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ABSTRACT 

HeFlow, a program to calculate the pressure and temperature of supercritical 

helium flowing in a heated channel, has been used to model the flow in the West- 

inghouse (WH) Large Coil Program ( L C Y )  coil. The passage of the helium both 

a t  normal operating conditions and near the critical point has been shown to be 

isenthalpic to better than 1 or 2 parts in 1000. The effect of changing the sign of 

the Joule-Thomson (J-T) coefficient is discussed, and a useful a.pproximation for 

temperature changes in helium flow is developed. 

1. INTRODUCTION 

Dresnerl has shown that the hydrodynamic equations of continuity, momentum, 

and energy for the turbulent flow of a compressible fluid in a heated channel 1ea.d 

to  the following relations: 

These equations describe how pressure and temperature vary along a heated path 

filled with single-pha.se helium in steady-state flow. The solutions thus provide 

information important to the design of future superconductors cooled by forced flow 

of supercritical helium. One would especially like to know whether the temperature 

of the helium at  any point exceeds the current-sharing temperature T,, ( B , J )  a t  

that  point. 

The HeFlow program is designed to solve these two equations simultaneously 

to give the pressure and temperature of the fluid versus distance along the channel. 

Pressure and temperature a t  the inlet, mass flow rate, and heat load on the channel 

are assumed to be variables input by the user. The geometry of the flow path 

is assumed to be fixed. A library of functions called HEPROP, written by R. A. 
Hands,2 provides the relevant properties of helium: p ,  C,, /?, and BT. The only 

remaining variable necessary to evaluate Eqs. (1) and (2) is the friction factor, which 

is specific to  the flow path. When this is known, the equations can be solved using 

a standard Runge-Kutta integrating routine. 
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2 .  MODELING THE WH LCP COIL 

Data describing the WH coil are given in Table 1. The mass flux rate for a 

120-m path in the WH coil can be found from the inass flow rate for the whole coil 

via the relation 
m 

G--- 
51.76A ' 

where riz is in kg/s and the scaling factor of 54.76 is found from the ratios of the 

flows in different-length paths for a given pressure drop, which were provided by 

Westinghoi~se.~ 

Table 1. Westinghouse coil characteristics 

A - 88 mm2 8.8 x m2 

D = 0 . 4 m m - 4 ~ 1 0  4 r n  

L = 120 Ill 

IIelium/void fraction = 32% 

Type of cabling: 34 x 6 

Number of strands 1 486 (0.7-mrn &am) 

Conduit: 1.75-mrn-thick stainless steel, square 

cross section with section with indium 

tape arourirl cable 

Friction factors for cable-in-conduit conductors have been investigated by Lue, 

Miller, and L ~ t t i n . ~  They found that friction factors for this type of conductor arc 

2 to 3 times the smooth-tube values in the turbulent flow regime and that the 

transition between laminar and turbulent flow is much less abrupt than in smooth 

tubes. IIooper5 constructed the following correlation from Lue's data: 

It was noticed, however, that this correlation fit all sets of data except one, 

which had a distinctly higher friction factor and smaller helium/void fraction than 

the others. This was a cable of 7 x 33 insulated strands that was wrapped with 

Kapton tape and sheathed in a square conduit. Its helium/void fraction was 27.2%. 

Of the conductors examined by  Luc et al., this was the one most like the conductor 

used in the WH coil for LCP. 

Because the friction factor for three square cable-in-conduit conductors tested 

by Lue et al. appeared to depend inversely on void fraction, it was decided to  make 
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a linear interpolation based on this parameter between Hooper’s correlation and a 

hand-drawn fit of the 27.2% void condnctor. Hooper’s expression corresponds to a 

void fraction of about 50%’ and from Table 1 the WH void fraction is 32%. Thus, 

the WH friction factor is about 79% of the way from Hooper’s correlation to the 

hand-drawn fit. This gives 

f = e~p(13 .24Re- ’ .~~  - 3.977) . 

Figure 1 shows plots of this interpolated result and, for comparison, the smooth- 

tube expressions. 

ORNL-DWG 88-2559 FED 
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Fig. 1. Comparison of friction factors for the WH conductor and for a smooth 
tube. 

3. RESULTS 

3.1 ISENTHALPY 

For purposes of approximation, the passage of helium is often assumed to be 

isenthslpic when there is no external heating. HeFlow was used to check the validity 

of this approximation. The results are given in Table 2, which shows the various 

helium properties at  5-m intervals along a 120-m length of WII conductor. I t  is 

apparent that the flow differs from isenthalpy by less than 1 part in 1000. Studies of 
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the enthalpy were also made near the critical point for helium: 5.2 K and 2.245 atm. 

The inlet conditions were chosen so that this point was reached near the end of the 

channel, and the enthalpy was found to be constant to within 1 or 2 pa.rts in 1000. 

3.2 JOULE-THOMSON INVERSION 

The J-T coefficient is defined as the incremental change in temperature €or a 

small change in pressure at constant enthalpy, 

An important change occurs in the behavior of a fluid when p changes sign. Figure 2 

shows the isenthalpic inversion curve for helium (;.e., the locus of points where p -= 

0). If helium enters an unheated channel at some point (PI, TI )  below the inversion 

line, where p < 0, a decrease in pressure will cause an increase in temperature. If 

a t  some point further down the channel the helium crosses the inversion line to a 

point such as (P2, T2), where p > 0, a decrease in pressure will cause a decrease 

in temperature. Thus, the helium may heat as i t  passes through the first part of 

the channel, reach a maximum as it crosses the inversion curve, and then cool as it 

flows through the rest of the channel. 

ORNL-DWG 8 8 - 2 5 6 0  FED 
5 0  

40 

0 
0 5 10 15 2 0  25  30 35  40 

P (a tm) 

Fig. 2. Isenthalpic Joule-Thomson inversion curve for helium. Source: R. I). 
McCarty, NBS Technical Note 631, 1972, p. 18. 
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Figure 3 shows plots made with HeFlow for an isenthalpic flow where p changes 

sign. Temperature and pressure at the point of maximum temperature lie on the 

inversion curve of Fig. 2. 

When the flow is not isenthalpic, such as when there is nuclear or resistive 

heating of the conductor, J-T inversion still takes place, but the situation is com- 

plicated by the competing influence of the heat source. In some cases, the effect of 

p changing signs will dominate and the helium will cool after reaching a maximum 

temperature. In other cases, the temperature will rise throughout the channel, al- 

though the slope may decrease where p passes through zero. In general, a heat load 

will make it less likely that the temperature will reach a maximum before the end 

of the channel. Figure 4 shows the temperature distributions for helium starting at  

identical inlet conditions but with different heat loads distributed uriiformly over 

the path. 

ORNL-DWG 88-2563 FED 
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Fig. 3. (a) Pressure and (b)  temperature of helium in an unheated channel 
(h - 100 g/s).  
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'The cooling of helium when p < 0 is an approach that magnet designers may 

want to consider as a means of improving stability. Obviously a key design criterion 

is that the maximum temperature along the channel does not exceed the current- 

sharing ternperature T,, ( B , J )  at that point. By varying the inlet conditions for 

a given heat load, the temperature maximum can be located anywhere along the 

path, preferably in a low-field region. Since there is no curve such as Fig. 2 for 

nonisenthalpic flow, a program such as HeFlow is needed to show how the J-T 

effect may affect stability in various scenarios. 

Normal operating conditions inside the WH coil are restricted to absolute pres- 

sures above about 10 atm and temperatures below about 5 K .  In this range, p is 

always negative, so the helium always heats up as the pressure drops. In some 

tests of the WH coil alone, however, the inlet temperature was as high as 8.3 K 

and the background heat loads were small. Given the test conditions for the WH 

test on March 26, 1987, and an estimated heat load of about 80 W for the whole 

coil, HeE'low predicts the temperature distribution shown in Fig. 5b. N o  sensors 

are available to check the temperature maximum inside the channel, but the out- 

let temperature as recorded by sensor TE2164 was about 0.2 K below the inlet 

(TE2163). This points to a temperature maximum somewhere inside the conduc- 

tor, but without a reliable estimate of the heat load on that particular path, one 

cannot say where it is located. 

3.3 A TJSEFUE APPROXIMATION 

For quick estimations of temperature changes across a flow path, it is convenient 

to have an expression that can be evaluated without the use of a computer. If we 

consider the substitution of typical values into Eq. (Z), we can obtain such an 

expression. 

For G = 20 kg s-' m-', p = 150 kg m-', BT = 4 x l o p 7  Pi- . ' ,  ,d = 0.1 K...', 

T = 4 K,  and Cp 3000 J kg-' K-..' , the term GBT can be neglected when 

compared to  p in three places, and pCp//31'G dominates p in the denominator. 

Thus, Eq. (2) can be written 
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Fig. 5. (a) Pressure and (b) temperature in the WH conductor with 7iz I 177 g/s 
and a background heat load of 2 Vir on the channel (-84 W on the coil). These plots 
approximate conditions during the WH single-coil tests at high inlet temperature 
with I = 800 A .  

This neglect of terms has been checked with HeFlow very near the critical point 

and found to be wholly justified. 

By using the identity p = (X?/BP)g = (PT - l ) / p C p ,  Eq. (3)  becomes 
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If we now assume that the enthalpy is approximately constant, we can write 

for the temperature change across the conductor in steady-state flow. This approx- 

imation says the total temperature change is the sum of the isentlialpic change and 

the change due to the heat load on the conductor. The values given by Eq. (3) 

were checked against the values calculated by HeFlow, and agreement was good. 

Time limitations prevented a rigorous check, but for a 3-W heat load over the path 

the approximation gave values that were within a few tenths of a Kelvin, and for 

a 0.5-W heat load the agreement was within 0.05 K.  This is shown by the data in 

Table 3. 

Table 3. Comparison of temperature changes found by HeFlow 
and by the approximation in Eq. ( 3 ) a  

Background AT calculated 
Tin 7iz power by HeFlow AT = ( A T ) H  + G% 

~. ...... (W ( g / s )  - ( W) (K)  (K)  .... 
3 180 3.0 0.94 1.06 
4 180 3.0 0.69 0.75 
5 180 3.0 0.50 0.53 
6 180 3.0 0.36 0.39 
8 180 3.0 0.18 0.21 
3 100 0.5 0.36 0.38 
4 100 0.5 0.26 0.27 
5 100 0.5 0.18 0.19 
6 100 0.5 0.13 0.13 
7 100 0.5 0.08 0.08 

.................... ~ .................... ...... ....... 

aP;n = 1 3 . 0  atm. 
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SYMBOLS 

A = area of conductor available for helium flow (m') 

(g)T = isothermal compressibility (atm-') BT = 
C p  = specific heat at  constant pressure (J/kg.K) 

D = hydraulic diameter (m) 

f = friction factor 

G = mass flux rate (kg/m2.s) 

H = enthalpy (J /kg)  

L =r length of channel (m) 

riz = mass flow rate (kg/s) 

P = pressure (atm) 

4 = specific heating rate (W/kg) 

Re = Reynold's number 

T = temperature (K) 

X = distance along channel (m) 

p = ( % ) H  = Joule-Thomson coefficient 

p = density (kg/m3) 

p = $ (m)p 8V = isobaric expansivity (K- l )  
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1. INTRODUCTION 

1.1 PURPOSE 

HeFlow was specifically designed to calculate the pressure and temperature of 

supercritical helium flowing through a 120-1-11 path of cable-in-conduit conductor in 

the Westinghouse (WH) Large Coil Program (LCP) coil. With a few modifications, 

however, it can be readily adapted to  more general physical situations. 

1.2 GENERAL THEORY 

The conservation equations for a compressible fluid in turbulent flow through a 

heated channel can be transformed to yield the following:’ 

HeFlow solves these equations iteratively using a standard second-order Runge- 

Kutta integrating routine. If y1= f ( z , y , z )  and z l  = g(z,y,z), then 

1.3 AGII ROUTINES 

HeFlow uses Tektronix AGII plotting routines to display pressure and tempera- 

ture versus distance along the channel. These routines are explained in detail in the 

Tektronix manual, and a summary of the most commonly used routines is available 

on the VAX by typing HELP and then @FED_HELP. Alternative ways of plotting 

the data are discussed in Sect. 3. 
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2, RUNNING MEFLOW 

BeFlow prompts the user for inlet pressure and temperature, mass Row rate, 

and background and resistive heat loads on the conductor. Each prompt gives the 

correct units in parentheses and a default value in brackets. To use the default 

values, the user simply presses (RETURN). If a value for the resistive heat is 

specified, the user is prompted for the coordinates along the channel at which the 

resistive zone begins and ends. 

After all data have been entered, the user is asked whether he or she wants to 

store the helium properties in a file. If the reply is “yes,” the user i s  prompted for 

the interval between points a t  which the data are sent to the file. This interval is 

the number of iterations between each “WRITE” command. If the the user chooses 

5, for example, the file will contain the helium properties at every 5 m of channel 

length, since the iteration increment is 1.0 m. The interval must be a whole number. 

NOTE: All  numerica l  inputs  m u s t  include a decimal  poin t .  

After completing all computations, EIeFlow prints the values of all numerical 

input data as well as the outlet pressure, temperature, and velocity. For normal 

flow rates (around 180 g/s), the outlet velocity differs from the average by less than 

0.5 cm/s. IIeFlow then plots pressure and temperature versus distance on separate 

grids. Section 3 discusscs ways of plotting the data in other configurations. 

Upon close inspection, it becomes apparent that the point of intersection of the 

plot with the grid line marking the end of the channel does not agree exactly with 

the printed value for the outlet. The ,4GIJ plotting routines appear to be going one 

increment past the end of the channel, because the final plotted pressure is slightly 

low and the final plotted temperature is slightly high (unless the temperature has 

reached a maximum before the outlet). 

The reason for this discrepancy remains a mystery, but the consequence is that  

the plots should not be used to determine the outlet pressure or temperature. The 

printed values are the only reliable source of this information. The plots are still 

useful, however, in determining maximum valiies and in quickly assessing qualitative 

changes along the channel. 

The plots are stored in a file called ‘I‘KP’-HEFLOW.‘I’KF. The printed table of 

helium properties is stored in FOR00l.DAT. 
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3. MODIFICATIONS 

By changing the parameter statements that define length, area, and hydraulic 

diameter and by using appropriate definitions for mass flux and friction factor, 

HeFlow can be adapted to various flow situations. Since Hands’ HEPROP €unctions 

are valid over the range of about 2 K to 1700 K and up to about 100 MFa, HeFlow 

may also be used to study the flow of subcritical helium as long as the flow is 

single-phase. 

The AGII plotting routines allow the data to be displayed in several different 

ways. The following commands can be used to plot pressure versus temperature: 

CALL BINITT 

CALL CHECK (Temp, Press) 

CALL DSPLAY (Temp, Press) 

CALL FINITT (0, 700) 

The following commands can be used to plot both pressure and temperature on 

the same grid: 

CALL BINITT 

CALL CHECK (Dist, Press) 

CALL DSPLAY (Dist, Press) 

CALL DINITY 

CALL YLOCRT(0) 

CALL CHECK (Dist, Temp) 

CALL DSPLAY (Dist, Temp) 

CALL FINITT (0, 700) 

These commands can be inserted immediately after the commands that plot the 

temperature data in the subroutine PLOT (see listing). 

4. COMPUTATION AND PROGRAMMING NOTES 

This section contains documentation and explanations of various steps in the 

program that are not given in the program listing because of limited space. 
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4.1 ITERATION INCREMENT 

The iteration increment j is set to 1.0 by a parameter statement. This means 

that the program effectively makes a new evaluation of the helium properties a t  

each meter along the flow path. Changing j to 0.5 changes the results of the 

computations only after the fifth decimal place, so a finer interval will not increase 

the accuracy of the integrating routine appreciably. Changing the interval does, 

however, provide a convenient way of obtaining a table with more frequent values 

of the helium properties. For example, an interval of 0.5 allows the user to create a 

table with the helium properties given every half meter. 

4.2 MASS FLUX CALCULATION 

The mass flux rate for a single channel in HeFlow is specific to  the WH coil. 

For a 120-111 path, it is given by 

m G x -  
54.76A ' 

where riz is in g/s. 'I'he scaling factor of 54.76 was determined by considering the 

ratios of the flows through channels of different lengths for a fixed pressure drop. 

These ratios were provided by We~tinghouse.~ 

4.3 DATA STORAGE ARRAYS 

To use the AGII plotting routines, the data to he plotted must be stored in an 

array in which the first element contains the number of points to be plotted. The 

arrays are initialized to 10,000 elements but can be expanded if l , / j  > 10,000. 

Note that array element i contains the pressure, temperature, or distance at 

x =: a - 1. 

4.4 UNITS 

The IIEPROP functions require inputs in SI units, so all variables are converted 

to SI units before they enter the iteration loop. The pressure plot uses units of at- 

mospheres to facilitate comparisons with other data. The table of helium properties 

is in SI units except for pressure, which is again in atmospheres. 
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4.5 FRICTION FACTOR 

The friction factor is specific to the WH coil. It was found by a linear interpo- 

lation based on helium/void fraction between two curves drawn to fit friction factor 

data for square cable-in-conduit conductors gathered by Lue, Miller, and Lottin .4 

This interpolation results in the expression 

f = e~p(13.24Re-O.~~ - 3.977) , 

where Re = s. 
P 

For smooth tubes, the friction factor is given by the 31asius relation, 

0.0791 f = 
Re0.25 ' 

4.6 RESISTIVE HEAT DISTRIBUTION 

If the user specifies a value for the resistive heat load in the conductor, he or she 

is asked to also give the boundaries of the resistive zone, XI and 5 2 .  The resistive 

heat contributes to the specific heating rate of the helium, g, only within this zone. 

The volume used to determine the resistive contribution to 4 is simply the total 

volume of the channel times the fraction of resistive channel, ( S I  - X 2 ) / L .  

4.7 CREATING THE OUTPUT FILE 

The Tektronix AGII routines for labeling plots will accept only strings as ar- 

guments. Since these routines are used to write the input arid output data into 

TKF-HELFOW.TKF, the data must be converted to string form. This is accom- 

plished by using the ENCODE statement, which is explained in the VAX FOR- 

TRAN manual. The encoded strings are then concatenated with an identifying 

string and written into the file by the AGXXMHS subroutines (see listing in Sect. 5). 

5. LISTING OF HEFLOW 

The following pages contain the HeFlow program listing and description. 



* 
* 'This program l s  designed to compute the temperature and 
* pressure of turbulent, supercritlcal hellum In steady-state flow 
* through a b,eated channel. 

* a compressible fluid In turbulent flow yfald a coupled pair of 
* first-order differentla1 equation describlng pressure and 
* temrjeratclre. This proqram solves these equatlons using a second- 

* 
n The equations For contlnulty, momentum, and energy for 

* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 

order Runge-Kutta Integrating routtne. 

The program will plot pressure and tem 
dlstance usfng the Tektronlx AGII plotting rou 
w f l l  appear I n  a file labeled TKF-HEFL0W.TKF. 
choose to h a v e  the propertles of the helicm pr 
I n  t h i s  case a n  additional f i l e  labeled F O R B f l 1  
table. 

A lfbrarv of subproqrams called HEPROP 

erature versus 
fnes. The plots 
The user m a y  also 
nted in table form. 
DAT will contaln the 

wrltten bu B . A .  
Hands, Is used to fl n d  the ;elevant propertles of helium ?or 
each iteratlon. The functions whfch are used are the followingr 

D F U N  ( P ,  T )  Densfty at pressure and temperature. 
H F U N  (Rho, T I  Enthalpy at densfty and temperature. 
VISC (Rho, T )  Vfscoslty at density and temperature. 
C P  (Rho, T )  Isobaric speciflc heat at density 

D P D D  (Rho, T) Rate of change o f  pressure with 

D P D T  (Rho, T )  Rate of change of pressure wlth 

a n d  temperature. 

density at density and temperature. 

temperature at densfty and 
temperature. 

These routfnes requlre inputs in SI u n t t s .  

* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
n 
* 
* 
n 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
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s 

CALL Input-Data (P-ln, T-fn, dmdt, Back-Pow. Res-Pow. 
XI, X 2 ,  Pr!nt-Table, 5 )  

G = dmdt / { 1 0 L f @ * A * 5 4 . 7 6 )  I Convert mass flow rate to k g / s  and 

N u m  = Length/j + 1 
Prcss(0) = N u m  ! Ffrst element i n  each array must be the 
Temp(@) = Num ! number o f  pofnts to be plotted 
Dist(0) = N u m  

x = O  ! Start at channel lnlet 

! calculate mass flux rate per channel 

P r e s s ( 1 )  = P-in 
Tempfl) = T - l n  
D i s t < l )  = x 

! Flrst data p o i n t  I s  at channel inlet 

P = P-ln * 1 . 0 1 3 E 5  1 Inltlalize P and T to inlet condftlons 
7' = T-in ! (Pressure must be converted to P a )  

IF (Print-Tabla) THEN ! Prfnt table headfng and flrst l i n e  of data 

OPEN (UNIT = 1 ,  STATUS = 'NEW') 
WRITE ( 1 , 1 0 1  'X', 'P', ' T ' ,  'Rho', 'Cp', ' B t ' ,  'Bp', 

FORMAT ~ 7 X , A 1 , 9 X , A 1 , 9 X . A 1 . 7 X , A 3 , 7 X , A 2 , 9 X . A 2 , 1 3 X , A 2 ,  
' H ' ,  ' V i s ' ,  ' R e ' ,  'f' 

13X,Al,l0X,A3,12X,A2,9X,AI) 
WRITE ( l , * )  
CALL Heprop ( P .  T.  Rho. C p l .  Bt. B P ,  H .  V l s )  . .  
CALL Fr'ict'lon-Factor t i ,  G,-Rho, D ,  Re, f. V m l o c )  
WRITE (1,100) X, P-In, T-In, Rho, C p l .  Bt, Bp, H ,  

V i s ,  Re, f 
E N D  I F  

DO I = 2, N u m  ! Loop to calculate successive values o f  P and T 

x = x + j  

CALL HeProp (P, T ,  Rho, Cpl, Et, Bp, H ,  V i s )  
C A L L  Heatfng-Rate (X, Back-Pow, Rets-Pow, Rho, 

CALL Frlction-Factor ( T ,  G ,  Rho, D ,  Re, f ,  V S l O C )  
K d P d X  ( T ,  Rho. Cp!, D ,  f ,  G ,  Et, Bp, dqdt) 
L dTdX (T, Rho, Cpl, D ,  f ,  G, B t ,  Bp, dqdt) 
CALL HeProp ( P  + J*K,  T + j*L, Rho, Cpl, Bt, Bp, H, V f s )  
CALL Heatfng-Rate ( X  + j ,  Back-Pow, Res-Pow, Rho, 

CALL Friction-Factor (T + j*L. G, Rho, 0 ,  Re, 

Et = dPdX ( T  + jwL. R h o ,  Cpl, D, f, G ,  Bt, Bp. dqdt) 
N = dTdX ( T  + j*L. Rho, Cpl, D ,  f ,  G ,  Bt, Bp, dqdt) 

V ,  X 1 ,  X2, Length, dqdt) 

V ,  X I ,  X2, Length, dqdt) 

f ,  V e l o c )  

N 
aa 



P = P + 0 . 5 * j * ( K  + M )  
T = T + O.Snj*(L + N )  

PresslI) = P / 1 . 0 1 3 € 5  ! Convert pressure back to atm and store 
Temp( I ) = T ! v a l u e s  fn arrays 
Dist(1) = X 

I F  (Print-Table .AND.  MOD(f-l,s) .EQ.  I) THEN ! Wrtte hsltum propertto8 Into f f l o  

E N D  I F  

WRITE ( 1 , 1 0 0 )  X ,  P/1.0!3E5, T, Rho, Cpl, Bt, Bp, H ,  
s Vis, R e ,  f 

E N D  DO 

1 B0 FQRMAT f F 1 0 . 2 . F 1 0 . 4 . F 1 1 . 3 , 2 F 1 8 , 2 , 4 E 1 4 . 6 , F 1 0 . 2 , F ~ ~ . 5 ~  
1F  (Prtnt-Tabie) THEN 

CLOSE (UNIT = 1 )  
E N D  I F  
CALL P l o t  {Press, Temp, Dlst, P-In, T-tnt dmdt, Back-Pow, 

s Res-Pow, V e l o c ,  Press(Num), Temp(Num)) 

E N D  

SUBROUTINE Input-Data (P-in, T-in, dmdt, Back-Pow, Res-Pow, 
s X I ,  X Z ,  Prtnt-Table, S I  

INTEGER ILEN 
CHARACTER C 

1 Length o f  Input strlng 

LOGICAL PRINT-TABLE 
INTEGER s 
REAL n ! Dummy input 

PRINT *,  'Inlet pressure? (a t in )  C 13.0 1 '  
R E A D  ( n  1 0 )  ILEN, P-in 

I F  ( ; L E N  .EO. H) THEN 
P-in a 13 .0  

END IF 
P R I N T  * ,  'Inlet temperature? (K) 1. 4.g I '  
R E A D  ( * ,  1 0 1  ILEN, T-In 

IF ( I L E N  .Ea. 0) THEN 

E N D  I F  
T-In = 4 - 8  

P R I H T  *,  'Mass f l o w  rate? (gft) C 180.0 I '  
R E A D  ( *  2Bb XLEN, dmdt 

dmdt = 181.0 
I F   LEN .EO. 0)  THEN 

E N D  I F  



0 5  

10 
2 8  
3 1  
4 8  

P R I N T  * .  ' B a c k g r o u n d  h e a t  l o a d ?  (U)  E 0 . 1  3 '  
READ ( * ,  2 8 )  I L E N ,  Back-Pow 

I F  ( I L E N  .EQ. 0 )  THEN 

END I F  
B a c k - P o w  = O.B 

P R I N T  *, ' R e s f s t f v e  heat load? I W )  C 0.8 I '  
READ ( * ,  2 0 1  I L E N ,  Res-Pow 

I F  ( I L E N  .Ea. 8 )  THEN 

E L S E  
Res-Pow = I.O 

P R I N T  * ,  ' L l m i t s  o f  resistive z o n e . . . '  
P R I N T  * ,  ' X 1  ? ' 
READ ( * .  3 8 )  X I  
P R I N T  * ,  ' X 2  7 ' 
READ ( * ,  38) X 2  
I F  ( X 2  . L E .  X 1 )  THEN 

P R I N T  * ,  'Invalid e n t r y '  
GOTO 05 

END I F  
END I F  

P R I N T  * ,  'Send t a b l e  o f  hal turn  v a l u e s  to f91e7 ( y  or n ) '  
READ ( * . 4 0 )  C 

I F  ( C  . E Q .  * Y e  .OR. C .EQ. ' y ' )  THEN 
Prlnt T a b l e  .TRUE. 
PRINT-" ,  ' D l s t a n c e  b e t w e e n  values? C l.0m 1 '  
READ ( *  18) I L E N ,  n 
I F  (ILEA . E Q .  0 )  THEN 

s = i  

s = I N T ( n )  
E L S E  

END I F  
E L S E  

END I F  
P r f n t - T a b l e  . F A L S E .  

P R I N T  * ,  ' U o r k f n g  . . . '  
FORMAT ( Q ,  F 5 . 2 )  
FORMAT ( Q ,  F 7 . 3 )  
FORMAT F6.2) 
FORMAT ( A l )  

RETURN 
END 

SUBROUTINE H e P r o p  ( P ,  T, R h o ,  C p l ,  E t ,  Bp, H, V l S )  

R h o  = D F U N ( P ,  T I  
H = H F U N ( R h o ,  T )  
V l s  = V I S C ( R h o ,  T) 
C p l  = CP(f?ho,  T I  
8t = 1 / { R h o  * D P D D ( R h o ,  T I )  
8p = B t  * D P D T ( R h o ,  T )  



R E TtJA N 
E N D  

SUBROUTINE H e a t  t r i g - R a t e  ( X ,  B a c k - P o w ,  Res-Pow. Rho,  

REAL L e n g t h  
$ V ,  X 1 ,  X2, L e n g t h ,  dqd t )  

IF ( X . L T . X l  .OR. X . G T . X E )  THEN I X 1s n o t  I n  the rasfstfve t o n 6  

E L S E  
d q d t  = Back-Pow/(Rho * V )  

dqdt = B a c k - P o w / ( R h o  * V )  
e. + R e s - P o w / ( R h o  * V * ( X 2 - X 1 ) / L s n g t h )  

END I F  

RETURN 
END 

SUBROUTINE F r t c t l o n - F a c t o r  ( T ,  G ,  R h o ,  D, Re, f ,  V e l o c )  

Veloc = G / R h o  
Re = Rho * V e l o c  * D / V I S C ( R h o ,  1) 
f = E X P ( 1 3 . 2 4  * R e * * - 8 . 3 6  - 3 . 9 7 7 1  

RETURN 
END 

REAL F U N C T I O N  dPdX I T .  R h o ,  C p l ,  0,  f ,  G ,  E t ,  B p ,  dqdt) 

REAL W i S t o r a g e  locatton f o r  p a r t t a l  svaloatfon o f  d P d X  

W = Bp*T - ( B t  - Rho/(G*G)) * R h o * C p l / B p  

dPdX = - ( 2 * f  ( R h o * C p l / B p  + G * G / R h o ) / D  + R h o * R h o * d q d t / G  ) / W  

RETURN 
END 

REAL F U N C T I O N  dTdX ( T ,  Rho, C p l ,  D, f ,  G ,  Et, Bp, d q d t )  

R E A L  Y, 2 ! S t o r a g e  l o c a t f o n s  for parttal evaluatlons o f  d T d X  

Y -. d q d t * R h o * R h o  * I R h o / ( G * G )  - Bt)/(G*Bp*T) 
Z Bp + R h o * C p l  * fRho/(G*G) - B t ) / ( B p * T )  

dTdX = ( 2 * f  * ( ( R h o  - G * G * B t ) / t R h o * B p * T )  - 1 ) / D  + Y 1 / Z  



RETURN 
END 

* 
18 

2 8  

3 0  

4 0  

0 0  

6 0  

7 8  

3 0  

* 

SUBROUTINE P l o t  ( P r e s s ,  T e m p ,  D i s t ,  P-ln. T - l n ,  dmdt, Back-Pow,  
s Res-Pow, V e l o c ,  P-out, T-out) 

CHARACTER I I Dummy Inpu t  
CHARACTER*78 P S T R I N G ,  T S T R I N G ,  M S T R I N G ,  B S T R I N C ,  R S T R I N G ,  

.?s V S T R I N G ,  POUT, TOUT 

A s s i g n  c h a r a c t e r  s t r i n g s  
ENCODE (781, 18, P S T R I N G )  P - i n  
FORMAT ( F 8 . 2 )  
P S T R I N G  = ' i n l e t  p r e s s u r e  (atml ='//#'STRING 
ENCODE ( 7 8 ,  28, T S T R I N G )  T - f n  
FORMAT (F6.2) 
T S T R I N G  = 'Inlet t e m p e r a t u r e  ( K )  - '//TSTRING 
ENCODE ( 7 1 ,  31, MSTR'ING) d m d t  
FORMAT ( F 8 . 2 )  
MSTRlNG = ' M a s s  f l o w  r a t e  (g/s) - ' / / M S  
ENCODE ( 7 0 ,  4 0 .  B S T R I N G )  BaZk-Pow 
FORMAT ( F 7 . 2 )  
B S T R I N C  = ' B a c k g r o u n d  h e a t  load ( W )  
ENCODE ( 7 0 ,  58, R S T R I N G )  Res-Pow 
FORPAT ( F 7 . 2 )  

R I N G  

/ / B S T R  ING 

R S T R I N G  = ' R e s i s t i v e  h e a t  load { W )  ='//RSTRING 
ENCODE ( 7 0 ,  6 0 ,  V S T R I N G )  V e l o c  
FORMAT ( F 7 . 3 )  
V S T R l N G  = 'Helium v e l o c t t y  Im/s) = ' / / V S T R I N G  
ENCODE ( 7 0 ,  7 0 ,  POUT)  P-out 
FORMAT ( F 8 . 2 )  
POUT = 'Outlet p r e s s u r e  ( a t m  
ENCODE ( 7 0 ,  80, TOUT1 T - o u t  
FORMAT ( F 6 . 2 )  
TOUT ' O u t l e t  t e m p e r a t u r e  = 

Open file end I n i t i a l i z e  sc reen  
CALL OPNTKF ( ' T K F - H e f l o w ' )  
CALL I N I T T  (0 )  
CALL E I N I T T  

P r i n t  s t r i n g s  
CALI. AGXXMHS 
CALL AGXXMHS 
CALL AGXXMHS 
CALL. AGXXMHS 
CALL AGXXMHS 
CALL AGXXMHS 
CALL AGXXMHS 
CALL AGXXMHS 

6 9 2 ,  P S T R I N G  
6 2 3 ,  T S T R I N G  
5 6 4 ,  MSTRING 
500,  E S T R I N G  
4 3 6 .  R S T R I N G  
3 7 2 ,  VSTRIMG 
3 0 8 ,  POUT)  
2 4 4 ,  T O U T )  

= ' //POUT 

/ / T O U T  



* 

* 

* 

* 

9 0  

CALL AGXXCPT (5, 'PRESS RETURN TO C O N T I N U E ' )  
READ (*,99) I 
CALL NEWPAG 

P r l n t  labels 
CALL AGXMVS 1 3 ,  500, ' P r e s s u r e  a t m ' )  
CALL  AGXCHS ( ' D i s t a n c e  a long c h a n n e l  (m)') 

CALL CHECK ( D i s t . ,  P r e s s )  
CALL  DSPLAY ( D i s t ,  P r e s s )  

Plot p r e s s u r e  d a t a  

CALL  AGXXCPT ( 5 ,  'PRESS RETUHN TO V I E W  N E X T  GRAPH' )  
READ ( * , 9 0 )  I 
CALL NEWPAG 

R e t n i t i a l i z e  screen 
CALL B I N I T T  

P r i n t  l a b e l s  
CALL  AGXMVS (3, 500, ' T e m p e r a t u r e  K') 
CALL AGXCHS ( ' D i s t a n c e  a long  c h a n n e l  ( m ) ' )  

CALL  CHECK (Dist, T e m p )  
CALL  DSPLAY ( D f s t ,  T e m p )  
CALL  F I N I T T  ( 0 ,  700) 

P l o t  t e m p e r a t u r e  d a t a  

C A L L  AGXXCPT ( 5 ,  'PRESS RETURN TO E X I T  PROGRAM')  
READ ( * , 9 0 1  I 
FORMAT ( A l )  

CALL  I N I T T  (I) 
CALL TKFOFF 
CALL  F I N I T T  (Bs 7 0 0 )  
CALL VTSTPMODE 

RETURN 
END 
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SYMBOLS 

A - area of conductor available for helium flow (m’) 

BT v ( @ ) I  BV I isothermal compressibility (atrn--l) 

Cp = specific heat a t  constant pressure (J /kg .K)  

D = hydraulic diameter (m) 

f = friction factor 

G = mass flux rate (kg/m2-s) 

H = enthalpy (J/kg) 

j = iteration increment 

L = length of channel (m) 

h = mass flow rate (kg/s) 

P = pressure (atrn) 

q = specific heating rate (W/kg) 

Re = R.eynold’s number 

T = temperature (K)  

v = velocity (m/s) 

X distance along channel (m) 

XI ,  X 2  = beginning and end of resistive zone (m) 
/3 1= -- 1 (----) BV I isobaric expansivity (K-’) 

V 8T p 

p = viscosity (N/’s.rn2) 

p = density (kg/rn3) 
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