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ABSTRACT

A relatively simple method has been developed to optimize the location,
temperature, and heat dissipation rate of each cooled shield inside an insula-
tion layer. The method is based on the minimization of the entropy production
rate which is proportional to the heat leak across the insulation. The re-
sults show that the maximum number of shields to be used in most practical
applications is three. However, cooled shields are useful only at low values
of the overall, cold wall to hot wall absolute temperature ratio, The
performance of the insulation system is relatively insensitive to deviations
from the optimum values of temperature and location of the cooling shields.

Design curves are presented for rapid estimates of the lc.ations and
temperatures of cooling shields in various types of insulations, and an equa-
tion is given for calculating the cooling loads for the shields.
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NOMENCLATURE

A

Area of heat flow, ml

Specific heat of the boiloff vapor, kJ/kg-K

Functional agefined by Eq. (14)

Functional defined by Eq. (13)

Latent heat of vaporization of the boiloff liquid, kJ/kg
Thermal conductivity, W/m-K; with subscripts, coefficients in Eq. (1)
Overa]] thicknes; of insulation, m*

Exponents in conductivity function, Eq. (1)

TS/TC, temperature ratio

Heat flow rate, W

Tc/ Ty, overall temperature ratio

Dimensionless entropy production rate defined by Eq. (5)
Entropy production rate, W/K

Thickness between walls with single shield between, m*
Absolute temperature, K

Distance from cold wall, m*

Distance from cold wall in a multi-shield configuration, m*
x/t, dimensionless distance*

x'/L, dimensionless distance*

Defined by Eq. (8)

Subscripts

C

Cold wall
Hot wall
i-th shield
Minimum
Optimum

Shield

¥For systems with single shield L = t, x = x', X = X',
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INTRODUCTION

The search for the ultimate, energy efficient insulation system has.led
.in the past few years to a fascinating rediscovery and application of some
fundamental concepts of thermodynamics: specifical\y, the second law and the
use of entropy production rates and availability (or exergy) for design
optimization purposes. The classical approach has been to minimize the heat
flow between surfaces at different temperatures.

The concept of a single vapor-cooled shield in an insulation has been
treated theoretically as far back as 1959 in Scott's classic textbook on crjo-
genics {1] and designs employing them were described not much later (2],
Paivanas, et al., obtained a patent [3] and later reported on the use of uni-
formly spaced multiple shields which were cooled by the boil-off ffom the in-
sulated dewar [4]. Eyssa and Okasha [5) considered only radiative heat ex-
chanye between shields and minimized the total refrigeration power reguired.
Hilal, et al., [6,7] used a similar minimization of refrigeration power as the
design basis, Related works were reported by Bejan, et al., [8-11].

Recently, Bejan [12] proposed a new point of view, based on the second
law of tnermodynamics, which considers thermal in5ulations as dissipators of
useful mechanical power (i.e. the availability or exergy) or, alternately, as
generators of irreversibility or entropy. Thus, in this method, optimization
of an insulation corresponds to minimization of either the entropy production
rate or the irreversibility, or the decrease of availability, various
applications of this concept to insulation systems have been documented sub-
sequently [13,14].

Qur work grew out of an examination of Cunnington's paper [13] who
utilized a numerical technique to find optimum temperatures at given locations

for one and two shielas for a thermal conductivity function of the form



leO's. Although several equations seemed to be incorréct]y printed we have
found two of the design curves to be essentially corréct. Thus, our purpose
was |

1. To develbp a simple optimization technigue;

2. To generalize the results to a broader class of insulations; and

3. To deveiop simp]é design methods for cooled sh1e1d§.

The essentials of this report were already published [15].
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ANALYSIS

We accept the previously developed concept that to optimize an insulation
system is equivalent to minimizing the entropy production rate. In addition,
we assume one-dimensional heat flow and that the heat capacity of the boil-off
gas is adequate to do the cooling for all shields and does not,imbose a re-
striction on the optimization. In contrast to Rejan [9,11] who has developed
a constrained optimization based on the heat'capacity of the boiloff we employ
_the argument that in all practical systems the boil-off is generated by
cooling of some equipment in addition to the heat 1éakage across the
insulation.

Parallel neat paths, e.g. Ssupports, have not been ;onsidered. However,
each patnh can be optimized separately wusing its own thermal conductivity
function. Then a design decision has to be made whether'the two structures
should be independently cooled at their respective optimum conditions,

We examine the general situation of an jnsulation where equivalent ther-
mal conductivity, k, can be expressed as a two-term function of the absolute

temperature
ko= kg TM + k1" (1)

where, typically, the first term represents aci.al conduction with m ~ 1 and
the second term represents radiation with n ~ 3. In the following, m and n

can be any value except -1.

The heat flow across a layer of insulation can be expressed in terms of

Fourier's law

g dx = Ak d7 (2)



Substituting k from Eq. (1) and integrating across a layer from one end
at 1, to the other at 2, yields
A rk1

2" Xz‘m + 1

k
n+ n+
q* 5 (13 Ty e Lyt - rth. (3)
Now consider the insulation with a cooled shield at Tg located at «x
between a hot surface at Ty and a cold one at Tc, separated by the insulation
thickness, t, as shown in Fig. la. The entropy production rate for the

insulation can be determined from the heat flows and temperatures as follows

. Qy 9¢ Qg
S = - + + - ] (4)
T T Ts .
where qg = gy - qc-

The heat flow terms can be expressed in the form of Eq. (3) and the re-

sulting expression can be non-dimensionalized using the following terms

_ St _ :
s = II; where k, = k at T, 3 (5)
T
P = Té’ ' (6)
C
T
c .
Rz =, (7)
Ty
k(m + 1)
Yy = T n-m, (8)
El(n + 1) H

and

X = .:. (9)



The resulting equation is

n+1)

s(m+ 1)(1 + Yol

s R T (R 1 e (pR)7T)

+ yLPR)™Y L ey - 1+ (PR)TIDS
+ % RUP™L L p™ 4 p7ly
T L AR L I P'l]} (10)

Since R, the overall temperature ratio, is generally known, s is a func-
tion of P and X, and its extreme value can be found by differentiating it with
respect to each variable separately and setting the results equal to zero.
This procedure yields two equations to be solved simultaneously: 3s/3P = 0 and

3s/9X = U. Because of the regular form of the expressions, one of the final

two equations contains only a single unknown as follows:

R™ F(m,p) + y R" F(n,P)

(R™! pim,p) + vy R™} p(n,p3°

[0(m,PR) + y D(n,PR)]?
x . ™! op(mp) +y2"! p(n,p) (12)
1-X D(m,PR) + y D(n,PR)

where the following functionals were used:



b+l _gb _ 3 4! (13)

F(b,B) = R

D(b,B) = (b + 1) 8% - g%} - 872, (14) '

ti

Thus, to find the optimum temperature and location for a shield, Eq. (11)
can be solved for P, and then X can be calculated from £q. (12). The heat to
be removed by the shield, qg = q4 - qc, can be found, as before, from

Eg. (3). In dimensionless form the equation becomes

QSt n+l
—! e——
- ™! sy - ™

m+] m+] . Y[(PR)n+1 - Rn+1]

- T (15)

For multiple shields t; represents the distance between the two surfaces
surrounding the i-th shield on either side, TH,i and TC,i are the temperatures
of these two surfaces, X; = x;/t; 1is the locatibn of the shield relative to
t;, and x; is tne location of tne‘shie1d relative to the cold wall as shown in
Fig. 'b, To determine the optimum temperatures and locations for multiple
shields, first we assumed a temperature for the first shield next to the cold
wall, then we used Eqs. (11) and (12) to find the temperature and Tocation of
the second shield. This procéss was repeated for the rest of the shields and
the hot wall. Thus, each shield was optimized consecutively with respect to
the two surfaces on either side. With given values of the overall

temperatuare ratio, R, and of the number of shields, the process requires

iterative solution.



To put the results into proper perspective, the entropy production rates
can be compared to the thermodynamically minimum rate obtainable through spa-

tially continuous cooling., According to Bejan [12], this rate is

T

Spin = 2L T 021l a2, (16)
0T ,

Tnis expression was evaluated analytically for the single-term functions

of k, i.e. for y = 0, and numerically otherwise.



RESULTS AND DISCUSSION

The first set of curves, Figs 2 through 9, show the reiative entropy pro-
duction rates for various thermal conductivity functions and for up to four
optimally cooled shields as functions of the overall temperature ratio

R = TC/TH. The curves show that the entropy production rate increases with
decreasing values of the temperature ratio, R, and with increasing values of
the exponent, m and n, Adding shields, of course, reduces the entropy
production rate; but for most of the practical temperature range, say
0.01 <R < 0.4, only three shields contribute to significant decreases and
adding a fourth shield can be considered unnecessary. No shields are useful
at high values of R; but this "high" range is strongly dependent on the
exponent of the temperature. The curves developed with k = k1 70.6 for one
and two shields were very close to those given by Cunnington [13), converted
appropriately.

Study of the results of two-term conductivities reveals that the curves
fall between those obtained for each of the two terms alone. If y is small
the first term, T", dominates; whereas if y is large (}10), the second term,
T, controls. Thus, general conclusions can be drawn from examining the re-
sults of the single-term conductivities.

The second set of curves, Figs, 10 through 31, show the optimum
temperature ratios, TS/TH, and optimum locations, x'/L, of cboled shields as
functions of the overall temperature ratio, TC/TH, for various thermal
conductivity functions and with different number of cooled shields.

Figures 10 and 11 show the optimum single shield temperature ratios,
PR = TS/TH, and locations, X = x/L, for five conductivity functions. Both of
these functions generally decrease with decreasing R. The other figures in

this set show shield temperatures and locations for systems with up to three

<



shields and for both single-term and two-term conductivities. The results are’
strongly non-linear, For example, fbrvk1T3 and R = 0.01, the optimum tempera-
ture ratios for three shields are about 0.09, 0.3, and 0.6 and the optimum
locations "are about 0.05, 0.2, and 0.5, As is to be expected; our uncon-
strained qptjmizatioﬁ yields\ a somewhat better performance per shield than
Bejan's [9,11] constrained hethod. | |

The sensitivities of the entrop; productibn rafes to deviations from the
_optimm values of PR and X aré demonstrated in the last set of curves,
Fiés. 32 through 35,'for single shields. Tﬁe sensitivity increases with the
value of the exponents, m and n, but the curves are relatively flat near the
minima. A $20 percent change from optimum, for example, has negligible
effect. Thus, the system is re]at{vely tolerant of Jdeviationﬁ from the
optimum design cond1t10ns. . 4

falculations with two d1fferent conduct1v1t1es on the two sides of a
cooled shield show that using the better insulator on both s1des a]ways ‘yields
-the'optimum condition. However,vif for some reason two types of insulations
have to be used, then the better insulator should be placed on the warm side

of the shield.



REFERENCES

1.

2.

9.

10.

11.
12.

13.

14,

15,

.Scott, R, B.,'gfyogenic Engineeriqg,‘D.VVan Nostrand Co., Princeton, N.J.,
1959. ' - '

Murto, P. J., "A Gas-Shielded Storage and Transport Vessel for-Liquid'
Helium," Advances in Cryogenic Engineering, Vol. 7, 1962, pp. 291-295.

Paivénas, J. A., A. W. Francis, and D. I-J. Wang, "US Patent No. 3,
133, 422, "Insulation Construction,” May 19, 1964. .

Paivanas, J. A,, 0. P. Roberts, and D. I-J. Wang, "Multishielding--An Ad-
vanced Superinsulation Technique," Advances in Cryogenic Engineering,
Vol. 10,. 1965, pp. 197-207,

.-Eyssa, Y. M,, and 0. Okasha, "Thermodynamic Optimization of Thermal Radia-

tion Shields for a Cryogenwc Apparatus Crzogenics, vol, 18, 1978,
pp. 305-307. — :

-Hilal, M, A, and R. W. Boom, “Optimization of Mechanical Supports for

Large Superconductive Magnets," Advances in Cryogenic Engineering, Vol,
22, 1977, pp. 224-232.

Hilal, M, A., and Y. M. Eyssa, "Minimization of Refrigeration Power for
Large Cryogenic Systems," Advances in Cryogenic Engineering, Vol, 25,
1980, pp. 350-357. . , _

Bejan, A., and J. L. Smith, Jr,, “Thermodynamic Optimization of Mechanical
Supports for Cryogenic Apparatus, Crzogenics Vol, 14, 1974, pp. 158-163.

Bejan, A., "D1s;rete Cooling of Low Heat Leak Supports to 4 2K," Cryo-
genics, Vol. 15 1975, pp. 290-292.

Bejan, A,, and J. L. Smith, Jr., "Heat Exchangers for Vapor-Cooled Con-
ducting Supports of Cryostats,“ Advances in Cryogeni¢ Engineering,
Vol, 21, 1976, pp. 247-256.

Bejan, A., Entropy Generation through Heat and Fluid Flow, Wiley-Inter-
science, N.Y., 1982, Ch, 9, .

Bejan, A. "A General Variational Principle for Thermal Insulation System
Design," Int. J. Heat Mass Transfer, Vol., 22, 1979, pp. 219-227.

Cunnington, G. R., "Thermodynamic Optimization of a Cryogenic Storage Sys-
tem for Minimum Boiloff," No. AIAA-82-0075, AIAA 20th Aerospace Sciences
Meeting, Orlando, F]or1da 1982.

Schultz, W, and A, Bejan, "Exergy Conservation in Parallel Thermal Insula-
tion Systems," Int, J. Heat Mass Transfer, Vol, 26, 1983, pp. 335-340.

Chato, J. C, and J. M. Khodadadi, "Optimization ofACooled Shields in
Insulations,” ASME Paper No. 83-WA/HT-57, 1983, to be published, Trans,
ASME, J. Heat Transfer,




13

Hot Wall T,
f ,
t=
Shield Ts
-5
x=x'
Cold Wali Te
(a) |
Hot Wall T,
o
®
o
(1+1)-th Shield Te =714,
LT ’ '
5 7 i—th Shield Ts.
| Ti x; |
1 G=1)-th Shield T, =T,
' ® |
X!
! o
Cold Wall Te
(b)

Figure 1 Schematic of the Nomenclature for (a) Single and
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Curve Set 1: Figures 2 through 9
The effect of optimally cooled shields on

the entropy production rate for various thermal conductivities.
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Curve Set 2: Figures 10 through 31
Optimal shield temperatures and locations for various thermal

conductivity functions with different number of shields.
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Curve Set 3: Figures 32 through 35
System sensitivity to deviations from the optimum shield
temperatures and locations for two overall temperature ratios

with one cooled shield
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APPENDIX
COMPUTER PROGRAMS
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SEPARS and SHIELD

These two programs are essentially jidentical, but SEPARS is written in
PASCAL whereas SHIELD is in BASIC.

To allow for consecutive calculations of different systems, the program
always recycles to the startfng point. Consequently, the first input
requested is either a 1, if a calculation is to be performed, or a 0, if no
more work is to be done,

“Next the program requests input of the insulation's characteristics,
specifically, the twb exponents of the temperatures in the two-term
conductivity function, the maximum number of cooled shields (<10) to evaluate,
the value of y, and the temperature ratio of the first shield to the cold
wall, P(1) = Ts1/Tc. The program c51Cu1ates and presents the characteristics
of al) optimal systems of cooled shields from one shield to the maximum number
specified in the input.

The flow chart and a program sample follows.
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ORIGINAL PAGE 1§

BEGIN SEPARS

i

OF POOR QUALITY,

l{/?o PERFORM COMPUTATION, ENTER t. OTHERVISE, ENTER 0. READ PPE//

NO
15 PFC = 1 ?
<:E:> YES

1

@

/ENTER INSULATION CHARACTERISTICS, NUMBER OF SHIELDS AND P[l]//

CC_} .

SOLVE RIIJ ITERATIVELY

T~

CALCULATE stldy, I01)

NO

YES

53

ONE ‘SHIELD ARRANGEMENT

ASSICN L3013, TCHI1),
TSHI1], L4C1) AND

L2013 = (1.0 - XC1-13) / 1C1)

NO

NO

YES

IPLI1)

TWO SHIELDS ARRANGEMENT
ASSICN L4[2) AND TCH[2)

©

THREE SHIELDS ARRANGEMENT
ASSICN LAI3) AND TCH[(3)

FOUR OR MORE SHIELDS ARRANGEMENT
ASSICN B AND L4I1)

J = 2

®



ORIGINAL PAGE g
OF POOR QuUALITY

=B /X
LeLI) = L4LI])
J s J ¢

YES
ASSIGN L4[I] AND LO

J = 2

Lo = L0 7 110J]

J=J ¢
NO
1S J » IM1 ?
YES
ASSICN LO, L4II) AND TCH{I)
J 1
k
A
TCHII) = TCHI!) ¢ PLJ]
J=2J ¢+ 1
NO
1s J ) IM1
f! YES
L303) = L4L1)
IPLI1) = X(1) / L3IL1)
J = 2
ASSICN L3[J) AND XPLILJ]
= +

TSH{J) = TSH{J-11 * PLJ)

= J ¢ 1

iIsJ ) 1?

YES

54



- -
ORICINZL PREE (%

C? OF POOR QUALITY
= 1
s T

YES

[ 3%
"
~

T2(J) = TSH{J-1]
J=J + 1

NO

tS

ASSICN L301+1) AND X(1+1)
J = 1

¥

CALCULATE QLJ), SISHIJ) }

Y

OUTPUT THE HEAT REMOVAL RATE AND ENTROPY

PRODUCTION RATE AT EACH SHIELD ALONG WITH

OPTIMUM LOCATION AND OPTIMUM TEMPERATURE
FOR THE SHIELDS' ARRANGEMENT

CALCULATE QHOT, QCOLD AND SCOLD

'

CALCULATE STOTALLI

!

CALCULATE SMINC!), STOTMINCI), SMAXII), SMAXIN(I]

NO

YES

Pllel) = 1.0 7 P}

i
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OUTPUT TCHLI], OCOLD.'OHOT. SCOLD,
SMINII], SMAXII], STOTAL{I], SMAIINII}
AND STOTMINI1)

NO '
IS 1 ) NS 3 ;@

YES

[//F;B PERFORM COMPUTATION, ENTER 1. OTHERWISE, ENTER 0. READ PFC. ;
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s,

-
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FACCRAY. SHIELDS(INPLUT! OUTPUT. /MK,

PR L N N Rl R R R R R R R R R R E R RN AR RN IR R R AR R R RN R R R R R R R R R E SR R R R I R IR R R R E R R AR IR IR IR LR DY
(EV R e RNt N O R R RNt Rt RN NN e RO RNt O PR R RN IR RN o s N oo eI eR eItV ueetoeseesossossteInesaIsrTIIRSIY)
P T INE TE  EN IR N RN RN IR RO RO ISR AP ORIt RPNt e e s RR R Iv eI I RU T I REOUOEIRTIEITETREIREIRIRORORORONTTURTEIETS;
(PR T et Rt e P A ROt I s IRt e TR st s eI Reaeetesesee e suueetReoroianoeeResnoseeeteeaoeansoseosesstone:
AR RN AR R R R R RN R R SRR RN EE TaeerRee R RETRR IR RSO ERRORIONLROIRENSRR)
(PR RORIRERAURETNIRERRUORRURENRITINE] o eceeea.n ) SEPA!S [ tesatsestRREsRRRRRROROORILIRLISRROIGTYY)
-ttsRusRRIEgREtCIR IR RRRROUSRRYRORLOTRY
ARSI IR RERERANRARY]
JqpesepraeRRRRRRERRISOCY
(tesesvegeRRESRRORSS

J L CHATO & J N KHODADAD:
DEPT OF NECHANICAL & INDUSTRIAL ENCRS
UNIV QF ILLINOIS AT URBANA-CHANPAICN teseeretsvovsessstaneesetsvneny

1306 v GREEN STREELT . teseesERRRLRRORIRY
URBANA. Il ¢i881 (311} SENRINIETNRARRRRIVENITLEIRNTY)
eeguITRIRIRENTORRIRERRRRRRORNTRIOIRTLETYL],
JTerEeRRTIORRRITIN I RNS RGN ATRILEIRIYORORY JULY 1983 tNsIt TR ReRR RN RO RO RRONIRYN YIRS
cETHTIeRIERRLILITY ISR NLLIITLAISRY sesevsseRTRNTO LIRS RS RRN RO RRRON SRS,

;'ll"lllll!l!llllllllllllll'llt'llll'll!lll'lllillliiIl!lllll!llllllllllll'ltll!!ll'!llllll.lll'lll'lllllllll!l)
.l|llllllllIIl|llllllllllllllililllllllllll'l'lIl'lllIllll'lll"llllll'lllll'l!lllllllllll"l'll'l!llllll'llllIl}
‘l'llllllll!lll'llllllllll'l’lllll'llllll!lil"ll|lllllllll|ll!ll||‘l|'l|"'lll'l'l'lllllllllll‘.lllllllllll’lll;
lll!lll"lllll'l'lllll!lllllllllll'lllll!lllll|'ll'lIlll'llllll'llllllllll"l'l.'lllll'lIlIlll'lllllll'll'lllll,

f'||lllllllllllll||ll'llllllll'llllll'll.llll'lll'l"llll)

i ) 1)

(0 TUIS PASTAL PROGRAM WAS DEVILOPED TO 9PTIMIIE TH: o

(v LCCATION, TIEMPERATURE AND HEAT DISSIPATION RATE ')

(v OF EACH CCOLED SHIELD INSIDE AN [NSULATION LAYER 1wy

(0 THD THIRMAL CONDUCTIVITY OF THE INSULATION HAS 1)

<1 THI SENERAL TORXM, 1)
( [
{t K = Kle(TeeN; o K1e(TeeN) )
o 1)

1t THE METEQD 1S BASED ON THE MINIMIZATION OF THE t)
(¢t ENTRO2Y PRODUCTION HATE WHWICH IS PROPORTIONAL TO %)
or THL HEAT LEAK ACROSS THE NSULATION 1)
N : ')
(lllllll'll!l'!llllll.lll"llllll'll.l"lllI'llllllll'lll)
{IIIll!'lllllllllllllllllll'llllllllll!llll|lilllllllllll)

LA
ADID 36
TV . '
ARFATZ:ARRAY:: 0. OF REAL. (* THE 5120 OF ARRAYS DETERNINES THE MATINUM NUMECR OF SHIELIS ©)
ARRAYP=ARRAYI. 1) OF REAL, (v THE SIZE OF ARRATP 1S EQUAL TO NSel ®)
(lllllllllll'llllllll'll'l'|l|||l|ll'l'lll|l|l'l|ll)
VA . (+ --) LET THICKiI: REPRESINT THE SPACING (--

(¢ <-) BETWEEN (I-1)-TH ¢ (le1)-TH SHIELDS (-- )

(saNsQeanseR R ERRIdRR ORI R RRRRRERRTRIIGSARORRR RONORYRY!

. ARRAYS, (* THICKI!} 1 THiCKLi-11 ®)

2! . ARRAYP, (e DUIOTY VARIABLE )

o ARRAYS. (r OVERALL INSULATION THICKNISS / TMICK{I) RATIO ©

4 ARRAYS, (¢ 1.TH SHIELD / LOCAL COLD TEMPERATURE RATIO. ALWAYS ) ! ©)

2 ARRAYS, (0 1-TH SHIELD DIMENSIONLESS HEAT REMOVAL RATE »»

R ARRAYS, (¢ ]-TH LOCAL COLD + LOCAL HOT TEMPERATURE RATIO, ALWAYS ¢t 1 )

3 ARKAYE, {9 DIMENS:ONLESS ENTROPY PRODUCTION RATE fOR I-TH LATER )

SISH ARRAYS. (¢ |-TH SHIELD DIMENS!ONLESS ENTRCPY PRODUCTION RATE W)

SKAL ARRAYS, (* MAIINUM DINENS:ONLESS ENTROPY PRODUCTION MATE ¢)

MK ARRAYS. (v RINIMUM DINENSIONLISS ENTROPY PRODUCTION RATE )

SKATIN . ARRAYS. (¢ SMAI(I] 1 SHMINLI] ¢}

ST0TAL . ARRAYS, (¢ TOTAL DIMENSIONLESS ENTROPY PRODUCTION RATE ©

STOTEIN ARRAYS, (¢ STOTALLI ¢ SHINLI) )

Tod ARRAYS. (* COLD VALL / HOT VALL TINPERATURE BATIO. ALWAYS (1 o)

TEK ARRAYP . (¢ ]-TH SHILLD / HOT VALL TEMPERATURE RATIO. ALWAYS (| )

by ’ ARRAYE, (¢ DUIMY VARIABLE @

1 ARRAYP. (* DISTANCE EROR LOCAL COLD SHIELD / TRICKIi) RATIO )

IPL ARRAYS. . (v DISTANCE FROM COLD VALL / OVERALL INSULATION THICENESS *
i ARRAYS, (LI S99 BEANSUN I3 {S DRI}



ORIGINAL Pian
OF POOR QUALITY

] - 1EAL, (s QUMY VARIABLE o)
e - BEAL, (* DUMMY VARIABLE »)
COUNT : INTECER; (¢ WUMBIR OF ITERATIONS NEEDED TO DETERMINE R(1}
oy - BEAL. (¢t DUMMY VARIABLE v)
G.Cl - QEAL; (¢ DNOMY VARIABLLES @)
(111} - REAL, (v (K18 (Me1))/[KE0(Nel)]) ¢ THOTE®(N-N)
. (* WVHERE THOT IS THE HOT VALL TEMPERATURL (K)
1.1M1.1K2.9 : INTECER, (v INDICES FOR LOOPS ®)
Jn : TRIT. (t OUTPUT FILE TO BE USED IFf DESIRID
Le : REAL, (s DUMMY VARIABLE )
X . BEAL, (¢ 18T POVER IN THE TMERMAL CONDUCTIVITY EQUATION
KP! - BEAL, (¢ EQUALS Mel 8}
N - REAL. (* IMD POVER IN THE THIRMAL CONDUCTIVITY EQUATION
L1 REAL, (* TQUALS Ne1 *)
NS INTECER, (s WUMBER OF SRIELDS ©)
Pre . INTEGIR, (v PROCRARM FLOV CONTROLLER
Pl . REAL. (¢ [-TH SHIELD / LOCAL HOT TEMPERATURE RATIO. ALWAYS (1
gcoLs - REAL, (s HEAT OUT AT COLD wALL W)
QK0T REAL, (¢ HEAT IN AT HOT WALL 0)
sCoid - REAL. (s ENTROPY PRODUCTION RATE AT COLD WALL
u.v . REAL, (¢ DUMMY VARIABLIS o
v: ¥1.V} REAL. (v DUMAY VARIABLES ®)
1.0 REAL, (¢ DUMMY VARIABLES ©)

PRCCIDURE INPUTH.

BEZIN (v INPUT OF DAT2 HEADINC %)
WVRITILN.
ENTER ---2) XK N XS GO Pl1l (eeeet)
0,
WHERE L SETEEE 15T POVER IN THE THERMAL CONDUCTIVITY EQUATION'),
N -c-eo IND POVER IN THE THERMAL CONDUCTIVITY EQUATION'),

NS ---- NUMBER OF SHIELDS'),

A}

‘¢t xPUT OF DATA HEADINC ®)

PROCEDVRE PEIH.

BECIN (t PECH ™)

VRITELN. ’

WRITELN: TC PERFORM COMPUTATION, ENTER 1. OTHWERVISE, ENTER ¢.°),
VRITIIN '

END. (v PECH M

PRCCEDURE SINCLESPACE,

BELJIN (v SINGLE SPACE INOUTMT )
VRITELRS )
IND. (v SINGLE SPACL IN OUTPUT ©)

FUNCTION PWR!I1.E REAL) REAL,

VAR
A - REAL,
BECIN (v COMPUTE IItef 1)
A ={PLN(ITY,
PVR =ELP (M)
EXD. (¢ COMPUTE Il m)

FUNCTION D(E. 11 REALY REAL.

BESIN (v FUNCTIONAL D )
D =(Eel 0IOPVR(IT.D)-E/(PVR(IT (1. 04-D21)-(1 $/8QR(2))

IND. t¢+ FUNCTIONAL D ®)

. ALVAYS o) 0 1)

GAMA -- =0 [T USING ONE TERM THERMAL CONDUCTIVITY EQUATION'),
Y0 IF USING TVO TERM THERKAL CONDUCTIVITY LQUATION
PLil -- 18T SHIELD / COLD WALL TIMPERATURE BATIO. ALWAYS )

58
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59
151 FUNCTION F(E,I1:REAL).REAL,

152 BECIN (* PONCTIOMAL £ ©) o A
ES F e (PWR(ID. (Lol DN PVRIIT,E)-1 0e (1. 11D OR'G'NAL PAZZ (8
154 . (0 EONCTIONAL P 0) F POOR QUALITY
158 :
154
RT3 :
258 FUNCTION SINPSON(TCHR BEAL) RIAL.
199 12113
40 ARR:ARRATIY 3013 OF REAL.
TR .
143 ViR
163 c.Y AR,
144 DELTAT 1AL,
14 Y . REAL,
!(; K. L INTECER,
14
) IECIN (*+ COMPUTE MiN;NUM ENTROPY PRODUCTION RATE USINC SIMPSON 5 NUMIRICAL INTTGRATION SCHIME 1)
14! DEZTAT =(! 0-TCHRI/ 100 O,
170 TOR [ &1 TO 10! DO
M BICIN
™ CIL; =TCHRODELTATH(L-1);
171 T{L: PWRC(PWRACIL . M) oCARREKE | /NP L OPWR(CILS NI, 0. $11CIL)
3 END.
7 Ho=Yl1)e¥it0):,
Ry FOR X =2 70 100 DO
11 BECIN
18 *r K=i{X DIV 212 THIN
i HozHed 007(K)
11 13433
HLK H osidel U’Y[Kl
ITH END.
1 SiMPSON = (SOQR(DELTAT/I O0*M) )/ (] DeCAMASIP{/MP!}
84 NG, (v COMPUTE MIN:MUM ENTROPT PRODUCTION RATE USINC SINPSON'S NUMERICAL INTECRATION SCHEME o
185
N
XY
18t
19
19¢
v
43 (* MAIN PROZEAN BODY ©)
1
in ALCIN
it H Prls.
194 READLN.
197 RIAD:2F2).
1] WEILL PEC=t DO
190 BLIIN
20¢
19 (* THIS BLOCK IS USED TO INPUT THEL INSULATION THERMAL CONDUSTIVITY. NUNBIR ¢)
10: (v Of SHIELDS AND 15T. SKITLD / COLD VALL TENPERATVRE RATIO 1)
P23 '
1Y) INPUTH
'TH READLK.
04 READM. N.NS.CAMA.PLID)
207 SINGLESPACE.
100 IT CAMA2O © THEN
200 VRITELNC' THERMAL CONDUCTIVITY OF THL INSULATION IS € s K1oTer" M.} 1)
3:0 ELSE
21! EECiN
K VL TEING THERMAL CONDUCTIVITY OF THI INSULATION 1€ % & EieTer m-3 ¢ ' o g3eTee’ K 3 |)
M WRITELAC [E20(Ne 1) 3/CRIPCNS 1) JATHOTOR(N-H) = *,CARA 9 2)
r3Y ] N,
8 SINCLESPACE.
26 SINGLESPACE,
117
2.8
Y WP! sMel D,
125 KP! sie! 0,
1 FOR : =1 TO NS DO
2 BECIN
12: N el-d,
214 3 -1,
118 RIIS «f 00000,
137 € =0 31;
11 Db «1.9,
131} COUNT .s0,



10
13
131
LEE]
14
138
1311
137
131
i

LM
1
L}
{1
s
{7
ik
48

P33y
15
182
152

1¢q -

se

15§
131}
197
o8

15¢
160
obi
261
263
164
168
166
sl
"‘:
N

ae
‘e

273
1M
7%

7?
178
279
18¢
N
181
83
184
83
184
87
88
1 1
19
i
192
1)
14
134
1%
1
194
Y8
100
36
n
343
154

ORIGINAL -
PAC
OF POOR QuaL/ry

(s TH!S BLOCK CALCULATES R{1) ITERATIVELY ©)

REPEAT

Pl osP(I10R(]),

VI sPVR(RIT) MISE(R, PLID)oCARAOPVR(RII) MIOF (K, PLL]);
V2 «SQR(PVR(RII), (ML 0))eD(N, PLI])«CARAOPWR (RLID, (N-1 0))CDUN.P[]))),
VY =-SQR(D(N,PLICARARD (M, P1))/(F(N. PL)eCANARE(N P1)),
C s (V1/W1) eVl '

Gl =(0DD,

[F C1¢0.0 THEX COTO 140,

IF G190 & THIN COTO 200;

CC-=1-0 1)10CC,

IF ARS(CCI(O 000001 THEX COTO 200

DL =-DD.

100 RE!) . «RITDSCC,

1P (RUDIH0 999999 OR (RLIJCO 000081 THEN

BECIN

R{ID =R{11-0 9eCC,
€C =0 1*CC

END,

100 COUNT <COUNT.t,
UNTIL (Gis0 0 OR (ABS(TCH(D 030001),

U= (PWRIR[T., (K5 000 0D(N, PLID)«CAMAPPWRIRLT], (N-1 O))OD(N.PLIDYS,
LI s DO PL) SGAMASDIN, PI))

ISR SIS ARTH 23 S1Q O

VoatFO POSCAMAYE (N, PLI/ (L 020,

SIET Vo (PWR(RTIT.MOF(M PLIT oCAMAYPVR(RII] JOF (N PLTINI/LLTY,

SI1Y 28010703 DoGAMANP:/MP1)/NPL,

ZIe 60

(v IN THIS BLOCK VARIABLES ARE ASSICNED FOR DIFFERENT SHIELD CONFICULATIONS *)

D THEN
BECIN
L3100 0-2L1-1001 02003,
iF 1:2 THIN
iF )3 THEN
BECIN
8 =0,
A1) =
FOR ) =

¢ 9
¢ TC M3 DO

L4 =Lel])8
END.
LOC1Y 1401000t 0-T0130e1 0,
L0 =1 . 8-1012,
FOR J =2 TO IM1 DO L& sL0/X1(J),
L0 sL0/30!].
L4l <140 10410,
TCHII) =R[!).
FOR J =1 TO IM1 DO TCKII) sTCHIIJ/PLJL,
END
ELSE
BECIN
LAL3Y =1 el C-30AIIRCE NT0INNAALILALIYY,
TCHI3] sROIIZCPLLIVRID))
£
118
BECIN
Lar1) s2l1)e1 820100202,
TCHI1) =RL2I/PL1)
END.
L301) «L4(1);
CIPLELY S20R0/L801),
FOR J =3 TO 1 DO
BECIN .
L303) «L30J-12202001,
IPLLJ) =IPLLJ-1042011L3LIY
END,
TSHI1I«TCRIIIOPLL),
FOR J =2 TO | DO TSRLJ! sTSHLJ-119P(J)
END
1814
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303 JECIN

10¢ L30) o100,

wn TCH{1) =R(:],

10 TSHII) «TCHIT)oP(1],

30 A1) ot 8,

310 IPLLL) . oXL1)

3 END.

mn TSH({le1) =10,

30 T1) . =TCHITY,

114

1y

tH) SINCLESPACE.

n WRITELN(® NUMEER OF SHIELDS = L0,

k3 | VR.TLLN: NUNBER OF ITIRATIONS = ',COUNT ),

o SINCLESPATE,

10 SINCLESPACE,

11 WRITELNC HEAT REMOVAL . INTROPY PRODUCTION oPTINUX oPTIiN M),
in WRITZINGS RATE RATE LOCATION TEMPERATVURE ),
il WRITELRG® eeeecccccces eee tesceccmcennnan eccccesr ceseccccees ),
EH | SINCIESPALE.

328 IF ;¢yt THEN

N FOR J 22 TO I DO T2(J) =TSH({J-1],

wn La0re1Y oL301),

128 Piiel) =t 0-1011%,

iy

11 (t IN THIS BLOCK DIMENSIONLESS HEAT REMOVAL AND ENTROPY PRODUCTION RATES 1)

1% (v ARE CALCULATEID FOR EACH SHIELD t)

il
Lk fORJ=1TO 1 DO

N EECIN

13t 2. = (PWRITSKH{ o.) MPL)-PVR(TSHIS: MP1IIIRL3(Jet J/R0Te1 )« (PWRITSHIJ) NP L) PWR(TZLI ). MPIISLILIY/LLI INDY,
3% 22 = C(PWRITSHI Jo Y NP D) -PVRITSHI I MNP 1))8L3LJe 1) /30061 - (PYRITSHIJ] NP1 -PWR(T2LI) NP1 )OLILJI/RLIN IO,
kEM QUJY s(Z1«GAMASZ2) /4% O+GAMATNPLI/MPL),
33 SISHIJY =Q{J)/TSHIJ..

3 CWRITELNC SHIELID ', 0.2, *:8,00J) 9.5," ' 11 ,SISH[J). 9.8, “ ¢, QPLLJY-0. 8, *:§,TSH{J1 ¢ )
ELH IND.
iy
’ g‘! ot TINALLY. OTHER QUANT:TIES OF INTEREST ARL CALCULATED IN TWIS 8L0CK ®)

4

344 SINGLESPACE.

e JHOT =0ty O-PWRUTSKI!Y . MP 1) «CAMA-CAMACPVR(TSHOI Y NI 0L30T/7(XlTo10MP 1))/ (] OeCAMAOND ! /NPY)
14 QC0.D =iPWRITSHI (. . KPL)-PWRITCHI i3, MP L) «CAMASPWR(TSRI 1) NP )-CARASPWR(TCHO L. NP1 )RL3CI}/(ICL}ONPY;,
kb QCCLD =0CCLD/ (1 OQ«CAMACNPI/NMP,),

34 SCOLL =QCOLD/TCHITY,

Iy STOTALL.) =SCOLD-QHOT,

152 FOR J =1 TO 1 DO STOTALII] sSTOTALLI).SISKLJI,

kL SHINDI: =SiMPSON(TCHILI),
15, STOTMINLYY =STOTALIIY/SMINILY,

3 SMATCL] =00 Q-PVR(TCHII], MP1)+CAMA-CAMACPVR(TCHI L} MP1))0(1 Q/TCHLII-1 ) /XP1) /(] QeCAMAONPI/NPY ),
321 SMALINII. =SMAYIII/SMIN{I],

5
154

197 IF TCINS THEN PLIe1) st O/P1,
58 SINCLESPACE,
359 WRITELNG COLD WALl 7 KOT wall TEMPIRATVRE KATIO s L TCRILL 1404,
168 WRITEIN® HEAT OUT AT COLD WALL = *,0C0LD 1¢-4),

3. WRITELN! HEAT IN AT HOT VALL = ‘L, QHOT 1480,

182 WRITELN: ENTROPY PRODUCTION RATE AT COLD WALL = ', SCOLD 1¢ &)

343 WRITLLN: ENTROPY PRODUCTION RATE AT MOT WALL e ', -QHOT 1¢ §);

364 WRITLLN! NININUX ENTROPY PRODUCTION RATE s 'L SHIN[I) 14 )

kI'} WRITELN: " MAIINUN ENTROPY PRODUCTION RATE = "L SMALLL) 14 §)

11} WRITELNG TOTAL ENTROPY PROD AATE WITH *,1.2,' SHIELDS s ', STOTALID) .14 .0)

3 WRITELN' MAZINUM / NMININUM ENTROPY PRODUCTION RATIO = * SMAIINII).14 ¢

Y| WRITELNC' TOTAL / NINIMUM ENTROPY PRODUCTION RATIO « ‘ STOTMINII]! 14:8)

3 SINCLESPAZE,

¢ SINCLESPACE.

3 SINCLESPACE

12

m IXD.

I PICK.

31 READLN,

174 READ(PEC)

n 1,14

n

IND
3% /50P
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TO PERFORM COMPUTATION, ENTER 1. OTHERWISE: ENTER 0.

ENTER ——— ) N NS  GAMA PC33 F—

WHERE: M =w=eo 1ST. POWER IN THE THERMAL CONDUCTIVITY EQUATION
N ~=-== 2ND. POWER IN THE THERMAL CONDUCTIVITY EQUATION
NS ---- NUMBER OF SHIELDS

GAMA -- =0 IF USING ONE TERM THERMAL CONDUCTIVITY EQUATION
>0 IF USING TWO TERM THERMAL CONDUCTIVITY EQUATION
PC1] ~- 1ST. SHIELD / COLD WALL TEMPERATURE RATIO» ALWAYS > 1

1.0 3.0 1 2.5 13.0

THERMAL CONDUCTIVITY OF THE INSULATION IS K = K18T%%1.0 + K2%T3x3.0
[K2E(M+1)I/EKIZ(N+1)IRTHOTER (N-M) = 2.%50

NUMBER OF SHIELDS = 1
NUMBER OF ITERATIONS = 3%
HEAT REMOVAL ENTROFY PRODUCTION OPTIMUM OFTIMUM
RATE RATE A LOCATION TEMFERATURE
SHIELD 1 0.43837 1.856%9 0.36744 0.23611
COLD WALL / HOT WALL TEMPERATURE RATIO = 0.01%5741
HEAT OUT AT COLD WALL = 0.0143%0
HEAT IN AT MOT WALL = 0.452719
ENTROPY FRODUCTION RATE AT COLD WALL = 0.911631
ENTROPY PRODUCTION RATE AT HOT WALL = -0.452719%
MINIMUM ENTROPY PRODUCTION RATE = 1.000503
MAXIMUM ENTROPY PRODUCTION RATE = 18.236148
TOTAL ENTROPY PROD. RATE WITH 1 SHIELDS = 2.31%503
MAXIMUM / MINIMUM ENTROFY FRODUCTION RATIO = 18.226%€2
TOTAL 7 MINIMUM ENTROFY FRODUCTION RATIO = 2.314340

TO PERFORM COMFUTATION, ENTER 1. OTHERWISE,» ENTEFR 0.

ENTER —e—- M N NS GAMA FL1) Tmm———
WHERE : M —---- 1ST. FOWER IN THE THERMAL CONDUCTIVITY EQUATION
N -==-- IND. POWER IN THE THERMAL CONDUCTIVITY EQUATION

NS ---- NUMBER OF SHIELDS

GAMA -- =0 IF USING ONE TERM THERMAL CONDUCTIVITY EQUATION
>0 IF USING TWO TERM THERMAL CONDUCTIVITY EQUATION

PC1] -- 1ST. SHIELD / COLD WALL TEMFERATURE RATIOr ALWAYS = 1

1.0 . 090 2 0.0 25.0
THERMAL CONDUCTIVITY OF THE INSULATION IS K = K13T$3x1.0

NUMBER OF SHWIELDS =
NUMBER OF ITERATIONS = 23



ORIGINAL PAGT 19 63
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HEAT REMOVAL ENTROPY PRODUCTION OF TIMUM OF TINUM
RATE RATE LOCATION TEMPERATURE
SHIELD 1 T 0.75466 7.03131 0.3%870 0.107232
COLD WALL / HOT WALL TEMPERATURE RATIO = 0.004293
HEAT OUT AT COLD wALL = 0.016030
HEAT IN AT HOT WALL = 0.770487
ENTROPY PRODUCTION RATE AT COLD WALL = 3.734070
ENTROPY PRODUCTION RATE AT MOT WALL = -0.770687
MINIMUM ENTROPY FRODUCTION RATE = 3.504633
MAXINUM ENTROFY PRODUCTION RATE = 115.966333
TOTAL ENTROPY PROD. RATE WITH 1 SHIELIS = 9.994893
MAXIMUM / MINIMUM ENTROPY PRODUCTION RATIO = 33.0879491
TOTAL 7 MINIMUM ENTROFY FRODUCTION RATIO = 2.851908
NUMBER OF SHIELDS = 2
NUMEBER OF ITERATIDNS = 36
HEAT REMOVAL ENTROPY FRODUCTION OF TIMUM OF TIMUM
RATE RATE ) LOCATION TEMFERATURE
SHIELD 1 0.05470 2.71297 0.17463% 0.02014
SHIELD 2 0.884.1 . 4.70478 0.486990 0.1878¢
COLD WALL / HDT WALL TEMFERATURE KRATIOD = 0.000806
HEAT OUT AT COLD WALL = 0.001162 ¢
HEAT IN AT HOT WALL = 0.940073
ENTROFY PRODUCTION RATE AT COLD WALL = 1.440716
ENTROPY FRODUCTION RATE AT HOT WALL = -0.940073
MINIMUM ENTROFY PRODUCTION RATE = 3.921467
MAXIMUM ENTROPY FRODUCTION RATE = 619.477774
TOTAL ENTROFY FROD. RATE WITH 2 SHIELDS = 7.920388
MAXIMUM / MINIMUM ENTROPY FRODUCTION RATIO = 1£7.97091°9
TOTAL 7/ MINIMUM ENTROFY FRODUCTION RATIO s 2.019751

TO PERFORM COMPUTATION, ENTER 1. OTHERWISE, ENTER 0.

0.17%5 CP SECS+ 12415p CM USED.
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PROGRAM SHIELD

€D D ED DT LA s OB

oot e .
b O e

-
awn

PO
- -y

B

00010
0100190
10030
o0
00043
00858
00040
01070
foose
e
qo100
00130
00120
80130
40140
00ise
0140
80:.7¢
00:0¢0
00190

1S

002i0
90120
Do
00240
18
80342
ML
002710
00280
8029¢
603100
90
00320
80323
0N
0a3s
04
LRERY
10353
03358
32360
30279
0028¢
00290
0400
004:2
4043t
LR
WO
1043
Qoede
goaqe
00450
podi0
to4ne
d048
00450
20569
050
00530
80530
L[ 3L14
209%¢
1Y
60574
00573
10384
005990
9059
00594
80400
00412
W

REM THIS (5 A °BASIC® PROCRAM T0 CALCULATE OPTIMNUN TEMPERATURES.
REX LOCATIONS, AMD COOLINC LOADS FOR COOLED SHIELDS IN A CRYOCENIC
REM INSULATION SYSTEM WHOSE TMEAMAL COMDUCTIVITY FOLLOVS THE RELATION
RN KaCL0T MO .o C2¢T°NE
:g: MODIFIED IN LATE MOV. $902.
:En DEFINITION OF STYMBOLS USED:
N
REM COLD-SIDE VALL TEMPERATURE TO
REN VARM-SIDE VALL TEMPERATURE TY
RE® SPACING SETVEEN SHIELDS AT Iel AND 1.1 L1(D)
REM OVERALL THICKNESS OF INSULATION L
REM LOCAL SPACING RATIO. LICIM/LI(I-1). LD
REM OVERALL SPACING RATIO. L/Li(1) L&Dy
RE™ (DISTANCE FROM COLD WALL)/L- LS(D)
REM i-TH SHIELD TEMPERATURE T(1}
REM I-TH SHIELD POSITION RATIO (D)
REM :-TH SHIELD TEMPERATURE RATIO P(I) (ALWAYS )1)
REM ©-TH COLD-VARM TEMPERATURL RATIC R(I) (ALWAYS (1)
REM I-TH DIMENSIONLESS ENTROPY PRODUCTION RATE S¢I)
REM (-TH DIMENSIONLESS REAT REMOVAL RATE O(D)
REM TOTAL DIMENSIONLESS ENTROPY PROD RATE. SI(I)
REM MINIMU™ ENTROPY PRODUCTION RATE. S0¢[)
AEM ENTROPY PROD RATI VITHOUT SHIELDS SY'I)
REM ENTROPY PROD RATE BAT:0S 53=52/50 AND S4=5%/80
REM NUMBER OF SHIELDS M (= OR (10)
REM '
DIMOTO1QY YD
PRINT" *
Pnlgz “INPUT ! IF MORE WORK 1S TO BE DONE, ¢ IF FINISHED®
INPUT A
if At THEN 05380
PRINT “INPUT MO .NO.M.CAMMA § P(1)°
INPUT KO .NO .M, G0, P(1)
OET END Yoz (MO 0T MO-NO/ (Y (1-M0))-1/(Y2Y)
DEF FNE(Y = (NO# ! RY 'NO-NO/Z(Y [ {-NO!)-1/1Y0Y)
SET ENT Y. =¥ (MOo) Y MOoi Y-}
DEF ENG/¥iz¥ (NO-1)Y'NOol/Y-;
SRINT ° LIPONENT ¥3=* M.~  EIPONINT Nd:=* NO," CAMMA:",GO
¥Rl
Ni=NCoi
FOR !=. TC M
12=.-1 )
8 1)2.00000:
i 0
9=t
PizF{])OR( ]}
Wiz (RO MOPENF(P(1)2eGOtR(I)"NOLENC(R(II))
Wiz (RO (MO-L O END(PCIN)eCQOR (D) (NQ-1 0ENE(Pi{L))) 2}
Wiz (CCEND(P: 1o GOCENE(P:)) 20/ (ENE(PL)«COPENC(P]),
G=W1/V! W3
G1=81D
IF G140 THEN 00500

1 Ct«0 THEN 00570

Ce- 30C

IF ABS:Z: 000001 THEN 06370
f=-0

RUI-=R(1 oL

PRI ) 0 990999 THEN 00540

IF R¢dy € 0.000001 THEN 00540

COTO 00423

RilieR71)- 99C

Lz 18(

W0TO 0430

Ve (B (ME-LIOEND(P (D) )eGOOR(]) “INO-1)CENE(P (D))

1D sUH(END(PL)«COVENE(PL))

 SIT: SXR TSI SN0 30

Ve (ENT(PLIoCOYENG(PI I 1 CI-T(T))

ST Ve (RO MORENE(P(1) ) eCOMRIT) MOSENC(P(I)ITC(])
S(IVeSUD)/(1COENIINL)INY

IF 1)1 THEN 00470

LIi)el

ROCS)=R(1)
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00430
0440
80450
00440
LT
(1711
(1132
90700
007i0
90720
00730
6020¢
80750
L7460
08770
30782
09°9%¢
0828
068:0
d08ce
g9
30042
085G !
k3d Y4
038°¢
L8l

{ el
: ORIGINAL PAGE 1S

TG SRICHIER( D)

{4(1)21 OF POOR QUAL'TY

LS(rel( )

C0TO 01030

LD st 1-I-IND

IF 1)1 THEN 00720

DT e 1TOINNITLY)

RO(2V4R(21IP(L)

COTO 00930

if 1)) THEN 00740

XIS IEIRIURS SGRALISTS SRSRTAR {9310 £ )

ROCII=R(DII(PCIILP(2))

GET0 00930

0. -

400

FOR J«2 TC 12

B=B/T1: )

LaCiva[&(]ieB

NEIT )

Llil‘:L.(!)'(:-!(i))Ol

L0=1- X

FIR © 2 0

0= 1011 e

oos°f.r<f>

Jaece
geoce

Q0028
§093:

31102

TOR St TO I
LEESINS LRSI 36
NEIT
'am,um
AERSE GOSN 103]

3R 3:1 901

13(‘)-1:(' 1ML
LSd: -.S(u'l)Oxl‘ 123
NEX' J

6¢ PRINT °

TR0 D)
FOR =3 701
T Tt
NEXT )
L3clend=sl3(D)
Tilelemtatts
FOR J=i T2 !

et (T 0Tes S M -T T KL e 1/ HUTe 1) = (DL ME-THLI ML SL3L ) 1IN ) 1M

=0T Tl U NL-THIIY R LI Ie 1 1R 0o D = THI) " NL-T2 N S LTI ) i MY
Gtdr=71eC0022)/ (1eGOENL/NT)

SH(H=Q 1T

PRINT" Jem, 3.0 Qs%;000), % 81:.810J);" 1S 18D ,* TIT:" T
NEIT U

Q= (- THCD "M CO-COrTi () "NLISLI(TI/ (T Lo ) 2RY)

P Q=097 LeQOINL /)

Q0= (TLO1Y MI-ROCI) MIeCOPTIOL: " MI-COMROCD) ' NDILLIC I ILT(L I 0MY)
Q0=00/(:+CONI/NY)

58sQ0/R0(])

§1{1):50-0¢

REM CALCULATING DATA TO GIT SMIN

D=it-ROCIDIIL00

FOR Ls! TO 100

Cilis@OCi) oD (L1

¢ VL= (UL ROCOPNI/MI*C(L)'NO) "0 S/CCL)

NEIT &

TOR J:) T0 |
51182001810
nET

! REM OBTAIN SHIN USINC SINPSON'S BULE

HeV(1)eX (101
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1el

192

pacE 66

g '\r\u-
Ok ALY

U
FOR Ks2 TO 10 OF POOR Q
IF K/1iNT(K/2) THEN °12°7
Hele 201 (1)
G0 TO 31200
asfe YL
NEIT K-
S0CI e (DITOH) 2D/ C10COINIINY)
S H=SAC1HISHLD)
SYCIiat(1-ROCT I MIoCO-COOROCI"NLi0 (1 /ROC])- l)lll)l(l'cu'" %
S4(1)e89(2) 1800
1T I8 THEN 01170
POiot)=liPl
PRINT *
PRINT' P=".P(1)," Re" R()," Y= 0(1).* ZR1=".%1C0)," S=°,5{0)
PRINTT L3121 Lde",ld(D)

! PRINTS C

PRINT® COLD WALL/HOT WALL TEFPERATURE RATIC, TO/T9:".RO(D)
PRINT HEAT OUT AT COLD WALL:",Q0."  HEAT IN AT VARN VALL:®.G
PRINT® ENTROPY PRODUCTION RATE AT COLD WALL.".58

PRINT ENTROPY 'RDDU"'DN RATE AT VARM WALL:®,.-OW)

; PRINT® MIN!MUM ENTRCPY PRODUCTION RATE, S8=°.50(D)

PRINT- ENTROPY PRODUCTION RATE TOR®.!,“SHILLDS, S1.~ 53D}
PRINT" MAL;MUM ENTROPY PRODUCTION BATE. S§%:°,5%(D)

PRINT ENTROPY PRODUSTION RATE RATIOS. S3«51/50 AND S4=5%/50"
PRINT" §3=".8310) . 54s°,5400)

NIIT !

SITT 51T

g



NEWRAF

This program solves the original, complete, constrained optimization
equations developed in Ref, [9] without the simplifying assumption suggested
there which eliminated the dimensionless parameter, hfg/CpTH. Only single-
term thermal conductivity functions were considered in this analysis.

This program also recycles to the starting point., (Consequently, the
first input is either a 1, if a caICulafion is to be performed, or a 0, if no
more work is to be done.

Next the program requests input of thé insulation's characteristics,
specifically, the exponent of temperature in the thermal conductivity
function, the number of coolea shields, the dimensionless parameter hfg/CpTH
for the boiloff from the insulated container, and R = T./T,.

The outpﬁt specifies the optimal characteristics of the given number of
shields with the constraint that the cooling capacity is limited to the boil-
off of the liquid due only to the heat leak through the insulation itself,

The flow chart and a program sample follows.
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ORIGINAL PAGE
OF POOR QUALITY

14(/;5 PERFORM COMPUTATION, ENTER 1. OTHERWISE, ENTER 0. READ PFC. ;

NO
1S PFC = 1 ? ft{::>
(:E:}* YES

ENTER INSULATION CHARACTERISTICS, NUMBER OF SHIELDS
HEG / (CP * THOT) AND TCH

Y

ASSICN TSHG(!]1'S WHICH ARE THE INITIAL
CUESSES FOR TSHII1'S

COUNT =
EPS = 1 0E-10

(> —

COUNT = COUNT + 1
Y

ASSICN ELEMENTS OF THE TRIDIAGONAL
MATRIX AL1), BU1), CL1) AND ALSO DII)
BASED ON TSHCUI1'S AND OTHER DATA

y

SOLVE THE SYSTEM OF EQUATIONS FOR
THE TSHI11'S USING THE TRIDIAGONAL
MATRIXI SOLVER

TSH{1) = TSHCII) - TSHI1)
I =1 « 1

NO

1S 1 ) NS ?

YES

CALCULATE DIFFMAY, THE MAXIMUM OF
ITSHL11 - TSHGII)| 1 =1, ..NS§

NO
1S DIFFMAXY ) EPS ?




ORIGINAL pjax

zi
OF POOR QUAurg
1= 1)

TSHCII) = TSH[IJ

ASSIGN !R[I] S

[SOLv: FOR xthIJ-s[

=

[EALCULAT: at1y, sxsurr:l
Y

OUTPUT THE HEAT REMOVAL RATE AND ENTROPY

PRODUCTION RATE AT EACH SHIELD ALONG VITH

OPTIMUM LDCATION AND OPTIMUM TEMPERATURE
FOR THE SHIELDS' ARRANGEMENT

CALCULATE QHOT, OCOLD, SCOLD, STOTAL.
SMIN, STOTMIN, SMAX AND SMAXIN

OUTPUT TCH, OCOLD, QHOT, SCOLD. SMIN
SMAX, STOTAL, SMAXIN AND STOTMIN

Y

AC//fO PERFORM COMPUTATION, ENTER 1. OTHERWISE., ENTER 0. READ PFQJ///

YES

1S PFC = 1 ?

NO

O ©
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(lllllll'llIl'llllillll'!llllll|lll|lllllll'lllll!lllll!lill|'.l.lll|ll!illllllll"llllllll'lllllll!l.llllllllll)

('lllllll'll!lllll|lllllllllllll!lllll'l!llll!.l'l.llllll)
(r 1)
(v THIS PASCAL PROGRAM WAS DEVELOPED TO OPTIMIIEL THE ®)
(v LOCATION. TEMPERATURE AND HEAT DISSIPATION RATE )
(v OF EACH COOLED SHIELD INSIDE AN INSULATION LATER )
(v THE THEEMAL CONDUCTIVITY OF THE INSULATION HAS t)

(+  THE GENERAL FORM, .
(1 .
(1 K = K1t(TeeK; *
" 3]

(*  THE OBJECTIVE HAS BEEN TO SOLVE THE SET OF 2tKS.1 )
(v NON-LINEAR EQUATIONS OBTAINED BY BEJAN, 4. “DIS- %)
(+  CRETE COOLING OF LOV HEAT LEAK SUPPORTS TO 4.1 K," ®)
{*  CRYOCENICS, VOL 1§, 197§, PP.290-292. 1)

(1 SOLUTICN 15 BASED ON THE NIVTON-RAPHSON TECHNIQUE O
(v DISCUSSEC BY STOECKER, V. F., DESICN OF THERNAL *)
¢ SYSTIMS IND EDITION, SECTION ¢-11, PP 117-119,
(*  NMCCRAV-HILL BOOK CO.. NY, 1980 ')

. 1)
(sereereressnneeRaeeanRRERERRRRERORRSRORAOORRRORORRERREY)
(1eroesetasenoenenar R RREERRRRRRREORRORQRRARRORRULIRSESE)

AR 3
TIEL
ARRAYE=ARRAY: .00 OF REAL. (* THE SIIE OF ARRAYS DETIRMINES THE MAIIMUM NUMBER OF SHIELDS ")
ARRAYP=ARRAYI: .11] O REAL, - (r THE SIZL OF ARRAYP 15 NS.1 1t
ARRAYT=ARRATIC 301 OF REIAL. (* THE SIIC OF ARRAYT SHOULD BE TWICE THE NUMBER OF SHIELDS )
R
A LRRAYS, (¢ LOVER-DIAGONAL ELEMENTS OF THE TRIDIAGONAL MATRII ©)
B . ARRATS, (v DIAGONAL PLEMENTS OF THE TRIDIACONAL MATRII o)
{ ABRAYS, (v QUPPER-DIACONAL ELEMENTS OF THE TRIDIAGONAL MATRII )
D . ABRAYS, (¢ RICHT-KAND SIDf OF THE SET OF EQUATIONS DURINC ITERATIONS )
3 © . MRAYS, (¢ [-TH DIMENSIONLESS KEAT REMOVAL RATE o)
Gl - ARRAYP, (¢ DIMENSIONLESS HEAT TRANSFER BETVEEN SHIELDS ®)
- ARRAYS, (* DIMENSIONLESS ENTROPY PRODUCTION RATE fOR I-TK LATER 1)
SMAL - REAL, (v . NATIMUM DIMENSIONLESS EWTROPY PRODUCTION RATE *)
SMIN . REAL, (v NIMINUM DIMINSIONLESS ENTROPY PRODUCTION RATE )
SHATIN - REAL. (¢ SKAI / SNIN )
STOTAL . REAL, (s TOTAL DIMENSIONLESS ENTRO?Y PRODUCTION MATE o)
STOT™IN - REAL, (v STOTAL ! BHMIN 1)
SISH . MERATE, (¢ [-TH DINENSIONLESS ENTROPY PRODUCTION MATE o)
TsH ARRAYS, (* [-TH SHIELD / HOT WALL TEMPERATURL RATIO, ALWAYS (1 %)
TEHC . ARRAYS, (v GUESSED 1-TH SHIELD / NOT VALL TENPERATURE RATIO, ALWAYS (1 )
VORK © ARRATT, (v DUMMY VARIABLES ©) .
1 . ARRAYP, (v SPACING BETVIEN NEICHBORING SHIELDS / INSULATION THICKNESS *)
1P ARRAYS, (* DISTAMCE FROM COLD WALL / INSULATION THICEINESS *)
1R ARRAYS, (r L1117 L1-1) )
AKM : THIT. (v OQUTPUT FILE TO BE USED IF DESIRED )

BITA REAL, {* PARANETER DEFINED IN PROCEDURE INPUTH ©)
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Cbem e e i e -

soLD
counT

DELTATC.DIN
DIFF.DIFFMAY
DIV, DMAI,DNIN

£es
C1.CIM1,CIPt

coLp
(B
ITERIN
"

Nt
MP!

NE
NSP!
PIC .
e

Ti.TING

gcoLr
QHCT
(a2

ITOTAL

PROSEDURE INPUTH,

BELIN
WRITELN,
WRITEIN .

WRITELN- ')

WRITEND
WRITIIND
WRITELN!
WRITEING:
WE . TELN:
WRITELN

WE TELN
VRITIIN. )
4. u]

FROZESURE BTIE.

(r
ENTER
WHERE

it

(t

0 PERFOEX COMPUTATION, ENTER !

(e

PROCEDUSE SINGLEEPACE,

SE0IN .
VRITELNC )

{9

(e

. REAL, (e

PECH

R AcAll T8

ORIGINAL PAGE &
OF POOR QUALITY. -

DUMOMY VARIABLE USED IN SOLVING THE TRIDIACONAL MATRII 1)

: INTECER, (* NUNBER OF ITERATIONS MEEDED TO DETERRINE TSKII)'S t)
- REAL, (v DUNDIY VARIABLES *)
. REAL, (v DUMMY VARIABLES USED IN CHECKINC CONVERCENCE ®)
1AL, (v DUMMY VARIABLES USED IN SOLVINC THE TRIDIAGONAL MATRII ®)
: REAL, (1 A SMALL VALUE USED TO OBSERVE If CONVERGEMCE IS OBTAINED )
- BEAL; (r DUMMY VARIABLES o)
- BEAL, (s DUMMY VARIABLE USED IN SOLVING THI TRIDIACONAL MATRII )
. INTEGIR, (¢ INDICES FOR LOOQPE ™
. INTECER, (v [MDEY USED TO TERMINATE ITERATIONS ©)
: REAL, (* POVER OF THE THERMAL CONDUCTIVITY EQUATION *)
: REAL, . (r EQUALS K-1 9)
REAL, (¢ LOUALS Mot )
- INTEGER, (v NUMBER OF SHILLDS )
INTECER. (* EQUALS NS.1 ¢)
INTECIR. (¢ PROCRAM FLOV CONTROLLER ©)
REAL, (¢ COLD WALL / WOT VALL TEKPERATURE RATIO, ALWAYS (1 %)
. REAL, (t DUMMY VARIABLES !
. MEAL, (v HEAT OUT AT COLD WALL ®
. REAL (¢ HEAT IN AT HOT WALL %)
REAL. (t ENTROPY PRODUCTION RATE AT COLD WALL *)
REAL, (v SUM OF I[1)'S; SHOULD EQUAL 1 AFTER SUCCESSTUL COMPUTATION )

INPUT OF DATA HEADINC )

—ee) X NS BETA  TCH leeeat),

K ooenee POVER IN THE THERMAL CONDUCTIVITY EQUATION),

NE ---- NUMBER CF SHIELDS':.

BETA -- HFC / (CPATHCT) ),
RIC --- HEAT OF VAPORIZATION [JIRCY'),
CP ---- SPECIFIC HEAT AT CONSTANT PRESSURL [J/KG K1');
THOT -- HOT VAL TEMPERATURE (K.');

TCH --- COLD VALL / HOT WALL TEMFERATURE RATIO, ALWAYS ( L"),

INEUT OF DATA HEADING ™)

v

OTHIRVISE. ENTIR 0 *);

L

SINGLE SPACE IN OUTPUT )
SINGLE SPACE IN OVUTPUT )

FUNITION PWR(31.E BEAL) REAL.

vAE
A
BECIN
A sECLNIID),
oWk =EIP(A)
.

- REAL,
(v COMPUTE It 1)

{t

COMPUTE II®sf v)

FUNCTION PAIOF)(NO: MOZ REAL® REAL,

BEC N

iF NO1(NC2 THEN
IT NO1NDI THEK

PAIOT2 =NG!
fL8E
MAI0F2 =NO?

11311
MAJOF2 «NC!
IND.

{

(s

DETERMINES THE LARCEST OF THE TWO GIVEN NUMBERS !}

DETERKINES THE LARCEST OF THI TVO CIVIN NUWMDERS %)
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FUNCTION MINOF2(NO1,NO3 REAL):REAL;
BECIN (* DETIRNINES THE SMALLEST OF THE TVO CIVIN WUMBERS )
IF NO1()NO? THEN
IF NO!)NO? THEN
MINOF3 . =NO2
ELSE
MINOE? =NO!
| $4:11
MINOF2 . «NO:
END, (v DETERNMINES THE SMALLEST OF THE TVO CIVEN NUMBEIRS )

't MAIN PROGRAN BODY )

BESIN

Prld.
READLIN,
READ(FIC!,
WHILE PFCs:
BILIN

"
L=
Y

(v THIS BLOIK 1€ USED TO INPUT THE INSULATION THERMAL CONDUCTIVITY, NUMBELR )
T T

€
SHIZLD:., HEG/(CPeTHOT) AND £0LD WALL / HOT WALL TEMPERATURE RATIO t)

NPUTH

READLN

CONDUZTIVITY OF THE INSULATION IS K = K1eTee' N 3-1),
HEG / (CPOTHOT) = ' BETA.Y §:,

i INITIAL CUESSED VALUES FOR TSH{Il'S ARE ENTERED )

(1 8-7C
FOR 0 =0 TO NED

(* VARZABLE USED TC CHECK CONVERGENCE CRITERION 1S SET AND THE ITERATIVE PROCEDURE )
(v QOF NEVTON-RAPHSON METHGL 1S STARTED )

E)i{NEel B),
C TSHOLJY =JeDELTATC.TCH,

5: =TSHEILD,
IF NS¢ :: THEIN
IF 1)1 THEN
IF 1ONE THEN
BEGIN
CiMy =TSHCI1-11,
CiP1 sTSEGI s}
1,14
[Let
BEZIA
CIN. =TSHGII-1],
CiP: =1 0
ENT
zis:
ELJIN
CIMt =TCH,
CIP. =TSHC{le1:
END
ELSE
BEGIA
Gir. =TCH.



GIPy =1.0
END,

(* ELEMENTS OF THE TRIDIACONAL MATRII ARE COMPUTED

ALIY «PVR(CIPI HP1)-PWR(CI WIS (-NoGIoMPLO(TCH-BETA))
BOEY NMPISPVR (G MU o (MeCIMIs(DETA-TCHoCIDeGiv (-2 Q9 (BETA-TCH))),

BUIM-2BI1YeMPIoPVR(CT MM1)ECIO(-RY(BETA-TCH)-C1t(Ned 8)),

Ci1 «NPIOPWRISIP! Mo (BETA-TCHCINI),

ORIGIRAL PALL =
OF POOR QUALITY

CLI) sSIMIO(PVR(CIPL. MP1)-PWRI(CI. NP L) +BETAOMPI *PWR(CI M) -TCHEMPIOPVR(CI M) NP PVR(C] NP1Y),
DI :eDIISCIN(PVRIGE MO (TCH-BETA)-DETAOMPL o PWR (CI, M)« TCHOMPI0PVR(CI R)-MP1OPVR(CI HPI));

DUIY «DUI «CIPIvUBETAVPWR(CIP: N -TCHIPWVR(CIPL M)

I,
A{:) =0 0.
N3 (.0,

(* THE TRICIAGONAL MATRII SOLVER IS SHOVN IN THIS BLCCK
(v SEE WESTLAKE, J. R ., A RANDBOOK OF NUMERICAL MATRII
(¢ INVEREION AND SOLUTION COF LINEAR EQUATIONS, SECTION
(* 37, PP 34-35, JOMN VILEY ¢ SONS. INC , WY,

(P Bl & THEN GOTC 106,
BOLD =Z1:l/BIL0
GoLr =D D/

HIISON
{141 SO

SHIN =AB:ELL D),
FOR © =1 TO NS DO
BECIN
DIV =BIi)-ATI!*E0LD,
iF Diw=d 0 TEIN SCTC 300,
DMAL =MAICTS(OMAY ABS:JiW):,
DMIN =4INCT2(DMIN.ABE(DIV) ,
$312 ={DILI-ATIIGOLE /DiV,
WoRL 11D 25010,
3¢ =1l
“RECII.RED =BOLD

(v NEWLY CALCULATED VALUES OF TSKCIN'S ARE COMPUTED )
FOR 1 =1 TC NE DO TSKI!D =TSHS{!]-TEHI!I,

(JI-WORKIJNSIGCIT,

1948

(+ CONVERSEINIE 1S CHECKID. IF THE CRITERION IS SATISFIED. THE ITERATION IS t)
(v TERMINATED. OTHERVISE THE NEWLY CALCULATED TSHI1)'S ARL USED AS NEV t)

(¢ GUESSES FCR ANOTHER ROUND OF ITERATION

DIFFMAY =1 0E-if,

FOR 1 =1 TO NS 20

BEG N
Diff =ABS(TSHII}-TSHCII)),
DiTErAY =MASCEZ(DiFF.DIFFMAD)

D,

(T DIFTMALL:EPS TRHEN
ITERIN =1
| $833 )

FOR | =i TO NS DO TSHCI!: =TSHLi),

UNT!L ITERIN=E,

- 2)

(* IN THIS BLOCK QUANTITIES USED IN DETERNINING THE SHIELDS' SPACINCS ARL COMPUTED ¢!

FOR : =1 TO NS DO
BECIN
T STSRIL,
if NS¢i1 THEN
IF 131 THEN
if TONS THEN
TiP: =TSHII-1)
ELSE
Tim: «TSH(:-1)
3912 )

73
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TIM1 . 2TCH
ELSE
TINL < TCH:

OP:C"':" PATE

IRCY: =(MPIOPVR(TI MOO(TI-TING) )/ (PVR(TI HPL) -PWR(TINL NP1}

IND.

DIN =! 0,

FOR ; =! TO NS DO DEN =DEN®IRINS-Ie1le!.0;
NSP! =NSe:;

74

(v FINALLY, SPACINGS RETWEEN SHIELDS AND OTHER QUANTITIES OF INTZREST ARE CALCULATED )

0. =t O/DEN,

feit1] <21),

ITOTAL 1015,
FOX ! =1 T0 NSP! DO

‘tunﬂ

U1 a0Y-1)0QR1I-1D,

JFOONSPL THEN IPLICY =IPLLI-1)eR(12;

TTCTAL =ITOTAL.I(I)

END,

1F (ABS(ITOTAL-) 0) ) 1. 0L-S) THEN COTO 10
OLT)T =(PVWR.TSHI{I NPO)-PWRITIR NP1 ) /(10
QLINSPIY =0; O-PVR(TSHINS. MPi:)/(I(NSP1)e

0.
JINPL),
P,

FCR [ =0 7O N5 DO QLU0 =(PWR(TSHII: MP1)-PVB(TSKII-11,MP1:)/(QL11eMPY),

SINCLESPALE,
WR.TELN. NUMBER JF SHIELDS :
WRITEIN! NUEBER OF ITERATIONS -
SINCLZERAlE
SINZLESFAZE, :
WRITELN ¢ HEAT REXOVAL
VRITIN: RATL
WR.TEENE emeeeeeees
SINCLESPATE
FCR 0 =0 TO NS DS

BECIN

0007 =QLilesd-QLINY,

SISnlill =QII)ITSRII,

wR.TELN: SHIELD *.1.1.0  §,0(1!
ENC.
SINGLESFALE,
SINSLESPATE,
QHCT =QLINEPIL,
GCOLo =Qlil..
SCTLD Q031D TIH,
S'O’A =5C0L5-QH2T,
FOR J =1 TO NS DC 5TOTAL =STOTALSISH{J];
if MO0 0 THEN

SMIN =30R(I: O-PVRI(TCH.(M/T. 000/ (MI2.0))
EL5E

SMIN =5QRUINCI Q/TIRO Y,
STOTMIN =STCTAL/SMIN,
SMAY =: (% O-PWRITCH MPid!9(1 O/TCH-1.0)/MP
SMAL N =SMAD/SMIN,

SINGLESPALE, ’

VRITELN' COLL VALL / NOT VALL TEMPERATURL ATIO = ', TCH 14-4),
WEITELNG HEAT OUT AT COLD WALl = ', 0C0LD 14.0),
VRITELN:G HEAT IN AT HOT WALL = ',QHOT 14 §),
VRITELNG® ENTROPY PRODUCTION RATE AT COLD WALL s ', 8C0LD 10 0)
WVRITELNC: ENTROPY PRODUCTION RATE AT HOT WALL s ', -QH0T 14 &)
WRITILNG- MINIMUM ENTROPY PRODVCTION BATE = L SHIN 14 O,
VEITELN: MATIMU® ENTROPY PRODUCTION EATE = L SMAT 14 42,
VROTELNT TOTAL ENTROPY PROD. RATE WITH ', NS 1.' SHIELDS = ',STOTAL.:4:4),
WRITEING: MATINUX / WMININUM ENTROPY PRODUCTION RATIO = °,SKAJIN.14.4),
VRITELNG TOTAL / MINIMUM ENTROPY PRODUCTION RATIO s ', STOTMIN 14 &),

100 SINCLESPACE;
IF (DIv=0 0) OR (BC[1)=0 O) THEN

NS 1),
' COUNT 2);

ENTROFY PRODUCTION 0PTINUN
RATE

LOCATiON

OPTINUM'
TZHPERATUHE )

9§ L SISHITY 98, o9 YPLITY Y S, o5 TSHII: 9.5

1.

SECIN

SINCLESPUCE,

VRITELN!' ---)  CHECK THL ASSEMSLY OF COEFFICIENTS TO 8E USED IN TRIDIAGONAL WATRIZ  (---'),
t:%ITELM(' .--) CHECR THE TRIDIAGONAL MATRII SOLVER (=-=")

IE (ABSCITOTAL-1 0) 7t OE-5) THEN
BECIN
SINCLESPUCE,

WRiTEIN: " -ee) ITOTAL 15 NOT EQUAL T0 ! .4 {---
MOT CORRECT  (---'

::;!Ttlui‘ ---)  CONPUTATIONS ARf
SINCLESPACE.
SINCLESPACE,

B
}



00 PECH,

01 BEADLN.
[} READ(PFC:
03 END

1" EXC

8% IEOF.
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ORIGINAL PAZ

OF POOR QUALmr 76
T0 FPERFORM COMPUTATIDON, ENTER 1. OTHERWISE: ENTER O.
ENTER ~——— " NS BETA TCH  cee—w
WHERE ¢ M —em=e POWER IN THE THERMAL CONDUCTIVITY EQUATION
NS ---- NUMBER OF SHIELDS
BETA -~ WFG / (CFP3THOT)

HFG --~- HEAT OF VUAFORIZATION fJ'hG’

CF ---- SPECIFIC MEAT AT CONSTANT FPRESSURE [J/hG [ Np]

‘THOT -~ HOT WALL TEMPERATURE CK)J

TCH --~ COLD WALL / HOT WALL TEMPEFATURE RATIOr» ALWAYS |
1.0 3 0.0145% 0.001
THERMAL CONDUCTIVITY OF THE INSULATION IS K = Kl'TllI{O
HMFG /7 (CPETHOT) = 0.014%0
NUMBER OF SHIELDS = 3
NUMEBER OF ITERATIONS = ¢
HEAT REMOVAL ENTROFY FRODUCTION OFPTIMUM DPTIMUM
RATE RATE LOCATION TEMFEFRATUFRE

SHIELD 1 0.10438 1.56143 0.09719 0.0448%
SHIELD 2 0.29983 1.1299% .28870 0.23076
SHIELD 3 0.47781 0.89782 0.%585468 0.53219
COLD WALL 7/ HOT WALL TEMFERATURE RATIO = 0.001000
HEAT QUT AT COLD WALL = 0.02298%
HEAT IN AT HOT WALL s 0.864998
ENTROPY PRODUCTION RATE AT COLD wWALL = 22.984%44
ENTROFY FRODUCTION RATE AT HOT WALL = '0{364995
MINIMUM ENTROFY FRODUCTION RATE = 3.7%1018
MAXIMUM ENTROPY FRODUCTION RATE = 499, 499%501%
TOTAL ENTROFY FROD. RATE WITH 3 SHIELLS = 2%.704743
MAXIMUM / MINIMUM ENTROPY PRODUCTION RATIO = 133.146372%
TOTAL / MINIMUM ENTROFY PRODUCTION RATIO = &.852738
TO PERFDRM COMFUTATION, ENTER 1. OTHERWISE ENTER 0.
ENTER ———— " NS BETA TCH e ———
WHEKE © M me—— POWER IN THE THERMAL CONIUCTIVITY EQUATION

1.0

(3]

NS ---- NUMBER OF SHIELDS
BETA -- HFG / (CP$THOT)

HMFG --- HEAT OF VAFORIZATION LJ/KG)
CP ---- SPECIFIC HEAT AT CONSTANT FRESSURE CJ/NG NJ
THOT -- HOT WALL TEMPERATURE [K)

TCH --- COLD WALL / HOT WALL TEMFERATURE RATIO, ALWAYS ~ 1

0.0154 0.000806



ORIGINAL PAZE 1€
OF POOR QUALITY.

THERMAL CONDUCTIVITY OF THE INSULATION 1S K = K13T221.0
HFG / (CPSTHOT) = 0.01540

NUMBER OF SHIELDS = 2
NUMBER OF ITERATIONS = 8
HEAT REMOVAL ENTROPY FRODUCTION OF TIMUM
RATE RATE LOCATION
SHIELD 1 0.19732 1.9759% 0.16252

SHIELD 2 0.59037 1.48999 0.484%%

COLD WALL / HOT WALL TEMPERATURE RATIO = 0.000804
HEAT OUT AT COLD WALL = 0.0306877
HEAT IN AT HOT WALL = 0.818346
ENTROPY PRODUCTION RATE AT COLD WALL = 38.061092
ENTROFY FPRODUCTION RATE AT MWOT WALL = -0.818366
MINIMUM ENTROFY FRODUCTION RATE = 3.776103
MAXIMUM ENTROFY PRODUCTION RATE = 619.844992
TOTAL ENTROPY PROD. RATE WITH 2 SHIELDS = 40.708B663%
MAXIMUM / MINIMUM ENTROPY PRODUCTION RATIO = 164.149921
TOTAL 7/ MINIMUM ENTROFY PRODUCTION RATIOD = 10.780603

TO PERFORM COMFUTATION, ENTER 1. OTHERWISEs ENTER O.

Y
0.072 CP SECS:, 11471B CM USED.

/BYE ;
IKMUFTC COSTS! | 2%%.028 SRUS AT $.00%9 = $1.%0

77

OF TIMUM
TEMPERATURE

——— -

0.09986
0.396423



DESINS

This program optimizes the charaﬁteristics of a single cooled shield with
different insulations on the two sides. Only one-term thermal conductivity
functions are considered.

This program also recycles to the starting point; thus the first input is
1, if a caTcuTa;ion is to be performed, or 0 if no more work is to be done.

Next inputs are the characteristics of the two insulations, specifically,
the exponents of temperature in the thermal conductivity functions on the hot
and cold sjdes of the shield, a coefficient ratio ALFA (defined in the
program), the shield to cold wall temperaturé ratio, P = TS/TC, and the hot
wall temperature, TH.

The output specifies the optimal characteristics of the‘cooled shield as
well as other, related information,

The flow diagram and a program sample follows,
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ORIGINAL PAGE 1§
OF POOR QUALITY

[//&0 PERFORM COMPUTATION, ENTER 1. OTHERWISE, ENTER 0. READ PPC)//I

NO
1S PFC = 2 ‘f’*:::>

AND HOT WALL TEMPERATURE

'

"SOLVE TCH ITERATIVELY

!

CALCULATE X! AND I

|

CALCULATE GHOT, QCOLD, SCOLD. STOTAL,
SISH, SMIN1, SMIN2, SMAX1 AND SMAI2

OUTPUT TCH, TSH, QCOLD, QMOT, SCOLD,
SISH, SMINI, SMIN2, STOTAL, SMAX! AND SMAX2

'

////ENTER THE TWO INSULATIONS' CHARACTERISTICS, P

i’ TO PERFORM COMPUTATION, ENTER 1. OTHERWISE, ENTER 0. READ PFC‘////

O ©
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ORIGI ‘ 80
PROCRAN DIFFCOND(INPUT/,OUTPUT, SKR) ; OF PON(;\RL QPLAng"t's

(SO0 S e 0T etu e e i eeteeesstguenaueoeesCsaeresesaeaaoeataueetoeetteeaaseaaeaostsetoaeeoeetetetetenssssey)

(CROEEROfSsTeuasnEnuoRRIIReReRRRIRTERRESTIIRRRRORRSRRERINRURIRONERNTRONLY
(ssssonensysesinesesstagnoeesetvene

(O0DRRERTRURRRRRRERUIRONRRSSRRNNENY o eennnn ) DESINS (ecccccca-..
(O8EINEITNENRIREREETtIITEIRIDELEtNY
(908002 INRIRINIERNERINITITIOTRENSERY J C. CHATO & J. M KHODADADI

(snsnnasstasensnneanatnaesnsonseses DEPY OF MECHANICAL & IMDUSTRIAL ENCRC  essacvsssessssnusssessersscsssrnnes;
(ssavennernnsensonsnntnnenensenesen QUNIV OF ILLINOIS AT URBANA-CHAMPAICN  0000000es200anonsteassesaossesstsine)

(981000 SLEINIENTITESTITITINEINLNIN]Y 1306 V GRLEN STRELT PEINENSITNTNRONNRULIRIIIINILINENITY)
(PPN 09R889208800009932010908080000 URBANA, Il 4108t BISNRNNNRSRILISNTNNNININNLINNININTI)
(seasneeaogasnsrsessntestenreessney ORENEIRTTRINININENTINITINERNININIY)
(PRUNONRETLITIENEIRTIIRRITLREITIYY JULY 1983 SRELLITLILINNSNIRINNNTTANISEIRINNNY)
(PRT00RRIRITELITRTRREITIRERIRETRINY SRETRRLNLANLIRNNINARIOLRLESRNLESISINS)

A T N T T T T L L R LT LT R L R R XS E TR IIT
(O TN e R I r IR RS TN T et Nt RO s Nttt R e RN e te et as o e st eanasntsenisessneneeenttseeseneey)
(190009 T I a e RN gt a N a N s N eIV e st geaeeransenesnsssegrensroeseesonseeeeseseesoerseeeerereseasernsoeseserngng,
(IR R P T E TR NIRRT e e et et as et e iR s et eturerereestasnsteneeeseesettnesnectontresssesever)

O L I T L T T L LR R LT R LRI

(n ')

(*  THIS PASCAL PROCRAM VAS DEVELOPED TO OPTINIIE TME ©)

(v LOCAT:ON, TEMPIRATURE AND MEAT DISSIPATION RATE f

(v FOR A COOLED SHIELD IN A CRYOCENIC INSULATION )

(v SYSTEK VHOSE THERMAL CONDUCTIVITY HAS THEL FORE, 1)

(® L]
(¢ K s K1e(TreN) ON THI HOT S1DE, LB
(* K = K10(Teth) ON THE COLD SIDE 1)
(2 e}

(¢ THL METWOD i$ BASED ON THE MINIMIIATION Of TMI ')
(*  INTROPY PRODUCTICN RATE WHICH IS PROPORTIONAL TO o)
(¢  THE HEAT LEAL ACROSS THE INSULATION. t)
(1 9
(OB MR N et et I eI e eIt one T e erneeesItaestentoteteesaness)
(INEIT 0 et R et e eI T et e iR nEIRnsRTsItRIRRILIRITORLILSY)

CABZL 100,
LAEEL 300,
LABEL 200,

VAR
P fIAL, (s SHIELD ¢ COLD VALL TEMPERATVRE IATIO, AIWMAYS + 1 1)
ST RIAL, (v MATIMUM ENTROPY PRODUCTION RATE BASED ON [iaTeem v)
SMAL2 REAL. (¢ NARINUM ENTROPY PRODUCTION EATE BASED ON L1tTeeN )
SKIN: RIAL, (* MININUN ENTROPY PRODUCTION RATE BASED ON KisTeex 1)
SMiNG RELL. {t NINIMUM ENTROPY PRODUCTION RATE BASED ON K2tTesN 1)
STCTAL . RIAL, (v TOTAL DIMENSIONLESS ENTROPY PRODOUCTION IATE
5.8¥ REAL. (* DIMEXSIONLESS ENTROPY PRODUCTION RATE AT SHIELD
TH RIAL, (v COLD WALL + HOT VALL TENPESATURE RATIO, ALWAYS (1 ©)
T3H REAL, (¢ SHIELD / HOT VALL TEMPERATURE RATIO. ALWAYS (1 0
1 . REAL, (¢ DISTANCE FROM COLD WALL / THICKNESS RATIO *®)
1 . REAL, (¢ 11 (1.0- 8)
cC REAL, (v DUMMY VARIABLE )
COUNT . INTECER, (v NUMBER OF ITERATIONS NEIDED TO DETIRMINL TCH )
oD RIAL, (v DUMMY VARIABLE )
ALFA . REAL, (0 (K1 (R 1IN0 (Me1}]  #)
3.0l . REAL, (* DUMMY VARIABLIS )
G . INTECER. (* 1MDEY TO TERMIMATE THE SEARCK POR TCK ")
| . REAL, (* POVIR OF THEL THERMAL CONDUCTIVITY ON KOT SIDE )
NE: - AEAL, (s QOUALS Ne1 ®)
N . . REAL, (v POVIR OF THE THERMAL COMDUCTIVITY ON COLD SIDE ©
NPt RIAL, (¢ fOUALS Mot W)
rrc INTECER, (r PROGRAN FLOV CONTROLLER )
acoLd REIAL, (¢ HIAT OUT AT COLD WALL
QxOT - REAL, (v BT INATHOT WALL W) .
$COLD RIAL, (v INTROPY PRODUCTION RATE AT COLD WALL ®)
14 . 71T, (¢ OQUTPUT PILE TO OF USED IF DISIRID ©
THOT - REAL, (* ROT VALL TENPIMATVRE (K] )



ORIGINAL PAGE 1S

10 OF POOR QUALITY
)
{ H] PROCEDURE INPUTH:
[ }] BEGIN (¢ [NPUT OF DATA HEADINC )
1" VRITEIN:
83 VRITELNC' ENTIR cece) K N ALTA ? ™OT (eeee’);
[ ] WRITELRC' '),
17 WRITELNC WHERE. ® --.-- POVIR OFf THE THERMAL COMDUCTIVITY CQUATION ON THE HOT S!DL‘!,
1] VRITELNC: | JETT TR POVER OF THT THERNMAL COMDUCTIVITY EQUATION ON THE COLD SIDE"),
(1) VRITEINC’ ALFL -« [R20(RMe1))ILR10(NLIY" )Y,
"0 VRITELN:® | SR SHIELD ¢+ COLD WALL TENPEEATURE RATiO, ALWAYS ) 1),
" WRITELNC' THOT -- ROT VALL TEMPERATURE (K)'),
2 VRITELK(' ')
:3 I, (¢ INPUT OF DATA HEADINC ™)
(]
9%
"%
L PROCEDURE PFCH,
1] © BECIN (¢ PICK )
99 WVRITELN,
1] ‘U’zlzgmi‘ TO PERTORM CONPUTATION, EINTER | OTHERVISE, ENTER ¢ ",
13: STIAN .
102 tND. (v PEIH ®)
10
W24
B
oé PRCZEDURE SINGLESPALE.
107 BESIN (r SINCLE SPACE IN OUTPUT ©
.08 WVRITILNG )
H1 ENC. tt SINGLE SPACE IN OWTPUT
il
3. FUNCTICON PWR-ID.E Rial® REAL,
14 VAE
LS A REAL.
114 BECIN (v COMPUTE IImE o
) A zEYINIIDS :
Y | PVR =EIP(A:
110 ENG. (1 COMPUTE 1110l 1)
110
12
] TUNITION G I3 BEAL; REAL,
P4 830N 1t TUNCTIONAL © )
128 Coz0Eel DHOPWRIID.EDVSE/-BWRIIT. (1 G-E1)0-(1 0/8QROTIIN)
i ENC. (¢ FUNCTIONAL D o,
iit
]
30 FUNCTION FUE.IT REAL) REAL,
3 BECIN (v FUNCTIONAL F )
L3 o2 (PWRIIT (el 0)1i-PWRCIT. D)1 Boll O/2I1)
131 EXD. (v TFUNCTIONAL F ®)
L3
EH
T
K
]
;3¢
A
N v MAIN PROGRANM BODY o)
ied
4 8EVIN
144 PrCH.
148 REALLN,
T READ:-PFZ),
4 wHill PEC2D D0
148 SECIN ]
i
158 (* THIS BLOCK IS USED TO INPUT TME TWO INSULATION THERMAL COMDUCTIVITIES, ®)
3 (v SHIELD / COLD WALL TEMPERATURE RATIO AND HOT VALL TEMPERATURE *)
152 INPUTH,
134 READLN.
13§ QEAD(M N, ALFA.P . THOD),
134 SINCLESPACE,
5 WRITEINC THERMAL COMDUCTIVITY OF THE INSULATION ON TME ROT SIDE IS € = Kir(Teer M3 1,°).%);
159 WVRITELNGS THERAL COMDUCTIVITY OF THE INSULATION O THE COLD SIDE IS K = K20(Tet” W 3 1,')."),

134 VRITELNC (K3s(Ne 1) J/(RLO(Ne1)) » " ALFA. Y. 1),



140
161
1462
163
164
N}
1éé
167
149
149
19
i
N
113
174

i7h
177
174
o
.8
181
182
182
84
143
4]
.87
K1
189

192
193
19¢
195
194
Rk
] ]
199
100
M
0
103
204
3¢
.vl
-
16¢

- e
PO
o o

P

“le 07 et

VRITELNC ROT WALL TENPERATVRL = °,THOT ? 1,

SINCLESPACE,
SINGLESPACE,

e ORIGINAL PAGE (S
Tch +0 000001, OF POOR QUALITY
0 <1 0,

COUNT 0.

(v THIS BLOCK CALCULATES TCH ITERATIVELY ®)

REPIAT
TSH =PeTCH,
g :DéND;)'B(I,P)IY(N.PP-PU!(TCH,(1.O-N))'U(H,TSH)'D(I,TSH)If(l.TSH)Illfl,
1 =(DD.
IF G140.3 THEN GOTO 100,
IF Cl=0 0 TMEN COTD 200,
o 2(-0 118CC;
IF ABS:£C)H{0. 000001 THEN GOTO 200,
0D =-0D.
109 TR =TCHoCC,
TE CTCH:IC 999999, OR (TCH(O 00000!) THEN
BICIN
’CH =TCH-0 ”Cu.
=0 1L,
IF ABSCLS (0 00000: THEN IND =1
END.
170 COUNT =ZOUNT.:,
UNTIL (Sie0 00 OR (ABS(CCH(O 00000:) OR (IND:=1),

17 INZ=1 THEN

BIiIN
SINCLESPALE.
SINCLESEALE,
SINGLESPAZE.
VRITILNC --e) OPTIMUM CRITERION CANNOT BE SATISFIED (eee ),
VRITELN ---> USL SINCLE INSULATION VITH THE LOVER CONDULTIVITY (---7),
G370 340

EXD

(*+ OTHER QUANTITIES OF INTEREIST ARE COMPUTED IN THIS SECTION ©)

1. =-ALTAYPVR(TCH, (N-1 0))D(N,P)/D(N, TSH),

IS SRS 22 SO

QKOT =( 1 J-PWR(TSH . MPL) 1/ ((1 Q-J 8NP

GCCLD «ALFACPVR.TCH NPL)O(PVR(P NP1)-1.0)/(PWR(THOT, (N-N))2IeMPD),
SCOLD «QCOLD/TCK.

STOTAL =(F(M TSH /1 0-D)«ALFAOPYR(TCH. N)*E(N.P)/IT) 1ML,

513K = JHCT-QCOLD TSH,

JT M:0 0 THE.

SHIN: =80%0LN 1 GiTCH) Y

KIN. =30R° 1. O-PWRITCH, (M!2.0M M (KI3.0)),
IF N=0 0 CHIN
. SKIN? =5QR:LN:. O/TCH))
g3z
E1 M NZ =SQR (1 0-PYRITCH, (N/2 Y/ iN/2 40,
SMAT! =7 TCH)/NPL,
SHALL -F K.TIH./NPY, T

SINCLESPAZE, :

VRITELNGC NUMBER OF ITERATIONS s L 00U 0,
VRITELN:- €OLD VALL / HOT WALL TENPERATURE RATIO e L TCH 14 ¢,
WVRITEINC SHIELD / HOT VALL TEWPEEATURE RATIO s« ", TSH W4,
WRITELNC SHIELD LOCATION e L0,
WRITELNC HEAT OUT AT SHIELD s, QHOT-QCOLD 14.0),
WRIiTELN:’ HEAT QUT AT COLD VALL = 00000 100,
VRiTELNC REAT IN AT HOT WALL + LQHOT 144,
VRITEING ENTROPY PRODUCTION RATE AT COLD WALL « ' STOLD 14 4y,
WRITELN" ENTROPY PRODUCTION RATE AT HOT WALL s ', -0HOT 14 §),
VRITEN: © ENTROPY PRODUCTION RATE AT SHILLD = " SISH 14§, -
WRITELNC NINIMUN ENTROPY PRODUCTION RATE OASED ON KitTeeM o ' SNINI 14 &),
VRITELNC - NININUN ENTROPY PRODUCTION RATE BASED OX lI'T"I = LSHIND 14 0,
VLITLLN TOTAL ENTROPY PRODUCTION BATE s ,STOTAL .14 &),

VRITELNC ENTROPY PROD. V/0 SHIELD BASED ON KitTeeN s« L SNALL 14 6,

¢ SENY 82



140
14
14
143
144
145
144
0
148

1

VRITELN(" ENTROPY PROD VO SKIELD BASED ON K2tTeen

300 SINCLESPACE,
" SINCLESPACE,
SINCLISPACE,
PECH,
READIN,
READPEC)
I
EXD

ORIG!NAL FAGE 3
OF POOR GUALITY

L 8MALD 14 O,

83



.
-

OF POOR QuUALITY

YO PERFORM COMPUTATION,» ENTER 1. OTHERWISE, ENTER 0.

ENTER ——— M N ALFA P THOT Cm———-

WHERE: M ——eee FOWER OF THE THERMAL CONDUCTIVITY EQUATION ON THE HOT SIDE
N =comm POWER OF THE THERMAL CONDUCTIVITY EQUATION ON THE COLD SIDE
ALFA -~ [K2S(M+1)I/[K1%(N+1))
P --m-- SHIELD / COLD WALL TEMPERATURE RATID:, ALWAYS & 1

THOT -- HOT WALL TEMFERATURE [K]

1.0 0.0 20.0 4f5 300.0

THERMAL CONDUCTIVITY OF THE INSULATION ON THE HOT SIDE IS K = K1X(Tsx1.0).
THERMAL CONDUCTIVITY OF THE INSULATION ON THE COLD SIDE IS K = K2¥(Tx%0.0).
[K2¥(M+1)I/7CK18(N+1)]T = 20.00
HOT WALL TEMFERATURE = ©300.00 K2

NUMBER OF ITERATIONS . = 36

COLD WALL / HOY WALL TEMFERATURE RATIO = 0.00166¢6
SHIELD / HOT WALL TEMPERATURE RATID = 0.0074%7
SHIELD LOCATION = 0.3907S3
HEAT OUT AT SHIELD = 0.820144
MEAT OUT AT COLD WwALL = 0.0004%7
HEAT IN AT HOT WALL = 0.820641
ENTROPY PRODUCTION RATE AT COLD WALL = 0.2985¢48
ENTROFY PRODUCTION RATE AT HOT WALL = -0.820641
ENTROPY PRODUCTION RATE AT SHIELD = 109.396253
MINIMUM ENTROFY PRODUCTION RATE BASED ON KisTszmM = 3.680131
MINIMUM ENTROPY PRODUCTION RATE BASED ON K28TxxN = 40,.925828
TOTAL ENTROFY PRODUCTION RATE = 178.3077%1
ENTROFY PROD. W/0 SHIELD BASED ON K1xTxxM = 299.619216
ENTROFY PROD. W/0 SHIELD BASED ON K28TX3N = 398.241762

YO PERFORM COMPUTATION, ENTER 1. OTHERWISE» ENTERK 0.

0.044 CF SECS» 10233B CM USEL.
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