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1. INTRODUCTION

Although the Closed-Chamber Data Analysis Program BR.CB (Oberic and Kcoker 1993)" was
originally developed to support the work of the High Pressure Combustion Research Team of the
Propulsion and Flight Division of the U.S. Army Rescarch Laboratory, its use throughout the combustion
community has resulted in the identification of additional features which if incorporated would enhance
the programs utility. The requested fcaturcs were: (1) calculations to determine vivacity, (2) inclusion
of additional propellant grain form functions for rolled bali and rosctic geometries, and (3) cditing
capabilitics when dealing with multi-layered propellant grains (specifically, the ability to cdit the input
thermochemical information). The objective of this report is to document the inclusion of these options

into the BRLCB program and provide the user with details on their use.
2. VIVACITY CALCULATION

In addition 0 the measurement of a propellant’s bum rate, a comparison of the closed-chamber
pressurc-time curve with the pressure-time curve of a "standard” or bascline propellant is often used to
characterize a propellant’s combustion behavior. Some of the more common measurements/comparisons
arc dynamic vivacity, regular vivacity, relative force, and relative quickness. Generally, these comparisons
or measurcments involve the time derivative of the pressure (dP/dt), maximum pressure (Pmax), and

instantancous pressure (P). For cxamplc, dynamic vivacity is defined by

NELLCA LS (M
(P » Pm:ax)

Dynamic Vivacity =
In order to facilitate the calculation of these quantitics, an additional sub-option has been added o
BRLCB. This sub-option is provided to the user just prior to exiting Option 5, Smooth Pressure/Time
Data, of the Main Menu.  Before exiting Option S, the user is offered the opiion of performing the
vivacity calculation. If the vivacity calculation is sclected, the user is asked to provide a file name for
the vivacity information. The BRLCB program places no restrictions on the file name format; however,
a file extension of LVIV is recommended to prevent duplicating {ile names automatically gencrated by
BRLCB. The format of the vivacity file is given in Table | and consists of five columns, as shown in

the table. Although the dynamic vivacity is the only above mentioned quantity calculated, all the other

t Oberle, W. E., and D. E. Kouker. "BRLCB: A Closed-Chamber Data Analysis Program Part I and 1I- -Theory and User's
Manual.” ARL-TR-36, U.S, Army Rescarch Laboratory, Aberdeen Proving Ground, MD, January 1993,
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quantitics can be computed using the information supplied in the table, provided the "reference propellant”

information required for relative force and quickness is known.

Table 1. Format of Vivacity Fiic

Column 1 2 3 4 5
Quantity Time Pressurc Pressure/Pmax dP/dt Dynamic Vivacity
Units s MPa ) MMPa/s® 1/(MPa-s)

4 MMPa = Million MPa

To validate the computer coding of the vivacity sub-option, the interior ballistic code IBHVG2
(Anderson and Fickic 1987)" was used to simulate a pressure history (see Table 2 for specific input data

utilized in the simulation).

Table 2. Input Parameters Utilized in IBHVG2 to Generate a Pressure
History Used to Validate the BRLCB Vivacity Calculation

Chamber Volume (cm3) 300
\ Propellant:
Geometry Spherical
| Diameter (cm) 0.5
Mass (g) 91
Impetus (J/g) 1,140
Flame Temperature (K) 3.410
Molecular Weight (-) 2487
Covolume (cra’/g) 0.996
Ratio of Specific Heats (-) 1.225
Density (g/cm?) 1.58

The pressure history generated by IBHVG2 was then used in BRLCB with the vivacity calculation
option sclected. Results from the BRLCB vivasity calculations were then compared with results obtained

from dircctly computing the quantitics listed in Table 1 from the pressure history, The percentage

T Anderson, R, D., and K. D. Fickie. "IBRVG2- ‘A User's Guide.” BRL-TR-2829. U.S. Army Researeh Laboratoty, Aberdeen
Proving Ground, M0, July 1987,




difference between the two calculations is shown in Figure 1. As scen in the figure, the maximum pereent
crior is approximately 0.02%. Considering that dP/dt was numerically calculated for both the BRLCB
and the direct calculation the results arc consider virtually identical. Thus, the vivacity routine included
in BRLCB is correctly performing the dzsired calculations. Appendix A contains the code listing for the
vivacity calculation added to BRLCB.

3. ROLLED BALL AND ROSETTE PROPELLANT GRAIN FORM FUNCTION

Two additional propellant grain form functions have been added 1o BRLCB—the rolled or squashed

ball and a general rosetic form function.

The geometry of the rolled ball is shown in Figurc 2. Required dimensions are the overall grain
diameter, D in Figure 2, and the thickness between the flat surfaces of the grain, T in Figure 2. The
cquations utilized to compute grain volume and surlace arca are those used in the interior ballistic code
IBHVG2.

As described in the User’s Manual (Oberle and Kooker 1993)," 1o verity the - oding for a grain form
function, IBHVG?2 is uscd to gencrate a pressure history for a simulated closcd-chamber firing. Input

values utilized in IBHVG2 for the rofled ball grain gecometry arc given in Table 3.

The percent difference between the BRLCB derived bum rate and the assumed burn riate used in
IBHVG2 (sce Table 3) is shown in Figurc 3. Duc to the decimal accuracy of the input data from
IBHVGZ and roundoff/truncation, crrors associated with the numerical routines utilized in the program
the maximum pereent difference of less than 2% is consider insignificant (sce User’s Manual [Oberle and

Kooker 1993) for details).  Thus, the coding for the rolled ball propeliant is correct.

The geometry of the rosette form function is shown in Figurce 4. The required dimensions are outer
diameter; length; perforation diameter: inner, midale, and outer web,  tflowever, for the equations used 10
determine volume and surtace area (identical to those used in IBHVG2), the inner and middle webs must
be equal.  In addition, the form furction is gencralized fov 7, 19, 37, ctc., perforations which are
dctermined by cntering the number of perforation rings, The relation between rings and the most common

number of perforations is given in Table 4. The generalized relationsivp (n is number of rings and P

T Oberle, W. E., and D. E. Kooker. "RRLCB: A Closed-Chamber Data Analysis Program Part [ and [I.- Theory and User’s
Manuai.” ARL-TR 36, [1.S. Army Research Laboratory, Aberdeen Proving Ground, MD, January 1993,
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D: Overall Grain Diameter

Figurc 2. Schematic of rolled ball grain gcometry.

T: Grain Thickness

Table 3. Input Paramcters Used in IBHVG2 to Generale a Pressure History for Rolled Ball
Grain Geometry

Chamber Volume (cm®) 300
Propellant:

Geometry Rolled Ball
Overall Diameter (¢cm) 0.01
Thickncss (cm) 0.005

Mass (g) 91

Impetus (J/g) 1,140

Flame Temperature (K) 3,410

Molecular Weight (g/g-mol) 24.87

Covolume (cm?/g) 0.996

Ratio of Specific Heats (-) 1.225

Density (g/cm?) 1.58

Bum Rate Law
Coefficient (cm/s-MPa™) 0.1
Exponent (-) 0.508
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Figurc 4. Schematic of roscite grain gcometry.

Table 4. Relation Between Number of Rings and Perforations

No. Rings No. Perforations
1 7
2 19
3 37
number of perforations) is
P=3sn?+3%n +1. @)

A similar procedure to that vscd to validate the coding for the rolied ball form function was used for the
rosctte form function. Input values for the IBHVG?2 simulation arc given in Table 5. The percent

differences between derived (BRLCB) and assumed bum rates are shown in Figure 5. Although the




maximum percent difference is slightly higher than for the rolled ball the results are felt to be acceprable.

Thus, the rosctte forn function appears to be correctly coded.

Table 5. Input Parameters Used in IBHVG?2 to Generate a Pressure History for Rosctte

Grain Geometry

Chamber Volume (cm3) 300
Propetlant:
Geometry Rosetie
Diameter (cm) 2.9
Length {(cm) 3.5
Perf Diameter (cm) 0.3
Inner & Middic Webs (cm) 0.2
. Outer Web (cm) 0.3
Mass (g) 91
Impetus (J/g) 1,140
Flame Temperature (K) 3,410
Molccular Weight (-) 2487
Covolume (cm3/g) 0.996
Ratio of Specific Heats (-) 1.225
Density (g/cm) 1.58
Bum Rate Law
Coefficient (cri/s-MPa™) 0.16
Exponent (-) 0.908

4. EDITING CAPABILITY

For muiti-layered propellant grains, 12 different values (propeilant density and thermochemical
information) arc required by the code for cach layer. Such a process is extremely susceptible to error
(typing, transposing digits, eic.). Unfortunately, to correct an cmor, the original version of BRLCB
required the user to re-cnter all 12 values for cach layer, again creating a situation which is extremely
crror prone. To alleviate this difficulty, an additional option (Option () has be¢n incorporated into the
BRLCB program. This option will allow the uscr to cdit the physical properties (density and
thermochemistry) of the propellant.
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The option is accessed from the Main Menu by typing a zero. Tne user is then requested to supply
the name of the Master Information File (. MAS extension) containing the propellant data to be conected.
After entering the file name, the user will be allowed to edit the physical propertics of cach layer of the
; propellant material. In operation, the program reads the indicated Master Infammation File, creates a file
| named EDITFL with the format shown in Table 6 (cxample is a three-layer grain) and then invokes the
EMACS cditor JOVE (program EDITIN.FOR, sce Appendix B). Afier the user completes editing (JOVE
1 is exited by typing ESC-Z, cscape key followed by the letter z), the Master Information File is rewrilten
; (program EDOUT.FOR, scc Appendix C). THE NEW INFORMATION WILL OVERWRITE THE
URIGINAL MASTER INFORMATION INDICATED BY THE USER. THIS OPTION SIMPLY EDITS
AN EXISTING MASTER INFORMATION FILE AND DOES NOT CREATE A NEW FILE.

1 Table 6. Example of EDITFL File

Gamma

1.300000

o Numbcr of Layers: 3

. LAYER #: 1
! Property Beginning Layer End of Laycr
i Impetus (J/g) 1,100.00 1,200.00
! Flame Temp. (K) 3,100.00 3,200.00
| Density (g/cm?) 1.500000 1.600000
: Mol. Wt. 24.000000 25.000000
Covolume (cm®/g) 1.000000 14. 100000
: Gamma 1.200000 1.210000
g LAYER #: 2
! Property Beginning Layer End of Layer
' Impetus (J/g) 1,200.00 1,250.00
-i Flame Temp. (K) 3,200.00 3,300.00
. Density (g/cm?>) 1400000 1.450000
Mol. Wt. , 25.000000 27.000000
Covolume (cra’/g) 1.200000 1.210000

1.310000

L LAYER #: 3

; Property Beginning Layer End of Layer
; Impetus (1/g) 1,300.00 1,400.00

; Flame Temp. (K) 3,400.00 3,450.00

i Density (g/cm?) 1400000 1.500000

| Mol. Wt 22.000000 21.000000
| Covolume (cm’/g) 1.300000 1.400000

i Gamma 1.220000 1.250000

10




APPENDIX A:

LISTING OF CODE ADDED TO BRLCB FOR VIVACITY CALCULATION
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c*******‘k*‘k****k**k**********i—*******‘k***************************

(IhE Ak KKk w Kk xk kx ke VTVACITY CALCULATION CAN BE ADDED HERE #***%kxix

C"A‘*’A*******)\**k***k****k**kk‘k‘k**‘k IR AR RS ES SR EEEEEEEEEEREEEEESEESESS

353

2781

2782

2783

2784

60

CALL CLEAR
WRITE (*,2781)
FORMAT (///,' Do you wish to compute vivacity information?’,

1/, (1=Yes, 2=No)')

1

WRITE (*,*)"Enter your choice.’

READ (*, *) IKLB

IF (IKLB .EQ. 1) THEN

WRITE(*, *) 'Enter a file name for the vivacity information.’

READ (*,2782) VIVFIL

FORMAT (A20)

OPEN(UNIT=8,FILE=VIVFIL)

WRITE (8,2783)

FORMAT (* Time (sec) Pressure (MPa) P/PMAX DP/DT
Dynamic Vivacity',

2/,' DP/DT has urits of million MPra/sec’,

3/, Dynamic Vivacity has units 1/ (MPa*sec)’,
4/’ (SRS ESWESSEEEST R LSS EERT RS SEEESE R ESFEEESEESEEEEEEEE SRS S SIS N, .

5/7)

ENDIF

OPEN (UNIT-~3,FILE = Al(14), STATUS = ’‘NEW’,ERR=86)
REWIND (3)

IST=1

IF (NP .GT. 999) THEN

TS5T=NP-990

ENDIF

DO 60 I =IST, NP
TX=(I-IST)*A3(42)/1000.

TX=T(I)

IF (ITYPE .EQ. 5) THEN

WRITE(3, *)TX,PR(I),PDOT(I),EE(T)
ELSE ,

WRITE(3,*) TX,PR(I),PDCT(I)
ENDIF

IF (IKLB .EQ. 1) THEN
POPMAX=PR(I)/A3(43)
VIVY=1.E6*PDOT (I)/ (PR(I)*A3(43))
WRITE(8,2784)TX,PR(I),POPMAX,PDOT (I),VTVY
FORMAT (5F16.6)

ENDIF

CONTINUE
CLOSE (UNIT=3)
CLOSE(UNIT=8)




'
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APPENDIX B:

LISTING - PROGRAM EDITIN.FOR
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PROGRAM EDIT
CHARACTER*20

IN
FNAMEl, A2 (6)*80, Al (20), EDITFL

DIMENSION A3 (100), P (11, 15, 5)
WRITE (*, *) ‘7his option only applies to editing the’
WRITE (*, *) fthermochemistry of a multi-layered grain.’
WRITE (*, *) ‘Other editing can be achieved by selecting’
WRITE (*, *) ’Option 1, Create Master Information File.’
WRITE (*, *)

1000 CONTINUE

WRITE (*, *)
WRITE (*, *)
WRITE (*, *)
IF:Z2 = 1

READ (*, 500

"Enter the file name of the master file '
‘which is tc be edited. !
"Include drive and file extension if necessary.’

0) FNAMEL

5000 FORMAT (A20)
OPEN (UNIT = 9, FILE = FNAMEl, STATUS = ‘OLD’, ERR = 1010)
REWIND (UNIT = 9)
GO TO 1020

1010 CONTINUE

WRITE (*, 6000)
6000 FORMAT (20X, The indicated master file does not exist, try again.’
1)
PAUSE
GO TO 1000
C*********************k***)\‘k*k***‘k**‘k***k*********************k'k*‘k‘k*'k & kK,

Cr*k*xxkk*% READING OLD MASTER FILE TO BUILD FROM *** % ® %4k kskhkhhkknk vx

C******(***********'k*****************************************1\'***1\-*******

1020 CONTINUE
DO 1030 I = 1, 6
READ (9, 5010) A2 (I)
1030 CONTINUE
5010 FORMAT (A80)
DO 1040 I = 1, 20
READ (9, 5000) Al (I)
1040 CONTINUE
DO 1050 I - 1, 100
READ (9, *) A3 (I)
1050 CONTINUE
DO 1060 I = 1, 11
DO 1070 J = 1, 15
DO 1080 K =~ 1, 5
READ (9. *) P (I, J, K)
1080 CONTINUE
1070 CONTINUE
1060 CONTINUE .

CLOSE (UNIT

9)

C*****'A******kk*k**kii’***kkkk#****’*'k'.\'i(***k*'kk*t****k*‘k*k**i’** *ohk Rk okkokokokok ok

Chexkkhdx 4% CREATING FILE WHICH WILL BE EDTITED *****&hkkkkkxh kA% &k & & & %k ok %
Chhhkhhk khkk Ak ARk AR AKX R AN R AR K KA KA kA AN Ak bk Ak ke k h kA khk kA AR KA KK AN KRR KA Y K Kk % A
OPEN (UNIT = 9, FILE = ‘EDITFL")
REWIND (UNIJIT = 9)

C*k*k***)\'kk**k**f(***k***‘k******‘k******k**'kk*'**i‘k***** IEE R E B SR EEEEEIEE S ST

C****k****‘k**** NOI‘] INFORMTAION FOR EACH LAYER LR R SRR SRS EE RS E L E R SIS

C‘Ak)\'k:l:kk* khk khk kb kA AXKXAAARXNXNAAAAAN A A AR AAKXKN KA AARAKRA KR ANTRAKRNARNKN N AR KA K KA XAk k




NUMLAY = INT (A3 {(4) + .5)
WRITE (9, 6010) FNAMEl, NUMLAY
6010 FORMAT(A20,T30, ‘Number of Layers:’,T47,12)
DO 1090 I = 1, NUMLAY
WRITE (9, *)
WRITE (9, 6020) I
6020 FORMAT (' LAYER #:7,12)
WRITE (9, 6030)
6030 FORMAT ('Properity’T20,’Beginning Layer’,T40,’End of Layer’)
WRITE (9, 6040) P (2, I, 1)y, P (2, I, 2)
6040 FORMAT (' Impetus (J/g)‘,T20,F10.2,7T40,r10.2)
N WRITE (9, 6050) P (3, I, 1), P (3, I, 2)
' 6050 FORMAT ('Flame Temp. (K)’,T20,F10.2,740,F10.2)
; WRITE (8, 6060) P (4, I, 1), P (4, I, 2)
i 6060 FORMAT ('Density (g/cc)’,T20,F10.%,T740,F10.6)
'- WRITE (9, 6070) P (5, I, 1), P {5, I, 2)
6070 FORMAT('Mol. Wt.’,T20,F10.6,T40,F10.6)
WRITE (9, 6080) P (6, I, 1), P (6, I, 2)
6080 FORMAT (’ Covolume {(cc/g)',T20,F10.6,T40,F10.6)
WRITE (9, 6090) p (7, I, 1), P -(7, I, 2)
6090 FORMAT (' Gamma',T20,F10.6,T40,F10.6)
i 1090 CONTINUE
. CLOSE (UNIT = 9)
END

R e —
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APPENDIX C:

LISTING - PROGRAM EDOUT.FOR
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PROGRAM EDOUT
COMMON A3 (100), P (11, 15, 5)
CHARACTER*20 FNAME1l, A2 (6)*80, Al (20), LINE*80

C****************************k********k****k#***************************
C**********k******** READING EDITED FILE: EDITFL AhkhkhkhkkhkkhAhkAKhkAkAk XX *hk*d*k*x

Chhk ik hkhhk ok kkkk kk kAR Ak ko kR k kK k kR A ARk ko ke kode ok kk ko k ko K R J ok ok kK K k& K kK % ok %ok &
OPEN (UNIT = 9, FILE = "EDITFL’)
REWIND (UNIT = 9)
READ (9, 5000) FNAME1l, NUMLAY
5000 FORMAT (A20,T47,12)
OPEN (UNIT = 10, FILE = FNAME1)
REWIND (UNIT = 10)

C***k**********kk*****************************************************k*

C*************k**k READING MASTER FILE TO REBUILD dhkrhkAhkhhkdhkdhdhkddhktd ik
C*****k*ki#***k*k*k*********k***********kk**********X*******************
1000 CONTINUE
DO 1010 I =1, 6
READ (10, 5010) A2 (I)
1610 CONTINUE
5010 FORMAT (A80)
DO 1020 I = 1, 20
READ (10, 5020) Al {I)
1020 CONTINUE
5020 FORMAT (A20)
DO 1030 I = 1, 100
READ (10, *) A3 (I)
1030 CONTINUE
DO 1040 T = 1, 11
DO 1050 J = 1, 15
DO 1060 K = 1, 5
_ READ (10, *) P (I, J, K)
1060 CONTINUE
1050 CONTINUE
1040 CONTINUE
CLOSE (UNIT = 10)

C**********************************************************i*****k******

Cx*#***x* NOW INFORMTAION FOR EACH LAYER IS READ FROM FILE**** %% kkkkkk xkk
C*****************‘**********k******************************************
DO 1070 I = , NUMLAY
READ (9, 5030) LINE
5030 FORMAT (A80)
READ (9, 5030)
READ (9, 5030)
READ (9, 5040) P (2, I, 1), P (2, I, 2)
5840 FORMAT (T20,F10.2,T40,%10.2)
READ (9, 5050) D (2, I, 1), P (3, I, 2)
5050 FORMAT (T20,F10.2,T40,F1.0.2)
READ (9, 5060) P (4, I, 1), P (4, I, 2)
5060 FORMAT (T20,F10.6,T40,F10.6)
READ (9, 5070) P (5, I, 1), P (5, I, 2)
5070 FORMAT (T20,F10.6,T40,F10.6)
READ (9, 508C) P (6, I, 1), P (5, I, 2)
5080 FORMAT (T20,F10.6,T40,F10.6)
READ (9, 5090) P (7, I, 1), P (7, 1, 2)
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5090 FORMAT (T20,F10.6,T40,F10.6)
P (9, I, Ly = 1,98717/p (5, 1, 1)
P (9, I, 2) = 1.98717/P (5, I, 2!}
p (10, L, 1) = P (9: I, 1)/(P (71 I, l) - 1.)
p (10, 1, 2) =P (9, I, 2)/(P (7, I, 2) - 1.)
p (11, I, 1) = P (10, I, 1L)Y*P (3, I, 1)
P (11, I, 2) = P (10, I, 2)*P (3, I, 2)

1070 CONTINUE
CLOSE (UNIT = 9)

C***************************************k*******************************
C****k*********k** INTEGRALS ARE UPDATED LRSS RS R SRR R EREEEEEEEEEEEEEEEEE N
C****k**k****kkk***************************************************k****

CALL COMMASS

C**k****k****k*kk***k***************************************************

C***************** MASTER bleE IS REWRITTEN LR RS S EEE SRR EREEEEEEEEEE SN NN
Ok dekhk Rk k Kk kL k Kk k kR kR A KA R KA KRR kIR AR A KA AR A I AR R ARk kR R Ak kk ok kA ARk hkkkhk &
OPEN (UNIT = Y/, FILE = FNAME1l)
1030 CONTINUE
DO 1090 1 = 1, 6
WRITE (7, 6000) A2 (I)
6000 FORMAT‘A80)
1090 CONTINUE
DO 1100 © = 1, 20
WRITE (7, 6010) Al (I)
6010 FORMAT (A20)
1100 CONTINUE
DO 1110 T = 1, 100
WRITE (7, *) A3 (I)
1110 CONTINUE
DO 1120 I =1, 11
DO 1130 J = 1, 15
DO 1140 K = 1, 5
WRITE (7, *) P (I, J, K)
1140 CONTINUE
1130 CONTINUE
1120 CONTINIE
CLOSE (UNIT = 7)
END
CHrh Ak Rk kAR R KRR KRRk R KKK A KK, AR KK KA KR Ak kk A Kk ok ke kdodok hkkk ko %k ok ok ok ok kb A %
Chhkhkrhkkhhk*khkhkkhkhk*k* *SUBROUTINE COMMASSr*kkhkhrhkkk kkkhkk kA hxk Kk * Xk Kk Kk *
C*****‘k*****f(**kﬁk:\'***‘k***********k******’kﬁ\‘********‘k********************

SUBROUTL1NE COMMASS

C***k**********i***k*k********k**********kik**k********k*x**************
Version 3.0, January 1992

C
C
C THIS SUBROUTINE WILL COMPUTE THE INITIAL MASS PER LAYER AS WELL AS
C THE INTEGRALS OF EACH PROPERTY

C

c

TARN A A AR A A A AR AR A A A A AR AR AR A A A AR R A AR AAKRA IR AR A A A AA AR AR AR AR A AN R A A hA R Ak &k k&

COMMON A3 (100), » (11, 15, 5)

IGTYPE = INT (A3 (45) + .5)

[ (ICTYPE .GT. 14) THEN
IGTYPE = 15

END IF




N
|
{

NL = INT (A3 (4) + .5)
IGQR = INT (A3 (31) + .5)

C*****k**)\"k******k*‘k**‘k‘k‘k'k**********‘k*i KxXxAKKATRKKRXKIA KK KKK RAK kR &k d dd h Aok

CH*#kkkkxxxxkkx4*+ STORAGE LOCATION FOR INTEGRAL ARE ZEROUED ****% w4 #xx
C*******k*********k**********k*k*k***w*‘k*****‘k****'k‘k**A"k****ii*'k)’ri’:'\i"k*‘k*‘k‘k
DO 1000 I = 2, 11
DO 1000 J = 1, 15
P (I, J, 3) = 0.0
1000 CONTINUE
IF (IGQR .EQ. 1) THEN
XT = 0.0
CALL FORMT (LGTYPE, ASURF, VOLUNB, XI)
P (8, 1, 3) = VOLUNB
DO 1010 T = 2, 11
P (I, 1, 3) =P (I, 1, L)*p (8, 1, 3)
1010 CONTINUE
A3 (3) =P (4, 1, 3)
RETURN
END IF
DO 1020 J = 1, NL
AR RS SRR E SRR SRR LSRR RSSE SRR SRS RS R RS EERRR RS EEEEEEREERESENERE NS
C*****‘r\'*********** DETERMINE X VALUES FOR lN'I‘EGRATION Ah A Ak A XTI AAA KA XAk * AR
C*********k*****k***********k**‘k*"k******‘k************"k****i'k*****'k*******
IF (J .EQ. NL) THEN
XS =P (1, J, 1)
XL = A3 (1)

ELSE

Xs =P (1, J, 1)

XL =P {1, J + 1, 1)
END TF

C*‘k**‘k****k***************)\'**k‘k*‘k*k***********-k***'k***'A'***'k**'k**********

C*‘k******‘k******k*****k ALWAYS 300 SUBDIVISIONS AAAXRKARKRARAAARARARN KA Ak A XA kA kiR
C*'k**i kdxkKhkkrkRAkAARAkhkhkbkhkkhkhkAkAEkrA XA XA A LA T A A A AT A AR ANRNAR KA A A A kA A A Ak A ARk TR Ak hhhhk
XDEL = XL - XS
XSTEP = XDEL/300.
DO 1030 I = 1, 301
XI = XS + (I - 1)*XSTEP
C‘k*‘k*******‘k*****************l‘****‘k************k****‘k*'k*'k**********k*'k**
CALL FORMT (IGTYPE, ASURF, VOLUNB, XI)
C**************#*k**A**i‘k***k*‘k******‘k*******‘k***********************:\'k**
DO 1040 K = 2, 11
PDEL = P (K, J, 2) - P (K, J, 1)

C*****k**‘k******k#kk**kkk***k********************'*****i***k******k**k***

Chhkhkkhhhhkhhk ko kx*ck**x TNTEGRATION IS PERFORMED X*** k% &k %k k% kkhhk Kk hkdhn
ChibhhkhhhkhhhkAKKAkh kh hkkk khkh kR KK KK KK kA AR kAR N K ARk kR AR Ak k kA kAR Tk kA hkkhh ok &
FCN = ((PDEL/XDEL)* (XTI - XS) + P (K, J, 1))*ASURF
e ((L .EQ. L) .OR. (I .EQ. 30l)) THEN
P (K, J, 3) =P (K, J, 3) + FCN

ELSE
P (K, J, 3) = P (K, J, 3) + 2.*FCN
END IF
1040 CONTINUE
1030 CONTINUE

DO 1050 X = 2, 11
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P (K, Jd, 3) = P (K, J, 3)*(XDEL/600.)
1050 CONTINUE
10290 CONTINUE

C**‘k**‘k‘*****k*ki\"k***‘k**‘k*‘k'kkk**‘k*‘k‘k*****‘k***************k***'k*****'k'k1\'****
C**‘k'ﬁ.*k**************** MASS OE‘ SINGLE GRAIN IR SR SRS HE R EFEEE SRS SRS EES S
C**‘k******'k*ki‘********‘k**‘k********1\'***t***k**************k*******k****‘k*

A3 (3) A3 (3) + P (4, I, 3)
1060 CONTINUE

RETURN

END
C**************i*****'kk******‘k**k*****************k**kk*****************
C*
C*****'k’k*“(*'k**k*'k**'k* SL‘BROUTINE FORM'I‘ I E SRR LS SRS ESEEEEEEEEEEESE DRSS DS
C*
C************ﬁ***********************************ﬁ*********‘k*k********‘kh

C*

il

ICODE: code for type of grain

R : burn depth

GL: unburned grain length

D : unburned outer diameter

PD: unburned perforation diameter

WI, WM, WO: inner, middle and oufter webs respectively

Output:
SFAREA: surface area
FRCSFA: surface area/initial surface area
VOLUNB: unburned volume
VOLBRN: burned volume
FRCBRN: burned volume/initial volume
VOLMAO: unburned volume of outer layer
VOLMBO: unburned volume of inner layer
VOLABR: burned volume of outer layer
VOLBBR: burned volume of inner layer

OQOoooaocOoOcaoQocYO0000n0n

Pk kA khhkdkhkhkTtrxhkhhodk AR AR AR AXKAAKARFAA A A A A A A AR AA AT AR AR XA AR AR AR AR A A A b xkhk k&

SUBROUTINE FORMT (ICODE, SFAREA, VOLUNB, R)

COMMON A3 (100), P (11, 15, 5)

DIMENSION S7 (4), S19 (3, 4)

DATA RT/1.732050808/, PI3/1.047197551/, PI/3.141592654/

C********k****k****************k***‘AA—*******#*‘k*‘k***k***‘k*k**********'k'k'k
C*i****i’********k***k SE"I‘ GRAIN GEOME'I‘RY LE R SN SRR RS EEEEEREEEETEERERESESEEE]
C****k*ii***k**k***k’l.‘k*'k*k:l‘**‘k*k‘k******k***k‘k***k***’k*k****‘k‘k***********k*

GL = A3 (7)

D = A3 (8)
PD = A3 (9)
WI = A3 (10)

WM = A3 (11)
WO = A3 (12)

ChkhkhkhkhkhhkAhkhhAhAAkhk AR KRR IAA Rk KAk R khA Ak hhhkdhk _hhhhkrhkhhhrdhhkhrdrkrhhhhhhh bt

Crrxrkxkx G0 U ~ 2% (depth burned) and branch to grain type ******wkkkus
LA RE SRR EREERER RS S S NERESEESREEEWERSERERESESEEEEEESEEEEEEEEEEEEEE RS
U 2.0*R

C*kk‘k**'k****kkk'kkk*****k'k**'kk**k*‘k*k*kﬁ\'k‘kA‘k*‘k*****k********k************

24




Cxxxxxx FPINDING NUMBER OF RIGNS FOR ROSETTE GRAIN AND VALUES ** k%% %%&k«

C******k* IR S SR ERSES SIS SR EREIESESEREREEEFEE S S ENEEEEEEEEEEEEE SRR E IS TR
Ck***********i***1\'******************‘k‘kk**'k#******‘k‘k*i’k***k‘k***‘k*k*******
CH***kx*%x%k PINNDING NUMBER OF RIGNS FOR ROSETTE GRAIN ** ¥ ¥ %k sxtxkxx
C***k**‘kk)\'*****.*‘k*‘k***'k*i’**‘k*****‘k***i‘k***i‘*****'k*‘kk‘k‘k*k**‘k*‘k****l\ *k khkk kK
IF (ICODE .EQ. 15) THEN

NRGS ~ INT (A3 (45) - 150. + .5)

NIZ = 6*NRGS*NRGS

NOZ = 6*NRGS

NCZ = 6
C***********k************‘k**‘k*‘k****‘k**"k***k**k*********‘k**‘k‘k* *kKkKkk Ak kkhk Kk

CH* ks kkdkkk Axkx*x TEST TO DETERMINE IF METHOD APPLICABLE **A t# k%% k4% kx
C***k**k*‘k"k***k****)\'*******k******k****‘k"k* Ak khkkhkkhkhkkkhkhkhddxhkkx khhkhkdhhdddtddi
TOPP = WO* (PD + WO)
BOTT = .5*WI*(PD + WI)
IF (BOTT .GT. TOPP) THEN
WRITE (*, *)

I

1 "The grain geometry does not satisfy the assumption’
WRITE (*, *)
1 ‘made in determining the surface area and unburned’
WRITE (*, ¥*)
1 ‘volume of a grain. Use any results with caution.’
END IF

DPRIME = PD + U
Chhsckkkhhhkhhkhhk kK k kR Ak kR ARk AR N KR KA AR IR Kk khk kAR KKK KA KKk KRR Ak Ak kok kk ok dox
Chrkkhkkhckhkkhxkrd OUTER SLIVER IS COMPUTED X * %k k kk h kkok ok k k% kk kk k4 H ok kkk k%
C*. AKARAR KK AR KA A A KA A AR A AR A A AA A KA AR AR A A AR AR RN RN R AR AN AR KRR A AR A AR A AR R AN A A A dhhk Ao

THETA = 2.*ACOS (AMIN1 (1., (WI + PD)/DPRIME))

TOPP WI/2. + PD/2.

BOTT = WO + PD/2.

ALPHA = ACOS (TOPP/BOTT)

IF (U .LE. WO) THEN

AREALl = 5% (PI/2. = ALPHA)* ((PD - U + 2.#WO)/2.)**2
AREA2 = .5* ((WI + PD})/2.)*(PD/2. + WO)*SIN (ALPHA)
AREA3 = 5% (PI/2. -~ ALPHA)* (U/2.)**2

AREA4 = ,5*%(PI/2. - (THETA/2.))*(DPRIME/2,)**2
AREA5 = .5*((WI 4 PD)/2.)*(DPRIME/2.)*SIN (THETA/2.)

EQZ = 2.* (AREAl + AREAZ - ARFA3 - AREA4 -~ AREAS)
XLEN] = (PI/2. - ALPHA)*{((PD - U + 2.*W0O)/2.)
XLEN2 = (PI/2. - ALPHA)*(U/2.)
XLEN3 = (PI/2. - (THETA/2.))*(DPRIME/2.)
S0Z = 2.*(GL — U) *({XLEN1 + XLEN2 + XLEN3)

ELSE

TOPD : 2.*WO* {PD + WO)
BOTT = PD + SQRT ((2.*WO — WI)*{(2.*PD + 2., *WO + WI1))
IF (U .LE. (TOPF/BOTT}) THEN

TOPP -+ PD*DPRIME + 2.,*WO* (PD + WO)

BOTT = DPRIME*(PD t+ 2, *WO)

BETA = ACOS (TOPP/BOTT)

TOPP = 2,*WO*(PD {+ WO) — (PD*U)
BOTT = U*(PD + 2.*WO)

GAMMA = ACOS (TOPP/BOTT)
AREAl = ,5*(PD/2. + WO)* (DPRIME/2.)*
1 SIN (ALPHA - THETA/2.)




AREA2 = .5%(PD/2. + WOQ)* (DPRIME/2,)*SIN (BETA)
AREA3 = .5*(ALPHA - BETA - THETA/2.)*(DPRIME/2.)**2
AREA4 = .5*(PI/2. ~ ALPHA - GAMMA)*(U/2.)**2
ECZ = 2.*(AREAl - AREA2 - AREA3 - AREAA4)
XLEN1 = (PI/2. - ALPRA - GAMMA)*(U/2.)
XLEN2 = (ALPHA - BETA - THETA/Z2.)* (DPRIME/2.)
S0Z = 2.*{(GL ~ U)*(XLEN1 + XLEN2)

ELSE
EQOZ 0.0
502 0.0

END IFr

END IF

AR MRS AR S SRS RSN RS R ERAS SRS RS SRR R ELEREEEEREEEESEEEESEEES SR SR
Cki********f(k*k** NOW CORNER IS COMPUTED Ak KAk hkhAkAkAKhkZRAA KA ddhhAkhhbhdkdhdhrk
R AR RS RS SR ER RS RS AR SRS R RS SRR R SRR EREEEEEEEEEEEEELERSE SRR

IF (U .LE. WO) THEN
AREAl = .S5*%PI/3.*((PD + 2.*WO -~ U)/2.,)**2
AREA2 = ,5*PI/3.* (DPRIME/2.,)**2
ECZ = AREAl - AREA2
XLEN1 = PI/3.*((PD + 2.*WO - U)/2.)
XLEN2 = PI/3.*(DPRIME/2.)
$CZ = (GL -~ U)*(XLEN1 + XLEN2)

ELSE
ECZ = 0.0
scz = 0.0
END IF

Chkhkkhhkhhkivhkhhkhkhhkhkhkhhhhhhhhbhkhkkhkd Akt hahhhhhhddhhhkhhhhhhhhkhkhdhhkhkhhhirhhx

Cr*xkkkhhknhkkkkknhh*x FINALLY THE INNER SLIVERS #**kakhkkk khkhdhhhkhkhhkkh kA
Chhkhkhkhkhhkhh hkk kA KKk kK AR KRR ARk AR ARk ke khk Kk ok h kR A AR kA KRR R cA A F AR AR A KRR KR KKk
SQRT3 = SQRT (3.)/2,
TOPP = (WI + PD)}/SQRT3 - PD
IF (U .LE. TOPP) THEN
AREA1 O*SQRT3* (WL + PD)**2
AREA2 .5*% (Wl + PD)*(DPRIME/2.)*SIN (THETA/2.)
AREA3 = .5%(PIL/3. - THETA)* (DPRIME/2,)**2
EIZ = AREAl - 3.* (AREAZ + AREA3)
XLEN1 = (PI/3 - THETA) *(DPRIME/2.)
5I2 = 3.*(GL - U)*XLEN1
ELSE
EIZ 0.0
S1Z = 0.0
£ND IF

ChhkhkhhdihkhhkA kA k AR IAAARAATLAAIAAKLE A A KRR KN KA AT AA KRR TR KRN ALK KRN A Fhhhdk hdhhk

Cr¥x&xhkkkxkrxxkx* SGURFACE AREA AND UNBURNED.VOLUME COMPUTED *****kkkk& bk
Crhkhhhterhhh ko h ke Rk kAR R A KR A RRAKA ARk ke Ak R Ak hdkhkk Ak k hk hk Rk kkk k k& kokkkh k%

E = NIZ*EIZ + NOZ*EQZ + NCZ*EC2Z

SFAREA = 2.*E + NIZ*S1Z + NOZ*50Z + NCZ*SCZ

VOLUNB = E* 'GL — U)

RETURN

END IF

ChrR bk kA Rk kh Kk k kR kKR AR A A AR R kA A AR AR A AR kA Ak hhkhkh Ak k khF kA K AR Kk Ak Kk k¥ kk Xk *
Chrkkhkhhhkhkhkkhhkhkhkkk* ROLLED BALL GRAIN ***kdhhkkkhhkkhhhk khkhhkkkrhh*x
ChARAkAI kA kAR AR R AR KA ARk hhkkhhkhkhhkhhhhkhhkhhkhhhkhk Ak kA A A KKK AP o XK k* ok K % &

IF (ICODE .EQ. 14) THEN

it




S T T T m TR TEETE ST

DD = A3 (8) - A3 (7)
TT = A3 (7) - U

SFAREA = PI/2.*(DD**2 + 2.*TT**2 + PI*DD*TT)
VOLUNB = TT*PI/2.* ((DD**2)/2, + (TT**2)/3, + (PI*DD*TT)/4.)
RETURN

END IF

oL R EREEREERLSEEERESSSESESESSSERESE LR NERESRFREESERR RS RS S R ER SRR EEEEREES

Crekkhkhhhkbhkkkkthkkkxk OTCARETTE GRATIN A AXkkkkokkkok ok d ok & kok ko dkk ok ok ok ke ko ok kok ok &
C***********k*kk*kk**k**‘k*******i******k***)‘(****************'A‘k*****‘.‘."k***
IF (ICODE .EQ. 13) THEN
SFAREA = PI*D*D/4
VOLUNB = (GL - R)*SFAREA
RETURN
END IF
Chhhkk kAR AR KRR A Kk Ak ko kk kA Ak kA RN N A kA Rk A Ak kAR ARk Ak k kA kA kh ke k kk kA A kk &k &k
C*************‘k*** ALL O‘I‘ElER GRAINS }&RE HANDLED AKEkAKAAKA KK AAAARXARAKNRAAAKR KK
R L L LR R R B S E R eI
Go 1O ( 1000, 1010, 1020, 103C, 1040, 1050, 1060, 1070,
1 1080, 1090, 1100, 1110), ICODE

C**t****k****i’***********x****‘.\'*******************’k***********k'k********
C********k**k**k*k*k CODE 1: 7_PERF GRAI]_\] AAKRA ARk A XA rh A kA KA A Ak Ak hk khkdx
C***k**k SRS ESERSSEE RS RSN SRS REERSREREEREEREE FEREEEEERE IR T I EE I R
C*** This part calculates the conditions before the grain burns.
C**k*******k‘k********** IR S SRR S ES SR AR RS R RS SRR RS EEEEEEEE R EEEESE RS EE SRR SR
1050 CONTINUE
D = 3,0*PD + 2.0*(WI + WQ)
EO PI*(D**2 - 7, 0*PD**2)/4.0
S0 PI*(D + 7.0*PD)*GL + 2.0*E0Q
v0 = EQ0*GL
WW = WI + PD
DO 1120 K = 1, 3
S7T (K = WW
1120 CONTINUL
WEBC = AMIN1 (WO, WI, GL)

C**k********‘*'k*********k*****k*i**************‘kkkv\****k*****************

C*** This part does the calculations for the burning grain.
Ck*k**'k**k’k'kkk***:\'*k***i’*v\'*k****k**‘k******k****k*k******‘k*k**k**k*******

GRL = AMAX1l (GL - U, 0.0)

OD =D —- U

PRFD = PD + U

IF (U .GT. WEBC) GO TO 1130

E = PI*(ODf*x2 -~ 7.0*PRFD**2}/4.Q

SFAREA ~ PI*(OD + 7.0*PRFD)*GRL + 2.0%*k

FRCSFA = SFAREA/SO

VOLUNB = E*GRL

It

VOLBRN = V0 -~ VOLUNB *
FRCBRN = VOLBRN/V0
RETURN

Chhhhhhhrhh kbbb kA A dhdh bbb Ak Ak ok ok vk kA hkhhh kA A d Aok d ok k dok dok ok dode ko ok ok ke dok ok ok &k ok &k %

C*** This part does the calculations for when the grain slivers, ****xx
C*'k***k*k******n*k******i‘****’k*k-k*k******'k*k***k*******k*k‘k******i****'k*
1130 CONTINUE
CALL GENIS (S7, PRFD, GRL, SF1, GV1)
CALL GENOS (S7, PRFD, GRL, 0.5*0Dh, SF2, GV2)
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SFAREA = 6.0* (SF1 + SF2)
FRCSFA = SFAREA/SO
VOLUNB = 6.0%(GV1 + GV2)
VOLBRN = V0 - VOLUNB

FRCBRN = VOLBRN/VO
RETURN

Chihkkkhhhhhkhkhkhhhhhhkhkhhhhkhhkhbhhbrdhahkthrhh kA hkhkhhhddhdhrdrrhrhrrhhht ki
C******************k CODE 2: l_PERF GRAIN ISP RS RS R TR S S EEFESEEEEESEEE RN
C\'**k****‘k*****‘k*k****k*k***‘k********‘k*******k***************************
Cx** This part calculates the conditions before the grain burns.
C*********‘k** ISR SRR ES S EEEEER SRS EEESEREESREESESEE RS SRS EEREEEEERESEEEE)
1030 CONTINUE
D = PD + 2.0*WI
EOQ PLI*(D**2 - PD**2)/4.0
S0 = PI*(D + PD)*GL + 2,0*EQ
V0 = EO*GL
WEBC = AMIN1 (GL, WI)
Chhxdkhhhhhhhhddbhdbhrhhhhhhhdh bhik 22 RS ES RS SEE SRS E RS RN REEEEEEE R LSS RIS
Cxx*xxx* This part does the calculations for the burning grain. *#****ix
C***-k***-k*******k*i********************k*******k*************************
IF (U .GE. WEBC) THEN
GRL = 0.0
E - 0.0
GO TO 1140
END IF
GRL = GL - U
ob =D - U
PRED = PD + U
E = PI*¥(OD**2 - PRFD**2)/4.0
1140 CONTINUE
SPAREA = PI*(OD + PRFD)*GRL + 2.0*E
FRCSFA = SFAREA/SO
VOLUNB = E*GRL
VOLBRN = V() - VOLUNB
FRCBRN VOLBRN/VO
RETURN

C***k********k**************k*****k********‘k*k*k***k*‘k*k*k*******‘k**ki’)\ *
C*******.’.***k****k** CODE 3: CORD GRAlN LRSS S S SR FEEEREEENIEEAESE SN EREESSE]
C******’k***k****)\'*******1\’*****k****************'k**k****'k***ti\k*********v\—
C*** This part calculates the conditions before the grain burns., * *kxx
C****‘k******'k*k************k‘):*‘k'k***‘k******k***)\***k***k**’k*******k**k'k**
1010 CONTINUE

SO0 = GL*PI*D + PI*D**2/2,

V0 = GL*PI*D**2/4.0
Cx** This part does the calculations {or the burning brain.

GRL = AMAX1 (GL - U, 0.0)

oD - AMAX1 (D - U, 0.0)

E = PI*OD**2/4.0

SFAREA = PI*OD*GRL + 2.0*E

FRCSFA = SFAREA/SQ

I

VOLUNB = GRL*PI*QOD**2/4 .0
VOLBRN = V(G - VOLUNB
FRCBRN = VOLBRN,VO0

RETURN
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Ci‘***i******k*ii**************i—***k****'k*‘k********************t\'***k**)\'**

Cr**kxxartnnkrkarir*xix  CODE 4: RECTANGULAR STRIP GRAIN ok ok kok ok ok K ok k& k Kk ok Kk
¥k kdk dkokk dok ok k ok ok ok ok ok ok ok kA K ko K o R ok ek ok ke o ok ok e ok ke ke R ok ok ok ok ke ok Rk ko ok kA ok ok ke ko
1020 CONTINUE
S0 = 2.
VO = GL*D*WI
AMAX1 (GL - U, 0.0Q)
DS = AMAX1 (D — U, 0.0)
BMAX1 (WI - U, 0.0)

GRL =

WIS =

SFAREA
FRCSFA
VOLUNB
VOLBRN
FRCBRN
RETURN

C************‘k********* AhkKAAKAKAKAATAAAKX KA AAAA AT AT A AR AR Ak hkhhkhkhAhkk &k Ak khk

Chkkkkkhkhkkhkkdkkkkkx  CODE S5: SPHERICAL GRAIN hkkkdkhkhkhbhhkkkkhhkh khkkk*
R R R R R R

1000 CONTINUE

PI*D**2
PI*D**3/6.0

OD = AMAX1 (D - U, 0.0)

S0
Vo

SFAREA
FRCSFA
VOLUNB
VOLBRN
FRCBRN
RETURN

C****‘k****‘k*'k‘k* AXAARARANAA R A AN ARAAKARKR AR ARRAARKRARRARAAANANAAAKARN KA AAA K AKN KA AKX

C***‘k****'k*****k*** CODE 6: SLOTTED_TUBE GRA'[N AAXAAAAAAAKAA A kA A Ak hh ik

C*‘k********k**************k*****************1\'********xk***k*k*ik*k*k*‘k**

C**% This part does the calculations before the grain burns. **akkiidss
C***********k**********i.’c***‘k*****k****k:‘:*****k***kﬁr****ik*k'ﬁi(A'k'k*‘k * ok k kK

1040 CONTINUE

SLOT =
S0 = 0.
S1 = 0.

THETA = ASIN (SLOT/SO)
ALPHA = ASIN (SLOT/SI)
EQ = (PI — ALPHA)*(SO**2 — SI**2) + (50 -~ SI)**2*ALPHA

S0 = 2.0*((PI - ALPHA)*S3I + (PI - THETA)*SO + (S0*C0OS (THETA)
1 - SI*COS (ALPHA)))*GL + 2.0*EQ0
VO = GL*EO

WI = SO - 5I

WEBC =

C**ﬂr*******k‘k**k**k**i’k:\ IS NS NSRS LRSS SN R SRESEREEEE R EEEEEIEEEEEEEEEE SRS

Cr**  This part does the calculations for the burning grain, **rssxrrsex
C***x*****i’****k*******k*******kk‘k***********k*k***********k****'k*x**ki'k

IF (U .Gk. WEBC) THEN
GRL = 0.0
E = 0.0
GO TO 1150

END IF

SLOT = 0.5% (WM + U)

0* (GL*D + D*WI + GL*WI)

= 2.0*(GRL*DS + DS*WIS + WIS*GRL)
= SFAREA/SO

GRL*DS*WIS

v0 - VOLUNB

VOLBRN/VO

[t

il

= PI*OD**2

- SFAREA/SO

= PL*QOD**3/6.0
= V0 ~ VOLUNB
= VOLBRN/VO0

0.5*WM
5+D
5*pPD

AMINLl (GL, WI)
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SO 0.5*(D - U)
SI 0.5*{PD + U)
GRL = GL -~ U
THETA = ASIN (SLOT/SO)
ALPHA = ASIN (SLOT/SI)
E = (PI — ALPHA)* (SO**2 — SI**2) + (SO - SI)**2*ALPHA
1150 CONTINUE
SFAREA = 2.0* ((PI - ALPHA)*SI + (PI - THETA)*S50 + (SO*CQOS (THETA)
1 -~ SI*COS (ALPHA})) *GRL + 2.0*E
FRCSFA = SFAREA/SO
VOLUNB = E*GRL
VOLBRN VO - VOLUNB
FRCBRN = VOLBRN/VQ
RETURN
Chhkhkk KR A KKK KA KA KKK kRN KA AR KAKK KA LR kk kR kA KK KR KK AR ARK KRR KR Ak ke k ke kk ok &k k&
Crhkkkwdkkkk*kkrAkkx*x  CODE 7: ROUND-HEX 37-PERF GRAIN **kkstxfkxkhisnkki
Chbhhhh ke khh ok kAR AR AR KRR R KRR A KAk AR K AR R AR R KA KA AR AA KA KA KKk AA AR Rhhhhkkh A hkh kK
1090 CONTINUE
SO = 18.
SI = 54,
NPERF = 37
D = 7.0*PD + 6.0*WI + 2,0*WO
GO TO 1160

(AR ES SR EEREEREESEEES SRS SRS SN SEEEEEEEELEEEEREEESEEESEEESEEEEENESESE

Ch*:akkxkkkrkthkrnrbdx*x  CODE 8: ROUND—HEX 19-PERF GRAIN  **xkkkikkkhkkkkhxx
Chbhhkhhhhhkhh sk hh ok k ek h kK AR KRR AR Rk h kA hk Ak h x kA AR A AR AR AR AR RN AR AR AR KA AN A KK AR A Kk
1080 CONTINUE
SO0 = 12.0
SI = 24,0
NPERF = 19
D = 5.0*PD + 4,.0*WI + 2.0*WO

ChrArdk ok A kA kAR A KA AT AR A AN AR TAARAKRAAKRAA R AT ARKAA IR AARAARARA AR A AR AR R AR AR AR KA

Chhkhkkhrdkhdkdhk *kxk*k CALCULATIONS FOR CODES 7’8,10 kkkkhkkkkKkhkikhkkihhkhkhkrhkxk
C**k*k****k*kkk*kk’k*i’fkiikk****‘k**‘k**‘k*)\'*k*‘kv\'******k*k*k***-k****i:********

1160 CONTINUE

WW = WI + PD

WW2 = WW**2

PRFD - PD + U

PRFD2Z2 = PRFD**2

GRL = AMAX1 (GL - U, 0.0)

E - 0.0

THETA 2.0*ACOS (AMIN]1 (WW/PRFD, 1.0))

ALPHA ACOS (AMIN1 ((2.0*WO + PD - U)/PRFD, 1.0))

IF (U .LT. WO) E = 0.25*PI*((2.0*WO + PD - U)**2 — PRFD2)

IF (THETA .GE. PI3) GO TO 1170

E = E + SI*0.25% (WHN2*RT ~ 1.5*PRFD2*(SIN (THETA) + PI3 — THETA))
1170 CONTINUE

I (ALFHA .GE. JS5*{(PI — THETA)) GO TC 1180

E =E + S0*0.,125*(2.0*(2.0*WO + PD - U)*(2.0*

1 WW — PRFD*SIN (ALPHA))

2 - PREFD2* (SIN (THETA) 4 PI - 2.0*ALPHA - THETA))
1180 CONTINUE

I (2.0*WO + PD .LT. WI) THEN

WRITE (%, *) /*FORMT* BAD HEX PROP’

L.

]

([
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PAUSE
GO TO 1190
END IF
VOLUNB = E*GRL
Chikkhkkkhkkhkrkkkkkk*x TRGT TO SEE IF GRAIN CONSUMED **kkkkaxskkkkkhkkk bk kk
IF (VOLUNB .LE. 0.0) THEN
SFAREA = 0.0
VOLUNB = (4.0

GO TO 1190
END IF
ChahakhkhkXhAKhkA Xk KKk KA® X ANOW THE SURFACE AREA** KX %k khk kA ¥ Xk * Rk & Kk h Ak % X k%
PH - D/2. - WO ~ PD/2.

IF (U .&zQ. 0.0) THEN
SFAREA = 2.*E + GRL*PHU*6. + NPERF*PI*PD*
1 GRL + PI*GRL* (2*WO + PD)
GO TO 1190
END IF
CHAKK K I K KRR RN AR KA KA KKK A KK ARNO SLIVERING YETKH** A hkkhhh Kk k k& Kk & kA k& &k kK %%
I¥ ((WO .GT. U) .AND. (WI .GT. U)) THEN
SFAREA = 2.*E + NPERI*(PD + U)*GRL*PI + 6.*PH*
1 GRL + PI*(2.*WQ + PD - U)*GRL
GO TO 1190
END IF
ChAkhAhkhhhkkd Ak kA Ak kh NOW SLIVERING **kk*hkhkkhhh ko hkkhkAkhkhdkhkkhkhk Kk &
SFAREA - 2, 7*E
C******‘A’**k**\‘ﬁ*kk***k** P’IRS'I‘ 'I‘H}.:' INN}{“I{ SLIVE}{S I E R EFEESERESE RS I EEEE T
IF (THETA .CE. PI3) THEN

GC TO 1200
ELSE

SFAREA = SFAREA + 1.5*PRFD*GRL* (PI3 - THETA) *SI
END IF

1200 CONTINUE
Chrrxkkkrkanxkx® NOW THE OUTER SLIVERS & CORNERS *kkk#xkkkhkhkhhkhkkkd Kk
QAKX AKRKAA KKK AKAKE K k CORNERS NOT CONGUMED ** XAk hkhkkAkRh kA Xk AKX hh K kA%
IF (WO .GT. U) THEN
SFAREA —= SFAREA + PI*(PD 4 2.*WQO — U + PRFD)*GRL
END IF¥
Ck**k*ﬁ****"*k*ik*ikkk**Now L)\U'I‘EI{ SI)IVERS****)'(**‘A*******‘k*kk*A'i‘*‘***'k*k*
It (ALPHA .LT. .5*(PI - THETA)) THEN
SFAREA = SFAREA 4 (WW - PRFD*SIN (ALPHA))*GRL*S0 +
1 PRED*GRL* (PI/2. - ALPUA - TUETA/2.)*S0
END IF
1190 CONTINUL
RETURN
Chbk A A *hk kKRR KKK RICR R AR R AR KRR AR KT KA AKRN LR KA Rk kK ANk hh kA Ak kkh kA Ak h ko k Xk bk k
Chrbkkhkhhhkrkxd khhkxx*  CODE O: 1O-DERF GRAIN A% kAXxAkkhrokhkhhkh bk hha bk kxkk &

AR ELEESE S SRS RS E AR R RS SRS RE R R IR RS RS E R SRR R

C*** This part calculates the conditiong before the grain burng ***kxsix
Ckkkkkkkk**k*klk*&kk*k*****kk**k********kk‘kk*******k*******k‘ckk*’k*****k*
1070 CONTINUE
D = 5.0*PD + 2.0% (WL + WM + WO)
£O PI*(D**2 — 19.0*PD**2) /4.0
80 PI*(D + 19.0*PD)*CL + 2.0*EQ

]

i

v = E0*GL




S19 (1, 1) WI + PD
519 (2, 1) = 819 (1, 1)

519 (3, 1y = S19 (1, 1)

S+9 (1, 2) = 0.5*%SQRT (3.0* (WM + PD)**2 + (WI + PD)**2)
819 (2, 2) = S19 (1, 2)

$19 (3, 2) = S19 (1, 1)

819 (1, 3) = PD + 0.5%(WI + WM)

519 (2, 3) = S19 (1, 2)

$19 (3, 3) = WM + PD

$19 (1, 4) = S19 (1, 3)

S19 (2, 4) = 2.0*S19 (1, 3)

$19 (3, 4) = S19 (1, 3)*RT
WEBC = AMINl (WO, wM, WL, S19 (1, 3) - PD, 819 (1, 2) - PD, GL)

RS EEER SN ERENFEFEESEEARESAS NSRS SRR EEEEREREREER SRR EREREEERESESERSERESEY

C*** This part does the calculations for the burning grain, ***x*xxixiasxx
C*k*‘k********k***kk*k****k**********ﬂ KA KEK T hkhkhAhA kA A WA FhhhhkAhhhhddkkhkhhhk*x

GRL = AMAX1l (GL - U, 0.0)
Chhhkdkkkkhdkd hhokh ok ok kok deok ok dede dede ddk ok ko Rk ke ok k ok ko ko kR ok ok ko ok ok ok k ok Kok ko k Kk ok ek Kk
Ob =D - U
PRFD = PD + U
IF (U .GE. WEBC) GO TO 1210
E =0, ZS*PI*(OD**Z ~ 19.0*PRFD**2)
SFAREA PI*(OD + 19.0*PRFD}*GRL + 2.0*E

FRCSFA = SFAREA/SO
VOLUNB = E*GRL
VOLBRN = V0O - VOLUNB

FRCBRN - VOLBRN/YVO0
RETURN
1210 CONTINUE

SUMSA = 0.0

SUMGV = 0.0

DO 1220 K = 1, 2
CALL GENIS (S19 (1, K), PRFD, GRL, SA, GV)
SUMSA = SUMSA + 6.0*SA
SUMGV = SUMGV + 6.0+GV

1220 CONTINUE

CALL GENIS (S19 (1, 3), PRFD, GRL, SA, GV)

SUMSA = SUMSA + 12.0%SA

SUMGV = SUMGV + 12.0%GV

CALL GENOS (S19 (1, 4), PRFD, GRi, .5%0D, SA, GV)

SUMSA = SUMSA + 12.0%SA

SUMGY = bUMGV + 12.0%CV

SFAREA = SUMS

FRCSFA = SLARLA/SO

VOLUNB -~ SUMGV

VOLBRN = VO - VOLUNB

FRCBRN = VOLBRN/V(

RETURN

Ckk*****'k)‘:**k***-kk*k***k**k**}(*****i’**kﬁk*kk**********kk*kki(**k****k****

Crrkhkkekkkkkkonhkxhix  CODE 10: ROUND-HEX 7T-PERF GRAIN ***kkxkhkakkhnhdx

R A b nk Ak kA kA kA k hkh kA A KK A KR ARk A K AR A A Xk Kk Ak K ARKR KK KA KK A khh kk kA kh Rk Rk &
1060 CONTTINUE

SO = 6.0

5 6.0




NPEREF = 7
GO TO 1160

C************t*k********************************************************

C***k********k****** CODE ll: CORD WITH INHIBITED ENDS dok ok ok ok ok ok ok ok ok oAk ok ok kok A
C****r******kk***k******************k*******************k*k**********k*k
C This routine will only calculate the surface area of the lateral surfa
Cces.
C It will not calculate the surface area of the inhibited ends. *******xx
C******************k**k*********k FAEAAXKAAKNAAAA A A b A A A A A A A A A XA kA kA Ak hkdkhhx
1100 CONTINUE

SO = GL*FI*D

VO = GL*PI*D**2/4.0
C **** This part does the calculations for the burning grain

OD = AMAX1 (D - U, 0.0}

SFAREA - PI*QOD*GL

FRCSFA = SFAREA/SO

VOLUNB = GL*PI*QOD**2/4.0

VOLBRN = VO - VCLUNB

FRCBRN = VOLBRN/VO

RETURN

C**k******w*****k***************************************k***************

Cx*kkkkk*x**x CODE 12: RECTANGULAR STRIP GRAIN WITH INHIBITED SIDES ***x*xx¥*
C*******************k**k*****k**k*******r******************************x
C This routine will only calculate the surface area of the two burning s
Cides,
C Tt will not calculate the surface area of the inhibited sides.
C************x*k**k****k***************************k***k****************
1110 CONTINUE

SO = 2.0*GL*WI

VO = GL*D*W~

VOLMAO = (D - WI)*GL*WO

VOLMBO = WI*GL*WO
C**********i**k*************************rk*******i*****i****************
C *** This part does the calculations for the burning grain

DS = AMAX1l (D - U, 0.0)

SFAREA = 2.0*GL*WI

FRCSFA = SFAREA/SO

VOLUNB GL*DS*WI

VOLBRN = VO - VOLUNB

FRCBRFN = VOLBRN/VO

IF (D, .GE. WI) THEN

i

VOLABR = VOLDBRN
VOLBBR = 0,
ELSE
YOLABR = VOLMAOQO
VOLBBR = VOLBRN - VOLABR
END 1F
RET. N
END

C********k*k****************k**********************i**************k****
Ck****k*******'************************i**********k*****k*********i*****
C

C SUBROUTINE *GENIS*: calculate surface orea and volume for a

C general inner sliver of a burning grain




with length = GRL & perforation dia. = PRFD.

aO

SUBROUTINE GENIS (S, PRFD, GRL, SURF, VOL)
DIMENSION S (3), A (4)
DATA PI2/1.5707963/

*hFkkkxkkkkk 3 Store angles Al,A2,A3 and area of triangle
with sides $(1),S5(2),S(3) into A(l)...A(4)

aaoaaonan

ACOS ((& (2)**2 4+ § (3)**2 — S (1)**2)/(2.0*3 (2)*S (3)))
ACOS ((S (1)**2 + S (3)**2 = S (2)**2)/(2.0*S (1)*S (3)))
ACOS ((S (1)**2 + S (2)**2 —~ S (3)**2;/(2.0*S (L)*S (2)))
0.5*S (1)*S (3)*SIN (A (2))

it
TOND
oW on

...check for error condition: find if triangle acceptable...

aaon

J =20
DO 1000 T =1, 3
IF (A (Iy .LT. 0.5*PI2) J =J + 1
1000 CONTINUE
IF (J .GT. 1) STOP ’ GENIS ERROR’

C
C
C succeeding passes until burnout: find auxiliary angles
C
TAUl2 = ACOS (AMIN1 (1.0, S (3)/2PRFD))
TAUL3 = ACOS (AMIN1 (1.0, S (2)/PRFD))
TAU23 = ACOS (AMIN1l (1.0, S (1)/PRFD))
C
C .and branch to 25 if sliver fails burnout criteria. If not
C then sliver is burned and go to 30,
C
IF (TAUl2 + TAUl3 + TAU23 .LT. PI2 .AND. GRL .GT., 0.0) THEN
GO TO 1010
ELSE
GO TO 1020
END IF
C
C
C sliver not burned out: detoermine end area, volume and surface area
C

1010 CONTINUE
E =24 (4) - 0.25*PRFD*(S (1)*SIN (TAU23) + S (2)*3IN (TAUl3)
1 + 5 (3)*SIN (TAUl2) + PRFD*(PI2 - TAUl2 - TAU1l3 - TAU23))

C
VOL = E*GRL
C
SURF = 2.0*E + GRL*PRFD*(PL2 - TAU12 - TAU13 -~ TAU23)
C
C .and RETURN
C
RETURN
C
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i C sliver is burned out: return with zero volume and surface area.
' C
1020 CONTINUE
VOL = 0.0
i SURF = 0.0
RETURN
END
C****—k\\-ki-*****&**&*k*i’**ikkt)\)\**k***********x*‘k‘k**k*‘k*******‘k**********
SUBROQUTINE "GENOS" : Calculates surface area and volume for a
general outer sliver of a burning grain
with length = GRL, radius = RAD, and
perforation diameter = PRFD

OCO00

2 SUBROUTINE GENOS (S, PRFD, GRL, RAD, SURF, VOL)
DIMENSION S (3), A (4)

Kok ok ok Ak Rk Kok & Store angles A1,A2,A3 and area of triangle
with sides S(1),5(2),S(3) into A(1l) ...A(4)

aaacn

(L)
(2)
(3)
(4)

ACOS
ACOS (
ACOS (
0.5%53

(S (2)**2 + & (3)**2 — 5 (L)**2)/(2.0*S (2)*8 (3)))
(8 (1)**2 + S (3)**2 = S (2)**2)/(2.0*S (L)*S (3)))
(S (1)**2 + 8 (2)**2 - S5 (3)**2)/(2.0*S (1)*S (2)))
(1)*s (3)*SIN (A (2))

ot <

succeeding passes until burncut: determine auxiliary angles

OO0

TAULl = ACOS (AMIN1
1 PRFD**2)/(2.*5 (2
TAU2 = ACOs (AMIN1
; 1 PRED**2)/12.*S {
TAU3 = ACO3 (FMAX1
; 1 PRFD**2) /(S (2)*P[
TAU4 = ACOS (AMAX1
1 PRED**2) /(S (3)*

1. (S (2)y**2 + RAD**2 - (.,25%

)*RAD))) o
1, (s (3)**2 + RAD**2 — 0,25%
) ) RN

(8 (2)**2 — RAD**2 + 0.25*

(S (3)**2 - RAD**2 + 0.25%*

’UA rc/\wf\'\.)’\

@]
¥

SiG = ACOS (AMIN1 (1.0, S (1)/PRED))

C
! C .then check error ccnditions...
Cc L
: IF (TAU3 .LT. A (3) .OR. TAU4 .LT. A (2)) $TQP ¢ *GENOS* ERROR’ a
§ C B
! C .IF ok, check if sliver burned out. If not burned out go to 25. -,
: C If burned out go to 30. ,
, C -
I {(TAUl + TAUZ .LT. A (1} .AND. GRL .GT. 0.0) THEN f
GO TO 1000 .
ELSE B
GO TO 1010 S
END IF .
C w
C
C sliver not burned out: determine end area, volume and surface area.

~
{

a5




l 1000 CONTINUE
; E = 0.5*RAD* (S (2)*SIN (TAUl) + RAD*(A (1) - TAUl - 'TAU2)

i 1 + S (3)*SIN (TAU2)) - A (4) - 0.25*PRFD* (S (1)*SIN (SIG)
' 2 + 0.5*PRFD* (TAU3 + TAU4 - 2.0*SIG - A (2) - A (3)))

VOL = E*GRL

@

SURF = 2.0%E + GRL* (RAD* (A (1) - TAUl - TAU2) + 0.5*PRFD* (TAU3
: 1+ TAU4 - 2.0%SIG - A (2) - A (3)))

.and RETURN.

oo

i RETURN .

sliver is burned out: return with zero volume and surface area.

OO0

: 1010 CONTINUE

| VOL = 0.0
P SURF = 0.0
Ul RETURN

° END
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