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FOREWORD

This report describes the ana.iytical
meihods and user's instructions for a generalized
heat transfer and fluid flow computer program which
is especially sulted to performance predictions of
the Apollo fuel cell radiator and condenser cooling
system. The computer program was developed under
NASA-MSC Crew Systems Division Contract NAS9-2T772.
Mr. D. W. Morris is the contract technical monitor.
Mr. J. A. Raymer of the NASA-MSC Propulsion and
Power Division provided the fuel cell cooling loop
analysis requirements.

Revision A includes modifications which
vere added to the LVVM20 routine under Contract
NAS9-6807, Task 3.4. The most significant addition
was the fuel cell option which permits the analysis
of an Apollo type fuel cell described in Section 3.6.
Sections 4.10, 4.11, and 4.12 were also added. A

revised data preparation manual is also included in
Section 5.2,
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1.0 SUMMARY

This report presents analytical methods, user's instructions, and
a sample problem for a generalized computer routine developed for the analysis
of Apollo type fuel cell cooling loops. The routine methods are particularly
suited to analysis of the fuel cell radiator, primary to secondary loop cone
denser, and associated flow loops and controls. The routine can be used for
simultaneous performance predictions of the entire secondary cooling loop and
the condenser portion of the primary loop. Although the routine version pre-
sented herein was developed for the Apollo fuel cell cooling system, the
generalized data .input allows application to a wide range of space radiator
and flovw system problems,

The generalized computer routine utilizes an explicit finite differ-
ence method to obtain steady state or transient heat transfer solutions.
Thermal properties and dimensions are input directly without computing thermal
capacitances or resistances., Multi-dimensional conduction heat transfer is
easily accommodated by the generalized data input. Temperature dependent
flulid end material properties are specified separately for each problem and
any number of these properties can be used in any one problem. The external
heat flux enviromment can also be specified separately for each subdivision
of the thermal model.

The routine contains a flow system analysis capability which permits
solution of any combination of parallel and series flow circuits, including mani-
folding, for incompressible laminar or turbulent fluid flow or for two=phase
condensing flow with laminar liquid flow and laminar or turbulent gas. Various
flow control options allow the system flow to (1) be balanced in parallel flow
paths, (2) be independently specified in each flow patl, or (3) be a function
of the pump flow rate/pressure drop characteristics. Valve control options
provide for use of rate and/or temperature dependent bypass, on-off, or pro-
portional flow control valves in the fluid systems. The fluid systems may
consist of an open or closed loop flow network. Fluid may also be stagnant or
frozen in portions of the flow system. Three commonly applied methods are pro=-
vided for specifying cooling loop heat exchanger heat transfer characteristics,

Two methods are provided for obteining steady state thermal balances
on space radiators. A simplified method provides for rapid analysis of radia=
tors with simple rectangular radiating fins. A second method provides for
steady state or transient solutions of radiators with more complex geometry.

A special routine option provides for determination of equilibrium radiator
inlet and outlet temperatures when only the radiator flow rate, heat load,
and environment are specified.

The routine provides for interruption and restart of a problem to
check answers during the initiel phases of a long transient computation or to
continue a problem taken off of the computer in a previous run. A detailed
checkout print of all the thermal and flow terms is also provided as an option
to examine details of the input.
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This report describing the routine and its use i{s organized into
four major sections, These incluie (1) Analytical Methods, (2) Special
Routine Options, (3) Description and Use of the Computer Routine, and (4)
Sample Problem. The report is written so that the program user may read
through a narrative discussion of analytical procedures and options without
numeroug cross references to specifics in the data preparation. In the data
preparation section, however, each input quantity carries a cross reference
to the applicable analytical methods description. The analytical methods
common to this and previous versions of the routine are described. The
sample problem is a very simplified model of an Apollo fuel cell cooling
loop for which the routine will initially be utilized.




2.0 INTRODUCTION

During the past two years LTV Astronautics has developed a genera-
lized space radiator analysis computer routine for the Crew Systems Division
of NASA=MSC. The original program capabilities and computing options have
been broadened to provide a capability for analysis of complex space radiator
configurations and entire fluid cooling loops. Several versions of the
routine have been created to provide added capability for specific problems.
Such special capabilities would make the routine too complex if included in
all versions of the computer program.

This report describes a special version developed from requirements
provided by the NASA=MSC Propulsion and Power Division for analysis of the
Apollo fuel cell heat rejection system. The program includes two phase=two
component flow analysis'and multiple loop capabilities. The generalized nature
of the progrem makes it suitable for much wider application than the Apollo
fuel cell cooling system to which it will be applied initially.
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3.0 ANALYTICA!, METHODS

This section presents the methods employed in the computer routine
for (1) thermal enalysis, (2) convergence and accuracy of the snalysis, (3)
fluid bheat transfer, (4) fluid flov analysis, and (5) two phase flov analysis.
Each of these will be described fully in the paragraphs which follow.

3.1 Therumal Analysis

Two separate methods of thermal enalysis were programmed as options
of a single computer routine for predicting the performance of space radiators.
The methods ore referred to herein as the nodal and the gradient method'of
analyses. The nodsl method provides -for accurate transient or steady-state
analyses of radiators with any geometricasl configuration, and the gradient
wethod provides for rapid steady-state analyses of rediators with simple rec-
tangular fin elements. Both methods were developed for the analyses of pre-
scribed radiator configurations.

The capabilities and underlying assumptions for both the nodal and the
gradient method are outlined and the equations used for the thermal enalysis of
the radiator structure with each method are developed. Finally, a fluid element
beat balance common to both methods is described.

3.1.1 Ncdal Method - With this very accurate method of steady-state or
transient thermal annfynis, the differential equations which describe con-
vective, conductive, and radiative heat transfer throughout the radiator are
solved by a commonly used explicit finite difference approximation (reference

1). The radiator is divided into many individual lumps for the finite difference
solution, and a capability is provided to analyze the following significent
conditions which may occur in space radiators:

l. Different incident heat quantities for every tube and fin lump.

2. Three dimensional conduction in radiator fins, tubes, and
supporting structure.

3. Dissimilar materials and surface coatings.

k. Temperature dependent material properties including surface
emissivity and absorptivity.

5. Temperature dependent fluid thermodynamic properties.

The following simplifying essumptions have been made for the nodal method of
analysis:

l. The fluid thermodynamic properties are considered constant
within each finite fluid element, but may vary between elements.

2. Cylindrical radiator surfaces are approximated by small rec-
tangular segmente.

3. Radiant interchange is not considered.

"N




Lo e i)

I

These assumptions are Jjudged to have too small an effect in most
environmental control system radiators to justify the added complexity of
the analytical description required to include then,

The development of the equations used with the nodal method of
analysis will first be illustrated by a one-dimensional heat balance on a i
typical radiating fin element, The resulting finite difference equation . i
is easily extended to include two or three-dimensional conduction into the :
radiating fin element. A typical radiator tube element heat balance will
also be shown, and will later be used to illustrate the differences between
the nodal and gradient methods.

The heat balance of the radiating fin element of differential lehgth
and unit width shown below can be written as:

dQg b
N/
Ry —> ta —— Q. ax
Lk
dQy = dQy + dQg = dQR = dQy, x (1)

wvhere:
Qg ® heat stored in the fin element

QR * radiated heat flux

Qg = heat absorbed from swrounding environment
& = f£in thickness

By use of the Fourier heat conduction law,
aQy = dx-;é.x 5 ax
% - dmex v 2 (K& )8

K = fin material thermal conductivity

vhere:

Since K is a function of T only, 2K « OKJ T g_l_(_.é‘i! thus
'ox Jtox ar'dx’

2 2
W = Ryax * K8EF ax+8E) F « (3) |
Combining (3) and (1),
2 .
/Jcadx %%- 8!(..3.2;'5 dx+5<g.§) %dx +~.Q1dx-ea"rudx (%)
L
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where: pe fin material density
¢ & fin material specific heat

T 2 time

o I surface absorptivity for incident heat flux

Qi ® incident heat flux

€ = surface emissivity

" s Stefan-Boltzmamn constant’

Since closed form solutions of equation (4) with the appropriate
boundary conditions have not been obtained, numerical solutions using finite
difference approximations are generally employed. The radiator structure is
divided into lumps which are considered to be isothermal for heat capacitance
effects, and vhich are considered to have temperatures located at their
geonetric centers (nodes) for conduction effects. The one-dimensional heat

balance for a typical radiator fin lump, s, shown below,may be written in
finite difference form as:

osssssss-
b e o e e v = =

)

Vs Cg Is

Rearranging:

]
Tg =2 Tg+ —_-WA, :ﬂ | [ZJ UaJ(TJ'Tu) + ols A Qg = €gaAs '1';“] ‘(6)
vhere:

Wg ® X°*ye*8:f mveight of fin lump (2 is the density of the
fin lunp material

Cg & apeciﬂc'heat of fin lump o




Tg ® temperature of fin lump s at time 7~
Te' » temperature of fin lump s at time 7 + AT

A7 » time increment for next step in calculation as dstermined by
convergence criteria (Appendix A)

Usj ® the conductance between fin or structure lump s and adjaceni
£in or structure lumps > J

U.J'A‘g [Y;-L-Y-] '
KK

Y, is that portion of the conduction path length
between lump s and J which lies in lump s

vheres

YJ is that portion of the conduction path length
between lump s and J vhich lies in lump J

Agc is the effective conduntion area between lunps.
s and J (1.e., x * § in figure above)

Kg is the thermal conductivity of lw s
KJ is the thermal conductivity of lump J
Ty @ temperature of adjecent fin lumps at time T
Qg = incident heat flux on fin lump s
Ag ® area of fin lump 8 (i.e., X ¢ y in figure above)
cs " absorptivity of fin lump s for incident heat flux
€s = emissivity of fin lump s

The finite difference heat balance of equation (5) is basically a
"forward difference" heat balance (reference 1) chosen because it yields an
explicit solution for the future temperature of fin lumps. The form of the
thermal conductance, Usj, with separate conduction distances and conductivities
for adjacent lumps,serves a multiple purpose, First, since the conduction
distances are separate, the size of adjacent lumps may be varied. Secondly,
for comprehensive radiator thermal analyses which may include low conductivity
supporting structure, the conduction paths in the different materials of
adjacent lumps can be accurately described. Finally, the evaluation of cone
ductivities at the different temperatures of adjacent lumps approximates the
effect of the term g (_%_) dK in equation (h This approximate method of

'
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accounting for varisble conductivity is judged to be as good as other methods

vhere a single conductivity based on the aversge temperature of adjecent lumps
1s employed (reference 1).

The inclusion of varisble material properties is not intended to re-
move large errors from steady-itate space rediator anslyses. A previous in-
vestigation (reference 2) can be used to shov that the error in heat rejection
incurred by use of constant materisl properties is less than 2% for the steady-
state aualysis of typical eanvironmental control syster radiating fin elements.

A somevhat larger error may be removed, hovever, by use of varisble
properties for transient radiator opersting conditions.

Altbough the heat balance of equation (5) is only for one-dimensionsl
hest transfer, one, tvo, and even three-dimensional heat dalances may be used
in the radiator routine. To 40 this, the numbers of adjacent fin lumps and
appropriste conduction distances (Yg and YJ) must be specified. Fin lump type
nunbers are used to descrite¢ each f4n lump. Lumps having the same dimensions,
i conduction data, external radiation ares nnd of the same material may be desig-
: nated as 8 single "type". This format reduces the required data input for many
problems. Rsdiator structursl supports may be included in a thermal analyeis by
adding another type of fin lump or by specifying & constant temperature for those
luzps > wesenting dboundary cpndition supports.

A typical tube lump is shown belov.

!
R

RCSET RN DA

e _r..sn.;.,,iwf;“_, Ll

< esesssani




Other types of tudbe luxps,in addition to isotiiexmal lumps which
completely enclose fluid lumps or lumps which only condust loangitudinally,

f can be accommodsted in the computer routine. The three sketches below
: illustrete tube lumps used in periphersl sudbdivisions, tube Junctions, end
Juxtapositionsd tubes. ’

Lup J

g
L
]
g | The finite difference heat balsnce for these luuwps is:
Ty J
ﬁ : .
" | ' +DbeAg (Te - T¢) (7
I ‘ P 8




Rearranging:
. u !
Ty 2Ty, Ar 2‘; Up y(Ty=T, ) + E._u“('r.-'rt)wgt he Qy =€t Ay T,
Vit +he A(Te = T,) (8)
< t
vhexe!

Vg = Aw of o g‘tubo lump weight, where:

Ay, = tube lump longitudinal conduction area (1.0., tube -
lump cross-sectionsl ares)
¢ ‘= tube lump length
' € = density of tube lump materisl

¢, = tube lump specific beat
Tt z temperature of tube lump at time
T,' = temperature of tube lump et time 7+O7F

AT = tiwe increment for next step in calculation as determine by ;
convergence criteria (Parsgrsph 3.2) 3

the conductance between tube luwp ¢ and adjacent tube lumps J

Uy 3

s Aec Y__L—
A
K Ky

Aec ‘:Lls the effective conduction area between tube lumps

t and J ;

Y. 1s that portion of the conduction path length between !
lump ¢ and J which lies in lump ¢

Yd is that portion of the conduction path length between

lump ¢t and J which lies in lump |

K¢ is the thermal conductivity of tube lump ¢
KJ is the thermal conductivity of tube lump J

Y = the conductance between tube lump ¢, end adjacent fin or struce
ture lumps, s
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Y. 1s that portion of the conduction path length
between lump t and s which lies ia lump ¢t

Yg is that portion of the conduction path length
between luup t and s which lies in lump s

Ty ® temperature of adjacent fin or strusture lump s at time T
Qt @ incident heat on tube lump, t
Ag = tube lump external area
ot ® absorptivity of lump t for incident heat flux
€y = vmissivity of tube lump, t
he = fiuid convective heat transfer coefficient
Ap ® area for fluid convective heat transfer
Ty ® fluid lump temperature at time 7~
For the case where tube lump-to-tube lump conduction involves only upstream and
downstream tube lumps, the termSUtj(Ty=Ty) in equation (7) was further ex-

panded in terms of upstream and downstream tube lump values for use in the

computer rou“ine. The subscript tu refers to the upstream tube lump and td
refers to the avwnstream tube lump.

2 Ugy (Ty=Ty) = Aw[ ] (Tyu=T¢) + Am J (Tga « Tg)
» +
tu Ky l_xtd K¢
QA0 [(T’cu = T) Kpy K& (Ty - Ted) Kea Kt.l
-7 Koy + K Ktd + Kt

i
$
i
i
4
Fi
¥
b
q
i

i
g
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(9)

.2 Ao K [TtuKtu + Ttd Kgq K‘t.u + )]

The inclusion or omission of tube lump to tube lump longitudinal
conduction was left as a program input option. !
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The tube lump characterization is completely general as a result of
specifying a tube type number for each lump. Different lumps, having the same
dimensions, conduction data, external radiation areas, and of the same wmaterial

may£be classed as a single "type" which is specified separately from the lump
numoper.,

A discussion of the convergence and accuracy criteria which determine
the size of the time step that can be used for transient calculations and the
size of the lumps into which the radiator must be divided is presented in
Paragraph 3.2. ,

3.1.2 Gradient Method « This steady-state method of analysis was developed
for rapid performance predictions of radiators with simple rectangular fin
geometries. The computation and problem setup time required for this method

ere considerably less than for the nodal method because only the tubes and

fluid are divided into isothermal lumps. The heat transferred from the tube
lamps to the fins is determined from precalculated tabulations of fin base
thermal gradients. These gradients differ frow those used with coumon fin
effectiveness radiator analyses because they apply for both adiabatic and non-
adiabatic fin midpoints. The removal of the adiabatic midpoint requirement
extends the usefulness of the gradient method to conditions where adjacent
rediator tubes are at different temperatures es a result of being shut-off,
being in differeant flov circuits, or because they are arranged in a counterflow
pattern across the radiator skin. Severe variations of environmental heat influx
vwhich may also yield unequal fin base temperatures can he approximated in a step-
wise fashion across the radiator.

The assumptions underlying the gradient metbod differ from those of
the nodal method in the following respects:

1. Incident heat is assumed to be constant for an entire strip of

£in betveen adjoining radiator tubes. As vith tbe nodal wethod,
a different incident heat may be used for each tube lump.

2, Fin beat conduction is assumed to be one dimensional, therefore
longitudinal conduction in the fins is neglected. The conduc-
tion in the tubes is retained from the nodal method.

3. The material properties are assumed to be constant within each
fin strip. However, for each fin strip, temperature dependent
properties are a function of the fin base temperature or of the
base temperature multiplied by a factor vhich the program user
epecifies. ‘

he Temperature dependent fluid thermodynamic properties are used,
and as with the nodal wmethod, they are considered constant with-
in each fluid element but variable betveen elements.

S. The rediator fins are assumed to be rectangular and of constant
cross-section.
N
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A typical radiator subdivision used with the gradient method is shown

below, The radiator fins are divided into large non-isothermal strips, but
the tubes and fluid are again divided into small isothermal lumps.

FIN STRIP / -

The finite difference heat balance of a typical tube lump shown
below 18 given by equation (10).
s 4‘ 0{
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u :
- € 1_'a'A‘,, T, ' +by Af('rr.'r‘_;l (10)

aT the fin base thermal gradients on the right and left
&x R & L side of the tube lump

]

A the cross-section area to be used with the fin dase

er thermal gradients

As vith the nodal method of solution, each tube lump may have different
cbaracteristics specifiéd by the tube lump type number. Those lumps with
the same dimensions and identical dimensions in adjoining fin structure may
be classed as a single lump type.

Equation (10) differs from equation (8) only in that the conduction

to the adjoining fins is now described by fin base thermal gradients to the
left and right of the tube. These gredients sre determined separately from
parametric solutions of a fin heat transfer equation, and are not necessarily
equal in magnitude.

Since heat conduction in the y coordinate direction between fin

strips is assumed to be zero, the strips may be analyzed as separate rec-
tangular radiating fins with different base temperatures and environmental
influx values. For example, a different influx velue for each of the U fin
strips shown above may be used, if required, to approximate an actual varia-
tion of incident Leat on the radiator surface.

The differential equation defining one-dimensional heat transfer in A

a simple rectangular radiating fin with constent influx bas been estadblished

herein are shown belov.

in the literature (references 3 and 4). The equation and nomenclature used (

e b
a.e =N OM-Q

) s T vhere T is fin temperature
‘F{ Ty is fin base temperature (4.0, T8 X & 0)

(1)

® 3 Te vhere T, is the equivalent temperature of surrounding
™ space

x

L

X - vhere x is distance from fin base 3
L is fin half width
N, =o¢T 312 vhere K 13 fin conductivity
¢ -—k—g—- S is fin thickness

13




This equation has previously been solved for an adiabatic boundary
condition at the fin midpoint. The resulting fin base thermal gradients were
then non-dimensionalized on the basis of ideal heat rejection (i.e., heat
rejection with the whole fin at the base temperature) to yield commonly used
fin effectiveness values. For the gradient method of analysis, the fin base
thermal gradients were calculated by numerical integration of equation (11)
subject to boundary conditions of:

Omw1@Xwo0
QuorB8Xm2

A Runge-Kutta numerical integration routine was used to determine
d8/dX at X » O for & range of @, Or, and No values. The gradients were de-
termined by assuming & value for d6/dX at X = O, integrating to X » 2, and
comparing © at X = 2 with the desired value of &r. The value of d6/dX at
X = O which matched Oy was obtained by successive iteration. The iterated
solution to the equation yields gradients at both ends of the fin, but only
the gradient at X » O was retained. The integration interval used between
X ®Oand X r 2 was .025.

The fin effectiveness gradients result for 9y ®» 1.0. The other 6r
values, in addition to ©r » 1,0, yield a more general set of solntions which
apply for both adiabatic and non-adiabatic fin midpoint conditions. Figures
Al through A3 of Appendix A show the variation of the non-dimensional fin
base gradient with Ng, Oy, 8nd 8g. For very low Nc values and high tempera=
tures at X = 2 (for example No = .10, ©r ®= 1.50), heat will flow into the
tube to which the fin is attached rather than from the tube to the fin as is
normally the case. For a typical Ne = .50 and a severe ©r of .60 or 1.50,
the fin base gradient varies about 30 percent from the adiabatic midpoint
value. Thus the use of the more general gradients can remove considerable
inaccuracy by accounting for heat flow across the fin midpoint.

Table Al of Appendix A lists the gradient values which have been
generated to date. These values are used as curve data since it is not
necessary to generate them specifically for each problem. Gradient values
outside of the parameter range of Table Al may be generated with a numerical
integration subroutine which is part of the program source deck. Since a
large number of gradient values have already been determined, it is recome
mended that only new values be computed . on & program run, and that these
values be added to the existing set as expanded curve data for a separate
radiator problem run.

3.1.3 Fluid Heat Balance

The energy balance on the fluid which flows through a tube lwmp 1s
comuon to both methods of solution. The energy balance is given by equation
(12) for the differential fluid element shown below.

L
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he(WP)dy (T = Ty)
/ t

Y 2 N ﬁc(-r»,% ay)

N Y+ dy

ety 3T evcr-ic (e 3T ay) - ne(We) dy (1 = my) (42))

oY

vhere:

fluid density

fluid cross=section arcza

tinme

mass flow rate

fluid specific heat

fluid convective heat transfer coefficient
tube wetted perimeter

tube temperature

?5"?’0#?3{0
sssssesze

The fluid temperature is taken as the mixed mean temperature, the
fluid specific heat and density are assumed to be constant, and the fluid
conduction in the y direction is neglected in equation (125.

The finite difference fluid energy bal..ace is 'given in equation

a3).
he Ap (Tg = Tg)
/
. 7
v > fu ¢ . QTf .
ll

wgee "'""TéA; = op (Tou - Te) = he A (Tr -Ty) (13)

thus Tf’. Te + -;’-E% [\'i ef (Tey = Tg) = by Ap (Te - Tt)] (1)
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where

we ® weight of fluid in lunp £ = Ag () (©) where @ is the
fluid density and £ is the fluid lump length !

¢y = specific heat of fluld in lwp £

Ty @ temperature of fluild at timc 7

T{ ® temperature of fluld at Line 774 AP )
AY ® time increment for next culeclation step as determined

' from convergeice criteris (puragraph 3.2)
w @ fluid flov rate
Tfu ® upstream fluld lump Lemperature
hy = fluid convective hewst truncter coefficient
Af = area for convective hoat transfer
Ty @ temperature of Lube luup which encloses fluid luwmp

Equation (13) is & freguently uscd approximate equation (Reference
1 ) which yields an explicit solution for Iy, It involves the approximation
that the fluid capacitance effect is basvcd on the oullet fluid temperature
of the tube length £'. In writing equation (13), an isothermal tube wall is
also assumed so the temperature Ty is not located 8- a node at a finite
depth in the tube lump.

The fluid temperature, Tr, in the Lerm hy Ar (Tg - Ty) of equations
(7 ) and (13) can be more accurately represented by (1y, + Tr)/2. However,
use of this latter form in equation (13) also imposes an additional convergence
criteria (see paragraph 3.2) which rcutricis Ar of the fluid lump. Since this
size limitation is not a practical rcquirement for all radiator analyses, be-
cause Af will have to be very small fur low fiow rotes, the use of either
(Teu + Te)/2 of Tr was left as a routine option.

The variation of the fluid properties with temperature is approxi=-
mated by using properties in equation (13) which correspond to the tempera=-
tures of the different fluid lumps.

3.1.b4 Calculation of Heat Rejection

The total radiator heat rejection is determined by summing up fluid
heat losses in each tube. The individual tube heat losses are computed from:

Q ® w (Hin = Hout) (Klﬁ)
where: |

Q ® fluid heat rejection
Hin ®= enthalpy of fluid at radiator tube inlet
Hout » enthalpy of fluid at radiator tube outlet

The program user supplies a curve of fluid specific heat versus
temperature. This data is integrated by e trapezoidal integration method
within the routine to provide an enthalpy versus temperature curve.

16
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3.2 CONVERGENCE AND ACCURACY CHITERIA

The heat transfer equations used in the conputer routine described
herein are based on an explicit method of finite difference solution. With
this method, the future temperatures of any radietor fluid, tube, or structural
lunp are evaluated from the present temperature of surrounding lumps and the
thermal environment., The validity of Lhis type of solution depends on satisfy=
ing oriteria for stability, oscillation, and truncation error minimization.

A discussion of these criteria and a review of the literature are presented
by Clark (Reference 5 ). Chu (Reference 6 ) also discusses convergence
criteria in the report on the basic routine from which the radiator analysis

routine was derived. The pertinent points from boih references are outlined
below.

3.2.1 Stability

The term stability usually refers to errors in equation solution
that progressively increase or accumulate as the calculations proceed. After
a review of the literature, Clark concludes any explicit forward difference
equation will yield stable results for the future temperAtures of any lump
if the coefficients of the present lump temperature are at least zero or have
the same sign as the other coefficients of known temperatures. Chu (Reference
6 ) also bases his convergence proof on the condition that the coefficient of
the present lump temperatuie be of the same sign as other coefficients of
other known temperatures. This stabiliiy criterion defines the size of the
time step to be used with the basic equations. The equations used in the
space radiator routine for both techniques are rearranged below tu show the
development of the stability requircment.

Nodal Technique « Equation (5) for Fin or Structure Lumps

,
w.cﬂ QJ-A—;-:—T-E-)- - % UBJ(TJ - TB) + “BA'Q, - GIIT“‘A.

Rearranging,

’ (s AT '
Tg ® ;a-c-.'[z UgyTy + OcBAQB] + Tq {:1 -Ve, (ZUBJ + G.JT"SA')l
J J -

For the coefficient of Ty to be positive, .

*] Wgcg
%U.J + El‘Tg3Ao where @ s convergence iactor (16)

are
: €1.0
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Nodal Technique - Equation (7) for Tube Lumps
w ooy =TS gy -7 U (T
t Ct ~7 -J tJJ"b)"'ZUtbl-Tt)*th.Qt !
8 B
-€4 T Ay Ty* + by Ag(Tg = Ty)
Rearranging,
Ar U
Ty' W[ZJ UtJ '.l‘J +§‘ Ugglat 9y Ag Q + hp Ap '1‘:] +
]
AT (X 3
For the coefficient of T, to be positive,
9 Wy C¢
AT = 3 vhere 0<1.0 (17)
JZoUtJ + ;U“ +€,0hg Ty + g Ap
From the development above,it ie evident that the use of (Tm + 'r,)/a
instead of T¢ in the convective heat transfer term will not affect the con-
vergence expression for A?” because the coefficient of T, is unchanged.
Similarly,the A” convergence expression is the same tor equation (10) of the
gradient technique because it onzly involves substitution of ‘the term
aT dT 1for the term > U,. (T - T¢+) in equation (7).
A - = ts \'s8 t
Ko Aer |z, de]
Fluid Lump - Nodal and Gradient Techniques - Equation (13)
(Te' =T2) .
Ve cp rAT 3 wwece (Tp, - Te) = he Ap (Tp = T¢)
Rearranging, /\
AT - v .
Te' = [wc'r +h T]+T[1-A W ce + ho A,)
r 4 w;-a; £ it r Ap Ty, f \ wt-,-a; ( 4 b gl

For the coefficient of the Ty to be positive,

Q@ vf cf
AT ™ = vhere 0<1.0 - (18)
v Cf + hf Af

If T, is replaced by (Tp, + Tg)/2 in the convective heat transfer
term for greater solution accuracy,the convergence criteria for AT changes,
and ancther limitation on the size of the fluiGa lump is required, as shown
below.

18




Te' =T . T + Tt
wtc,L‘-z-;-L)-wcr('rm-Tf)-thr< > 'Tt>
Rearranging,

/ . hy Ag
- Te'm rAn:'(htAf)"'Tm Z:Tr(v ef = — ) +
!

he A
AT . f AL

vr cf 2
For the coeffici 'nt of Ty to be positive,

o Ve cf
ay = L vhere ¢ < 1,0 (19)
f L
2

Furthermore, for the coefficient of Ty, to be positive,

E.‘.'_f!. .'S.\}t‘f

e

< 2weyp (20)
h e

. This places a restriction on the size of the fluid lump to be used in the
radiator routine. 8ince it may not be practical to meet this restriction

for all radiator problems, the use of averaged fluid temperatures is left
a8 a program option. '

During nodal problem solution, time increments for fin lumps, tube
lumps, and fluid lumps are computed with the equations given above and the
smallest of the three time increments is used for all T' calculations. In
a gradient problem solution,the smaller of the time increments for the fluid

and tube lumps is used. The routine uses a 0 of 0.90 unless otherwise
specified.

3.2.2 Oscillation

Even though a solution is stable, it may oscillate around a correct
mean value. To eliminate this undesirable oscillation, Clark (reference 5 )
recormends that the calculation time increment based on the stability criter-
s ion be further reduced by a factor of 1.5. It should be noted that this re-

i duction may not suffice for all cases since the oscillation depends strongly
on the size of space increment and the problem boundary conditions. In setting

reasmteas ~




up the basic routine from which this space radiator routine was derived, Chu

used a factor 1.11. The space radiator routine will also euploy this factor
unless otherwise specified by the program user.

3.2.3 Truncation Error

The truncation error in the routine solution results from replacing
derivatives with finite differences. In order to provide a measure of the
socunulated truncation error, results for smaller time and space increments
(subject to stability and oscillation criteria) should be compared. Chu
recommends halving the svace increment ari quartering the time increment 4o
obtain an ~3timate of the error in a numerical result. In general, an ine
vestigation of truncation error must be made by changing lump sizes for each
type of problem to determine the maximum size of isothermal lumps that can
be used for a valid solution.

[

The truncation error has been shown to be of the form A + B,
(Reference 5 ) where A is proportional to the time increment and B is pro=-
portional to the square of the lump linear dimension. LTV experience in-
dicates that time truncation error (A) is relstively small (<3 percent) if
the time increment satisfies the stability criteria. The spatial truncation
error (B) can be evaluated at steady state. For typical radiators and segmuents
of radiators, changing the number of lumps along the length of the tube from
20 to 10 causes less than 0.2 percent difference in heat rejection (Reference
7 ). Further reduction to 5 lumps along the tube in the analysis of large
radiators also appears to have only a slight effect, but no direct comparison
is available. A comparison of two and four fin lumps between tubes in the
analysis of large radiators with high fin effectiveness shows about & 2 per=
cent difference in heat rejection, even though the fin temperatures are con-

siderably different. These results are subject to variation due to radiator
design differences. !

3.2.b Steady State Shutdown and Jump Ahead

Since the computer routine uses a transient approach to steady
state conditions, a shutdown criteria indicating that steady state has been
reached must be specified to terminate a run. Experience gained during the
program showed that most problem solutions have reached steady state when
the temperature change of every lump between succeesive calculations for T
was less than .0001 to .00l percent of the lump absolute temperature., Howe
ever, since the temperature change between successive calculations is a fuw -
tion of the minimum time step for convergence, which is in turn a function
of lump size, it was decided to allow the program user to specify the steedy
state shutdown as part of the routine data input.

When transient problems are being considered, equilibrium conditions
may also be achieved at intermittant points (such as on the dark side of the
moon in & lunar orbit analysis). To conserve transient analysis computer
time the criteria for steady state conditions is comsidered at every itera-
tion. When every temperature satisfies the input criteria a transient pro=-
blem will be considered at eteady state., In such an-event the iteration
process is terminated and problem time is Jumped ahead to the next point at
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which any time-dependent curve change occurs whereupon iterations are cone
tinued. This option permits exclusion of long periods of calculation in
mission aralysis where the system is at sleady state, thus shortening calculae
tion time. The option can also be utilized to analyze¢ several successive
rteady state conditions in one submission or transient data since the problem
vill Jump ahead after reaching equilibrium at cuech Interut ttant coudition.
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3.3 FLUID HEAT TRANSFER COEFFICIENT

Commonly used equations for determining both laminar and turbulen<
flow heat trans”er coefficients were programmed in the computer routine. An
investigation of the basis for laminar flow heat transfer coefficient equa-
tions was undertaken since a majority of space radiator flow conditions are
in the laminar regime. It was found that both experimentel correlations and
theoretical equations for laminar flow heat transfer coefficients can only
be applied with considerable approximation to the flow conditions in space
radiators. It was decided therefore to let the program user specify a
factor in the data input which modifies the heat transfer coefficients de=
termined bv the equations within the routine. This provision not only permits .
studiess of the effect of heat transfer coefficient variations, but also pro=-
vides a method for specifying non=circular duct coefficients. The performance ,
of space radiators is not directly proportional to changes of fluid heat trans= .
fer coefficient. In general, if the path between a radiator fluid temperature
and an equivalent temperature of space is characterized by the resistance of
an internal heat transfer coefficient and the recistance of a radiating fin,
the former will be found to be quite small compared to the latter. Thus,
appreciable changes in fluid heat transfer coefficient may affect th.z net
radiator heat rejection by only a small degree. This fact, however, does not
permit gross errors in heat transfer coefficicnts if accurate radiator per-
formance predictions are expected.

3.3.1 Laminar Flow

Both the thermal entry length and the fully developed flow regimes
must be considered to properly evaluate a laminar flow heat transfer coeffi- ;
cient. The thermnal entry length region is usually considered to include .
those values of (1/Re Pr)(x/D,) below .050. The portion of total radiator ’
length in the thermal entry region may vary from the entire radiator length
for higher fluid flow rates and higher fluia temperatures to only a small per-
centage of the total length for-radiators with low flow rates and low fluid
temperatures.

The theoretical solutions which have been obtained for thermal
entry lengths are frequently based on boundary conditions of either constant
tube wall surface temperature or constant heat rate per unit of tube length.
These solutions are also formulated under the assumptions of constant fluid
properties and symmetrical heat transfer around the tube periphery. In addi=
tion, many of the solutions only apply rigorously if a hydrodynamic starting
length is provided because the flow is considered to be isothermal with a
fully established velocity profile at the tube entrance. Results are shown
in Figure 1 for both local and mean Nusselt Numbers obtained by the Graetz
solution for circular tubes with uniform surface temperature under the
assumptions outlined above (Reference 8).

The solutions exhibit an asymptotic approach to a fully developed
flow Nusselt Number of 3.66. The local Nusselt Number has reached the fully
developed flow value for (Re Pr) (D,/X)<20. The local Nusselt Number is
employed to arrive at locel heat transfer coefficients for the tube lump
heat balances in the computer routine, whereas mean Nusselt Numbers are
commonly used for overall heat exchanger calculations.
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The use of theoretical solutions based on the assumptions of constant
fluid priperties can introduce errors for fluids where viscosity is a strong
function of temperature. Yang (Reference 8a)and Deissler (Reference 9), among
others, have considered the effects of variable properties on fully developed
and thermal entry length solutions. The Nusselt Numbers, in general, fall
below the constant property solutions for cooling and above the constant pro-
perty solutions for heating. The effects of variable viscosity reported by
Yang for uniform wall temperature can be approximated by multiplying the
constant property Nusseit Number by (p/«w)0+1l (where 4y is rluid viscosity
evaluated at fluid bulk temperature and «, is fluid viscosity evaluated at
tube wall temperature) for both heating &and cooling conditions. Deissler
(Reference 9) recommends use of the empirical correction of ( 4p/sy)el¥ tor
fully developed constant heat rate solutions.

The analyses of References 8 and 9, like most other theoretical
solutions, were derived for conditions of symmetrical heating or cooling
(1.e., the derivative of temperatnre with respect to tube radius is zero at
the tube centerline). Reynolds (Reference loghae shown the type of variations
in Nusselt Number which can be encountered for non-uniform peripheral anecat
flux. For thin-walled tubes attached to the backside of radiating surfaces,
theoretical equations derived for symmetrical heating must be regarded as
approximate for predicting heat transfer coefficients.

The analytical solution of Graetz which was extended in Reference
( 8) is programmed to determine heat transfer coefficients in the laminar
entry length region. The coefficient approaches the appropriate steady state
value as large lengths (0> RePrD,/20) are attained, thus the equation is
also used for fully developed hvat transfer. The equation is:

-2 Mg X "
A Re Pr Dp ) :
neeXe Cfne 1/ (p) () ¢
ﬁZAn 2 hn~ X | Aw j
y2le Re Pr Dy ~‘:
n ;
where: §
g
hy @& convective heat transfer coefficient :
Kf = fluid conductivity :
Dn  ® tube hydraulic dianeter
An @ coefficlents eigenfunctions (Table 1)
An = elgenvelues (Table 1)
X ® distance from tube entrance
Re @ Reynolds Number ,
Pr @ Prandtl Number o
/‘b ® fluid viscosity evaluated at fluid bulk temperature :
Juy @ fluid viscosity evaluated at tube wall temperature 4 !
F1 = data input factor ;
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| In selecting the heat transfer coefficient factor (F1)it should be
! remembered that s Nusselt Number of 3.66 applies for

l. Constant wall temperature boundary condition.
2. Circular ducts,

The constant wall temperature value is pessimistic since the actual
radiator Nusselt Number will probably lie between the constant wall tempera-
* ture solution of 3.66 and the constant heat rate value of 4.36. The circular
duct value of 3.66 should be appropriately modified by (F1) for non=circular
tube configurations.

The entry length heat transfer coefficients are considered at the
entrance of each tube in complex flow systems such as those which will be
discussed in paragraph 3.4.3.

3¢3.2 Turbulent Flow

A commonly used equation for turbulent heat transfer coefficients
was programmed directly without a detailed investigation nf the underlying
assumptions. The correlation of equation (17), recommended in Reference 11,
is8 used to determine heat transfer coefficients at Reynolds Numbers greater

e R

| than 2000,

i 8 o 1/3

S ne = ,023 Kt [f.‘.h} (Re)*® (pr) (a7)
T Dy L ew

; % vaere:

v he = convective heat transfer coefficient

; : K¢ ® fluid conductivity

D, ® tube diameter

] /b = fluid viscosity evaluated at fluid bulk temperature

; A4y u fluid viscosity evaluated at tube wall temperature

: Re ® Reynolds Number ////kd
Pr s Prandtl Number

In turbulent flow the undeveloped region of heat transfer is short
2 4 diameters) such that for most cases it will constitute only a small
portion of the total internal heat transfer region.

[E——
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3.4 FLOW SYSTEM ANALYSIS

This section includes a description of the methods used for (1)
computing incompressible fluid pressure losses, (2) analyzing simple flow
systems with tubes in parallel, (3) analyzing complex parallel/series sys-
tems with manifolding, (4) analyzing flow rate as a function of pressure
loss, and (5) computing pumping power. The description of pressure loss !
calculations for two-phase flow is given in paragraph 3.5.1. For all sys-
tems involving parallel flow paths, the flow rates which give balanced
system pressures are determined after each temperature iteration and these
flow rate values are used in the thermal calculations for the next temperge
ture iteration.

3.4.1 Fluid Pressure Loss

The flow system pressure loss for those portions of the system
involving single phase incompressible fluids is calculated by the usual
Fanning equation with a dynanic heed! loss factor (%) added. The pressure
loss for each fluid lump is calculated by:

Apuuréh' ff P €2 . "421[*'(;’52&5%] (18)

° 2@4c
where .

f = friction factor » 16/Re for Reynolds Numbers less that 2000 |
and is read from input data for Reynolds Numbers greater ?
than 2000 ;

2”7 = fluld lump lcngth

% = number of fluid dynamic head losses f

% = tube fluid flow rate

WP = wetted perimeter 5

AC = fluid crossesection area §

D, = tube hydraulic diameter = 4 Ag/WP ' %

@ * fiuid density

v s fluid velocity

o1k
) were added to equation (16) !

Two additional terms F2 and (ub/ie
{:;thermal flow: ;

to acconnt for non-circular ducts and none

AP = _ia__ [f(WP)L’ F2 (#b/ﬂan +)(] (19)
2Acae Ag -
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where:

Fp = pressure loss factor for non-circular ducts, is 1.0
for circular ducts

My = fluid viscosity evaluated at fluid bulk temperature

/4w » fluid viscosity evaluated at tube wall temperature

The fluid lump type cards provide for inputs of (%) which can be
dif.erent for each fluid lump type. The term is used to account for pressure .
losses in tube entrance regions, bends, contractions, and expansions. Entrance
pressure losses for varying duct geometries (Reference 12-) may also be

" specified by (%).

3.k4.2 Parallel Flow

The term parallel flow is used herein to refer to systems with
simple sets of tubes arranged in parallel as shown in Figure 2, The tubes
do not have to be the same diameter or length. The tube manifolds are not
included in the analysis; the system inlet temperature and pressure are
supplied to the entrance of each parallel flow tube. The flow rates which
glve equal pressure losses do not ipvolve any fluid outlet manifolding. A
mixed fluid outlet temperature is computed by using flow rates and enthalpies
of each parallel fluid stream.

The pressure balancing subroutine is called after initial flow
rates are read from the datea input before the first temperature iteration is
made and after each successive temperature iteration. The individual tube
pressure lusses are calculated and compared. If the pressure losses differ
by more than 0.1 percent, the individual tube fluid flows are adjusted by
the equations chown below, and the comparison is repeated. No advance in
time is made until a pressure balance is obtained.

*

w! = OQPavg (¢
1 ZSTGTJE,( 1) s

"é = APay (W) ete. to
ar, - (o) et

) .
Vo é%igXE (wy,) n = number of radiator tube
n
n n
e Fe e
27
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N - &t " wt
ﬁi - ;{ (ﬁi) ’ by - EZ (w3) » ete. to
V‘]a ] ‘:'t (K]
i?'(wn) n ® pnumber of radiator tube
t ’

wvhere:

W ® {ndividual tube fluid flow rates. Prime values are
intermediate calculation numbers and double prime values'

are the assigned flow rates for the next pressure drop
calculation.

AFgqyg ® the arithmetic average of all individual tube pressure
arops.

subscripts 1 through n denote parallel flow tube nunbers
for flow rate and pressure d4rop.

3.4.3 Banks and Headers Flow

The banks and headers option permits analysis of combinations of
parallel and series flow in general networks. The name is derived from
"banks" of parallel flow paths and "headers' or manifold arrangements. To
aid in discussing the use of the option certain terms require definition.
First a "feeder" (referring to Figure 3 ) is the single inlet or exhaust
tube of a manifold. A "bank" of pipes is the portion of flow network be-
tween the inlet and outlet manifold. A "manifold" is the system of tubes
separating or joining the flow from or into a feeder. For analysis, mani-
folds are subdivided into tubes. A "tube" or "segment" is the largest sub-
division in a network in which the flow is the same; hence, is the portion
of a flow path between two tube junctures. The tubes are subdivided into
lumps to provide for thermal considerations of fluid flow. When the banks ,//\'
and headers option is used, there must be two tubes per bank minimum and //
at least four tubes per system. Two portions of a flow line cannot be called
two tubes in series due to the definition of a tube,

The present routine does not permit tubes of a bank to connect
into the manifold of another bank which is arranged in series with the first
bank. Each tube in e bank must rejoin the feeder connecting two series

banks. Figure 3 shows schematically the arrangement which is thus not
permitted.

The flow rates in a general network must be determined so as to
(1) preserve flow continuity and (2) balance pressure drop in the various
parallel sections of the network. The flow rates which satisfy these re-
Quirements are determined by solving a set of simultaneous equations. The
pressure drop is linearized to be proportional to the flow rate of the
previous iteration,or problem input flow rates,and the equations are set
up and solved for new flow rates. Using this set of flow rates the pressure
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balance is checked. If the prooﬁu;el are not balanced a new pressure drop

per flow rete is used to resolve the simultaneous equations until a pressure
balance is achieved.

For problems with laminar flow and no (%() losses, only one solu=
tion of the simultaneous equation at each iteration is required. If the
flow is turbulent, or if X losses are high, successive solutions of the '
cquations will be required. The new flowa are adjusted to the average of
two successive equation solutions to provide for rapid convergence. Any
problem will be terminated by the routine if a pressure balance is not obe

tained after solving the simultaneous equations twenty times at any one
iteration, '

The pressure drop per tube is computed from the sum of the pressure
drops of the lumps in the tube. The equations for flow rates are set up as
shown below for the flow oystem in Figure 4 . Only three tubes may Jjoin at
any one point. When several tubes are manifolded together, "dummy" short
tubes must be inserted. There are seven flow rates for the system in Figure
I requiring seven equations. These arei

(1) ¥, = known value
ﬁlifla-t \7!3

ﬁa.fm'} l.is
96'*24' fls
(2) Vg ® wy, * Wg

APy »Apy +APs
AP, s AP5 +A Pg

The last two equations are linearized by dividing the AP of the /\
tube by the flow rate to give the coefficient of flow rate, A. :

AQV'IQ'A3"?3+ A5‘75
Ah"h'“ﬁ*S"‘%‘% ;

The first equation of the set (1) and the equation for the flow continuity

into the last tube (2) a.ve not considered in the solution because they are
known. The others are written in the form:
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W2 + W3 - ‘fl
\?3 - \70‘“ - v'is s 0

- ‘:’2 - ‘.'IS + ‘.'6 = 0
hovip = Agig - Aghg = 0

«
o

The matrix of coefficients @ is wiitten from these equetions as:

-,

0

0 1 -1 =« O
1

0

LO 0o Au NAS “A6
The equation @ W = C is sonlved by determining A*1 and resﬁlts in:
ws g-lc

3.h.4 Flow Rate Versus Pressure Loss

For many flow systems pump characteristics determine sy:i.em flow
rate as a function of pressure loss. The routine provides for data input of
pump AP versus W characteristics. If this option is vsed, efter each solu~
tion for pressure balance a flow rate for the total system ypressure loss is
daetermined from the pump characteristic curve. If *he flow rate is within
0.1 percent of the flow rate used for the pressure balance the next tempera-
ture iteration is made. If the flow rate is out of tolerance, the average

flow between iterations is used for successive iterations until a match point
is achieved.

3.4.5 Pumping Fower

For radiators with a series flow arrangement, the total fluid
pressure 1loss will be the summation of fluid lump A P's for a single tube.
For parallel flow arrangements, & ilow balancing procedure shown in paragraph
3.2.2 is employed to insure equal pressure drops in al), radiator tubes.
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The fluid pumping powér requirement is based on the frictional
and dynamic head pressure loss of the fluid. The pumping power is calculated
for each tube separately ana totaled for parallel flow radiators. The
following equation is used to calculate pumping power.

i 2, @
Fr oo 27+ (Erdaws Waber Lo FhaTd Tos

per radiator tube

09 ® pumping powver
% & fluid flow rate

(Pt)avg
AP

everage fluid density

pressure loss between inlet and outlet of radiatox
tube

R A SR 812 Ken < e rat e e e e va e rin o b .




3.5 TWO-PHASE FLOW ANALYSIS

Prediction of two-phase condensing flow in a space radiator and
heat exchanger requires a suitable analytical model. An analytical model
describing the phenomena of condensing heat transfer in the presence of a
non-condensible gas is described in the paragraphs which follow. The de-
scription includes (1) a flow model, (2) the heat and mass transfer rate
equations and (3) the energy equation and method of solution.

3.5.1 Flow Model

Two=-phase isothermal flow in a pipe presents the problem of de-
termining (1) the pressure drop and (2) the amount of liquid ccntained in
a portion of the pipe. A correlation was developed in Reference 13 in
which the pressure drop of each phase was considered equal; and correlating
parameters were derived from relations governing the pressure drop of each
of the phases as if it were flowing alone. The choice of correlating para-
meter is dependent on whether the gas and liquid flow is turbulent or laminar
in nature. The liquid flow in radiators and heat exchangers is expected to
be laminar so only laminar liquid with laminar gas and laminar liquid with
turbulent gas is considered. The correlating factors are denotedﬂXT and X,
and are defined as:

Xp = (Reg>-o.8 [16 ]. iiﬁ . . g& (turbulent gas)

L
T £
L me wg
Xy = fL P8 .w_L.. (laminar gas)
& QL Vg
where

R " ficial Reynolds Number kg
eg superficial gas eyé er, Wﬁ—j;

Fg e gas density
GL ® Jliquid density
f‘L s liquid viscosity
/Ag w gas viscosity
W, ® liquid flow rate
ﬁé ® gas flow rate
The amount of liquid i: <t .4+ is defined by the relaticn

a::'4ACL .
7r(Dh.L)d
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vhere
& = area ratio
ACL # liquid cross-sectional area
DhI.. = liquid anydraulic diameter
If the wetted perimeter of the liquid is the tube perimeter
Dy, * f.f.l_?
L WP
where
WP = wetted perimeter
and
e (WP 2 ™ ACT
PR R,
L
where

ACT = cross-gsectional area of tube for flow

This relation shows that as long as the liquid film wets the entire perimeter
that O uniquely determines the liquid cross-sectional area, regardless of
the flow type (i.e., slug, annular, or wavey annular).

The pressure drop is related intimately to the values of & and the
parameter X. In the analysis of Reference 13, the pressure drop in two-
phase flow is greater than that of the gas phase flowing alone by a factor
of ¢2.' The value of ¢2 from that analysis is determined from the equation

¢ = 1+{aXr Reg > 2000

$ = xfxg Re, < 2000

The value of ¢ being determined from only « and X implies that a unique re=-
lation between oc and X will also determine the pressure drop. The turbulent

flow correlation of o« versus X'm of Reference 13 is programmed into the
routine and is shown in Figure 5.

With both laminar gas and liquid, a simple analysis may be performed

to determine (¢ and ¢ . The Navier-.Stokes equations may be solved in two
regions, (1) a core and (2) an annulus, with the following assumptions and
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boundary conditions.
Assumptions:

élg Both regions have equivalent pressure drop
2) Steady state, developed flow profiles are assumed
(3) Both phases are laminar

Boundary Conditions:

l) Zero velocity at tube radius

2) Symetrical flow

3) Velocities at region interface are equal
L) Shear at region interface is equal

This problem results in a solution for &« in terms of 21, with the component
viscosity ratic as a parameter. The equation is:

—
$2 « 02Xy ana “Z-ﬁ*l‘a(l'ﬁfxfég'%) i;_)

Due to the characteristically high gas velocities, the flow con-
tinuity for the gas is determined by assuming that transient changes in the
gas flow rate are propagated through the length of the tube in one time
increment rather than one lump per time increment. At each node, the gas
mixture flow rate is depleted on the basis of the most recently determined
condensation rate at that node. Denoting the lump position by an integer
subscript and the time by an integer superscript, this is:

ivl irl i+1
g " Vgy-1 " AW

where
Avy, ® condensation rate //A~

The condensation rate, Ay, may be written as:

w

Ay, = Ky Agp (Py - Pg)

i+l i+l

Thus wgy = Wgj-1 + Km AHT Pg - Ky ApT Py
where
Km = mass transfer coefficient
AT = area for heat transfer
Ps = vapor partial pressure at the condensing surface
= bulk vapor partial pressure

38



Py may be written as:

Py JK_EQ*__ (vg - o) Py

Y+ MR Vg - o - (IR) Wo

vhere
| pV = gppecific hunidity of gas
« Y8 Yo
Yo
*S £t total gas flow rate
Wo ® non-condensible gas flow rate
P, = total gas pressure
MﬁR z ratio of condensible molecular weight to non-condensible
molecular eight
The above relation for Py is substitited into the equation for
Aw, and an expression for wg results:
Wg = Q 2
| g TQ+)yQB + RA
3 wbere . - 1
: Qp = 1/2[(th-1)»'fo- g3-1 ~ KmAHT Pg + KpAgT PSJ vg
; RA = ‘:’gJ_l(WR‘l)\;’o + KmAgp Pg (MWR-1)%o + KpAxr Ps Wo
1 The above relation will give good results for values of Pg near
Pp. However, there are some conditions where it gives unrealistic results.
; To prevent this fromoccurring, a limiting condition was placed on wg. This
! limit prevents wg from being larger than that required for the gas to be
saturated under evaporating conditions, and smaller than that-required for
the gas to be saturated under condensing conditions. The limiting 4, "Esat)
is given by:
MR Pg T
[J.+ el - 10 ]
Ssat Pg Tg - Ps Tg ///\-
An attempt to simulate a precise transient liquid continuity equation during
the development of the r.utine was not successful. The transient liquid
continuity equation is:
o ﬁL AV S+ ¥
L d Ag v, AV 1 dx
+ + -
o X A i o Orhop %2 37
: , In difference form, this equation is, with position denoted by subscript and
§ : time by superscript,
: » .l 1+1 . i-1 i
vpyel - fLy AV, . €1 Acy Ry =&y = o
ax ax (a3 a7
S 38a
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With ¢ determined using the correlatlon of O versus X', the right hand
térm causes an instabllity, especially when the time increment is 3shortened.
Because of this difficulty an approximate form of the continuity equation
was adopted. Symbolically, this is written

a1 i i {

wLy " XCJLJ_l v (L -y ) vy +K(_\.v'JLJ

¥ = velocity (“éz;_) = XV AT

2’ !
eA(‘: /Q
The value of ¥ is the fraction of lump length the fluid advances during the
time interval. This equation seems to be satisfactory and not susceptible
to instability.

3.5.2 Heat and Mass Transter Rates

The heat transfer coefficient equations of paragraphs 3.3.l1 and
3.3.2 were used for laminar and turbulent gas heat transfer coetficients in
the two-phase flow characterization.

Mass transfer rates are based on an analogy of heat, mass, and
momentum transfer proposed by Colburn (Reterence 14 ). This analogy has been
subjected to & number of verification tests, which in general, show its validity.
Two of these tests, for the case of condensation within & tube, may be found
in References 15 and 16, The results of these tests bear out the analogy
for both turbulent and laminar flow. The equations used to determine the S
local coefficient of mass transfri. Kn, are: :

% b, ?An exp[n Rhge x]

o v [ M2 x ] (tantnar)
-X—.é exp —————
n D Reg Sc :

o@P .8 5
Km ® .023 =€ RegSc (turbulent)

where

ERE T NN AR AN

diffusion coefficient

tube diameter

vapor gas constant

gas temperature

gas pressure

bulk vapor partial pressure

é?&?é?éftagh
| I BN BN BN BN |
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Pg ® vapor partial pressure at condensing surface
Pn ® Po=Ps log mean pressure of non-condensible gas

PE © Ps
Pg = Pp

X & distance downstream of condensation origin
8c = Schmidt number of gas

log

The film coefficient relating heat transfer through the liquid film
adjacent to the wall is not directly measurable when condensation occurs in
the presence of non-condensibles. The thickness of liquid film is a dynamic
problem depending on the properties, etc., as is the pressure drop determina-
tion., The dynamic forces on the film should be independent of whether the
gas is a pure vapor or mixture. Due to this dynamic similarity with con-
densaticn of a pure vapor, it is postulated that the film coefficient should
be the same for both cases. Many correlations have been derived from expori-
mental data of condensation in tubes. From the correlations available, the
cne judged most appropriate is that of Reference 1l7. 1In spite oi the re=-
latively wide range of experimentation for which the correlation pertains,
the thick films encountered in low velocity flow may fall outside of the
range ol applicability of the correlation. To check this condition, the
routine computes the film thickness in order to print a statement that the
prediction is out of the range of correlation. The equation used for the film
coefficient U is:

1/6 1
Uu=KL 13.8 (PrL)l/3 [ A ] / Rey & for Re, < 20,000

Cle(‘ Tg-TW ;

1/6
2
ve KL (.1)(15’1'1,)1/3 [Cp ('?g'Tw)J Rey /3 for Rg, > 20,000
L
LW 1/2
Ra. = & L 000
v T ["2};‘] 1070 < Hey < 100,000

vhere

K;, ® 1liquid thermal conductivity
Pry s liquid Prandtl Number

N\ = latent heat
liquid specific heat

C2
g
=
]
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The heat transfer, mass transfer, and film coefficients dstermined
above are used in the following equations:

The hgnt transfer rate from gas to liquid (or tube if condensation has not
begun) 1is

Q ® nghyr (Tg-T,)
vhere
Ts = surface temperature

Ay = (WP) (£°) when liquid is present
Aip = data input from tube when 1liquid is absent

The heat transfer by condensation 1is

QL(latent) = Km App A (py~ Ps)
where

AHT s (WP) (L)

The heat transfer through the liquid film is

Qs U AH,T (TB"Tw)

vhere

Agp = data input from tube date

3.5.3 Ener uations and Their Solution

The general form of the energy conservation equations are written
for the gas and liquid lumps as

snergy storage rate ®= convective net influx 4 heat transferred
into lump + latent heat added.

The gas ilumps have only one heat transfer source, the surface of tube or

liquid, whichever is appliceble. The term "latent heat added", is zero and
the equation is similar to equation (13) of paragraph 3.1.3.

AT :
wgcps a5 " Velrg (Tupstream = Trump) + BeAyp (5 - Tg)
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Denoting the lump position by an integer subscript and the time by an integer
superscript, the explicit difference equation may be written

sl i i i i i
TJ [ TJ + % [\:Igcp (TJ-I - TJ) +* hf“lﬂ' (T.J - TJ)]

The liquid lumps have heat transfer sources as the gas the tube wall, and
the "heat added" is the latent heat rate. The oxplicit equation is, assuming
energy to be stored at the lump surface temperatuve,

142 1 QY 1 . .
TJ - I'J + chp [chCp (TBJ-l - TBJ )4‘ thHT (T:J'T.J)

S |
+ U Ay (Tyy = Tay) + QL:I

It i3 known that the time increment ( A7 ) must be limited for the
successive iterations of the above equations to remain stable (paragraphb
3.2.1). The commonly applied criterion is to have the coefficient of T
ccnstrained to be positive. When using this approach to determine the
maximum allowable time increment,A?,e problem is encountered. The latent
heat transfer exerts a large influence on the stability which is not cone
tained in the expression for temperature calculation.

To express the effect of latent heat on the stability requirement
the following is considered. During one time increment the net heat addition
cannot be 80 great that the temperaturees achleved in cne iteration would
cause a reversal in the direction of net heat flow. For condensation, this
implies that the latent heat addition should never be sufficient to cause //\_
the liquid surfece temperature to exceed the gas dew point temperature, The .
latent heat rate can be expressed as if it were sensible heat transferred ,//
from the gas dew point temperature as follows.

Q mLTDP Ts:]

b [T Pe) (1)

Top-Ts
Tpp * dew point temperature of bulk gas

b2



'Mhe points ( Py, TpP) and ( P, Ts) both lie on the vapor pressure versus
temperature saturation line. On this line the slope of the line may be
expressei using the Clausius=Clapeyron equation (Reference 18),

QP

T al
T ou——
If the liquid volume is neglected compared to the gas volume, and the gas

volume 3- calculated using an ideal gas relation (error < 5% for T < 250°F
for H20

A .
e

Substitution into the equation for Qr results in

2
Pb
O * Ko Ayr 7 (Tpp=Ts)

i
If the coefficient of Ty 3 namely

APy
K Ay

™ R,

is added to the other coefficients for the determination of AY for liquid
lumps, the resulting AT is

ar = 20
WLCp, + BpAym + U Ay + KmAnT},apb
nv'%2

wvhere

® = convergence factor < 1.0 {(See Paragrepr .. ,

L3
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This constrains the surface temperature to greater or less than the dew
point temperature, not both on one iteration.

During condensation, in any one increment vapor is extracted from
the gas. The entering vapor rate may not be great enough to replenish this
for long fluid lumps, resulting in a vapor pressure reduced below the pressure
to which mass transfer had occurred the previous iteration. Hence, the lump
lengths must be limited. An equation was developed which, & priori, would
allow the user to select a value of length less than that value which would
produce the above mentioned situation. The derivative o Pp/ o (Avwy)
can be evaluated from purely thermodynamic considerations. The AWy is
simply Qu/A7 1in a 1ump and is proportional to ( Py = Pg), the driving
potential. When O Pp/ (Aﬁs exceeds (pp - Ps )7 A vy ® 1/Ky Afip the
aforementioned difficulty will occur. Thus, the area for mass transfer must
be limited to that value for which

. 2P
R AﬂT g§CAvq)

The resulting equation is

2
Kn Ay, P

o Z .M <10
vio Pg ¢ Yo

If the Ajp (proportional to length) is too large a diagnostic will be printed
indicating the margin by which it is too large. For several example systems
this restriction has amounted to lengths which are about 5-15 diameters
(hydraulic diameters). This length restriction need only be applied for
lunps where condensation occurs, not all lumps in a condensing system.

3.5.4 Transport Properties

Calculation of transport properties in gaseous mixtures involves
the integratior of collision integrals for the molecular force potentials
into kinetic theory assuming a set of combination rules which will enable the
celculation of the properties. The calculation of thermal conductivity is
further complicated by molecular internal energy, in addition to translatory
energy. There are several models of combination rules which for non-polar
gases give very reasonable predictions using the Leonard-Jones 6:12 potential,
Reference 19. However, with the molecular dipole moments of polar gases, the
6:12 potential fails to predict transport properties. A recent work (Reference
20 ) sets forth a calculation model for polar gas mixtures that appears to be
quite successful. However, it is not complete, i.e., thermal conductivity is
not included, and its procedures would require considerable manipulations to
enable reasonable calculations. The calculation technique used in the computer
routine 1s either a simple mole or mass average of the individual properties.
This method produces fairly representative variations for each transport
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" property ang predicus the Prandtl number versus gas composition dip observed
with was mixtures. DBinary diffusion coefficients require an input value at

14, psia and LOYF and wlll be calce ted under the assumption that tle
coef'ficient, varies in proportion to /P.

Sehem Calculation Procedure

The order ir. which the calculations of paragraphs 3.5.1 and 3.5.2
are periurmed ic stated in this paragraph. Those calculations required to
establish the pressure and {low rate are performed firet for each lump.
Following thic determination, the heat transfer coefficients, mass transfer
coelficients and latent heat transfer rates are determined. Then the time
increments are determined and compared to select the problem time increment.
An examination is made to insure that the calculated condensation rates will
not cause the physically impossible condition of negative vapor flow retes
or negative liquid flow rates. Finally, the temperature solution is per-
formed for temperatures at the next time increment.

Due to the order of calculation, instances such as an initial
discontinuity will produce condensation rates in some downstream lumps much
greater than would be expected under equilibrium conditions. This occwurs
because successive temperatures will, on one iteration, drop below dew point
temperature at which time condensation will be calculated in each lump. For
example if the initial temperatures of five series tube lumps are TOOF
initially, and the gas dew point is initially 150CF at each position, the
same condensation rate will be calculated at each lump. If, for example,

10 pounds of vapor were flowing and the calculated condensation rate were

5 pounds per lump, the last three of the five lumps would not be permitted
any condensation, since the first two lumps exhausted the vapor flow. The
steady solution results in a decreasing dew point temperature rather than
having a constant value, hence some lumps in general may evaporate some
liquid for several iterations until the dew point temperature profile is
established. It is felt that the time lag error produced by this character-
istic will be small in any practical transient problem.
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3.6 FUEL CELL CHARACTERIZATION

3.6.1 Thermal and Mass Balance

The capability to perform thermal analysis on fuel cells simular to those

on Anollo vas programmed intc the routine. When the fuel cell option iy used, the
routine will pertorm a heat ~nd mass balance on the fuel cell and inciude
the effect of the fuel cell un the heat rejection syestem.

In charactcorizing the fuel cell the following assumptions were
made !

(1) The fuel cell stack is represented by a single isothermal
lump.

(2) The ges leaving the fuel cell stack is at the stack
temperature.

(3) The fuel cell exit vapor pressure is the same as the vapor
pressure inside the fuel cell stack.

(4) Each fuel cell module operates independent of the others

The heat balance on the fuel cell stack is given by the
following relation:

dTq

wQC 7 = Qnet

In finite difference form:

+1 . 1 AT

Ts = TS + WC (Qnet)
wvhere el

Tg = stack temperature at time T+ AT

Tgl = stack temperature at time T

AT = finite difference time increment

we = the thermal capacitance

Qnet = th2 net energy being transferred to the fuel cell stack

The net energy being transferred to the stack, Qpet, i8 given
by:

Qnet ®* Qr - Q¢ - Qg - Q¢ - QP
where

Qr = chemicel ene:sgy due to the hydrogen-oxyges reaction
energy removed from the stack by recirculating gas
energy carried out by vapor evaporated from the cell
electrolyte solution

Qc = heat removed by conduction or radiation

Qp = energy removed by electrical power usage

OH O
® |
L)
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When the water is formed within the fuel celi stack by the chemical

reaction or hydrogen (H2) and oxygen (02) the water is formed as & liquid

in the water-potassium hydroxide (K3H) solution present within the stack.
Thus, the higher heating value would be used in d.termining Qr. Qpr, then, is
given by:

2 W - M‘J -~ - MV - !
Ar = Wop[Hoy + hop - hogq 4 -M;g (hoy. = Bogpy) g (hy hl’??)]

where )
woR s flow rate of reactant hydrogen

P
-Cl-ﬁ

Cl = constant for the reaction

TP = fuel cell power

3
n

fuel cell " cltage
HOH = higher heating value for hydrogen
hOR = enthalpy of hydrogen at the reactant temparature

= enthalpy of hydrogen at 77°F

S

atomic weight of oxygen

$

Mo = molecular weight of hydrogen
M, = molecular weight of water vapor

enthalpy of oxygen at reactant oxygen temperature

jo g
@]
ny
jos]

n

= enthalpy of oxygen at TTOF

hﬂs = enthalpy of liquid water at stack temperature
hg,- = enthalpy of liquid water at T7°F

If it is cdesired to use the lower heating value, the following conversion
can be made:

W,
HOH s HOL + ﬁ{?; (hf877)

= Hop+ ¥ (ng, )
LT, ey
Then, Qp may be written

Qp = C3 % [HOL + hOR - h077 + -::%?- (hOQR - h0277) - %%(h’s - hj77 - hf877)]

ks
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but the qusntity (kg - hepy - he 77) may be written (hy, - hyqy - hfg ).
Thus, for the lower heating value,

Qr f‘]_]P [HQL-O- hQR hg ( hg, - hg )
T’ W’ 2r 277
My
- o (hvs - b?'n - hfgs)]
where
th * enthalpy of water vapor at stack temperature

hyqq ® enthalpy of water vapor at T7°F

he ., ® latent heat of vaporization for water at the stack temperature

Es
The energy carried out by evaporated vapor, Qu, is given by:
Qe heg (RE)

vhere
RE & rate of evaporation

= ¥ (Yout - Y‘:’s)
The energy removed by recirculating gas is given by:

where
Wo = recirculated hydrogen flow rate

hog * enthalpy of hydrogen at stack temperature

enthalpy of hydrogen at temperature of recirculating gas

hoyy,
entering the fuel cell stack

Ywg = specific hunidity at the water separator

enthalpy of the water vapor at the temperature of recirculatiag

Bvin
gas entering the fuel cell stack

Yout ® specific humidity of gas leaving the fuel cell stack

The energy removed by electrical power, Qp, is given by:

Qp = 3.1131P

4se




The net heat trensferred into the fuel cell stack is then
Qnet %‘E” [Hog + nop, - Hoyp + % (Roge - "0277)
. gv; (g - ugy - hg )] - heg (RE)
- "o[hos - ho,  + Yug (By, - .)
- Q - 3.M137P

and the finite difference ‘emperature equation for the fuel cell stack is:

P ,
'I‘i"'l Te "‘;r—c_{ [H "‘hOR"“O-”

M,
- o (byg = Bypy - be, )] - heg (FE)

- wo [hOs “ hOin + YWB (hVB - hVin)]

- G - 3.!41311’}

A mass balance on the tuel cell stack gives the following relstion
for a new value of electrclyte concentration at the end of time T + AT

( 02 - h0277)

1
Pyrmiti=" 1 AT
KB Pt * Wieg (R - RE)

where
P](cmi"'l ® electrolyte concentration at time T + &Y

Pxont

Mxon = mass of electrolyte in the Tuel cell stack

electrolyte concentration (& T

RP = rate of production of water by the reaction
H] _MX Cl?
Mo TE
RE = rate of evaporation of water

= Vo (yout - sz)

sz = gpecific humidity at the water separator
S ‘.’gws - W
Yo
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o) s flow roate al Lo vater separatos
w & recjrewloted hydrogen

Y our £ ospecific humddity of gas deaving the fuel cell stack

o M ( Py ]
I{O I’ - pv

My = poleeular welght of water
Mg = molecular weleght of hydrogen
) = vapor pressuve in fucl cell
P e total system pressure

The recirculated hydrogen which enters the heat rejection system is calculated
each iteration by the following relation:

.o (V)ﬁws
o) e e e e
1+ 7@8

where
/owa = gas density at the water separator

’

V = volumetric flow ra%c rcad from pump curve

The total gas entering the heat rejection system (leaving the
fuel cell stack) is given by:

gy = wo (1+ Yout)

Vg, ) T8L+l (as entering gas temperatwre) end ¥, are input to the heat
rejection system to determine its performnance on each iteration.

3.6.2 Transient Fuel Cell Characterization

In the early versions of the MOD-T routine which were uscd for
analysis of the Apollo Electrical Power Systems the fuel cell performence
was characlerized by a serles of steedy state curves which represented onc
given volunetric pump flow end condenser exit temperaturc. These curves
specified the module voliage versus teuperature and power output. In the
actual operation, the fuel cell module voliage is also a function of
electrolyte concentration. Tne use of the steady state performance curves
for fuel cell translcnt conditions and for steady statle conditions (at
other than the specificed condenser exit temperature and voluwnetric flow)
caused inaccura:ies in the predictions of the fuel cell module voltinge.
Since the voltiage is used in the calculation of the rate of water production,
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the Innceviaey o Ahe veltoocrdeudatlon v copownted In the repell v
finite differeie colesd«tion of heal arnd 1ons e,

To overcore these conput-Lional {nneenracienr, a curve it of
module voliope as o fuetion of tenpurature, powr and celeetrolyle conen-
tration wi droloaonied, ne best forrr of the curve 1t owng found to b
that pgliven in Refevence 21,

Ve uw+~b)$* (cTs 4+ d) 4 e (£ - Pien)
wvhore
\'s £ module voltagp.:
P = module power
Tg » slack terporature
PKOH = percent elcetlrolyte concentration
a,b,c,d,e,&f = curve fit constluants

The constants were determined in Reference 16 to be:

e 7.960 % 10-%

a
b = -.8470

c = .02€00 *

d » 11.05 R
c = -0,2473

£ = .73

(b, and d have been adjusted to account for the fact that stack temperature
is in °R instead of OF as given in Reference 16),

3.6.3 Load Sharing

The early version of the MSD-T computer routine being used for
fuel cell analysis assuncd that cach of the three fuel cell modules would
operate independently of the others. However, the Apollo LPJ system actually
has the three fuel cell modules connected electrically in parallel with the
tolal electirical load being divided between the three in accordance with
their particular performance levels. Changes were made to reflect the parallel
connections of the three fuel cells in the present routine vdrsion.

Since the performance of cach of the three cells is determined
explicitly as & functivn of the: voricrules which o'rect if., Loe portion
of the total load which each module produces could be established. Since
the three fuel cells are connected in parallel in the actual system, they
were assumed to have egual voltages. Temperature and electrolyte concenra-
tion werc assuimed Lo be fixed and an iterative technigue was used to find
the voltage that would produce the toial load desired. The Newrton-Raphson
technique wos applied to improve converpgence.

The performance equations usced for each fuel cell was of the
form:

mmww
¢



I ey e

Py — v _ [v -y - ¢ ey (73 - m»n)]

aifia-ﬁq

where

Py = pover of nodile i

v s voltu[e O cavh 1 i

Ty = Lenperature of coch nedule

PKOH « fracltlion of clecirolyte in solution
and

PT'i Py

i=l

where

Pp * total power required from Apollo EPOD

n & nuwiber of fuel cell modules
or

ted

v o
Pp = é;i E?TIfFMEI [.V -cyTy - A4 - ey (.73 - PKOHi)]

Substituting into the Newton-Raphson technique, the voltage is
determined as follows: *

n \'
P i W“J-m - - - - (S ¥
T .‘32;;‘1 aiTy + by [‘G egTy - 44 -~ ey (.73 m\n):l

2. [2vy-esmy -ap - eq (.73 - PKOHi)] ay Ty + by

ot——

i=)
vhere
VJ+1 = voltape at M1 passes through load sharing loop
V4 = voltage at J posces through load shoring loop
n ' |
When |Pp - f%% Pil is less than a specified tolerance, the voltage has

been found which gives the required pover.
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4.0 SPECIAL ROUTINE OPTIONQ
h,1 Flow Control Valves

A generalized capability is pruvided for analyzing systems with
four types of control valves. Each of tho valves, ratse-limited byp~rs,
polynomial bypass, prcpoctioning, and shut=off i. described in this secciov.
Figures 6 and 7 shov a typicel deployment of the valvas described topether
with the data inrut nomenclature for "from" and 'to" tubes. In c¢ach cese
the valves are set in position at the end of a time increment by the sensor
lump termperatures at that time,

For both the bypass and shut-off valves the equations (Cection 3.4.3)
generated for the determinztion of flow rate ere changed by deleting the pres=
sure drop equation and adding in its place the flow proportion caused by the
valve. As an example consider a bypass valve in the system schemaiic of
Figure 6 ., The equations which normally determine flow rate would contain
the equation

AP3 . AP2+ AP6+ AP7

With the valve in operation this equation would be replaced simply by &3 -2:&1,
and the preasure drop would not nececssarily be balancod,

A pressure balance is maintained across the proportioning valves as
described below in paragraph 4.1k,

Any of these valves may be unused fcr a particular problem or part
of & problem as de¢ ormined by the program user. This feature enables the
assessnent ¢ the system performance characteristics with and without the
valves for & mirimum of data input.

bo1.1 Rate=Limited Bypass Valve

ihis valve is designed to proportion the flow branching from a single
tube in such a way that the temperature at a designated sensor tube lump is con-
straeined to a specified temperature if obtaining the temperature at the end
of each time increment is within the valve response capability. The valve's
positicn (fraction bypassed) is determined by integration of its velocity.
The velocity is determined according to the difference between the sensor
lump temperature after each iteration and the desired temperature of the sen-
e lump. The model for this velocity dependance is shown in Figure 8, This
model was designed to represent an electromechanical bypass valve used Auring
past radiator test programs. Since the velve is rate esensitive, a velue for
the time increment must be used for steady state r~lution even though it is
physically meaningless.

4.1.2 Polynomial Bypa:in Valve

The polynomial bypass valve distributes the flow at a branch
dependent on a specified temperature in the problem. The fraction bypassed
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is determined by & fourth order polynomial ( 2 versus temperature) for which
the coefficients are data imputs,

4,1.3 Shut=0ff Valves

Three types of shut-off valves are available for use, The first
and second merely are open or shut depending on a temperature in the system.
The first closes when the selected temperature drops below a pre=arranged
value and re-=opens when that temperature exceeds a separate higher value.
The second opens as the temperature falls below a first value and closes when
a second value is exceeded. The third valve combines the first and second
valve such that it switches the flow hetween two branches as a function of
the two temperatures cihosen.

hol.b Proportioning Valve

The proportioning valve is designed to respond in the direction of
causing the flow in two parallel paths to exhaust at the same temperature.
This arrangement is utilized to provide maximum heat rejection when two sides
of a radiator system operate in & significantly different incident heat
environment, The valve operates in a manner designed to reproduce character=
istics of an actual valve used during radiator tests. ‘The equation describing
the operation of the valve is:

Z ® Zpravious + A7 (X3 =Zprevious) + Valve gain (Tpp = Typ)
where:
Valve gain is allowed as an input constant in the data.
AT = time increment
ZA; w» initial valve position
A = present valve position

ThT’TLT & temperature of sensors in right and left hand tubes

After the position Z is determined, it is used to derine the pressure drops
in each side of the valve through the relation:

-* 7’2
APrr s £ | RT

L-TQJ

r-c’ )
APLT s E __I:?_
L7
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cata preparation)

see Parameter Card 22 71

®rro¥, @ right and left flow rates
13_ ® valve position from left

72 ® valve position from right

Tue valve pressure drops are considered together with the pressure
drops in the remainder of the right and left hand flow paths to determine
flow rates vhich give a pressure balance for both sides of the system. Cone
sidering the pressure drop of the radiator to be a linear function of flow
rate, such that AP @ K ¥, the pressure balance in the radiator and valve
can be written as:

2
Kpp # E["RT ® Kyop E’:'I-'J-‘2
R + E |22 +
RT Zo LT "LT TI
where:
Kom = AP of radiator right branch/right side flow rate
RT
K;m = AP of radiator left branch/left side flow rate
¥Ry, Wpp @ right and left flow rates

The pressure drop equation may be solved for the left side flow rate by
substituting ¥gp ® pom = e

% 4 x

1 1 2 2% W . E(% )2
E TP - —>= (h’l‘) + KLT + KRT + ____%‘_Q!:i WLT .KRTwTOT + __'I_?T_é._ <\
1 2 2

Denoting the coefficient of &LTQ by (a), of ¥ymp by (b), and the constant term
by (c), the fir may be put into the standard quadratic form.

2
- b b = 4 ac
frp = u j%‘a

When %; and %, are diflerent by less than a specified tolerance (VLVIOL,

Card 22, Columns 31-l0), the value of (a) will be small and the approximation
trur » ¢/b is used.
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L.,2 HEAT EXCHANGERS

A heat exchanger option is provided in the program which will allow
transient analysis of systems conteining a heat exchanger. The heat transfar
process is calculated in the following manner. First the data input desig-
nates cervain lumps to be heat exchanger lumps and indicates whether they
are on the cold side of the exchanger and if so, the numbers of the adjecent
hot side lumps. For lumps in the heat exchanger, the bheat transfer calcula-
tions are performed es if the hot side tudbe lump exchanges heat with doth
hot and cold side fluid lumps. The cold side tube lump does not participate
in the thermal exchange except to provide necessary information, such as
heat transfer area to cold side fluid lump. Given the following information;

the heat transfer rates may be calculated.

" Denoting the position by subscript end time by superscript, the
energy balance equation for the hot side tube lump is

i+l i 4 1 ol
W sCmy TJAT " T3" = (npAgm)eo1a(Teog1qd-Ts ) + (heAHT ot (Tenotd Ty)
i i i
+ U, (TJ+1'TJ ) + U-(TJ-].'T ) + Z (TK-TJ
hcold - cold side heat tranéfer coefficient
hhot -Mtumﬂqtumﬁucwﬂmmm
AHT cold = ¢old side area for heat transfer

Agp pot - hot side area for heat transfer

Wy C¢ - weight of hot side tube lump x specific heat

U, - conduvctance of hot side tube lump to downstream lump
U_ - conductance of hot side tube lump to upstream lump
UJK - conductance to any other tube or structure lumps '

This equation is used to solve for Tji+l. The cold tube temperature merely

follows the cold fluid temperature and has no meaning. Each of the fluid
temperatures, hot and cold, is determined in the same manner as for other
lumps except that the cold fluid lump transfer is from the hot tube tempera-
ture rather than the cold tube temperature.

The solution thus determined is quite general in application poten-
tial, allowing either counterflow or parallel flow and unmixed cross flow,

.However, certain precautions should be observed. (1) The mass and longitud-

inal conduction area of the entire exchanger should be input for the hot side
tube lump alone. The mass of cold side tube lump does not enter the problem.
(2) The area for heat transfer to the enclosed fluid lump must be entered
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properly for the cold tube lump. (3) No conduction data for conduction bee
tween hot and cold tube lumps should be used. Essentially the cold tube lumps
do not perticipate in the heat exchange, since the heat exchanger characterizae
tion is one in which one tube lump transfers heat with two fluid lumps. The
second, tube lump (cold side, by convention) is retained to enable independent

specification of parameters determining pressure drop in and heat transfer
trom the cold fluid lump. '

Three options are available to the user to determine the heat trans-
fer coefficient in heat exchanger lumps, (1) the coefficient may be determined
as per the normal flowein=tube equations used for all other lumps, (2) a qurve .
of heat transfer coefficient versus flow ratg/mly be input as curve data, (3)
a curve of Stanton number x (Prandtl number)2/3 versus Reynold's number may
be input from which the heat transfer coefficient may be determined. These ‘
data options permit a maximum of variety for the user's convenience. .

A sufficient number of lumps should be used in any heat exchanger
to prevent a lower than desired heat exchanger effectiveness. A limitation
on effectiveness results because of the finite difference method of calcula-
tion for tube and fluid lumps. As an example of the limitation which could
occur for a counter flow heat exchanger, the maximum effectiveness for the
finite difference characterization is given by:

MCy n
€ max * (2 'iﬁiﬁi) :
(2 - Vﬁpi)n_ M1
W2’ T BL;

or if MC; = MX2 J

€ pax * afx

vhere
n = number of lumps in heat exchanger in the flow direction
MCy = mass flow rate “‘imes specific heat for side 1
MC2 = mass flow rats times specific heat for side 2

For a counter flow heat exchanger, n becomes large as € max 8pproaches 1.0.
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4.3 KNOWN HEAT LOAD

An option was provided for calculation of steady state radiator
fluid inlet and outlet temperatures for a fixed geometry radiator rejecting
a specified Leat losd. The computer routine data input includes the known
heat load value, the radiator surface emissivity and area, and an initial
value of fin effectiveness and fluid specific heat. Using this data an
average radiator temperature is calculated by

T - Q 1/,4
e

The radiator inlet temperature is then calculated by Tin * Tavg - Q/W Cp.
The difference between the known heat load and the load calculated with the
first value of inlet temperature is tested for sign. If the calculated Q
value is less than the known heat load, the radiator inlet temperature is
raised by 10°F (or by the overriding value specified in the input data).

On subsequent calculations, if the calculated heat rejection exceeds the
known heat load, the inlet tomperature is decreased by 1/2 of 10° (or the
data input value). When subsequent calculated heat rejection values fall
below the known heat load, the temperature is raised by 1/2 of the past
step changes, thus providing & rapid convergence to the inlet and outlet
temperatures which match the given heat load. The program user may input

a tolerance for matching the iteruted lo&d to the given heat load to terminate

the computations. The user can also specify the maximum number of iterations
vhich will be permitted for a solution.

b4 RESTART

made in that a dump tape is written from which the run may be continued if
all conditions of the problem are not satisfied (i.e., transient time not
achieved). The problem may also be dumped by the user even if specified con-
ditions are satisfied, and then restarted from the dump tape at e later date.
This letter option is particularly useful for examining the output of a long
problem after a short initial period to determine whether the data has been
input properly. The detail instructions on the use of the restart option
are given in paragraph 5.3 of the date preparation.

Pruvisions for problems requiring extended computer time have been <j‘
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h.5 TIME INCREMENT SELECTION

Several options were programmed into the routine to provide
alternate methods for computing the problem time increment. These options
can increase the speed of the problem solution without loss of accuracy
vhen properly used. The use of the time increment in the finite difference
equations is shown and the various computing oriicns are described.

The basic finite difference equations (paragraph 3..) may be
written in a general form as:

4
T Ml.'ri+..4_7.’_[ > UJK(TKi-TJi)-r Q- BJ(T‘)} '
K

J J chJ

The subscript denotes lump number, the superscript time.

time increment

[
s weight of lump J
Cy = specific heat of lump J
w coefficient of energy transfer between J and K
® heat added to lump
e radiation coefficient

Further, in Section 3.2 it was demonstrated that the maximum time increment
for vwhich iterations of the equation above would remain stable is:

, Qwe
.
A %UJK'.' BJ(T}}S

@ (convergence factor) < 1.0

Ir T 1 is set to T L*l, the temperature of lump J may be solved for its
stealy state value, The finite difference equation may be written:

4
ZUJK (" = 'r.,"'l) + Q = By (Tdi"'l) -0
K

U Tpet + @

- 3
! 1l
%-UJK"' BJ LTJ:“]
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Substitution of the A?” from the convergence criterion into the finite
difference equation ylields:

{ o [ 4
® Ty + Zuax* BJ('I‘J ) ZU ,(('!L‘K -'I‘J )+ Q- BJ(TJ )

'r.,"*1 o7, (1-0)+0

1.3

The term on the right is by inspection exactly @ times the steady state value
of temperature except that Tl instead of T i+l 18 in the denominator. For
most cases, these two are noé greatly different, such that TJL+1 will be
approximately (1 = @) of the previous temperature and @ of the steady state
value at time i, For cases, such as fluid lumps, where radiation is non-
existent, this relation is exact.

For lumps in a problem with very short time increments the time
increment may be substituted into the respective difference equation and that
particular lump will assume steady state with respect to its surroundings at
each iteration. The value of @ is retained in the calculation to insure that
the non=linearity will not cause instability. The "floating'" or steady state
lump may be employed in several manners in the routine:

(1) No lump's time increment will be overridden, such that the
shortest of all the time increments will be used for each node.,

(2) A1l lumps whose time increments are shorter than a specified
minimum time increment will be "floating" and will assume
steady state as described above at every time increment. Lwmps
with longer time increments will use the minimum time increment
in the finite diff...ence equation.

(3) A1l fluid and tube lumps will be considered "floating" using
the steady state approximation, and all structure lumps will
be surveyed to determine the smallest time increment, which
is then used in all structure lump finite difference equations.
This option is attractive only when the mass of fluid and tube
lumps is very small as is the case in many radiator problems.

() ALl lumps will use the "floating" steady state approximation
and the equations will be iterated without regard to time,

In this iterative option the solution is only steady state
but .a time increment must be input to control the operation
of the rate sensitive bypass valve,
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L.6 CHECKOUT PRINT

The routine user may select the checkout print option which will
give a detailsd print at each iteration. The checkout print provides a
direct, relatively simple check of the data input consistency, and indi-
cates the time increments calculuted for each lump. The check of data con-
sistency may be performed by examining values of weight, conductance, and
other quantities which are kncesn o0 have recognizable symmetries and vari-
ations in the problem. One may survey the time increments and pick the
value of a minimum time increment which vwill accurately characterize the trans-
iext and only override those lumps vhich realistically can be considered at

steady state compared to their neighbors. An explanation of the terms of the .

check out print is included in paragraph 6.3.

b7 FLUID FREEZING

An option is provided to analyze stagnant or frozen fluid lumps.
The option operates in the following manner. The flow in esch radiator tube
is tested against a minimum flow rate which is specified in the data input,
I? the flow drops below this minimum flow rate, the fluid is considered to
be stagnant in the tubes., Conduction data which was previously input is then
used to compute fluid lump to fluid lump conduction and fluid to tube conduce
tion. The change of phase of a fluid is accounted for in an input curve of
specific heat versus fluid temperature.

In order to judge when a tube should be considered flowing after
the fluid begins to thaw, a& flow rate is computed at every iteration based
on the fluid lump temperatures in each tube, If the calculated flow is
higher than the specified minimum flow, the tube is considered to be flowing
again.

k5 CLOSED LOOP OPTION
A closed loop option is available to use when the fluid loop is

continuous. The fluid temperature leaving the last lump in the last tube
in the oystem is merely input to the system inlet, thus closing the loop.

.
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k.9 FLOW BALANCE OPTIONS

Several methods of specifying the fluid flow have been found to be
of use. Normally ooe will epecify the totel flow of a system and require
that the flov will be such thet a pressure balance is maintained in all
parallel flow paths. This option is designeted NFD « O (page 70) and is
suitable for any flov netvork (i.e., banks and headers and parallel flov,
steady state or transient).

In certain instances it may be desirable to use predetermined flow
rates in parallel flow systems and not balance pressure drops. This can de
useful vhen attempting to establish thermal verification of test results.
Two such cptions are available., With NFD = 1, the flov rates of each tube
are input as functions of time and with NFD = 2, the flow rates of each tube
are specified independently as constant percentages. The total of the fiows
remains the total flow with NFD « 2, but flow is allowed to bypass the radi-
ator, thus reducing proportionately the flow in each tubve,

In many systems, the total system flow is not independent cof the
thermal solution bu¢ is dependent on the operation characteristics of a pump.
This option (descrived in paragraph 3.4.4) is available for the user's choice
as NFD » 3 (page T70). 7Tf multi-system problems are run each system will re-
quire its own pump curve. Except for the selection of total flow rate,

NFD @« O and NFD » 3 opsrate identicaily.

4,10 LIQUTD SEPARATOR

An option is provided whereby the user may designhte a fluid lump
a8 & liquid separator lump. The liquid separator lum? reduces the total
flow rate by an amount equal to the 1iquid flow rate into it; thus % = O,
out of liquic separator lump.

4.1) INLINE HEATER

The capability to simulate an inline heater for any fuel cell
system has been provide® in the routine. T.e heater control is assumed
to be an on-off control with a constant deaudband. The inline heater is
simulated by allowing the specified tube lump to receive the heat produced
by the heater element when the sensor fluid lump is below the minimum
gsensor temperature. The routine logic permits the heater to perform as
follows:

(1) When the heater is off it will remain off until the sensox
lump temperature drops below the minimum sensor lump
temperature.
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(2) When the heater is off but the sensor lump temperature
drops below the minimum, the rate of heat produced by the
heating element (input) is added to the inline heater tube
node, The heater power is also added to the input fuel cell
tota] power and this sum is used for dctermining fuel cell
perf . rmance,

(3) Vhen the heater is on it will remein on until the sensor
lump temperaturc rises above the heater off temperature,
When this occurs, the heater will go off and the heater
power will no longer be added to the fuel cell total power.
The required input for the inline heater are the following:
(1) Heater power
(2) Heater tube lump
(3) Sensor fluid lump
(4) Heater on temperature
(5) Heater off temperature
4,12 EDIT
The large number of data cards required for problems run on this
routine presents three problems: (1) increased probability of operator
and/or card reader error, (2) increased probability of a card reader Jjam, 3
and (3) significant extra time required tc read in date from the card
reader when problem (2) occurs, For these reasons & routine was developed
for reading input data from tape with the capability for modifying the
data on read-in,

The EDIT routine is called by parameter INDATA input in columns
61 and 62 on parameter card 2., Possible inputs are:

(1) INDATA = O, All data is supplied on cards,

(2) INDATA

1, All data is supplied on cards and the card
images are written on tape on unit B. (Should
be specified as an output tape on job card)

(3) INDATA

e
n
-

Use data input on tape on unit C with desired
changes on cards to write a new data tape on
unit B. (C is input tape and B is output tape)

(4) INDATA

3, Use the data read in from unit B without change. i
Parameter cards 1 and 2 are read in from cards,
(B is input tape)
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When INDATA = 2, the deck set-up consists of parameter cards 1
and 2, the EDIT control cards (described below), and the new data cards
(with the same format as the cards being replaced).

The EDIT control cards, used only when INDATA has a value of 2 are:

Col Format Name Description

1-5 IS K3 Card number K3 will be either removed or
pushied down depending upon the contents of
the next two fields (K& and KS). If K3 is
greater than the number of cards on the
tape plus 10000, no edit will be performed.

6-10 15 Kb K4 must be equal to or greater than K3 or
must be left blank. If K4 > K3, cards
numbered K3 to K4 inclusive will not be
transferred to the new data tape on unit
B. If left blank no cards will be deleted.

11-15 I5 K5 If not blank or zero, K5 cards, which must
immediately follow this edit control card
will be inserted ahead of card K3 or in
place of cards K3 through Kk.

Giving K3 the value of 99999 will cause the continuing transfer of card
images from Unit ¢ to Unit B until a card image containing bbbl3b(b =
blank) in columns 1-6 is found. The unit C tape is not altered in any
way should there be errors in the edit deck which cause fatal errors in
the LTV program, It 1s the responsibility of the user to maintain extra
copies of the data tape and/or an up-to-date card deck.
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5.0 DESCRIPTION AND USkK CF COMPUTER ROUTINE

5.1 DLSCRIPTION

This computer routine was written in Fortran IV forthe Univac 1108
computer having a core storage capacity of 07,530 words and a minimum of
eight magnetic tape units. To use certain options of the routine requires
as many as three additional tape units. The program makes use of the chain
feature of Fortran IV in order to minimize the amount of core storage re-
quired and still provide a large data block. The first four chain links
read, process, and store the data in a packed data block, and the fifth
chain executes the main program. The operations performed by each chain
and its corresponding subroutines ure outlined briefly in the following
paragraphs.,

S.1.1 Chain 1

1. Reads the first two data cards and stores all of the first card
for a heading to be printed at the top of every page of output. Stores the
paraneters on the sec nd card end begins writing description of the problemn.

2. Tests the re-start code. If it is zero, the data processing
will be continued by Chain 1 as described in the following paragraphs. If
it is not zero, this indicates that all data is from the dump of a previous
problem. Chain 1 reads tape NDPI. NVLVRS is tested and Parameter Cards 20
and 22 are read as needed. Chain % is called to begin calculations.

3. Calls Subroutine EDIT which makes required changes to the data
input tape. Data cannot be changed by EDIT when the problem is restarted
from a dunp tape.

4. Reads the third card, stores the parameters, and continues
writing the description of the problem, listing the options indicated on
this card.

5. If fluid flow is indicated, reads the fourth card and stores
and writes the heat transfer coefficient factor.

£. If the tubes aue arranged in parallel and if more than one
system is to be analyzed, reads the fifth card and as many additional cards
as needed to supply the number of tubes in each system.

7. If the tubes are arranged in banks and headers form, reads the
sixth card and as many additional cards as necessary to furnish the number
of flow paths in each system. Reads and writes the seventh card and as many
additional cards as needed to supply & list of the flow paths.,

8. Reads the eighth card and as many additional cards as necessary
and stores the molecular weight ratjo, the twoe-phase flow option, and the
curve numbers of entering flow rate of gas curve, entering flow rate of liquid
curve, and entering pressure of gas for each system,
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9. Reads il ninth cara and as many additional cards as needed to
supply a closed loop code for cuch systen.,

10 If a steady state solution involving parallel fluid flow is
indicated, reads the tenth card and as many other cards as necessary to supply
an inlet temperature for every tube in every system.

If a steady state solution involving banks and headers f'luid flow
is indicated, reads the eleventh card and as many other cards as needed to
furnish an inlet temperature for the first tube in each system.

If a transient solution involving parallel fluid flow is indicated,
reads the twelfth card and as many additional cards as needed to supply table
numbers for the inlet temperature of each tube in each system.

*

If a transient solution involving banks and headers fluid flow is
indicated, reads the thirteenth card and as many additional cards as necessary
to furnish a table number for the inlet temperature of the first tube in each
system.

1ll. Reads the fourteenth, fifteenth, sixteenth, or seventeenth card
according to the flow control option indicated.

l2. Reads the eighteenth card if the flow control option indicates
it is needed.

13. If a gradient solution is indicated, reads the ninteenth card
supplying curve numbers, temperatuve factor, and density needed for the
structure,

14. Reads the twentieth, twenty-first and twenty-second cards
according to the valve options if valves are used. These cards supply valve
parameters.,

15. Calls subroutine SUBP to write the page heading, count lines,
skip pages, and increment the page count.
! L}

. 16. Calls subroutine RESET, CLOCK, and WCICL to read the computer '
clock and accumulate the time usage in the chain link. RESET and CLOCK are
called to determine the initial time entered and the present time; then
WCICK is called to determine elapsed time. Dummy subroutines may be used
if desired. ’

17. Chain 1 calls Chain 2 if fluid flow is indicated and Chain 3 if
fluid flow is not indicated. .

5.1.2 Chain 2

1. Calls subroutine SUBA to read, write, and store all of the fluid
lump data.

2. Calls subroutine SUBB to read, write, and store all of the tube
lump data.
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3. Calls subroutine SUBP to write the page hecading, count lines,
skip pages, and increment the page count.

4, Calls subroutine RESET, CLOCK, and WCICK to read lhe computer
clock and accumulate the time usage in the chain link.

5. Writes the amount of data space used by the parameter data and
the fluid data.

6. Writes the amount of data space used by the parameter data,
fluid data, and tube data :ombined. ,

T. If a nodal solutlon is indicated, calls Chain 3.

8. If a gradient solution is indicated, c&lls Chaln &4,
5.1.3 Chain

1. Reads, stores, and writes the structure lump drta.

2. Calls subroutine SUBP to write the page heading, count lines,
skip pages, and increment the page count.

3. Calls subroutines RESET, CLOCK, and WCICK to read the computer
clock and accwnulate ihe time usage in the chain link.

L, Writes the amount of data space used including the structure
lump data.

5. Calls Chain k4,
5.1.L4 Chaln 4
1. Reads, writes, and stores all the curve data.
2. Checks to see that all required curves are given.

3. Calls subroutine SUBI which reads the input required, computes,
stores, and writes the gradient table provided that

(a) a gradient solution is indicated,

(b) the parameter data indicates that a gracient table should
be computed by the routine, and

(¢) another gradient table was not included in the data.

L. Calls subroutine SUBP to write the page heading, count lines,
skip pages, and increment the page count.

5. Calls subroutines RESET, CLOCK, and WCICK to read the computer
clock and accumulate the time usage in the chain link.
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5.1.5 Chain 5
1.
of lumps,
2.
load data.
3.

Writes the amount of data space used including the curve data.

Calls Chaln 5.

Ivaluates the heatl balance equations for the various types

Tt & known heat load problem is indicated, inputs the known heat

Calls the following subroutines as needed:

(a)
(v)
(c)
(a)
(e)
(1)

(g)

(n)

(1)

(3)
(k)
(1)

Subroutine SUBP to write the page heading, count lines,
skip pages, and increment the page count.

Subroutines RECET, CLOCK, and WCICK to read the computer
clock and accunulate the time usage in the chain link.
Subroutine START which calls Chain 1 and a new problem if
the data exceeds the allowable data space.

Subroutine POL which does table look-up and straight line
interpolation.

Subroutine TRPOL which does table look-up and straight line
interpolation for the three dimensional tables.

Subroutine SUBWT which converts a block of temperatures
from absolute Rankine to Fahrenheit &and back to absolute
Rankine.

Subroutine SUBEND which writes the flow rates and pressure
drops and computes and writes the power requirement, total
heat rejected, and the radiator structure and fluid weight.
Subroutines CHECK and SURVEY find and search all time-
dependent tables so in a transient problem time can be
updated to minimum point at which any table value changes.
Subroutine SUBDP which initializes flow rates and inlet A
temperature for certain flow control options. SUBDP ///’
computes the pressure drop for each tube, the flow control
code and adjusts the flow rate as required. SUBDP analyzes
the valves and adjusts flow rates accordingly, recalculating
pressure drop. OSUBDP adjusts total flow in each system
according to the pump curve, if present, and recalculates
pressurce drop. SUBDP tests for freezing and recomputes
pressure drop and flow rate when freezing occurs.
Subroutine REVPOL which does a reverse table look-up and
straight line interpolation.

Subroutine FLARAN which arranges the fluid lumps into a
physical order rather than a numeric order.

Subroutine SUBFC to perform a heat and mass balance on

the fuel cell.
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L. Tesis the temperature change for every lump. If & steady state
solution is Indicated and the change for all lumps is less than the value of
SSTEST multiplied by the lump absolute temperature, the steady state condition
has been reached and the solution is ended. If a trarsient solution is in-
dicated, the time is tested and the solution is ended when the total time for
transient is reached.

5. Tests the computer time usage and ends the solution if the
requested time ls exceeded.

6. If the solution is ended before completion or if the dump
option is used, writes the entire data block and the variable block on tape
IDPT so that the problem can be restarted.
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5.2 DATA PREPARATION

An explanation of the input data is presented in this section of
the report. Where applicable, the inputs are referenced to page numbers in
the analytical methods portion of the report.

The data input is described in terms of seven sets of cards (1)
Parameter Cards, (2) Fluid Data Cards, (3) Tube Date Cards, (&) Structure
Data fards, (5) Fuel Cell and Inline Heater Cards, (6) curve Lata Cards,
(7) Gradient Taule Computation Cards, and (8) Known Heat Load Cards. The pre-
paration of these cards is described in paragraphs 5.2.1 through 5.2.8, respecw
tively. ‘
Although the twenty-seven parameter cards determine almost all of
the computing options, many are not required for any one particular problem.
A flow chart in Figure 9 shows which parameter cards.are required for the
basic routine options and is intended to supplement paragrapr 5.2.1.

The thermal conduction data which is read in as part of the fluid,
tube and structure cards is explained on pages 83 through 84 which have been
inserted between the parameter card description and the fluid, tube, and
structure card description.

A five column field is used for all data unless otherwise specified.
Integers should be right adjusted within the field. The option codes are
one digit, usually "O" or "1"., An "0O" neced not be punched as blanks are
read as zero. The integer format is designated simply as "I".

Unless otherwise stated, the fixed point format specification is
F5.2. That is, if the decimal point is not written, it is assumed to be
between the third and fourth columns of the five column field. A decimal
point may be written in any column of the field and its position will over=
ride the indicated position in the format specification. The fixed point
format is designated simply as "FP".
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at the top of every page of ovutput,

[Paraneter Cards)

card 1

Any ‘(2 alphanumneric characters which are desired can be printed

Any part or all of the card .nay he blank.

printed.
Card 2
Fortran
Nomencla-
Columns ture Form
1 INDATS I
2= BLANK
=20 TTINCMN FP
21-23 NVLVRS 1
2L =25 KHEAT 1
26-30 ISET I
31=35 RTIME FP
30 Blank
37 NCC I

Description

< 0 All data supplied on cards

1l Write card images on Unit B
2 Use Cards with C to update B
3 Use B without edit

Minimwn time Increment if NCC = 1
(Col. 37). Time increment for valve
operation if NCC e 3,

Valve restart code:

It Istart s 0 (’301. 38), NVLVRS & O
It Igtart ® O, the number of valves
having parameters to be changed.

= 0, not a known-heat load problem.

> 0, number cf knc  aeat load
variations to L« run with this
set of data.

Data set nunber. May be any number
cxcept for the f'irst set which must
be 00007 (or 1 ‘n column 30).

Requested comp. er time for this set

of data. The prublem will be written
on a dunp tape for re-starting i~ this

time is exceeded (minutes).

= 0, Survey all lumps to determine the

Columns 1 through 72 will be read and

Analysis
Page

Reference

25

and

5u

25

smallest time increment which will
then be used as the transient time

sten for all lumps.

® 1, Minimum time increment supplied

(Col. 20). Lumps with time increments
snaller than minimum time increment

will be considered steady state.
other lunps use the minimum time

increment,

67
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Fortran
Nomencla-
Columns ture
37 NCC
(cont'd)
H
|
38 ISTART
f 39 NFLXCL
40 IDUMP
L1-U45 TAU
i
S
46-50 DELTAU
51=55 MAXI
56=-60 THETA

Form

I

FP

FpP

FP

o~

Analysis
Page
Description Reference
s 2, each fluid and tube lump will 55

-3,

O,
0,
0,

i,

be considered steady state.
The smalles. structure lump
time increment will be used
for the transient time
interval.

each fluld, tube, and structure
lump will be considered steady
state. Equatlions are ilterated

to determine steady state answer.
Do not use for a transient problem.

This problem has not been run before.
New data follows.

The data for this problem is to be
read from the dump tape.

Skip over this problem on the dump
tape. It is not to be re-started.

5b

Incident heat flux or cards

Incident heat flux applied on input tape
Do not dump this problem for re- 5l
starting.

Dump ithis problem for re-starting

at 8 later time if conditions such

as TAU (Col. 45) or SSTEST (Col. 70)

are satisfied.

= 0, A steady state solution is

desired.

¢ 0, The total time for a transient

solution (hours),

= 0, Print only at end of every hour

if problem time is greater than
one hour.

# 0, Print interval (hours).

Maximum number of iterations for a

3teady state solution.

to

Convergence factor.

to

Routine sets
10,000 if left blank.

Routine sets
Use 0.5 if

55
.9 if left blank.

NCC = 3 (Col. 37).
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3 Fortran
j Nomenclae-
Colwnns ture Form
: 61-70  SSTEST FP
{ F10.9
T1 NCKOUT I
72 NREG 1
13=75 IPLOT I
Card 3
1-5 NTUBE I
, 6=10 NTFL I
3 11-15  NTML I
1620 NSL I
21-25 NSYS I
26-30 MAXTB I
31-35 TIME FP
i
5
‘ 36-40 NVLV I
hi-Y42 NAVTC I

T O S L S

Analysis
Page
Descl .ption Reference
Steady state testing factor. 26
Routine sets to .000001 if left
blank.
0, Print under control of print 57
interval.
1, Provide checkout printing
during every lteration and
regular print at end of each
time interval.
ot heat exchanger problem 52

= 0, N
¥ 0, Heat exchanger problem.
= (

A Plot t%pe will not be written
O, Number of iterations between each plot interval

Total number of tubes in all
systems.

Total number of all fluid lumps.
Total number of all tube lumps.

= O, A gradient solution 11
¥ 0, The number of fin lumps for a
nodal solution.

Number of systems. Routine sets
to one if left blank.

Number of tubes in system that has
greatest number of tubes of any
system. Maximum value is 102.

Time in hours. Usually will be

left blank but may be input for
beginning & transient problem at
some particular point on the time
dependent tables. Do not set
grea‘er than TAU (Card 2, Col. L4l).

Nuuoer of valves. 46
= 0, UsdTpy+T¢) /2 for equation (Lb) 15
page 15. Check stability criteria

for Ar, page 19 before using this

option. Two-phase flow will not

average fluid lump temperatures.
e 1, Use Tr in equation ( 14 page 15.
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Fortran
Numerncla=
Colwns ture Form

L3-4h KODFC I
5«46 MGTC 1
47-48  NPFC 1
L49-50 NFC I
51-52 NFD I

o

O

NHFORY OO
- .

NN 8™
-

- "
O
-

- n
<
-

Analysis
Page
Description Reference
No fuel cells will be considered
Fuel cells will be considered
gradient problems only. Appendix
Gradient curve in data. A
Compute gradient curve.
Read gradient table from
binary tape.
Parallel flow. 27
Banks and headers flow. 29
Do not consider freezing. 57
Consider a tube to be frozen
if the flow rate is less than
FMIN (Col. TO).
The flow rates are adjusted in 53

subroutine SUBDP to maintain equal
pressure drops in parallel flow
paths.

If a transient problem, the total
flow is read in as a function of
time (Card 16). At each time
interval, the total flow is found
from the W versus time curve.

If a steady state problem, parallel

flow, the flow rate of each tube is

input (Card 14) and summed for total
flow.

If a steady state problem, banks and
headers flow, the totel flow in each
system is input (Card 15).

Use only for transient paresllel
flow. The flow rate of each tube
is & function of time (Card 17).
The pressure drops in the tubes are
-omputed for the printeout but the
flow rates are not adjusted. Use
of bypass valve not allowed.

The flow rates of each tube are

read in (Card 14) and remain pro-
portional. The pressure drops will
be computed for printe-out. Each

flow rate is btypassed proportionately
when a bypass valve is used.

10
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Fortran Analysis
Nomencla= Page
Colwmns  ture Form Description Reference
5152 NFD I a 3, Pressure drop is computed and 58
(cont'd) the total flow as a function of

pressure drop is found from the
w versus AP curve (Card 18).

For either steady state or
transient problems.

If parallel flow, the initial
flow rate of each tube is read
in (Card 14) and summed for
total initial flow.

If banks and headers flow, the
flow in each system (Card 15) is
read as total inlitial flow.

53-55 Blank
56-60  HUMID Initial Humidity estimate
61-70  FMIN FP Minimum flow, lb/hr, of a tube before 57
F10.9 freezing. If NFC § O (Col. 50) any
tube will be considered frozen if
the flow rate drops below FMIN. o
Card 4 (Heat transfer coefficients for fluid flow)
1-5 HI1l FP Heat transfer coefficient factor. 24
F5.h
Card 5 (For parallel flow, if NSYS > 1)
1-5 N35+1 I Number of tubes in system 1.
6=10 N35+2 I Number of tubes in system 2.

Etc. through Column 70.

Repeat this card as many times as needed to supply NTB for every system.
If NSYS » 1, omit this card and NTBl will be set to NTUBE.

Card 6 (For banks and headers)
1-5 N33+1 I Number of flow paths in system 1.

6-10 N33+2 I Number of flow paths in system 2.

Etc, through Column 7O,

Repeat this card as many times as needed to supply NFLO for each system.

Tl
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Fortran

Nomencla=-

Columns  ture

Form

Description

Card 7 (For banks and headers)

1=5 M37+1

6=10 M37+2

11-15  M37+3

Etc.

M37+n

Blank

M37+n+1

M3T7+n+2

M37+n+2

Etc.

M37+n4wl

Blank

Etc. through Column T70.

I

Number of first tube in first
flow path (see example un next
page for definition of a flow
path) in first system.

Number of second tube in first
flow path in first system.

Number of third tube in first
flow path in first system.

Number of last tube in first
flow path in first system.

Leave 5 columns blank to
indicate the end of a flow
path.

Number of first tube in second
flow path in first system.

Number of second tube in second

flow path in first system.

Number of third tube in second
flow path in first system.

Number of last tube in second
flow path in first system.

Leave 5 columns blank to indicate

the end of a flow path.

Analysis
Page

Reference

29

Repeatl this card as many times as needed until all flow paths in all systems

have been listed.

T2

No blank is required after the last tube in the last flow
path in the last system.




! For

Flow
Flow
Flow
Flow
; Flow

Flow
Flow
Flow
g Flow
Flow
Flow

example:
System 1: System 2:
‘l | b0
3 \ 9 al 18
] 1
T
12
' 16
L 8 5 119 20 15
10
2

6[ 1 2 1
| F3 | 23

path 1 consists of tubes 1, 3, 7

path 2 consists of tubes 1, 9, T

path 3 consists of tubes T, 4, 2

path 4 consists of tubes 7, 12, 8, 10, 2
path 5 consists of tubes 7, 12, 5, 10, 2
path 5 consists of tubes 2,
path 7 consists of tubes 2, 11, 13

path 8 consists of tubes lﬂ, 21, 19, 22, 23

path 9 consists of tubes 1k, 21, 16, 22, 23

path 10 consists of tubes 14, 18, 20, 17, 23
path 11 consists of tubes 14, 18, 15, 17, 23

{ Restrictions:

(a)
(b)
(c)

: (d)
i (e)
(f)

. ()

Two and only two tubes must branch from or flow intc another tube.

Tubes must be numbered one through NTUEE.

The first tibe in a system must have the smallest number of any tube

in that system, the first tube in system 1 being numbered 1.

Each system must have at least four tubes.

One tube cannot connect into two banks, see paragraph 3.4.3 (Figure 3 ).
The last tube in a system must have the largest number of any tube in
that system, the last tube in the last system being numbered NTURE.

If one fluid lump in a tube is to be considered for two-phase flow
calculations, then all fluid lumps in that tube and in the system which
contains that tube must also be considered for two-phase flow calculations.
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Fortran Analysis
Nomencla- Page
Columns ture Form Description Reference
Card 8
1-5 MML6+1 I Two-phase fiow option for system 1: 35
= 0, Two-phase flcw not considered
in system.
= 1, Two-phase flow is considered
in system.
6-10 MMLG+2 I Two-phase flow option for system 2.

Etc. through Column 7O.
Repeat this card as needed to supply two-phase flow options for all systems.
Card 9 (Closed loop code card)
1-5 N37+1 I Close loop code for system 1: 57
# 0, open.
= 1, closed, TIN (7+A7T) = Toyt (7)
6-10 N37+2 I Close loop code for system 2.
Etc. through Column 70.
Repeat this card as needed to supply close loop codes for all systems.
Card 10 (For steady state solution involving parallel fluid flow)
1-5 NOOO+1 FP Inlet temperature for tube 1, OF
6-10 NOOO+2 FP Inlet temperature for tube 2, OF
Etc. through Column 7O.

Repeat this card as many times as necessary to supply an inlet temperature
for every tube in each system.

Card 11 (For steady state solution involving banks and headers
fluid flow)

1-5 N32+1 FP Inlet temperature for first tube
in first system, °F.

6=-10 N3242 FP Inlet temperature for first tube in
second system, °F.

Ete. through Column TO.

T4
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Hepeat this card as many times as needed to supply an inlet temperature
table number for every tube in every systen.

Fortran Analysis
Nomencla=- Page
Columnns ture Furm Deecription Reference

Card 12 (For transient solution involving parallel fluid flow)

1-5 N32+1 I Curve number of table for inlet
temperature of tube 1.

6=10 N32+2 I Curve number of table for inlet
tempzrature of tube 2.

Ete. through Column T70.

Repeat this card as many times as needed to supply an inlet temperature table
number for every tube in every system.

Card 13 (For transient solution involving banks and headers fluid

flow)
1-5 N32+1 I Curve number of table for inlet
temperature of first tube in
system 1.
6-10 N32+42 I Curve number of table for inlet
temperature of first tube in
system 2.

Etc. through Column 7O.

Repeat this card as many times as needed to supply an inlet temperature table
number for the inlet tube in each system.

Card 14 (For steady state solution involving parallel fluid flow;
for transient solution involving parallel fluid flow if
NFD = 2 or 3)
1-5 M35+1 FP Flow rate of tube 1, lb/hr.
6-10 M35+2 FP Flow rate of tube, lb/hr.

Etc. through Column 70.

Repeat this card as many times as needed to supply & flow rate for every tube
in every system.
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Fortran Analysis
Nomencla- Page
Columns ture Form Deecrigtion Reference

Card 15 (For steady state solution involving banks and headers
fluid flow; for transient solution involving banks and
headers fluid fiow if NFD = 3, see paragraph 4.9)
1-5 N3L+1 FP Total flow rate in system 1, 1lb/hr.
6-10 N3L+2 FP Total flow rate in system 2, lb/hr.
Etc. through Colunn 70.

Repeat this card as many times as needed to supply a total flow rate in
each system.

Card 16 (For transient solution involving parallel fluid flow or
T banks and headers fluid flow if NFD » 0)

1-5 M35+1 I Curve number of table for total flow
rate in system 1.

6=10 M35+2 I Curve number of table for total flow rate in
system 2,

Etc. through Column 7O.

Repeat this card as many times as needed to supply a total flow rate curve
number for each n~n=-two-phase system, and bland end for each two~phase-system.

Card 17 (For transient solution involving parallel fluid flow

if NFD = 1)
1-5 M35+1 I Curve number of table for flow rate of tube 1.
6=10 M35+2 I Curve number of table for flow rate of tube 2.

Etc. through Column 70.

Repeat this card as many times as needed to supply & flow rate curve number
for every tube in every system.

Card 18 (If NFD = 3)

1-5 M35+1 I Curve number for total flow in system 1 as
function of pressure drop.
6-10 M35+2 I Curve number for total flow in system 2 as a
function of pressure drop.
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Fortran Analysis
Nomencla- Page
Columns ture Form Descr{ption Reference

Card 18 (Continued)
Etc. through Column 70.

Repeat this card as many times as needed to supply & curve number for each
system.

Card 19 (Required for gradient only)

1-5 Ncone (1) I Conductivity curve number for fin.
6=-10 Ncone (2) 1 Emissivity curve number for fin.
11-15 NCONC (3) 1 Absorptivity curve number for fin.
16-20 FF FP Factor for estimating fin temperature

to be used for NCONC, NEMC, anc. NABC
curve lookup, Trin ® FF ¢ T where Ti
is temperature of associated tube lump.
If not given, FF = 1.

21-25  FDEN FP Density of fin material, lbp/ft3.

Parameter Cards 20 and 21 and sometimes 22 are necesrary for each valve in
non-restart data. Cards 20 and 22 can be included following Parameter Card
2 in restart data. Valves should be numbered 1 through NVLV. Cards 20 and
21 (and 22) for one valve should be together but valve numbers need not be
in numerical order. The value of NCHTN (Card 21, Col. 5) influences the
format of the cards.

Card 20 (For valves)

If NCHTN = Analysis
(Card 21 Nomencla- Page
Columns Column_ﬁs ture Form Description Reference
1-3 1,2,3,4,5 Nyl + 1 I Valve number.
-5 1,2,3,4,5 N4l +2 I Operating Mode.

= O, valilve is operating.

# O, valve is not operating.
A valve can essentially be
added on restart.

6=10 1,2,3,5 N4l + 3 I Sensor lump number. If
the bypass tube is imaginary
and encompasses whole system,
NSILMP = O,

17




If NCHTN » Analysis
(Carda 21 Nomenclae Page
Columns Column 55 ture Form Description Reference
L Blank
11-20 1,2,3,5 Wi. + 4 FP Minimwn fraction of flow

F10.5 required through none
bypass tube(s).

L | , FP Minimum allowable groportioni valve
N4L + 4 F10.5 position measured from left,millieinches
21«30 1,2,3,5 N4l +5 FP Maxinum fraction of flow
F10.5 allowed through non-bypass
tube(s ).
L N4l + 5 FP Maximum allowable propor-

Fl0.5 tioning valve position
measured from left. Milli=-

Inches.
3140 1 N4l +6 FP  Set point temperature °F. 49
Fl10.5
2 Blank
3,5 N41 +6 FP Sensor lump temperature-oF. 50
If sensor lump temperature
<Tl,
+ 3 valve closes,
- 3 valve <pens
(see Colwmn 5, Card 21).
L N41 + (G FP Maximum possible proportioning
F10.5 valve position measured from
left. Milli = inches.
41«50 1 N4l + 7 FP Bypass valve dead band ©F 49
F10.5
2,k Blank
3,5 N41 +7 FP  Sensor lump temperature-C°F, 50
F10.5 If sensor lump temperature
> T2,
+ 3 valve opens
- 3 valve closes
(see Column 5, Card 21).
51~60 1 N1 + & FP Rate factor. Bypass valve. 49

F10.5 Units are fraction bypass
per hour per degree .
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It NCHTN e Analysis
(Card 21 Nomencla= Page
Colunns Colwan 5 ture Form Description Reference
2,3,4,5 Blank
61=70 1 N1+ FP Bypass valve. Rate limit, 49
F10.5 Usual value .033. Units are
fraction bypass per hour.
2,3,4,5 Blank
Card 21 (For valves)
l-3 1,2,3,4,5 41 +10 I Number of system containing
valve.,
b5 1,2,3,4,5 N4+ 11 I Characterization code - 50
: 1, rate limit bypass
2, polynomial bypass
+3, on/off, =3 off/on
4, proportioning
5, switching
6-10 1,2,3 N4l + 12 I Number of first tube on 47
bypass side.
4,5 N1 + 12 I Number of first tube on u8
right side. Right side
of switching valve closes
when T <Ty (Col. 3140,
Card 20).
11-15 1,2,3,4,5 N4l +13 I  Number of "from" tube. L8
16-20 1,2,3,4,5 N4l + 14 I  Number of "to" tube. M~
21-30 1 N4l + 15 FP  Initial fraction of flow
F10.5 assigned to non~bypass
tube(s).
2,3 Blank
n N4l + 15 Fp Initial proportioning
F10.5 valve position measured
from left.
5 N4l + 15 TP  Initial fraction of flow

F10.5 assigned to tube(s) on
left. Must be O or 1.
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Card 22 (Necessary only if NCHTN ® 2 or 4)

Analysis
Nomenclae- Page
Columns  ture Form Description Reference
If NCHTN ®» 2,
1=10 Ag\N41+16) FP Coefficients in frtctign bypn s o 46
1120 A1(N41+17) F10.5 Ag+ A3 T+ ATR A3 T
21-30 AZ(NLh1+18 wvhere T = temperuture eensor
31-40  A3(N41+19 lump (OF).
b1-50  Aj(NLL+20
If NCHTN = 4,
1-10 N4l + 16 FP Proportioning valve gain. Usual va%;e 50
F10.5 1.155. Units are Milli-inches per
11-20 N41 + 17 FP Panel parameter. Usual value 2,
F10.5
21-30 N4l + 18 FP Geometry factor. Usual value .03. 50
F10.5 Units are milli-inches
GFACT ® (2.92)(10-6)(D?)
where D is valve orifice diameter
in milli-inches.
31-40 N4l + 19 FP Proportioning valve null position 51
F10.5 tolerance. Usual value ,001.
Milli-inches.
Card 23 (For each system in which two-phase flow is being
considered)
1-5 NSYS I System Number.
6«10 M53 +1 I Curve number of entering gas pressure.
11-15 M3l +1 I Curve number of viscosity of non-
cordensible component.
16=20 M32 +1 I Curve number of viscosity of cone
densible component.
21«25 M33 +1 I Curve number of viscosity of liquid.
26=-30 M@4 +1 I Curve number of specific heat of non- ‘
condensible component. f
31=35 MB35 +1 I Curve number of specific heat of ;
condensible component. [
80
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Nomencla=
Columns  ture Form
36=40 ME6 +1 I
L4145 Mm37 +1 1
4650 M3E8 +1 I
51=55 M3 +1 I
56=60 MMBO +1 I
61-65 MMl + 1 I
66-T0 M2 + 1 I
Follow card 23
Card 24 (NFD # 3)
1=5 M55 +1 1
610 M43 + 1 1
11-15  MM45 + 1 1
16=20 Ml + 1 1
21-30 MM52 + 1 F10.5
31-40 msh + 1 F10.5
41-50 M7 + 1 Fl0.5
51-60  MM23 + 1 F10.5

Analysis
Pag2

Descr;ption Reference

Curve vimber of specific heat of
liquid.

Curve number of conductivity of
non-condensible component.

Curve number of conductivity of
condensible component.

Curve number of conductivity of
liquid,

Curve number cf latent heat of
vaporization.

Curve number of Prandtl number
of liquid.

Curve number of liquid density.

by the appropriate card , 24 or 25.

Curve number of entering gas ilow rate.

Curve number of entering liquid flow
rate.

Curve number of entering Non-condensibl:
component flow rate.

Curve number of partial pressure of
vaporization.,

Value of diffusion _coefficient at us
60°F, 14.7 psia,ft?/nr.

Gas constant for condensible component,
ft-1bs/1by-CR.

Gas constant for non-condensible
component, ft=lbs/lon-CR.

Molecular weight ratio (weight of
condensible component to none-
condensible componeit),
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Analysis
Nomencla= Page
Columns  ture Foru Description Reference
Card 2, (NFD = 3)
1-5 M55 + 1 I Curve number of ratio of gas flow tc total flow
rate in system (humidity versus WG).
6-10 Mvbies + 1 I Curve number of ratio of liquid flow rate to

total flow rate in system (humidity versus WL).

11-15 Lok + 1 I Curve number of retio uf non-condensible flow
rate to total flow rate in systen (humidity versus WO).

16-T0 Same as Card 24 above.

Repeat Card 23 feliowed by Card 24 or 25 for each system in which two-phase
Tlow is being considered.

Card 26 (For each system in which two-phase flow is not being

considered)
1-5 IN.Y5S I System number.,
6=10 Mmoo+ 1 T Curve number of density.
11-15 M2 + 1 I Curve number of conductivity.
16=-20 I3+ 1 I Curve number of specific heat.
21-25 M4+ 1 I Curve number of viscosity.
26-30 M5 + 1 I Curve number of friction factor.

Repeat Card 26 for each system in which two=-phase flow is not being
considered.

Card 27
1-5 MMO3 + 1 I Liquid separator lump fcr system 1 (blank
for non-two-phase flow system, zero for
two-phase flow system without separator).
6-10 M3 +2 I Liquid separator lump for sy.tem 2.

etc., through Column 70

Repeat this card as many times as needed to supply liquid separator option
for each system.

82




et

[

Thermal Conduction Data

All conduction data for fluid, tube and structure lumps is input
in terms of "from" and "to" data such as conduction "from" lump 1 "to" lump
2. Only unique conduction relationships should be specified so that if lump
1 conducts "to" lump 2 then conduction "from" lump 2 "to" lump 1 must not
be entered, Lumps can conduct to any number of numerically higher or lower

neighhboring lumps.,

The examples which follow show typical conduction data to illustrate
the method. ‘
When tube=to=tube heat conduction is other than longitudinal cone
duction in a tube (for peripheral breakdowns, Junctiions, and parallel
Juxtapositioned tubes), conduction information should be input as shown in
the following examples for conduction from tube lump 1 to tube lump 2.

Apr ® exposed external
_____ area of the tube

.7 Lump.

= the area of the
’ tube lump in contact
with the fluid lunp.

"From" Tube Lump
Temperature Node (Typical)

Schematic showing conduction breakdown of tube to account for peripheral
gradients.

Area = Aec = bed

Schematic showing conduction input for conduction between tubes at a
Junction.
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Schematic showing conduction for Juxtapositioned tubes.

The tube to structu-e and structure to structure Aump data
input similarly.

Conduction from structure lump 10 to structure lump 20
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5.2,2 fFluid Data Cards|
Nomencla-
Columns  ture Form Description
Card 1
1-5 NFLT I Number of types of fluld lumps.
Card 2 (Type Data Card)

1-10 Mb+1 F10.5 Fluid lump length, inches.

11-20 MT7+1 F1U.5 Cross-sectional area of fluid
lumps, sq. inches.

21=30 MO41 ¥10.5 Wetted perimeter, inches.

31-35 M50+1 I Number of fluid lumps conducted "to",
(See page 83 for example of conduction
data). Leave blank for two=-phase flow
types. Used only if stagnant or frozen
fluid is being considered.

36-40 MS1+l I Number of tube lumps conducted "to".
(See page 83 for example of conduction
data). Leave blank for two=phase flow
types. Used only if stagnant or frozen
fluid is being considered.

Li-kLs N36+1 F5.4 Factor for computing friction factor as
& function of Reynold's number. Routine
sets to 1 if left blank., Leave blank
for two=-phase flow types.

4650 N38+1 1 # 0, if this type of lump is not in the

heat exchanger.
® 1, if this type of lump is in the
hecat exchanger on the hot side.
® 2, if this type of lump is in the
heat exchanger on the cold side.
51=55 N51+1 I ® 0, use regular equation for heat trans-

fer coefficient (1HH).

® 1, heat transfer coefficient (HHH) is
function of w.

® 2, heat transfer coeffé7ient (M) is
& function of St Pre/3,
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Description

If NHHH » 1, curve number of
}Hﬂ{ s £(%),

}H B 2, curve nunber of
StP “ £(Re).
If NHHH = O, lcave blank.'

Number of  curve for pressure
drop, leave blank for two-phase flow
types. (May be left blank).

Two-phase flow option for lump type
# 0, not two-phase flow type.
= 1, is two=-phasc flow type.

Card 3 (For non-two-phase flow, fluid conduction only considered

when freezing occurs, sce page 59)

Factor for dividing conduction distances
and dimensions. Set equal to 1 if not
given. Used when conduction distances
do not fit five column field.

Conduction distance x FAC of this type
of "from" lump to first "to" lump.

Conduction distance x FAC of first "to"
luwp listed for this type "from" lump.

Dimensions x FAC for computing effective
conduction area for this type "from" lump
and first "to" lump.

As above for second "to" lump.

As above for third "to" lump.

Nomencla-

Coluumns ture Form
5660 N5241 I
6165 MO+, I
66-70 MM5641 I

If NFCT 4+ NICT > O, enter Card 3.
1-10 FAC F10.5
11-15  M53+1 F5.5
16-20 M53+2 ¥5.5
21-25 M5343 F5.5
26-30  MO3+h F5.5
31-35

36-40

hi-45

46-50

51=55

56-60

61-65

66-T70

Repcat Card 3 as needed.
repeat of card k.

FAC should be omitted on all cards which are a




i
f Repeat Card 2 (folloved by Card %, if needed) for every fluid luwap type.
NOTE: Any variation in lw.p size, curve nwnber, nwiber of lumps
conducled "to" conduction distance or area, whether or not
the lump is in the heatl exchanger, or whether or not the
lunp is iwo=-phasc flow can be indicated only by changing
the type nunber,
Analyslis
Nomencla«- Page
Columrns ture Form Description Reference
Card 4 (Fluid lwmps cards. One for each fluid lump. The lumps
must be nuibered 1 through NIFL and must Le In numerical
order)
1-5 I Luwrp number.,
6-10 N4 1 Lwnp upstrean, If banks and headers
problem, NLU = O for first lwip in
every tube,
‘ 11-15  N541 I Tube nuwaber.,
f 16-20 M9+l I Type number.
ﬁ
21-30  py34 F10.5 1Initial temperature (of gas, for two-phase
flow lump; of fluid, for non-two-phase
flow lump,“F.
; 31-40  Mab4d F10.5 Pressure of gas. PSIA (Leave blank on
i non-two-phase flow lump.)
41-50 M1 F10.5 1Initial temperature of liquid for two-
! phase flow lumps °F. (Leave blank on
t non-two-phase flow lunp.)
| Card 5 (Follow Card 4 by Cerd 5 for each fluid lump which is
, a non-two-phase flow lw.ip)
1-5 MLO+1 I First lwap conducted "to".
6-10 MLO42 I Second lump conducted "to".
11-15 11043 I Ete.,
16-20 MOk 1 The order in which the lumps conducted "to"
; . . . are listed will depend upon the order in
| . . . which the conduclion data was given on the
' . . . type cards. The fluid lwaps conducted '"to*
, ) . . (if any) must be listed before the tuoc
i 66-70  MO0+1k4 I lumps conducted "to" (if any).
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If the nwber of luuips conducted "to" is greater thun 14, repcat Card 5
as necded,

Nomerncla-
Columns  tuxc Form Description

Card 6 (For lumps on cold side of heat exchanger only)

1-5 N50+1 I Number of adjacent lump on hot side
of regenerator.

Repeat Card 4 (followed by Cards § and 6, if required) for cvery lump.
lumps must be submitted in increasing nurerical order.
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Columns  ture Form Description
Curd 1
! Loy HEI 1 Lumber of types of tube lwaps.
Qg&ﬁ (Type Data Crods)
1=5 ML) ¥H. 2 Density of tube material for type 1, lb/ft3.
6-10 M1241 1 Cvrve number for conductivity.
11-15 ML341 ] Curve nunber for specific heat.
1620 Mili42 1 Curve nwnber for absorptivity.
21-25 M1Y41 | Curve number for emissivity.
20-30 iy ] Number of tube lumps conducted "to",
31-35 M5G4 1. 1 Nusber of fin lumps conducted "to'",
36-40  Mhl4d T = 0, lumps of this type have longitudinal
conduction.
2 1, do not compute longitudinal conduction
for lumps of this type.
41-50 X1 10,5  Dimensions, inches, X1:X2:X3 ® Volune
51-G0 X2 ¥10.5 X1/2 = Longitudiral Conduction L.stance.
61=T70 X3 10,5 X2:X3 » Area for longitudinal conduction.
Card 3 (For gradicut)
g 1-10 M1841 F10.5 Arcsa {or heat transfer to enclosed
§ fluid lump, sq. in.
11-20 M194+1 F10.5  Area of surface for external radiation,
i 5Q. in.
i
21-30 Al ¥10.5H Arca of surface for gradient effect,
s, 1in.
31-L0 FTHR F10.5 (TFin thickness for fin to right of tubve,
. * ¢ inches.
4150 FHWR F10.9 ( I'in hall width to right of tube, inches.
* See next page
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Nomenclaw
Colwins ture Form Desceription

51-60 FTHL ¥10.5 Fin thickness for {in to left of uube,
#* ) inches, *

61-70  FHWL F10.5 ( Fin half widih to left of tule, inches,

*NOTE: Usec typical velues of this inpat for tubes with no
fins or gradient table will be excecded. Then for
no heat to fin, set AGR # O (sce page 13 und Appendix
A).

Card 4 (For gradient if NICT > 0. N¢CT must be O for pradient)

1-10 FAC F10.5 Factor for dividing conductiion distances
and dimensions. Routine will set to 1
if left blank, Used when mumber is Loo
small for five column {icld.

11-15 Yl ¥5.5 Conduction distance. FAC of this type
of "from" luwap to first "to" Lwup.
16-20 Ye FS.5 Conduction distancce. FAC of first "to"
lump listed for this type "frow" lump.
21-25 B ¥5.5 Dimensions. FAC for computing effective
conduction area for this typc "from" lwmp
26-30 D F5.5 and first "to" lump.
3%-?5 Yl
36-40 Ye t, N
§1-45 B As above for second "to' lunp.
46-50 D e
52-25 Yl //
5 - O Y2 . . ", "
61-65 B As above fur third "to  lunp.
66-70 D

Repeat Card L4 as needed. FAC should be omitted on all cards wnich are a
repeat of Card L.

Repeat Cards 2 and 3 (followed by Card 4 if neednd) for every tube lwip
type.

Card 3 (For n:dal)

1-20 See Card 3 for gradient.
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Coluwuns

Nonencla-

ture

21-30

31-35
36-40
hlhs
46-50

91=55
56-60
61-65
66-70

FAC

M5841
M5842
M584.3
M58+ 4

M5845
N2 2
M5847
15848

Descriplion

Factor for dividing conduction
distances and dimensions. .

Concuction data for first "to"
lump given for this type "'from"
lump.

Conduction data for second "to"
lump.

If NICT + NFCT > 2, follow with Card U,

1-10

11-15
16-20
21-25
26-30

31-35
36-40
41-45
L6-50

21=55
56-60
61-65
66-70

Card 4 (For nodal, if ueceded for conduction)

Blank

M5849
M58410

M58411
M58412

M584+13
M584+14
M58415
M58416

M58417
158418
M58+419
M58+20

' 'xy *xy o
\GRACGRAG RN,

ARG, RE, RN,

Conduction data for third "to"
lump.,

Conduction data for fourth "to"
lump.,

Conduction data for fit'th "to"
lump,

Repeat Card 4 if NICT + NFCT > 9. If NICT >0, the data for tube lump "to"
tube lump must be given before the data for tube lump "to" fin lump.

Repeat Cards 2 and 3 (followed by Card 4 if needed) for every tube lump

type.

1-5
6-10

Card 5

N10+1

(Tube Lump Cards) (One for eachk tube lunp. The lwaps
must be nwnbered 1 through NTML and must be entered in
numerical order.)

Lump nuwnaber,

Lunp number of tube lump downstrean.
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h1-k5
L6-50

51=55
56-60

61-6%
66-T70

h1-45
46-50
21-55
56-60
{ 61-65

66-70
l _

Nomencla=-
Colwans  ture Form
11-1  N9+d 1
16-20 M2241 I
21=30 nN8iL Fl10.%
31-35 Ql F5.2
or or
NQIC I
36-40 TW F5.2
or or
NTWC I

For gradient solution:

LR I
QR F?
LL I
QL FP
NTL1 I
NTL2 I

For a nodal solution:

M23+1 I
M23+2 I
M23+3 I
M23+h I
| M2345 I
¥2346 1

Description

Lump number of enclosed fluid
lunp.

Type nunber of lunp,
Initial temperature, °F.

Incident heat value for stl.eady
state,.

Incident hecat curve number for
transient.

Constant. temperature, °F, for steady
state,

Constant temperature curve number
for transient (may be left blank).

Lump number of tube lump to the
right.

Incident heat for the fin to the
right of the tube lump, BIU/hr-ftZ,

Lump number of tube lump to the left.

Incident heat for the fin tQ the left
of the tube lump, BIU/hr-ft’.

First lump conducted "to".

Second lwmnp conducted "to'",

First lunp conducted "to",
Second lump conducted "to".
Etc.

The order in which the lwips conducted
"to" are listed will depend upon the order
in which the conduction data was given on
the type cards., The tube lumps conducted
"to" (if any) must be listed b ‘ore the
fin lunps conducted "to" (if any).
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Nonencla-
Colwmns  ture Form Descriplion

Carc 6 (Continuation of list of lumps conducted "to". If the
numver of lumps conducted "to" is greuler than 6(for nodal
or 2 (for gradient), follow Card 5 with Card 6.)

1-5 P34 - Next lump conducted '"to'",
6-10 M348 Next lw:p conducted "to".
Etec, to

66-70 123420
Repeat Card 6 as necded to list all lumps.

Repeat Card § followed by Card 6 (if required) for every lump. The lumps
must be given in increasing numerical order.
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[Structurc Data Cards for Nodal Solution)

Description

Number of types of structurellumps.

Card 2 (Structure Lump Type Cards)

5.2.h
Nomencla-
Colurns  ture Form
Card 1
1-5 NT I
1-5 N18+1 F5.2
6-10 N19+1 I
11-15 N20+l I
16-20 2141 I
21-25 K224l I
26=30 M59+1 I
31-40 X1 F10.5
4150 X2 F10.5
51-60 X3 F10.5

If NFCT > O, enter Card 3.

1-10

11«15
16-20
21-25
26-30

31-35
36-40
B1-45
4659

51-5%
56-60
61-65
66-T0

Cerd 3

FAC

MO6L+L
Mb142
M6l+§
MO+

MA14+5
116146
MGL+7
116148

}6149

M§l+10
Mol4?1
M61412

F10.5

xj v v
vivi\uun
(G RG, AR,

Density of fin material. 1b/ft3
Conductivity curve number.
Specific heat curve number .
Absorpeivity curve nuvmber.
Emissivity curve number.

Nunber of fin lumps conducted "to"
by lumps of this type.

Dimensions of lump, inches.
X1+X2¢X3 = Volume.
X2 X2 = Externsl radiation area.

Factor for dividing conduction distances

and dimensions. Routine sets to .. if not
given. Use when numbers are too small to fit’
five column field,

Data for conduction to first lump conducted
"to" by this type lump.

Data for second lump conducted "iu"

b, this type lump.

Data for third lump conducted 'to"
by this type lump.
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Nonencla-
Colwuis  twre Form Description

Iff NICT > 3, repcat Card 3 as nceded., FAC should be omitted on all cards
which arc a repeat of Card 3. '

Repeat Card 2 (followed by Card 3 if needed) for every fin lump typec.
Card 4 (Structure Lump Cards) (One for each structure lwnp.

The lwips must be nwnbered 1 through NSL and must be
centered in nunerical order.)

1-5 LN 1 Lump number.
6-10  Hoh4d I Type number of ump.
11-20 541 F10.5  Initial temperature of lump, OF.
21-25 264l ¥FH.2 Lacident heat for steady state

or or

1 Incident heat curve number, trunsient.
26-30 L2741 F5.2 Constant temperature, steady state

o or '

I Constant temperature ~:rve nunber,

transient (may be left blank).

31-35  y3041 I First lump conducted 'to".

36-40 3042 J Second lump conducted "to"

h1-b5 3043 1 Etc.

46-50 30 i The order in which the lumps conducted
51-55  [i3045 I "to" are listed will depend upon the
56-60 N3046 I order in which the conduction data was
01-65  N304+7 I given on the type cards.

66-70  y30,8 I

Card 5 (Continuation of 1list of lumps conducted "to". If the number
of lumps conducted "to" is greater than 8, follow Card k4
with Card 5.)
1-5 N3049 I Ninth lump conducted "to"
6-10
11-15

Eve. to




Nomencla=-
Columns  ture Form Description
66-T70 N30422 Twerity-second lump conducted "to".

Repeat Card 5 if number of lunps conducted "to" is greater than 22,

Repeat Card 4 followed by Card 5 (if required) for every lump. The lumps
must be entered in increasing numerical order.
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5245 Fuel Cell and Inline Heater Data

It is assumed that every system that has a fuel cell has an inline
heater and vice versa and, in addition, that no system may contain more than
one of each.

Immediately following the last structure lump card:

Card FCCRV-1
Nomencla-
Columns ture Form Description
1-5 MMBT+1 I No. of oxygen enthalpy vs. temperature curve.
6-10 MMB8+1 I No. of total power vs. time curve.
Card FCCD-1
1 MMB0+1 I Fuel cell and inline heater code for System 1
= 0, the system does not contain a
fuel cell and inline heater,
= 1, the system does contain a fuel
cell and inline heater, and the
fuel cell is operating.
>1, the system does contain a fuel
cell and inline heater, but the
fuel cell is turned off.
2 MMBO+2 I Fuel cell and inline heater code for System 2.

etc. through Column T70.

Repeat this card as many times as necessary to supply a fuel cell/inline
heater code for each system.,

Card FC-1
1-5 MMB81+1 I Fuel cell (structure) lump for first system
that contains a fuel cell.
6-10 MMB9+1 I No. of vapor pressure vs., temperature vs. per-
- cent KOH vs. dummy variable curve.
11-20 MMB2+1 FP '{fydrogen reactant temperature for first system
F10.5 that contains a fuel cell, degrees Fahrenheit.
21-30 MMB3+1 FP Oxygen reactant temperature for first system
F10.5 that contains a fuel cell, degrees Fahrenheit,
[ 31-40 MMBL+1 FP Initial percent potassium hydroxise concentration
F10.5 1in the first system that contains & fuel cell.
| 968
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Nomencla-
Columns ture Form Description
41-59 MMBS5+1 FP Fuel cell thermal capacity of the first system
F10l5 that contains a fuel cell, BTU per degree
Fahrenheit.
51-60 MMB6+1 FP Mass of potassium hydroxide in the first system

F10.5 that contains a fuel cell, LB,

Repeat FC card until Fuel Cell parameters have been supplied (only) for each
system containing a fuel cell/inline heater.

Card LS-1 (Supplies coefficients for the fuel cell performance
equation written in the form V - (ayTgtpckyq+by)Iy +
Ci Tstacki + di + ei ('73 - PKOH))

1-10 ICOEFA+1 FP aj.
E10.3

11-20 ICOEFB+1 FP by, adjusted for Tgygaox in degrees Rankine.
E10.3

21-30 ICOEFC+1 FP cy.
E10.3

31-40 ICOEFD+1 FP dy, adjusted for Tyigqck in cegrees Rankine.
El0.3

41-50 ICOEFE+) FP e1.
E10.3

Repeat LS card until performance coefficients have been supplied (only) for
each system containing a fuel cell/inline heater.

Card IH-1
1-5 THLUMP+1 I Inline heater (tube) lump for first system that
contains an inline heater.
6-10 THSENS+1 I Inline heater sensor (fluid) lump for first
system that conteins an inline heater.
11-20 JHPWRW+1 FP Inline heater power for first system that
F10.5 contains an inline heater, watts.
21-30 THTON+1 FP "On" temperature for first system that con-
F10.5 tains an inline heater, degrees Fahrenheit.
31-40 THTOFF+1 FP "Off" temperature for first system that con-

F10.5 tains an inline heater, degrees Fahrenheit.

Repeat IH card until inline heater parsmeters have been supplied (only) for
each system containing a fuel cell/inline heater.

v6b
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5.2.6 [Curve Data Cards|

Card 1 is followed by Card 2 through 2NP/7 for each curve. Curves may

be entered in any order. ,
Nomencla-

Columns ture Form Description

Card 1 (Curve Header Card)

L5 KCRV I Kind of curve code.

o ' 9% curve for pressure drop, dimensionless w f({(e). ,

1 Density of fluid or liquid, lbp/ft3 = £(°F)

2 Viscosity of fluid, liquid, condensible or
non-condensible component, (lbm/ft-sec)
(x 103)  » £(°F). :

3 Friction factor for fluid, F x 103 » f(Re x 1073).
(Used when Re > 2000). |

N Conductivity, BIU/hr-ft °F = £(°F).

5 Specific heat, BIU/lb, OF e £(°F).

6 Absorptivity, Dimensionless .= £(°F).

1 Emissivity, Dimensionless ® £(°F). '

8 Gradient (used for gradient solution). |
- do .

X - f(Ge, 6r, Ne) -

9 Incident heat, BTU/hr-ft2 = f(hours) (used
for transient).

10 Coastant temperature, OF ®» f(hours)(used for
transient).

11 Flow rate curve (total flow rate). If transient
and NFD = 0, total flow rate = f(time),
1bg/hr = £(hours).
If transient and NFD » 1, flow rate for each
tube = £(time).
If NFD = 3, for either steady state or transient,
total flow rate s f(pressure drop).
lbp/hr = £(1000 x 1br/sq. in.).

12 Fluid inlet temperature, OF ® f(hours). (Used

for transient),

\
.
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Nomencla-
Cclumns  ture Form Description .

1y Latent heat of vaporization, BTU/lbp = £(°F).

15 Prandtl Number of liquid, Dimensionless = £(°F).

16 Partial pressure of vapor, psia s f£(OF),

17 Entering flow rates of liquid, gas or
non-condensible, lbmp/hr = f(hours).

18 Entering gas pressure, psia ® f(hours),

2l st Pr2/3 = £(ge).

25 Heat transfer coefficient (HHH) = £(%) curve.

Ly Incident heat curve identital to curve type 9
except that it will not be part of a flux tape
should one bh¢ called for, BTU/hr-ft2 e £ (time).

L5 Oxygen enthalpy, BTU = £ (°F).

46 Total power output required from all operating
fuel cells, watts = £ (time)

47 Fuel cell vapor pressure, psig ®= £ (°F, %xou,
dummy variable).

L8 Fuel cell voltage curve Volts = f (°F,1P, 4 KOH)

13 This card signals the END OF CURVZ DATA.

6-10 NC I Curve number.
11-15 NP I Number of points on curve (NP). For gradient

na curve, number of X1 values (NX1).
16-20 Blank except for tri-variant curve.

Y2 I Number of X2 values.
21-25 Blank except for tri-variant curve.

NX3 I Number of X3 vzlues.
26-72 May be used for curve title.

Cards 2 througb_?NP/? (Curve Data Cards, except for tri-variant‘curve)
1-10 X1 FP Independent variable.

I'10.5
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Nomencla-
Columns ture Form Description
11-.0 X
21~ 30 X3
Ite.
Y1 I Nependent variable,
¥10.9
Yo
Y3
ste.

start Y1 in the first field after XNp

Lo not write beyond Colwan (0.

If the number of points given is 1, the value in Columns 11-:0 will be uscd
{or the dependent variable.

11-15
kte.

~tart TR1

Ite,

Ctart X33

Cards 2 through (NX1 + NX2 + NX3 + NX1 - NX2 « NX3)/7
For tri-varient curve.

XIy FP Values for the independent variable X1.

XIo

K13

oS Nyal

in first field after XIyy.

X21 e Values for the independent variable X2.
F5.4

X2

X2nyo

in the first field after X2pyyo.

X33 FP Values for the independent variable X3.
FS&M

X3p

XBNX3
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Nomencla-
Columns ture Form ggggrigtiqg

Start the values for the dependent variable in the first iield after X3pij
Fixed pouint, (F10.4). Enter values of Y.

Y1,1,1
Y1,1.2
Y1,1,3

Etc.
Yl,l,Nx3

Y1,2.1
% Y1,2,2

i n,2,3
Etec.

Y1,2,NX3
Etc.

Yl, X2, NX3
Ete.

Where Y1,1,1 is the dependent variable corresponding to Xy, X2, and X3,,
YNXj, NXp, NX3 is the dependent variable corresponding to Xlyyy, X2yxo, X3nx3-
NX3 = number of X1 independent variable points.

NX2 ® number of X2 independent variable points.
NX3 = number of X3 independent variable points.

Al e e
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9.2.7 Gradient Table Computation Cards

If a gradlent solution is indicated, the option MGIC ® 1, (Parameter
Card 3) is used and & gradient curve is not included in the data, the following
card must follow the Curve Type Card 13.

Nomencla-
Columns  ture Form Description
Card 1 . '
1-5 Not used

6=10 Not used

11«15 NTE I Number of Theta E values.,
16=20 NTR I Number of Theta R values.
21l=25 NNC I Number of Ne values.

26-67 Any alphanumeric information.

Card 2 through K where K = NTE'+1ﬂTR + NG, 3

1-5 THETA E; FP
6-10 THETA E2  FP
11=15 Etc.
THETA ENTE
THETA R} follows in next field after last THETA E
THETA R2
Etc.
THETA Rypg
FNCy
FNCo
Etc.

FNCNNC
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Nomencla=
Columns  ture Form

LAST CARD
1=5 TDA FP
6-10 oI FP
1l=15 XI Y
16-20 DX FP
2125 XL FP
26=30 DXP FP

Description

Assumed value of first derivative
(ae/ax) (Qey, Ory, “51)

Theta at X @ XI

Lower Limit of integration interval.
Integration increment.

Upper limit of integration interval.

Not used in SUBI but must be greater than
DX for numerical integration.
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5.2.8 Known lleat Load Cards

If KHEAT ¥ 0 (on the second parameter card), omit the inlet temperae
ture data (for steady state solution only) and input a total of KEEAT cards
of thie Sype (see page 54 of Analysis Section).

Nomencla=
Columns ture Form Description
15 QLOAD FP Total heat rejected, BIU/hr. which is known ,
heat load. | ‘
6=10 EMIS FP Emissivity of radiator surface.
1115  AREA FP Total area of radiator surface. sq. ft. '
1620 CP FP Specific heat of radiator fiuid (BIU/1b).
21-25 CZERO FP Increment (OF) for adjusting inlet temperature
for iteration. Routine sets to 10. if blank,
2630 ENU FP Fin effectiveness. Routine sets o .7 if
not given.
3135 TOL FP Tolsirance factor for comparing QLOAD with
computed value in routine. Routine sets to
+01 1if left blank.
36=40 MIRY I Number of iterations to be allowed.




5.3 Interruption and Re-start Procedure

The following conditions during execution will cause a problem to
be discoatinued by writing the data and variable blocks of core storage
on & binary tape:

l, Using the IDUMP = 1 option

2. Exceeding the maximum number of iterations desired for a steady-
state solution.

3. Exceeding the computer request time which is input on the '
second parameter card.

4, Setting down Sense Switch 5 to interrupt & run and cauze an
exit to the next job.

5¢3.1 Tape Requirements

The binary tape used for writing is loaded on logical unit 11
(A6 at LTV and at NASA). If a dump is expected, a request to ring and
mount a blank tape on AG should be made on the computer request card. All
sets of date which are loaded together will dump on the same tape.

The binary dump tape is loaded on logical unit 12 (A7 at LTV,
B6 at NASA) for a re-start. If a data set is dumped again, it will be
written on a blank tape on A6. Thus, for certain runs, two tape units
are required. '

5.3.2 Data Caxds for Re=-starting

The first set of data which dumps on the binary tape will be
identified as Data Set No. 1 and all following sets which dump will be
identified as the set number given on the parameter card and on the listing.
Th?se §et numbers need not be in consecutive order but must be greater than
1 (one).

Input the first two peraneter cards, in order, for every set of
data which was dumped on the same tape. A "1" in column 38 of the second
card indicates that the problem should be re-started and a "2" in column 38
indicates tnat the problem should not be re-started. This is needed to
by-pass a set of data on the dump tape and position the tape to read the
next set. Parameter cards 20 and 22 can be included if NVIRS # O. Any
items can be changed on these except NVLVN.

The alphanumeric characters for the page heading and any of the
parameters on Card 2 may be changed for the re-start.

If a steady-state solution was completed and dumped by using the
IDUMP option, SSTEST must be decreased for a re-start.
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If a steady-state solution was dumped because of excessive itere-
tion, the value for MAXI must be increased for re-starting.

If a transient problem was completed and dumped with the IDUMP
option, the value of TAU must be increased for re-starting.

Ii a problem was dumped because ot excessive computer time or
/" a run was interrupted using Sense Switch 5, the problem may be re-started
without changing any of the parameters.

There will be a printing of regular output et the time of re-start
which should be identical to the printing at the time of interruption. \
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5.4 Assembly of Binary Objecv Deck and Data

The order of assembly for the routine deck and data is given
below. The order of subroutines within a chain ir optional. If clock
reading subroutines (RESET and CLOCK) are available on the FORTRAN MONITOR
library tupe, the subroutines RESET, CLOCK, and WCLCK can be removed from
each chain. If the simultaneous equation subroutine (XSIMEQF) is avail-
able on the FORTRAN MONITOR library tape, the subroutine XSIMEQF can be
removed from Chain 5. Refer to the Fortran II Manual for information on
Monitor Control Cards. Numbers in parentheses following sudbroutine names
are number of cards in binary deck.

5.4,1 Chain 1
1. Monitor Control Cards
a, ID Card
b, XEQ .
¢. CHAIN (1,°}

2. Binary Decks

a. Chain link 1 routine 167
b. SUBP L
¢. RESET 3
d. CLOCK 3
e. WCLCK b ’

5.4.2 Chain 2
1. Monitor Control Cards
a. CHAIN (2, u4)
2. Binary Decks

a&. Chain link 2 routine 7
b. SUBA 101
c. SUBB

d. SUBP

e. RESET
f. CLOCK
g. WCLCK

\O
FWww 7O

5.4.3 Chain 3
1, Monitor Control Cards

a. CHAIN (3,4)

105




.
-

2. Binary Decks "

a. Chain link 3 routine
b. SUBP

¢. RESET

d. CLOCK

e, WCLCK

Skl Chain 4
l. Monitor Control Cards
a. CHAIN (L,4)
2., Binary Decks

a. Chain link 4 routine
b. SUBI
and all associated subroutines
including LVD205 which is the
packege of subroutines for nume-
erical integration:
ERROR
PRINT
IAVBLK
c. SUBP
d. RESET
e. CLOCK
f. WCICK

5.4,5 Chain 5
1. Monitor Control Cards
a. CHAIN (5,4)
2. Binary Decks

a. Chain link 5 routine
b, SUBDP
¢. SUBEND
d. SUBWT
e. START
f. CHECK
8. SURVEY
h. POL

i. TRPOL
J. XSIMEQF
k. SUBP

1. FLARAN
m. REVPOL
n. TABLE
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o. RESET g 10;

p. CLOCK 3

Q. WCLCK L
5.4,6 Data

1. Monitor Contrcl Cards
a. DATA

2. The data following the DATA control card in the order in .
which it appears in the instructions for preparation. '

3, Parameter cards.

b. Fluid lump data.

¢, Tube lump data.

d. Fin lump data (for nodal only).
f. Curve data.

1; The curves may be in any order.
2) The last card of the curve data must be the end
of the curve data card (Type 13).

8. If the gradient curve is not given and the option
MGTC = } is chosen, the input tor SUBI will follow '
the end of curve data card.

h. Known ; ‘at load data (for KHEAT ¥ 0)., °

3. Other sets of data may follow if more than one provlem is
to be executed. However, there is no carry over of date
t'eatween problems., Every data set must be complete.

For certuin types of problems, nodal, for example, dummy subroutines
can be used to save space in the machine and allow for & larger data array.
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CORE STORAGE SPACE REQUIREMENTS

Almost all nf the input to this routine is stored in a block of core

calied DATA.

7090 core (32768 locations) and the size of the Chain 5 link.
DATA block is fixed by subroutine START such that the sum of locations uund in
all subroutines plus the DATA block will not exceed the core.
croases in subroutine locations used reqQuire .eassemdly of sudbroutine START to

Basically, the size of this block ls determined by the size of
The size of the

changs the allowable data block sise.

5.5.1

5.5.2

Breakdown of Coreﬁgpace

The following values are based on the Fort

Number Core

Item Locations Used
System 100
Chain 5 Main Routine T2U6
SUBDP TA57
SUBEND 621
SUBWT 142
START T
CHECK , 184
SURVEY 152
POL 186
TRPOL (448 locations but dummy for nodal ® , 49)
FLARAN 17T
TABLE 301
REVPOL 203
SUBP 50
RESET 177
CLOCK 28
WCICK T
Library Subroutines (including XS1MEQF) 2805
I/ 0 Butfers 205
Some Data Space not in Data 23%%2
DATA 12400

32732

Breakdown of DATA Block Size

Ae

B.

Basic formula for determining amount of core space in DATA

block that a radiator setup will require:

31 NSYS + 15 NTUBE + 18 NFLT + 26 NTFL + 1 NMLT 4 9 NDML

+ 3 (NTTOT + NTTOS) + NLCTBT + CURSP

In Addition:

1. If this iz a banks and headers problem (NFFC § 0), edd

the following to basic formula:
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c.

NSYS + 2 NFLOWP + MAXTB + (MAXTB = 2)° + FPSP

2.

3.

b,

5.

6.

If some flow can possibly bypass the rediator (NBYP § 0),
¢4d the following to basic formula:

8NsYs

If the problem includes a Regensrator setup (NREG ﬂ 0),
add the following to basic formulas

3NSYS + 1NFLT

If freezing is to be considered (NFC § 0), add the following
to the basic formula:

ANTUEE + 3(NFTOF + NFTOT) + NLCTHF

For a nodal problem (NSL >0), add the following to the
basic formula:

ONT + 6NSL + 3NSTOS + NICTBS

For a gradient problem (NSL = 0), add the following to the
basic formula:

SNMLT + 4LNTML + GCURSP

Identification of symbols used in above formulas.

1.

2,

3.

b,

CURSP = Curve space for all curves except gradient curve,
CURSP = NCR + 2NP
where NCR « Number of curves other than gradient.

NP « Number of points on all curves other than
gradient,

FPSP « Flow path space., Number of 5 column fields on
Parameter Card 7 containing segment numbers (do not
count blank fields),

GCURSP « Gradient curve szace.

GCURSP @ NTE + NIR + NNC + (NTE)(NTR)(NNC) + 3

where NTE = Number of @e values in gradient table.

NTR = Number of @r values in gradient table,
NNC « Number of Ne values in gradient table,

MAXTB = Number of tubes in system having greatest number
of tubes,
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Do
6.

7.

8.

9

10,

i2,
13.

15.
16.
17,

19.

NFLOWP « Total number of flov paths ia all systens.
}FLT = Rumber of types of fluid lumps,

(XFTOF + NPTOT) = Number of sets of conluction data given
oa tue fluid type cards.

NFTIOF « Total of nunber of fluid lumps conducted to" as
listed in columns 31=35 on Fluid Data Card 2.

NFTOT = Total of number of tube lumps conducted "to" as
listed in columns 36-4C on Fluid Data Card 2,

NICTEF = Number of lumps conducted "to" by fluid lumps,
This is a count of all lumps listed as being
conducted "to" on Structure Data Cards 4 and 5.

NICTBS « Number of lumps conducted "to" by structure lumps.
A count of all lunps listed as being conducted
"to" on Str:ature Date Cards 4 and 5.

NICTBT « Number of lumps conducted "to" by tube lumps.

A count of all lumps listed as being conducted
"to" on Tube Data Cards 5 and 6. :

NMLT « Nunber of types of tube lumps.

NSL « Number of structure lumps,

NSTOS « Number of sets of conduction data given on the
structure type cards. It is also the total number
of structure lumps conducted "to" as listed in
columns 26=-30 on Structure Data Card 2,

NSYS = Number of systems,

NT « Number of types of structure lumps,

NIFL = Number of fluid lumps.

NIML « Number of tube lumps,

(NTTOT + NITOS) = Number of sets of conduction data given
on the tube type cards,

NTIOT = Total of number of tube lumps conducted "to" as
1listed in columns 26=30 on Tube Data Card 2,

NTTOS = Total of number of structure lumps conducted "to'
as listed in columns 31=35 on Tube Data Card 2,

NIVEE « Total number of tubes in all systems,
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5.6 ERROR MESSAGES

A resume of errors detected in readins the dava will be printed
throughout the data listing. If errors ars found, the statewent "Run
discontinued because of error in data" will bo printed at the end of the
data listing. Some errors prevent, the continuance of data reading and an
immediate stop occurs.

All error messages in Chain 5 are self=-explanatory with the ex-
ception of the one in SUBDP. To save core space but still facilitate errcr
tracking, instead of explaining the error in detail, the value of an error
code KON7 was varied. For better understanding cf the error message "Error
in SUBDP KONT ® X", a table showing correlation between all possible values
of KON7 and probable errors fcllows.

KONT Explanation
0 In using the interpolation subroutine POUL on the

inlet temperature curves, a variable was fourd to
, be out of the range of the table.

b § In uning the interpolation subroutine POL on the
flow rate curves ® f(time), a variable was found to
be out of the range of the table.

2 The last tube in some system does not have the
largest nurdber of any tube in that system, the first
tube in some eystem does not have the smallest num-
ber of any tube in that system, or a nunber has been
skipped in numbering thes tubes. Check Parameter
Card T,

3,4 In using the interpolatica subroutine POL on the
flow rate curves ® f(time), a verieble was found to
be out of the renge of the table,

5 In using the interpolation subroutines POL on the
pressure loss curves, friction factor curves,
specific heat curves, viscosity curves, or density
curves, a variable was found to be out of the range
of a table.

6 Check Pareieter Card 7.

T The first tube in some system does nc. have the
smallest number of any tube iu that system. Check
Parameter Card 7.

[ 8 Check rarameter Card 7. Possibly two flow paths
begin with the same tube but end with two different

[ tubes.
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KONT

11,12
13,14
15
16

17,18
19

20,21

22

23,24,26,27

25

28

29

30

31

' . Explans :io::
Chuck Parameter Card 7.

The last tube in some system does not have the
largest nunber of any tube in that system. Check
Parameter Card 7.

In using the interpolatio:. subroutine POL on the
enthalpy curves, a variusble wvas found to be out ot
the range of a table,

]

Check Paramcter Card 7.
The first tube in a system is {rozen.
The last tube in a systum in frozen.
Check Parameter Card 7.

In using interpolation subroutine POL on inlet
temperature curves, a variable was found to be out
of the range of a table,

In using the interpolation subroutine POL on the
enthalpy curves, a variable was found to be out
of the range of the table.

Branch of computer routine entered illegally.

Check Parameter Cards 15 and T to see that the
flow paths are correct or that the valve is in
the correct system.

A proportioning valve has been included in a
parallel flow system,

In using the interpolation subroutine POL on the
NFPC curves, a variable was found to be out of the
range of the table.

In using the interpolation subroutine POL on the
density of the liquid curve, a variable was found
t0 e out of the range of the table.

In using the interpolation subroutine POL on the
entering flow rate of the liquid, a variable was
found to be out of the range of thie table.

In using the interpolation subroutine POL on the
two=phase flow viscosity curves, a variable was
found to be out of the range of the table.




KONy Explanation
32 In using the interpolation subroutine POL on the

two=phase flow specific heat curves, a variable was
found to be out of the range of a table.

33 In using the interpolation subroutine FPOL on the
two=phase flow internal curve of area ratio versus

X T, a variable was found to be out of the range
of the table.

All of the above errors will cause the problem to be terminated.

113




6.0 SAMPLE PROBLEM

6.1 THERMAL AND FLOW SYSTEM MODEL

A simple problem designed to represent the type of system used for

Apollo fuel cell heat rejection was prepared to check out the routine. A
schematic of the system, Figure 10, shows the lump and tube numbering
scheme, The data input is not representative of the actual Apollo fuel
cell cooling system and should not be compared with known test data in any
attempt to verify the computer routine or data input. The condenser input
wus modified to satisfy the length requirement for condensing lumps (page

1) put the data was not changed so ithat the length of the condenser would
be accurate. Also, the area for heat transfer was not chonged to be equiva-
lent to (length) x (wetted perimeter) of the fluid lump. Despite the dise
crepancies which exist, the run illustrates a sample data input and output.

6.2 INPUT DATA LISTING

The input data for the system shown in Figure 10 are shewm in the
input forma‘, required for Data Cards in Table 2 ,

6.3 CHECKOUT PRINT

The data was run for checkout printing which is shown in Table 3 .
An explanation of the terms in the order of appearance is given below.

SUBDP Checkout Printing for Non Two-Phase Flow Lumps

I Lunp Number

NPT Type Lump

NTB Tube Containing I

FREZ O is not frozen, 1 if frozen
DEN Lump density

Ul Lump viscosity

FLL Lump length

CSA Cross~section area

WP Wetted perimeter

RE Reynolds Number

F Friction factor
FR Flow rate
FR Lump pressure drop from viscous loss

DELP Lump pressure drop from "K" loss
SH Lunap specific heat

DPTB Accumulated tube pressure drop
DPRAD Radiator pressure drop

SUBDP Creckout Printing for Two=Phase Flow Lumps

I Lump number
NTUBE 7Tube number
FLL Length

WDOTG Gas flow rate
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PPN SECONDARY LOOP MOCK UP FOR PARTIAL CHECK nUT

0 0j001
1 1] 11 6
1eN
4 2
1 2| 4
7 ] 9
Ol 1
1 0|
1 1
10N 1664
1 2
1 00 29 0.
2 3 10 d 11
2 0 29 NelN
1 13 ? 1 4
2N 29| 0"
1 2 6 4 7
=2N12618N08K,25V210
? 13 14 18
1 ? 3| 26
1 8 ) 7
8 |
12)e 0196
60le 0196
1666 Te
12000, 0196
126 0196
166 TN
53 740
53 7.0
1 0l 1 1
? 1 1 6
28
3 2 1 6
27
4 3 1 6
26
) 4 1 1
6 5 1 3
7 6 1 3
R 7 1 3
9 8 1 1
10 9 1 2
11 10 1
12 11 1
13 12 1
14 0 3 1
15| 14 3
16 0 2 a
17 16 ? ?
1R 17 ? 5

?

1

9

200

e NANT

0

50

13

18

1 1
3

10
0
O

26496
19
8547
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1 1

170,

20| 21
772

22

2=PHASE

1

2
9

y

24

b o Pl P B P

25

b P

PC1
11PC2
PC3

PCé6

6 PC?

PC7
PC8
PC9
PCi?
PC1%
pC18
PC20
PC21
PC20
PC21
PC20
PC21
PC22
PC213
PC25
PC26
PC27
FOC1
FDC2
FDC2
FDC2
FOC2
FDC2
FDC2
FOC2
FDC2
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19
20
21

£
0

22
713
24

26
27
28
29
30
31

189,

94,

v 169,
470

169,

- 16N0|,
” 169,

DD

N
~3 -l

DO P DN

27
28
29

0

D I R

o o L

~N~"ddD>® D I

)

» S

~
0

e e——

W WD ) =t e 2 N NI 2 NN N AD = D ) W) 2 ) W) )

P Sl Sl Sl Sl S Dl med

160
160
169
160k

160&

160
180
160
160}
160
160
160}
1604

0o

89,60
859 ,i0
59/0
9,

8Q,|0
59,10
59 /0

1.8

Poud uld ol P o Pud fd D o P D b B b P P el Pl P P o o gl Pl P JB b P P P

IZPﬂ
60le N
QOSOL 60
1464

1[0

£SH DNV -

[o IRV

1

1,0
1,0

o077
o077
1e0
1¢0

TO0C1
TDC2
TOC3
TODC2
TOC3

™ThC2

TDC3

TDC2
TDC3
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[ ]
(e

a4l 1€0 1
' SDC1
[ 149, 1 3 4 604 T «0%0 SDC2
1 ] 1
2 1 1
3 1 1
4 1 1
b} 1 1
6 1 1
12 1 INLET TEMP SYSTEM 1
Ne
11 1 SYSTEM 1 PUMP CURVE
Neln 106000, 704 be 0o
N 2 SYSTEM 2 PUMP CURVE
Ne
1 ) FLUID DENSITY
Ne
4 6 1 FLUID CONDUCTIVITY
Ne 0e3
5 7 1 FLUID CP
N e NDe 7%
2 8 1 FLUID VISCOSITY
Ne 660
3 9 1 FRICTION FACTOR
N o 2eN
n 1 1 K CURVE PRESSURE
N o 260
4 1 1 ALUMINUM CONDUCTIVITY
Ne 96 ¢
5 2 1 ALUMINUM CP
2 Ne?
6 3 1 FIN ABSORPTANCE
Ne Ne2
7 4 1 FIN EMITTANCE
Ne 0492
9 1 1 ZERO INCIDENT HEAT
NeN
1R 19 1 FNTFR PA
59,
2 14 1 VISC NON=CONDEN \
o022 :
? 18 1 VISC CONDEN :
00725 i
2 16 1 visC LIQUID ;
2¢0) :
5 17 1 CP NON=CONDEN ;
3¢5
5 18 1 CP CONDEN i
042
§ 19 1 CP LIQUID A
1N :
4 20 1 COMD NON=CONDEN :
Nell 3
4 21 1 CONDUCT CONDEN :
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¢305
19|
- FOF

ey TR R W TR B BN B T I BN U BB e

S

- 4

3046
150
184,
212
24%,

o NON0?

2476
Re?0
1406
2?7763

CONDUCT LIQUID
LATFNT HFEAT OF VAPOR
PRANNTL LIOUID
DENSITY LIQUIN
PARTIAL PRFS
30467 30672 30673
1604 164, 168,
188, 192, 196,
2164 220, 22%.
250, 255, 2600
e NO0OOA oNNNN3 0 000N32
beT3 8562 Be72
Be944 9e¢744 106605
156991 174188 18,918
79482 32453 LAY}
SYSTEM 2 TUBE COMD
SYSTEM 2 TUBE SH
SYSTEM 2 TUBE ABS
SYSTEM 2 TUBE EM1S
GAS FLOW/TOCTAL FLOW
LIQe FLOW/TOTAL FLOW

NON=CONDes FLOW/TOTAL FLOW
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WDOTL
RE(L)
PG
PDR
DELP

Liquid flow rate

Superficial 1iquid Reynoldis Mumber
Gas pressure

@2 (see page 36)

Pressure drop

Fluid Lump Checkout, Printing for Non Two=Phase Flow Eggg!

I
TI

WL
T
i
TU

G

H
HI

ACON
ATEM
DTAU
TYPE
RE
PR
COND
DEN
SP HT

zBULK
Wi Lo

HEAT TRAN COEFF

Lump number

Present temperature

Surrounding tube lump number

Constant temperature value

Number of upstream lump

Upstream lump temperature

Heat transfer coefficient . area for heat transfer
(NAVIC » O, Parameter Card 2) G/2 x TU "

Heat transfer coefficient ® HIC (/‘b//‘w)' (HIC is
item below) |

Sum of hA and w cp,

Sum of hATy and % cp TU

Calculated maximum time increment

Lump type

Reymolds Number

Prandtl number

Fluid conductivity

Fluid density

Fluid specific heat

Jat TI EOulk viscosity)

sat T, (tube wall viscosity)

Lump weight

Isothermal heat transfer coefficient (HTC above)

Fluid Lump Checkout Printing for Two=-Phase Flow Lumps

I, NTY, MU
NLD

WP, CSA
WDOTG
WDOTL
WDOTO
HUMID

VISO
VISI

VISL
CPO

CPI
CPL

Ky
KL

Same as above

Number of downstream lump

Same as above

Gas flow rate

Iiquid flow rate

Non-condensible flow rate

Hunidity ratio (lbya or/Ibnon-condaaetbL-)
Viscosity of non-condensible ( x 103 )
Viscosity of condensible (x 1033
Viscosity of liquid ( x 103)

Specific heat of non-condensible
Specific heat of condensible

Iiquid specific heat

Ilatent heat of vaporization
Conductivity of non-condensible

Conductivity of condensible
Iiquid conductivity
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PRL Liquid Prandtl Number

DENL Liquid density

VISTI Gas mixture viscosity

CPG Ga. mixture specific heat

KG Conductivity of gas nixture

PR(G) Mixture Prandtl Number

DENG (Qas density

™. Tube temperature

RE?(% Cas superficial Reynolds Number
ARBAR (¢ (see page 36

CHI X (see page 35

PG Gas pressure

BUIK Vapor partial pressure

DIF Diffusion coefficient value

sC Schmidt Number

PSURF Vapor pressure at condensing surface
PM Log mean pressure of non-condensibls
KM Mass transfer coefficient

QL latent heat rate

H Heat transfer coefficient

TS Condensing surface temperature

TG Gas temperature

REV  Special Reynolds Number (page 40)
ACON Sum of (coefficient x area) relating heat transfer

to tube

ATEM Sum of (coefficient x area x temperature) + Q relating
to tube

U Film conductance

DTAUG Ges maximum time increment
DFAUL Liquid maximum time increment

Tube Lugp Checkout Printing

The tube lump print explanation is as follows

I Iamp number

NDL Lumr number downstream

TI Present temperature

™D Present temperature of tube downstream

CONI Conductivity of I
COND Conductivity of lump downstream
U Conductance to last lump conducted "to"
EM Emissivity of lump
AB Absorptivity of fin (gradient problems only)
Q Incident heat value §
ACON(NDL) ACON for downstream lump ;
ATEM(NDL) ATEM for downstream lump :
ACON(I) Sum of all UA products plus Q RA 4
ATEM(I) Sum of all UAT products, T associated with proper U i
DTAU Stability required time increment
USUM Sum of all conductances from tube lump
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UrSUM  Sum of conductance x temperature for lump I (UyrTyr, J>I not
QA zQ)gAREA )SABsorp ivity) included)
QRA  (EM)(AREA)( & )(T3)

Structure ILump Checkout Printing

I Structure lump number
Q Incident heat
CONI Conductivity of I
WEIGHT Weight of lump
SP HEAT Specified heat
USUM Sum of all conductances from tube lump ard "to" other
£in (structure) lumps
UTSUM Sum of product of the conductances with respective
temperatures
QA Incident heat addition rate
QR (Enissivity )(Aren )(&) T3
ACON Sum of conductance-area products plus QR
ATEM Sum of UAT products plus QA
DTAU Time increment required for stability

6.4 RESULT'S AND OUTPUI' FORMAT

The problem as set up was found to be slightly unstable with
® =2 0:9. To insure a solution in this situation, O was set to 0.5 and
the problem was run 3000 iterations (.3 hours), with no instability
noticed. The printout at 0.3 hours is shown in Table 4 . Thermally the
problem was very close to steady state; but the liquid flow rates were
still dropping from their initial rise. The slow decay time results be-
cause the velocity of the liquid in the condenser is such that the con-
denser is traversed by a fluid particle in about 300 iterations.
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APPENDIX A
FIN BASE THERMAL GRADIENTS

The non-dimensional fin base thermal gradients are determined by
numerical integration of the differential equation defining one dimensional &

heat transfer in a radiating fin, as explained in paragraph 3.1.2. This +
operation is preformed by subroutine SUBI (if required). The subroutine
uses a Runge-Kutta-Gll standard integration procedure. For a given Ns

and @p, initial values of 49/dX @ X » O are automatically assumed and the
equation is integrated to X = 2, If the value of Op 8 X » 2 does not mateh

the given Or, an iteration procedure is employed until the O,'s match. In
order to obtain an initial assumption for d9/dX which will not give a

divergent solution,an array of slopes, J0/dNe are written into sugllgog .
5

The slope values written into SUBI are tabulated below, ' .}

' R
¢ 0 '."'

L e,
. ‘.

L W)
.'ﬁ.- ’i-mw L4 - D

e . B L . C BB wmem e e mew— . —
v’

~Jo""‘.l'\’0;'ﬁ£'."uf.‘-.'w Y@ e tge |1.',-.-‘:£“ -o..'..;.'g..ch <l.p " 100&“@‘209 ‘ »2£.95NC<509, SOOS 5.10.0 .‘;1. .:
020, <.5 R »2685 185 A2k ae i
5 <0< .€ U6l +240 «1635 116 o
6 <0 < .7 127 190 140 112
07 < 0, < 08 0362 . 6 0125 0093
N - 93 < .8 0276 12l om .064
05<0g < 221 116 0677 «0u8
0”‘00 < 095 .155 .ow .0533 .032
O .95 0815 «050 0300 020

These values have been used successfully for all calculations made

A to date (see Table Al).

initial values of d0/dX, divergence could occur at some intermediate values

In this event,a finer array of slopes must be used or the desired
points can be calculated separately.

of Oe ]

Hovever, because of the sensitivity of ¢, for

The values of d9/dX which have been used as table input for sample
problems are shown in Table Al. Plots for Qg of 0,0.70, and Q. are shown

(

in Figures Al, A2, and A3./ The 40/dX values below zero correspond to condi- -

tions vhere the adjacent tube temperature is so high that heat flows into the

reference radiator tube.
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