+50,5YM)
SYMZSYM+ 1

CALD LINECTVR,RILS,P00,1,450,5YM)

PLOTETNG RV VS, TV

SYM=SYM¢ 1
CALI PLOT(XP,0,0,=3)
CALL SCALF(RVS,7.0,200,+1)
Fvir=RYS5(201)
NVRZRVLH(2072)
CALL AXTS(D.0,0,0,17HVAPDR TEMPERATURFE ,=17,6,0,0.0,FVIV,DVIV)
CALL AXTS(0.0,0,0, JBHTHERMAL RESTSTANCE, +18,7,0,90,0,FVR,DVR)
CALY LIMECIVS,RVS,200,1,0,0)
ARRAYS =z 1

RINT, RWE , Hur,

SYM=5YM+1]

REPRODUCIRILITY OF TER
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PROGRAM MATHN

[ B o B B ]

400

2207
99

Thn/sia NPT={ FIN 4,4+RUD)

CALL PLOT(XP,0,0,=3)

CALL SCALF(TV1,A,0,200,+1)
FYTV=TVI(201)

DVTV=TVI(202)

RT1(201)=0. 0

CALL SCALE(RI),7.0,701,1)
FYR=ZRT1(P02)

DVR=RTI(AP0Y)

RTI(201V)Y=FVH

RI{{202)Y=0VR

RWF1{20t)=FVR

RWF1(P02)=DVR

RWCT1(201)=FVR

RWET1(202)=DVR

CALL AXTSE(0,0,0,0,17HVAPNR TEMPFRATURE ,=17,6,0,0.0,FVTV,DVIV]
CALY AXTSE0,0,0,0, 1AHTHERMAL RESISTANCE, +18,7.0,90.0,FVP,NDVRY
CALLL LINFCIVI,RTI,P00,1,+50,5YM)
SyM=synisl

CaLlL LINEMIVI,RWEL,200,1,+50,5YM)
SYM=S5YM+1{

CALL LINETIVI,VWC1,P00,1,+50,85YM)

ARRAYS =2 11t
RIQT,PWE, RWC

SYMzSYM+ L

Catl PLOT(XP,0,0,=3)

CAll SCALF(TVvi1,6,0,700,41)
FVIv=TvVii(201)

pviv=iviic2o2)

RI{1¢201)=0,0

EALL SCALF(RTIYt,7.0,201,1)
FYR=RT11¢(202)

DVR=RTL1E207)

RTI1(201)=FVR

RI11E€202)=NvPR

RWELL1(201Y=F VR

RWELN1(202Y=DVR

RWC11(201)=FVR

RWC11(202)=NVR

CALT AXTS{0,0,0,0, 1RHTHERMAL RESISTANCE, +18,7,0,90,0,FVR,DVR)
CALL AXIS{0,0,0.0,17THVAPOR TEMPFRATURE ,,=17,6.0,0,0,FVTIV,RVTV)
CAVL LINFCTVI,RT11,200,1,4%0,5YM)
SYMz=EYM4+]

CALL LINECQIVIT,RYF11,200,1,+90,8YM)
SYMz=SYM+ 1

CALL LINECIVII,RACIT1,200,1,+450,8YM)
CALL PEOT(XP,0,0,=3)

CANT INUF

CalLi PLOT{1,0,1,0,999)

FORMAT(1H4

STOP

F D



