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APPENDIX A

VERY FINE TIME RESOLUTION AND
LARGE MEMORY BLOCK MANAGEMENT

FOR D«\W} LING

The very fine ti

A.1 Introduction

necessary for measuring and
detection of the pressure
can be done with a
oscilloscope is, however,
of the available resource, PE-v
converter (ADC) carc;iqjl are utilizfg—i‘jt_h ?{ reely dov

timing knowledge.

The computer \ah In_{el 8 chip 1s an old p&onnel computer (PC-486),
which is available in ourflaberatory. This computer will be installed with the freely

sommtonted O L8 b L) 1) N B e  compit: ot

softwares can beq(lownloaded from wavw.delorie. .com [A.1].

ARIAINIUUNINYIAY

The ADC card digitizes the analog signals from the transducers, which can be
recorded and analyzed by the computer. The resolution of the signals depends on the
digital bits. The more number of bits is available; the better is the signal resolution.
In this paper, however, the ADC will not be discussed. Rather, the concern is mainly

focused on the timing program using C-language.

DJGPP, a free 32-bit C-language development system for DOS by DJ Delorie,

is used in programming the time measurement and the signal-time record. The



147

advantage of DJGPP is not only due to its being freeware but also due to its 32-bit
memory addressing capability, since it is based on GCC for UNIX. This gives the
user the ability of using the memory over the 640kB block. The developed program
requires the functions such as malloc and free (for allocating and de-allocating the
memory), inportb and outportb (for reading and writing a single byte to and from an

8-bit I/0 port), and fopen and fclose (for opening and closing a file), etc.

The timing on a PC was based o‘ Wcument written by Kris Heidenstrom

(http://home.clear.net.nz/pages/khei .4 The document describes many
techniques for timing. It also @ e sa@ons and programs for testing.
In this paper, we will disclss only ’ [ chnique that is used in our

experiments. This techni p from the counter/timer

chip (CTC) at channel 0 m of 0.8381 us.
With this specifi¢tec é‘and recording system can
be developed in a laborat neficial to any laboratory

and the very large size of me

The author would li
help and contributions, e : ! _ 3 )

1. Mr. Delorie, for his.free 35-—bit "

2. Mr. Kris Hﬁenstronﬂ' for his article in P€'timin

3. Dr. Sunch M&Lgsmﬁa ﬁplﬂaﬁ Analog to Digital

Converter ca%, and his recommendation on using DJGPP software, and

o 0r i TR B Y1 B ebcsion o

impleixenting the PC timing.

A.2 Objectives

1. To utilize a PC-486 as a recording machine.
2. To record a large number of data sets to memory by using a program written with

DJGPP.
3. To record the signal at the resolution of 0.8381 us.
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A.3 Basic Information and Programming

Counter/Timer Chip (CTC)

The counter/timer chip (CTC) in the IBM PC family is an Intel 8253 in PC
and XT series and an Intel 8254 in AT and later series (see more detail in [2], [3]).
This chip sends each signal as an IRQO interrupt (the timer tick) to the primary 8259

programmable interrupt controller (KQ ’7)5 shown in Fig. A.1.
N

(e3¢ chan’ e
Keyboal an y Software interface
i g " - (ports 20h, 21h)
COMRF=fiRG3 ak e INTR to CPU
O ,‘: ‘- 1

Sound card, n ROS
Flg dis ; 6

LPT1, sound’€ard, misc SHIRQ7 ——>47
o - A B
Real time clo —IRQS
Miscellangous IRQ9 [ 11 Seco

Unallgeate, IRSIQ‘

Unallocaied = IRQT1- ‘
Bus .-: Y @ éﬁ - ) — Software interface
! '!‘R b (ports OACh, 0A1h)
Math coproce@sso IR 1,3 73
Herd disk > IRQI4
Unallocatec :m '
J]_;.-_ et

INTERRUPTSYSTEM (AT AND LATER)
. L B . o, - . V

anel computer [2]

This IRQO mten;,lpt signal, like the other interrupt signals, suspends the

process in the ﬁuoleﬂ} ﬁ ﬁﬂ;&})ﬂ:ﬁ ?pecml section of code
(the interrupt handler e controller gives IRQO the highest priority down to IRQ7,
wh1ch Zﬁ 2, which lies
between mﬁ ﬁ'firﬁ ﬂmﬁzﬂﬂﬁ &Eﬁlly used for
COM2). This priority is determined by the control bytes sent to PICs by BIOS

initialization code.

In Fig. A.2, CTC has three fully independent channels, numbered as zero, one,
and two. Each has a clock input, a gate input, and an output. For the purpose of
timing, only channel 0 is discussed. CTC channel 0 has the clock input frequency of
1.193182 MHz. Its clock input, gate input and the output to IRQO are as shown in
Fig. A.3.
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Software interface
8253/8254 CTC <:: (ports 40h - 43h)
14.31818 MH
; i IRQO (int 8) (BIOS)
oscillator Channel 0 int 1Ch (BIOS)
J, Refresh
Channel 1 TP =
Divide by 12 il
| ch Timer 2
N ! annel 2 To PPI or
1.19318166666... MHz r = equivalent
. Speaker q
—<
data
Timer 2
gate

32768 Hz L | 9 B Software interf
| — re interrace
crystal T borts 70h, 71h)

i /// ‘ s(.nt70h)

MAIN TI "’— '3- THE PC

Figf A .'n*tilﬁi:n ources on th PC [2]
:;-g .‘LVJ 7.._
*11111;
I e e, L.
(i 1= 1%
[ o4 o
] R oo
Dy O}t 24§ Vec
0100 0 (2 23 WR
os[]3 22{]RD
Aul 21{3 T8
m D []s 207 A
D:[]é& 1817 Ag
o7 BJcik2
g o 8 w7[jour2
e e c&}r ﬂ ’] ﬂ cso 9 B JaATE 2
Ay —p L 10 [1cLK1
Ay ] ' »0UT1 GATEO [ 11 ] GATE 1
‘ =4 GND FTourt
EALT LTS NNR1INE
q _
CONTROL R
WORD COUNTER | GATE?Z
REGISTER <l—%— 2
our2
4
Yo

Fig. A.3 CTC block diagram and its pin configuration [3]
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The frequency of 1.193182 MHz is divided in channel 0 by the 16-bit counter
0 to produce a lower frequency at the output pin. The divisor, a 16-bit unsigned
number between 1 and 65536 (65536 is represented as zero), gives the lowest output
frequency, 18.206507364909 Hz (cycle period is 54.92541649846559 ms).

CTC channel 0 or counter 0

Since all three counters:
described. The internal blog
word register is shown in the.s

1 /1 peration, only counter 0 will be
ﬁshown in Fig. A.4. The control

part of the counter itself, its

contents determine how the'co

E

A %&1@%&‘% Gk BT
Q’%ﬂﬂsﬁoﬁﬁmtﬂ%ﬂq i) B¢ €Tﬁ i, the conto

logic, thé actual 16-bit counting element (CE), the 8-bit output latch of the most
significant byte (OLy), the 8-bit output latch of the least significant byte (OLy), the 8-
bit counter register of the most significant byte (CRum), and the 8-bit counter register

of the least significant byte (CRy).

OLy and OL are generally called just OL. The OL normally follows the
counting value in the CE. However, if a suitable counter latch command is sent to

CTC, the OL will latch the present value until it is read by the CPU before returning
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again to follow the CE. Note that the CE itself cannot be read. Whenever the count
value is read, it is the OL that is used.

Like the OL, CR is referred for both CRy and CR;. When a new count value
is written to the counter, the count value is stored in the CR and later transferred to the

CE. The control logic only allows one register at a time to be loaded from the internal

bus.

e from the counter 0. To read

5 the counter as the device of

In this paper, the
the count value in the ¢

the computer.

s acop microcomputer system. The
software treats it as an ] D eripheral, or the I/O addresses in the

directly addressable I/0 YW 1t Tal 1. The system interface between

ne-counte

E_ll)evice Function

Computer I/0 Devreé (Fig3) [ Computer
Address i iption
el L Rl
40h J ¢ Channel 0 #»| Counter 05/ | Read/Write
YW ]Mﬂﬁm aadport] 3| VI )71 6V
41h1 Channel 1 Counter 1 Read/Write
data port
42h 10 Channel 2 Counter 2 Read/Write
Data port
43h 11 Mode/Command | Control Word Write only,
Register Register Read is
ignored
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;'.(;rc

.. i 1
Before accessing ble the computer interrupts

during the sequence 6f ag to 4 ,\\\\\ ce This is to ensure that an
interrupt service routiné dogs ot * \
accessing sequence of thepro JI.‘!',H‘(; an disi up 1€ accessing sequence.

S o

To disable th.e interrupt _égggra Win amand is used.

ceess the same device during the

disable () ; 7 X

SR ug Ingnineans

Once the interrupts are disabled, the program can accessthe CTC device.
Before Q%r}lam&@ 1%3; %%mq&mg\]ﬁ %l)unter without
disturbing the count in progress. In the 8254 device, there are three possible methods

for reading the counters:

1. the simple read operation,
2. the counter latch command and

3. the read-back command.
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The first method is to perform a simple read operation. To read the counter,
which is selected by the A;A¢ inputs, the CLK input of the selected counter as shown
in Fig. A.4 must be inhibited by using either the gate input or the external logic.
Otherwise, the count value may be in the process of changing when it is read, which

gives an undefined result.

The second method uses the counter latch command as shown in Fig. A.6.

This command from the computer ta bus is written to the control word

register, which is selected when puter address). The SCO and the
SCI bits select one of thbnterg T other-two bits, D5 and D4, distinguish

this command from the

) B s
Pl e 0 i WA
AR D) BRI B e

commandis received. This count value is held in the OL until the CPU has read it (or
until the counter is reprogrammed). The count in the OL is then unlatched

automatically and the OL returns to follow the counting element (CE). This allows

the “on the fly” reading of the counters without affecting the counting in progress.

For the above two methods, the count must be read according to the initial

CTC counting format (one-byte counting or two-byte counting).
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If the counting format is not known, the third method, the read-back command

(Fig. A.6), must be used. This command allows the user to check the count value, the
programmed mode and the current states of the OUT pin and Null Count flag of the
selected counter(s), which is initialized by the past command for counting format.
For example, in mode 2 counting with 65536 divisor, the sequence is 0, 65535,

65534, ... 2, 1, 0, 65535, ... and so on. In mode 3, the counting is always an even

value, because the counting element is decreased in step of two instead of one. In this
ivisor value, in steps of two. When it

case, the count register counts d
reaches the value of two, 1;§ ue on the next CTC clock and the

output latch toggles its me!xenﬁnple, if the divisor is 65536, the
counting sequence wi

. e ¢ | ,\.,x4\2'&,ﬂf5534, ... and the output pin
switches from low to'Hig w be 1 the cycles.

The example the divisor of 3 is shown in
Fig. A.7 while Fig. A.8 visor of 4

Like the second tten to the control word register
with the format as shown in 7. The command is applied to the
counters selected by setting it cotres ) )2 and/or D1 =1. As shown

\

in Fig. A.9, D4 is i'.; 00 {0 1t the status inform: : ,._3‘ the selected counter(s) is

lected counter(s) will not be

latched. To latch the count value of the selected counter(s), D5 must be set to 0. If it

issetto 1, theﬂuurﬂ i"VTE i w(m 7o) Blatched.
q TR &

outportb(0x43 0xE2) ;
stl = inportb(0x40);
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NOTE:
A GATE transition should not oot of

17

ﬂ‘IJEJ’J‘VIEJ'VlﬁWEJ’]ﬂ‘i

AQ, A1 =11 (TS =0 TD =t WR=0 o/

N AGSAIE YL 1R

Fig. A.9 Read-Back Command Format
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“outportb (0x43, 0xE2)” writes the command into the control word register

at address Ox43 with command format E2. The binary form of this command is
11100010. This command latches the status byte of the counter 0. “st1 = inportb
(0x40)” reads the status byte from the counter 0 and put the status value into the

variable st1.

10. D5 through DO contain the counter’s

i’f)} mode control word. Output bit D7

The status format is shown in Fi

initialized mode, exactly as

contains the current state of
—
#——- ..%
[ 7 *“‘" f 'ﬂ
/ .-r i’jﬂ & n@ E\k\q

\

Bits DS and D4 specify: fead/write, formia, as shown in Table A.2. Bits D3,
D2 and D1 specify mbd ounting A.3. DO specify type of
counting, BCD or | 6-bi ' A% is status format allows

the user to monitor themunter S output via software. m

ﬂumwﬂmwmm

Table A2 RW-Read/Write

Q‘mﬂ\"lﬂim uwnmnaﬂ

Description
(RW1) | (RWO0)
0 0 Counter Latch Command (only for read operations)
0 1 Read/Write least significant byte only
1 0 Read/Write most significant byte only
1 1 Read/Write least significant byte first, then most
significant byte




159

Table A.3 M-Mode
D3 D2 D1 Description
M2) | M1) | (MO)
0 0 0 Mode 0
0 0 1 Mode 1
X ") Mode 2
X Mode 3
1 : 0 ode 4
1 lode 5
4 C 1 €ro.
%!;ﬂ‘ \,“'
{ﬁ;\ [I Fy
 Table
AEEL
o ;'}} :Ifl:“l
DO Descriptiop o~
(BCD) 4 ,,Jf—__-‘:"—-‘ _:?1 3
0
1 ' ater'(4 Decades)
o
1

iR PRI SN T 1 e i

POST. Howev%l-, some 486 systems may use.mode 2 as thgir defaults. One
signiﬁc.ﬁt W‘ﬂ'ﬁ b&ﬁ%“ﬂd %e’asla % Elltﬂcﬂhﬂulse from the
CTC pin that triggers the interrupt for the timer tick. This width is narrower in mode
2 but is still wide enough for Intel 8259 PIC chip. The other difference is the value
read from the CTC channel zero, which decreases twice as fast in mode 3. As a
result, this mode checking is skipped from the variable stl. However, if the counting

mode must be ensured, variable st1 must be used.

After reading the status byte, the output bit information is stored in D7 of the

variable stl. The counter 0 is then latched. The least significant byte is read first to
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the variable cv, followed by most significant byte. This is accomphshed by the

following commands.

outportb (0x43, 0x00) ;
cv = inportb (0x40) ;

cv += inportb(0x40) << 8;

The counting value is then ¢

) Wto up-count, 0-32767.

ad read the status byte again to

cv = ((unsigned shor

After receiving
ensure that the variable otained at the same period, as

graphically shown in Fig. b._ Thi§ is done with the following commands.

outportb (0x43, 0xE2
st2 = inportb (0x40) ;
enable() ;

if ((stl1 * st2) & 0x80

if (ev < 0x4000)

Spee .

If the variable m and st2 occur at the same perﬂi then the output bit in stl

il iéi ﬁﬂﬁ’iﬂw TIRETTRE o et
ARARA A SN BARIBE Boupcsion

stl and sf2 may be different and the checking of cv is needed. If the value of cv is
less than 16384 (0x4000), the output bit of st is the same as that of st2. If the value
of cv is greater than or equal to 16384, the output bit of st1 is then used.
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|| iy 2y e ey H
1 i
A
Y I I 0
16384 32767 16384 32767

|
*

Counting numb

L7

2768'-165535 1

N 0 — 32767 .
P ATHRTAEI Y

After checking and adjusting the output bit of st1 and st2, the output bit will be

checked to the low counting or the high counting with the command below.

if ((stl & 0x80) == 0)/* If on second countdown... */

cv = cv | 0x8000; /* Set bls */

Finally, the value of cv is returned to the calling program.
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return cv;

Summary of'the code for reading the count value

unsigned short read_timer0 mode3 (void)

{

unsigned char stl, st2; /* Status read-back values */

&/

disable() ; ¢ N \1 - can use asm cli */
outportb (0x43, 0xE2); ¢ Tatch.an ck status byte */
- J TE—

stl = inportb (0x40) ;

unsigned short cv; /*

outportb (0x43, 0x00) ; 7 nt ;- imer 0 */
cv = inportb (0x40) ;
cv += inportb (0x4 755: lbyte of ount */
cv = ((unsigned sh o up-count,0-32767*/
outportb (0x43, O0xE2) status byte */
st2 = inportb(0x40);
enable () ; : -:J an use asm sti */
if ((stl * st2) & 0x80 tr changed state... */

if (cv < 0x4000) occurred . *f

stl - St170x80; /* Use newer outj j_;- status */
if ((stl & 0x80) £F0) /* If on seci -‘hi *f
ev = av | Oxﬁlo; m
return cv; ¢ /* Return as up counter */

} ﬂuaqwﬂﬂﬁwawni
‘W”ﬁé INTUUMINYI Y

The code as given above can be applied with the analog to digital conversion
(ADC) card. And for the experiment with the fast changing signals, one needs to
capture and record a lot of information at a very fine time resolution. For this

purpose, a part of C language code can be developed as followed:

X = (short *)malloc (NumberOfSamplings*sizeof (short));
/* check X whether or not Null pointer */

T = (unsigned long *)malloc (NumberOfSamplings*sizeof (unsigned long));
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/* check T whether or not Null pointer */
Ti = (float *)malloc (NumberOfSamplings*sizeof (float));

/* check Ti whether or not Null pointer */
/* check trigger signal */

/* loop */
*(X+1i) = inport(Address); /* Address specify by the ADC card */
*(T+i) = read timer0 mode3(void

/* end loop .

/* if the counting valUe §#s repeat @ (T4}
i 3 ‘\"‘n;xr ue > 65535 */

/* Adjust the count Tug " M\ oseconds */
/* loop */

*(Ti+i) = *(T+i)*0

/* write the resul

free (X);free(T);
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APPENDIX B

MODIFIED TEXAS CODES

B.1 Equation of State for\! amlc Properties of Nitrogen

The Helmholtz energy (&3 had been used to formulate a fundamental property
with mdependent vanables oﬂdﬂaﬂﬁ’ casity o 1 ature. The first equation of state in

] ‘
QP’T) =a (psT)+a (paT)

P ﬂHgJ’JWEJ NINYNNT

eal gas contribution to the Helmholtz energy,

" TP TR I YT v

of intermglecular forces.

(B.1)

All thermodynamic properties can be calculated as derivatives of the
Helmholtz energy. The general form of the Helmholtz energy equation is needed to
simplify for all property equations. The dimensionless Helmholtz energy (a ) with the
reduced density (& ) and temperature ( 7 ) as independent variables is a solution. It can

be written as followed:
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“(I/;}T) = a(6,7) = @°(5,7)+ " (6,7) - (B2)

A
P

p. = critical density, 11.1839 mol/dm’

where &

r the ide &ltz energy is shown below:

AN ""\
a*(6,7) = InS+a, m/ ta \ ‘\\ [1-exp(-a0)]  (B.3)

=5
a, =-1.247742x10
a, =6.678 ;
a, =1.012941,

“HUEINENIweIng

A ENORE R AR

a (5 7) —ZN 5t ’*+ZN 87" exp(-o")

and g

o

+ZNk6“rf* exp(—4,(6 -1’ - B,(r-7,)"). (B4)

k=33

where N, i,, j,, l,, ., B,,and y, are shown in Table B.1



Table B.1 Parameters and coefficients of the equation of state

k N, I Ji A & | B | 7
1 0.924 803 575 275 1.0 025 0 : . :
2 - 0.492 448 489 428 1.0 0.875 0 . - =
3 0.661 883 336 938 20 0.5 0 . . .
4 - 0.192 902 649 201x10" 2.0 0.875 0 . : :
5 - 0.622 469 309 629x10 0 0375 0 - - N
6 0.349 943 957 581 0.75 0 ' : 5
7 0.564 857 472 498 5 1 . ; .
8 - 0.161 720 005 987x10 1.0 1 . - .
9 - 0.481 395 031 883 1 . . .

10 0.421 150 636 384 30 1 - - -

11 - 0.161 962 230 825x10. 301 1 - . .

12 0.172 100 4 " 1 . : .

13 0.735 448 924 93 _ 0 1 . . .
14 0.168 077 305479x 4 1 : . .
15 - 0.107 626 664 17910 - N N ! ’ - -
16 -0.137318 088%513x10° N N 1 = : .
17 0.635 466 899 859%10 s : 1 . - .

18 0.304 432 279 419x1 o = 1 3 - .

19 - 0.435 762 336 045 o 10 4, 2 - = -

20 -0.723 174 889 316x10_ _ApA g 6.0 2 - . .

21 0.389 644 315272x10°  #io 390 6.0 3 - . .

2 -0212201363910x10 . 40 0 2 - . «

23 0.408 822981 509x10° ~ — |- - 50 - 2 « 4 = I «

2 - 0.551 990 017984x10 - - -

25 - 0.462 016 715 479x10 — R . .

26 -0300311 716 6Mx10°. | 3 ’ - :

27 0.368 825 891 208x10 , 3 ; . .

28 - 0.255 856 846 22010 8.0 12.0 3 ; : .

29 0896915264 558510~ npy b 1 @0 o 02120 1 A -4 - -

30 - 0.441 313370 35010, 50l A a” A

31 0.133722 924 858x10 6.0 40 4 . . -

32 0.264 832 491 957x10 90 160 4 [ VIR -

33 6 0 v 325 | 116

34 01209 115600 730x10 . 1. L U0 §325 | 116

35 T 0.167 788 306 989x10 ' 3.0 20 2 15 | 300 | 113

36 0.262 767 566 274x10' 20 30 2 25 | 275 | 125
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With the dimensionless Helmholtz energy equation, all thermodynamics can

be derived. The pressure ( p ) equation, the internal energy (u ) equation, the isochoric
specific heat.capacity (¢c,) equation, the isobaric heat capacity (¢, ) equation, and the

speed of sound (w) equation can be calculated directly as followed:

p = pRT 1+5 w (B.5)
- \ \\t /
u I__a'
E‘- = T[ e = Va (B'6)
g,
- B.7)
c
X,, (B.8)
P
. ""‘d“‘“ p S o \|
o o B [
= 1425| LT - (B.9)
RT 084 : b oo’
| or’ ;1 or?

mﬂﬁﬁ TESHITR T
q KL el e L]

= isochoric heat capacity or specific heat at constant volume

in J/(mol K)

|n

¢, = isobaric heat capacity or specific heat at constant pressure

in J/(mol K)

w = speed of sound in m/s
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A question occurs from the correlation if one finds that a thermodynamic data
is enough to identify the state at saturation and also enough to solve for the other
thermodynamic data. Then, ancillary equations are needed to calculate the second
data. Three ancillary equations are provided here to solve the saturated vapor pressure
equation, the saturated liquid density, and the saturated vapor density. These equation

are as followed:

(B.10)

where P,

sl

B B X

=

m(—mmwmwmm
e QA VSAIAUNINYNY

N, =1.486542b 37,
N, =-0.280 476 066,
N, =0.089 414 308 5,
N, =-0.119879 866

ln(p—J _ %[N]90.34+N205/6+N307/6+N401316+N5914/3] (B.12)
P
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where p" = saturated vapor density
N, =-1.701271 64,

N, =-3.704 02649,

N; =1.298 593 83,

N, =-0.561424977,

N, =-2.685053 81

variables are not density and
temperature, such as press " putational modeling. And the

unknown variables ar ill reverse the simple data

.1 :‘\?Q‘Q\\ od can be applied as a tool

to answer this questiofl. The/coucept of the

assignment to solve
tarts from two following

equations:

phtown &= P(aoafo) : (B‘13)

ou

Ui = U(B,Ty) +—| 1B (B.14)

L%

e

And the brief proc@lre canb
1. Initiate appropriate 5y and 7,

.Y
2. Calculate ﬂ%)?‘b’(c@ ry gna 1,% :]IIIL—?
ogls, Orl, 94l orl,

o MR IUNKANEE

|
—p(S 05 orl,, |[ds
4. Find dSand de from | Peom ~P0%0) | _ | 9Ol ) ]
Ynown _u(go’ ro) _aﬁ zu_‘ dr
96|, or|, j
5. Update new § and new rz from §,,,=6,+dS and 7,,,=7,+dr

and

6. Repeat step 2. and 3. with &,,,.and 7,,,, until | Py, = P(G,es Tren)

less than the tolerance.

|ulamwn - u(5new’ Tnew)



B.2 Modified Subroutines in TEXAS code

function gas .internalenergysat (idummy)
include 'fcicom.for'
!SET INTERNAL ENERGY OF GAS PHASE AT PSAT, p(idummy)
!finding gas saturated temperature, tsatN2 from p (idummy)

psatON2 = p(idummy) /1.0D6
if (psatON2.LE.N2PC) then )
tsatN2 = N1Psat*N2TC/(log (psatON2/N2PC) +N1Psat) tfirst approximation
thetaN2 = 1.0-tsatN2/N2TC tfirst approximation
if (thetaN2.LT.0.0 ) then
tsatN2 = N2TC
thetaN2 =
endif

psatN2

tsatN2
thetaN2 =

psatN2

end do

tfinding saturated vapor
thetan2 = N2/
rhogsatN2 =

+N5Vsat * ( etaN2**(14.0/3.0)htb

tN2/.

ST NENINGINI

call N2assign

ugsatN2 = R*ts‘tpz*(tordaobydt()+tordarbydt()) tin J/mol

siests (idummy) = ugsath*loor.0/N2MolarMas&ushift tin J/ku

gas_i £ iests(i y iped/,
AW TRN IS AR eI

ugsatN : 19.300 U0 | in

siests (fdummy) = 18393.8 tin J/kg

siests (idummy) = 18393.8+ushift

gas_internalenergysat = siests (idummy) 'in J/kg

endif

deltaN2 = rho

end function gas_internalenergysat

function gas_internalenergy (idummy)
include 'fcicom.for'
!SET GAS PHASE INTERNAL ENERGY from p (idummy) and tg(idummy)
pN2 = p(idummy)/1.0D3
tN2 = tg(idummy)

tfinding saturated temperature under critical pressure condition

if (p(idummy)/1.0D6.LE.N2PC) then
psatON2 = p(idummy) /1.0D6
tsatN2 = N1Psat*N2TC/(log(psatON2/N2PC)+N1Psat) !first approximation
thetaN2 1.0-tsatN2/N2TC tfirst approximation

170
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if (thetaN2.LT.0.0 ) then

tsatN2 = N2TC
thetaN2 = 0.0 !1.0-tsatN2/N2TC
endif
psatN2 = N2PC*exp ( (N2TC/tsatN2) * (N1Psat*thetaN2 &

+N2Psat* (thetaN2**1.5) +N3Psat* (thetaN2*+2.5) &
+N4Psat* (thetaN2+**5)))

do while (dabs(psatN2 - psatON2).GT.0.000001) !1 Pascal tolerance
dpsbydtN2=(-1.0) * (N2TC/ (tsatN2**2.0) ) * &

(N1Psat*thetaN2 +N2Psat*thetaN2**1.5 &
+N3Psat*thetaN2**2.5+N4Psat*thetaN2**5.0) &
-(1.0/tsatN2) * (N1Psat+N2Psat*1.5*thetaN2**0.5 &
+N3Psat*2.5*thetaN2*+*1.5+N4Psat*5.0*thetaN2**4.0)

dpsbydtN2=psatN2*dpsbydtN2

tsatN2 =
thetaN2 = 1-tsatN

if (thetaN2.LT.0.0 )
tsatN2 = N2TC

thetaN2 = 0.
endif r ~
psatN2 = e EEaLN2) * (N1Psa b+t hEtaN
< etaN2 S8 QQ;;\ hetaN2**2.5) &
end do =B\

else
tsatN2 = N2TC
endif

!finding gas_internale
if (p(idummy)/1.0D6.LE

p*%0.34) &
(5.0/6.0)) &
(7.0/6.0)) &
(13.0/6.0)) &
0/3.0))))
deltaN2 = ’
torN2 =
call N2assignl " J}
usatN2 = R*tsat
gas_internalenergy
rhogN2 = rhogsat
uN2 = usatN2
else !superheat vapor o we critical corditions

S AAEAN z'm TREITI

torN2 N2TC/tN2
call N2assign

A i) ey

dvarN2bydd = 1+2.0*deltadarbydd () +delta2d2arbydd2 ()

“ satN usﬂiﬁ tin J/kg

ddeltaN2 = (varON2-varN2) /dvarN2bydd
deltaN2 = deltaN2+ddeltaN2
rhogN2 = N2RHOC*deltaN2

if (rhogN2.LT.0.01) rhogN2 =
if (rhogN2.GT.42.0) rhogN2 = 42.0

1
o
o
s

deltaN2 = rhogN2/N2RHOC
call N2assign

varN2 = deltaN2+* (1.0+deltadarbydd())
end do .
rhogN2 = deltaN2*N2RHOC

uN2 = R*tN2* (tordaObydt () +tordarbydt()) !in J/mol
gas_internalenergy = uN2*1000.0/N2MolarMass + ushift !in J/kg
if (gas_internalenergy.LT.0.0) gas_internalenergy = 0.0

endif
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end function gas_internalenergy

function gas_internalenergyreset (idummy) -
include 'fcicom.for'
!reset int. energy to sat. if u is below u_sat
1??? this doesn't make sense anymore since we have ncgs
if (sieg(idummy).lt.siegs(idummy)) then
gas_internalenergyreset=siegs (idummy)
print*, 'I am here in gas_internalenergyreset'
else
gas_internalenergyreset=sieg (idummy)
end if
end function gas_internalenergyreset

tfunction for saturation nitrogen
function gas_tempsat (idummy)
include 'fcicom.for'
!calculate the saturation tempe
psatON2 = p (idumg
if (psatON2.LE.N2PC) then
gas_tempsat = N1Psat*N2T€/(log(ps ) tfirst approximation
thetaN2 = 1.0-gas —— !first
approximation

if (thetaN2.LT.0.0 )(

gas_tempsat = N2TC

thetaN2 = 0.
endif
psatN2 = N2PC*exp &/ qa: - | \ \,‘ hetaN2 &
= (thetaN2+**2.5) &
&he -""’ " h
do while (dabs (psatN2f- pSatON2) ﬁﬁ"q « BB tolerance
dpsbydtN2=(-1.0) * ( temp )

a7 (: ag
(N1Psat*theta &’ : 5 &
3Psat*the aN2 hetaN2**5.0) &
-(1.0/gas_tempsat SLE sat*l.5*thetaN2**0.5 &
+N3PSat#2, 54 hetan2s 4Psat*5.0*thetaN2+**4.0)
dpsbydtN2=psatN2*dpsbydt

gas_tempsat = (ps
thetaN2

psatN2 = N2BCA

m +N4Psa
end do

else
gas_tempsat =,N2TC

gﬁ@wﬂuﬂ?ﬂﬂﬂ§Wﬂﬂﬂi

function gas_temp idummy)

3331“@%?@@@5 QL3907 A

'calculate ugsatN2

petaN2*+*2 .5) &

psatON2 = p(idummy) /1.0D6
if (psatON2.LE.N2PC) then
tsatN2 = N1Psat*N2TC/(log (psatON2/N2PC) +N1Psat) !first approximation
thetaN2 = 1.0-tsatN2/N2TC tfirst approximation
if (thetaN2.LT.0.0 ) then
tsatN2 = N2TC
thetaN2 = 0.0 !1.0-tsatN2/N2TC
endif
psatN2 = N2PC*exp ( (N2TC/tsatN2) * (N1Psat*thetaN2 &

+N2Psat* (thetaN2**1.5) +N3Psat* (thetaN2**2.5) &
+N4Psat* (thetaN2+**5)))

do while (dabs(psatN2 - psatON2).GT.0.000001) !1 Pascal tolerance
dpsbydtN2=(-1.0) * (N2TC/ (tsatN2**2.0))* &



(N1Psat*thetaN2 +N2Psat*thetaN2**1.5 &
+N3Psat*thetaN2**2. 5 +N4Psat*thetaN2**5.0) &
-(1.0/tsatN2) * (N1Psat+N2Psat*1.5*thetaN2**0.5 &
+N3Psat*2.5*thetaN2**1.5+N4Psat+*5.0*thetaN2**4.0)

dpsbydtN2=psatN2*dpsbydtN2

tsatN2
thetaN2

psatN2

end do

(psatON2-psatN2) /dpsbydtN2+tsatN2
1-tsatN2/N2TC

N2PC*exp ( (N2TC/tsatN2) * (N1Psat*thetaN2 &

+N2Psat* (thetaN2**1.5) +N3Psat* (thetaN2**2.5) &

+N4Psat* (thetaN2**5)))

!finding saturated vapor density (mol/dm3) from tsatN2
thetaN2 = 1-tsatN2/N2TC

rhogsatN2

= N2RHOC*exp ( (N2TC/tsatN2) &

*(N1lVsat* (theta

deltaN2 = rhogsatN2/N2RHO

torN2

= N2TC/tsatN2

call N2assign

ugsatN2 = R*tsatN2+*(t tin J/mol

ugsatN2 = ugsatN2*1000 'in J/kg
else

ugsatN2 = 515.3 tin J/mol

ugsatN2 = 18393.8 . tin J/kg

endif

if (sieg(idummy) .L

gas
else

400

300

if (sieg(idummy) <

gas_temp
rhogN2
else
gas_temp
rhogN2
endif
torN2
deltaN2

call N2assign ‘V;

p_newN2 = rhogNZE‘gas_tem -0+deltadarbydd())
R*gas_

u_newN2 =

_temp = tsatN2

0

mp*(tordaObydt()+tordarbydt())

= PN eNITNYINS

devduN2 = Qabs (duN2/uN2)

ma:‘mmmma LAY

dpbyddN2

dubydtN2

dubyddN2

dtorN2

ddeltaN2

torN2 =

[}

deltatord2arbydddt () - p_newN2/torN2
N2RHOC*R*gas_temp* (1.0 + 2.0*deltadarbydd() + &
delta2d2arbydd2())

(R*N2TC/torN2**2 .0) * &
(tor2d2ao0bydt2 () +tor2d2arbydt2 () )
(R*N2TC/ (torN2*deltaN2)) * &
deltatord2arbydddt ()

(-dpN2*dubyddN2+duN2*dpbyddN2) &
/ (QubydtN2*dpbyddN2 - dpbydtN2 *dubyddN2)
( dpN2*dubydtN2-duN2*dpbydtN2) &
/ (dubydtN2*dpbyddN2 - dpbydtN2*dubyddN2)

torN2 + dtorN2 ! tor = TC/T



deltaN2 = deltaN2 + ddeltaN2

if (torN2.LT.N2TC/1200.0 .AND. deltaN2.LT.0.01/N2RHOC) then
! write (*,*) r'1!
gas_temp = 1200.0
rhogN2 = 0.01
go to 400
endif’

if (torN2.LT.N2TC/1200.0 .AND. deltaN2.GT.45.0/N2RHOC) then
! write (#,#) 2%

gas_temp = 1200.0
rhogN2 = 45.0
go to 400
endif
if (torN2.GT.N2TC/60.0 .A de 0. 01/N2RHOC) then
! write (*,*) 3¢
gas_temp = 6040
rhogN2 = 0.01 =
go to 400
endif

endif

if (torN2.GT.N2TC/60
! write (*,*) ‘6! -
gas_temp = 60. &T" ,L" '
rhogN2.= N2R
gQ ._-1')

endif

if (deltaN2.LT.0+01

! write (*,%)
gas_ temp

rhogN2 =

~ FINYNTNYINT

if (deltd.[ GT.45.0/N2RHOC) then
! write (*,*) '8!

%k
N2TC/torN2

awzfmﬂ'imummmaa

gas_temp = N2TC/torN2
rhogN2 = deltaN2*N2RHOC
go to 300

200 gas_temp = N2TC/torN2
rhogN2 = deltaN2*N2RHOC
endif

end function gas_temp

function gas_density (idummy)
include 'fcicom.for!
pN2 p (idummy) /1.0D3
tN2 = tg(idummy)
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tassigning initial density within liquid, vapor, and critical region

if (tN2.GE.N2TC .AND. pN2.GE.N2PC*1000.0) then !above critical
rhogN2 = N2RHOC !uses critical state for initial
1N2 = .2

elseif (tN2.GE.N2TC .AND. pN2.LT.N2PC*1000.0) then !vapor phase
rhogN2 = 0.01 lor uses 44.0 but 0.01 is nearer
IN2 =1

elseif (tN2.LT.N2TC .AND. pN2.GT.N2PC*1000.0) then !liquid phase
rhogN2 = 44.0 tuses liquid phase for initial

1N2 =l
else
thetaN2 = 1-tN2/N2TC
psatN2 = N2PC*exp ( (N2TC/tN2) &

* (N1Psat*thetaN2 &
+N2Psat* (thet
+N3Psat* (

rhogN2 =
1N2 =0
!The highest bo

ISPAN et al. is 44 inl gaseous

else
rhogN2 = 0.01 !}
1N2 = .3
!The lowest boug ﬁk-le produced by
!SPAN et al. |
endif
endif
i -3
!In TEXAS, the rg(i) depends V/R$tq (@) "OnlY, &ven'though
'the state is in liquid. his modifde the

'equations from Roland --t ¥ > “i..h\ ties in
!the gaseous phase and bo e“ga - ; Sa ation pressure
linside the liquid phase Mﬂf"
if (IN2.EQ.1.0R.1N2.EQ.2) n ;
deltaN2 = rhogN2/N2RHOC/ !‘r i
torN2 = N2TC/tN2 |
call N2assign
varON2 = pN2/ (N2R
varN2 = delt 4

'}

do while (dailblid

5
e

dvarN2bydd . byad?2 ()
ddeltaN2 ar0N2- arN2 ]j
deltaN2 deltaN2+ddeltaN2

rhogN2 N2RHOC*deltaN2

LR T W e 1S

call N%sign

varN2 = deltaN2*(1.0+deltadarbydd()
qd i, o/
LA TANLLIEUN NI VELIN E
gﬂs_density = rhogN2*N2MolarMass !in g/dm3 = kg/m3
elseif (1N2.EQ.0) then

psatON2 = p(idummy) /1.0D6

tsatN2 = N1Psat*N2TC/ (log (psatON2/N2PC) +N1Psat)

ttsatN2 first approximation

thetaN2 = 1.0-tsatN2/N2TC

'first approximation
if (thetaN2.LT.0.0 ) then

tsatN2 = N2TC
thetaN2 = 0.0 !1.0-tsatN2/N2TC
endif
psatN2 = N2PC*exp ( (N2TC/tsatN2) * (N1Psat*thetaN2 &

+N2Psat* (thetaN2**1.5) +N3Psat* (thetaN2**2.5) &
+N4Psat* (thetaN2**5)))

ty observed-fromsN2 table produced by

175



do while (dabs(psatN2 - psatON2).GT.0.000001) !1 Pascal tolerance
dpsbydtN2=(-1.0) * (N2TC/ (tsatN2**2.0)) * &
(N1Psat*thetaN2 +N2Psat*thetaN2**1.5 &
+N3Psat*thetaN2*+*2.5+N4Psat*thetaN2**5.0) &
-(1.0/tsatN2) * (N1Psat+N2Psat*1.5*thetaN2**0.5 &

+N3Psat*2.5*thetaN2**1.5+N4Psat*5.0*thetaN2**4.0)
dpsbydtN2=psatN2*dpsbydtN2

tsatN2
thetaN2

[}

(psatON2-psatN2) /dpsbydtN2+tsatN2
1-tsatN2/N2TC

psatN2 = N2PC*exp ( (N2TC/tsatN2) * (N1Psat*thetaN2 &

+N2Psat* (thetaN2**1.5) +N3Psat* (thetaN2**2.5) &

+N4Psat* (thetaN2**5)))
end do
!finding saturated vapor densit
!the TEXAS should not use thelg
!if the state is liquid. "
rhogN2 = N2RHOC*exp ( (N2T:

p (idummy)
function

ity
&
etaN. L
aN. .0/6

| !

gas_density = rhogi
endif

end function gas_densi

ritical region

if (tN2.GE.N2TC i fabove critical
rhogN2 = N2RHOC !uses eri
1N2 = 2

elseif (tN2.GE.N2TC .AND.

)) then !vapor phase
rhogN2 = 0.01 s

arer

1N2 = 1 ;

elseif (tN2.LT.N2TC.. phase
rhogN2 = 44.0
1N2 =1

else =
thetaN2 1-tN2 TC
psatN2 = N2PC*exp ( (N2TC/tN2) &

1) SR g

T. psatN2*1000.0) then

if (pN2
rhogN2 = 44.0 !initial liquiﬁ phase

=3 o/
VRN I RPN 8B
s eth N i d 1/dm3 aseous 'phase.

eﬂ!e

rhogN2 = 0.01 !initial gaseous phase

1N2 =1

!The lowest bound of density observed from N2 table produced by

!SPAN et al. is 0.01 mol/dm3 in gaseous phase.

endif
endif

!In TEXAS, the rg(i) depends on p(i)/R*tg(i) only, even though
!the state is in liquid. Anyhow, this modified module uses the
!equations from Roland Span in the gaseous phase properties in
!the gaseous phase and bounds the gas density by saturation pressure
!inside the liquid phase region.
if (IN2.EQ.1.0R.1N2.EQ.2) then
deltaN2 = rhogN2/N2RHOC
torN2 = N2TC/tN2
call N2assign
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elseif (1N2.EQ.0) then

endif

psatN2

endif

varON2 pN2/ (N2RHOC*R*tN2)
varN2 = deltaN2*(1.0+deltadarbydd())

do while (dabs (varON2-varN2).GT.0.0000001)
dvarN2bydd = 1+2.0*deltadarbydd()+delta2d2arbydd2 ()

ddeltaN2 = (varON2-varN2) /dvarN2bydd
deltaN2 = deltaN2+ddeltaN2
rhogN2 = N2RHOC*deltaN2

if (rhogN2.LT.0.01) rhogN2 = 0.01
if (rhogN2.GT.42.0) rhogN2 = 42.0

deltaN2 = rhogN2/N2RHOC
call N2assign
varN2 = deltaN2*(1.0+deltadarbydd())
end do
rhogN2 = deltaN2*N2RHOC !in mol/dm3

psatON2 = p (idummy) /1

tsatN2 = ) +N1Psat)
!tsatN2 first approxim
thetaN2 = 1.0-G&

!first approximati

if (theta.N2.LT.0
tsatN2 = N

thetaN2 = 0.0

(thetaN2**2.5) &

do while (dabs(psa
dpsbydtN2=(-1.0)% (N
(N1PSat*t
+N3Psat#thetaN2" V4Psa
-(1.0/£satiz 1Psat+N2Psa ! aN2+**0.5 &
+N ‘ [4Psat*5.0*thetaN2+**4.0)
dpsbydtN2=psatN2*dpsbydGNz.~ . '

ascal tolerance

tsatN2 (psatON
thetaN2 = 1- N2

psatN2 =
(! etaN2**2.5) &

end do m _m
!finding satura vapor density at p(idummy)

!the TEXAS should t use the gas dena}y function
tif the

mwﬁﬁﬁ%mam@wgwni

N2Vsat* (thetaN2**(5.0/6
+N3VsatwthetaN2 *% (7.

ARIAN Nt

deltaN2 = rhogN2/N2RHOC

torN2

call
X1N2
X4N2
X5N2
X6N2
X7N2

X8N2 =

cpN2

= N2TC/tN2
N2assign
= deltadarbydd ()
= tor2d2albydt2 ()
= tor2d2arbydt2 ()
= deltatord2arbydddt ()
= delta2d2arbydd2 ()
(1.0+x1N2-X6N2) **2.0
= R*((-1.0) * (x4N2+x5N2) &
+X8N2/(1.0+2.0*x1N2+x7N2))

gas_specheat = cpN2/(N2MolarMass*1000.0)
end function gas_specheat
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function gas_ recipsoundspeedsq (idummy)
include ‘'fcicom.for'
pN2 p (idummy) /1.0D3
tN2 tg (idummy)

'assigning initial density within liquid, vapor, and critical region

if (EN2.GE.N2TC .AND. pN2.GE.N2PC*1000.0) then !above critical
rhogN2 = N2RHOC !uses critical state for initial
1N2 =2

elseif (tN2.GE.N2TC .AND. pN2.LT.N2PC*1000.0) then !vapor phase
rhogN2 = 0.01 !or uses 44.0 but 0.01 is nearer
1N2 = 4

elseif (tN2.LT.N2TC .AND. pN2.GT.N2PC*1000.0) then !liquid phase
rhogN2 = 44.0 tuses liquid phase for initial

1N2 = A

else
thetaN2 = 1-tN2/N2TC
psatN2 = NZPC*exp((NZTC/t

(NlP

if (pN2 .GT. psat
rhogN2 = 44.0 !i

1N2 =0
!The highest bg able produced by
!SPAN et al. 1is
else
rhogN2 = 0.0
1N2 = 1
!The lowest bo e produced by
!SPAN et al.
endif
endif
!In TEXAS, the rg(i) depends om p(i)/ g,(1)y o : hough
!the state is in liquid. Anyhow, thi ified uses the
!equations from Roland Span im the € ) ties in
!the gaseous phase and bounds thg @ © ; aturation pressure

!inside the liquid phase region.
if (IN2.EQ.1.0R.1N2.EQ.2) thed .. 0
deltaN2 = rhogN2/} ik

torN2 = N,g'
call N2assign
varON2 = pl
varN2 = delt

do while (dabs( r0N2 -varN2) .GT.0.0000001)
dvarN2bydd = *deltadarbydd()ﬁdﬁ}tazdzarbyddz()

=P U et ot e (NG

if (rh 2.LT.0.01) rhogN2 = 0.01
if (rhogN2.GT.42.0) rhogNz 42.0

ERHRNTLILALA) ANYAY

rhogN2 = deltaN2*N2RHOC tin mol/dm3
elseif (1N2.EQ.0) then

psatON2 = p(idummy) /1.0D6

tsatN2 = N1Psat*N2TC/ (log (psatON2/N2PC) +N1Psat)

!tsatN2 first approximation

thetaN2 = 1.0-tsatN2/N2TC

tfirst approximation
if (thetaN2.LT.0.0 ) then

tsatN2 = N2TC
thetaN2 = 0.0 !1.0-tsatN2/N2TC
endif
psatN2 = N2PC*exp ( (N2TC/tsatN2) * (N1Psat*thetaN2 &

+N2Psat* (thetaN2**1.5) +N3Psat* (thetaN2**2.5) &



+N4Psat* (thetaN2**5)))

do while (dabs(psatN2 - psatON2).GT.0.000001) !1 Pascal tolerance
dpsbydtN2=(-1.0) * (N2TC/ (tsatN2**2.0)) * &
(N1Psat*thetaN2 +N2Psat*thetaN2**1.5 &
+N3Psat*thetaN2**2.5+N4Psat*thetaN2**5.0) &
-(1.0/tsatN2) * (N1Psat+N2Psat*1.5*thetaN2**0.5 &
+N3Psat*2.5*thetaN2**1.5+N4Psat*5.0*thetaN2**4.0)
dpsbydtN2=psatN2*dpsbydtN2

tsatN2 (psatON2-psatN2) /dpsbydtN2+tsatN2
thetaN2 = 1l-tsatN2/N2TC

psatN2 = N2PC*exp ( (N2TC/tsatN2) * (N1Psat*thetaN2 &

+N2Psat* (thetaN2*+*1.5) +N3Psat* (thetaN2**2.5) &
+N4Psat* (thetaN2**5)))

end do '
!finding saturated vapor dens
!the TEXAS should not use

tN2 =
endif

tsatN2

deltaN2 = rhogN2/N2RHOC
torN2 = N2TC/tN2
call N2assign

X1N2 = deltadarbydd()
X4N2 = tor2d2alObydt2
X5N2 = tor2d2arbydt2
X6N2 = deltatord2arbyddg
X7N2 = delta2d2arbydd2
X8N2 = (1.0+X1N2-X6EN2)**2
wsSgN2 = R*tN2*1000.0*(1.0+2.
gas_recipsoundspeedsq = 1.0/wsal

N2+%5N2) ) /N2MolarMass

end function gas_recipgoun

subroutine setupmix T
include 'fcicom.fo

al(vl,v2)=(dx(im) *v1
!set up dx, xb arrays
kl=1

S AU ININTHYING

nreg=ndx (k) “
dxg=dxi (k)

AR TN UM INGE Y

if (kk+kl.gt.nmax) go to 95
dx (k1+kk) =dxg
end do
kl=kl+nreg
end do
205 continue
kl=k1l+1
dx (k1) =dxg
!setup the boundary cell length by specific datas for
!constant pressure and free gradient boundary condition
if (flb.ne.2) dx(1)=dx(2)
if (flt.ne.2) dx(kl)=dx(kl-1)
go to 210
95 write (nwm,220)imax
220 format(//' program stop -setup- number of i nodes gt nmax=',i5//)
stop

(i) *v2) /dx
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210 continue
if (kl.gt.nmax) go to 95
if (kl.ne.ib2) write(nwm,250)k1
250 format(' ib2 ne number of nodes, ib2 set
ib2=k1
ibl=ib2-1
ib=ib2-2
xb(1)=0.
xc(1l)=-dx (1) /2.
do i=2,ib2
xb (i) =xb(i-1)+dx (i)
xc (i) =(xb(i)+xb(i-1)) /2.
end do

!setup junction area arrays
k1=0
do k=1,10
if (narj(k) .eq. 0) go to 17
nreg=narj (k)
arg=arj (k)
do kk=1,nreg
if (kk+kl .gt. nma
areaj(kk+k1)-arg
end do
kl=kl+nreg
end do
172 continue
areaj (k1+1) =areaj (k1)

!set up the horizontal
!set up the horizont
k1l=1
do k=1,10
if (narix(k).eq.0)
nreg=narix (k)
arg=arix (k)
if (k.eq.1l) areaix(1)=ar
do kk=1,nreg : LA
if (kk+kl.gt.nmax) go t fr;{ S
volum (kk+k1l) =arg*dx (kk+k

(1)

area1x(kk+k1)=arg 35;’”
end do
kl=kl+nreg
end do
120 continue 1
areaix(kl+1l)=arg AN
if (flb.ne.2) areaix( -areaxx(z)
if (flt.ne.2) areaix(ib2} zareaix(ib1)

k1l=1
do k=1,10

.eq.1l) areaiy(1)=ariy (1)
do kk=1,nreg
if (kk+kl.gt.nmax) go to 95
volum (kk+kl) =arg*dx (kk+k1)
areaiy (kk+kl) =arg
end do
kl=kl+nreg
end do
620 continue
areaiy(kl+l)=arg
if (flb.ne.2) areaiy(1)=areaiy(2)
if (flt.ne.2) areaiy(ib2)=areaiy(ibl)

!set up the junction cell gravity arrays
k1=0
do k=1,10

= ',i4)

et o o ﬂﬁﬂ:’i V:l:ﬂﬂ?‘w g1N9
RTINS
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if (ngrav(k).eq.0) go to 420
nreg=ngrav (k)
grg=gravo (k)
do kk=1,nreg
if (kk+kl.gt.nmax) go to 95
gravty (kk+kl) =grg
end do
kl=kl+nreg
end do
420 continue
gravty (k1+1) =grg
write(nwm,230) (xb(i),i=1,ib2)
230 format (/' xb'/10(2x,1pel0.3))
write(nwm,150) (areaj(i),i=1,ib2)
150 format (/' areaj'/10(2x,1pel0.3))

!set up the pressure arrays
ki=1
do k=1,10
if (npo(k).eq.0) go to 22
nreg=npo (k)
g=po (k)
do kk=1,nreg
if (kk+kl.gt.nma
p (kk+k1) =pg
end do
kl=kl+nreg
end do
2230 continue

!set up the initial t
ilast=1
do k=1,10
if (ntg(k).gt.o0) t
ifirst=ilast+1
ilast =ifirst+ntg(
do i=ifirst,ilast
tg (i) =tgo (k)
tl(i)=tlo(k)
end do
else
goto 520
endif
end do
520 continue
!set up the gas void fractic
kl=1 W
do k=1,10
if (nth(k).eq.0) go xd

EE%??EZH%EJ’JVIEWI?W ARl

if (kk+kllgt.nmax) go to 95
th(kk+kl) =thg

endﬁmaﬂn‘a‘mummmaﬂ

320 contln e

!set up the initial macrodensity of hydrogen
kil=1
do k=1,10
if (nthh2o(k).eq.0) go to 213
nreg=nthh2o (k)
thh2tmp=thh2o (k)
do kk=1,nreg
' if (kk+kl.gt.nmax) go to 95
thh2 (kk+k1) =thh2tmp
prh2=p (kk+k1) /((8313./c(130)) *tg (kk+k1))
rh2p (kk+k1) th(kk+k1)*thh2tmp*prh2
end do
kl=kl+nreg
end do
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213 continue

!set up the initial macrodensity of non-condensible gas
kl=1
do k=1,10
if (nthncgo(k).eq.0) go to 313
nreg=nthncgo (k)
thnecgtmp=thncgo (k)
do kk=1,nreg
if (kk+kl.gt.nmax) go to 95
thncg (kk+k1) =thncgtmp
prncg=p (kk+k1) / ((8313./c(137)) *tg (kk+k1))
rncgp (kk+k1) =th (kk+k1) *thncgtmp*prncg
end do
kl=kl+nreg !ttu
end do
313 continue
!set up the initial macrodensity
kl=1
do k=1,10
if (nth(k).eq.0) go to
nreg=nth (k)
do kk=1,nreg
if (kk+kl.gt.nmax) go
!prst=p (kk+k1) / ot
! d d g g Ak de ok ok e ko e ke ok ok ok o o e ok ok
PN2 p (kk+k1) /170D
tN2 tg (kk+k1)

!ttu - added this section

[}

!assigning initial densi
if (EN2.GE.N2TC I
rhogN2 = N2RHO sef
1N2 = 2
elseif (tN2.GE.N2TC
rhogN2 = 0.01
1N2 = 1
elseif (tN2.LT.N2TC .AND.
rhogN2 = 44.0 tuses

critical region
tabove critical

\7\ or phase

9 a

' 1
0) then !liquid phase
iti

1N2 =1
else . —
thetaN2 = 1-tN2/N2TC i =/
psatN2 = N2PCrexp CENZ) =5l v
aN2**1.5) &
‘2**2.5) &
% ( taN2**5)))
if (pN2 .GT. psgz*looo. 'm
rhogN2 = 44.0 Tinitial liquid phase
1N2 =0 “
!The hij t b ? ensi e duced by
SRR TS
else 3
rhogN2 qﬂ0.01 tinitial gaseous phase
N2 =1 "1 . /s
i le] s (e} d
S R T SRR TR Y
endi
endif 1

!In TEXAS, the rg(i) depends on p(i)/R*tg(i) only, even though
!the state is in liquid. Anyhow, this modified module uses the
'equations from Roland Span in the gaseous phase properties in
!the gaseous phase and bounds the gas density by saturation pressure
!inside the liquid phase region.
if (1N2.EQ.1.0R.1N2.EQ.2) then
deltaN2 = rhogN2/N2RHOC

torN2 = N2TC/tN2

call N2assign

varON2 = pN2/ (N2RHOC*R*tN2)

varN2 = deltaN2*(1.0+deltadarbydd())

do while (dabs(varON2-varN2).GT.0.0000001)
dvarN2bydd = 1+2.0*deltadarbydd ()+delta2d2arbydd2 ()
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ddeltaN2 = (varON2-varN2) /dvarN2bydd
deltaN2 = deltaN2+ddeltaN2
rhogN2 = N2RHOC*deltaN2

if (rhogN2.LT.0.01) rhogN2 = 0.01
if (rhogN2.GT.42.0) rhogN2 = 42.0

deltaN2 = rhogN2/N2RHOC

call N2assign

varN2 = deltaN2* (1.0+deltadarbydd())
end do
rhogN2 - = deltaN2*N2RHOC tin mol/dm3
prst = rhogN2*N2MolarMass tin g/dm3 = kg/m3

elseif (1N2.EQ.0) then

psatON2 = p(idummy) /1.0D6
tsatN2 = N1Psat*N2TC/ (log(psatON2/N2PC) +N1Psat)
!tsatN2 first approximation

thetaN2 = 1.0-tsatN2/N2
!first approximation
if (thetaN2.LT.0.0 ) the
tsatN2 = N2TC

i )

TCJ
endif

psatN2 = szC*e

At + \\\*"”\\g“‘ sat* (thetaN2+*2.5) &

RAdl - ( _,,u"\ N
do while (dabs(psat sat ON2)..GE. v??\\ al tolerance
dpsbydtN2=(-1.0) #(N27 3a tN: \\\\
(N1Pg * o +NN 3 aN2 * &
pgs t ‘ s f"'\ AN2*+5.0) &
- (1.0/gsata?) - ‘\ CaN2++0.5 &
+N@Ps ‘ het'd ' £*5.0*thetaN2**4.0)

dpsbydtN2=psatN2*d

tsatN2 =
thetaN2
psatN2 = (N *thetaN2 &
3 5) +N3Psat* (thetaN2**2.5) &
end do

tfinding satu

!the TEXAS showl

tif the state i iqu

rhogN2 = N2RHOC*exp ( (N2TC/tsatN

*(Nleat*(thetaN2**0 34) &
+N2Vsat* (thetaN2** (5. 0/6.0)) &

18 BEERERS

prst = rﬂ‘lNZ*NZMolarMass 'in g/dm3 = kg/m3
endif
l******
g a@ﬂw UHRIINBANY
k nreg
end do

413 continue

!set up the initial fuel particle distribution
npart=nparn
if (nparn.eq.0) go to 80
if (ipopt.ne.0) go to 70
'uniform distribution between the xpmin and xpmax
do k=1,npart
dxp= (xpmax-xpmin) / (npart+1)
xp (k) =xpmin+k*dxp
end do
go to 80
70 continue
'uniform within each cell



npart=ib*nparn
k=0
do i=2;ibl
dxp=dx (i) / (nparn+1)
do n=1,nparn
k=1+k
xp (k) =dxp*n+xb (i-1)
end do
end do
80 continue

'uniform initial conditions

p (ib2) =p (ib1)

tg(ib2) =tg(ib1)

tl(ib2)=t1l(ib1)

volum(ib2) =volum(ibl) !ttu - this section

rgpz (ib2) =rgpz (ib1) ]

rncgp (ib2) =rncgp (ib1)

rh2p (ib2) =rh2p (ib1)

th(ib2)=th(ib1)

do i=ib2,2,-1
call indexf
rbub (i) =c(47)
rdrop (i) =c (47)
ug (i) =ugo
ul (i) =ulo
tw (i) =two
thgas (i) =th (i)
rg(i) =gas_densit
rl(i)=1liq_density(i)
rgp (i) =th (i) *rg (i)
rlp(i)=(1.-th(i))
cg (i) =gas_specheat (i
ts (i) =gas_tempsat (
siegs (i) =gas_internale
sieg(i)=gas_internale
siel(i)=1iq_internal
call sat(1)
call mugs
call muls
call thercon

tif pressure digtribution is uniform initially, th

!recalculate pregsd

if (npo(2).eq.0)
im=i-1 -1
dxl=dx (i) +dx (im)
dxa=dx1l/2.
rmix=rl (i) *(1.-th@m)+rg (i) *th(im) QU

i RAE 'PTEWI INYINT

) ntotal_ngroup+nparn

TR Tl NN INYA Y

up (k)=
upn (k) =upo
tp (k) =tpo
tps (k) =tpo
tgroup (k) =time
siep (k) =etot (tp (k) )
rpart (k) =rgrp (igrp (k) )
rpold (k) =rgrp (igrp (k) )
pmas (k) =4*pi*rpart (k) **3*rhop/3
nump (k) =mppart
if (ientry.eqg.0.or.k.eq.l) then
ifrag(k)=1
else
ifrag(k)=0
end if
end do
16 continue
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!lower boundary

i=1

call indexf

ug (i) =ug (ip)

ul (i) =ul (ip)

tg (i) =tg(ip)

tl(i)=tl(ip)

th(i)=th(ip) !??? shouldn't this be th(i)=thin ttu
thncg (i) =thncg (ip) !ttu added

thh2 (i) =thh2 (ip) !ttu added

!for inflow bottom(lower) boundary condition, the pressure
tof boundary will be equal to interior mesh cell pressure
if (flb.ne.4) p(i)=p(ip)

tfor constant bottom(lower) boundary pressure of boundry
!will not be changed with time;.
if (flb.eq.4) p(i)=pin

!make sure bottom boundar
if (flb.ne.2) go to 20 -
ug(1)=0.
ul(1)=0.

20 continue
rbub (i) =c(47)
rdrop (i) =c(47)
thn (i) =th(i)
volum (i) =volum(ip)
rgpz (i) =(p (i) /p(ip) ) *xr
rncgp (i) =(p (i) /p (ip)
rh2p (i) =(p(i) /p(ip) ) *rh2,
ts(i)=gas_tempsat (i)
rg(i)=gas_density (i)
rl(i)=1iq_density (i)
rgp (i) =th (i) *rg (i)
rlp(i)=(1.-th(i))*rl (i)
cg (i) =gas_specheat (i)
siegs (i) =gas_internalenergysat a
sieg(i)=gas_internalenergy (i) y
siel(i)=1liq_internalenergy
call sat (1)
call mugs - -
call muls N N ‘
call thercon T

1

!upper boundary !ttu
i=ib2
call indexf

wﬂouﬂ%ﬂﬂ?ﬂlﬁ N2

1f (f1t.n
ug (ib1) 0

”"‘l’éxiﬁﬂﬂﬂﬁﬂ‘iﬁu UNIINYA Y

‘the to upper) boundary pressure is constant; p=pout
if (flt eq.4) p(i)=pout

!free gradient boundary, the top boundary pressure
!is equal to the interior mesh cell pressure

if (flt.ne.4) p(i)=p(im)

tg(i)=tg(i-1)

tl(i)=tl(i-1)

th (i) =thout

thncg (i) =thncg(im) !ttu added

thh2 (i) =thh2 (im) !ttu added

rdrop (i) =c(47)

rbub (i) =c(47)

thn (i) =th(i)

volum(i)=volum (im)

rgpz (i) =(p(i) /p(im)) *rgpz (im) !ttu - this section
rncgp (i) =(p (i) /p (im) ) *rnecgp (im)
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rh2p (i) =(p (i) /p(im) ) *rh2p (im)
ts(i)=gas_tempsat (i)
rg(i)=gas_density(i) .
rl(i)=1iq_density(i)

rgp (i) =th(i) *rg(i)
rlp(i)=(1.-th(i))*rl(i)

cg (i) =gas_specheat (i)

siegs (i) =gas_internalenergysat (i)
sieg (i) =gas_internalenergy (i)
siel(i)=1iqg_internalenergy (i)
call sat(1)

call mugs

call muls

call thercon

call bdry

!xinj is the fuel jet pouring positi
Xpmr=xpmax-maxsz
xinj=xb (ib1)
do i=2,ib1

if (xb(i-1).le.xpmr.an
end do .

call thpf

!calculate the initi
call masschk
amassto=amasst
!esolid--the interna
!emelt---the internal e
!pheat---the fuel laten

lyimelted;

! to avoid the stz
! internal energ

1 tdelt=1.
tdelt=0.01 lurith for i
tsolid=tmelt-tdelt
tesolid=c(17) +cp* (tsolid-c(5))
esolid=c(17)+cp_ice* (tsoli
emelt=esolid+pheat
tinj=aminl (tijend, tm:
npfuelo=1+int (tinj
fuelmo=npin*4./3.*pi*a
call echk
efuelo=efuelp
etotalo=etotal
egaso=egas

I WY ANYNINYINT

tcalculate thefthermal diffusivity of the fuel
!which is used to calculate the theihal thicknesiﬂsf the

. !fuel rti : i
ZEIRANN I NN INYIA Y

end subrouti se x

!Original qTEXAS

{function hsatf (xdum)

! include 'fcicom.for'

! !saturated enthalpy of steam

! lapprox = internal energy plus pressure work

! !hsatf=siegs(i)+ts(i)*c(12) !2?? shouln't this now be siests(i)?

! hsatf=siests(i)+ts(i)*c(12)

'end function hsatf

function hsatf (xdum)
include ‘'fcicom.for'

tsatN2 = ts (i)
if (tsatN2.LE.N2TC) then
thetaN2 = 1-tsatN2/N2TC
rhogsatN2 = N2RHOC*exp ( (N2TC/tsatN2) &



end function hsatf

subroutine setc
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* (N1Vsat* (thetaN2**0.34) &
+N2Vsat* (thetaN2**(5.0/6.0)) &
+N3Vsat* (thetaN2**(7.0/6.0)) &
+N4Vsat* (thetaN2**(13.0/6.0)) &
+N5Vsat* (thetaN2**(14.0/3.0))))

else
tsatN2 = N2TC
rhogsatN2 = N2RHOC

endif
deltaN2 = rhogsatN2/N2RHOC
torN2 = N2TC/tsatN2

call N2assign
hsatf = R*tsatN2*((tordalObydt ()+tordarbydt()) &

+deltadarbydd () +1.0) . !in J/mol
hsatf = hsatf*1000.0/N2MolarMass+ushift tin J/kg

include 'fcicom.for'
!set constants

ientry2=0
evaptot=0.0
fragtot=0.0
efuelo=0.0
isiechk=.false.
idchk=.false.
idpchk=.false.
iitchk=.false.
idtchg=.false.
iovrid=.false.
abp=1.0e-8
absie=1.0e-8 !1.0D5
alf=1.0
cp=504.0
cp=4.179e3 'J/kg in
!Heat Transf ,Jj'
dxvac=0.00025 !vacuum cell lengt]
dtmax=10. :
dtmin=1.0e-9
epsg=0.01
epsd=0.2
epsi=0.5
epsl=0.01
epsp=5.0
fit=3
flb=2
ib=8

S AU INeINg

knconvac =03, | dsen number aboveivacuum, below-contlnuum

:::s:ama\mifuumqwmaﬂ

ndiv=5

nvar-19

pmass=4.6e-5
pi=3.14159

pin=1.0e5
pvcratio=0.75 !Fraction of continuum press where vac switches to con
rhop=10.97e3
rhop=0.910e3 !kg/m3
rparn=1.0e-3
thpmx=0.61
thstar=0.5
tgin=373.0
tgin=77.244 !Kelvin
tlin=373.0
tlin=77.244 !Kelvin
tpin=373.0

tpo=373.0



tpt=1.0e6
two=373.0
two=77.244 !Kelvin

Xpmax=1.0

ifragmix=1

nbottom=10000000

cycheck=1000000

dtcheck=-1.

nbreak=1

nfront=2

N2MolarMass=28.01348

ushift = 1.0e6 !J/kg

'ushift=4222.8*%*1000.0/N2MolarMass is 150.7e3 J/kg
1150.7e3 J/kg is not enough to shift ice at 77.244K

'u of ice at 77.244K = -333.43e3-1.93e3*(273.15-77.244)
! = -711 Se3 J/kg
!select shift the spec.internal eng

c(1)=-4797.9 !1st coefficie >
c(2)=1.
c(3)=-12.8576
c(4)=1.4882e-3
c(4)=1.75e-3
ci{5)=373.
c(5)=77.244
c(6)=2.509e6 ! energy a ence temperature
c(6)=1544.3 *1000.0/ ‘ ‘
c(7)=4.19e3
c(7)=57.17 *1000.0/ 3

c(8)=0.419e6 tliqui i ; ergy at reference temperature
c(8)=-3428.0*1000.0/28
c(9)=0.94e3
c(9)=28.793%28.01348

p function
- function

c(10)=2257.e3 !late
c(10)=(2159.1- (-3424. / 348 —4J/kg f fg=enthalpy fg)
c(11)=1e5 -

c(12)=4.62e2
c(12) used in sub hsatf, f
sub setupmix only

c(12)=0.0

c(13)=2796.e-5 v

c(13)=0.026 } > = v vity RC handbook of tables
c(13)=0.00415*1. 73- handbook of
c(14)=6.8e-1 11iquid

CRC handbook of

c(14)=0.0804*1.7307 1H liquid v £x
! ce,page 97

ubles for applled engineering sci

915
c(15)=0.662e-6 id rec:. rocy sound speed
c(15)=(1.0/85
c(16)=1.3e0 r t apo clhez v)
c(16)=1.4e0 'assumed at STP from Fox & McDona
c(17)=3.78e3 'partlcle internal nergy at reference temperatu
c(17)=-74 if derivi om.,.C to 43e3J/kg,
W’iﬁﬁn%ﬁmi&&} ‘FTET"]EIEI
c(18) 8eff 1! on| e
c(18) 9 !from TEXAS water
ai(19)=9: 5e 1 !radiation emissivity of water
c(19)=9.5e-1 !value assigned such that at low temperature
!the radiation is very little effect
c(20)=5e-1 tvol frac criterion of vapor & liquid internal energy
updated by adding viscous work and ht conduction
c(21)=1e0 !pressure expansion work calc out/in (0/1) press iter loop
c(22)=7.4e-4 !thermal expansion coefficient of water.
c(22)=5.6e-3 'Liquid N2 derived data from Roland Span et al. @0.1MPa,
1(28.793mol/dm3,77.244K) and (29.155mol/dm3, 75K)
c(23)=2.8e-4 tliquid viscosity @ 373K

c(23)=0.382*4.1338e-4 'kg/m-s N2 from CRC handbook of

!tables for applied engineering science,page 97
c(24)=72.e-3 !surface tension
c(24)=6.2e-3 IN2 liquid surface tension at -183 C

!{from Physical Chemistry by Silbey and Alberty,page 187
c(25)=1.3e-5 !vapor viscosity @ 373K
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c(25)=0.0134%*4.1338e-4

c(26)=5.67e-8

c(27)=11.0
c(28)=12.0
c(29)=7.0
c(29)=7.5
c(31)=12.0
c(32)=0.5
c(32)=0.0757
c(39)=1e0
c(41)=0.1
c(42)=1e-4
c(45)=0.1
c(47)=1D-3

c(49)=0.1093
c(50)=-0.0785
c{51)=1.0
c(52)=0.246
c(59)=0.1
c(59)=0.1

c(103)=2.727e
c(105)=91.22
c(106)=2.0
c(119)=9.9e8
c(120)=9.9e8

c(130)=2.016

!values for H2 below

c(131)=1.0e-5
c(132)=0.226

c(133)=1.443e4

c(134)=4.94e6
c(135)=350.0
c(136)=0.0
c(137)=28.966

c(138)=1.589e-

c(139)=0.0263

c(140)=3.0e-10

c(144)=719.
c(145)=2.16e5
c(146)=300.0
c(147)=1.34
c(148)=1.407
c(149)=1.404
c(141)=0.01
c(142)=0.2
c(143) =1e6
c(150)=0.0

1h2gen3
mmetal=2
deltam0=0.0

tkg/m-s N2 from CRC handbook of
ftables for applied engineering science,page 97

!Stefan-Boltmann constant

fcritical weber number of bubble

fcritical weber number of droplet

!particle thermal conductivity

!Ice thermal conductivity @ 100K from CRC handbook of
!tables for applied engineering science,page 185
tcritical weber number of fuel particle

!particle surface tension

IN/m @ 273K for H20 from Fox & McDonald

!convective energy flux calc out/in (0/1) press iter loop
tfraction of vap ht. cap. of vap existing in vap film
tvol frac of s dispersed phase for min drag coeff
!vapor bubble thermal thickness

!minimum siae of the bubble or droplet.

tfirst coeff in time
!second coeff i K
!third coeff
! fourth coe
!radiatio

tvalue

8

5

Thermal coEgﬁggﬂgyuy’ﬂ‘.
»Slecum: diameter of
\

ndent linear frag model
nt linear frag model
linear frag model
inear frag model

5

f1c heat ratio for h2 (noble ga

¢ — ue 00X Used)
ue at 300K used)

Qalue used)

(air value used)

ﬁﬁﬁ%@%@%a&na

! check r/lambda < 10 for KH (0=No check)

%m RANSEEREAaNY 16

! original surface area is used in klnetlc law
! coefficient in kinetic rate law for Zr
! initial oxide layer thickness

!constant for eos of nitrogen at saturation

!From Roland Span,

Eric W.Lemmon,

Richard T Jacobsen,

!Wolfgang Wagner, Akimichi Yokozeki
!"A Reference Equation of State for the Thermodynamics Properties
tof Nitrogen for Temperatures from 63.151 to 1000 K and Pressures to

12200 MPa

R =8.314510
N2TC =126.192
N2PC = 3.3958
N21PC = 3.3958D6
N2RHOC = 11.1839

N21RHOC = 11.

1839+%28.01348

!Kelvin
!Mega pascal
tpascal
mol/dm3
tkg/m3
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N1lPsat=-6.12445284
N2Psat=1.26327220
N3Psat=-0.765910082
N4Psat=-1.77570564

NlLsat=1.48654237
N2Lsat=-0.280476066
N3Lsat=0.0894143085
N4Lsat=-0.119879866

N1lVsat=-1.70127164
N2Vsat=-3.70402649
N3Vsat=1.29859383
N4Vsat=-0.561424977
N5Vsat=-2.68505381

N2N (1) = 0.924803575275D0

N2N(2) =-0.492448489428D0
N2N(3) = 0.661883336938D0
N2N(4) =-0.192902649201D1
N2N(5) =-0.622469309629D-

N2N(6) = 0.349943957581

N2N(7) = 0.56485747249§V
N2N(8) =-0.16172000598

N2N(9) =-0.48139503188
N2N(10)= 0.421150636
N2N(11)=-0.16196223082
N2N(12)= 0.17210099
N2N(13)= 0.735448924933
N2N(14)= 0.1680773054
N2N(15) =-0.10762666
N2N(16)=-0.137318088513
N2N(17)= 0.63546689985
N2N(18)= 0.304432279419D-
N2N(19) =-0.435762336045D
N2N(20)=-0.723174889316D~1
N2N(21)= 0.389644315272D-1
N2N (22)=-0.212201363910D-1
N2N(23)= 0.408822981509D-2
N2N(24)=-0.551990017984D-4
N2N(25)=-0.462016716479D
N2N (26)=-0.30031171608
N2N(27)= 0.368825891
N2N (28) =-0.255856 846250
N2N(29) = 0.896915264558
N2N(30)=-0.441513370350D-2 1
N2N(31)= 0.133722924858D-2
N2N(32) = 0.264832491957D¢3.

n

e R 1) EJ NINYNT

N2N(36)= 0.262967566274D4

=W ) AINIURIINAY

N2i (4) 50,
N2i (5) 3 0
N2i(6) =3.0
N2i(7) =1.0
N2i(8) =1.0
N2i(9) =1.0
N2i(10)=3.0
N2i (11)=3.0
N2i(12)=4.0
N2i(13)=6.0
N2i(14)=6.0
N21 (185)=7.0
N2i(16)=7.0
N2i(17)=8.0
N2i(18)=8.0
N2i(19)=1.0
N2i(20)=2.0
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N2i(21)=3.0
N2i(22)=4.0
N24/(23):=5:0
N2i(24)=8.0
N2i(25)=4.0
N2i(26)=5.0
N2i(27)=5.0
N2i (28)=8.0
N2i(29)=3.0
N2i(30)=5.0
N2i(31)=6.0
N2i(32)=9.0
N2i(33)=1.0
N2i(34)=1.0
N2i(35)=3.0
N2i(36)=2.0

N2j (1)
N2j (2)
N2j (3)
N2j (4)
N2j (5)
N2j (6)
N2j (7)
N2j(8)
N2j (9)
N2j (10)
N2j (11) =

0.25
0
0
0
0
0
0
0
2
i
3
N2j (12)= 1.
0
3
0
2
0
2
4
6
6
3
3

.875

.875
<375

(LI | (| | (| | A T A

N2j(13)=
N2j(14) =
N2j(15) =
N2j (16) =
N2j(17) =
N2j (18) =
N2j (19) =
N2j (20) =
N2j (21) =
N2j (22) =
N2j (23) =
N2j (24)= 6.
N2j (25) =16.
N2j (26) =11.
N2j(27)=15.
N2j (28)=12.
N2j (29)=12.
N2j (30)= 7.
N2j (31)= 4.
N2j(32) =16.
N2j(33)= 0.
N2j(34)= 1.
N2j(35)= 2.

ﬂuaqwaﬂswawnﬁ
miiwmnimumfmmaa

v n

C S S T R i “ v
OO O0OO0OO0ODO0ODO0OO0OO0CDOO0OO0OO0OOUVMINNOOWMOoOWn

OOOO

N21(2)
N21(3) =
N21(4) =0
N21(5) =0
N21(6) =0
N21(7) =1
N21(8) =1
N21(9) =1
N21(10)=1
N21(11)=1
N21(12)=1
N21(13)=1
N21(14)=1
N21(15)=1
N21(16)=1
N21(17)=1
N21(18)=1

N21(19)=2
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N21(20)=2
N21(21)=2
N21(22)=2
N21(23)=2
N21(24)=2
N21(25)=3
N21(26) =3
N21(27)=3
N21(28)=3
N21(29) =4
N21(30) =4
N21(31)=4
N21(32)=4
N21(33)=2
N21(34)=2
N21(35)=2
N21(36) =2

N2phi (33) =20
N2phi (34) =20
N2phi (35) =15
N2phi (36) =25

N2beta(33) =325
N2beta (34) =325
N2beta (35) =300
N2beta(36) =275

N2gamma (33) =1.16
N2gamma (34)=1.16
N2gamma (35)=1.13
N2gamma (36) =1.25

N2a(1)=2.5
N2a(2)=-12.76952708
N2a(3)=-0.00784163
N2a(4)=-1.934819D-4
N2a(5)=-1.247742D-5
N2a(6)=6.678326D-8
N2a(7)=1.012941
N2a(8)=26.65788

end subroutine setc

subroutine qwall

1
include 'fcicom.for!' J‘
fcalculate the heat transfer from the continuous phase
!to the wall of each meqﬂ 11 by convect1 eat trans
ﬂuEJ’J ‘VIEJWI‘M eN9
qgw(i)=0.0
wlw(i)=0.0

mzw IR e Y

0) .eq.0) return

dhy=2.* (volum(i) / (pi*dx(i)))**0.5
!to calculate the contact area between the continuous
!phase and the wall due to some fuel contact the wall.
awall=(4.*pi*dx (i) *volum(i))**0.5
if (npart.eq.0) go to 11
do k=1,npart
if (xp(k).lt.xb(i-1).or.xp(k).ge.xb(i)) go to 10
!calculate the contact area between fuel and wall
call areap
awall=awall-nump (k) *areapw
10 continue
end do
11 continue
tcalculate the reynold no and prandtl no of single phase
prg=c(25) *cg (i) /kapg (i)
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prl=c(23)*c(7) /kapl (i)
reg=rgn (i) *abs (ug (i) +ug(i-1)) *0.5*dhy/c(25)
rel=rln(i)*abs(ul(i)+ul(i-1))*0.5*dhy/c(23)
!in bubbly flow, the heat transfer coef. between wall
tand liquid will be the maximum value of turbulent
!and laminar convective coef. at constant wall temp.
if (imap(i)..eq.1l) then
!turbulent ht-trans coef for flow in the tube
hltur=0.021*prl**0.5* (rel*(1.-th(i)))**0.8 &
*kapl (i) / (dhy* (1.-th(i)))
!laminar ht-trans coef for flow in the tube with constant tw
hllam=3.658%*kapl (i) / (dhy* (1.-th(i)))
hlw=amax1l (hllam, hltur)
thlx=amax1(1.0-th(i),1.0-1.0e-5)
hlw=hlw/ (volum (i) *thlx) tSunchai and Urith
qlw (i) =hlw*awall :
wlw (i) =qlw (i) *tw(i)

tin droplet (mist) flow, the heat t: tween vapor
'and wall will be the maxi e' of ent and
!laminar convective heat € def. at ﬁall temp

hgtur=0.021*prg**0.5* (reg*th B *kapg th(i))
hglam=3.658*kapg (i)

qgw (i) =hgw*awall
wgw (1) =qgw (i) *tw (i

tin the transition
!to the wall will be
else if (imap(i).eq.2)
hltur=0.021*prl*+*0
*kapl (i) / (dhy* (1.
hllam=3.658*kapl (i) / (
hlw=amax1 (hltur, hlla;
thlx=amax1(1.0-th(i)
hlw=hlw/ (volum (i) *thlx) +« :
hgtur=0.021*prg**o.s*(reg*thﬁiﬁxtlce# <apg (dy) / (dhy*th(i))
hglam=3.658+kapg (i) / (dhy*ti(iy =~
hgw=amax1 (hgtur, hglam
thgx=amax1l (&
hgw=hgw/ (vol
'in the transiti® e fuous
!phase. hence the act d eac
!continuous phase 5,-ends on their void frac in this sh cell
qlw (i) =hlw*awall*(1.-th(i)+thgl(i)-thlg(i))
wlw (i) =qlw (i) *tw(i) &

o= e = L |
o=y TVTENINEING
end subroutine qw?ll ¢ =

A B AN TUNRINGAY

include ;' fcicom. £
!calculgle condensation and evaporation rate

f(x,y)=c(56) /pi*(-atan(100.* (x-y))+pi/2.) !test.in c(56)=1.0
erate(i)=0.0

crate(i)=0.0

efuel=0.0

erad=0.0

tif liquid temperature tl smaller than the saturation temp
!then there is a portion of radiation heat transfer from the
tfuel to the liquid-vapor interface will be transfered to
'the liquid field,i.e., irad*qrad and 0.5<irad<1.0

ton the other hand, if tl > ts then the whole radiation heat
!is used to evaporate the steam.

if (c(107).le.0.0) irad(i)=£f(tl(i),ts(i)) !test.in c(107)=1



25 continue

26  continue u’
!part (2) : vapor (b - i

35

36

!bubble flow regime
if (imap(i).eq.1) then
tpart (i) : fuel - vapor film - bulk liquid
theat trans from fuel to liquid-vapor interface substract
theat trans from interface to bulk liquid will evaporate
tor condensate depending on positive or negative of net heat
if (npart.eq.0.) go to 26
do k=1,npart
if (thpsv(i,k).eq.0.0) go to 25
call areap
hfgbar=1+c(41) *cg (i) * (tps (k) -ts (i) ) /lheat (i)
el=areapl* (hffilm(k)* (tps(k)-ts(i))-hconvil (k) &

*(ts(i)-tl(i))) *nump (k) / (volum(i) *hfgbar) !Watt/volume

'if the net heat from the particles to the vapor-liquid
tinterface is less than zero, set it to zero.

tafter the fuel particle sta "hing, there is no
i}/u bulk liquid.

!vapor generated and all

if (el.1t.0. .or. ique
efuel=efuel+el*thpsv|

end do

!evaporatiton or cond
!negative of the
!vapor-liquid interf
ebub=qgsg (i) * (tg (i

ebub=ebub+qlw (.
htrate=efuel+ebub

!transition flow regime
else if (imap(i).eq.2) / 1
linclude all heat from- S por film

! (or fuel) and bulk v i d from the
!interface to the bu
do k=1,npart .

if (thpsv(i,k).eq.0.0) go-
call areap AT
hfgbar=1+c(41) *cg (i) * (£ps{k) £t

el=areapl* (hffilm

Ko

[
*(ts (i) e U100 T nump (o) 7 (volum(s ) =hfgbary——

'if the net [ 1] 'd

!interface i 3
tafter the fuel particle 10 ereia no
!vapor generat:.Jand all the heat goes to bulk 1 id.
if (el.1t.0. .or. iquench(k).gt.0 ) el=0.
efuel=efuel+el*thpsyli, k) s
contin ]
T HUIINYNTNYINT
continue .

etran=qgsg (i)* (tg (i) -ts(i))-qlsl(d) *(ts(i)-tl(i))

!mist flow regime convective heat trans is dominant
else if "(imap (i) .eq.3) then
edrop=qgsg (i) * (tg (i) -ts(i))-qglsl(i)*(ts(i)-tl(i))
edrop=edrop+qgw (i) * (tw (i) -tg(i)) !Urith
htrate=edrop
end if

!if liquid temp greater than the saturation temp, the
!radition heat trans from fuel to the liquid will evaprate
!spontaneously, otherwise the radiation heat will be
tabsorbed in the liquid phase.
if (npart.eq.0.) go to 56
do k=1,npart
if (thpsv(i,k).eq.0.0) go to 55
call areap
if (c(107).gt.0.0) irad(i)=xirad(i,k)
hfgbar=1+c(41) *cg (i) * (tps (k) -ts (i) ) /lheat (i)
erl=areapl+*hrad (k) * (tps(k)-ts(i))*nump (k) / (volum (i) *hfgbar)

TR T Ty
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55

56

end subroutine evpcod

subroutine heatlg

erl=erl*(l-irad(i))
er2=areapg*hradpl (k) * (tps (k) -ts (i) ) *nump (k) /volum (i)
er2=er2*(l-irad(i))
if (iquench(k).gt.0.) then
erl=0.
exr2=0.
endif
erad=erad+ (erl+er2) *thpsv (i, k)
continue
end do
continue

!estimate the net mass transfer in the mesh cell (i)
!ecrate > 0, evaporation
'ecrate < 0, condensation

if (thp(i).lt.1.e-7) ecrate=0 X 'Urith

if (ecrate.ge.0.) erate(1 !Urith
if (ecrate.lt.0.) crate 'Urith
if (ecrate.ge.0.0) then tUrith
erate (i) =ecrate tUrith
if (rlp(i).eq.o0. {Urith
erate(i)=0.0 tUrith

else {Urith

if (erate(i)*dt !Urith

endif 1Urith
endif 1Urith
if (ecrate.lt.0.) then 'Urith
crate (i) =abs (ecrat 1Urith
if (rgp(i).eq.0. 1Urith
crate(i)=0.0 1Urith

else 1Urith

if (crate(i)*dt. !Urith

endif 1Urith
endif 'Urith

include 'fcicom.fo
fliquid-vapor heat.
!bubble and bulk 1
!liquid drop and co

tcalculate liquid- vapor'?nterfac1al area of mesh cell (i)
call arelg

s 3104 480 PANBINT

if (th(l) lt.thmin.or.th(i) .gt.1.0- ihmln) then 'Urlth
qgsg(i)=0.

’i‘lﬂ“’lﬂﬁﬂ‘im NWTJWEHE'IEI

thtotl: heat trans coef between vapor bubble and interface
'htot2: heat trans coef between vapor and drop interface
'htot3: heat trans coef between vapor and regime interface
'htot4: heat trans coef between liquid drop and interface
thtot5: heat trans coef between bubble interface and liquid
'htot6: heat trans coef between liquid and regime interface

htotl=kapg (i) *5./rbub (i)
htot2=hconvg (i)
htot3=hgl (i)
htot4=kapl (i) *5./rdrop (i)
htot5=hconv2 (i)
htot6=hlg (i)

tadjust the liquid-side thermal thickness of vapor bubble
!due to the moving boundary by high mass transfer rate.
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constl=dt*kapl (i) *(ts(i)-tl(i))/(rg(i)* (lheat (i)+cg(i)* &
(tg(i)-ts(i))))

tupdate liquid-side heat transfer coefficient.
if (constl.gt.0.0) then

htotS5=htot5/(1.+2*const1l* (htot5/kapl(i))**2)**0.5
end if

tadjust the thermal thickness of vapor bubble
tat the high mass transfer rate, especially, condensation.

deltab=c (45) *rbub (i)

if (c(45) .ne.0.) then
htotl=kapg (i) /deltab
csl=htot5* (ts(i)-tl(i))
cs2=htotl* (tg(i)-ts(i))

if (csl.eg.cs2.or.cs2.eq.0.) go t
cs3=lheat (i) * (1+csl/ (cs2-csl)
if (cs3.eq.0.) go to 100
rtemp=cg (i) * (tg (i) -ts(i))

!evaporation case

if (rtemp.gt.0.) the
rtemp=amaxl (rte
rtemp=aminil (rtemp, 2

!condensation case

else

rtemp=aminl (r
rtemp=amaxl (rte

end if

fupdate thermal thi
deltab=deltab*rtem
deltab=aminl (5e-1*rb
deltab=amax1l (le-3*rb

tupdate the vapor-side

100 continue

htotl=kapg(i)/deltab

end if

!calculate the macre
{vapor and interfac
if (imap(i).eq.1)
qgsg (i) =htotl*are
glsl (i) =htotS5S*are
else if (imap(i).eq.

then

qgsg(l)-(htotl*area t2*areal+htot3*, alg)

EISZZZZITEI‘IIH"J ‘VI?I"VI Wung

qlsl(l)-ht
end if

~ARARINTAUN TN

program

*areal

1nc1ude 'fc1com.for'

dimension cs(4)

character headin(16)*60, disclm(8)*60
data (headin(i),i=1,16)/ &

'c*****************i****t*******i**i***t********i***********c' "
lc*********l'*******i**ttit****i*i*****************i*********c' i
'c**** ****cl i
'c**** texas_v ****c' i
tokk ek fuel-coolant fragmentation & mixing *EERGY
'c**** s P wang ****cl ;
VehEsk Tris Utschig EEXEEY §
Sokdkk Sunchai Nilsuwankosit wEEREH
ok kK jian tang *kkkC!
L ghAtE cho-chone c. chu ek ol
Lk nuclear engineering department AL,
ot il university of wisconsin-madison EREEEY

bubble

RRARPRDRRRRRRRR

196



302 format (/(1x,a60))

tokkkx madison, wisconsin 53706 hkrkQ?,
Ic**** ****cl'
'c************i******i'l'***********t*t*t**i***************t**c' ’

|c****t*********l‘l'l’**********************i******************c'/

data (disclm(i),i=1,8)/ &

TQ*k*,khkhhkhhkhhkhhhhhhhhhkhhhhhhhhhhhhhhhhhdkhbhhhkhhhhhkdkhhkkdkhrdhro! 7

d dec. 10, 1991 g

. the texas code is an experimental 3-field eulerian-

‘lagrangian 1d hydrodynamics model designed specifically for ‘',
‘calculation of fcis. this version of texas may still contain',

'bugs. it is being released to friendly users for evaluation.',
1

'further dissemination of the code is forbidden.

'c***i*****i'******i**************************i*************cl /

{ INPUT/OUTPUT SETUP
call input !check and read inpu
call fileopen !open output files
write (nwm,302) (headin(i) (1:60
write(nwm,302) (disclm(i) (1:

write (*,*) 'fileopen pa
if (nfront.lt.2) nfronts
if (nfront.gt.ngmax) nfr:
ninjet=nparn
if ((c(98).eq.0.).and.
write (*,*) ‘'adjgrp
{INITIALIZE PROBLEM
if (irest.ne.2) the
if (iexplos.eqg.0) ca
write (*,*)
if (iexplos.eq.1l)
call inputsetup
!initialize time v
imax=nmax
tpli=tpl+time;
tpart=time;
!start of time loop
nit=0
'if irest=2, restart calcula
else
call restart
close (unit=50)
endif T
write (*,*) ‘'initij '}’
!TOP OF TIME STEP LOG#E

J

R R

R RRRRRR

170 continue — ﬂ
!dump all necessary ifnfo for restart at specified time terval.

if (irest.ne.1l) then

USRI HYIN S

close(unlt =50)

endﬁf“ﬁ"'TﬁWﬂim UA1AINYAY

fend ca culaclon if time beyond max
if (time.ge.tmax+dt) go to 190

call bdry tadjust boundary condition

call oldnew !save old properties for next time step

if ((iexplos.eq.0) &

.and. (tijend.gt.0.0)) then 'ttu added this part of if statement

call inject tinject particles
end if
call masschk tcheck mass conservation
call echk tcheck energy conservation
call h2track !track hydrogen
call print foutput
call dtset tadjust time step
call poldnew !save particle props before press.

call vacfind tcheck for vacuum flow
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198

!ITERATION FOR PRESSURE BEGINS
230 continue

call pnewold ireset particle props to those before pressure iteration
call tcontrl !adjust timestep if needed

call newold !reset gas/liq props to those before pressure iteration

!PARTICLE DYNAMICS

if (ifragmix.eq.l) call newfrag texplicitly estimate fragmentation

if (iexplos.eq.1) call expfrg tfuel size by hydrodynamic frag model
call upart tadvance particle positions

call thpf tcalculate particle distribution

call thpave
call vacfind
!HEAT TRANSFER

do i=2,ibl
call flowmp tfind out
call rbubdp fcalculate bul
call htcolg !calculatq\f

if (npart.eq.0.) go to 10
do k=1,npart
if (xp(k).lt.xb(i-
.or.xp (k) .ge
go to 100
call htcop
100 continue
end do
101 continue .
call heatlg ! e Te . 3 g macro ht tr coefs
! call evpcod i - S
! call gwall
call gwall
call evpcod
end do

ig/vap ht tr coef

!DRAG

do i=1,ibl - :
call kdrags !estimate _.»gz;.:{'-'t ‘ag 'co old time void
call kwalls tand relative véiegerty—=

end do = .-l’“' J;}f-’
do i=1,ib2 lestima -vap I v
call vmassf 1 £ L. |
end do 'y "
!VELOCITIES
call velt tca ew vels w/ou ue omentum ex ge (t level)
call velt2 !calc new vels w/ fuel momentum exchange (2t level)
do i=2;ib1 g
call inde - A nge
1 S AR TR
end do ﬂ er i a; ,! drag ¥t ass forces
! PRESSURE ITERATION ¢ - Qs
do i=274 () i
A8 RANERDTEARY
if (th(i)"1t.thflag) ithf (%)= !specified void f ual S
end do 1if th(i)<thstar beta(j,i)=ddl(i)/dp(j)
idtchg=.false. 1if th(i)>thstar beta(j,i)=ddg(i)/dp(j)
tcall vacfind
call iter2 tperform pressure iteration
call itchk tcheck if iteration no. over limit

if (iitchk) then
! write(*, *) 'iitchk ',iitchk
go to 230 1if iteration no. over limit reduce dt
endif
if (isiechk) then
! write(*,*) 'isiechk ',isiechk
go to 230 tif intenrgy change over limit reduce dt
endif
if (idpchk) then
! write(*,*) 'idpchk ',idpchk
go to 230 1if pressure change over limit reduce dt
endif



if (idchk) then
write(*,*)'idchk ',idchk
go to 230 1if error function over limit reduce dt
endif

! SOLUTION CONVERGED, COMPLETE UPDATING of internal energies
tadd pressure compression, conduction and viscous work term
do i=2,ibl

call indexf

call thercon

call heats

call vworkl; call vworkg

!ADD CONVECTION ENTHALPY term by user's option
if (c(39).ne.0.) then
fel(i)=0.0; feg(i)=0.0
else
call sielf; call siegf
end if
!ADD INTER-PHASE PRESS

lpy flux in iteration loop

/ ux out of iteration loop
by ion
if (c(21) .ne.0.) the

cs(1)=0.0; cs(2)y ess T I n iteration loop
else f \ -

cs(1)=p (i) *((th(di) - /| 'pressure work out of iteration loop
cs(2)=p(i)*(-( )
end if
cs(3)=rlp(i)*siel (i
cs(4)=rgp (i) *sieg
if ((1.-th(i)).gt.c
siel(i)=cs(3)/
end if
if (th(i) .gt.c{20))
sieg(i)=cs(4)/r
end if

cg (i) =gas_specheat (i) ;
ts(i)=gas_tempsat (i) !ttu thi
tg(i)=gas_temp(i); tl(i)=1lig
rg(i)=gas_density (i)
if (rgp(i).le.0.0
rgp(i)=0.0; =&r
else
xrncgp_rncgp(
xrh2p= rh2p(1)/rl
Xrgpz=1-xrncgp-xrh2p
if (ergpz.1t.0.0) gpz 0.0
rgp (i) =rg (i) *th(i

sl 8?%8ﬂ5ﬂ81ﬂ7

rgpz(l)
end if

dcaésimsamim UAIINYAY

call siechk

if (isiechk) then
write(*,*) 'isiechk ', isiechk
go to 230

end if

en

{UPDATE VACUUM REGION to n+l level if one exists
call vacflow
write(29,*) time,etotal

{UPDATE PARTICLE VELOCITIES using new vapor & liquid velocities
if (npart.eq.0) go to 161
do i=1,ibl
call indexf
do k=1,npart
if (xp(k).lt.xc(i).or.xp(k).ge.xc(ip)) go to 165
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rhomix=rgp (i) +rlp (i)
tall the fuel particles will change thier velocities.

tall the fuel particles are subjected to the drag forces.

up (k) = (upn (k) +dt* (-grav* (1. -rhomix/rhop) + &

165
end
end do
161 cont

!END O

do i=2,

(dk (k) *ug (i) +ek (k) *ul (i)) /pmas(k)))/ &
(1+dt* (dk (k) +ek (k) ) /pmas (k) )

continue

do

inue

F CYCLE
ib1

evaptot=evaptot+dt*erate (i) *volum(i)

fra
end do
time=t
cycle=

ISET LOWER LIMIT VOID FRACTIO!
do i=2,

if

end
end do

go to
190 cont

stop
end prog:

subroutine newfrag

includ
intege

!Decla
front=

wecrip=

romix=
relvel
dtplus
dratio
weber=

newp=0
ntest=

nsplit=
isplit=

gtot=fragtot+dfrag (i)

ime+dt
cycle+l

ib1 -
(th(i) .1t.le-8) tHER
th(i)=0.0

rgp(i)=0.0; rh2p(1
cg (i) =gas_spech:
ts(i)=gas_temps
tg (i) =ts (i)

rg(i)=gas_dens
siegs(i)=gas_inte
sieg(i)=gas_inte
sieg(i)=gas_int
if

170
inue

ram main

e 'fcicom. fo
r kfront (ngma

re temporary varia
0.0
C (30
0.0

= ﬂ‘lJEl’WIHVﬁWEI’]ﬂ‘i

0.0

ilwwwmnimum'mmaa

0
0
0

ntemp=0

ntempl=

j=0
brkrat

0

e=0.0

drprad=0.0
drprad2=0.0

delta=
xkmin=
Xnmax=
visrat
hbottol
xpk=0.
upk=0

0.0
0.0
0.0
io=0.0
m=0.0
0

.0

rpartk=0.0
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upkfront=0.0
numpj=0
rpartj=0.0
tpj=0.0
totmassk=0.0
cfo=c(141)
ther=c(142),
maxn=int (c(143))
snl = 0.0

sn2 = 0.0

t'kfront' is used to model the BL front and feeding end of BL front.
ICurrently the model assumes two leading injected partciles as the
'BL front (one leading, one feeding). Change 'nfront' if more
tnumber of feeding particles is desired, for the time being, 'nfront'’

tis limited at 'ngmax.' Furthermore actual' is used to count the

tactual number of the leading fro ei aced. Do not be confused
tas 'nfront' is the limit given BL thus, is the maximum
tof 'nactual.' With 'nactual ront being traced,

tonly nactual-1 of BL fron tripping process.
do j=1, nfront
kfront (j) =0

end do

!Start the instructi
if (c(30).eq.0.0) return
if (iexplos.eq.1) hbo
if (ientry.ne.2) the
call frag
else
!The fragmentation pr i ’ e ‘ne de s composed
tof three processes g ‘ i and BL stripping.
!It is postulated ,eakup process

loccur at the leading “l. Oon the other
!KH is suggested to be up Oof the fuel jet above
tare leading front of g front and free
!checked. If it ¥3 N, g e. Otherwise,
nfrag(k) =0
“TiET‘TPT‘EJVIﬁWEJ’]ﬂ‘ﬁ
2000
1f (wen (k) . lt wecrip) wen
ab=c(49)+c(50) *dratio**0.5
wen (k) =weber
vnew=pi*rpnew**3/0.75
ntest=1
nump (k) =newp*nsplit

thand, RT is assumed i ; el break ess of the free
!the jet front). To apply u‘ ' - fragmentation
!particles.
!they are conside Y O
if (xp(k).le.hbott m) goto 1000
if (1 t.ibl) goto 2010
if (weber.ge.wecrip) then
else
endif
oldms=pmas (k) *nump (k)
nsplit=nump (k)
vnew=o0ldms/ (rhop*nump (k) )

!particles (resulted fro reakir pf t‘ fuel jet) while as
!process, the particles are .di ce zones. These zones
!In consideringithe free particles, parameter “ifrags 1S to be
do k=1, npartn 'H‘
if (1frﬁk) .eq.1/ ﬂtp(k) .gt.tmelt)lithen
if (k) . lt xb(1 1) .or . %pRk} - 1)) o 2000
2010
(we 1 1
k)-
if (c(50).ne.0.0) then
ab=c(49)*(1.0-c(52) * (1.0-wen (k) /weber))
rpnew=rpold (k) * (1.0-ab*dtplus**c (51) *weber**c(52))
newp=pmas (k) / (vnew*rhop)
if (newp.gt.ntest) then
rpart (k) = (vnew*0.75/pi) **(1.0/3.0)
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1000

1060

1070

1050

pmas (k) =vnew*rhop
rpold (k) =rpart (k)
timedt=time+0.1*dt

if (timedt.ge.tgroup(k)) then

isplit=1
tgroup (k) =tgroup (k) +tgt
else
isplit=0
endif
else
isplit=0
rpold (k) =xrpnew
endif

if (npart.lt.npmax.and.iexplos.eq.0) then
if ((npart.lt.ntotal.and. 1spl1t ne.0).or. &

en
endif
endif
endif
endif
continue
end do

'Check for the leading front.cf—the
nactual=0
do k=1, npartn
if (xp(k).leghibottom) goto 1050
if (nactual. ;; ' th
if (tpk) 3
nactual=nactua
i=nactual.
i=i-1

1f (i.eq. O)ﬁn 1070

ﬂﬂ”ﬂkﬁﬂwﬁﬂmn‘i

nt (i+1) =k

ﬁm AININURIINA Y

!BL striping
k=kfront (1)
if ((k.ne.0).and. (nactual.lt.nfront)) then

do i=1, nactual

tgroup (kfront (i) ) =time

end do
endif
if ((k.eq.0).or. (nactual.lt.nfront)) goto 7000

tCalculate the position, radius and falling velocity of the
tfictitious front.

IThis fictitious front is calculated as being a column of fuel formed
Iny 'nactual' number of leading particles. The radius of this column
tis calculated so that the total mass is conserved and that the length
tof the column is that between the point on the leading surface of the
tlowest particle and the point on the trailing surface of the toppest
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3000

3010

tparticle. The velocity is calculated so that the momentum is
!conserved.
xpk=xp (k) -rpart (k)
rpartk=0.0
upkfront=0.0
totmassk=0.0
do i=1, nactual
totmassk=totmassk+pmas (kfront (i) ) *nump (kfront (i))
upkfront=upkfront+pmas (kfront (i) ) *nump (kfront (i) ) * &
up (kfront (1))
rpartk=rpartk+rpart (kfront (i) ) **3
end do
upkfront=upkfront/totmassk
rpartk=(rpartk/0.75/ &
(xp (kfront (nactual) ) +rpart (kfront (nactual) ) -xpk) ) **0.5

!With the calculated front parti
i=1 .
i=i+l
if (i.gt.ibl) goto 3010
if (xpk.lt.xb(i-1).or.
if (i.le.ibl) then
upk=up (k)
up (k) =upkfront
call stprprty(webe
up (k) =upk
drprad=c (32) *wecri,

!The size of the bei was assumed to be
tthat governed b
visratio=1.0/

(1.0+c(4) *(x i)*C(23)))
delta=(c(4) *pi*rp
drprad2=delta/2.0
if (drprad.lt.drpr
tIf the radius of the
!being formed drople {
teffective compared to the

!set that BL is effective f; ;
tlarge as the radius *#M {

parable to that of the
ss becomes less

ere, the criteria is
of the droplet is as

!Stripping rate

tbrkrate ~ r ""'—‘z‘.;:;m_n:..:::.::‘::z_‘.z.;y ,delta}]
- e 2
brkrate=3.9717*z! -

*relvel*visratio*delt m
vnew=pi*drprad* /0.75

t0nce the ragmentgtﬂ: rate times tHestime difference between
!the cu i 1 1 ater
ST o
!totallygstripped. On the i T
!calculated to be greater tha? that of thegticle, the RT

P AR R

ifrag(k)=1
if (kfront(2) .ne.0) tgroup (kfront(2))=time
tgroup (k) =time
ntotal=ntotal+ngroup
else

!In case the leading particle is intact, it is to be checked
twhether the stripped mass is enough to form the new
tparticles. If it is, further investigation is if this is
tits first stripping. If it is then the new master group is
tcreated. Otherwise, the newly fomred particles are added
'to the existing group.
if (brkrate.lt.vnew*rhop) then
1Since the mass of the fuel that has been broken up is
tnot enough to form a new particle, the broken up fuel
'must be tracked. Since the breakup rate is varied with
ttime, without a new variable to track the breakup rate,

breaking rate is calculated

other hand, i he critica dius is

B
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endif

!KH induced fra A
do k=1, npartn

endif
endif

!the following line is written such that the actual
!breakup may be estimated with the newly calculated
!breakup rate.

tgroup (k) =tgroup (k) +dt* (1.0-brkrate/vnew/rhop) /2.0

else

tgroup (k) =time
pmas (k) =pmas (k) -brkrate
" rpart (k) = (pmas (k) /rhop*0.75/pi) **(1.0/3.0)
if ((idghtr(k).eq.0).or. (idghtr(k).ne.0 &
.and.nump (idghtr(k)) .ge.maxn)) then
npart=npart+1l
j=npart
call dupk2j(j, k)
idghtr (k) =j
ifrag(j)=1
nump (j) =brkrate/ (vnew*rhop) *nump (k)
pmas (j) =brkrate*num;
rpart (j) = (pmas (j b (1.0/3.0)
ntotal=ntotal+

(@
nump (j) =0
pmas (j) =0

rpold(j) =rp
tp (j) =tpj
endif

e —

Y]

(
(o

if (xp(k).ge.xp ront m
ifrag(k) . 0.and.tp(k) .gt.tmelt) then
=1 .
4000 i=i+l ¢ o v
if thiibl o4
if (kp(k) (ig) B ) B X 400
4010 i st .ib1l) then
al

q

stprprty (weber, dratio,dtplus, relvel, romix)

!various positions along the jet may vary.
!Using the simplified model for KH process, two different
!sets of equations are used for thicknesses approach zero
tand infinite. The criteria is void fraction. If void
tfraction is less than a given criteria (for example,
tther), the thin film is assumed, otherwise thick film
tmodel is used. ’
if (th(i).lt.thcr) then
visratio=up (k) -ul (i)
xkmin=rl (i) *rhop*visratio**2.0/ &
1.5/ (xrl(i)+rhop)/(c(24)+c(32))
xnmax=rl (i) *rhop*xkmin**2.0*visratio**2.0/ &
(rl(i)+rhop) **2.0-(c(24)+c(32))* &
xkmin**3 .0/ (rl (i) +rhop)
else
visratio=up (k) -ug(i)
xkmin=rg (i) *rhop*visratio**2.0/ &

T alanag o)
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1.5/ (rg (i) +rhop) /c(32)
xnmax=rg (i) *rhop*xkmin**2.0*visratio**2.0/ &
(rg (i) +rhop) **2.0-c(32) * &
xkmin**3 .0/ (rg (i) +rhop)
endif
if (xnmax.lt.0) xnmax=0.0
xnmax=xnmax**0.5
" if (xkmin.le.0.0) then
brkrate=0.0
else
brkrate=rhop*8.0/3.0*pi*rpart (k) **2.0*xnmax &
/xkmin* (time-tgroup (k)) *2.0*pi*cf0 ‘
endif
if (xkmin.gt.0.0) then
drprad2=pi/xkmin
if (drprad2.lt.rpart(k)) then
if (rpart (k) /drprad2. 2.0%*(1.0/3.0)) then

if (c(150) .eq.
if (rpart(
tgroup (k) =tif
goto 1010
endif
endif | 1
if (brkrate
ifxy -‘lf
tgro m-
ntota utota
else -
vnew=pi* rad**3/0.75

AL BRI uang-

broken up fuel must be tracked. Since the breakup

'rate is varied qfth time, th ut a new varlab e
o o g
R SRS EATHESRY
lles calculat ku
tgroup (k) tgroup(k)+dt* &
(1.0-brkrate/vnew/rhop) /2.0
else
tgroup (k) =time
pmas (k) =pmas (k) -brkrate
rpart (k) = (pmas (k) /rhop*0.75/pi) **(1.0/3.0)
rpold (k) =rpart (k)
if ((idghtr(k).eq.0) .or. (idghtr(k).ne.0 &
.and.nump (idghtr (k) ) .ge.maxn)) then
npart=npart+1l
j=npart
call dupk2j(j,k)
idghtr (k) =3
ifrag(j)=1
nump (j) =brkrate/ (vnew*rhop) *nump (k)
pmas (j) =brkrate*nump (k) /nump (j)
rpart (j) = (pmas (j) /rhop*0.75/pi) **(1.0/3.0)
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rpold(j)=rpart(j)
else

j=idghtr (k)

oldms=pmas (j) *nump (j) +brkrate*nump (k)

numpj=brkrate/ (vnew*rhop) *nump (k)

if (numpj.le.0) numpj=1

rpartj=(brkrate*nump (k) /numpj/rhop*0.75/pi) &
*%(1.0/3.0)

tpj=(pmas (j) *nump (j) *tp (j) +brkrate*tp (k) &
*nump (k) ) /oldms

up (j) = (pmas (j) *nump (j) *up (j) +brkrate*up (k) &
*nump (k) ) /oldms

xp (j) = (pmas (j) *nump (j) *xp (j) *tp(j) &
+brkrate*xp (k) *nump (k) *tp (k) )/ &
oldms/tpj

drprad_(numpj*rpartj**z*(tp(k) ts(i))+ &

Y **2*(tp(3) -ts(i)))/ &

1010 continue
end do
7000 continue
do k=1,npart
if (ifrag(k).ne.0.and.k.ne
tgroup (k) tgroup(k)+2 0 *3
endif
end do
endif

end subroutine newfrj~ ==

subroutine dks
include 'fcicom.for'

ar(vi,v2)=(

dxr=dx (i) +dx

dxl=dx (i) +dx

'calculate the homogeous mixture pf‘pertles

ST

thpa a
amug=ar mug(lh)*th(lh) mug (i) *th(i))
amul=ar (mul (ih) * (1-th(ih)),mul (i) *(1-th(i)))

!mass-averaged mixture velocity
tbubbly flow, transition flow regime or droplet flow regime

1if (xp(k).lt.xc(ih).and.xp (k) .ge.xb(ih)) then 'Urith
! if (imap(ih).eq.1) then '
! rlpa2=rlpa

! romix=rgpa+rlpa

! vmix= (rgpa*ug (i) +rlpa2*ul (i))/romix
! amumix=amug+amul

! else if (imap(ih).eq.3) then

! romix=rgpa

! vmix=ug (i)

! amumix=amug



! rlpa2=0.

! else if (imap(ih).eq.2) then

! rlpa2=rlpa*(1-th(ih) -thlg(ih))/(1-th(ih))
! romix=rgpa+rlpa2

! vmix= (rgpa*ug (i) +rlpa2*ul (i) ) /romix

! amumix=amug+rlpa2*amul/rlpa

! end if

telse if (xp(k).1lt.xb(ip).and.xp(k).ge.xc(i)) then

if (xp(k).lt.xb(ip).and.xp(k).ge.xc(i)) then
if (imap(i).eqg.1) then
rlpa2=rlpa
romix=rgpa+rlpa
vmix=(rgpa*ug (i) +rlpa*ul (i)) /romix
amumix=amug+amul
else if (imap(i).eq.3) then
romix=rgpa
vmix=ug (i)
amumix=amug
rlpa2=0.
else if (imap(i).eq.2)
rlpa2=rlpa* (1-th(i
romix=rgpa+rlpa2
vmix=(rgpa*ug (i) +rl;
amumix=amug+rlp
end if
end if

!relative velocity betw
!pareticles velocity,
!flow pass through a
relvel=abs (vmix-up (k))
reyold=relvel*2.*rpart
reyold=amax1l (reyold, le-4)

!from the single particl
!viscous regime or newtonia
tforce of the flow on the s
if (c(30).eq.0) then
cdl=6.* (rpart (k) /rpold (k
cd2=0.44* (rpart (ki/rp
else o
cd1=10.568* (rpar
cd2=0.775* (rpart i
end if 1 I
I |
if (reyold.le.1000) then
demlx—cdl*pl*rpart(k)‘h ix*(1.+0. 15*regold**0.687)

i HafaHa NN

'multlple fuel partlcles s drag fordg

Y RGN IR NN Y

!gas-pa

dk (k) =rgpa*demix/romix
tliquid-particle drag
ek (k) =rlpa2*demix/romix

div=1.+dt* (ek (k) +dk (k) ) /pmas (k)

sg (i) =sg (i) +dk (k) *nump (k) /div

rgd (i) =xgd (i) +dk (k) *nump (k) *upn (k) /div
add=ek (k) *nump (k) /div

s1(i)=sl(i)+add

rld(i)=rld(i)+add*upn (k)

xu (1) =xu (i) +nump (k) *ek (k) *dk (k) /div/pmas (k)

end subroutine dks

subroutine echk
include 'fcicom.for!

207
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!calculate the energies of the coolant and fuel for
!energy conservation checking.

fcalculate the fuel energy

if (iexplos.eq.0) ntemp=npart

if (iexplos.eq.l) ntemp=2*npart

efuelp=0.

if (npart.ne.0) then
do k=1,ntemp

efuelp=efuelp+nump (k) *pmas (k) *siep (k)

end do

endif

!calculate the coolant energies

elig=0.

egas=0.

do i=2,ibl
egas=egas+rgp (i) * (sieg (i) +0.5*%
elig=elig+rlp (i) *(siel (i)+

end do

volum (i) *(1.-thp(i))
(i) *(1.-thp(i))

dew=0.
do i=2,ib1

end do

rig=rgp (ibl) *sieg(ib1l)
rigp=rgp (ib2) *sieg (i

rilp=rlp (ib2) *siel (ib2)
dfel=flxr (ul(ibl),ril,ri

!the total energy of both inside
if (c(98).eq.0.) then .
etotal=efuelp+e +e
else ;
etotal=elig+egas ﬁg

endif
fcalculate the energjmifferences

defuel=efuelo-efuelp
degas=egas-egaso

g ¢ 3N EJ NINYINT

end subroutine e

e AN T AN INYA Y

[B.1] Roland Span, Eric W. Lemmon, Richard T Jacobsen, Wolfgang Wagner, and
Akimichi Yokozeki. A reference equation of state for the thermodynamic
properties of nitrogen for temperatures from 63.151 to 1000 K and pressures
to 2200 MPa. J.Phys.Chem.Ref.Data. Vol.29, No.6, 2000.



APPENDIX C

SAMPLES OF INPUT FILES FOR SIMULATION

WK Liquid Nitrogen with 77K

C.1 Water at 1 CC, 77K Drop into 77
—

Wall Temperature

0
WATER 1CC 77K ,LN2 77K, S

&ISET
IB=25, IPOPT=0, FLB=2, FLT= \
THSTAR=0.5, EPSL=1E-5, .9, EPSI=0.000 SP=0.5,
THFLAG=.01,ETH=.1 &

&GRID

XPMAX = .305,

DXI (1) =.04,
ARIY(1)=.0080914,
ARJ (1) =.0080914,

&INIT

UG0=0., ULO=0.,
PO(1)=1ES5, NPO(1)=25,
THO(1)=0., NTH(1)=6,
THO(2)=1., NTH(2)=19,

TGO(1)=77.244, TLO(1)=77.244, NTG{ii=i5,—
TGO(2)=77.244, TLO(2)=77.244, NIGI2)=10, < |
GRAVO(1)=9.8, NGRAV(1)=25 -ﬂfg‘f ¥
TWO=77.244 &

"l ————————————————————————————_]

: -
&PART 7 )
TTLMSS=0.001, =
NBREAK=1, . EB @
RPARN=.0075, KFUEL=2.1,MNBOTTOM=1,

MPPART=1, NPIN=1, CP=4.179e3,CP_ICE=2.09E3, RHOP=0.9980e3, PHEAT=3.33D5,
TMELT=273.16,

F-% o
TPIN=77.244, NP ’ g
S R TR

&BOUND
PIN=1.0D6, THOUT=1.0, POUT=1D6 & ¢ o

ool WAANLAAATINE Ay

DT=1D-4, MAX=1D-4, DTMIN=1d-7 &

&0OUTPUT

LPR=3, TPL=0.1, TPL99=.1, TPL15=.1,
IPR(1)=9,IPR(2)=9,IPR(3)=9,IPR(4)=9,
IPR(5)=26,IPR(6)=26,IPR(7)=26,IPR(8)=26 &

&EXPLO
&

&CONST

C(4)=1.75E-3,

C(5)=77.244, C(9)=806.6, C(11)=1ES5,

C(13)=7.182E-3, C(14)=0.13915, C(23)=1.579E-4,C(24)=6.2e-3, C(25)=0.0553E-4,
C(20)=0.5, C(21)=1.,C(29)=7.5, C(30)=1., C(31)=12., C(32)=0.0757, C(33)=0., C(34)=0.,
€C(35)=1., C(36)=1., C(37)=0., C(38)=1., C(39)=1., C(40)=1.,



C(41)=0.1,C(42)=1D-4,C(43)=0.,C(44)=0.,C(45)=0.1,C(46)=0.,C(47)=1D-3,

C(48)=1., C(49)=0.1093, C(50)=-0.0785, C(51)=1.0, C(52)=0.246,
C(53)=0., C(54)=1., C(55)=0., C(56)=1.0, C(57)=0., C(58)=0.
C(59)=0.1,C(60)=0.,

C(61)=0.005,

C(62)=0.0, C(63)=2.5, C(64)=0.0, C(65)=1.0,
c(66)=1, Cc(67)=0, Cc(68)=0.1, Cc(69)=1.1,
C(70)=3, . C(71)=0, C(72)=-197.0, €(73)==192.0;
C(74)=4, Cc(75)=0, C(76)=-197.0, C(77)=-187.0,
C(78)=2, C(79)=0, C(80)=0.08, C(81)=0.18,
c(82)=1, C(83)=0, C(84)=0.6, c(85)=1.1,
C(86)=3, Cc(87)=0, Cc(88)=-197.0, C(89)=-192.0,
C(90)=4, C(91)=0, C(92)=-197.0, C(93)=-187.0,
C(94)=2, C(95)=0, C(96)=0.08, C(97)=0.18,

C(98)=0.,C(100)=0.0,C(101) = 0.0,C(102) = 0.05,C(103) = 3.083E8,C(104)
C(105)=91.22,Cc(106) = 2.0,C(107) = 1,C(119) = 7.3D6, C(120) = 9.9D6,
= 14600.,C(134) = 5710000.,

C(131) = 0.0000134, C(132) = 0.285, C(133)
C(136) = 0.0,C(141) = 0.01,C(143) = 1.0 (160)=0.0 &

WATER 1CC 77K ,LN2 77K,

&ISET

IB=25, IPOPT=0, FLB=2, o !
THSTAR=0.5,EPSL=1E-5, EPS ) .5, 513 00005, EPSP=0.5,
THFLAG=.01,ETH=.1 &

&GRID

XPMAX = .305,

DXI(1l) =.04,

ARIY(1)=.0080914,
ARJ(1) =.0080914,

&INIT

UG0=0., ULO=0.,
PO(1)=1ES5, NPO(1)=25,
THO(1)=0., NTH (1) =6
THO(2)=1., NTH (2) %19,

TGO(1)=77.244, TLO(1)73
TGO(2)=77.244, TLO(2)="
GRAVO(1)=9.8, NGRAV(1)=25
TWO=273 & -ll

&PART

B Sy INININGINT

MPPART=1, NPIN=1 qfhﬂ 179e3,CP_ICE=2.09E3, RHOP=0.9980e3, PHEAT=3.33D5,

TMELT=273.16,

o AR R %ﬂiﬁﬁ gEieh]

PIN"I ODG qI‘HOUT 1.0, POUT=1D6 &

&RUNTIM
TPT=.0278, TIJEND=0.001, TGT=5D-2, TMAX=2.5,
DT=1D-4, DTMAX=1D-4, DTMIN=1d-7 &

&0UTPUT
LPR=3, TPL=0.1, TPL99=.1, TPL15=.1,
IPR(1)=9,IPR(2)=9,IPR(3)=9,IPR(4)=9,
IPR(5)=26,IPR(6)=26,IPR(7)=26,IPR(8)=26 &
&EXPLO

&

&CONST
C(4)=1.75E-3,

210

C(135) = 400.0,



C(5)=77.244, C(9)=806.6, C(11)=1ES,

211

C(13)=7.182E-3, C(14)=0.13915, C(23)=1.579E-4,C(24)=6.2e-3, C(25)=0.0553E-4,
€(20)=0.5, C(21)=1.,C(29)=7.5, C(30)=1., C(31)=12., C(32)=0.0757, C(33)=0., C(34)=0.,

C(35)=1., C(36)=1., C(37)=0., C(38)=1., C(39)=1

. C(40)=1.,

C(41)=0.1,C(42)=1D-4,C(43)=0.,C(44)=0.,C(45)=0.1,C(46)=0.,C(47)=1D-3,
C(48)=1., C(49)=0.1093, C(50)=-0.0785, C(51)=1.0, C(52)=0.246,
C(53)=0., C(54)=1., C(55)=0., C(56)=1.0, C(57)=0., C(58)=0.,

C(59)=0.1,C(60)=0.,
C(61)=0.005,

C(62)=0.0, C(63)=2.5, C(64)=0.0,
C(66)=1, C(67)=0, C(68)=0.1,
C(70)=3, C(71)=0, C(72)=-197.0,
C(74)=4, C(75)=0, C(76)=-197.0,
Cc(78)=2, C(79)=0, C(80)=0.08,
c(82)=1, C(83)=0, C(84)=0.6,
C(86)=3, C(87)=0, C(88)=-197.0,
C(90)=4, C(91)=0, C(92)=-197. 0,
C(94)=2, C(95)=0, C(96)=0.08

C(98)=0.,C(100)=0.0,C(101) = 0.0,
C(105)=91.22,C(106) = 2.0,C(107) =

C(131) = 0.0000134, C(132) =.0.28
C(136) = 0.0,C(141) = 0.01,C

C.3 Water Injectio

0
WATER 2bar 100CC 300K

&ISET
IB=25, IPOPT=0, FLB=2, FL
THSTAR=0.5, EPSL=1E-5, EP,
THFLAG=.01,ETH=.1 &

&GRID

XPMAX = .305,

DXI (1) =.04,
ARIY(1)=.0080914,
ARJ (1) =.0080914,

&INIT

UG0=0., ULO=0.,
PO(1)=1ES5, NPO(1 ﬂ‘5,
THO(1)=0., = NTH(1)=6
THO(2)=1., NTH(2)
TGO(1)=77.244, TLO(1 !f

TGO (2)=77.244, TLO(2)= 4
GRAVO(1)=9.8, NGRAV(1) ’
TWO=273 &

&PART

RPARN=.0075, KFU 2.1, NBOTTOM=1

C(65)=1.0,

c(69)=1.1,

C(73)=-192.0,
C(77)=-187.0,

C(81)=0.18,

c(85)=1.1,

C(89)=-192.0,
C(93)=-187.0,

C(97)=0.18,

= 3.083E8 C(104) = 151.0,
, C(120) = 9.9D6,

(134) = 5710000., C(135) = 400 0,

io 0.05

&ﬁW“ﬂUH?ﬂﬂﬂ§Wﬂqﬂi

MPPART=1, NPIN=1 P=4.179e3;CP ICE—2‘09E3 RHOP=0.9980e3, PHEAT=3.33D5,

TMELT=2

izzﬁ?i?ﬁ RSN RLSIR 1A

&BOUND
PIN=1.0D6, THOUT=1.0, POUT=1D6 &

&RUNTIM
TPT=.0278, TIJEND=0.001, TGT=5D-2, TMAX=2.5,
DT=1D-4, DTMAX=1D-4, DTMIN=1d-7 &

&OUTPUT
LPR=3, TPL=0.1, TPL99=.1, TPL15=.1,
IPR(1)=9,IPR(2)=9,IPR(3)=9,IPR(4)=9,
IPR(5)=26,IPR(6)=26,IPR(7)=26,IPR(8)=26 &
&EXPLO

&

&CONST
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C(4)=1.75E-3,

C(5)=77.244, C(9)=806.6, C(11)=1ES,

C(13)=7.182E-3, C(14)=0.13915, C(23)=1.579E-4,C(24)=6.2e-3, C(25)=0.0553E-4,
€(20)=0.5, C(21)=1.,C(29)=7.5, C(30)=1., C(31)=12., C(32)=0.0757, C(33)=0., C(34)=0.,
c(35)=1., C(36)=1., C(37)=0., C(38)=1., C(39)=1., C(40)=1.,
C(41)=0.1,C(42)=1D-4,C(43)=0.,C(44)=0.,C(45)=0.1,C(46)=0.,C(47)=1D-3,

C(48)=1., C(49)=0.1093, C(50)=-0.0785, C(51)=1.0, C(52)=0.246,

c(53)=0., C(54)=1., C(55)=0., C(56)=1.0, C(57)=0., C(58)=0.,

C(59)=0.1,C(60)=0.,

C(61)=0.005,

C(62)=0.0, C(63)=2.5, C(64)=0.0, C(65)=1.0,
Cc(66)=1, c(67)=0, Cc(68)=0.1, Cc(69)=1.1,
C(70)=3, Cc(71)=0, C(72)=-197.0, c(73)==192:0;,
C(74)=4, C(75)=0, C(76)=-197.0, C(77)=-187.0,
Cc(78)=2, c(79)=0, Cc(80)=0.1, C(81)=0.2,
Cc(82)=1, Cc(83)=0, C(84)=0.6, c(85)=1.1,
C(86)=3, Cc(87)=0, [ C(89)=-192.0,
C(90)=4, C(91)=0, C(93)=-187.0,
C(94)=2, C(95)=0, Cc(97)=0.2,

C(98)=0.,C(100)=0.0,C(101)
C(105)=91.22,C(106) =

= 3.083E8,C(104) = 151.0,
= 9.9D6,

C(131) = 0.0000134, C(132) 85 fo00w = 5710000., C(135) = 400.0,
C(136) = 0.0,C(141) = 0.0 6

C.4 Water Injecti 0 0.05

0

WATER 3bar 100CC 300K ,LN

&ISET
IB=25, IPOPT=0, FLB=2, FLT
THSTAR=0.5, EPSL=1E-5, EPS
THFLAG=.01,ETH=.1 &

PSP=0.5,

&GRID

XPMAX = .305,

DXI(1) =.04, NDX (18825 42
ARIY(1)=.0080914, NARIY (1) =2%;

ARJ(1) =.0080914, NARJ (1) =254
=

&INIT

UG0=0., ULO=0 . —_—
PO(1)=1E5, NPO(1 v

THO(1)=0., NTH(1)=

THO(2)=1., NTH (2)=1 —
TGO(1)=77.244, TLO(1)=77.244, NTG(1l)=15,

TGO (2)=77.244, TLO(2)=77. hNTG(Z) =10,

=50 UEINENIN NG

&PART
TTLMSS=0.100,
NBREAK=

mﬂ%ﬂ@\?ﬂﬁw AN HINY

TMELT=2
TPIN= 300 NPARN 0, NGROUP=2, UPIN=-5.0, IENTRY=2, IENTRY2=1,
RGRP (1)=0.0075, FRCTGRP(1)=0.095, UPINGRP(1)=-0.89, TPINGRP(1)=300 &

&BOUND
PIN=1.0D6, THOUT=1.0, POUT=1D6 &

&RUNTIM
TPT=.0278, TIJEND=0.001, TGT=5D-2, TMAX=2.5,
DT=1D-4, DTMAX=1D-4, DTMIN=1d-7 &

&OUTPUT

LPR=3, TPL=0.1, TPL99=.1, TPL15=.1,
IPR(1)=9,IPR(2)=9,IPR(3)=9,IPR(4)=9,
IPR(5)=26,IPR(6)=26,IPR(7)=26,IPR(8)=26 &

&EXPLO
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&

&CONST

C(4)=1.75E-3,

C(5)=77.244, C(9)=806.6, C(11)=1ES5,

C(13)=7.182E-3, C(14)=0.13915, C(23)=1.579E-4,C(24)=6.2e-3,
C(25)=0.0553E-4,

€(20)=0.5, C(21)=1.,C(29)=7.5, C(30)=1., C(31)=12., C(32)=0.0757, C(33)=0., C(34)=0.,
C(35)=1., C(36)=1., C(37)=0., C(38)=1., C(39)=1., C(40)=1.,
C(41)=0.1,C(42)=1D-4,C(43)=0.,C(44)=0.,C(45)=0.1,C(46)=0.,C(47)=1D-3,
C(48)=1., C(49)=0.1093, C(50)=-0.0785, C(51)=1.0, C(52)=0.246,
C(53)=0., C(54)=1., C(55)=0., C(56)=1.0, C(57)=0., C(58)=0.,
C(59)=0.1,C(60)=0.,

C(61)=0.005,

C(62)=0.0, C(63)=2.5, Cc(64)=0.0, Cc(65)=1.0,
c(66)=1, c(67)=0, c(68)=0.1, c(69)=1.1,
C(70)=3, Cc(71)=0, Cc(72)=-197.0, Cc(73)=-192.0,
c(74)=4, c(75)=0, e c(77)=-187.0,
c(78)=2, C(79)=0, =0 | Cc(81)=0.2,
c(82)=1, c(83)=0, 34 c(85)=1.1,
C(86)=3, c(87)=0, , ; (89)=-192.0,
C(90)=4, C(91)=0, c : ‘_‘,gllgv 3)=-187.0,
c(94)=2, C(95)=0, 6)=0. ——4.7)-—»0.2,
C(98)=0.,C(100)=0.0,C(101) . .083E8,C(104) = 151.0,
C(105)=91.22,C(106) = 2.0 . 9 7..3D6 (120) = 9.9D6,

C(131) = 0.0000134, C(132)
C(136) = 0.0,C(141) = 0.0

= 5710000., C(135) = 400.0,

C.5 Water Injection 4

0
WATER 4bar 200CC 300K ,LN

&ISET f
IB=25, IPOPT=0, FLB=2, FLT

THSTAR=0.5, EPSL=1E-5, EPSG
THFLAG=.01,ETH=.1 &

), EPSP=0.5,

&GRID

XPMAX = .305,

DXI (1) =.04,

ARIY(1)=.0080914,

ARJ(1) =.0080914, “INARJ(1)=2! :
&INIT

UG0O=0., ULO=0.,
PO(1)=1ES, NPO(1)=25,
THO(1)=0., NTH(1)=6, ¢

THO(2)=1., (®) 31 -y g
i BUROMEN TNEINT
TGO (2)=77.244, TLO( 44, N =10

GRAVO(1)=9.8, NGRAV(1)=25,

2= ARIAINTUUNIINYAY

RPARN=.0075, KFUEL=2.1, NBOTTOM=1,

MPPART=1, NPIN=1, CP=4.179e3,CP_ICE=2.09E3, RHOP=0.9980e3, PHEAT=3.33D5,
TMELT=273.16,

TPIN=300, NPARN=0, NGROUP=2, UPIN=-5.0, IENTRY=2, IENTRY2=1,

RGRP (1)=0.0075, FRCTGRP(1)=0.095, UPINGRP(1)=-2.19, TPINGRP(1)=300 &

&BOUND
PIN=1.0D6, THOUT=1.0, POUT=1D6 &

&RUNTIM
TPT=.0278, TIJEND=0.001, TGT=5D-2, TMAX=2.5,
DT=1D-4, DTMAX=1D-4, DTMIN=1d-7 &

&OUTPUT
LPR=3, TPL=0.1, TPL99=.1, TPLl1l5=.1,
IPR(1)=9,IPR(2)=9,IPR(3)=9,IPR(4)=9,



IPR(5)=26,IPR(6)=26,IPR(7)=26,IPR(8)=26 &
&EXPLO

&

&CONST

C(4)=1.75E-3,,
C(5)=77.244, C(9)=806.6, C(11)=1E5,
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C(13)=7.182E-3, C(14)=0.13915, C(23)=1.579E-4,C(24)=6.2e-3,

C(25)=0.0553E-4,

C(20)=0.5, C(21)=1.,C(29)=7.5, C(30)=1., C(31)=12., C(32)=0.0757, C(33)=0., C(34)=0.,
C(35)=1., C(36)=1., C(37)=0., C(38)=1., C(39)=1., C(40)=1.,
C(41)=0.1,C(42)=1D-4,C(43)=0.,C(44)=0.,C(45)=0.1,C(46)=0.,C(47)=1D-3,

C(48)=1., C(49)=0.1093, C(50)=-0.0785, C(51)=1.0, C(52)=0.246,

C(53)=0., C(54)=1., C(55)=0., C(56)=1.0, C(57)=0., C(58)=0.,

C(59)=0.1,C(60)=0.,

C(61)=0.005,

C(62)=0.0, C(63)=2.5, C(64)
Cc(66)=1, C(67)=0, 6
C(70)=3, C(71)=0,

C(74)=4, C(75)=0,

C(78)=2, C(79)=0,

c(82)=1, Cc(83)=0,

C(86)=3, c(87)=0,

C(90)=4, C(91)=0,

C(94)=2, C(95)=0,

C(98)=0.,C(100)=0.0,C (10
C(105)=91.22,C(106)
C(131) 0.0000134,
C(136) 0.0,C(141)

]

c(65)=1.0,
c(69)=1.1,

=C(81)=0.2,
- )=1.1,
(89)=-192.0,
=-187.0,
0.2
.083E8,C(104) = 151.0,
‘l"s,. =, 9.9D6,
5710000., C(135) = 400.0,

i L (73)=-192.0,
« /g!'mpw?.o,

AULINENINYINS
AMANTAUNNINYAE



APPENDIX D

ESTIMATING THE INTERFACE TEMPERATURE OF
TWO SUDDENLY CONTACTING MATERIALS

Other than the theoretical m jin TEXAS code, Kazimi et al [D.1] also
derived the interface tempera /l enly contacting materials. The
derivation was based on the" i é uniform initial temperature. The -
interface temperature cw—q imated t¢ ature of the contacting water and

as expressed in terms of the

liquid nitrogen in this (
thie thermal diffusivity as:

temperature and the rati

(k/a,), = Ratio of the thermal conductwg to the diffusivity of the hot material,

(kla), = Iﬁ uﬁtwwlﬁy‘wﬂﬁuﬁ@ of the cold material,

(pc)y, = Prcﬂuct of the density and the spemﬁ&.heat of the ho terial and

(] Vot deo b "vﬂ%@%ﬂﬂ@&w

The water with the temperature, density and specific heat of 300K, 997 kg/m’
and 4179 J/kg-K, and the liquid nitrogen with the temperature, density and specific
heat of 77K, 806 kg/m® and 2041 J/kg-K gave the interface temperature of 237K.

Reference
[D.1] Kazimi, M.S. and Erdman, C.A. On the Interface Temperature of Two Suddenly
Contacting Materials. J. of Heat Transfer. (November 1975):615-617.



APPENDIX E

ESTIMATING OF THE MINIMUM FILM
BOILING TEMPERATURE

Since the vapor explosion wa: 1ate he collapse of the film boiling, the
minimum film boiling temperatuie faportant key for it acted as a threshold
parameter during the an empirical expression for

the minimum film boili

T = Critical temperauesi Fio i
l)cril = Criti ;l reqsyre O = s
P =Boilingp

The li critical pressure of
126.192K andﬁﬂﬁﬂﬁﬂﬂ %ﬂ;ﬂ Tﬂaﬁ and 0.2 MPa resulted
in the mlmmum film boiling tefiperature ofel09.0K+7.6K @nd 109.5K+7.6K,
respectalwffl aﬁeftl mufm}q n&_lt;:lnaaﬂf the contact

temperature of 237K. Thus, it was very likely that the nitrogen film boiling occurred

in the experiments.
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