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FOREWORD 

This report presents 
a computer routine capable of 

the description of 
t rans ien t  o r  steady 

s t a t e  analysis of heat t r ans fe r  problems involving 
conduction, in te rna l  flow with convection, and 
radiation. "he computer routine i s  an extension 
of the  routines described i n  LTV Astronautics 
Reports 00.391 and 00.716. Mr. J. L.  Gaddis for-  
mulated and checked out the new routine capa- 
b i l i t i e s  which were programed by Miss M. S. Thornton. 
Miss P. A. Davis a lso ass i s ted  i n  the f i n a l  check- 
out t o  get the routine operational on the  NASA-MSC 
W A C  1108. 
NASA-MSC C r e w  Systems Division Contract NAS9-2772. 
Mr. D. W Morris i s  t h e  Contract Technical Monitor. 

The program was developed under 
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1.0 SUMMARY 

This  report describes analytical methods, user 's  instructions 
and data preparation guide, and a sample problem fo r  a generalized heat 
t ransfer  computer routine. The routine i s  capable of analysis of conduc- 
t ion ,  radiation t o  space, and convection from internal  flow. It i s  
par t icu lar ly  suited for  the analysis of space radiators and general 
thermal control f l u id  loops. 

Transient thermal analysis is  performed using an expl ic i t  f inite 
difference method. 
works i s  performed i n  accordance wi th  pressure drop phenomena. 
may e i the r  (1) be balanced t o  give equal pressure drop i n  para l le l  por- 
t ions  of a c i rcu i t  with or  without the t o t a l  flow determined fo r  a specific 
pump o r  (2)  be prescribed i n  individual tubes t o  a id  i n  post-test  correla- 
t ion. 

Flow analysis of internal  flow i n  general f l u i d  net- 
The flow 

Several program options are available. Six different  types of 
valves a re  included along with a general heat exchanger option t o  provide 
capabi l i ty  fo r  analysis of interloop heat exchange and regenerative sys- 
tems. Fluid i s  allowed t o  be "frozen" o r  stagnant i n  portions of the 
flow network. 
time, and a detailed printout of intermediate calculations i s  available 
f o r  checkout purposes. 
sensi t ive surface absorptance of an incident flux. 

The program may be interrupted and restar ted a t  a l a t e r  

An option i s  available t o  account fo r  directionally- 

The inputs t o  the routine are made i n  the form of equivalent 

Properties of the materials are input and quantit ies such as nodal 
rectangular dimensions for  solids and equivalent round-tube dimensions fo r  
f lu ids .  
thermal capacity, conductances, heat t ransfer  coefficients,  e tc .  are  com- 
puted by the routine. Incident heat fluxes are  permitted t o  be different  
for  each subdivision of the model. 

The specific additional options incorporated since publication of 
the l a s t  comprehensive documentation i n  November 1965 are  tabulated i n  the 
Introduction. 

\ 
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D u r i n g  the past  three years LTV Astronautics has developed a gen- 
e ra l ized  expl ic i t  f inite-difference computer routine fo r  heat t ransfer  

and NASg-4776. The basic routine has a lso  been expanded in to  several  ver- 
sions,  each of which is t a i lo red  f o r  a group of problems having a require- 
ment fo r  a specif ic  type of calculation. 

afia>Jrsis . ~ y d e r  tas-vsc Cre.,- ;S;.ste;-,a Ej.\5aiofi &fitracts i&g9-3751 , TaS9-2772, 

"he routine described herein is a basic version capable of handling 
a wide range of problems. 
accordance w i t h  contract requirements since publication of the last  report 
(Reference 18) describing the bas ic  routine include: 

Specific capabi l i t i es  which have been added i n  

The capabi l i ty  t o  analyze flow problems having "off-axis" 
flow paths, 

The incorporation of an input pressure-balance tolerance, 

Generalized valves including a r e a l  tube bypass valve, a 
polynomial. bypass valve, shut-off valves, switching valves, 
and a proportioning valve, 

A generalized heat exchanger option capable of analysis of 
inter-loop heat exchange and regenerator deployment, 

A closed loop option, 

An option providing fo r  surfaces which absorb incident 
radiation based on the angle of incidence, 

A temperature card-punch option, and 

Fortran IV operation on the  UNIVAC ~.07/1108 system. 

Certain options were eliminated from the routine i n  the in t e re s t  of a t t a in -  
ing m a x i m u m  data space. 
posi t ion option, the known heat load and gradient methods were deleted. 

In  addition t o  the  previously eliminated super- 
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3.0 ANALYTICAL MEix0m 

This section presents the methods employed i n  the computer routine 
f o r  (1) thermal analysis, (2)  convergence and accuracy of the analysis, ( 3 )  
f l u i d  heat t ransfer  and (4 j fluid flow analysis. 
described f u l l y  i n  the paragraphs which follow. 

Each of tnese w i l l  be 

3.1 THERMAzl ANPLYSIS 

The method used t o  determine the temperature f ie ld  provides f o r  
accurate transient or  steady state analysis of any object characterized by 
isothermal lllumps'l. 
veloped, followed by a development of the f l u i d  heat balance equations. 

The capabi l i t ies  and underlying assumptions are de- 

3.1.1 Nodal Method - With t h i s  very accurate method of steady-state or 
t rans ien t  thermal analysis, the d i f fe ren t ia l  equations which describe con- 
vective, conductive, and radiative heat transfer throughout an object are 
solved by a commonly used expl ic i t  finite difference approximation (Reference 
1) .  The object is  divided in to  many individual lumps f o r  the following 
s ignif icant  conditions which may occur i n  spacecraft applications: 

1. 

2. 

3. 
4 . 
5 . 

Different incident heat quant i t ies  f o r  every tube and 
external surface lump. 
Three dimensional conduction i n  spacecraft external surfaces, 
tubes, and structure. 
Dissimilar materials and surface coatings. 
Temperature dependent material properties including surface 
emiss iv i ty  and absorptivity. 
Temperature dependent f l u i d  thermodynamic properties . 

The following simplifying assumptions have been made f o r  the nodal method 
of analysis: 

1. The f luid thermodynamic porperties are considered constant 
within each f i n i t e  f l u i d  element, but may vary between 
elements . 
Cylindrical surfaces are approximated by small rectangular 
segments . 
Radiant interchange i s  not considered. 

2. 

3.  

Assumptions 1 and 2 are judged t o  have too small an effect i n  most 
spacecraft applications t o  ju s t i fy  the added canplexity of the analytical 
description required t o  imlude  them. 
(Reference 17) has been assembled t o  analyze s i tuat ions involving radiant 
interchange . 

A separate computer routine version 

The development of the equations used w i t h  the nodal method of 
analysis w i l l  first be i l l u s t r a t ed  by a one-dimensional heat balance on a 
typical external surface element. 
is  eas i ly  extended t o  include two or three-dimensional conduction in to  the 
radiat ing element. A typical tube elemexrt heat balance w i l l  a l so  be shown 
together with the governing temperature equations. 

The resul t ing f i n i t e  difference equation 

3 



The heat balance of a radiat ing element of d i f f e ren t i a l  length I 
and uni t  width shown below can be wri t ten as: 

dQs = dG + dQE - dQ*& 

where : 
Qs = heat stored i n  the element 

QR = radiated heat f lux  

QE = heat absorbed from surrounding environment 

s = element thickness 

By use of the Fourier heat conduction law, 

K = material  thermal conductivity 

Combining (3) and ( l ) ,  

where : 

C = material specif ic  heat 

7 = t i m e  

a = aurface absorptivity f o r  incident heat f l ux  

% = incident heat f l ux  

€ = surface emissivity 

d = Stefan-Boltzmann constant . 
4 

(4) 
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Usj = Aec 

since closed form soiutions of equation (h i  wit'n t'ne appropriate 
boundary conditions have not been obtained, numerical solutions using finite 
difference approximations are generally employed. The external structure is 
divided into lumps which are considered to be isothermal for heat capacitance 
effects, and which are considered to nave temperatures iocated a t  Yneir 
geometric centers (nodes) for conduction effects, 
balance for a typical external surface lump, s, shown below, may be written in 
finite difference form as: 

The one-dimensional heat 

Rearranging: 

where : 

w , = x . y .  s .e = weight of lump ( p is the density of the 
fin lump material) 

cs = specific heat of lump s 

Ts = temperature of lump s at time 7 

T~'= temperature of imp s at time T + AT 

AT= time increment for next step in calculation as determined by 
convergence criteria (Paragraph 3.2) 

Usj= the conductance between structure lump s and adjacent 
structure lumps, j 

5 



where : 

Ys is that portion of the conduction path length 
between 1t.q s and 3 which lies in lump s 

Yj is that portion of the conduction path length 
between lump 6 and which lies in lump j 

A,, is the effective conduction area between lump8 
s and j (Le., x 8 in figure above) 

Ks is the thermal conductivity of lump s 

Kj ie the thermal conductivity of lump j 

Tj = temperature of adjacent lumps at time 7 

% = incident heat flux on lump s 

As = area of lump 8 (i.e., x ,  y in the figure above) 

Ors = absorptivity of lump s for incident heat flux 

E, = emissivity of lump 

The finite difference heat balance of equation ( 5 )  is basically a 
''forward difference" heat balance (Reference 1) chosen because it yields an 
explicit 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 lmqs may be 
varied. Secondly, for comprehensive thermal analyses which may 
include low conductivity supporting structure, the conduction paths in the 
different materials of adjacent lumps can be accurately described. 
the evaluation of conductivities at the different temperatures of adjacent 
lumps approximates the effect of the term 3T k i n  equation (4). This 

solution for the future temperature of lumps. 

Finally, 

JkI m 
approximate method of accounting for variable conductivity is judged to be 
as good as other methods where a single conductivity based on the average 
temperature of adjacent lumps is employed (Reference 1). 

The inclusion of variable material properties is not intended to 
remove large errors from steady-state external surface analyses. 
investigation (Reference 2) can be used to show that the error in heat 
rejection incurred by use of constant material properties is less than & 
for the steady-state analysis of typical environmental control system 
radiating fin elements for instame. 

A previous 

6 
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Although the heat balance of equation ( 5 )  is only for  one-dimensional 
L - - A  .L----.O-, 
I l I Z M b  b I U l l D A C A  9 t'rr'G, &?2 C'<F̂ r"l three-dhensicn&!. heat  b&hr?ces %$r be use6 
i n  the  routine. 
conduction distances (Ys and Y j )  mus t  be specified. 
used t o  describe each lump. 
data, external radiation area and of the same material may be designated 
as a single "type". 
problems. 
thermal analysis by adding another type of lump or by specifying a constant 
temperature for those lumps representing boundaries on a problem. 

To do th i s ,  the numbers of adjacent lumps and appropriate 
Lump type numbers a re  

Lumps having the same dimensions, conduction 

This format reduces the required data input fo r  many 
Completely different adjacent s t ruc tu re 'my  be included i n  a 

A typical  tube lwnp i s  shown below. 

r - - - - - - - - -  I 

I 
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Other types of tube lumps, in addition to isothermal lumps which 
completely enclose fluid lumps or lumps which only conduct longitudinally, 
can be accommodated in the computer routine. 
illustrate tube lumps used in peripheral subdivisions, tube junctions, and 
juxtapositioned tubes. 

The three sketches below 
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Lump J 

_ - -  
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Rearranging: 

Where : 

w t  = A x  .e .e= tube lump weight, where: 

ALc = tube lump longitudinal conduction area (i.e., 
tube lung cross-sectional area) 

1 = tube lump length 

e = density of tube lump material 

c t  = tube lump specific heat 

T t  = temperature of tube lunp a t  time 2 

T t  = temperature of tube lump a t  time T + A 7  
t 

AT= time increment fo r  next s tep i n  calculation as determined 
by convergence c r i t e r i a  (Paragraph 3.2) 

Ut-= the conductance between tube lump t and adjacent tube lumps j 

= Aec 1 

A,, i s  the effective conduction area between tube l q s  

Yt i s  tha t  portion of the conduction path length between 

Y. is tha t  portion of the conduction path length between 

K,t is  the thermal conductivity of tube lump t 
K j  i s  the thermal conductivity of tube lump j 

t and j 

lump t and j which l i e s  i n  lump t 

lump t and j which l i e s  i n  l q  j 

Uts= the conductance between tube lump t, and adjacent f i n  or 
structure lumps, 8 

9 
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Yt i s  tha t  portion of the  conduction path length 
between lump t and s which lies i n  lump t 

YS is tha t  portion of the  conduction path length 
between lump t and s which l i C 8  i n  lump 8 

T, s temperature of adjacent f i n  or  s t ructure  lump 8 a t  time 

Q.t s incident heat on tube lump, t 

A, = tube lump external area 

Cut  3: absorptivity of lump t f o r  incident heat f lux  

€t = emissivity of tube lump, t 

hf = f l u i d  convective heat t ransfer  coeff ic ient  

Af = area fo r  f l u i d  convective heat t ransfer  

Tf = f l u i d  lump temperature a t  time 7 

For the case where tube lump-to-tube conduction involves only upstrean and 
downstream tube lumps, the term L&j(TJ-Tt) i n  equation (7) was further ex- 
panded i n  terms of upstream and downstream tube lump values for  use i n  the  
computer routine. The subscript t u  re fers  t o  the  upstream tube lump and t d  
re fers  t o  the downstream tube lump. 

1, 
I 
I 
I 
8 
1 
1 
I 
1 
1 
8 
8 
8 
8 
t 
8 
8 
I 
8 

The inclusion or omission of tube lump t o  tube LUUIP longitudinal 
conduction was l e f t  as a program input option. 
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The tube lump characterization is  completely general as a r e su l t  
of specifying a tube type number for each lump. 
same dimensions, conduction data, external radiation areas, and of the same 
m d x r i a l  mnyv he classed as a single "type" which i s  specified separately 
from the lump number. 

Different lumps, having the 

A discussion of the convergence and accuracy c r i t e r i a  which determine 
the s i ze  of the time step that can be used f o r  t ransient  calculations and 
the  s i ze  of the lumps into which an object must be divided i s  presented 
i n  Paragraph 3.2. 

3.1 .2  Fluid Heat Balance 

The energy balance on the  f l u i d  i s  given by equation (10) f o r  the 
d i f f e ren t i a l  f l u i d  element shown below: 

-4 6 c T  f c ( T + -  J T  d y )  
J Y  

I 
Y +  dy 

I 
Y 

3 T  rn 8 c T - c (T+ & dy) - +(WP) dy (T = Tt) (10) 
3Y 

where: 

= f l u i d  density 
= f l u i d  cross-section area 
= time 
= mass flow ra t e  
= f l u i d  specific heat 
= f lu id  convective heat t ransfer  coefficient 
= tube wetted perimeter 
= tube temperature 
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The f lu id  temperature i s  taken as  the mixed mean temperature, the 
f luid specif ic  heat and density a re  assumed t o  be constant 
conduction i n  the y direction is  neglected i n  equation (10). 

and the f lu id  

(ll) 

thun 

where : 

The f i n i t e  difference f l u i d  energy balance is  given i n  equation 

I' hfAf (Tf -Tt 

wf = weight of f l u i d  i n  lump f = A, ( p') ( e  ) where e i s  the 

cf = specific heat of f l u i d  i n  lump f 
Tf,  = temperature of f l u i d  a t  time ?' 
Tf = temperature of f l u i d  a t  timeT+ar 
a? = time increment f o r  next calculation step as determined from 

= f luid f l a w  r a t e  
Tfu = upstream f l u i d  lunq! temperature 
hf = f lu id  convective heat t ransfer  coefficient 
Af = area fo r  convective heat t ransfer  
T t  = temperature of tube lump which encloses f l u i d  lump 

Equation (U) i s  a frequently used approximate equation (Reference 1) 

fluid density and &'is *e f l u i d  lump length 

convergence c r i t e r i a  (Paragraph 3.2) 

which yields an expl ic i t  solution fo r  Tf'. 
t ha t  the  f lu id  capacitance effect  i s  based on the out le t  f l u i d  temperature 
of the tube length 4'. 
also assumed 80 the temperature T t  is  not located as a node a t  a f i n i t e  depth 
i n  the tube lump. 

It involves the approximation 

In  writing equation (11), an isothermal tube wall i s  

The f l u i d  temperature, Tf, i n  the term hf Af (Tf - T ) of equations 
(7) and (U) can be nore accurately represented by (Tfu + Tf))2. However, 
use of this l a t t e r  form i n  equation (U) also imposes an additional conver- 
gence c r i t e r i a  (see Parwraph 3.2) which r e s t r i c t s  Af of the f l u i d  l q .  
Since t h i s  s ize  l imitation i s  not a prac t ica l  requirement f o r  a l l  
analyses, because Af w i l l  have t o  be very Smau f o r  l o w  flow ra tes ,  the use 
of e i ther  (Tfu + Tf)/2 of Tf was l e f t  as a routine option. 
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The variation of the f lu id  properties with temperature is approxi- 
by using properties i n  equation (11) which correspond t o  the tempera- 
of the different  f l u i d  lumps. 

3-19 3 Calculation of Heat Rejection 

The t o t a l  heat re ject ion between the i n l e t  and ou t l e t  of a general 
flow system is computed from: 

where : 
Q - f l u i d  heat rejection 

Hin enthalpy of f lu id  a t  system inlet 
Hout = enthalpy of f lu id  a t  system out le t  

The program user supplies a curve of f l u i d  specif ic  heat versus 
This data is integrated by a trapezoidal integration method temperature. 

within the routine t o  provide an enthalpy versus temperature curve. 

13 



3.2 CONVERGENCE AND ACCURACY CRITERlA 

The heat transfer equations used in the cwuter routine described 
herein are based on an explicit method of finite difference solution. 
With this method, the future temperatures of any fluid, tube or 
structural lump are evaluated from the present temperature of surrounding 
ltmrps and the thermal. environment, The validity of this type of solution 
depends on satisfying criteria for stability, oscillation, and truncation 
error minimization. 
literature are presented by Clark (Reference 5 ) .  
discusses convergence criteria in the report on the basic routine from 
which this thermal analysis routine was derived. 
both references are outlined below. 

A discutl6iOn of these criteria and a review of the 
Chu (Reference 6) also 

!&e pertinent points from 

3,2,l Stability 

The term stability usually refers to error6 in equation solution 
that progressively increase or  accumulate as the calculations proceed. 
a review of the literature, Clark concludes any explicit forward difference 
equation will yield stable results for the future temperatures of any 1- 
if the coefficients of the present lumg temperature are at least zero or have 
the same sign as the other coefficients of known temperatures. 
6) also bases his convergence proof on the condition that the coefficient of 
the present lump temperature be of the same sign as other coefficients of 
other known temperatures. 
timr stm to be used with the basic equations, The equations used in the 
routine for both techniques are rearranged below to show the development 
of the stability requirement. 

After 

Chu (Reference 

This stability criterion defines the size of the 

Nodal Technique - Equation (5) for Structure Lumps 

Rearranging, 

For the coefficient of TI to be gorlt lve,  

14 
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Nodal Technique - Equation (7) fo r  Tube Lumps 

For the coefficient of T t  t o  be positive, 

From the development above, it i s  evident t h a t  the use of (Tfu + Tf)/2 
instead of Tf i n  the convective heat t ransfer  term will not affect the con- 
vergence expression for  ATbecause the coeff ic ient  of T t  i s  unchanged. 

Fluid Lump - Equation (11) 

Rearranging, 

For the coefficient of the Tf t o  be positive, 

If Tf i s  replaced by (Tfu + Tf)/2 i n  the convective heat t ransfer  
term fo r  greater solution accuracy, the convergence criteria f o r  A?'changes, 
and another l imitat ion on the size of the f l u i d  lwllp i s  required, as shown 
below. 
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Rearranging, 

For the coefficient of Tf t o  be posit ive,  

Q Wf C f  A?- = 
where 861.0 Q Cf 4- hf *f 

2 

Furthermore, f o r  the Coefficient of Tfu t o  be positive, 

or 
2 r; Cf Af 5 hf 

This places a res t r ic t ion  on the s i ze  of the f l u i d  lump t o  be used i n  the 
routine. 
problems, the  use of averaged f l u i d  temperatures i f  l e f t  as a program 
option. 

Since it may not  be prac t ica l  t o  meet t h i s  r e s t r i c t i o n  f o r  a l l  

3.2.2 Oscillation 

Even though a solution i s  stable, it may osc i l l a t e  around a correct 
mean value. 
recommends that the  calculation t i m e  increment based on the s t a b i l i t y  c r i t e r -  
ion be fu r the r  reduced by a f ac to r  of 1 .5 .  It should be noted that this re- 
duction may not suf f ice  f o r  a l l  cases since the osc i l la t ion  depends strongly 
on the s i ze  of space increment and the problem boundary conditions. 

To eliminate t h i s  undesirable osc i l la t ion ,  Clark (Reference 5 )  

In  s e t t i n g  

16 
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up the basic routine from which th i s  thermal analysis routine was derived, Chu 
used a factor  1.11. The routine described herein w i l l  a l s o  employ t h i s  fac tor  
(0 = .9) unless otherwise specified by the program user. 

3-2.3 Truncation Error 

The truncation e r ror  i n  the routine solution resu l t s  from replacing 
derivatives with f i n i t e  differences. 
accumulated truncation error,  results f o r  smaller time and space increments 
(subject t o  s t a b i l i t y  and osci l la t ion c r i t e r i a )  should be compared. Chu 
recommends halving the s p c e  increment and quartering the t i m e  increment t o  
obtain an estimate of the error i n  a numerical resu l t .  In  general, an in- 
v e s t i s t i o n  of truncation e r ror  must  be made by changing lump sizes  f o r  each 
type of problem t o  determine the m i m u m  s ize  of i so therm1 lumps that can 
be used f o r  a val id  solution. 

In  order t o  provide a measure of the 

The truncation e r ror  has been shown t o  be of the form A + B, 
(Reference 5 ) where A is  proportional t o  the time increment and B i s  pro- 
portional t o  the square of the lump l inear  dimension. LTV experience in- 
dicates that time truncation error  ( A )  i s  re la t ive ly  small (=  3 percent) i f  
t h e  t i m e  increment satisfies the s t ab i l i t y  c r i t e r i a .  The spa t i a l  truncation 
e r ro r  ( B )  can be evaluated at  steady state. In  the case of radiators  and segments 
of radiators  f o r  instance, changing the number of lumps along the length of the 
tube from 20 t o  10 causes less than 0.2 percent difference i n  heat re ject ion (Ref- 
erence 7). 
radiators  a l so  a p p a r s  t o  have only a slight ef fec t ,  but no d i r ec t  comparison 
is  available.  
analysis of large raiiiators with high f i n  effectiveness shows about a 2 per- 
cent difference i n  heat rejection, even though the f i n  temperatures are con- 
siderably different .  

Further reduction t o  5 lumps along the tube i n  the analysis of large 

A comparison of two and four f i n  lumps between tubes i n  the 

These sample results are subJect t o  variation due t o  
the application. 

3.2.4 Steady State ShutdoiM and Jump Ahead 

Since the compu-ter routine uses a t ransient  approach t o  steady 
state conditions, a shutdown c r i t e r i a  indicating that steady state has been 
reached must be specified t o  terminate a run. Experience gained during the 
program showed t h a t  most problem solutions have reached steady state when 
the temperature change of every lump between successive calculations fo r  T' 
was less than .0001 t o  .001 percent of the lump absolute t e n p r a t u r e .  Eow- 
ever, since the temperature change between successive calculations i s  a func- 
t i on  of the minimum t i m e  s tep for convergence, which i s  i n  turn a function 
of lump size,  it was decided t o  allow the program user t o  specify the steady 
state shutdown as part of the routine data input. 

When t ransient  problems are being considered, equilibrium conditions 
may a l s o  be achieved a t  intermittant points (such as on the dark side of the 
moon i n  a lunar orb i t  analysis). 
tine the c r i t e r i a  f o r  steady state conditions i s  considered at every itera- 
t ion .  When every temperature satisfies the input c r i t e r i a  a t rans ien t  pro- 
blem will be considered a t  steady state. In  such an event the i t e r a t ion  
process i s  terminated and problem time i s  jumpd ahead t o  the next point a t  

To conserve t ransient  analysis computer 
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which any tim-dependent curve change occurs whereupon i t e r a t ions  are con- 
tinued. 
mission analysis where the system is  a t  steady state, thus shortening calcula- 
t i on  t i m e .  
steady state conditions i n  one submission Of t rans ien t  data since the problem 
w i l l  jump ahead after reaching equilibrium a t  each intermit tant  condition. 

This option permits exclusion of long periods of calculation i n  

The option can a l so  be u t i l i zed  t o  analyze several  successive 
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FLum HEAT TRANSFEZ3 COEFFICIENT 3.3 

Commonly used equations fo r  determining both laminar and turbulent 
An flew h e i t  transfer cneffiaients were programmed i n  the computer routine. 

i nves t imt ion  of the basis fo r  laminar flow heat t ransfer  coefficient equa- 
t ions  was undertaken since a majority of Apollo spacecraft flow conditions are 
i n  the laminar regime. 
theore t ica l  equations f o r  laminar flow heat transfer coeff ic ients  can only 
be applied with considerable approximation t o  the flow conditions on external 
spacecraft surfaces. It was decided therefore t o  l e t  the program user specify a 
fac tor  i n  the data input which modifies the heat t ransfer  coeff ic ients  de- 
determined by the equations within the routine. This provision not only permits 
s tudies  of t h e  effect  of heat transfer Coefficient variations,  but a l so  provides 
a method f o r  specifying non-circular duct coefficients.  
radiators  f o r  instance, is  not direct ly  proportional t o  changes of f l u i d  heat trans- 
fer coeff ic ient .  
and an equivalent temperature of space i s  characterized by the resistance of 
an in te rna l  heat t ransfer  coefficient and the resistance of a radiating f in ,  
the former w i l l  be found t o  be quite small compared t o  the l a t t e r .  Thus, 
appreciable changes i n  f l u i d  heat t ransfer  coefficient may a f f ec t  the net 
radiator  heat rejection by only a small degree. 
permit gross e r rors  i n  heat transfer coefficients i f  accurate radiator and 
cold p la te  cooling loop performance predictions are expected. 

It was found tha t  both experimental correlations and 

The performance of space 

In general, i f  the p t h  between a radiator f l u i d  temperature 

This fact, however, does not 

3.301 Laminar Flow 

Both the thermal en t ry  length and the f u l l y  developed flow regimes 
must be considered t o  properly evaluate a laminar flow heat t ransfer  coeffi-  
c ien t .  
those values of ( l / R e  Pr)(X/%) below .O5O. 
len&h i n  the thermal entry region m y  vary from the en t i r e  tube length 
f o r  higher f l u i d  flow rates and higher f l u i d  temperatures t o  only a smll pr- 
centage of the t o t a l  length for  tubes with low flow rates and low f l u i d  
temperatures. 

The thermal entry length region i s  usually considered t o  include 
The portion of t o t a l  tube 

The theoret ical  solutions which have been obtained f o r  t h e m 1  
entry lengths are frequently based on boundary conditions of e i ther  constant 
tube w a l l  surface temperature or  constant heat rate per unit  of tube length. 
These solutions are a l s o  formulated under the assumptions of constant f l u i d  
properties and symmetrical heat transfer around t h e  tube periphery. 
t ion,  many of the solutions only apply rigorously i f  a hydrodynamic s t a r t i ng  
length is  provided because the flow i s  considered t o  be isothermal with a 
f u l l y  established velocity profile a t  the tube entrance. 
i n  Figure 1 for  both loca l  and mean Nusselt  Numbers obtained by t h e  Graetz 
solution fo r  c i rcu lar  tubes with uniform surface temperature under the 
assumptions outlined above (Reference 8) .  

In  addi- 

R e s u l t s  are shown 

The solutions exhibit  an asymptotic approach t o  a f u l l y  developed 
flow Nusselt Number of 3.66. 
developed flow value fo r  ( R e  Pr) (%/X) ‘ 2 0 .  
employed t o  a r r ive  a t  loca l  hea t  t ransfer  coeff ic ients  f o r  the tube lump 
heat balances i n  the  computer routine, whereas mean Nusselt Numbers are 
commonly used fo r  overall  heat exchanger calculations. 

The loca l  Nussel t  Number has reached the f u l l y  
The local  Nusselt Number i s  

19 
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The use of theore t ica l  solutions based on the assumptions of 
constant f l u i d  properties can introduce e r rors  f o r  f lu ids  where viscosi ty  i s  
a strong function of temperature. 
lo), mmg nt.hers 

U y  developed and thermal entry length solutions. 
general, f a l l  below the constant property solutions fo r  cooling and above the 
constant property solutions fo r  heating. 
reported by Yang f o r  uniform wall temperature can be approximated by 
multiplying the constant property Nusselt Number by ( pb/ p w ) o = l l  (where 
,CCb i s  f l u i d  viscosi ty  evaluated a t  f lu id  bulk temperature and ,Uw i s  f lu id  
viscosi ty  evaluated a t  tube wall temperature) fo r  both heating and cooling 
conditions. 
of ( ,U b/ p W ) * l 6  for  fu l ly  developed constant heat r a t e  solutions. 

Yang (reference3 ) and Deissler (reference 
have considered the e f f ec t s  of variable properties on .. ----- - Y ---. 

The Nusselt Numbers, i n  

The e f f ec t s  of variable viscosi ty  

Dei s l e r  (reference 10) recommends use of the empirical correction 

The analyses of references 9 and 10 , l i k e  most other theore t ica l  
solutions,  were derived for  conditions of symmetrical heating or  cooling 
( i . e . ,  the  derivative of temperature wi th  respect t o  tube radius is zero a t  
the tube center l ine) .  
i n  Nusselt Number which can be encountered fo r  non-uniform peripheral  heat 
f lux.  
theore t ica l  equations derived for  symmetrical heating must be regarded a s  
approximate fo r  predicting heat transfer coeff ic ients .  

Reynolds (reference 11) has shown the type of var ia t ions 

For t h i n  walled tubes attached t o  the backside of radiat ing surfaces, 

The basic equation which was programmed i n  the computer routine fo r  
thermal entry length heat t ransfer  coefficients was the widely used (references 
12 , 1 3  , 14 , and 15  ) Sieder-Tate correlation: 

where : 

tii, = cmnvective h e a t  transfer coefficient 

Kf = f l u i d  conductivity 

L = 1.ength from tube entrance 

$ = tube hydraulic diameter = 4 Ac/WP 

/+, = f lu id  viscosity evaluated a t  f l u id  bulk temperature 

= f lu id  viscosity evaluated a t  tube w a l l  temperature 

R e  = Reynolds Number 

Pr = Prandtl Number 

F1 = Entry length heat t ransfer  coefficient fac tor  (data input) 
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Equation (19) represents an experimental correlation of t e a t  data 
for [Re Pr D/X] -1 of ,003 and below. 
yield an asymptotic approach t o  a fully developed Nueselt Number when extended 
t o  higher values of (1/Re Pr) (WD). 
the baeis of thermal entry length heat t ranr fer  coefficientr  In the computer 
routine, the values calculated with it are  compared with valuer calculated by 

A S  8 h m  i n  Figure 1, it doer not 

Although equation (19) is used ar 

F2 - Developed flow heat t ransfer  coefficient factor  (data input) 

and the  higher d u e  i r  ured i n  the heat balance equationr. 
oquations (19) and (BO) apply t o  fluid flw an .Xk& rp.cecrrCtt mtrfacee only 
rith conriddr8ble approxiPation, the rautlne m o r  n y  Input separate factors  t o  M y  
coefficients calculated by there equatione. 

Since both 

The following conriderationr are involved in relooting tho propor 
factor (F1) for  modifying the heat t ranrfer  coefficiont calculated wfth t h o  
baric thermal entry length equation. 

1. The Sieder-Tate equation reprerentr an oxgorlmntal corrolatlon 
for the heating of o i l r  I n  horicontrl tuber with conrturf w a l l  t o n ~ ~ r a t u r o .  

2. The Sieder-Tate equation yioldr  ovoraU hoat t ranrfor  c o a f f l -  
ciontr,  wherear a loca l  coofficient i r  requirod for tho tub0 1- hoat 
brlanco In the computer routino, 

3. The equation applier only fo r  c i rcular  tubor. 

A plo t  of the Sieder-Tate equation wlth a vircori ty  ra t io  tom of 1.0 l r  
r h m  i n  Figure 1 . A curve for  a factor of (.57$ x tho coofflclent ovaluatod 
by equation (14) l r  rhown t o  f i t  the greater portion of tho theoret leal  hoat 
t ranr fer  coefficient curve In  the thermal entry longth roglon. Although UIO 
of t h i r  factor cpurea the minimum l i m i t l n g  Nurrelt Numbor t o  be reachod a t  a 
value of (RePr)' =.025 D/X, the deviation from the theoret ical  heat t r a n r f r  
coefficient w i l l  be le86 than lo$ near the minium l lmit lng value of tho 
R u r e l t  Number. The actual  heat t ranrfer  coefficient ured in mace radiator 
calculations or instance will be below the .575 factor curve because the term 
( , ub / /u , )* lE  i n  equation (19) w i l l  be l e r r  than one fo r  the cooling of tho 
radiator f luid.  

be remembered t h a t  a Nueselt Number of 3.66 applier for 
In  relecting the  heat t ranr fer  coefficiont factor  (F2) it rhould 

1. 

2. Circular duct6 

Conrtant wall temperature boundary condition 
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The constant wall  temperature value i s  pessimistic since the actual  
rad ia tor  Nusselt Number m y  lie between the conetatlt Wall temzperature 

value of 3.66 should be appropriately modified by (F2) fo r  non-circular 
tube configurations. 

so-jution of 3-66 and tiie coiistafi$ heat r e t e  of 4.36. m- ...:..r..lr- ..I..-+ 
LUG L A A  c . - a A  u u c u  

3.3 .2  Turbulent Flow 

A commonly used equation for turbulent heat t r ans fe r  coeff ic ients  
was programed d i rec t ly  without a detailed invest igat ion of the  underlying 
assumptions. The correlat ion of equation (21)) recomended i n  reference 12, 
i s  used t o  d e t e r a n e  heat t ransfer  coefficients a t  Reynolds Numbers greater  
than 2000. 

hf = convective heat t ransfer  coeff ic ient  

Kf = f l u i d  conductivity 

a = tube diameter 

pb = f lu id  viscosi ty  evaluated a t  f l u i d  bulk temperature 

pw = f l u i d  viscosity evaluated a t  tube w a l l  temperature 

Re = Reynolds Number 
I 

Pr = Prandtl Number 

I n  turbulent flow the  undeveloped region of heat t ransfer  is  
short  ( =t 4 diameters) such t h a t  fo r  most cases it will const i tute  only  a 
small port ion of the t o t a l  in te rna l  heat t ransfer  region. 
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3.4 F I D W  SYSTEM ANALYSIS 

This section includes a description of the methods used fo r  (1) 
computing incompressible f lu id  pressure losses, (2) analyzing simple f low 
systems with tubes i n  paral le l ,  (3) analyzing complex paraJlel/series sys- 
tems with manifolding, (4) analyzing flow ra t e  as a function of pressure 
loss, and (5) computing pumping pmr. For all systems involving pa ra l l e l  
flow paths, the flow rates  which give balanced system pressures are deter- 
mined after each temperature i t e r a t ion  and these f l o w  rate values are used 
i n  the thermal calculation6 f o r  the next temperature i terat ion.  

3.4.1 Fluid Pressure Loss 

The f low syatem preseure loss under the assumption of a eyetern 
involving s ingle  phase incompressible f luids  is calculated by the usual 
Fanning equation with a dynamic head loss factor (%!) added. 
loss for  each f lu id  lump i s  calculated by: 

The pressure 

where : 

f =  

w P =  

AC = 

% =  

e =  
v =  

f r ic t ion  factor = 1 6 / ~ e  fo r  
and is read from input data 
than 2000 

Reynolds Numbers l e s s  than 2000 
for  Reynolds Numbers greater 

f l u i d  lump length 

number of f lu id  dynamic head losses 

tube f l u i d  flow ra t e  

wetted pe rhen te r  

f l u i d  cross-section area 

tube hydraulic diameter = 4 Ac/W 

f l u i d  density 

f l u i d  velocity 

-a4 
Two additional terms F3 and ( p b / p w )  were added t o  equation (22) 

t o  account fo r  non-circular ducts and non-isothermal flow: 
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where : 

F3 = pressure loss factor f o r  non-circular ducts, i s  1.0 f o r  
cIrc1flgr d11cts 

Pb = f lu id  viscosity evaluated a t  f l u i d  bulk temperature 

pw = f lu id  viscosity evaluated a t  tube w a l l  temperature 

The f lu id  lump type cards provide f o r  inputs of (!% ) which can 
be d i f fe ren t  fo r  each f l u i d  lump type. 
pressure losses i n  tube entrance regions, bends, contractions, and expan- 
sions. 
may also be specified by ( X ) .  

The term i s  used t o  account f o r  

Entrance pressure losses for varying duct geometries (Reference 16) 

3.4.2 Paral le l  Flow 

The term pa ra l l e l  flow i s  used herein t o  re fer  t o  systems with 
simple se t s  of tubes arranged i n  para l le l  as shown i n  Figure 2. 
do not have t o  be the same diameter o r  length. 
included i n  the analysis; the system i n l e t  temperature and pressure a re  
supplied t o  the entrance of each para l le l  flow tube. 
give equal pressure losses do not involve any f lu id  out le t  manifolding. 
mixed f l u i d  out le t  temperature i s  computed by using flow ra tes  and enthalpies 
of each pa ra l l e l  f l u id  stream. 

The tubes 
The tube manifolds are  not 

The flow ra tes  which 
A 

The pressure balancing subroutine is  called a f t e r  i n i t i a l  flow 
ra tes  are  read from the data input before the first temperature i t e r a t ion  i s  
made and a f t e r  each successive temperature i terat ion.  
pressure losses are calculated and compared. If the pressure losses differ by 
more than an input f ract ion of the average pressure drop i n  a l l  tubes, the in- 
dividual tube f l u i d  flows a re  adjusted by the equations shown below, and the 
comparison is  repeated. No advance i n  time is made u n t i l  a pressure balance 
is obtained. 

The individual tube 

n number of radiator  tube 

n n 
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where: 

3 =  

m pavg 

n = number of radiator tube 

tube f l u i d  flow ra tes .  P r i m e  values are 
intermediate calculation numbers and double prime values 
a re  the assigned flow rates f o r  the next pressure drop 
calculation. 

t h e  arithmetic average of a l l  individual tube pressure 
drops. 

subscripts 1 through n denote parallel flow tube numbers 
for  flow ra te  and pressure drop. 

3.4.3 Banks and Headers Flow 

The banks and headers option permits analysis of combihtions of 
p a r a l l e l  and ser ies  flow i n  general networks. 
"banks" of pa ra l l e l  flow paths and "headers" or  manifold arrangements. 
a id  i n  discussing the use of the option cer ta in  terms require definition. 
F i r s t  a "feeder" (referring t o  Figure 3) i s  the single i n l e t  o r  exhaust 
tube of a manifold. 
the i n l e t  and out le t  manifold. 
o r  joining the flow from o r  i n t o  a feeder. 
subdivided in to  tubes. 
network i n  which the flow i s  the same; hence, i s  the portion of a f l o w  path 
between two tube junctures. !?he tubes are  subdivided in to  lumps t o  provide 
f o r  thermal considerations of f l u i d  fluw. 
i s  used, there must be two tubes per bank minhum and a t  l e a s t  four tubes 
per system. 
ser ies  due t o  the definit ion of  a tube. 

The name i s  derived from 
To 

A "bank" of pipes i s  the portion of f l o w  network between 
A "manifold" i s  the system of tubes separating 

For analysis, manifolds are 
A "tube" or "segment" i s  the largest  subdivision i n  a 

When the banks and headers option 

Two portions of a flow l i n e  cannot be called two tubes i n  

The present routine permits tubes of a bank t o  connect in to  the 
manifold of another bank which is  arranged i n  ser ies  with the first bank. 
Figure 3 shows schematically the arrangement which has been included. 
capabili ty i s  new and wa8 not included i n  ea r l i e r  versions of the program. 

This 

The flow ra tes  i n  a general network must be determined so as  t o  (1) 
preserve flow continuity and (2) balance pressure drop i n  the various 
p a r a l l e l  sections of the network. The flow ra tes  which sa t i s fy  these 
requirements are determined by solving a s e t  of simultaneous equations. The 
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pressure drop is  l inearized t o  be proportional to Yne fin- rete ~f the pre= 
vious i te ra t ion ,  o r  problem input flow rates, and the equations are set up 
and solved for  new flow rates. 
balance is checked. 
tolerance of the pressure drop i n  the rlow patin a new pressure %wp per f lw 
rate is used t o  resolve the simultaneous equations u n t i l  a pressure balance 
i s  achieved. 

Using this set of flow rates the pressure 
If the pressures are not balanced within an input 

For problems with laminar flow and no (x ) losses, only one 
solution of the simultaneous equation a t  each i te ra t ion  i s  required. 
the f l o w  is turbulent, or  i f  X losses are high, successive solutions of 
the equations w i l l  be required. The new flows are  adjusted t o  the  average 
of two successive equation solutions t o  provide f o r  rapid convergence. 
problem will be terminated by the routine i f  a pressure balance is  not 
obtained after solving the simul.baneous equations twenty times a t  any one 
i t e r  a t  ion. 

If 

Any 

The pressure drop per tube is  computed from the sum of the pressure 
drops of the lumps i n  the tube. 
shown below for  the f low system i n  Figure 4. 
any one point. 
must be inserted. 
requiring seven equations. These are: 

The equations for  flow ra tes  are se t  up as 
Only three tubes may join a t  

When several tubes are manifolded together,"dummy" short tubes 
There are seven f l o w  ra tes  f o r  the system i n  Figure 4 

(1) i1 = known value 
0 

W l  = w 2  + ' R 3  

AP2 =AP3 +AP5 

AP4 =AP5 +AP6 

The l a s t  two equations are  l inearized by dividing the A P  of the 
tube by the f low r a t e  t o  give the coefficient of flow rate ,  A. 

A2 42 

A4 G4 
The first equation 
in to  the l a s t  tube 
known. The others 

= A  G + A  G 3 3  5 5  

of the set (1) and the  equation for the flow continuity 
(2) are not considered i n  the solution because they are  
are w r i t t e n  i n  the form: 
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32 + G3 = G1 
c3 - 34 - ir5 = o  

- 3  2 - ir5 + 66 = o  

- A 6  = O  5 5  A242 - A363 

ern 

The matrix of coefficients @ is written from these equations as; 

-1 0 0 -1 1 

0 'A5 0 A-2 'A3 

0 1 -1 -1 0 O I  1 1 1 0 0  

The equation @ 3 = C is solved by determining 6-l and results in: 

3.4.4 Flow Rate Versus Pressure Loss 

For many flow systems pump characteristics determine system flow 
rate as a f'unction of pressure loss. The routine provides for data input of 
pump A P versus i characteristics. If this option is used, after each 
solution for pressure balance a flow rate for the total system pressure loss 
is determined from the p q  characteristic curve. 
within 0.1percent of the flow rate used for the pressure balance the next 
temperature 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. 

If the f low rate is 

3.4.5 Pumping Power 

For radiators with a eeries flow arrangement, the total fluid 
pressure loss will be the summation of fluid lump 
For parallel flow arrangements, a flow balancing procedure shown in paragraph 
3.2.2 is employed to insure equal pressure drops in all radiator tubes. 

AP's for a single tube. 



The f l u i d  pumping power requirement is based on the frictional and 
dynamic head pressure loss  of the f lu id .  
for each tube separately and totaled for parallel flow radiators. 
following equation is used to calculate pumping p m r .  

The Pumping power i s  calculated 
The 

* f lu id  flow r a k  

AP 8 prorruro loam b t w n  inlot  ~ r b  outlot o f  radiator 
t u b  
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4 .O SPECIAL ROUTINE OFTIONS 

4.1 FLOW CONTROL VALVES 

A generalized capability i s  provided f o r  analyzing systems with 
four  types of control valves. 
polynomial bypass, proportioning, and shut-off is described i n  this section. 
Figures 6 and 7 show a typical  deployment of the valves described together 
with the data input nomenclature for  "from" and "to" tubes. 
the valves are set i n  position a t  the end of a t i m e  increment by the sensor 
lump temperatures a t  that time. 

Each of the valves, rate-limited bypass, 

I n  each case 

For both the bypass and shut-off valves the equations (Section 
3.4.3) generated f o r  the determination of flow rate a re  changed by deleting 
the pressure drop equation and adding i n  i t s  place the flow proportion caused 
by the valve. 
of Figure 6. 
the equation 

As an example consider a bypass valve i n  the system schematic 
The equations which normally determine flow ra t e  would contain 

With the valve i n  operation t h i s  equation would be replaced simply by $3' X fil, 
and the pressure drop would not necessarily be balanced. 

A pressure balance is maintained across the proportioning valves 
as  described below i n  paragraph 4.1.4. 

Any of these valves may be unused f o r  a par t icular  problem or par t  
of a problem as determined by the program user. This feature  enables the 
assessment of the system performance character is t ics  with and without the 
valves fo r  a minimum of data input. 

4.1.1 Rate-Limited Bypass Valve 

This valve is  designed t o  proportion the flow branching from a 
s ingle  tube i n  such a way tha t  the temperature a t  a designated sensor tube 
lump i s  constrained t o  a specified temperature if obtaining the temperature 
a t  the end of each time increment is  within the valve response capability. 
The valve's posit ion (fract ion bypassed) i s  determined by integration of 
i t s  velocity. 
tween the sensor lump temperature after each i t e r a t ion  and the desired t e m -  
perature of the sensor lump. 
shown i n  Figure 5. This model was designed t o  represent an electromechanical 
bypass valve usedfor  the Apollo ECS radiators. 
sensit ive,  a value f o r t h e  time increment must be used f o r  steady state solu- 
t i o n  even though it is  physically meaningless. 

The velocity is determined according t o  the difference be- 

The model f o r  t h i s  velocity dependance is 

Since the valve is r a t e  

4.1.2 Polynomial Bypass Valve 

The polynomial bypass valve distributes the flow a t  a branch 
dependent on a specified temperature i n  the problem. The fract ion bypassed 
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4.1.3 Shut - Off Valves 

Three types of shut-off valves a r e  available f o r  use. 
and second merely a re  open or shut depending on a temperature i n  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 secondopens as the temperature falls  below a first value and closes 
when a second value is exceeded. The t h i r d  valve combines the first and 
second valve such tha t  it switches the flow between two branches as a 
function of the two temperatures chosen. 

The first 

4.1.4 Proportioning Valve 

The proportioning valve is designed t o  respond i n  the direction 
of causing the flow i n  two paral le l  paths t o  exhaust a t  the same temperature. 
This arrangement may be 
two sides of a radiator  system operate i n  a s ignif icant ly  different  incident 
heat environment. 
character is t ics  of an actual  valve used during Apollo Block I1 ECS radiator 
t e s t s .  

ut i l ized t o  provide m a x i m  heat re ject ion when 

The valve operates i n  a manner designed t o  reproduce 

The equation describing the operation of the valve is: 

where : 

Valve gain i s  allowed as an input constant i n  the data. 

AT= t i m e  increment 

xi i n i t i a l  valve position 

X present valve position 

TRT,T~~ = temperature of sensors i n  r ight  and l e f t  hand tubes 

After the position is  determined, it is used t o  define the pressure 
drops i n  each side of the valve through the relation: 

2 
ApRT E [ z] GRT 

2 

APLT E [e] 
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PPARA 
E proportionali ty f ac to r  ( 2  ACT see Parameter Card 22 

of data preparation) 

~ R T , ; ~ ~  - r igh t  and l e f t  flow rates 

X i  

X2 - 

valve posi t ion from l e f t  

valve posit ion from right 

The valve pressure drops are considered together with the  pressure 
drops i n  the  remainder of the r igh t  and l e f t  hand flow paths t o  determine 
flow rates which give a pressure balance fo r  both s ides  of the  system. 
Considering the pressure drop of the radiator  t o  be a l i nea r  function of 
flow rate, such that 
valve can be written as: 

4 P  . K 8, the  pressure balance i n  the radiator  and 

where : 

KRT = A P  of radiator  r igh t  branch/right s ide  flow rate 

KLT = AP of radiator  l e f t  branch/left s ide  flow rate 

~ T , I ? L T  r igh t  and l e f t  flow rates 

The pressure drop equation may be solved f o r  the  l e f t  side flow r a t e  by 
subs t i tu t ing  +RT .I hm - GLT. 

2 Denoting the coefficient of h~ by (a), of k~ by (b), and the constant 
term by (c),  the h~ may be put i n to  the standard quadratic form. 

When x 1 and 
Card 22, Columns 31-40), the value of (a)  w i l l  be small and the approxima- 
t i o n  %T c/b is used. 

X 2 are different  by less than a specif ied tolerance (VLVTOL, 



4.2 HEXT EXCHANGER3 

A heat exchanger option is provided i n  the program which w i l l  
allow t.rmsi_ent analysis of systems containing a heat exchanger, 
t ransfer  process is  calculated i n  the following manner. F i r s t  the data 
input designates cer ta in  lumps t o  be heat exchanger lumps and indicates 
whether they a re  on the cold side of the exchanger and i f  so, the numbers 
of the adjacent hot side lumps. For lumps i n  the heat exchanger, the heat 
transfer calculations a re  performed as i f  the hot s ide tube lump exchanges 
heat with both hot and cold side f l u i d  lumps. 
not par t ic ipate  i n  the thermal exchange except t o  provide necessary informa- 
t ion,  such as heat t ransfer  area t o  cold s ide f l u i d  lump. 
information, the heat t ransfer  rates may be calculated. 

The heat 

The cold s ide tube lump does 

Given the follotring 

Denoting the posit ion by subscript and time by superscript, the 
energy balance equation f o r  the hot  side tube lump i s  

hcold - cold side heat t ransfer  coefficient 

hhot - hot s ide heat t ransfer  coefficient 

Amcold - cold side area f o r  heat transfer 

A - hot side area f o r  heat t ransfer  

Wt Ct 

lmho t 
- w e i g h t  of hot side tube lump x specific heat 

u+ 
U- 

‘jK 

- conductame of hot side tube lump t o  downstream lump 

- conductance of hot side tube lump t o  upstream lump 

- conductance t o  any other tube or s t ructure  lumps 

This quation i used t o  solve f o r  Tj i+l .  The cold tube temperature merely 
follows the cold f l u i d  temperature and has no meaning. Each of the f l u i d  
temperatures, hot and cold, is determined i n  the same manner as for other 
lumps except t ha t  the cold f l u i d  lump transfer i s  from the hot tube t e m -  
perature rather than the cold tube temperature. 

The solution thus determined i s  quite general i n  application poten- 
tial, allowing e i ther  counterflow or pa ra l l e l  flow and unmixed cross flow. 
However, cer ta in  precautions should be observed. 
inal  conduction area of the entire exchanger should be input f o r  the hot side 
tube lump alone. The mass of cold side tube lump does not enter the problem. 
(2)  

(1) The mass and longitud- 

The area f o r  heat t ransfer  t o  the enclosed f l u i d  lump must be entered 
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properly f o r  the cold tube lump. 
between hot and cold tube lumps should be used. 
lumps do not participate i n  the heat exchange, since the heat exchanger 
characterization i s  one i n  which one tube lump t ransfers  heat with two 
f l u i d  lwnps. 
t o  enable independent specification of parameters determining pressure 
drop i n  and heat t ransfer  from the cold f l u i d  lump. 

( 3 )  NO conduction d a t a  f o r  conduction 
Essent ia l ly  the cold tube 

The second tube lwnp (cold side, by convention) is retained 

Three options a re  available t o  the user t o  determine the heat 
transfer coefficient i n  heat exchanger lumps, (1) the coeff ic ient  may be 
determined as pe r  the normal flow-in-tube equations used f o r  a l l  other 
lumps, (2)  a curve of heat t ransfer  coefficient versus flow r a t e  may 
input as curve data, (3) a curve of Stanton number x (Prandtl number) 
versus Reynold's number may be input from which the heat t ransfer  coeffic- 
ien t  may be determined. 
the user ls  convenience. 

8/93 

These data options permit a maximum of var ie ty  f o r  

4.3 RESTART 

Provisions f o r  problems requiring extended computer time have been 
made i n  tha t  a dump tape is  writ ten from which the run may be continued if 
a l l  conditions of the problem a re  not s a t i s f i ed  (i .e. ,  t ransient  time not 
achieved). 
conditions a re  sat isf ied,  and then restarted from the dump tape a t  a later 
date. 
of a long problem after a short i n i t i a l  period t o  determine whether the 
data has been input properly. 
restart option a re  given i n  paragraph 5.3 of the data preparation. 

4 04 TIME IICREMENT SELECTION 

The problem may a l so  be dumped by the user even i f  specified 

This l a t t e r  option is par t icular ly  useful fo r  examining the output 

The d e t a i l  instructions on the use of the 

Several options were programed into the routine t o  provide 
alternate methods for computing the problem time increment. 
can increase the speed of the problem eolution without 1088 of accuracy 
when properly wed. 
equations l e  shown and the various computing options are described. 

Theee option6 

The use of the t ime  increment i n  the finite difference 

The h e i c  f i n i t e  difference equations (paragraph 3.1) m y  be 
written i n  a general form as: 

The OubrCript &note6 lump number, the ryperroript time. 

AT 8 time increment 

CJ 
:JK coefficient of  enrrgy tramfar between J a d  K 

BJ 8 rmdi8tion coefficient 

w.J might of lwlQ j . rpecifio heat of l u n ~  J . heat added to lunlp 
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Further, i n  Sootion 3.2 it mi demonrtrrtrd that tho mxirnum timr iiioramiit 
for which iterrtionr of the equation above would romin r k b l e  i r t  

o (oonvergenao f a t o r )  5 1.0 

kl If T is met to  TJ 
steady atate value. 

the teqKtrrture of lump J may be rolved for  ita 
The finite difference equation my be written: 

- l J  

Substi tution of the A?' from the  convergence c r i t e r ion  in to  the f inite 
difference equation y ie lds :  

The term on the right i s  by irspection exactly 8 t i m e s  the steady state value 
of temperature except that T 
most cases, 

instead of T j i + l  i s  i n  the denominator. 
greatly different,  such that T j i + l  will be 

For 

approximately (1 - 8 )  of the previous temperature and 9 of the  steady state 
value a t  time i. 
existent,  t h i s  re la t ion  is  exact. 

these two a re  no 

For cases, such as f lu id  lumps, where radiat ion is non- 
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For lumps i n  a problem wi th  very short  t i m e  increments the time 
increment may be substi tuted in to  the respective difference equation and that 
par t icular  lump w i l l  assume steady state wi th  respect t o  i t s  surroundings a t  
each i terat ion.  The value of 8 is retained i n  the calculation t o  insure that 
the non-linearity will not cause i n s t a b i l i t y .  The "floating" or  steady state 
lump may be employed i n  several manners i n  the routine: a . 

(1) 

(2) 

No lump's time increment w i l l  be overridden, such that the 
shortest  of a l l  the t i m e  increments w i l l  be used fo r  each node. 
All  lumps whose time increments are shorter than a specified 
minimum time increment w i l l  be "floating" and will assume 
steady s t a t e  as described above a t  every t i m e  increment. Lumps 
with  longer time increments w i l l  use the m i n i m u m  t i m e  increment 
i n  the f i n i t e  difference equation. 
All f l u i d  and tube lumps w i l l  be considered "floating" using 
t h e  steady state approximation, and a l l  s t ructure  lumps w i l l  
be surveyed to  determine the smallest time irrcrement, which 
i s  then used i n  all st ructure  lump f i n i t e  difference equations. 
This option is a t t r ac t ive  only when the mass of f l u i d  and tube 
lumps is  v e r y  small as  is  the case i n  many radiator  problems. 
All lunrps vi11 use the "floating" steady state approximation 
and  the equations w i l l  be iterated without regard t o  time. 
I n  th i s  i t e r a t ive  option the solution is  only steady state 
b u t  a time increment rriust be inpu t  t o  control the operation 
of' the r a t e  sensit ive bypass valve. 

( 3 )  

( 4 )  

4.5 CHECKOUT PRINT 

The routine user may select  the checkout p r in t  option which w i l l  
give a detailed pr in t  at each i terat ion.  The checkout pr int  provides a 
d i rec t ,  re la t ive ly  simple check of the  data input consistency, and indi- 
cates  the  t i m e  increments calculated for each lump. 
sistency may be performed by examining values of weight, conductance, and 
other quantit ies which a re  known t o  have recognizable symmetries and vari-  
a t ions in  the problem. 
value o f a  m i n t . m u n t i m e  increment which w i l l  accurately characterize the t rans-  
ient  and only override those lumps which r e a l i s t i c a l l y  can be considered at  
steady s t a t e  cmpared t o  t h e i r  neighbors. An explanation of the  terne of t he  
check out print  is included i n  paragraph 6 . 3 .  

The check of data con- 

One may survey the time increments and pick the 

4.6 FLUID FREEZING 

An option is provided t o  analyze stagnant or  frozen f l u i d  lumps. 
The aption aperater i n  the following rmjYlhr. 

I s  tes ted apinst a minimum flow rate which i r  rpecified i n  the data input, 
If the flow drop6 below t h i s  minimum flow rate, the f l u i d  I s  considered t o  
be rtagMnt In the tubee. Conduction data whioh was previowly input i r  then 
ured t o  compute f l u i d  lump t o  f l u i d  1- conduation and f l u i d  t o  tube oondw= 

Tho flow In each radlator tube 
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t ion ,  The change o f  p h s ~  of fluid i r  accounted for i n  an i q u t  c u r w  of 
speoifia heat varoub f luid temperrture. 

in order t o  ,jut@ kken 6 titbe rW&d be oon.i?r_rr.rrd ilmdng aftrr 
the fluid begin8 t o  thw, a flow ra ta  i s  camputed a t  evrry i t e r a t ion  barrd 
on the f luid lump temperature8 in each tube. 
higher th8n the agecified minimum flow, the tube 18 conrridored t o  be flowing 
again. 

If the calculated flow i r  

4.7 FLOW BALANCE OPTIONS 

Several methods of specifying the f l u i d  flow have been found t o  
be of use. 
t h a t  the flow w i l l  be such tha t  a pressure balance is maintained i n  a l l  
pa ra l l e l  flow paths. 
sui table  f o r  any flow network (i.e.,  banks and headers and pa ra l l e l  flow, 
steady s t a t e  or  t ransient) .  

Normally one w i l l  specify the t o t a l  flow of a system and require 

This option i s  designated NE'D = 0 (page 54) and is  

I n  cer ta in  instances it  may be desirable t o  use predetermined flow 
rates i n  pa ra l l e l  flow systems and not balance pressure drops. 
useful when attempting t o  establish thermal ver i f icat ion of t e s t  results. 
Two such options a re  available. 
a r e  input as  functions of time and with NFD = 2, the flow ra tes  of each tube 
a r e  specified independently as constant percentages. The t o t a l  of the flows 
remains the t o t a l  flow with NFD a 2, but flow is  allowed t o  bypass the radia- 
to r ,  thus reducing proportionately the flow i n  each tube. 

This can be 

With NFD = 1, the flow ra tes  of each tube 

I n  many systems, the to t a l  system flow i s  not independent of the 
thermal solution but is  dependent on the operation character is t ics  of a 
pump. 
choice as NFD = 3 (page 54). 
will require i ts  own pump curve. 
NF'D = 0 and NFD 3 operate identically. 

This option (described i n  paragraph 3.4.4) is available fo r  the user's 
If multi-system problems are  run each system 

Except f o r  the selection of t o t a l  flow rate ,  

4.8 DIFZCTIONAL ABSORPTANCE 
- 

The routine provides for  analysis of surfaces which absorb incident 
radiat ion i n  a direct ional ly  sensit ive manner. 
lumps may use this option. 
ct: , Am, and Qi such that the rate of heat addition is aCAm Qi. 
is provided t o  desigmte cer ta in  lumps as direct ionel ly  sensit ive.  
lumps an additional input is accepted such that the heat addition rate is  
the  sum of a non-directional and a direct ional  absorptance. The additional 
inputs are (1) heat f l u  (Qio) as a function of time, (2 )  a direct ional  
absorptance correction factor  (T) as a function of the cosine of the angle 
between the normal t o  the surface and the incident flux, and ( 3 )  a curve of 
the  cosine of the angle (cosine 4 ) between the nomal t o  the surface and 
the  incident f lux  as a function of time. 
the absorption of energy from two sources of different  wavelength, one of 
which the surface can absorb i n  a direct ional  manner. 
heat addition f o r  such a case is: 

Any or a l l  tube or  s t ructure  
Lumps not using the option w i l l  have inputs of 

A code 
For these 

This dual input w i l l  accommodate 

The equation f o r  the 
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T )  a l l  surfaces 
7) non-direction81 surfaces 

direct ional  surface 3 
where : 

T - f (c0s & )  
Qio 8 f( 7) 

cos ine4  = f( 7) 

The heat f lux which is t o  be absorbed i n  a direct ional ly  sensi t ive 
manner (Qio) is assumed t o  be the same function of t i m e  f o r  a l l  lumps. 
curve number f o r  Qio i s  specified on Parameter Card 4, page 54. 
application would involve specification Of solar  &io = f ( T )  f o r  interplanetary 
f l i gh t .  

The 
A typical  

-rc- 

Spacecraft Thermal Model -0 7-- Qio f ( r )  - 
The directional absorptance correction fac tor  may be different  f o r  

each lump, but  since it is  expected that many external surface lumps w i l l  
have the same coating, the input for  'I' has been provided on the tube and 
structure type cards, pages 71 and 74 respectively. 
cosine 4 
spacecraft external surface it is input on tube and s t ructure  lump cards, 
pages 73 and 75 respectively. 

Since the var ia t ion of 
with t i m e  may be different  f o r  many lumps of the same type on the 

The program user may u t i l i z e  the direct ional ly  dependent absorptance 
option fo r  separate pickup of non-directionally sensi t ive infrared and so lar  
heating by specifying data input values f o r  the above variables corresponding 
to:  

heat added E Am &infrared( + ( o< / E  )(1*0) Q s o h r (  T ) ]  [ 
Thus parametric studies of solar  absorptance coating degradation (with E un- 
changed) can be accomplished with the same t i m e  varying incident heat curves 

4.9 CLOSED LOOP OPERATION 

and a simple type card change of T , (i.e., & / E  > *  

A closed loop code is  input f o r  each system (Parameter Card 10) 
which provides for  analysis of closed fluid loops. 
temperature table is overridden and the out le t  temperature of the system a t  
t i m e  T i s  the i n l e t  temperature t o  the system a t  t i m e  

When employed, the i n l e t  

+ AT.  

4.10 TEMPERATURE PUNCH OF'TION 

Often it is desirable t o  change data during the course of a run t o  
analyze the effect  of changing some configuration or parameter a t  a point i n  
the mission. On normal r e s t a r t  operation t h i s  is  not possible. 
has been made to  output a l l  temperatures i n  punched card form i n  the same 
( f ive  temperatures per l i ne )  format as is  normally printed. 
cards a re  then loaded w i t h  a NASA routine which repunches them onto the lump 
cards as  i n i t i a l  temperatures. The deck i s  then reloaded with whatever data 
changes were desired. 
with TDE (Parameter Card 4, page 53) input as the i n i t i a l  t i m e .  

Provision 

These punched 

The run thus i n i t i a t e d  begins a t  the same point i n  time 
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5.0 DESCRIPTION AND USE OF COMPUTEB ROU'IDE 

5.1 DESCRrPTION 

This computer routine was written i n  Fortran I1 f o r  an IBM 70% 
computer and converted t o  Fortran IV f o r  Univac llO7/UO8. 
have core storage capacities of 32,768 words and 65,536 words, respectively, 
and the minimum requirement of eight magnetic tape units. To use cer ta in  
options of the routine requires as many as three additional tape units.  The 
program makes use of the chain feature of' Fortran I1 and the overlay pro- 
vision of Fortran IV t o  minimize the amount of core storage required and 
s t i l l  provide a large data block. "he first four chain l inks (or Fortran IV 
subroutine counterparts) read, process, and s tore  the data i n  a packed data 
block, and the f i f t h  chain executes the main program. 
formed by each chain and its corresponding subroutines are outlined br ie f ly  
i n  the following paragraphs. 

These machines 

The operations per- 

5.1.1 Chain 1 

1. Reads the first three data cards and s tores  a l l  of the first 
card and the first six columns of the second card f o r  a heading t o  be 
printed a t  the top of every page of output. 
second and t h i r d  cards and begins writing a description of the problem. 

Stores the parameters on the 

2. Tests the re-s tar t  code. If it is zero, the data processing 
If w i l l  be continued by Chain 1 a s  described i n  the following paragraphs. 

it i s  not zero, t h i s  indicates that a l l  data is  from the dump of a previous 
problem. Chain 1 reads tape NDFT and Chain 5 is cal led t o  begin calculations. 

3. Reads the fourth card, stores the parameters, and continues 
writing the description of the problem, l i s t i n g  the options indicated on 
t h i s  card. 

4. If f l u i d  flow is indicated, reads the f i f t h  card and s tores  
and writes the heat t ransfer  coefficient factors.  

5 .  If the tubes are  arranged i n  pa ra l l e l  and i f  more than one 
system is t o  be analyzed, reads the s ix th  card and as many additional cards 
as needed t o  supply the number of tubes i n  each system. 

6. If the tubes are arranged i n  the banks and headers form, reads 
the seventh, eighth, and ninth cards giving the description of f l u i d  flow 
paths and writes the flow path l i s t .  

7. Reads the tenth card(s) t o  provide a closed loop code for 
every system. 

8.  If a steady state solution involving pa ra l l e l  f l u i d  flow is 
indicated, reads the eleventh card and as many other cards as necessary t o  
supply an i n l e t  temperature fo r  every tube i n  every system. 
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I f  a steady s t a t e  solut ion involving banks and headers f l u i d  
flow is  indicated, reads the twelfth card and as many other cards as needed 
t o  furnish an inlet temperature fo r  t he  f irst  tube i n  each system. 

If a t ransient  solut ion involving parallel f l u i d  flow i s  
indicated, reads the th i r teen th  card and as mny addi t ional  cards as needed 
t o  supply table numbers f o r  the  i n l e t  temperature of each tube i n  each 
s ys tern. 

If a t ransient  solut ion involving banks and headers f l u i d  
flow i s  indicated, reads the fourteenth card and as many addi t ional  cards 
as necessary to  furnish a tab le  number f o r  the inlet temperature of the 
f i rs t  tube i n  each system. 

9. Reads the f i f teen th ,  sixteenth, seventeenth, or eighteenth 
card according t o  the flow control option indicated. 

, 
10. Reads the nineteenth card i f  the flow control option indicates 

it is  needed. 

11. If there a re  any valves, reads the twentieth and twenty-first 
cards, and the twenty-second card i f  it i s  required, t o  specify the parameters 
f o r  each valve. 

12, Calls subroutine SUBP t o  write the page heading, count l ines ,  
skip pages, and increment the page count. Assumes 60 lines/page minimum. 

13. Calls subroutine RESET, CLOCK, and WCLCK t o  read the computer 
clock and accumulate the time usage i n  the  chain l ink .  lJCLCK reads the 
pr in te r  clock; RESET c a l l s  WCLCK and i n i t i a l i z e s  computer time while CLOCK 
c a l l s  WCLCK and computes the elapsed time i n  the par t icu lar  chain l ink.  
Dummy subroutines may be used i f  desired, o r  a s ingle  NASA-M5C clock routine 
may be used for Fortran I1 operation. 
clock routine is  needed. 

For operation on the Univac 1108, no 

5.1.2 Chain 2 

1. C a l l s  
f l u i d  lump data. 

2. Calls 
tube lump data. 

3. Calls 

subroutine SUBA t o  read, write, and s tore  a l l  of the 

subroutine SUBB t o  read, write, and s tore  a l l  of the 

subroutine SUBP t o  write the page heading, count l ines ,  
skip pages, and increment the page count. 

4. Calls subroutines RESET, CLOCK, and WCLCK t o  read the computer 
clock and accumulate the time usage i n  the  chain l ink .  

5 .  Writes the amount of data space used by the parameter data 
and the  f l u i d  data. 
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6 .  Writes the amount of data space used by the parameter data, 
f l u i d  data, and tube data combined. 

7.  Calls Chain 3. 

501.3 Chain 3 

1. Reads, stores, and writes the s t ructure  lump data. 

2. Calls subroutine SUBP t o  write the page heading, count l ines,  
skip pages, and increment the page count. 

3. Calls subroutines RESET, CLOCK, and WCLCK t o  read the computer 
clock and accumulate the time usage i n  the chain l ink.  

4. Writes the amount of data space used including the structure 
lump data. 

5 .  Cans  Chain 4. 

5.1.4 Chain 4 

1. Reads, writes, and stores a l l  curve data. 

2. Checks t o  see that all required curves are given. 

3. Calls subroutine SUBP t o  write the page heading, count l ines,  
skip pages, and increment the page count. 

4. Calls subroutines RESET, CLOCK, and WCLCK t o  read the computer 
clock and accumulate the  time usage i n  the chain l ink.  

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

6. Calls Chain 5 .  

501.5 Chain 5 

1. Evaluates the heat balance equations f o r  the various types 
of lwnps. 

2. Calls the  f o l l o e n g  subroutines as needed: 

(a )  Subroutine SUBP t o  write the page heading, count l ines,  
skip pages, and increment the page count. 

(b)  Subroutines RESET, CLOCK, and KICK t o  read the computer 
clock and accumulate the t i m e  usage i n  the chain l ink.  

(c )  Subroutine START which c a l l s  Chain 1 and a new problem 
i f  the data exceeds the  allowable data space. 
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(d) Subroutine POL which does tab le  look-up and s t ra ight  
l i n e  interpolation. 

( e )  Subroutine SUBVl' which converts a block of temperatures 
from absolute Rankine t o  Fahrenheit and back t o  absolute 
Rankine. 

( f )  Subroutine SUBEND which writes the flow ra tes  and pres- 
sure drops and computes and writes the power requirement, 
t o t a l  heat rejected, and the radiator s t ructure  and f l u i d  
weight. 

( g )  Subroutines CHECK and SURVEY f ind and search a l l  t i m e -  
dependent tables, s o  i n  a t ransient  problem, time can be 
up-dated t o  the minimum point a t  which any table  value 
changes. 

Subroutine SUBDP i n i t i a l i z e s  flow r a t e  and inlet tempera- 
t u re  arrays f o r  cer ta in  flow control options. SUBDP com- 
putes the pressure drop f o r  each tube, t e s t s  the flow 
control code and adjusts the flow r a t e  as required. 
f o r  freezing and re-computes the pressure drops and flow 
ra tes  when freezing occurs. SUBDP analyzes flow control 
valves f o r  applicable problems. 

Subroutine REVPOL does a reverse table look-up and 
interpolation. 

(h )  

Tests 

(i) 

3.  Tes t s  the temperature change f o r  every lump. If a steady-state 
solution is  indicated and the change fo r  a l l  lumps is  less than the value of 
SSTEST m u l t i p l i e d  by the lump absolute temperature, the steady-state condition 
has been reached and the solution is  ended. If a t ransient  solution i s  in- 
dicated, the  time i s  tes ted  and the solution i s  ended when the t o t a l  t i m e  for 
t ransient  i s  reached. 

4. Tests the computer t i m e  usage and end the solution i f  the 
requested time i s  exceeded. 

5. If the solution is  ended before completion of if the dump 
option is  used, writes the en t i re  data block and the variable block on 
tape IDPT s o  that the problem can be restarted. 
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5.2 DATA PREPAFUWCON 

An explanation of the input data is  presented i n  t h i s  section of 
LL^ --,..n+ ACruL ". \?here e ~ l i c a b l e ~  the  I-np1-1t.s are referenced t o  page numbers i n  
the analyt ical  methods portion of the report. 

The data input is described i n  terms of f i v e  s e t s  of cards (1) 
Parameter Cards, (2 )  Fluid Data Cards, (3)  Tube Data Cards, (4)  Structure 
Data  Cards, and (5) Curve Data Cards. 
described i n  paragraphs 5.2.1 through 5.2.5, respectively. 

The preparation of these cards is 

Although the twenty-two parameter cards determine almost a l l  of 
the computing options, many are not required for  any one par t icular  problem. 
A flow chart  i n  Figure 8 shows which parameter cards a re  required f o r  the 
basic routine options and is  intended t o  supplement paragraph 5.2.1. 

The thermal conduction data which i s  read i n  as  par t  of the f luid,  
tube, and s t ructure  cards is  explained on pages 65 through 66 which have 
been inserted between the parameter card description and the  f lu id ,  tube, and 
s t ructure  card description. 

A f i ve  c o l m  f i e l d  i s  used f o r  a l l  data unless otherwise specified. 
Integers should be r igh t  adjusted within the f i e ld .  
one digi t ,  usually "0" or "1". 
read as zero. 

The option codes are 
An "0" need not be punched as  blanks a re  

The integer format is  designated simply as "I". 

Unless otherwise stated, the fixed point format specification i s  
F5.2. That is, if the decimal point is  not written, it is assumed t o  be 
between the th i rd  and fourth columns of the f i v e  column f ie ld .  A decimal 
point may be writ ten i n  any column of the f i e l d  and i t s  posit ion w i l l  over- 
ride the indicated posit ion i n  the  format specification. The fixed point 
format i s  designated simply as "FP". 
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Indicates 0 multiple 
End of parameter card 
if there is no fluid 

car& may 
be required 

I 

Parallel Flow 

One 
Sys tern 

I 

1 
Headers and Banks Flow 

A 
Steady-State Transient 

P 
Steady-State Transient 

Inlet 
Temp. 

NFD = 0;2 

t i  
. . 
- I I I 
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FIGURE 8 - PARFlMETER CARD FEQUIRl3MENTS 
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Card 1 

HIlY rm C eUJ+UrlALUlIGL ---I--------:- LL nh--an+nv.c b A u ~ U r  Y-A L which ..------ desired can be printed 
a t  the top of every page of output. Columns 1 through 72 w i l l  be read and 

Any part or a l l  of the card may be blank. printed. 

Card 2 

Columns 

1-6 

7-20 

21-2 3 

24-25 

26-30 

31-35 

36 

37 

Nomenc la-  
ture Form - 

TINCMN m 
F14.14 

mvRs I 

Ism I 

RTIME m 

NCC I 

Descrirition 

Any 6 alphanumeric characters. 

Analysis 
Page 
Reference 

Minimum t i m e  increment i f  NCC = 1 40 
(Column 37). Time increment fo r  
valve operation if  NCC - 3. 33 

The number of valves having 
parameters t o  be changed on 
res ta r t .  

Blank 

Data set number. May be any number 
except fo r  the first set which m u s t  
be 00001 (or  1 i n  column 30). 

Requested computer time (minutes) for  t h i s  s e t  
of data. The problem w i l l  be written 
on a dump tape fo r  re-start ing if t h i s  
t ime is exceeded. 

Punch option. Punches out temperatures. 44 - 0, No punch 
= 1, For steady s ta te .  

MAXI (Columns 51-55) is exceeded. - 2, For transient.  W i l l  punch if  TAU 
(Columns 41-45) is  exceeded. 

Will punch if 

3, Punch every i t e r a t ion  

40 - 0, Survey a l l  lumps t o  determine the 
smallest t i m e  increment which w i l l  
then be used as the t ransient  t i m e  
s t ep  f o r  a l l  lumps. 

(Col. 20). 
crements smaller than minimum time 
increment w i l l  be considered steady 
state. All other lumps use the minimum 
time increment. 

1, M i n i m u m  time increment supplied 
Lumps with time in- 



Nomenc la- 
Columns ture Form 

38 ISTART I 

Description 

I 2, Each f l u i d  and tube lump w i l l  
be considered steady state. 
The smallest s t ructure  lump 
time increment will be used 
f o r  the t rans ien t  t i m e  interval .  

rn 3, Eech f lu id ,  tube, and struc- 
ture lump w i l l  be considered 
steady state. Equations are 
i t e r a t ed  t o  determine steady 
state answer. Do not use f o r  
a t rans ien t  problem. 

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

1, The data f o r  t h i s  problem is  
t o  be read from the dump tape. 

2, Skip over t h i s  problem on the 
dump tape. It is  not t o  be 
re-started. 

39 Blank 

40 IDUMP I 0, Lhmp t h i s  problem f o r  re-s tar t ing 
only i f  TAU (COI. 45) or  SSTEST 
(Col. 70)  i s  not satisfied. 

t ions a re  satisfied. 
1, Dwnp t h i s  problem even i f  condi- 

41-4 5 TAU FP = 0, A steady state solution is 
des ired. 

solution (hours). 
+ 0, The t o t a l  t i m e  f o r  a t ransient  

46-50 DELTAU FP 0, Print  only a t  end or every hour 
i f  problem t i m e  is greater than 
one hour . + 0, Pr in t  in te rva l  (hours). 

51-55 MAXI I Maximum number of i t e ra t ions  f o r  a 
steady state solution. Routine sets 
t o  10,OOO i f  l e f t  blank. 

Analysis 
Page 
Reference 

40 

56-60 m!rA FP Convergence factor.  Routine sets 40 
t o  .9 if l e f t  blank. 
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c olwnns 

61-70 

71 

SSTEST 

NCKOUT 

72 NFU3G 

Card 3 

1-10 

Card 4 

DELP 

1-5 

6-10 

11-15 

16-20 

21-25 

26-30 

31-35 

36-40 

41-42 

IlTuBE 

NTFL 

mfLl 

NSL 

NSYS 

MAXTB 

TlME 

NVLV 

N A V E  

FP 
win E I AU.2 

I 

I 

F10.5 

I 

I 

I 

I 

I 

I 

FP 
F5.4 

I 

I 

Description 

Analysis 
Page 
Reference 

Steady s t a t e  tes t ing  factor.  Routine 
s e t s  t o  ,WOOOl  if l e f t  blank. 17 

42 0, Print under control of pr in t  
interval. 

1, Provide checkout printing during 
every i t e r a t ion  and regular p r in t  
a t  end of each t i m e  interval.  

Heat exchanger code. 
0, Not heat exchanger problem. 
j 0, Heat exchanger problem. 

39 

Pressure drop tolerance. 25,29 

Total number of tubes i n  a l l  systems. 25,27 

Total number of a l l  f l u i d  lumps. 12 

Total number of a l l  tube lumps. 7 

Number of structure lumps f o r  a nodal 
solution. Must be > 0. 

Number of systems. Routine se t s  t o  one 
i f  l e f t  blank. 
Number of tubes i n  system that has greatest  
number of tubes of any system. Maximum value 
i s  102- 
Time i n  hours. Usually w i l l  be l e f t  
blank but may be input fo r  beginning 
a transient problem a t  some part icular  
point on the t i m e  dependent tables. 
Do not set greater than TAU (Card 2, 
Col. 41). 

cards (201, (21) and possibly (22). 

3 

Number of valves i requires  parameter 

- 0, U s e  (Tfu+ Tf)/2 f o r  equation 

33 

I2 
(12). Check s t a b i l i t y  
c r i t e r i a  f o r  Af (equation 18) before 16 
using t h i s  option. 

12 1, Use Tf i n  equation (12). 
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Nome nc l a  - 
Form - Columns t u r e  

4 3-44 NRMIHC 

45-46 

47-48 NPFC I 

49-50 NFC I 

51-52 NFD I 

Description 

Directional coating code. 
I 0, Normal incident heat flux 

for a l l  Imps. 
>0,  Curve number of incident 

heat f lux  (Qio) t o  be used w i t h  
d i rect ional  coatings. 

Blank 

0, Para l le l  flow. + 0, Banks and headers flow. 

Analysis 
Page 
Reference 

43 

25 
27 

I 0, Do not consider freezing. 

i f  the flow r a t e  is less than 
+ 0, Consider a tube t o  be frozen 11 2 

FMIN (COL 70). 

0, The flow ra t e s  a re  adjusted i n  

equal pressure drops i n  parallel 
flow paths. 

subroutine SUBDP t o  maintain 43 

If a t ransient  problem, the t o t a l  
flow i s  read i n  as a function of 
time (Card $3). A t  each time 
interval, the t o t a l  flow is found 
from the c versus time curve. 

If a steady state problem, parallel 
flow, the flow rate of each tube is 
input (Card15 ) and swmned f o r  t o t a l  
flow . 
If a steady s t a t e  problem, banks and 
headers flow, the t o t a l  flow i n  each 
system is input (Card 16). 

1, Use only f o r  t ransient  pa ra l l e l  
flow. The flow rate of each tube 
i s  a function of time (Card 18). 
The pressure drops i n  the tubes a re  
computed f o r  the print-out but the 
flow rates a re  not adjusted. Use 
of bypass valve not allowed. 
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Nomencla- 
Forni - Columns t u re  k s c r i n t i o n  

Analysis 
Page 
Reference 

2, The flow ra tes  of each tube a re  43 51-52 NFD I 
read i n  (Card 15) anZL remain pro- 
portional. The pressure drops w i l l  
be computed f o r  print-out. Each 
flow ra t e  is  bypassed proportionally 
when a bypass valve is used(paralle1 flow only). 

8 3, Pressure drop is computed and 
the t o t a l  f l o w  as a function of 
pressure drop i s  found from the 
fi versus AP curve (Card 19)  

For either steady state or  
t ransient  problems. 

If parallel flow, the init ial  
f l o w  rate of each tube is read 
i n  (Card 15 )  and summed f o r  
t o t a l  in i t ia l  flow. 

If banks and headers flow, the 
f l o w  i n  each system (card 16 ) is  
read as t o t a l  initial flow. 

5 3-60 Blank 
61-70 FMIN FP Minimum flow, lb/hr, of a tube before 42 FlO.9 freezing. If NFC t( 0 (Col. 50) any 

tube will be considered frozen i f  the 
f l o w  r a t e  drops below FMIN. 

- Card 5 (Heat tranafer coefficients f o r  f l u i d  flow) 

1-5 

6-10 

H I 1  FP Entry length heat transfer coeff ic ient  22 
F5.4 factor. Recommended value f o r  c i rculer  

tubes .575. 

HI2 FP Fully developed heat transfer coef f i- 22 
F5.4 cient  factor.  Recommended value f o r  

c i rcular  tubes 1.0. 

- C a r d  6 (For pareUel flow, if NSYS > 1) 

1-5 NTB1 I Number of tubes i n  system 1. 

6-10 NTE2 I Number of tubes i n  system 2, 

E t C .  through Column 70. 

Repeat t h i s  card as many times as needed t o  supply NTB f o r  every system. 
If NSYS I 1, omit t h i s  card and.NTBl w i l l  be set t o  NINEIE. 
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Nomencla- 
Form Description - Columns ture 

Analysis 
Page 
Reference 

Card 7 (For banks and headers) 

1-5 mol I Number of flow paths i n  system 1. 58 

6-10 m 0 2  I Number of flow paths i n  system 2. 

E t c .  through Column 70. 

Repeat t h i s  card as many times as needed t o  supply NFLO f o r  each system, 

Card 8 

1- 5 NFDRS I Number of feeders i n  system 1. (A 

(For banks and headers) 

feeder i s  a tube containing the  
flow.) 

t o t a l  28 

6-10 N F D R l  I Number of f irst  feeder ( f i rs t  tube). 

11-15 NFDR2 I Number of second feeder. 

Repeat u n t i l  a l l  feeders have been listed. The l a s t  feeder w i l l  always 
be the las t  tube i n  the system. Continue i n  the next five-column f i e l d  
with the number of feeders i n  System 2, without any blank fields.  
a new card a f t e r  Columns 65-70 have been f i l l e d .  

Begin 

Card 9 (For banks and headers) 

1-5 I SEG I Number of first tube i n  f irst  
flow path (see example on next 
page +'or def ini t ion of a flow 
path) i n  first system. 

1,1,1 

6-10 ISEX I Number of second tube i n  first 
1,1,2 flow .path i n  f irst  system. 

11-15 ISEG I Numbe;. of t h i r d  tube i n  first 
1,1,3 flow lwth i n  first system. 

E t C  

ISM; I Numbel of last tube i n  f i r s t  
131, n flow path i n  first system. 

Blank Leave 5 columns blank t o  
indicate the end of a flow 
path. 
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20 15 
i g  16 

22 

?!mer?c a- 
Form - Columns ture 

E t c  . 

ISEG I 
1,2,i 

ISEG I 
1,2,2 

ISEG I 
1,2,3 

ISEG I 
1,2,n 

Description 

Numbet. of first tube i n  second 
riow TWth in fixt system. 

Number of second tube i n  second 
flow path i n  f irst  system. 

Number of t h i r d  tube i n  second 
flow path i n  first system. 

Number of last tube i n  second 
flow path i n  first system. 

Leaw 5 columns blank t o  indicate 
the and of a flow path. 

Analysis 
Page 
Reference 

E tc .  through Column 70. 

Repeat t h i s  card as many times as needed until a l l  flow paths i n  a l l  systems 
have been listed. No blank is required after the last tube i n  the last flow 
path i n  the last system. 

For example : 

1 

I 

14 

21 I 18 
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'I 
Flow path 1 consists of tubes 1, 3, 7 
Flow path 2 consists of tubes 1, 9, 7 
Flow path 3 consists of tubes 7,4,2 
Flow path 4 consists of tubes 7, 12, 8, 10, 2 
Flow path 5 consists of tubes 7, 12, 5, 10, 2 
Flow path 6 consists of tubes 2, 6, 13 
Flow path 7 consists of tubes 2, 11, 13 
Flow path 8 consists of tubes 14, 21, 19, 22, 23 
Flow path 9 consists of tubes 14, 21, 16, 22, 23 
Flow path 10 consists of tubes 14, 18, 20, 17, 23 
Flov path ll consists of tubes 14, 18, 15, 17, 23 

Restrictions : 

(a)  Tvo and only two tubes must branch from or flow in to  another tube. 
Tubes must be numbered one through NTURE. 
The first tube i n  a system must have the smallest number of any tube 
i n  that system, the first tube i n  system 1 being numbered 1. 
Each system must have a t  l e a s t  four tubes. 
The l a s t  tube i n  a system must have the largest  number of any tube i n  
tha t  system, the last tube i n  the last system being numbered NTUBE. 

(d) 
( e )  

Card 10 (Closed Loop Card) 

Nomencla- 
Form - Columns t u r e  Description 

Analysis 
Page 
Reference 

1-5 CLSl I Closed loop code f o r  system 1. 44 

6-10 CLS2 I Closed loop code for system 2. 

e tc .  

Repeat i n  five-column f i e l d s  u n t i l  a closed loop code has been specified. 
A new card is  required a f t e r  columns 65-70 have been f i l l ed .  A zero w i l l  
provide an open system, a "one" w i l l  cause the i n l e t  temperature of the l a s t  
lump i n  the system t o  be input t o  the system a t  each i terat ion.  

Card 11 (For steady state solution involving parallel f l u i d  flow) 

1-5 FTEMl FP I n l e t  temperature f o r  tube 1, OF. 

6-10 FTEMZ FP Inlet temperature for tube 2, OF. 

Etc. through Column 70. 

Repeat t h i s  card as many times as necessary t o  supply an inlet $emperatwe 
f o r  every tube i n  each system. 

1 
8 

8 
8 
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1 
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Nomenc la- 
Columns ture Form - Description 

Card 12 (For steady s t a t e  solution involving banks and headers 
f l u i d  Y l o w j  

Analysis 

Reference 
Page 

1-5 FTEM1,l FP In l e t  temperature fo r  first tube 
i n  first system, OF. 

6-10 F'TEX,l FP In le t  temperature fo r  first tube i n  
second system, 9. 

Etc. through Column 70. 

Repeat t h i s  card as many times as needed t o  supply an i n l e t  temperature 
table number f o r  every tube i n  every system. 

Card 13 (For t ransient  solution involving parallel f l u i d  f low) 

1-5 NFTEML I C u r v e  number of table fo r  inlet  
temperature of tube 1. 

6-10 NFm I Curve number of tab le  fo r  inlet 
temperature of tube 2. 

E t c .  through Column 70. 

Repeat t h i s  card as many times as needed to  supply an inlet temperature 
t ab le  number fo r  every tube i n  every system. 

Card 14 (For transient solution involving banks and headers f l u i d  flow) 

1-5 NFTEM1,l I C u r v e  number of table f o r  inlet 
temperature of first tube i n  
system 1. 

6-10 la?TmQ,l I Curve number of table  f o r  inlet  
temperature of first tube i n  
system 2. 

E t c .  through Column 70. 

Repeat t h i s  card as many times as needed t o  supply an in le t  temperature tab le  
number f o r  the inlet tube i n  each system. 
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N o m e n ~ l a -  
Form - Columns ture 

Analysis 
Page 
Reference Desc r i p  t i on 

Card 15 (For steady state solution involving parallel f l u i d  flow; f o r  
transient solution involving parallel f l u i d  flow i f  
N F D ~  2 or 3 )  

1-5 FLOWl FP Flow rate of tube 1, lb/hr. 

6-10 FLOW2 FP Flow rate of tube, lb/hr.  

Etc. through Column 70. 

Repeat this  card as  many times as needed t o  supply a flow rate fo r  every 
tube i n  every system. 

Card 16 (For steady state solution involving banks and headers f l u i d  
flow; fo r  t ransient  solution involving banks and headers f l u i d  
flow if NF'D - 3, see paragraph 4.7) 

1-5 FLOWl,l FP Total flow rate i n  system 1, lb/hr.  

6-10 FLOW2,l FP Total flow rate i n  system 2, lb/hr. 

Etc. through Column 70. 

Repeat this  card as many times as needed t o  supply a t o t a l  flow rate i n  
each system. 

Card 17 (For transient solution involving pa ra l l e l  f l u i d  flow o r  
banks and headers f l u i d  flow if  NFD - 0) 

1-5 NFRC1,l I Curve number of table f o r  t o t a l  flow 
rate i n  system 1. 

6-10 NFRC2,l I Curve number of table f o r  t o t a l  flow 
r a t e  i n  system 2, 

Etc. through Column 70. 

Repeat t h i s  card as many t i m e s  as needed t o  supply a t o t a l  flow rate curve 
number for  each system. 

Card 18 

1-5 NFRCl I Curve number of table for flow rate of 

(For transient solution involving parallel f l u i d  flow i f  NFD 1) 

tube 1. 

6-10 m c 2  I Curve number of table f o r  flow rate of tube 2. 
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Nonencla- 
Form - Columns ture 

Etc. through Column ‘70. 

Description 

Pz-alysis 
Page 
Reference 

Repeat th i s  card as many times as needed t o  supply a flow rate curve number 
fo r  every tube i n  every system. 

Card 19 (If NFD 3) 

1-5 NmC1,l I Curve number f o r  t o t a l  flow i n  system 
1 as a function of pressure drop. 

6-10 NFPc2,l I Curve number f o r  t o t a l  flow i n  system 
2 as a function of pressure drop. 

Etc. through Column 70. 

Repeat t h i s  card as many times as needed t o  supply a curve number f o r  each 
s ys tern. 

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

Card 20 

Columns 

1-3 

4-5 

(For valves) 

If Ncm - 
(Card 21, Nomencla- 
column 5)  ture  

1,2,3,4,5 NvLvN I 

Form - 

6-10 1,293, 5 NSLMP 

4 

I 

61 

Des c r  i p t  ion 

Valve number. 

Operating Mode. - 0, valve i s  operating. + 0, valve is not operating. 
A valve can essent ia l ly  be 
added on restart. 

Sensor lump number. If 
the bypass tube is  imaginary 
and encompasses whole system, 
NSLMP - 0. 

Blank 

33 



If Ncm 
(Card 21, Nomencla- 

columns ~ o l m  5) t u re  - Form Description 

FRCMIN FP Minimum f rac t ion  of flow 
FlO.5 required through non- 

11-20 1,2,3,5 

bypass tube (s ) . 
Position from l e f t  

POSMIN FlO.5 Minimum allowable valve 4 

21- 30 1,2,3,5 FRCMAN FP Maximum f rac t ion  of flow 
FlO.5 allowed through non-bypass 

tube( s ) .  

Analysis 
Page 
Reference 

37 

4 POSMAX FP Maximum allowable propor- 37 
FlO.5 tioning valve posit ion 

measured from le f t .  M i l l i -  
inches. 

31-40 

41-50 

51-60 

1 SETPT FP Set point of temperature, OF.  34 
F10.5 

2 Blank 

T1 FP Sensor lump temperature, OF. 
If sensor lump temperature 

+ 3 valve closes, - 3 valve opens 
(see Column 5 ,  Card 21). 

3 9 5  

< TI, 

4 

1 

294 

3r5 

1 

FULOPN FP hbximwn possible propor- 37 
FlO.5 tioning valve posit ion 

measured from le f t .  M i l l i -  
inches. 

DBAND FP Bypass valve 
F10.5 Dead band, 9 

B l a n k  

T2 FP Sensor hmp temperature, OF. 
FlO.5 If sensor lump temperature 

> e, 
+ 3 valve opens - 3 valve closes 
(see Column 5, Card 21) 

34 

RFACT FP Rate factor.  Bypass valve. 34 
FlO.5 Units a re  f rac t ion  bypass 

per second per degree, 9. 
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Columns 

61-70 

Card 21  

1-3 

4-5 

If ? C r n  - 
(Card 21, Nmencla- 
Cohmn 5)  ture Form - 

2,3,4,5 Blank  

(For valves) 

6-10 1,2,3 

4,5 

11-15 

16-20 

21-30 

293 

4 

5 

IWMSYS 

Ncm 

NTBBYP 

NTBRT 

NTHFM 

NTl3TO 

FRC I N  

B l a n k  

POSIN 

FRCIN 

FP 
F10.5 

I 

I 

I 

I 

I 

I 

FP 
~ 1 0 . 5  

FP 
F10.5 

FP 
F10.5 

Analysis 
Page 

Description Reference 

Blank 

Bypass valve. Rate l i m i t .  34 
U s u a l  value ,033. Units a re  
f r ac t ion  bypass per second. 

Number of system containing 
valve. 

Characterization code. 
1, r a t e  l i m i t  bypass 33 
2, polynomial bypass 33 

+3, on/off, -3 off/on 37 
4, proportioning 37 
5, switching 37 

Number of first tube on 35 
bypass side.  

Number of first tube on 
r igh t  side. Right side 
of switching valve closes 
when T < (col. 31-40, 
Card 20). 

35,36 

Number of "from" tube. 

Number of "to" tube. 

I n i t i a l  f rac t ion  of flow 
assigned t o  non-bypass 
tube ( s ) . 

I n i t i a l  proportioning 
valve posit ion measured 
from lef t .  

I n i t i a l  f r ac t ion  of flow 
assigned t o  tube(s) on 
le f t .  Mst be 0 or 1. 
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Nomenc la- 
Form - Columns ture  Description 

Card 22 (Necessary only if  F&XlTN - 2 o r  4 )  

If IK!HTN - 2, 

1-10 A0 
11-20 A 1  

21-30 A2 
31-40 A 3  
41-50 A4 

If NCHTN = 4, 

1-10 VLVGAN 

11-20 PPARA 

21-30 GFACT 

31-4 0 VLVML 

FP Coefficients i n  f r ac t ion  bypass 
~10.5 X- + A 1  T + A$? + A3T3 + A4T4 

where T temperature sensor 
lw ( O F ) .  

FP 
~ 1 0 . 5  

FP 
~ 1 0 . 5  

FP 
~ 1 0 . 5  

FP 
F10.5 

Proportioning valve gain. 
Usual value 1.155. Units 
are Milli-inches per 9. 

Panel parameter. Usual 
value ,2. 

Geometry fac tor .  Usual 
valve .O3. 

where D i s  valve o r i f i c e  diameter 
i n  milli-inches. 
Units are 

GFACT = (2.92)(10-6)(~2) 

1 2 2 1 (E) (milli-inch) 1000’s p s i  

Proportioning valve nu l l  
posit ion tolerance. U s u a l  
value .001. Milli-inches. 
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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. 

be entered. Lumps can conduct to any number of numerically higher or lower 
neighboring lumps. 

Only unique conduction relationships should be specified so that if lump 
*wup 2 "to" 'I..- -.re+ nn+ 1 conducts "to;' lump 2 then conciuction "frum" AWUp 1 A I A U U W  A ~ Y Y  

The examples which follow show typical conduction data to illustrate 
the method. 

When tube-to-tube heat conduction is other than longitudinal con- 
duction in a tube (for peripheral breakdowns, junctions, and parallel 
juxtapositioned tubes), conduction inf'onnetion should be input as shown in 
the following examples for conduction from tube lump 1 to tube l m p  2. 

\ 

"TO" Tube 
Iump 

= exposed external 
area of the tube 
lump 0 

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

lump 

Temperature Node (Typical) 

Schematic showing conduction breakdown of tube to account for 
gradients. 

peripheral 

Schematic showing conduction input for conduction between tubes at a 
junction. 
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/ -  
/ \ 

\ 

I 
/ 

/ 
/ 

/ 
/ 

/ 

"TO" 
Tube 

b * d o A ,  

b 

Schematic showing conduction fo r  juxtapositioned tubes. 

The tube 
input similarly. 

t o  s t ructure  and s t ructure  t o  s t ructure  lump data is 

Conduction from tube lump 1 t o  s t ructure  lump 10 

- - 7, 
/ /  

/ /  
/ /  

'/ 
/ 

Conduction from structure lump 10 t o  s t ructure  lump 20 
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Nomenc la- 
Form - Columns tu re  

Card 1 

Description 

1-5 NFLT I Number of types of f . luid lumps. 

Card 2 (Type Data Cards) 

1-5 m m  I Density curve number 

6-10 ICONC I Conductivity curve number. 

11-15 

16-20 

21-25 

26-30 

31-35 

36-40 

41-50 

51-60 

61-67 

68-72 

NSHC 

NVISC 

NFFC 

NKPE 

NFCT 

NTCT 

F U  

CSA 

WP 

m 

I 

i 

I 

F7.5 

~10.5 

F7.5 

F5.4 

Analysis 
Page 
Reference 

Specific heat curve number. 

Viscosity curve number. 

Friction factor  curve number f o r  
R e  > 2000. 

x = 2 A P / e  $ curve f o r  pressure 
drop (may be blank). 

25 

Number of f l u i d  lumps conducted 
"to". Used only if frozen or 42 
stagnant flow is being considered. 

Number of tube lumps conducted 
''to". Used only if frozen or 42 
stagnant flow is being considered. 

Fluid lump length, inches. 

Cross-sectional area, sq. in.  

Wetted Perimeter, inches. 

Factor fo r  computing f r i c t i o n  factor  
as a function of Reynold's number. 
Routine s e t s  t o  1. i f  l e f t  blank. 
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Nomencla- 
Form - Columns ture Description 

Card 3 (Required if Column 72 of Parameter C a r d  2 is  1( 0) 

6-10 NHHH I 

exchanger code 
t h i s  type lump 
heat exchanger 
t h i s  type lump 
t h i s  type lump 

i s  not i n  the 

Analysis 
Page 
Reference 

is  i n  the hot s ide 
i s  i n  the cold s ide 

39 

use regular equation f o r  heat 
transfer coeff ic ient  
use a curve of heat t ransfer  
coeff ic ient  versus flow r a t e  
use a curve of Stanton*Prandt12/3 
versus Reynold's number. 

40 

11-15 NHCRV I i f  NH€lH 1 curve number of h 
i f  NHHH - 2 curve number of 

Card 4 (Required i f  NFCT + NTCT > 0 )  

1-10 FAC ~ 1 0 . 5  

16-20 Y 2  

21-25 B 

26-30 D 

l l-15 Y l  F5.5 

F5.5 

F5.5 

31-35 
36-40 
41-45 
46-50 

51-55 
56-60 
61-65 
66-70 

Factor f o r  dividing conduction 
distances and dimensions. Set 
equal t o  1. i f  not given. Used 
when conduction dimensions do not 
f i t  in to  f ive  column f i e ld .  

Conduction distance x FAC of t h i s  
type of "from" lump t o  first rt torr  
lump. 

Conduction distance x FAC of first 
"to" lump l i s t e d  f o r  t h i s  type 
"from" lump. 

Dimensions x FAC f o r  computing 
effect ive conduction area f o r  
t h i s  type "from" lump and f irst  
lttolt lump. 

A s  above fo r  second "to" lump. 

A s  above fo r  t h i r d  "to" lump. 
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Form Columns t u re  - Descrint ion 

Analysis 
Page 
Refereme 

Repeat Card 4 as needed. 
repeat of ~ a r d  4. 

Repeat Card 2 (followed by Cards 3 and 4 i f  needed) f o r  every f l u i d  lump type. 
Any variation of lump size, Curve numbers, or  inclusion i n  the heat exchanger 
can be indicated only on the type cards. 

FAC should be omitted on a l l  cards which a re  a 

Card 5 

1-5 

6-10 

11-15 

16-20 

21-30 

31-35 

36-40 

41-45 

46-50 
51-55 
56-60 
61-66 
66-70 

Card 6 

1-5 

(Fluid lump cards. One for each f l u i d  lump. The lumps must be 
numbered 1 through NTFL and must be i n  numerical order) 

LN 

NLU 

NTB 

NTYFE 

T I  

NTL1 

NTL2 

m3 

NTL4 
NTL5 
N T L ~  
m7 m 

I 

I 

I 

I 

~ 1 0 . 5  

I 

I 

I 

I 
I 
I 
I 
I 

Lump number. 

Lwnp upstream. 
problem, NLU 0 f o r  first lump i n  
every tube. 

Tube number. 

Type number. 

I n i t i a l  temperature, OF. 

Fi r s t  lump conducted "to". 

Second lump conducted "to". 

e tc .  

The order i n  which the lumps conducted 
"to" a re  l is ted w i l l  depend upon the 
order i n  which the conduction data was 
given on the type cards. 
lumps conducted "to1' ( i f  any) must be 
l isted before the tube lumps conducted 
"to" ( i f  any). 

If banks and headers 

The f l u i d  

(Continuation of list of lumps conducted "to".. If the number 
of lumps conducted t o  by a lump is  greater than 8, follow 
Card 5 with Card 6 )  

NTL9 I Ninth lump conducted "to''. 

E t c .  through Column 70. 

If the number of lumps conducted ''to'' is greater than 22, repeat Card 6 as 
needed. 



Nomenc la- 
Form Description - Columns ture 

Card 7 

1-5 NAD& I Adjacent lump code. 

(Necessary only for lumps i n  the heat exchanger) 

Number of hot side lump adjacent 
t o  t h i s  lump i n  the heat exchanger. 
0 if t h i s  lump is  a hot s ide lump. 

Analysis 
Page 
Reference 
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Repeat Card 4 (followed by Cards 5 and 6 if required) f o r  every lwnp. 
lumps must be submitted i n  increasing order. 

The 
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I" 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
1 
I 
I 
I 
I 

Nomenc la- 
TUiTK* k s c r i p t  in2 - Columns tu re  

Card 1 

1-5 NMLIT I Number of types of tube lumps. 

Card 2 (Type Data Cards) 

1-5 DENM ~ 5 . 2  Density of tube material f o r  

6-10 NCONC I Curve number for conductivity. 

type 1, lb/f t3 .  

u -15  NSHC I 

16-20 NABC I 

21-25 m c  I 

26-30 NTCT I 

31-35 NFCT I 

36- 38 m m  I 

39-40 LCC I 

41-50 x1 
51-60 x2 
61-70 ~3 

~10.5 

~ 1 0 . 5  
F10.5 

Analysis 
Page 
Reference 

64 

Curve number for  specific heat. 

Curve number fo r  absorptivity. 

Curve number f o r  emissivity. 

Number of tube lumps conducted "to" 

Number of structure lumps conducted "to". 

8 0, if not directional absorbing surface 
# 0, curve number of directional 

absorptance correction factor  (T) 
0, lumps of t h i s  type have longi- 

tudinal conduction. 
1, do not compute longitudinal 

conduction f o r  lumps of t h i s  
type. 

43 

Dimensions, inches. Xl*X2*X3 Volume 
X1/2 = longitudinal conduction distance. 
X2*X3 area for  longitudinal conduction. 

Card 3 

1-10 m FlO.5 Area f o r  heat transfer t o  enclosed 

11-20 AE F10.5 Area of surface f o r  external radiation, 

f l u id  lump, sq. in.  

sq. in. 

71 



Columns 

21-30 

31-35 
36-40 
41-45 
46-50 

51-55 
56-60 
61-65 
66-70 

Nomenc la- 
ture Form - 
FAC ~ 1 0 . 5  

Y 1  F5.5 
Y2 F5.5 
B F5.5 
D F5.5 

n F5- 5 
Y2 F5.5 
B F5.5 
D F5.5 

Description 

Factor for  dividing conduction 
distance6 and dimensions. 

Conduction data f o r  first "to" 
lump given fo r  t h i s  type "from" 
lump. 

Conduction data f o r  second "to" 
lump. 

If N E T  + NFCT > 2, follow with Card 4. 

Card 4 (For nodal, i f  needed f o r  conduction) 

1-10 Blank 

11-15 yi F5.5 Conduction data f o r  th i rd  "to" 
16-20 y2 F5.5 lump. 
21-25 B F5.5 
26-30 D F5.5 

31-35 Y1 
36-40 Y2 
41-45 B 
46-50 D 

51-55 Y1 
56-60 ~2 
61-65 B 
66-70 D 

Conduction data f o r  fourth "to" 
lump. 

Conduction d a t a  f o r  f i f t h  "to" 
lwnp. 

Repeat Card 4 if N'ICT + I"CT > 5. 
tube lump must be given before the data f o r  tube lump ''to" s t ructure  lump. 

If N'ICT > 0, the data f o r  tube lump "to" 

Repeat Cards 2 and 3 (followed by Card 4 if needed) f o r  every tube lump 
type- 

Card 5 (Tube Lump Cards)  (One fo r  each tube lump. The lumps must 
be numbered 1 through NTML and m u s t  be entered i n  numerical 
order) 

1-5 LN I Lump number. 

6-10 NDL I Lump nuniber of tube lump downetream. 
0 fo r  last lump i n  each tube if  headers and 
'banks. 
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c o l m  

11-15 

16-20 

21-30 

31-35 

36-40 

41-45 

46-50 

51-55 

56-60 

61-65 

66-70 

71-72 

Card 6 

1-5 

6-10 

Nomencla- 
t u re  Foim - 

Analysis 
Page 
Reference 

NFL I Lurq  number of enclosed f l u i d  
lump. 

m I Type number of lump. 

T I  ~ 1 0 . 5  I n i t i a l  temperature, OF. 
Q.J. F5.2 Incident heat value fo r  steady state 

NQIC I For transient, incident heat curve 
or or (BTU/hr=ft2). 

number 

Tw ~ 5 . 2  Prescribed temperature, ?E', f o r  steady 
or  or s t a t e .  
NTWC I Prescribed temperature curve number fo r  

transient (may be l e f t  blank). 

NTLl I F i r s t  lump conducted "toll. 

rn I Second lump conducted ''to''. 

m3 I Etc . 
NTL4 I The order i n  which the lumps conducted 

NTL5 I order i n  which the conduction data was 

NTL6 I conducted ''to" ( i f  any) m u s t  be l is ted 

''to'' a r e  l i s t e d  w i l l  depend upon the 

given on the type cards. 

before the structure lumps conducted "to" ( if  

The tube lumps 

any 1 * 
mos1 I If NDW (Type Card 1) = 0, leave blank 44 

If NDRABC $ 0, curve number f o r  cosine of 
angle between surface and 
incident heat f lux ,  &io. 

(Continuation of l ist  of lumps conducted "to" . If the number 
of lumps conducted "to" i s  greater than 6, follow Card 5 with 
Card 6)  

NTL I N e x t  lump conducted "to". 

N!rIJ Next lump conducted "to". 

Etc .  t o  

66-70 NTL 

Repeat Card 6 as  needed t o  l i s t  a l l  lumps. 
Repeat Card 5 followed by Card 6 (if required) f o r  every lump. 
must be given i n  increasing numerical order. 

The lumps 
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5.2.4 tructure Data Cards 

Nomenc l a  - 
Form - Columns ture  

Card 1 

1- 5 

Card 2 

1-5 

6-10 

11-15 

16-20 

21-25 

26- 30 

31-40 
41-50 
51-60 

61-62 

63-65 

DescriDtion 

Analysis 
Page 
Reference 

NT I Number of types of s t ruc ture  
lumps. 

(Structure Lump Type Cards) 

DEN ~5.2 Density of f i n  material, lb / f t3 .  

NC O K  I Conductivity curve number. 

NSHC I Specific heat curve number. 

N A E  I Absorptivity cwve number. 

m I Emissivity curve number. 

NFCT I Number of f i n  lumps conducted "to" 
by lumps of th i s  type. 

x1 ~10.5 Dimensions of lump, inches. 
x2 ~10.5 Xl-X2*X3 - Volume. 
x3 ~10.5 XlaX2 = External radiation area. 

Blank 

N D W  I Directional absorptance code. 43 
0, not d i rec t iona l  absorbing surface. 

{ 0, curve number for directional absorptance 
factor  (T) 

If NFCT > 0, enter Card 3.  
Card 3 
1-10 FAC ~10.5 Factor fo r  dividing conduction distances and 

dimensions. 
use when numbers are too small t o  f i t  f i v e  
column f ie ld .  

Routine sets t o  1 if  not given, 

11-15 Y - l  
16-20 Y2 
21-25 B 
26- 30 D 

31-35 Y l  
36-40 Y2 
41-45 B 
46-50 D 

F5.5 
F5.5 
F5.5 
F5.5 

Data fo r  conduction t o  first lump 
conducted "to" by t h i s  type lump. 

Data for second lump conducted "to" 
by t h i s  type lump. 

1 
I 
I 
I 
I 

I 
I 
I 
I 
I 
1 
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I' 
I 
1 
I 
I 

I 
I 
8 
8 
I 
! 

I 
d 
I 
1 
I 
I 

m 

m 

Nomencia- 
Form Description - Columns ture 

Analysis 
Page 
Reference 

51-55 Y l  
56-60 Y2 
61-65 B 
66-70 D 

Data for  t h i r d  lump conducted 
"ti;" 5y th i s  type 1 9 .  

If NEXT 
which a r e  a repeat of Card 3. 

Repeat Card 2 (followed by Card 3 if needed) f o r  every s t ructure  lump type. 

3, repeat Card 3 a s  needed. FAC should be omitted on a l l  cards 

Card 4 

1-5 

6-10 

11-20 

21-25 

26-30 

31-35 

36-40 

41-45 

46-50 
51-55 
56-60 
61-65 
66-70 

71-72 

Card 5 

1-5 

(Structure Lump Cards) (One f o r  each s t ructure  lump. The lumps 
must be numbered 1 through NSL and must be entered i n  numerical 
order ) 

LN 

LTYPE 

TL 

Q 
or  
N&IC 

Tw 
or 
m 
NTIl 

NTL2 

m3 

pJTL4 
m 5  
NTL6 
m 7  
NTL8 

NCOSl 

I 

I 

F10.5 

~ 5 . 2  
or  
I 

F5.2 
or 
I 

I 

I 

I 

I 
I 
I 
I 
I 

I 

Lump number. 

Type number of lump. 

I n i t i a l  temperature of lump, OF. 

Incident h a t  value f o r  steady state 

For transient, incident heat curve 
number 

( B r q h r - f t  8 ) 

Prescribed temperature, OF, steady s t a t e  
of temperature curve number, t ransient  
(may be l e f t  blank). 

F i r s t  lwnp conducted "to". 

Second lump conducted ''to''. 

Etc. 

The order i n  which the lumps conducted "to" 
a r e  l i s t e d  will depend upon the order i n  
which the conduction data was given on the 
type cards. 

Type Card 1) : 0, leave blank 
0, curve number f o r  cosine of 

44 

angle between surface and 
incident heat flux 

(Continuation of list of lumps conducted ''to'' . 
lumps conducted "to" i s  greater than 8, follow Card 4 w i t h  Card 5)  

If the number of 

m 9  I Nin th  lump conducted "to". 
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Nomenc l a  - 
Form - Columns ture 

6-10 

Description 

Analysis 
Page 
Reference 

11-15 

Etc. t o  

66-70 m 2  Twenty-second lump conducted "to". 

Repeat Card 5 i f  number of lumps conducted ''toll is  greater than 22. 

Repeat Card 4 followed by Card 5 (if required) f o r  every lump. 
must be entered i n  increasing numerical order. 

The lumps 
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I' 
1 
I 
8 
I 
8 
t 
1 
I 
8 
I 
1 
8 
1 
8 
8 
I 
I 
I 

Curve Data Cards 

Nomencla- 

-- 592.5 

Form - Columns tu re  

Card 1 (Curve Header Card) 

4-5 ICRV I 

3 

10 

11 

12 

24 

25 

Description 

Kind of curve code. Two curves may be the 
same number i f  kind of curve is  different.  

?( curve f o r  pressure drop, dimensionless = f ( R e ) .  

Density of f l u i d  or liquid, lbm/ft3 = f (%) .  

Viscosity of f luid,  (lbm/ft-sec)(x 103) a(*). 

Friction factor  f o r  f luid,  f x lo3 
(Used when Re > 2000). 

f ( R e  x 10-3). 

Conductivity, I3TU/hr-ft-q f (%). 

Specific heat, BIW/lh ?F = f(OF). 

Absorptivity, dimensionless 8 f (?I?). 

Emissivity, dimensionless = f (%). 

Incident heat, I3TU/hr-ft2 = f(hours) 
(used f o r  t ransient  and/or &io for  directional coatings) 

Constant temperature, aF = f (hours) 
(used f o r  t ransient  ) . 
Flow r a t e  curve ( t o t a l  flow ra te ) .  
transient and NF'D = 0, t o t a l  flow ra t e  - f (time), 
lb,/hr = f (hours ) . 
If transient and NF'D = 1, flow ra t e  for each 
tube - f ( t i m e )  l&/hr = f(hours). 
If NFD 3, f o r  e i ther  steady state or t ransient  
t o t a l  flow r a t e  - f(pressure drop). 
1b&r = f (1000 x lbf/sq. in.  ). 

Fluid inlet temperature, %' = f(hours). 
(used f o r  t ransient) .  

If 

Curve of heat t ransfer  coefficient as a function 

Curve of Stanton (P1-andtl)~/3 as a function of 
Reynold's number f o r  def ini t ion of heat t ransfer  
coefficient.  

of ZJ. rn/hr-ft2-0F * f(l&/hr).  
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Nomencla- 
Columns t u r e  - Form Description 

27 Directional absorptance curve. Dependent 
variable ( T ) multiplies absorptance. 
T f(cosine 4) .  

28 Curve re la t ing  cosine of angle between 
normal of a surface and the  incident flux as 
a function of t i m e .  Cosine 4 .) f(hours). 

1 3  This card signals the END OF CURVE DATA. 

6-10 NC I Curve number. 

11-15 Np I Number of points on curve. 

26-72 May be used fo r  curve t i t l e .  

Cards 2 through 2NP/7 (Curve Data Cards) 

1-10 x1 FP Independent variable. 
~10.5 

11-20 x2 

21-30 x3 

Etc . 
Y1 FP Dependent variable. 

F10.5 

Y2 

Y 3  

Etc . 
Start YL i n  the  f i r s t  f ie ld  a f t e r  X N ~ .  

Do not write beyond Column 70. 

If the number of points given is  1, the value i n  Columns 11-20 w i l l  be 
used for  dependent variable. 
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c 3  
2.2 Ir?terrr!ption and Re-Start Procedure 

The following conditions during execution w i l l  cause a problem 
t o  be discontinued by writing the data and variable blocks of core storage 
oE 6 bi rary  t q p :  

1. Using the IDUMP 1 option. 

2. Exceeding the maximum number of i t e ra t ions  desired f o r  a 
steady-state solution. 

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

4. Setting down Sense Switch 5 t o  interrupt a run and cause an 
e x i t  t o  the next job. 

5.301 Tape Requirements 

The binary tape used f o r  writing is  loaded on logical  uni t  11 (A6  a t  
LTV and on NASA 7094). 
a b l a n k  tape on A6 should be made on the computer request card. 
data which a re  loaded together will dump on the same tape. 

If a dump is  expected, a request t o  ring and mount 
A l l  s e t s  of 

The binary dump tape is  loaded on logical  un i t  12 (A7 a t  LW,& €6 on 
NASA 7094) 
writ ten on a blank tape on A6. 
required. 

f o r  a re-start. If a data s e t  is  dumped again, it w i l l  be 
Thus, f o r  cer ta in  runs, two tape units a r e  

5.302 Data Cards fo r  Re-Starting 

The first s e t  of data which dumps on the binary tape w i l l  be 
ident i f ied  as  Data Set No. 1 and a l l  following se t s  which dump w i l l  be 
ident i f ied  as the s e t  number given on the parameter card and on the l i s t i ng .  
These set numbers need not be i n  consecutive order but must be greater than 
1 (one). 

Input the first three parameter cards, i n  order, f o r  every set 
A "1" i n  column 38 of the second of data which was dumped on the same tape. 

card indicates t ha t  the problem should be re-started and a "2" i n  column 38 
indicates that the problem should not be re-started. This is needed t o  by- 
pass a s e t  of data on the dump tape and posit ion the tape t o  read the next 
s e t .  If NVLVRS (Columns 21-23 on Parameter Card 2)  is non-zero, Cards 20 
(and possibly 22) w i l l  be inserted following Card 3 for as many values as 
are t o  be changed. 

The alphanumeric characters f o r  the page heading and any of the 
parameters on Card 2 or 3 may be changed for the re-s tar t .  

If a steady-state solution was completed and dumped by using the 
IDUMP option, SSTEST must be decreased fo r  a re-s tar t .  
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If a steady-state solution was dumped because of excessive itera- 
t ion,  the value f o r  MAXI must be increased f o r  re-start ing.  

If a t ransient  problem was completed and dumped with the DUMP 
option, the value of TAU must be increased for re-start ing.  

If a problem was dumped because of excessive computer time or 
i f  a run was interrupted using Sense Switch 5 ,  the problem may be re- 
s t a r t ed  without changing any of the parameters. 

There w i l l  be a printing of regular output a t  the time of re-start 
which should be ident ical  t o  the pr int ing a t  the time of interruption. 

If several data sets a re  s tackedthe  routine writes end of f i l e  
on the  dump tape a t  the end of each data se t .  
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5.4.1 Fortran I1 Operation 

‘%ne orcier of asszxbly fe r  the binary obj-dt deck and data deck 
i s  given below. 
any l i s t e d  may be omitted i n  the event t ha t  the Fortran Monitor l i b ra ry  
tape includes that subroutine. The subroutines RESET, CLOCK, and WCLCK 
may be replaced by d m y  subroutines, or by subroutines applicable t o  the 
par t icu lar  system -- a single subroutine i n  the case of NASA-MSC operation. 
Information concerning Monitor Control Cards may be obtained by reference 
t o  the  Fortran I1 manual. 

The order of subroutines within a chain is  optional, and 

A. Monitor Control Cards 

a.  I.D. (or Job) Card 
b. Execute Fortran (For N A S A - N )  
c .  XEQ 

B. Chain 1 

a. CHAIN (1, 4) 
b. Binary Subroutines CHAIN 1 (Main), SUBP, RESET, CLOCK, 

WCLCK 

C. Chain 2 

a. CHAIN (2, 4 )  
b. Binary Subroutines CHAIN 2 (Main), SUBA, SUBB, SUBP, 

RESET, CLOCK, KLCK 

D. Chain 3 

a. CHAIN (3 ,  4) 
b. Binary Subroutines CHAIN 3 (Main), SUBP, RESET, CLOCK 

WCLCK 

E. Chain 4 

a. CHAIN (4,  4 )  
b. Binary Subroutines CHAIN 4 (Main), SUB?, RESET, CLOCK, 

WCLCK 

F. Chain 5 
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G. Data 

a. Data (Control Card) 
b. The data i n  the order i n  which it is  specif ied i n  the 

c.  Other data sets may be added, each a complete en t i ty .  
instructions given previously, including curve type 13. 

5.4.2 Fortran IV Operation 

For operation on UNIVAC systems (Fortran IV) using the  overlay 
provisions, the program is stored on tape, and the data deck with appropriate 
control cards is  submitted. "he chain l inks  i n  Fortran I1 are ca l led  sub- 
routines, i.e., CHAIN 1 (main) becomes subroutine CHAIN 1. No clock routines 
are required. The routine MAIN with subroutines CHAIN and SUBP are assigned 
a permanent location. The order of overlay i s  as follows. Subroutine CHAIN 
1 i s  overlaid by CHAIN 2, SUBA, and SUBB, which i n  turn  is overlaid by CHAIN 
3, which i n  turn i s  overlaid by CHAIN 4, which is  f i n a l l y  replaced by CHAIN 
5 and associated subroutines. Operation on current IBM machines with Fortran 
I V  forces the data space t o  be prohibit ively small, thus i s  not considered. 

The order of setup i s  as follows: 

1. Job 
2. 
3. 

ASG A = Program Tape Number 
ASG I = DUMP (Scratch Tape fo r  Re-starting) 

4. 
5. T R W A  

ASCI J = Tape Number of Re-start Tape ( i f  applicable) 

6. I N  A 
7. Map Prog 

} Overlay Cards 8. Seg Main . .. 
9. Seg ... 

10. XQT Prog 
11. Data Cards i n  Order Specified i n  Instructions 
12. EOF 
13. FIN 

5.5 CORE STORAGE SPACE REQUZGMENTS 

Almost a l l  of the input t o  t h i s  routine i s  stored i n  a block of 
Basically, the s i z e  of t h i s  block i s  determined by the core ca l led  DATA. 

s i ze  of 7090 core (32768 locations) and the s ize  of the  Chain 5 l i n k .  
s i z e  of the DATA block is fixed by subroutine START. 
(up t o  a maximum of 37000 t o t a l  locations), ITOT i n  subroutine START must 
be reset and the subroutine assembled. 
monitor system, the s i ze  of DATA is  17,000 locations. 
UNIVAC 1107/1108 the s i z e  is  37,000 locations. 
a l located as shown i n  the following paragraph. 

The 
To change the s i z e  

For operation under the FORTRAN 
For operation on the 

These storage values are 

5.5.1 Breakdown of Core Space 

The following values are based on the Fortran I1 Monitor system. 

1 
I 
8 
I 
R 
I 
1 
8 
8 
I 
8 
E 
I 
t 
t 
1 
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1. 
2. 
3.  
4. 
5. 
6. 
7.  
8. 
9. 
10. 
11. 
12 
13 
14. 
15 
16. 
17 
18. 

19 

System ( -12000 on Fortran I V )  
Chain 5 Miin Routine 

SUBEND 
SUBWT 
START 
CHECK 
SURVEY 
POL 
TRPOL 
REVPOL 
SUBP 
RESET 
CLOCK 
WCLCK 
Library Subroutines (including XS1MEQF) 
I/O Buffers 
Some Data Space not in Data 

n~mnn 
0 V W . C  

DATA 

Number Core 
Locations Used 

100 
4650 
5ooo 
541 
148 
74 
188 
154 
186 
448 
203 

50 
179 
30 
71 

2805 

17600 m 
5.5.2 Breakdown of DATA Block Size 

A. Basic formula f o r  determining amount of core space i n  DATA 
block t h a t  a radiator setup w i l l  require: 

+ 3 NSTOS + NLCTBS 

B. I n  Addition: 

1. If t h i s  i s  a banks and headers problem (I"C 
following t o  basic formula: 

NSYS -+ 2 NF'LOMP + MAXTB + (MAXTB - 2>2 + FPSP 

0), add the 

2. If there  a re  any valves add the following t o  basic formula: 

25 NVLVS 

3 .  If freezing i s  t o  be considered (NFC t( 0), add the  following 
t o  the basic formula: 
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4. If there a re  any heat exchangers (NREG # 0), add the 
following t o  the basic formula: 

3 NFLT+ 1N"L 

C.  Ident i f icat ion of symbols used i n  above formulas. 

1. CURSP - Curve space f o r  a l l  curves except specific heat 
curves. 

CURSP = WRl + 2Np1 + 2 (NCR2 + NP2), where 

NCRl  - Number of curves other than  specif ic  

NP1 - Number of points on a l l  curves other than 

NRC2 - Number of specif ic  heat curves. 
NP2 - Number of points on specific heat curves. 

heat curves. 

specific heat curves. 

Specific heat curves need twice the space of other curves 
because they generate enthalpy curves. 

2. FPSP - Flow path space. 
Parameter Card 9 containing tube numbers (do not 
count blank f i e lds  ) . 

Number of 5 column f i e l d s  on 

3.  MAXTB - Number of tubes i n  system having greatest  number 
of tubes. 

4. NFLOI.Jp - Total number of flow paths i n  a l l  systems. 

5 .  NFLT - Number of types of f l u i d  lumps. 

6. (NFTOF + NFTOT) - Number of sets of conduction data given 
on the f l u i d  type cards. 

NFTOF - Total of number of f l u i d  lumps conducted "to" as 
l i s t e d  i n  Columns 31-35 on Fluid Data Card 2. 

NFTOT - Total of number of tube lumps conducted "to" as 
l i s t e d  i n  Columns 36-40 on Fluid Data Card 2. 

7. NLCTBF - Number of lumps conducted "to" by f l u i d  lumps. 
This i s  a count of a l l  lumps l i s ted  as being 
conducted "to" on Structure Data Cards 4 and 5 .  

8. IVKXBS - Number of lumps conducted "to" by s t ructure  lumps. 
A count of a l l  lumps l i s t e d  as  being conducted 
"to" on Struckwe Data Cards 4 and 5. 
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9. F-C"T - Number of lumps conducted "to" by tube lumps. 
A count of a l l  lumps l isted a s  being conuucteci 
"to" on Tube Data Cards 5 and 6. 

10. >NET - Mmber of types of tube lumps. 

11. NSL - Number of structure lumps. 

12. NSTOS - Number of sets of conduction data given on the 
structure type cards. 
of structure lumps conducted "to" a s  l is ted i n  
Columns 26-30 on Structure Data Card 2. 

It is a l so  the t o t a l  number 

13. NSYS - Number of systems. 

14, NT - Number of types of structure lumps. 

15. N"L - Number of f l u i d  lumps. 

16. NTML - Number of tube lumps. 

17. (WI'lVT + NTlloS) - Number of sets of conduction data given 
on the tube type cards. 

N " O T  - Total of number of tube lumps conducted "to" as 
l i s t e d  i n  Columns 26-30 on Tube Data Card 2. 

N"0S - Total of number of structure lumps conducted "to" 
as  l i s t e d  i n  Columns 31-35 on Tube Data Card 2. 

18. N'I'UBE - Total number of tubes i n  a l l  systems. 

19. NVLVS - Number of valves. 

5.6 ERROR MESSAGES 

A resume of errors detected i n  reading the data w i l l  be printed 
throughout the data listing. 
discontinued because of e r ror  i n  data" w i l l  be printed a t  the end of the 
data listing. 
immediate stop occurs. 

If errors a re  found, the statement "Run 

Some errors  prevent the continuance of data reading and an 

A l l  e r ror  messages i n  Chain 5 are self-explanatory with the ex- 
ception of the one i n  SUBDP. 
tracking, instead of explaining the error  i n  detai l ,  the value of an e r ror  
code KON7 was varied. 
i n  SUBDP KON7 3 "X", a table showing correlation between a l l  possible values 
of KON7 and probable errors follows. 

To save core space but s t i l l  f a c i l i t a t e  e r ror  

For be t te r  understanding of the e r ror  message "Error 
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1 

2 

3, 4 

5 

6 

7 

8 

9 

10 

11,12 

E x p l a n a t  ion 

I n  using the interpolat ion subroutine POL on the  
i n l e t  temperature curves, a variable was found t o  
be out of the  range of the table. 

I n  using the interpolation subroutine POL on the 
flow rate curves - f (time), a variable was found 
t o  be out of the range of the table. 

The last tube i n  some system does not have the 
la rges t  number of any tube i n  t h a t  system, the 
f i r s t  tube i n  some system does not have the  smallest 
number of any tube i n  t h a t  system, or a number has 
been skipped i n  numbering the tubes. 
Card 9. 

Check Parameter 

I n  using the interpolation subroutine POL on the  
flow rate curves = f ( t i m e ) ,  a variable was found 
t o  be out of the range of the table. 

In  using the interpolation subroutine POL on the 
pressure loss  curves, f r i c t i o n  factor  curves, specif ic  
heat curves, viscosi ty  curves, or density curves, a 
variable was found t o  be out of the range of the 
table. 

Check Parameter Card 9. 

The first tube i n  some system does not have the 
smallest number of any tube i n  that system. Check 
Parameter Card 9. 

Check Parameter Card 9. 
begin wi th  the same tube but end with two different  
tubes. 

Possibly two flow paths 

Check Parameter Card 9. 

The l a s t  tube i n  some system does not have the 
la rges t  number of any tube i n  tha t  system. 
Parameter Card 9. 

Check 

I n  using the interpolation subroutine POL on the  
enthalpy curves, a variable was found t o  be out of 
the range of a table. 

Check Parameter Card 9. 

The first tube i n  a system i s  frozen. 
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25 

26 

28 

30 

34 

35,36 

37,38 

39 

40,42 

43 

The last tube i n  a system i s  frozen. 

Check Parameter Card 9. 

I n  using interpolation subroutine POL on inlet  
temperature curves, a variable was found t o  be out 
of the  range of a table.  

An i l l e g a l  value has been included i n  a p a r a l l e l  
flow problem. 

Check parameter cards 14 and 7 t o  see t h a t  the flow 
paths are correct and that the  valve is i n  the  cor rec t  
s ys tern. 

I n  using the interpolation subroutine POL on the 
NFPC curves, a variable was found t o  be out of the 
range of the table.  

L e f t  and right tubes f o r  a valve are not downstream 
of "from" tube. 

Routine error.  No data change required. 

A flow p a t h  is  listed which has a first tube t h a t  
no other flow path contains. 

Error made while checking f o r  number of flow paths 
with same first and l a s t  tube. 

A tube that is  l is ted on Parameter Card 8 as a 
feeder is  not l is ted i n  flow paths. 

Error made while setting-up SIMEQ. 

A flow path ex i s t s  i n  which the number of the  last 
tube is  less  than or equal t o  the number of the first 
tube. 

The first tube i n  one flow path is  the first tube i n  
no other flow path. 

44 A flow path ex i s t s  which has less than three tubes. 

A l l  the  above er rors  w i l l  cause the run t o  be terminated. 
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6.0 

6.1 THERMAL MODEL DESCRIPTION 

Tne sampie pi-cblem selected :.-s orie nf a series of checkout 
problems. 
t o  represent physical dimensions of any r e a l  system. 
of t he  flow network i s  shown i n  the sketch below. 

The values selected f o r  the inout are not necessarily intended 
The schematic diagram 

1 
System 1 

r 3 

2 

9 

1 

4ti5 
7 b8 

System 2 

3 

I lo 

Two tube lumps i n  the small system and the two structure lumps are  direc- 
t iona l ly  sensi t ive lumps. 

6.2 INPUT DAW LISTING 

The cards as input were l isted according t o  the data input format 
specif ied i n  Section 5.  The l i s t i n g  of the cards is  shown i n  Table 1. For 
convenience the l i s t i n g  i s  ruled into five-column fields. 

6.3  CHECKOUT PRmm 

The data deck was run with the checkout pr int ing option. The data 
read-in format and checkout printing a re  shown i n  Table 2. 
pr int ing may be used t o  examine internally calculated values such as heat 
t ransfer  coefficients,  f r i c t iona l  and bend loss pressure drops, and maximum 
time increments. An examination of the t i m e  increments f o r  each lump may 
reveal t ha t  cer ta in  lumps which are not thermally important t o  the solution 
have small t i m e  increments. 
(see Section 4.4) such tha t  fewer i te ra t ions  are required. Care should be 
exercised that the lumps with overridden t i m e  increments do not a f f ec t  the 
t rans ien t  analysis. 

The checkout 

In such a case the time increment may be selected 
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An explanation of the terms appearing i n  the checkout pr int ing i s  
included below. The uni ts  are the same as input except where indicated. 

Pressure Drop Subroutine Checkout Pr int ing 

I 
TYPE 
!PuBE 
FREZ 
DEN 
UI 
F U  
CSA 
WP 
RE 
F 

FR 
LUMP DELP 

K 
SH 
TUBE: ACCUM DELP 
DPRAD 

f l u i d  lump number 
f l u i d  type of I 
tube containing I 
0 if not frozen, 1 if frozen 
lump density 
viscosity of lump 
lump length, f t  
cross-sectional area, f t 2  
wetter perimeter, f t  
Reynold's number 
f r i c t i o n  factor  (includes (t(b/pw)'14 and 
f r i c t i o n  fac tor  coefficient ) 
flow rate 
pressure drop i n  I from viscous effect ,  
p s i  x 1000 
pressure drop i n  I from K l o s s ,  ps i  x 1000 
specific heat 
accumulated pressure drop i n  tube, p s i  x 1000 
system pressure drop, psi x lo00 

8 
8 
I 
I 
I 
I 
8 
I 

The pressure drop subroutine pr in t  appears fo r  each time the 
calculation is  performed u n t i l  pressure drops are balanced. 

Fluid Lump Checkout Pr int in5 

I 
T I  
WL 
WALL 

NLU 
Tu 
G 
H 
H I  
AC ON 

ATEM 
ECAU 
TYPE 
RE 
PR 
cow 
DEN 
SP HEAT 
VIS BlTLK 

lump number 
present temperature a t  I, OR 
surrounding tube lump number 
prescribed temperature of lump. Meaningless 
on non-boundary lumps 
upstream lump number 
upstream lump's present temperature, OR 
H I  x area f o r  heat t ransfer  
(on NAVE = 0) G/2 x TU 
heat t ransfer  coeff ic ient  x (/u b//LLw) 014 
sum of coefficient of Tf on the r igh t  side 
of equation ll, page 12. 
right side of equation 11, page 12, if Tf = 0. 
time imrement of s t a b i l i t y  requirement 
type of f l u i d  lump 
Reynold's number 
Prandtl number 

lump density 
lump specific heat 
viscosi ty  evaluated a t  bulk ( f lu id  temperature) 

lump conductivity 

E 
I 
II 
I 
I 
I 
I 
1 
1 



I '  
I 
8 
I 
I 
1 
8 
1 
1 
I 
8 
8 
8 
8 
I 
8 
8 
I 
8 

Following t h i s  p r in t  f o r  each lump, the values of I, ACON, ATEM 
and DTAU are  surmnarized separately. 

Tube Lump Checkout Printing 

I 
NDL 
T I  
TD 
CONI 
corn 
U 
EM 
AB 
Q 

ON( NDL ) 
ATEM(NDL) 
ACON( I) 

IYTAU 
USUM 

UTSUM 

lump number 
lump number downstream 
present temperature 
present temperature of tube downstream 
conductivity of I 
c onduc t i v i  t y of lump downstream 
conductance t o  l a s t  lump conducted "to" 
emissivity of lump 
absorptivity of f i n  
incident heat value 
ACON for downstream lump 
ATEM f o r  downstream lump 
Q E U  (see below) plus sum of coefficients of 
T t  i n  equation 8, page 9. 
sum of a l l  UAT products (T associated with 
proper U) i n  equation 8, page 9. 
s t a b i l i t y  required time increment 
sum of a l l  conductance "from" tube lump I and "to" 
tube lump I from tube J where J <I. 
sum of conductance temperature "from" lwnp I 
and "to" lump I from J i f  J < I. 
(Q)(AREA) (Absorptivity) 
('EM)(A.Rw( 6 NT3)  

Following t h i s  pr in t  for each tube lump, the  values f o r  I, ACON, 
ATEM, and DTAU a re  summarized separately. 

Structure Lump Checkout P r i n t i q  

I 
Q 
CONI 
WEIGHT 
SO HEAT 
USUM 

QP 
QR 

structure lump number 
incident heat 
conductivity of I 
weight of lump 
specific heat 
sum of a l l  conductances from tube lumps, "to" 
other f i n  (structure) lumps and from J i f  J 4 I. 
sum of product of the conductances with respective 
temperatures "to" a l l  lumps and from J < I. 
incident heat addition rate 
(emissivity)(area)( 6 ) T3 
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AC ON 
ATEM 
IYTAU 

sum of conductance-area products plus &R 
sum of w-1T products plus Q,A 
time increment required for s t a b i l i t y  

Following time informetion for a l l  lumps, the values of I, ACON, 
ATEM, and DTAU are  summarized i n  a separate l i s t i ng .  
two values of E O N ,  ATEM, and IYTAU are not consistent, the latter tabulation 
i s  correct.  The former value includes, i n  general, l e s s  than a l l  conduction 
information because it does not have the contribution of conductance from 
those lumps conducted from, which the l a t t e r  includes. 

I n  the event that the 

6.4 SAMPLE OUTPUT 

The normal output a t  i t e r a t ion  4 (Time = TAU) is shown i n  Table 
3. 
i n  numerical order .  The statement "transient problem completed" means 
that Time has'reached the indicated t ransient  time TAU. A t  the  end of 
the output a limited group of parameters is  printed f o r  each f l u i d  lump. 
This group appears each t i m e  the problem ex i t s  the machine, whether f o r  
r e s t a r t  or a t  completion. 

All output i s  self-explanatory with temperature and flow ra t e s  given 
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100. 
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TABLE 1 DATA INPUT LISTING 
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