/W/L"‘ =5 o

-~ {
v (D

0T FILE COl
TECHNICAL REPORT BRL-TR-2841 DTI C

ELECTEER
JANO 7 198818 E

o
D

AD-A18% 112

Yy

A SIMPLIFIED COMPUTER CODE
FOR REDUCTION TO BURNiING RATES
OF CLOSED BOMB PRESSURE-TIME
DATA (MINICB)

WILLIAM F. OBERLE Il
ARPAD A. JUHASZ
TERESA GRIFFIE

AUGUST 1987

APPROVED FOR PUBLIC RELEASE, DISTRIBUTION UNLIMITED

US ARMY BALLISTIC RESEARCH LABORATORY
ABERDEEN PROVING GROUND, MARYLAND




0TI FILE CORY

TECHNICAL REPORT BRL-TR-2841 DTI c

S

ELECTERR

AD-A189 112.

A SIMPLIFIED COMPUTER CODE
FOR REDUCTION TO BURNING RATES
OF CLOSED BOMB PRESSURE-TIME
DATA (MINICB)

WILLIAM F. OBERLE 1II
ARPAD A. JUHASZ
TERESA GRIFFIE

AUGUST 1987

APPROVED FOR PUBLIC RELEASE; DISTRIBUTION UNLIMITED.

US ARMY BALLISTIC RESEARCH LABORATORY
ABERDEEN PROVING GROUND, MARYLAND



,‘,;
ﬁi

N DESTRUCTION NOTICE
Destroy this report when it is no longer needed. DO NOT return it to the

originator.

Additional copies of this report may be obtained fram the National Technical
Information Service, U.S. Depa:twent of Cammerce, Springfield, VA 22161.

C]

The findings of this report are not to be construed as an official Department
X of the Army position, unless so designated by other authorized documents.

al The use of trade names or manufacturers' names in this report does not con-
12 stitute indorsement of any commercial product.

.?:

,,,,‘.m.
© BT

G o 4|

L
%
.a
v

o
o

i‘z"fv'.gv‘.' A

Y,
U

E": "
ot

ety
d v
®

DI -

b e B
o i o,

2

KEe5eY
P

PRy T
4{;5&. AT L

-

Son e aw
o w3
o o

5
A

s

e g g R A e b T v T T s s Y R O SRR PR

- ,



< ™

Errata Sheet for BRL-TR-2841, " A SIMPLIFIED COMPUTER CODE

Page

10

80

FOR REDUCTION TO BURNING RATES OF CLOSED BOMB
PRESSURE~TIME DATA(MINICB)"

Description
Caption for Figure 4, second line: the burning

Equation 21: "[v after ’'p *’ and 1" at the =nd of
the equation
Add the following equation at the end of the page:

X = a*n3 + b*M2 + c*M + d




UNCIASSIFIE
SECURITY CLASSIFICATION OF THIS PAGE

Form Approved

REPORT DOCUMENTATION PAGE OMB8 No 0704-0188

Exp Date Jun 30, 198

1a REPORT SECURITY CLASSIFICATION 1b RESTRICTIVE MARKINGS
Unclassified
2a SECURITY CLASSIFICATION AUTHORITY 3 DISTRIBUTION / AVAILABILITY OF REPORT

2L DECLASSIFICATION /DOWNGRADING SCHEDULE

4 PERFORMING ORGANIZATION REPORT NUMBER(S) 5 MONITORING ORGANIZATION REPORT NUMBER(S)
N BRL~-TR-2851
6a NAME OF PERFORMING ORGANIZATION 6b OFFICE SYMBOL 7a NAME OF MCNITORING ORGANIZATION
(if applicabie)
Uq Army Ballistic Rsch Lab SLCBR-IB
; fic. ADDRESS (City, State, and ZIP Code) 7b  ADDRESS (Crty, State, and ZIP Codej
Aberdeen Proving Ground, MD 21005-5066
8a. NAME OF FUNDING /SPONSORING 8h OFFICE SYMBOL 9 PROCUREMENT INSTRUMENT iDENTIFICATION NUMBER
ORGANIZATICN (if applicable)
8c ADDRESS (City, State, and ZIP Code) 10 SOURCE OF FUNDING NUMBERS
PROGRAM PROJECT TASK WORK UNIT
ELEMENT NO NO NO ACCESSION ©

11 TITLE (Include Secunty Classification)

A Simplified Computer Code for Reduction to Burning Rates of Closed Bomb Pressure~-Time Dat

12. PERSONAL AUTHOR(S) (MINLCE)
Oberle, William F., Juhasz, Arpad A.. and Griffj M.

13a TYPE OF REPORT 13b TiIME COVERED _1 14 DATE OF REPORT (Year, Month, Day} }15 PAGE COUNT

TR FROM TC

16 SUPPLEMENTARY NOTATION

17 COSATI CODES 18 SUBJECT TERMS (Continue on reverse if necessary and ident.ry by block number)
FIELD GRGUP SUB-GROUP

19 ABSTRACT (Continue on reverse if necessary and identify by block number)

N

- ——= 1 closed bomb burning rate reduction code designed to operate on a microcomputer
progranmable hand calculator is presented. To accommodate the needs of a minital
corputaticnal environment simplifying assumptions were made in develoning the theory
. form functions. Typically form function equations are valid only to :L¢ point of grs
slivering. Evaluation of the prograxn performed against svnihetic data from a vaiidat
lumped parameter interior ballictics code S TBH!GZ)‘lndlcates reasonable agreement wit
overais mean error of 1.5% or less. The poogram also computes expervimental imvetus ¢
the ealenlated value for co-volume. "(“1’““”&‘-' oo+t ot Ten ) .e-uégfsl‘ compules progre many

! * - - »
Lammpter :.'ffs.:;_-l‘,,,,,_g/' _‘,“ﬂulc_’?"fohs = —

20 TiSTRIBUTION/AVAILABILITY OF ABSTRACT 21 ABSTRACT SECURITY CLASSIFICATION
K UNCLASSIFIEDURLIMITED L} SAME A5 RPT  [Jomic usses | Unclassified
72-5_N'AME OF RESPONSIELE INDIVIDUAL 22t TELEPHONE (Include Area Code) | 22¢ OFFICE SYMBGL
William F. Gberle 301-278-6200 ST.CBR~-1B-B
DD FORM 1473, 81 MAR 83 APR edition may be used untii exhausted SECLURITY CLASSIFICATION OF THIS PAGE

All other ecitions are obsolete

-
WA WAR VW 0 Wit X K v N AR X A A T A AN A L A e A AT T S R A A AT A VI AT SO S  SAAT ES AOANAIN U S



TABLE CF CONTENTS

Page

) LIST OF FIGURES v
. LIST OF TABLES 2%}
I. INTRODUCTION X

II. DERIVATION OF EQUATIONS 2

A. Mass Fraction Burnt 2

B. Surface Area 7

III. MINICB - PROGRANM s

Iv. VALIDATION 21

REFERENCES 37

TABLE OF SYMBOLS 38

APPENDIX A - SURFACE AREA FORMULAS 41

APPENDIX B - PROGRAM LISTING FOR MINICB 51

APPENDIX C - SAMPLE OUTPUT FROM MINICB 65

APPENDIX D - TRADITIONAL MEASUREMENT OF 73

EXPERIMENTAL IMPETUS
APPENDIX E - EQUATIONS FCR THE CALCULATOR 11

VERSION OF MINICB

APPENDIX F - HAND CALCULATOR PROGRAM 83 L——-——uii_
3l

° APPENDIX G - COMPARISON OF THE BASIC VERSION a7 0
0

e

WITH CBRED2

DISTRIBUTTION LIST 101

.« wsuly Codes

"33 }—-——~~ P
i e Avell andior
P = b Special
1

|




Figure

List of Figures

A single perf grain which has burnt a distance, x,
on all surfaces.

Percent difference between computed burn rates from
MINICB and theoretical burning rates for a cord
burning in a cigarette fashion, Validation 1.
Percent difference in burning rates between MINICB
and rates computed using the burning rate law for

a single perf grain burning on the perf surface
only, validation 2.

Percent difference in burning rates between MINICB
and rates computed using theburning rate law for a
single perf grain burning on the ends and perf
surface, validation 3.

Percent difference in burning rates between MINICB
and rates computed using the burning rate law for a
single perf grain, validation 4.

Percent difference in burning rates between MINICB
and rates computed using the burning rate law for a
seven perf grain, validation 5.

Percent difference in burning rates between MINICB
and theoretical burning rates for a cord burning ir
a cigarette fashion for data sets with different
number of points where each set was taken form the
same original data set.

Composition of X-4179, Olin Corporation
Composition for X-4179 used in BLAKE

Results from BLAKE for X-4179

Experimental Impetus results from MINICB for X-4179
A cord burning in a cigarette fashion.

A single perf grain burning only on the perf surface.
Single perf burning on ends and perf surface.

Graph of the Equation Defined by Equation (A-11)
Seven Perf Grain

Comparison of Calculator Version of MINICB with BASIC
Version for a Cord Burning in Cigarette Fashion
Comparison of Calculator Version of MINICB with BASIC
Version for a Seven Perf Grain

Comparison of Calculator Version of MINICB with
CBRED2 for a Nineteen Perf Grain

Percent Difference in Burning Rate Between MINICB
and CBRED2

Page

24

25

26

27

28

30

~
2

33
34
35
43
44
46
48
49
92

94
96

100

i keiiad,



List of Tables

Table Page
1 Required Input for the Experimental Impetus 19
Calculacion
2 Required Input for the Burning Rate Analysis 19
3 Details of propellart and igniter used in IBHVG2 22

to simulate closed bomb firings for validation
runs 1, 2 and 3.

- 4 Details of propellant aud igniter used in IBHVG2 23
to simulate closed homb {irings feci vzlidation 4.
5 Details of propellant and igniter used in IBRVG2 23
. to simulate closed bomb firings for validation 5.
6 Mean and standard deviation of percent error for 30

data sets with different number of points all of
which were taken fror th: same original data set.

C-1  Example of output fcom MINICB using the experimental 67
impetus option,

C-2  Example of disk file output from MINICB with 67
burning rate option chosen.

C-3  Example of hardcopy output fron MINICB using 70
burning rate option.

E-1 Fitting to an Equation x = a*M> + b*MZ + c*M + d 81
for a Seven Perf Grain

F-1  Comparison of Calculator Version of MINICB with 91
BASIC Version for a Cord Burning in Cigarette
Fashion

F-2  Comparison of Calculator Version of MINICB with 93
BASIC VersZon for a Seven Perf Grain

F-3  Comparison of Calculator Version of MINICB with 95
CBRED2 for a Nineteen Perf Grain

G-1 Details of Propellant and Igniter used in Closed 99
Bomb Firing

G-2  Comparison of Burning Rate Between MINICB and 99

CBREDZ for a 19-perf Grain

vii




I. INTRODUCTION

The majority of information on the burning behavior of propellants used
in interior ballistic gun simulations is obtained through bﬁrning sanmples of
tﬁé'propellant in a closed bomb. Analysis of the resulting pressure-time
data, either in terms of burning rate information or experimental iumpetus, is
of vital importance to the interior ballistician and propellant formulator.
Highly sophisticated computer programs have been written to perform the needed
burning rate analyses.1 2 Results from these computations have proven to be
extremely valuable in predicting propellant performance in guns. Such burning
rate data, for instance, when used in two-phase-flow interior ballistic codes
such as NOVA? have permitted prediction of not only gun muzzle velocities and

peak chamber pressures but pressure oscillations as well.?

Unfortunately, sophistication is obtained at a price. Often the length
or other requirements of the burning rate reduction program limit the
equipment on which it can be used. In addition, program complexity often
hinders quick turn around between closed bomb firings and data reductions.
Finally, the intricate nature of the program can inhibit attempts at
modification or extension. This final point is especially critical in
research programs where some parameters, such as grain geometry, may fall

outside the "normal range" accounted for in the program.

The drawbacks mentioned above have become apparent during the past
several years in our work on new propellants for advanced ballistic
applications. The program under discussion was written as an answer to these
needs. In addition to burning rate computations, the program also calculates
the propellant experimental impetus based on maximum experimental pressure, a
highly useful feature in evaluating experimental performance of new

formulations relative to their predicted thermodynamic performance via BLAKE. ?

MINICB is offered as a practical tool for propellant formulators and

combustion researchers to furnish quick feedback on results of closed bomb



firings which could be used in guiding formulation efforts or combustion

diagnostic work. Specifically, MINICB was developed to:

w

be simple and easy to operate.
b. be machine. independent. In fact, MINICB will run on any
computer using BASIC and on some programmable hand

calculators.

c. be easily modified, especially in terms of non-standard

grain geometry.

d. be usable with a full set of pressure-time data or a

limited number of pressure-time points

e. be sufficiently accurate so as to provide useful

information.
In this report we present the formulation of the underlying equations

together with the simplifying assumptions which were used. Validation of the

progran and suggestions for implementation are also included.

II. DERIVATION OF EQUATIONS

BURNING RATE EQUATIONS

A. MASS FRACTION BURNT

In determining buraing rates a sample of propellant together with an
appropriate amount of ignicer is ignited in a closed chamber, As the igniter

and propellant burn the pressure withii. the chamber is recorded. Using the




pressure-time history from the closed chamber, physical properties of the
closed chamber, thermochemical properties of the igniter and propellant, and
the grain geometry of the propellant, a relation between the burning rate of

the propellant and pressure can be determined.

The burning rate analysis is a dynamic process in which calculations are
performed stepwise along the pressure-time history of the burn. Mass and
energy balance must be accounted for in the conversion of solid propellant to
gaseous products. The process is not adiabatic since heat loss occurs to the
walls of the chamber. The treatment of heat loss may be simplified, however,
by assuming that it is a constant percentage throughout the burning cycle and
that it can be accounted for by adjusting the theoretical gas temperature of

the system by the ratio of the observed to theoretical maximum pressures.

Summarizing, the assumptions made in the burning rate analysis are

presented below.

1. The original volume of the closed chamber is known.

2. The igniter is completely burnt before the propellant
begins to burn.

3. The maximum pressure from the firing is known.

4. All thermochemical properties of the igniter and
propellant are known.

5. The Noble-Able equation of state can be used to describe
the state of the closed chamber. .

‘6. The gas products of the igniter and propellant are
thoroughly mixed at all times.

7. The rate of heat loss is constant throughout the burning
process and can be represented as stated above.

8. The temperature of the system before heat loss can be
given as a weighted average of the theoretical flame

temperatures of the igniter and propellant gases.



The burning rate analysis requires equations to describe the mass of
propellant burned in the chamber at any given instant in terms of measured
pressure and known parameters. To derive the required equations start with

the Noble-Able equation of state.
P(Vy, - b) = NRT (1)

Since the process is dynamic, the free volume of the bomb, Vb' will be

constantly changing and is given by equation (2).

Vp =V - (C - Cp)/Pp - (Cy5 - C3)/pg (2)
Also, the co-volume correction term is given by,

b = n;C; + nyCy (3)

Now, recalling the assumption that the igniter is all burnt at the beginning

of the analysis, hence, C; = Cys» and substituting (2) and (3) into (1) gives

equation (4).
P(V - C/pp + Cp/pp - Cpnp - Cyny) = NRT (4)

Assuming a well mixed combination of the gases from the igniter and

propellant,

N=N; + NP (5)
equation (4) becomes:

PV - C/pp + Cp/pp - CpnP - Cyny) = RT(N; + Np) (6)

Next using the relation, number of moles = weight/molecular weight, to modify

equation (6).
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P(V - C/pp + Cp/pp - Cpnp - Cyny) = RT(Cp/mp + Cy/my) (7

Now equation (7) can be solved for Cp.

P (8)
‘ (RT/m)) + Pl - 1/p,]

e e e e e

e e

e e,

w .
-

The term T in equation (8) stands for the system gas temperature. In an

adiabatic system this would be a weighted average for the igniter and
propellant flame temperatures with suitable provisions for differences in

their respective heat capacities. Assuming equivalent heat capacities for

propellant and igniter combustion products, it can be approximated as

B e PR
TR R S M o Ferid &

CT, + €Ty

)
C+Cy

Assuming further that the experimental shortfall of pressure is entirely due

to cooling of the gaseous combustion products, the system temperature may be
approximated as

CT. + CiTi Pmax

(10)
C + Ci Ptheo
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For systems where the amount of propellant is much greater than the amount of
igniter, T may be approximated throughout as a constant defined by the all-
burnt condition of equation (10). Ptheo is computed using the Noble-Able

equation of state with the igniter and propellant all burnt. This is equation

(11) given below.

Ptheo = (1)

One last simplification can be made to several of the equations by using the
following expression for impetus of the igniter.
Equation (11) can be rewritten as

FiCy + RTpC/mp
Ptheo = (13)

(Vv - niCi - an)

and equation (8) for the mass of propellant burned at any instant becomes

Cp = (14)
(RT/my) + Pln, - 1/p,]
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Having derived the equation for the mass of propellant burned at any
instant in terms of measured pressure and known variables, several approaches
to computing burning rate are possible. These are all predicated on our
ability to further describe the mass of propellant burned in terms of
geometric changes in the burning propellant grains. For example, if x
represents the distance burned and A the surface area of the propellant when x

is the distance burned then
= A % x % 15
Cp = A*x *p, (15)
or

- * 6
x = Co/A%p, (16)

Finally, differentiating both sides of (19) with respect to time gives an

expression for the burning rate, r.
r = dx/dt = (dCp/dt)/A%p, 17)

This is the approach which will be followed here since knowledge of the
instantaneous surface area is a valuable tool in analyzing and understanding
closed bomb results. Alternately, x, the distance burned, hence burning rate,
could be expressed in terms of the mass fraction of propellant burned without
invoking surface area at all. That technique, particularly suited to hand

calculators, 1is covered in Appendix E.
B. SURFACE AREA

In computing the burning rate, r, in equation (17) the value for the
surface area, A, must be known at each time step the calculations are being
performed. TFor this program the surface area is calculated using the

following scheme.




1. The amount of propellant burnt, Cp, is equal to the
density times the volume of propellant burnt.

2. The volume of propellant burnt is determined from the
initial dimensions of the propellant grain and the
linear depth burnt, which is denoted by x.

3. From 1 and 2, C_ is a function of initial propellant

grain dimensionz, density, and depth burnt.

4. Thus, the depth burnt can be solved for in terms of
initial grain geometry, amount burnt, and density.

5. The surface area at any time is a function of initial

grain geometry and depth burnt at that time.

To illustrate the scheme, the formula used in MINICB for the surface area
of a single perf grain will be derived. The derivation of other surface area
equations can be found in Appendix A and in the text by Hunt.® For the
derivation let the propellant density be given by p instead of Pp-

Figure 1. shows a single perforated grain after it has burnt a linear

distance, x, on all surfaces. The volume used or burnt is given in equation
(18).

Volume Used = L*Pi*[(D/2)2 - ((D - 2x)/2)2]
+ L¥Pi*[((d + 2x)/2)2 - (d4/2)?]
+ 2x*Pi*[((D - 2x)/2)2 - ((@ + 2x)/2)?] (18)
In equation (18), the first term represents the volume used along the outer
lateral surface and the second term, the volume along the lateral perf
surface. The final term is the additional volume lost from the ends not

accounted for in the other two terms. Another approach to determining the

volume used would be to take the original volume and subtract the volume
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remaining after the grain had been burnt a depth x. The two approaches are

equivalent and lead to the same equationms.

Simplifying, equation (18) becomes

Volume Used = L¥Pi*[xD - x2] + L*Pi*[xd + x2]

+(x%P1/2)*[D? - d2 - 4xD -4xd] (19)

Figure 1. A _single perf grain which has burnt a

distance, X, on & su ces
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Now the total amount of propellant burnt can be expressed in the following

relation.

Cp = p * Volume Used (20)

Substituting (19) into (20)

G, = P * L¥PL*[xD - x2] + LAPi*[xd + x2)

+(x*Pi/2)*[D? - a2 - 4xD -4xd] (21)

At this point equation (21) can be solved for x which then can be used to

determine the surface area. Expanding and rearranging
2%C_/(L*p) = (-4D - 4d)*x2 + (- + D2 + 2LD + 2Ld)*x (22)

This is now a quadratic equation in x and can be solved using the quadratic

formula. First, rearrange equation (22).
(4D + 4d)¥x? - (-a% + D? +2ID +2Ld)*x + 24C, /(L#p) = O (23)

Let AA = 4D + 4d, BB = (-d2 + D2 +2LD +2Ld), and CC = 2%C/(L*p), then

10
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At this

correct

BB +- V/(-BB)2 - 4+AA%GO
x = (24)
2%AA

point it is necessary to determine which root corresponds to the

value of x. Several observations:

1. AA ard CC are both positive.

2. BB is positive since D is large than d.

3. The radical must be real since a solution must exist.

4. The radical is always less than BB since 4%AA*CC is
positive and is subtracted from BBZ.

5. Based upon 1 - 4, there are two positive real roots for
X.

6. Now, x should be the smaller of the roots. If x was the
larger root then the smaller root would also be a valid
solution. However, this would result in two possible
solutions which is physically not possible.

Thus, x must correspond to the root with the negative
sign.
Therefore,

BB -/(-BB)2 - 4xAA*CC
‘- (25)
2%AA

Referring to Figure 1, the surface area of the grain corresponding to a depth

% burnt is given in equation (26).

11
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A= (L - 2x)*Pi*[D - 2x] + (L - 2x)*Pi*[d + 2x]

+ 2%PI*[((D - 2x)/2)2 - ((d + 2x)/2)?] (26)

This equation can now be used to determine the surface area of the grain for a

given depth burnt.
Summarizing, the burning rate is given by equation (17)
r = dx/dt = (de/dt)/A*pp (17,
To determine the rate the following procedure is used.

1. From equation (14) Cp can be determined for each value
of pressure in the pressure-time history.

2. The values for de/dt can be determine from C_ using

a numerical technique. :
3. Using equation (26) or a similar one for the appropriate
grain geometry the values for the instantaneous
surface area can be determined for each value of Cp
determined in 1.
4. Since Pp is a constant, the burning rate can now be

readily calculate from equation (17).

EXPERIMENTAL IMPETUS

The traditional approach for determining experimental impetus is
presented by Hunt® in his text on interior ballistics. Exact details can be
found in Appendix D. This method requires a series of closed bomb firings
with different loading densities. In some propellant research efforts, where

burning rate is of primary interest and sample amounts are limited, it is

12




often not practical to fire such a series. If a reasonably accurate value of
the propellant co-volume can be'obtained, however, then a re.iable measure of

experimental impetus may be obtained with a single closed bomb firing.

In propellant development efforts it is general practice to calculate
theoretical thermodynamic properties for a proposed formulation based on its
chemical composition and the heats of formation of its ingredients. In this
way, theoretical values for impetus, co-volume, molecular weight of combustion
products and the like are available for new formulations from computations
using codes such as BLAKE. However, these theoretical thermodynamic values
still need to be verified. Fortunately, while impetus is strongly sensitive

to composition, co-volume is not. As stated by Hunt,

" .., since impetus is sensitive to slight variations
in propellant composition, particularly in the
moisture content, the experimental values of impetus
should be more reliable than the calculated values.
The co-volume, on the other hand, is not sensitive to
small changes in composition and can oniy be
derived experimentally by a difference process; the

calculated values are therefore more reliable.™

The co-volumes computed by BLAKE, therefore, can be assumed as reasonable for
most systems, except for those having high levels of condensable combustion
products (metal oxides/ nitfides/ sulfides/ sulfates and their derivatives).
The experimental impetus computations described below are predicated on the

assumption that BLAKE co-volumes are reasonably correct for the formulation.

In determining experimental impetus a sample of propellant together with
an appropriate amount of igniter is completely burned in a closed chamber of
known volume. The pressure-time history, including maximum observed pressure,

1s recorded. Based upon the maximum pressure, the closed chamber volume,

thermochemical properties of the igniter, and co-volume of the propellant an

13
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axperimental impetus can be determined. (Data from the same experiment can
also be used for burning rate computations). The method works best for fast-

burning samples where heat loss is small.

In deriving the equation for computing the experimental impetus the
following assumptions have been made in order to meet the objectives stated in

the introduction.

. The original volume of the closed chamber is known.

. Both the igniter and propellant are completely burnt.

. The maximum pressure from the firing is known.

. All thermochemical properties of the igniter are known.

. The co-volume of the propellant is known.

o U BWw N

. The Noble-Able equation of state can be used to describe
the final state of the closed chamber.
7. The theoretical impetus of the igniter can be used in

place of the experimental impetus of the igniter.

For a closed chamber with free volume, V! the Noble-Able equation of

state is
P(Vb - b) = NRT 270

where P = pressure

b = co-volume correctinn term

=
]

number of moles of gas

L |
]

system temperature

=
]

universal gas constant

Since all igniter and propellant is assumed to be completely burnt, the
free volume of the chamber, Yy, is the volume of the empty chamber, V. Also,
having all igniter and propellant burnt implies that the co-volume correction

term, b, is the sum of the product of the co-volume and weight for the igniter

14
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and propellant. That is,

b = niCi + an (28)
Substituting into (27) vields

P(V - njCy - n,C) = NRT (29)

Now the gas in the chamber is a mixture of gas products from the igniter and

the propellant. Thus, N = N; + N

b +..ch when substituted into (29) produces

the following equation.
P(V - mC; - n,C) = RT(N; + Ny,) (30)
Multiplying the right-hand side of (30), equation (31) is obtained.

b (31)

Since N = weight divided by molecular weight, N; and Np can be replaced to

obtain

P(V - n3C; - nyC) = RTC;/my + RIC/m, (32)
Now impetus is given by the formula

F = RI/m (33)
Thus, using the assum~tion that the theorecical impetus of the igniter can be

used in place of the experimental impetus together with (33) the expression

below is obtained.

P(V - n;Cy - an) = C;F; + CF (34)

P

15
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3 N

PP i T

T -
Pt

Finally, equation (34) can be solved for the experimental impetus of the

propellant.
Fp = [B(V - n4Cy - an) - CyF;1/€C (35)
III, MINICB - PROGRAM
Program Flow
The flow of the program MINICB is presented below. A complete listing

of the program together with a listing of variables used in it can be found in

Appendix B,

END

©,

= Select J()ptie.ml

Enter Needed

Thermochemical
Values for option

selected

1

Tes

Compute Experimental

Tmpetus

*
“"““'{Print Resulté]

Impetus Calculation

No

Compute Theoretical Maximum
Pressure, System Temperature,

and Igniter Pressure

5

16




(:)——————-———-Enter Time Step, Select Grain

Form Function, and Enter

Pressure Data

!

Print Input Information and

Maximum Observed and Theoretical
Pressures (Not used in hand

calculator version)

Smoothing Pressure Data to
Ensure Increasing Pressure

(Not used in hand calculator

{

Computation of Total Propellant

version)

Burnt at the End of Each Time
Step

Computation of dP/dt and dC/dt
with or without using a five
point differentiation bridge

(Not used in hand calculator

!

Computation of Surface Area

version)

From Form Function
(Not used in hand calculator

version)

(:}‘-—-———-— Computation of Burning Rates
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Printing of Output

5

Except for the five point differentiation the calculations used in MINICB

were described in section II. As for the five point differentiation method it

7

was obtained from a paper by Juhasz and Price’ and is given by the following

formula.

“2%P 9 - P 1 + 0+ P + 2%P,,
dPy/dt = (36)
10% At

In the formula Po, Py, Py, P4y, and P, are five successive points in the
data set and the derivative of the pressure is to be estimated at the pressure

value of Po.

RUNNING MINICB

To run MINICB, load the program MINICB and run it from BASIC. For the
most part MINICB is menu driven and will only require entering the necessary
values for whatever computation is to be performed. The input values needed

for each option are listed below in Tables 1 and 2 together with the units for

each input value.

18
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TABLE 1. Required Input for the Experimental Impetus

Calculation

Flame Temperature of Igniter -- Degrees Kelvin
Molecular Weight of Igniter

Co-volume of Igniter -- Cubic Inch/lb.

Weight of Igniter -- Pounds

Theoretical Impetus of Igniter -- FT.-1b./lb. Optional
Weight of Propellant -- Pounds

: Co-volume of Propellant -- Cubic Inch/1b.
Observed Maximum Pressure -- Psi
Volume of Closed Chamber -- Cubic Centimeters

TABLE 2. Required Input for the Burning Rate

Analysis

Theoretical Impetus of Igniter -- Ft.-1b./lb. Optional
Flame Temperature of Igniter -- Degrees Kelvin
Molcular Weight of Igniter

Co-volume of Igniter -- Cubic Inch/1b.

Weight of Igniter -- Pounds

Weight of Propellant -- Pounds

Co-volume of Propellant -- Cubic Inch/1b.

Flame Temperature of Propellant -- Degrees Kelvin
Molecular Weight of Propellant

Density of Propellant -- 1b./Cubic Inch

Length of Propellant Grain -- Inch

i Diameter of Propellant Grain -- Inch
Perf Diameter of Propellant Grain -- Inch
Inner Web of Propellant Grain -- Inch
19
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i TABLE 2. Required Input for the Burning Rate

e:f,j Analysis (Con't)

e

N Middle Web of Propellant Grain -- Inch

éz‘ Outer Web of Propellant Grain -- Inch

‘l‘: Number of Perfs

%2};3‘ Form Function

:t{it‘

ig;: Observed Maximum Pressure -- Psi

::é: Volume of Closed Chamber -- Cubic Centimeters

i

{ Delta Time -- Msec

EEEEES Starting Time -- Msec

o

i;:;:: Pressure Data -- Psi

i

::;:S The pressure data, at fixed time intervals, can be entered by hand or
’;f:{: read from a file stored on a disk. 1In either case, the pressure values are
' ) entered one per line with the last value being a -1 to terminate the input.
éziz The input should not contain time, this information is generated from knowing
‘igiglt delta time and the starting time. Also, the pressure should always be

E‘?;; increasing. If the pressure is not increasing then the program will produce
’)‘ negative burning rates {(physically not meaningful) for those times where the
:E;E:E pressure decreases. The negative burn rates reflect the fact that in the
ZZE{E analysis a decrease in pressure means an increase in solid propellant, not
‘?jﬁ heat loss, which is accounted for by an adjusted system temperature.

,

zé: Output from MINICB is, of course, dependent upon which type of

%‘% calculation is being performed. For the experimental impetus calculation the
:§§§ output is a one page summary of the input values together with the computed
:ge experimental impetus for the propellant given in Joules/gram and Ft.-1b./lb.
ti?ig The output for the burn rate analysis is in two parts. The first is a

B
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hardcopy to the printer which consists of a summary of the input values, the
theoretical maximum pressure, number of propellant grains and an optional
table of burning rates at every 500 psi. The second form of output is a disk
file which consists of a table containing time, pressure, dP/dt, percent
burnt, burning rate, and surface area fraction. This file will also contain
the table of burning rates at every 500 psi if the option was selected.
Samples of the output available from MINICB are given in Appendix C.

IV. VALIDATION

Validation of MINICB requires an assessment of its performance in
computing burning rates with its various form functions as well as in
computing experimental impetus. The procedures followed and results obtained

are given below.
Burning Rate Validation

A well-tested lump parameter interior ballistic code, IBHVGZ,8 was used
to simulate closed bomb burning by making the projectile weight so large that
no projectile motion occurred. This permitted direct quantitétive comparison
of MINICB burning rate outputs with the burning rate inputs used to generate
the pressure-time data up to the point of Pmax. In addition, the results
from MINICB were found to be in reasonably close agreement with experimental
burning rate data computed by CBRED: (See Appendix G and Table F-3, Appéndix
F).

At the present time, MINICB contains five different form functions for

grain geometry. These form functions are:
1. Cord burning cigarette fashion -- burning on one end only
2. Single perf burning only on the perf surface

3. Single perf grain

21



4. Generalized n-th perf grain -- the form function assumes
all webs are equal and all perf diameters are equal. In
addition, the form function only holds up to the point of
slivering.

5. Single perf burning on both ends and the perf surface

All five form functions were exercised, see validation runs 1-5 below. For
the general n-th perf grain a seven perf case was chosen. More details

concerning the form functions can be found in Appendix A.

Propelkants A, B, and C with bP™ burning rate laws and realistic
thermochems were used for the simulations. The values of b and n as well as
the propellant/igniter thermochemical data used in the various simulations are

given in Tables 5 - 5.

TABLE 3. Details of propellant and igniter used
in IBHVG2 to simulate closed bomb firings

for validation runs 1, 2 and 3.

Propellant Igniter
Type: A eee---
Coefficient b 0.0826 0 ce----
Exponent n 0.865  ee----
Weight(1lb): 0.0165 0.000001
Density(lb/in"3): 0.056  e-----
Gamma: 1.2386 1.2386
Impetus(ft-1b/1b): 347243 347243
Co-volume(in”3/1b): 26.62 26.62
Flame Temperature(K): 3092 2000
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TABLE 4. Details of propellant and igniter used in IBHVG2

to simulate closed bomb firings for validation 4.

Propellant Igniter
Type: B Black Powder
Coefficient b 0.001216 = ------
Exponent n 0.865  ece---
Weight(1lb): 0.1213 0.00441
Density(1lb/in"3): 0.0596  ------
Gamma : 1.2256 1.25
Impetus(ft-1b/1b): 361059 96000
Co-volume(in"3/1b): 27.261 30.00
Flame Temperature(K): 3289 2000

TABLE 5. Details of propellant and igniter used in IBHVG2

to simulate closed bomb firings for validation 5.

Propellant Igniter
Type: C Black Powder
Coefficient b 0.001216 = ------
Exponent n 0.85  e-----
Weight(1lb): 0.1213 0.00441
Density(lb/in"3): 0.0585  ------
Gamma : 1.238 1.25
Impetus(ft-1b/1b): 359671 96000
Co-volume(in”3/1b): 28.482 30.00
Flame Temperature(K): 3119 2000
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Validation 1. The burning of propellant A, see Table 3, with a cord geometry
burning cigarette fashion (i.e. on a single end surface) was simulated via
IBHVG2 and reduced via MINICR. 1In place of showing all the output from
MINICB, the results will be displayed graprically showing the percent
difference between the burning rates calculated by MINICB and the actual
burning rates as given by the burning rate law r = .0826P".865 for different
values of pressure, see Figure 2. Agreement between tha burning rate values
extracted and the initial burning rate values was close for the entire burn,

with a mean error of 0.57 percent.

CIGARETTE FORM FUNCTION
PERCENT DIFFERENCE

-0.17
0.09

PERCENT DIFFERENCE

-3 T T T T T T T T T T T T T T
2 4 6 8 10 12 14 16 i8

(Thousands)
PRESSURE (PSI)

Figure 2. Percent difference between computed
burn rates from MINICB and theoretical

burning rates for a cord burning in

a cigarette fashion, Validation 1.
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MK Validation 2: Propellant A, Table 3, single perforated grain, burning only
e on the perforation surface. Results similar to the first case are presented

2y below in Figure 3. In this case the mean error was -.87 percent.

et BURNING ON PERF SURFACE ONLY
PERCENT DIFFERENCE

-0.87
0.35

o

PERCENT DIFFERENCE
)
[

] T 1 ! k3 1 1 i ] 1 1 1 I 1

4 0 4 8 ie 16 20 24 28
(Thousands)
' PRESSURE (PSI)

Figure 3. Percent difference in burning rates between
i MINICB and rates computed using the burning

g X rate law for a single perf grain burning on
Ayt
%%:g the perf surface only, validation 2.
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Validation 3. Propellant A, single perforated geometry, burning on the ends
and the perforation surface. Results similar to those above are given in
Figure 4. In this case the mean error was 1.69 percent. The error, however,

was increasing near the end of the burn, reaching a maximum of 4 percent at

burnout.
BURNING ON PERF & END SURFACE
5 PERCERT DIFFERENCE
4 -
3 -
g 2 4
-
X
E -
|
N
[ L]
b
£
Q
N
a2 7
—-3 -
—4 =
-3 I 1 T T T T | p— T T T T I |
0 4 8 12 16 20 24 28
(Thousands)

PRESSURE (P8I)

Figure 4. Percent difference in burning rates between

MINICB and rates computed using the burning

rate law for a single perf grain burning on

the ends and perf surface, validation 3.
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Validation 4. Propellant B, Table 4, single perforated geometry burning on all
surfaces. Results are agin presented in terms of percent differences in
Figure 5. In this case the difference between the derived and initial burning

rates was reasonably constant, averaging 1.35 percent.

SINGLE PERF GRAIN
PERCENT DIFFERENCE

O =

PERCENT DIFFERENCE

L} 1 { I L LN DR | ! LA} 1 1

-
0 20 40 60 80 100 120 140 160 180 200
{Thousands)

PRESSURE (PSI)

Figure 5. Percent difference in burning rates between

. MINICB and rates computed using the burning
rate law for a single perf grain, validation 4.
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Validation 5. Propellant C, Tablz 5, seven perforated grain burning on all
surfaces. Results are presented in the same manner as above in Figure 6. The
burning rates computed were approximately two percent high initially and 1.75
percent low at the end of the analysis which was performed to the point of

grain slivering. The overall absolute mean error was 0.88 percent.

SEVEN PERF GRAIN
PERCENT DIFFERENCE

-0.45

PERCENT DIFFERENCE

-3 T T T T T T T Y T T T

0 20 40 60 80 100 120
(Thousands)
PRESSURE (P8I)

Figure 6. Percent difference in burning rates between
MINICB and rates computed using the burning

rate law for a seven perf grain, validation 5.
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Overall, for the different form functions, the average error is less than
two tentns of one percent in the best case and below 1.4 percent in the worst
case. Cn the 5 to 95% interval of Pmax the grcatest observed error was ~3%.
Due to the lower level of error in the constant area case, it seems probable
that numerical errors are magnified during the surface area computations. The
error levels above fall within the normal experimental round-to-round
variation of closed bomb burning rates and, therefore, are not overly

. critical. Considering the simplifying assumptions made in developing the
theory and the crude numerical methods used, the error levels appear

. reasonable for the intended application. MINICB was designed as a quick tool
for determining burning rates from a limited number of pressure points. The
simplifications introduced were necessary to permit running in a minimum

environment.

Burn Rate Error vs. Number of Data Points

Since MINICB can be run using a programmable calculator or a computer
with pressure information entered by hand, it was of interest to investigate
what effect the number of pressure values entered would have on program
performance. The data set for the end-burning cord, see verification run 1
for details, was 1educed via MINICB using different numbers of pressure
values. In all instances, points were selected at equal intervals and included
the original first pressure value as well as the maximum pressure value. Data
sets containing 253, 126, 64, 22, or 12 points were used. The results are
presented in terms of percent difference and mean and standard deviation of

percent difference, see Figure 7 and Table 6.
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PERCENT DIPFEREMNCE

CIGARETTE FORM FUNCTION
PERCENT DIFFRRENCE

-] -

- T T T T T T T T T T T T T T T T T

1 3 5 7 9 13 13 13 17 19 21
(Thousands)
PRBSSURE (P3I)

O 233 POINTS + 64 POINTS ¢ 126 POINTS

Figure 7.

TABLE 6.

A 22 POINTS X 312 POINTS

Percent Difference in burning rates between
MINICB and theoretical burning rates for a cord
burning in a cigarette fashion for data sets
with different number of points where each

set was taken from the same original data set,

Mean and standard deviation of percent
error for data sets with different number
of points all of which were taken from

the same original data set.

Number of Points Mean Standard Deviation

253
126
64
22
12

.567233 474999
.504159 .325364
42504 .093079
.274162 .074713
-.17125 .086029
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Paradoxically, as the number of data points in the set decreased the mean
percent error decreased. This is probably related to numerical roundoff errors
in the calculated mass of propellant burnt for the smaller time steps.

Similar examinations using the other form functions showed little or no
dependence of the percent error on the number of data points utilized.
Ultimately, this indicates that the method should be reasonably reliable when
using a small number of manually entered pressure points to compute burn

rates.

Experimental Impetus

It was not practical to validate experimental impetus calculations via
test firings. It was possible, however, to verify the calculation by
comparison with results from the BLAKE thermodynamic code. BLAKE computes
pressure, impetus, co-volume, molecular weight, and other thermodynamic
properties of propellant combustion products at various loading densities. 1In
essence, the pressure from a BLAKE computation at a given loading density is
the equivalent of the maximum pressure from an adiabatic closed bomb test.
Undexr the circumstances, the experimental impetus computed by the proposed

method should be the same as the theoretical impetus from BLAKE.

The propellant composition chosen for the evaluation was a ball
propellant, X-4179, manufactured by the Olin Corporation. The composition of
X-4179 is given in Figure 8. The input to BLAKE is given in Figure 9 and the
output from BLAKE appears in Figure 10.

31

B 50 S EoE R RN A TS Tl B VB R R AR D e T BT AR o W=~ - TP T VA 08 T . V. W, H s T AP . U, SV, . AV, SVF . U0 N T JU A N T 30 7% AR 25 T MRS TS L AW AT AR




> ¢ b & ¢ ¥ .3 p F o= CAv_ LV g% -8  A%. ¢ WEEL T WIS I RS SWAL-N Y s W S -

Olin
St. Marks, Florida 32355
AC 904 925610

To Whom It May Concern:

Shown below are the analytical results on the following unrolled pro-

pellants:

X-4179 X-4180 X-4182 X-4183
Coating Series No. 340-104 223-33  418-143 208-193
Ave. Grain Diameter .0284" .0238" L0271 .0163"
Nitrogen of NC, % 13.16 13.02 13.04 13.16
Nitrocellulose, % 59.94 65.27 75.17 85.95
Nitroglycerin, % 37.86 32.54 22.77 11,91
Dibutylphthalate, % 0.28 0.25 0.24 0.37
Diphenylamine, % 0.49 0.84 0.84 0.77
N-Nitroso Diphenylamine, % 0.81 0.53 0.53 0.54
Dinitrotolvene, % 0.14 0.14 0.08 0.07
Water, % 0.46 0.39 0.44 0.77
Moisture and Volatiles, ¥ 0.52 0.43 0.51 0.94
Total Volatiles, % 0.51 0.42 0.50 1.01
Residual Solvent, % 0.04 0.03 0.06 0.24
Ethyl Acetate, % 0.00 0.00 0.03 0.22
Benzene, % 0.04 0.03 0.03 0.02
Sodium Sulfate, % 0.09 0.09 0.08 0.09
Calcium Carbonate, % 0.04 0.04 0.03 0.02
Ash, % 0.15 0.13 0.09 0.17
Graphite, % 0.20 0.17 0.17 0.11
Dust, %X 0.03 0.04 0.00 0.00
120° stability, SP Time, Min. 55 10 80 115

k.

D. P.fZxidan
Manader,) Technical Services
Powde eration

0z6.014.2

Figure 8. Composition of X-4179. Olin Corpcration
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NANE

NC1316

1}:14

DPA

sLoe

ONT

H20

ETOH

S0D5U

CALC

THE HEAT OF FORMATION IS -530.95 CAL/GRAM = -2,2005E+05 CAL/NOLE.

THE ELENENTS AND PERCENT BY MOLE

PCT T

58,984

37.238

275

483

.789

138

460

1.069

039

089

27
3

497

20.5717
28,42

39,626

11.327
013
007
023

PCT MOLE

. 087

62,99

At

§.182

1.649

44

10.576

9.620

207

250

507

6,793

X-M79

THE CONPOSITION 1S

DEL H-CAL/M

-1, 6457E408

8. B400E+04

-2. 0140E405

3. 1070E+04

5.0930€+04

-1, TI00E+04

-6.8313E¢04

-6, 5420E+04

1. 17206404

-2, 5920€405

-2.8851E405

0.

FORMULA

£ H 0 L]
§000 7341 10278 2639

Figure 9. Composition for X-4179 used in BLAKE
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RHO/L TEWP PRESSURE INPETUS MOL NT CO-VOL FROZEN CP(FR) BIT) CIT) BAS VOL S H £ ADEXP  PHI
6/CC K Fst FT-LB/LB GAS  CU IN GANMA CAL/N-K CU IN INes TU IN/LB 51DBS CAL/E  CAL/G
1) .0%0 3586, 8743, 382645, 25089 28,38 1.2045 10,30 1.852 2,19 553,598 2.29 ~242.8 -53L.0 1.2399 L.0540
20,1000 3635, 18626, 386443, 26,162 27.83 L2139 1039 L.650 219 27679 .23 -224.0 -530.9 13141 1.1i18
3) L1500 3661, 29647. 388500, 26,214 27.28 1.2144 1145 1.548 2,19 184,533 2,20 -205.2 -531.0 1.3870 1.1735

L. £ 2000 3580, 41896, 30990, 26,250 26.73 12155 11.52 L.647 2.19 138,399 2,07 -165.7 -§31.0 1.4h0L 1.2393
R 5) L2500 3693, 55479, 390964, 26.277 26.15 1.272 11.58 1647 2.19 110,720 2,15 -165.3 -83L.0 1.533L 1.3093
ey §) L3000 3704, 70494, 391813, 26,299 25.57 L2196 1164 LA 2.19 92,28 2.4 -143.7 G310 1.6059 1.3833
R 7 .3500 3714, 87047, 392515, 28.317 2097 1.2225 1L71 L4645 219 79.085 2,02 -i2h.1 -53L.0 1.6782 L4615
é',%« 8 .4000 3722, 105257, 39313, 26.333 24.38 1,2260 11.78 1.645 2,19 89.195 2.1 -97.4 -53L.0 L7ASE 1549
N 9 .AS00 3729, 123206, 393827, Z6.38 23.78 1.2299 11.85 L.644 2.19 61508 2.10 -72.5 -S3L.0 1.BNS 16304
L&t 10) 5000 3735. 147014, 394073, 26,381 2303 L2340 1193 L.644 2,19 55358 2,09 -46.4 -531.0 1.B903 1.7210
v ) 1) 5500 3740. 170787, 394482, 26,374 22.81 1.2393 12.02 1.644 2,19 50.326 2,08 -1%.3 -53L.0 1.9390 1.8158
e 120 .6000 375, 196631, 394803, 76,386 22,08 L2446 1210 1.643 219 46132 208 9.1 -53L.0 2.0266 1.9147
ttéz% 13) L6500 3750, 224651, 395100, 26,399 20.48 1,2504 1219 1.043 2,48 42580 2,07  38.6 -33LO 2001 2.0477
Pl 14) .7000 3754, 254952, 395357, 26.A01 20.93 1.2565 12.22 1643 2,18 39542 2,06  69.2 -531.0 2.1585 2.1250
P 1) 7500 3758, 287639, 395570, 25,424 20.40 1.2630 12.39 1.643 2,18 36.906 2,06 1010 -530.0 2.2028 2.23u3
t‘; . 16) B00O 3781, 322BH4, 95762, 26.437 i9.89 1.2699 1249 1643 218  34.600 2,05 1340 -53LO 2.2839 2.3318
ey

£4

\,”_'

o

:g i Figure 10. Results from BLAKE for X-4179

I;fi:\

,fgpl

4 }',

s"i:

R

, Using the BLAKE results for a loading density of 0.25 g/cc with a bomb
RLRN . . .

%:tgi volume of 100 cc the weight of the igniter (assumed to have identical
S .

3 2 r 3

‘?fr:‘é thermochemical properties to the propellant) is selected as 1 gm and that of
sty

ff%i\‘ the propellant 24 gm. Figure 11 shows the results of MINICB using the
;

Y experimental impetus option for this propellant with input values for the
PN necessary thermochemical values taken from BLAKE.

,*A
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IMPETUS CALCULATION

IGNITER IMPETUS: 390964 FT-LB/LB
IGNITER CO-VOLUME: 26.15 CU IN/LB
IGNITER WEIGHT: .002205 LB
PROPELLANT WEIGHT: .05292 LB

 PROPELLANT CO-VOLUME: 26.15 CU IN/LB

BOMB VOLUME: 100 cCC
MAXIMUM PRESSURE: 55479 PSI

IMPETUS= 1168.414 J/G
IMPETUS= 390895 F¥T-LB/LB

Figure 11. Experimental Impe ults fr

MINICB for X-4179

From Figure 10 the theoretical impetus for a loading density of 0.25 g/cc
is 390964 Ft-1b/1b., MINICB calculates a impetus of 390895 Ft-1b/1b which
represents a percent error of -0.0176%. This small difference is probably a
result of round-off errors. Considering the purpose of the computations, which
is to compute experimental impetus as a practical performance index, the

agreement is reasonable.

V. SUMMARY

MINICB, with overall error limits of at most 1.5%, can be a particularly

useful tooi ir the computation of burning rates or experimental impetus from
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closed bomb pressure-time curves. This is especially true in situations where
only a limited number of pressure-time data points are available, the
propellant has an unusual grain geometry, or is a new formulation and feedback
is quickly needed for the experimental program to proceed. Considering the
minimal environment necessary for running MINICB and the simplicity of use, it

is felt that MINICB meets the stated objects set out in the introduction.
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TA3LE OF SYMBOLS

A Instantaneous propellant
surface area

b Co-volume correction term

C Weight of the Propellant

Cp Weight of Propellant Burnt

Cig Weight of the Igniter

Cy ) Weight of Igniter Burnt

d Perf diameter

D Propellant outer diameter

Fp Experimental Impetus of
propellant

Fy Theoretical impetus of Igniter

L Grain length

my Average molecular weight of

Propellant combustion products

my Average molecular weight of
Igniter combustion products

Number of moles of gas

Number of moles of igniter
gas products

N Number of moles of propellant
gas products

ny Co-volume of the Propellant
Combustion products

ny Co-volume of the Igniter
Combustion products

Pmax Observed maximum pressure
Ptheo Theoretical maximum pressure
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TABLE OF SYMBOLS (Con't)

Pi Mathematical pi

pp,p Density of the Propellant

Py Solid igniter density

P Chamber Pressure

R Universal Gas Constant

T Burn rate

T System gas temperature

Tp Flame Temperature of the
Propellant

Ty Flame Temperature of the
Igniter

X Linear distance burnt

v Volume of empty chamber

Yy Free Volume in the bomb
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I. Cord Burning Cigarette Fashion: An example of this type of burning grain

is shown in Figure A-1.

Figure A-1. A cord burning in a cigarette fashion.

For this particular grain geometry the burning is all on one end and the
surface area of the burning surface remains constant and is given by equation

(A-1).

A = (Pi/4)*D? (A-1)

II. Single Perf Burning Only on Perf Surface: A diagram of the way in which

the grain is burning is shown in Figure A-2,
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Figure A-2. A single perf grain burning
only on the perf surface.

The equation for the volume burnt is given in equation (A-2).

Volume Used = L¥Pi*[((d + 2x),2)2 - (d/2)2] (A-2)

Squaring and simplifying in the brackets yields

Volume Used = L*Pi*[dx + x2] (A-3)
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§ Thus, multiplying by the density, which is denoted by p instead of Py to
% obtain the total propellant burnt, equation(A-4) is obtained.

;‘%%‘ G, = PAL¥PL*[dx + x?] (A-4)
\ . Rearranging, the following quadratic equation in x is obtained.
A 2

Wy x° + dx - Cp/(p*Pi.*L) =0 (A-5)

Wi Letting B = Cp/(p*Pi*L) and using the quadratic formula to solve for x.

%ﬁf -d +-Va? + 4¥B

;‘} X = (A-6)

o g H
=2
e

it
e I
D

PRt AT,

Since x is positive the positive root is chosen in the expression for x. Next

the equation for the surface area for this grain is

e
e

o
s
.
i

A = L*Pi*{d + 2x] (&-7)

Substituring (A-6) into (A-7) yields the final expressicn for the surfac: area

A = L*Pi*\/;i + 4xC/ (L¥Pi%p) ] (A-8)
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ITI. Single Perf Burning on Ends and Perf Surface: A ciagram of this grain is

shown ir Figure A-3.

Figure A-3. Single perf burning on ends

and perf surface.

Again start with an expression for the total volume used.

Yolume Used = L¥Pi*[((d ~ 2x)/2)% - (4/2)21
+ 2x%P1%[(D/2)2 - ((d + 2%)/2)%) (A-9)
In eyuation (A-9) the first term rapsesants the volume burnt from inside rhe
perf and the second term that burnt off both ends which was rot accounted for

in the first term. Simplifying and mul.iplying by density to obtain the total

propellant burnt equation (A-10) is obtained.
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Cp = (Pi¥p/2)%[2#Lxdwx + 2#L¥x? + xD2

- xd? - 4xaxx? - 4ax3) (A-10)

Rearranging to obtain an equation in terms of x,

x3 + (-L/2 + d)#x2 + (-L*d/2 - D2/4 + d?/u)*x

+ G/ (2%P1¥p) = 0 (A-11)

Now this is a cubic equation in z and the tendency is to assume that there is
one real root and two complex roots. However, this is not the case. To see
this, note that the intercept is positive and that the lead coefficient also
positive. Thus, if a graph was made of this function it would tend to
positive infinity as x went to positive infinity and would be positive for x
equal to zero, see Figure A-4., Therefore, the graph-must cross the positi-re
x-axis twice or not at all., However, if it does not cross the positive x-axis
then no solution would exist, but one must exist. Hence, equation (A-1ll) has

three real roots, two positive and une negative,
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i%f Figure A-4. Graph of the Equation Defined
}‘ by Equation (A-11

e After analyzing solutions of cubic equations it became obvious that a

gﬁg numerical solution for equation (A-11) was the only feasible method for

5&3: solving for x and kueping to the objective of haviag a simpie and easy to run
32- program. The Newton Iterative method, starting with an initial guess of 0,

: % for finding rcets has proven sufficient in computing the root.

P Having obtained a value fcr x, the surface area is given by equation (A-12),

o A = Pi*[d + 2x] + 2%Pi*[(D/2)< - ((d + 2x)/2)?] (A-12)
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IV. N-th Perf Grain: An example of this grain geometry for seven perfs is
shown in Figure A-5.

(Typ. 7 places)

Figure A-5. Seven Pexf Grain

In the following derivation for the surface area the analysis is only
correct up to the point of slivering and assumes that the webs are equal and
that all perf diameters are the same, A equations will be derived for n perfs
nn~t just rhe seven shown in Figure A-5. Also, this analysis will not be valid
for a single perf grain. As before, the starting point is the volume used and

is given in equation (A-13) which is very similar to that for a single perx
grain.
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2
Volume Used = L*Pi*[(D/2)2 - 2x)/2)7]

+ nFLAPI*[ ((d + 2x)/2)2 - (d/2)2]

+ 2x*Pi*[((D - 2x)/2)2 - m*((d + 2x)/2)? (A-13)

Multiplying by density to cbtain the total amount of propellant burnt and

rearranging to obtain an equuation in x, equation (A-14) is obtained.
(4n - 4)x3 + (4D + &ad - 2Im + 2L)x”

+ (nd? - % - 2Ldn - 21D)x + 26,/ (Pi%p} = 0 (A-14)

As in T1I. the cubic also has three real roots and a numetrisal method should
be used to determine the value of x. Having determined x the surface area is

given by equation (A-1%).

A = (PL/2)*[(D - 2x)¢ - n(d + 2x)7]

+ Pi*(L - 2x)*[n*(d + 2x) + (D - In)] {A-15)
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APPENDIX B

PROGRAM LISTING FOR MINIGB
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PROGRAM LISTING
JBM BASIC VERSION

10 REM datz of varsion: 17 december 1986

100
110
120
150
140
150
160
170
180
150
200
210
220
220
240
250
260
27¢
250
290
300
310
320
330
340
350
360
370
389
390

400
419
420
430
440
45D
460
L70
430
490
500
510
520
530

WIDTH "LPT1l:",80:0PEN "LPTL1:" FOR OUTPUT AS #3
DIM R(1028 9)
COLOR 14

REM mini closed boumk program written by william oberle
REM *% main menu and selection of options **

REM #dskdedesest ookttt nrde  obor bk & bbbkt ook
GLS:PRINT :PRINT :PRINT :PRINT :PRINT :PKINI :PRINT
PRINT * Mini Closed Bomb Prograwm"

PRINT OPTIONS™

PRINT

PRINT ™ 1. Perform impetus calculations"

PRINT 2. Reduce pressure/time data to hurniag races"
PRIMYL * 3. End thic progranm”

FRINT :PRINT

INPUT “Select option by number":0

IF 0~3 Ti'EN END

IF (O0<>1 AND 0<>2) THEI BEEP:PRINT "Not a selection”:GOTO 240
GOSUB 790:1F O:1 THEN GJOSUB 740 ELSE GOSUB 930

GOTU 160

REM %% subroutine %o 2ntev needed information for options 1 and 2 *%
REM kst sttt bk ko sek bbbk ko kk ok ootk ks ot st seodb kb kb deok o
FI=0:CLS:PRINT :PRINT :PRINT :PRINT :FRINT :PRINT

PRINT "Certain information is needed to perform the selected option."
PRINT "You will be asked for this informatioun, please be sure to enter"
PRINT "che information with the correct units. DO NOT HIT RETURN!!"
FOR KK=1 TO 8000:NEXT KK

CLS

PRINT :PKINT :PRINT :PRINT :PRINT :PRINT :PRINT

PRINT *  IGNITZR INFORMATIOW"

PRINT :PRINT "IF THE VALUE OF THE IMPSTUS OF THE IGNITER IS KNOWN,ENTER
Iis”

FRINT "VALUE IN FT.-LB./LB. IF BLACK PCWDER IS BEING USED ENTER -1,"
PRINY "OTEFRWISE H™T RETURN."

INPUT FI:PI~FI*17

1F FI=-12 THEN FI=97500!:TI=2170:FI=FI*1Z:N1=33.64:NI=21.8:GOTO 500

IF (O=1 AND FI<>0) THEN 430

INPJT "ENTER THE FLAME TEMPERATURF NF TRE IGNITER(X)",TI

INPUT "ENTER TEE MOLECULAR WEIGHT OF THE IGNITER";MI

IF FI<>0 1HEN 490

£1=:8.31433=11/MI/.0029490706%#: TI-=FI%12

INYUT "ENTER TnE CO-VOLIWE(CU INLB) OF THE IGNIT"R" ;NI

INPUT "ENTER THE WEIGHT(LB) GF 1dE ICNITER";CI

CLS

PRINT :PRINT :PRINT 'PRIKT :PRINT :PRINT

PRINT " PXOPELLANT DATA®
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540
550
550
570
580
590
600
510
620
630
640
650
660
670
680
690
700
710
720
730
740
750
760
770
780
790
800
810
820
830
840
850
860
870
880
890

500
910
920
930
940
950
960
970
980
990

INPUT "ENTER THE WEIGHT(LB) OF THE PROPELLANT";CP

INPUT "ENTER THE CO-VOLUME(CU IN/LB) OF THE PROPELLANT®";NP
IF O=~1 THEN 680

INPUT "ENTER THE FLAME TEMPERATURE(K, OF THE PROPELLANT" ;TP
INPUT "ENTER THE MOLECULAR WEIGHT OF THE PROPELLANT";MP
INPUT "ENTER THE DENSITY OF THE PROPELLANT(LB/CU IN)";RHO

CLS
PRINT -PRINT :PRINT :PRINT :PRINT :PRINT :PRINT
PRINT "  GRAIN INFORMATION"

INPUT "ENTER THE GRAIN DIAMETER(IN)";D

INPUT "ENTER THE GRAIN LENGTH(IN)";L

INPUT “"ENTER THE NUMBER OF PERFS" ;NNP

INPUT "ENTER THE AVERAGE PERF DIAMETER(IN)";PD

INPUT "ENTER THE OUTER, MIDDLE, AND INNER WEB(IN)";WO,WM,WI

CLS
PRINT :PRINT :PRINT :PRINT :PRINT :PRINT :PRINT
PRINT *  BOMB AND PRESSURE INFORMATION"

INPUT "ENTER THE OBSERVED PMAX(PSI)";PMAX

INPUT "ENTER THE BOMB VOLUME(CC)";VB

RETURN

REM #** IMPETUS CALCULATIONS #%

REM #rkdddkkdiiorskdihhhidtdithbbtidbbittttthbhhdihdiiihthkihrttdiibtitt
LPRINT " IMPETUS CALCULATION"

LFRINT :LPRINT :

LPRINT "IGNITER IMPETUS: ":FI/12:" FT-LB/LB"
LPRINT "IGNITER CO-VOLUME:  ";NI;" CU IN/LB"
LPRINT "IGNITER WEIGHT: ":CI;" LB"
LPRINT

LPRINT "PROPELLANT WEIGHT: ".CP;" LB"
LPRINT "FROPELLANT CO-VOLUME: ";NP;" CU IN/LB"
LPRINT

LPRINT "BOMB VOLUME: ":VB;" CG"
LPRINT "MAXIMUM PRESSURE: “  PMAY;" PSI"
LPRINT :LPRINT

FI=FI/12

FP=( (PMAX/145.038)* (VB-CP*16.387045#%NP-CI*16.387045#*N1)
-FI*.0029890706#*CI*453.592)/(CP*453.592)

LPRINT "IMPETUS=";FP;" J/G"

LPRINT "IMPETUS=";INT(FP/.0029890706#);" FT-LB/LB"

RETURN

REM #** BURNING RATE ANALYSIS **

REM srddsbtdsbdbddk bt b d b btk d kb bk bt dd bttt bbbl dhd bttt sy

PTHEO=(33372 1 *TP*CP/MP+FI*CI)/(VB/16.38706-CP*NP-CI*NI)

TOS=(CP*TP+CI*TI) /(CP+CI)

TS=TOS*PMAX/PTHEO

CON1=VB/16.38706-CP/RHO-CI*NI

CON2=CI*FI*TS/TL

1000 CON3=333721%TS/MP
1010 CON4=NP-1/RHO
1020 PIG=FI*TS*CI/TI/(VB/16.38706-CP/RHO-CI*NI)
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1030
1040
1050
1060
1070

1080
1090
1100
1119
120
1120
1140
1:50
1160
1170
131380
1190
1200
221e
122N
123C
1240
1259
1260
227%
1280
1290
1360
1310
1320
1330
1340
1350
1360
1370
1380
139§
1400
1410
1420
1430
1540
1450
1460
1470
1480
1490
1500
1516
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CLS:PRINT :PRINT :PRINT :PRINT :PRINT :PRINT

PRINT "THIS PROGRAM ASSUMF5 THAT THF IGNITER 1S ALL BURNT BEFORE THE "
PRINT "PROPELLANT STARTS TO BURN. THUS, THE PCINTS TO BE ENTERED IN"
2RINT "THE PRESSURE VS TIME TABLE MUST START WITH A PRESSURE GREATER"
PRINT "THAN THE PRESSURE DUE TO THE IGNITER. THIS PRESSURE IS ";PIG;"
PSI"

PRINT :PRINT

PRINT "THE PROGRAM ALSO ASSUMES THAT THE TIME STEP IS A CONSTANT."
INPUT "PLLASE ENTER THIS CONSTANT TIME STEP(MSLC)";DT:LCT=DY/1000
INPUT "ENTER THE STARTING TIME(MSEC)";TSTART:TSTART=TSTART/1000

CLS

PRINT :PRINT:PRINT :PRINT :PRINT :PRiNT

PRINT "THIS PROCRAM WILL SUPPORT THE FOLLOWING FORM FUNGTICKS."

PRINT :PRINT ¢

PRINT " 1. CIGARETTE"

SRINT " 2. INHIBITED CINGLE PELF(LuRNS ONLY ON PERF SURFACE)*
PRINT " 3. ITNGLE PERF"

PRINT " 4. MVUITI-PERF®

PRINT * 5. GINGLE »eRF INHIBITED ON LATER&«L OUTER SURFACE"
PRINT :TRINT

INPUT "ZNTER YCUR CHOICE sOR TME FCRM FUNCTION BY NUMBER";FFO
CLS:PRINT :PRINT :PRINT :PRINT :PRIN? :PKINT

PRINT "THE PRESSUKE DaT4 MAY BE ENVTERED FROM A DATA FILE OR BY HAND."
PRINT "IF A DATA FILL I TC #E USED THE LAST PRESSURE MUST BE -1."
PRINT *THE FILE IS ¢ JON™. (N Ixf¢SURE VALUES ONLY."

PRINT :PR{N. -INFUT "ENTFR [' FOF. FILE INPUT OR H FOR HAND INPUT";Z$
IV S$="H" I..aN 1490

IF Z$<>"¥" THEN PRIGT "NOT A CHCZCE":GOTO 1240

PRINT: PRI*IT

PRINT "ENTER Th% NAME OF THZ FTLL CONTAINING THE PRESSURE DATA."
PRINT "% 3URF TO INCLUDE THE DRIVF SPECIFICATION IF IT IS NOT C."
INVUT “7HZ FILE NAME IS";FP$

OPEN FF: FGR TNJT AS #1

N=1:R(0,1}={%TAT-DT

INPUT -1,R(N,2)

IF R(N,2)=-1 TBEN CLOSE #1:39T0 1490

R(N,1)=R(%-1,1)+2T

N=N+1:5070 £360

PRINT "ZN1Fx THL PRISSURE DATA IN PSI, TARMINATE INPUT WITH A NEGATIVE"
PRINT "VALUE FOR THE PRESSURE."

PRINT :FRINT

N=1:R(0,1)=TSTART-DT

PRINT "ENTER THE PRESSURE FCR FOINT NUMBER “:N

INEGT DN,2)

IF R(N,2)<0C THEN 1490

R(N,1)~K(N-1,1)+DT

F=l+1:GOTO 1440

KeeN-1

LPRIM1 CHR$(12)

LPRINT ® HIGH PRESSURFE COMBUSTION RESEARCH TEAM"

55




1520
1530
1540
1550
1560
1570
1580
1590
1600

1610
1620

1630
1640

1650
1660

1670
1680
1€90
1700
1710
1720
1730
1740
1750
1760
1770
1780
1790
1800
1810
1820
1830
1840
1856
1860
1870
1880
1890
1900
1910
1920
1230
1940
1950

1960

LPRINT
LPRINT
LPRINT

LPRINT:

LPRINT
LPRINT
LPRINT
LPRINT
LPRINT

" BALLISTIC RESEARCH LABORATORY"

" INTERIOR BALLISTICS DIVISION - ABC BRANCH"
" MINI CLOSED BOMB INFORMATION AND RESULTS"
LPRINT

TAP/40) ;"IGNITER" ; TAB(60) ; "PROPELLANT"

"I} STUS(FT-LB/LB):";TAB(37);

UST ' "t e ;F1/12; :LPRINT TAB(60);"NOT COMPUTED"
"FLAME TEMP. (K):";TAB(37);

USING "w#stsdist s ;T1; : LPRINT TAB(57);

:LPRINT USING “#itsststst  #####" ;TP

LPRINT
LPR™NT

"MOLECULAR WEIGHT:";TAB(37);
USING "###sdt " ;M1; : LPRINT TAB(57);

:LPRINT USING "####tst#t  #HH#" | MP

LPIINT
LPRANT

"CO-VOLUME (INCH"3/LB) : "; TAB(37);
USING "#t#aid  sski#" ;NI ; : LPRINT TAB(57);

:LPRINT USING “##itst#t# . #iHHH#" | NP

LPRINT
LPRINT

"WEIGHT:";TAB(37);
USING "s##ita#  #a#" ; CL; : LPRINT TAB(57);

:LPRINT USING “#stitststit, #4HH" ; CP

LPRINT
LPRINT

LPRINT:

LPRINT
LPRINT
LPRINT
LPRINT
LPRIKT
LPRINT
LPRINT
LPRINT
LPRINT
LPRINT
LPRINT
LPEINT
IPRINT
LPRIAT
LPRINT
LPRINT
LPRINT
LPRINT
LPRINT
LPRINT
LPRINT
LPRINT
LPRINT
LPRINT
LPRIN
REM *%

"DENSITY(LB/INCHAB):";TAB(37);"NOT COMPUTED" ; TAB(57);
USING "##kE  #t###" ; RHO

LPRINT

TAB(20); "GRAIN INFORMATION(INCHES)"
"DIAMETER: " ;TAB(18);

USING "#tititst  ##tett™ ;D
"LENGTH: " ; TAB(18);

USING "#hEHEE  #HEPH" L

YNUMBER OF PERFS";TAB(18);

USING "ttt  #3HHE"  NNP

"AVG. PERF DIAM:";TAB(18);

USING "#3HHEHE . #HHEH" ; PD

"OUTER WED:";TAB(18);

USING "#ithtit , #30E" ;WO

"MIDDLE WEB:";TAB(18);

USING "#tiiidt  #HHEHE" ;WM

"INNER WEB:";TAB(18);

USING "“HEEEHE . #EET  WT

"FORM FUNCTION:";TAB(18);

USING “#steieiist  #og#"  FFO

:LPRINT

TAB(20) ;"BOMB AND PRESSURE INFORMATION"
"BOMB VOLUME(CC):",TAB(22);

USING “spiHy #HHHHE" VB

"OBSERVED PMAX(PSI):";TAB(22);

USING "ttt #3He"  PMAX

"THEO., PMAX(PSI):";TAB(22);

USING "#t#t## . #3#4#"  PTHEO

SMOOTHING PRESSURE DATA SO THE PRESSURE
IS ALWAYS INCREASING *%

REM #wkd krdaddddbdiddiibttibbhitdiddhrhdiddtditbiiibhtiidhdttitt
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& 1970 FOR I=1 TO N-1

Y 1980 IF R(I,2)<~R(I+1,2) THEN 2010
A 1990 IF I=N-1 THEN R(I+1,2)=R(I,2):GOTO 2010
i 2000 IF R(I,2)<= R(I+2,2) THEN R(I+1,2)=(R(I,2)+R(I+2,2))/2 ELSE
Y R(I,2)=(R(I-1,2)+R(I+1,2))/2
- 2010 NEXT I
o 2020 REM ** COMPUTATION OF PROPELLANT BURNT AT EACH TIME STEP ¥
332 2030 REM Fhsbsbsbrddsrditbd b ddhhd ikttt hiot bt tttbiitthhtriitrdiditbirdbrhtty
W 2040 FOR I=1 TO N
My 2050 R(I,4)=(R(T,2)*CON1-CON2)/(CLI3+R(T,2)*CON4)
: 2060 NEXT

2070 CLS:PRINT :PRINT :PRINT :PRINT

2080 PRINT "DO YOU WANT A FIVE POINT SMOOTHING BRIDGE FOR dP/dt AND dM/dt?"

2090 INPUT "ANSWER Y OR N";T$

2100 IF T$<>"Y" THEN 2240

2110 REM ** COMPUTING DP/DT AND DC/DT USING A FIVE POINT BRIDGE #*%
2120 REM #*ddkddididdidiithibidhitbiidtiirmiditbdibhhbitritiibbiidtrs
130 DEF FNF(1)=(-2*R(I-2,Ql)-R(I-1,QLl)+R(I+1,Q1)+2*R(I+2,Ql))/(10%DT)

2140 FOR Ql=2 TO & STEP 2

2150 FOR I=3 TO N-2

2160 R(I,Ql+1)=FNF(I)

2170 NEXT I

2180 NEXT Gl

2190 R(2,3)=(R(2,2)-R(1,2))/DT:R(N-1,3)=(R(N-1,2)-R(N-2.2))/DT

2200 R(N,3)=(R(N,2)-R(N-1,2))/DT:R(2,5}= K(2,4)-R(1,4))/DT

2210 R(N-1,5)=(R(N-1,4)-R(N-2,4))/DT:R(N,5)=(K{N,&) -R(N-1,4)) /DI

2220 INPUT "ANOTHER SMOOTHINC PAS57?";Z$:IF .$="Y" THEN 2140

2230 GOTO 2280

2240 FOR I=2 TO N

2250 R(I,3V=(R{I,2)-R(I-1,2))/DT

2260 R(I,S)=(R(I,4)-R(I-1,4))/DT

2270 NEXT I

2280 REM ** COMPUTATION OF SURFACE AREA BASFD ON FORM FUNCTION *+

2290 REM %kddkdhdhdirididhidtirhhidhhtiikdhthihk bdkirddiohdr rhdibdrbdhkddbhdbntdd

2300 IF FFO=1 THEN AREA=ATN(1)*D#*D:FOR I=1 TO N:R(I,9)=ARE&:NEXT I

o 2310 IF FFO=1 THEN NOG=CP/(AREA¥L#RHO):GCTO 2360
RS 2320 IF FFO-2 THEN GOSUB 2860
o 2330 IF FFO=3 THEN GOSUB 2960
N 2340 TF FFO=4 THEN GOSUB 3070
o 2350 IF FFO=5 THEN GOSUB 3260
2260 REM %% FINDING AVERASE TIME AND PRESSURE VALUES %
’?3 2370 REM #btdbikbkdhtthtidddidhhihuitdy dhdddkdhthdhtirtirtiriditiiritiiidriitits
P 2380 FOR I=2 TO N
S 2350 R(I,7)=((R(I,1)+R(I-1,1))/2)*1000
g 2400 R(I,8)=(R(I,2)+R(I-2,2))/2
b 2410 NEXT
P 2420 REM % COMPUTATION OF BURNING RATE *¥
L 2430 FOR I=2 TO N
N 2440 R(I,6)=R(I,5)/R(I,9)/RHO/SNOC
& 2450 NEXT I
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2460 CLS:PRINT ;PRINT :PRINT :PRINT

2470 PRINT “ENTER A NAME FOR THE OUTPUT FILE."

2480 INPUT "DO NOT INCLUDE A DRIVE, DATA WILL BE SAVED ON THE A DRIVE";N$
2490 OPEN "A:"+N$ FOR OUTPUT AS #2

2500 CLS:LPRINT "NUMBER OF GRAINS ", NOG:LPRINT CHR$(12)

2510 PRINT "TIME","PRESSURE","DP/DT"," %", "R","SURF. A"

2520 PRINT #2,"TIME","PRESSURE","DP/DT"," %","R","SURF. A"

2530 PRINT "MSEC","PSI","PSI/SEC","BURNT","IN/SEC","FRAC."

2540 PRINT #2,"MSEG","PSI", "PSI/SEC","BURNT","IN/SEC","FRAC."
2550 FOR I=2 TO N

2560 PER=INT((R(I,4)/CP)*10000)/100

2570 PRINT R(I,7),INT(R(I,8)),R(I,3),PER,R(I,6),R(I,9)/R(1,9)
2580 PRINT #2,R(I,7),INT(R(I,8)),R(I,3),PER,R(I,6),R(I,9)/R(1,9)
2590 NEXT I

2600 PRINT #2,CHRS(12):CLS

2610 PRINT "WOULD YOU LIKE A TABLE OF PRESSURE VS RATE STARTING AT THE ";
2620 PRINT INT(R(2,8)/1000)*1000+1000;" PSI INCREMENTED BY 500 PSI?"
2630 INPUT "ENTER Y OR N";A$

2640 IF A$="N" THEN 2850

2650 PRINT :PRINT :PRINT

2660 LPRINT "PRESSURE","RATE"

2670 PRINT #2,"PRESSURE", "RATE"

2680 LPRINT "PSI","IN/SEC"

2690 PRINT #2,"PSI*, "IN/SEC"

2700 GON9=INT(R(2,8)/1000)*1000+1000

2710 CON10=INT(R(N,8)/1000)*1000

2720 CON11=R(N,8)-CON10

2730 IF CON11>=500 THEN CON12=CON10+500 ELSE CON12=~CON10

2740 FOR I=CON9 TO CON12 STEP 500

2750 FOR J=2 TO N

2760 IF I<=R(J,8) THEN 2780

2770 NEXT J

2780 IF J=N THEN 2810

2790 RATE=((I-R(J-1,8))/(R(J,8)-R(J-1,8)))*(R(J,6)-R(J-1,6))+R(J-1,6)
2800 GOTO 2820 -
2810 RATE =R(N,6)

2820 LPRINT I,RATE

2830 PRINT #2,I,RATE

2840 NEXT I

2850 CLOSE #2:RETURN

2860 REM **% SUBROUTINE TO COMPU'F SURFACE AREA FOR SINGLE *+*
2870 REM ** PERF INHIBITED ON ALL SIDES EXCEPT THE PERF  #*%
2880 AREA=3,14159%PD*L

2890 VOL=3.14159% (D*D-PD*PD)*L/4

2900 NOG=CP/VOL/RHO

2910 FOR I=1 TO N

2920 TCZ=R(I,4)/NOG

2930 R(I,9)=L*3.14159%(PD*PD+4*TCZ/(L*RHO*3.14159))".5

2940 NEXT I

2950 RETURN
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2960
2970
2980
2990
3000
3010
3020
3030
3040
3050
3060
3070
3080
3090
3100
3110
3320
3130
3140
3150
3160
3170

3180
3190
3200
3210
3220
3230

3240
3250
3260
3270
3280
3290
3300
3310
3320
3330
3340
33250
3360
3370

3380
3390
3400
3410
3420
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REM SUBROUTINE FOR SINGLE PERF

PI=4*ATN(1)

VOL=PT*L/4%(D*D-PD*PD)

NOG=CP/VOL/RHO

FCR I=1 TO N

TCZ=R(I,4)/NOG

BB=(PD*PD-D*D- 2%¥L%PD-2%L%D)

TEMP=( -BB- SQR(BB¥BB-4* (4*D+43PD)*(2*TCZ/ (RHO*PI))))/(8*(D+PD))
R(I,9)=(PI/2)%((D-2*TEMP)"2- (PD+2*TEMP) "2)+PI*(L-2*TEMP)*(PD+D)
NEXT I

RETURN

REM SUBROUTINE FOR N PERF WITH N<l

PI=4*ATN(1)

VOL=PI*L/ 4% (D*D-NNPXFD*PD)

NOC=CP/RHO/VOL

FOR I=1 TO N

TCZ=R(I,4)/NOG

ALPHA=(L*NNP-L-2%D- 2*NNP*PD) / (2-2*NNP)

BETA=(D*D - NNP*PD*PD+2%NNP*L*PD+2%L»D) / (4 -4*NNP)
GAMMA=-TCZ/(RHO*PI*(2-2%NNP))

TE!NP1=0

TEMP=TEMP1 - (TEMP1." 3+ALPHA*TEMP1 " 2+BETA*TEMP1+GAMMA ) /
(3*TEMP1" 2+2%ALPHAXTEMP14BETA)

IF ABS(TEMP-TEMP1)<.000001 THEM 3200

TEMP1=TEMP:PRINT TEMP:GOTO 3170

PRINT "TKE VALUE OF R IS ";TEMP

GOTO 3230

REM FINDING SURFACE AREA
R(I,9)=(PI/2)%((D-2*%TEMP)"2-NNP*(PD+2*TEMP)"2)+PI*(L-2*TEMP)
% (NNP* ( PD+2*TEMP)+(D-2*TEMP) )

NEXT I

RETURN

REM SUBROUTINE FOR SURFACE AREA OF INHIBITED SINGLE PERF
REM WHERE INHIBITION IS ON OQUTER LATERAL SURFACE ONLY
PI=4*ATN(1)

VOL=PI*I,/4%(D*D-PD*PD)

NOG=CP/VOL/RHO

FOR I=1 TO N

TCZ=R(I,4)/NOG

ALPHA=(-L/2+PD)

BETA~( -L*PD/2-D*D/4+PD*PD/4)

GAMMA=TCZ/ (RHO*PI*2)

TEMP1=0

TEMP=TEAP1- {TEMP1"3+ALPHA*TEMP1 " 2+BETA*TEMP1-+GAMMA)

/ (3%TEMP1" 2+2*ALPHA*TEMP1+BETA)

IF ABS(TEMP-TEMP1)<.000001 THEN 3400

TEMP1=TEMP:PRINT TEMP:GOTO 3370

PRINT "THE VALUE OF R IS ";TEMP

GOTO 3430

REM FINDING SURFACE AREA
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3430 R(I,9)=PI*(PD+2*TEMP)*(L-2*TEMP)+(FI/2)*(D*D- (PD+2*TEMP)*(PD+2*TEMP))
3440 NEXT 1
3450 RETURN
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VARTABLE LIST

ALPHA Temporary Storage

AREA Initial Surface Area of One Grain

AS Indicator For a TAble of Burning
Rates by Pressure

BB Temporary Storage

BETA Temporary Storage

cI Weight of Igniter

CP Weight of Propellant

CON1 Stores a Constant

CON2 Stores a Constant

CON3 Stores a Constant

CON4 Stores a Constant

D Grain Diameter

D Time Increment

FFO Form Function Indicator

FI Theoretical Impetus of
Igniter

FP Experimental Impetus of
Propellant

FP$ Input File Name

GAMMA Temporary Storage

KK Loop Index

L Grain Length

MI Molecular Weight of Igniter

MP Molecular Weight of Propellant

N Number of Data Points
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VARIABLE LIST (Con't)

NI Co-volume of Igniter
NNP Number of Perfs
NOG Number of Grains
NP Co-volume of Propellant
N$ » Name of Qutput File
0 Selected Option
PD Average Perf Diameter
PI Value of pi
PIG Pressure Due to Igniter
PMAX Observed Maximum Pressure
PTHEO Theoretical Maximum Pressure
RHO Propellant Density
: "R(-:-) Array Used to Store Values
R(-,1) -- Time
R(-,2) -- Pressure

R(-,3) -- dpP/dt

R(-,4) -- Total Mass of Prupellant
Burnt

R(~,5) -- d4C/dt, Mass Generation
Rate

R(-,6) -- Burn Rate

R(-.7) -- Average Time

R(-,8) -- Average Pressure

R(-,9) -- Surface Area

TCZ Total Mass Burnt From a Single
Grain
TEMD Temporary Storage
TEMPL Temporary Stcrage
TI Flame :‘emperature of Ignitar
b2
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VARIABLE LIST (Con't)

-

- b
el

TOS Weighted Average of Flame
B Temperatures
K TP Flame Temperature of Propellant
el TS System Temperature
l“ . TSTART Starting Time
'Zg TS Irdicator of Using Five Point
i Bridge
i
o3 VB Empty Bomb Volume
~
3 VOL Initial Volume of a Single Grain
WI Inner Web
WM Middle Web
wo Outer Web
28 Mode of Data Input
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APPENDIX C

SAMPLE OUTPUT FROM MINICB
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TABLE C-1. Example of output from MINICB using the
experimental impetus option.

£
q'

ol AET
R T o

1)
4

IMPETUS CALCULATION

IGNITER IMPETUS: 390962 FT-LB/LB
IGNITER CO-VOLUME: 26.15 CU IN/LB
IGNITER WEIGHT: .002205 LB
PROPELLANI WEIGHT: .05292 1B
PROPELLANT CO-VOLUME: 26.15 CU IN/LB
BOMB VOLUME: 100 ccC

MAXIMUM PRESSURE: 55479 PSI

IMPETUS= 1168.419 J/G
IMPETUS= 390896 FT-LB/Lb

TABLE C-2. Examwple of disk file output from MINICB
with burning vate option chosen.

TIME PRESSURE DP/DT % R SURF.
MSEC PSI PSI/SEC BURNT WM/SEG FRAC.
1 148 65000 LSy 4.707604 1
.3 122 75000 .62 5.431525 1
.5 138 80N00 .69 5.793249 1
.7000001 155 89v99.99 .78 6.516V3 1
. 9000001 174 99999.99 .88 7.240458 1
1.1 195 110070 .98 7.9638 1
1.3 218 120060 1.1 8.686944 1
:.5 243 130000 1.22 9.409R5 1
1.7 270 145000 1.36 10.49439 1
1.3 301 160000 1.52 11.57852 1
2.1 134 175000 1.69 12.66222 1
2.3 371 195000 1.88 14.10712 1
2.5 412 210000 2.08 15.1897 1
2.7 455 225000 2.3 16.27169 1
2.9 503 258000 2.54 18,07503 1
3.10000% 555 270000 2.8 19.51781 1
3.300001 611 295000 3.08 21.31992 1
3.500901 875 325000 3.39 23.48195 1
3.700001 740 345000 3.73 24.,91989 1
3.900001 813 380000 4.99 27.42965 1
67
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TABLE C-2.

100001
.300001
.500002
. 700091
. 900002
.1000G7
.300002
. 500002
-700002
.900202
.10CT03
.3¢G002
.500002
. 70GJ03
.8560003
.100G03
.300904
.500003
. 720004
.900004
.100003
.309GC3
.500002
.700C002
.900001
. 160001
.300001
.500001
.700001

899999
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Example of disk file output from MINICB

with burning rate option chosen. (Con’t)

0w
~d N

(TSARV.)
~3

1069
1169
1277
1393
{519
1554
1799
1954
2124
2305
2500
2708
2932
3171
3423
37C5
3337
4311
LR4LE
5005
5388
5797
6234
6699
7195
7724
3787
2887
$5%a0
10206
10930
11700
12519
13321
14319
15305
16354
17470
18657
19919
21110

410000

445000

475000

520000

560000

605000

650000

700000

755C00

810000

87499 9
u34999.9
10100090
1075000
1361G00
1235000
13300060
1420048
1520000
1620000
3722000
1855900
1275000
2115009
2250000
2400000
2560000
2730009
2905000
305000
3298000
3516900
3730000
3670000
42250G0
492000
4780000
5085000
5405000
5750000
6126000
6505000
5400000

68

.49
.92
37
.87
41
.99
.61
.29
.01
.79
10.62
11.52
12.18
13.51
14.€2
15.8
17 06
18.41
19,46
21.39
23.04
24.79
26.66
28.65
30.77
33.02
35.42
37.98
40.6%
43.57
46.62
49,87
83,32
56.97
6G 84
64.95
62 3
73.91901
76.79
83.95
89 .43
95.21
100

W W~y

29.
32.
34,
37.
40.
43.
46
50
54.
58.
62
67.
72.
77
83
38,
94

149
158

169.
179.
191,
203.
216.
229.
243,
258.

-~y

Lr v

269

308.
226.
342,
365.

387

659,
434,
358.

59606
11097
26246
49264
35829
58008

.79668
.36783

29203
20872

.83522

09289
4153

.0082
.01926

20¢L4

98503
101.
108.
115,
123,
131.
13¢,

2325
2989
2722
281%
6106
9005
.5617
.81R6
0787
9785
5081
3073
0%

0725
703

2045
9456
.2591
0206
3055
726

90%4
L4975
4453
0344
5713
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Exanple cf disk file output from MIR:I3

with burning rate option chosen (Con’t)

TABLE C-2.
PRESSURE RATE
PSI IN/SEC
1000 32.63715
1500 46.30971
20N0 59.41682
2500 72.4153
3000 84.51807
3500 96.6403
4000 108.3656
4500 119.7843
5000 131.483
5500 142.5343
6000 153.8562
6500 164.6878
7000 175.6933
7500 186.626
8000 197.2873
8500 207.826
9000 218.3577
9500 228.5429
10000 239.2708
16560 245.3917
11000 25% 6353
11500 2€9.2°7
12500 2£0.0274
12520 290.1638
13900 300.:809
13565 310.1595
14000 220.0166
14500 329.8686
15000 339,7118
15500 349.4583
16900 359.0886
16500 368.7252
17000 378.4017
175G 388.0775
18000 397.7438
18500 407.41
19000 416.854
14560 426.1963
20000 358.5719
20500 358.5719
21000 356.5719
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TABLE C-3. Example of hardcopy output from MINICB

using burning rate option.

HIGH PRESSURE COMBUSTION RESEARCH TEAM

BALLISTIC RESEARCH LABORATORY

INTERIOR BALLISTICS DIVISION - ABC BRANCH
MINI CLOSED 80M3 INFORMATION AND RESULTS

IGNITER
IMPETUS (FT-LB/LB) : 224583 .30000
FLAME TEMP. (K): 2000.00000
MOLECULAR WEIGHT: 24,77100
CO-VOLUME (INCH"3/LB) : 30.00000
WEIGHT: 0.00000
DENSITY(LB/INCH"3): NOT COMPUTED

GRAIN INFORMATION(INCHES)

DIAMETER: 0.50000

LENGTH: 1.50000

NUMBER OF PERFS 0.00000

AVG. PERF DIAM. 0.00000

OUTER WEB: 0.00000

MIDDLE WEB: 0.00000

INNER WEB: 0.00000

FORM FUNCTION: 1.00000

BOMB AND PRESSURE TNFORMATION

BOMB VOLUME(CC) : 59.00000
OBSERVED PMAX(PSI):  21650.00000
THEO. PMAX(PSI): 21743.79000
NUMBER OF GRAINS 1.000367
PRESSURE RATE
PSI IN/SEC

1000 32.63715

1500 46.30971

2000 59.41682

2500 72.4153

3009 84.51807

350U 9¢ 6403

4000 108.3636

4500 119.7843

5000 131.483
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PROPELLANT
NOT COMPUTED
3092.00000

24.77100
26.62000
0.01650
0.05600
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TABLE G-3. Example of hardccpy output from MINIGCB
using burning rate option. (Con't)

5500 142.5343
6000 153.8562
6509 164 .68 8
7000 175.6933
7500 186.€26
! 8000 197.2873
& 8500 207.826
ol 2000 218.3577
Y 9500 228.5429
B 10000 239.2708
. 10500 249.5917
R0 11000 259.6355
o 11500 269.857
v 12000 2813.0274
ey 12500 230.1638
X, 13000 300.1809
R 13500 310.1595
R 14000 320.9166
i 14500 329.8686
: 15000 339.7118
15500 349.4683
16000 559.0886
16500 368.7252
17000 378.4017
17500 388.0775
18000 397.7438
18500 407.43
19000 416.854
19550 426.1957
20400 258.5719
20500 358.5719
21600 358.3719
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APPENDiX D

TRADITIONAL MEASUREMENT OF EXPERIMENTAL IMPETUS
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In this approach, heat loss and effeccs of tne igniter are ignored.
Prcblems with the igniter can be eliminated by having the igniter the same as

the propellant. The following symbols will be used:

Pressure
Chamber Free Volume
Impetus

Co-volume

s m <

Loading Density

(¢}

Charge Weight

Start with the Noble-Able equa+tion of state,

P(V - nc) = Fe¢ (D-1)

Divide by c,

P(V/c - n) = F (D-2

Next divide by P to obtain

V/e - n= (1/P) F (D-3)

Since loading density is the charge weight divided by volume, L = c¢/V.

Substituting into equation (D-3) gives

75




1/L = F(1/P) + n (D-4)

Now by performing a series of closed bomb firings with different loading
densities and recording the maximum observed pressure a plot of 1/L versus 1/P

can be made. The plot should be linear and the slope will be the impetus and
the intercept the co-volume.
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APPENDIX E

EQUATIONS FOR THE HAND CALCULATOR VERSION OF MINICB




As mentioned in the main body of the report an alternate approach to
computing the burning rate is to determine the distance burnt, x, which
corresponds to each pressure and then compute dx/dt directly instead of using
equation (17), r = (de/dt)/(p*A). For the hand calculator version of MINICB
this approach was utilized since it requires fewer programming steps. The

analysis is identical to the point of finding C equation (14), for each

value of pressure. Next, it is necessary to deiermine values for x for each
. value of Cp. In the analysis presented earlier, values of x were found by
deriving a relation between x and Cp for the specific propellant under
) investigation based upon initial grain geometry and the relation

C, = density * Volume Used (E-1)

Unfortunately, solving the expression resulting from equation E-1 for x was,
for most grain geometries, quite complicated, often requiring a numerical
scheme. The number of programming steps required for such an operation on a
hand calculator was felt to be excessive and would result in a separate
program for each grain geometry. Thus, it was decided to make a further
simplification in the analysis for the haund calculator version so as to allow
for the widest possible range of form functions. Starting with equation (E-

1), divide by the original mass of propellant giving equation (E-2).

Cp/C = density * Volume Used/C (E-2)

Now Cp/C is che mass fraction turnt aud will be donoted vy M. Also, C, the

total mass of propellant, is the density multiplied by tli total original

volume. Thus, equation {E-2) can be rewritten to pcodlice =quaticn (E-3).
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density * Volume Used
M = (E-3)

density * Total Original Volume

Canceling density and writing the volumes in terms of volume per grain

equation (E-4) can be obtained,

Number of Grains * Volume/grain used
M = (E-4)

Number of Grains * Original Volume/grain

“erefore.

M * Original Volume/grain = Volume/grain used (E-5)

Now the original volume/grain is a constant based upon the original grain
gecmetry and volume/grain used is determined by the original grain geometry
and the distance burnt, x. Hence, equation (E-5) could be used to define a
relation between M, the mass fraction burnt, and the depth burut, x. Using
this expression to actually calculate x would require as many programming
steps as before. Howeveyr, assuming increasing values of x, a reasonable
assumption, a series of values for the mass fraction burnt can be computed.

These values may then be fitted empirically to an equation such as
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Routines for such a curve fitting are available for many calculatcrs. The
¢mpirical equation can then be used to determine the values of x which

correspond to each value of C_ in the program. This approach will reduce the

cnmputation of X to an exponeit‘ation and multiplication. Routines for such a
curve fitting are available for many calculators. Results for the seven perf
srain vsed in validation 5, Table 5 are shown in Table E-1. Again the
anclysis is only valid up to the point of slivering which for a seven perf

grain occuxec at about 80% all burnt.

TABLE E-1. Fitting to an Equation
X = a3 & b2 + oM + d

for a Seven Perf Grain

Web ~ 0.03988 inches

Distance Burnt Mass Fraction Burnt

Inches

.0025 .09195951

.00s .1883845

.0075 .2891035

.01 .3939452

.0125 .502738

.015 .6153106

.0175 .7314915

.01994 .8481996
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Values for a, b, ¢, and d

a= 0.001758388
b = -0.006253527
¢ = 0.0275523105
d - 0.000022263

Goodness of Fit: B2 = 0.999999885

Using the technigue above for various other form functions has resulted
in similar vaiues for RZ. Tavs, it appears that using a cubic equation to
r~.late depth burnt and mass fractica bturnt is a reasonakle assumption and
should provide an acceptable alternative fur determining the depth burnt, x,
in the hand calculator version of MINICB.
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APPENDIX F

HAND CALCULATOR PROGRAM
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Listings for the various programs and subprogramc which make up the hand
calculator version of MINICB are given below for a Hewlett-Packard HP-41C
calculator.  The reraining section of the Appendix presents comparisons
between runs of the hand calculator version and the JASIC version of MINICB
and a comparison with CBRED2.

Hewlett-Packard and HP-41C are tradenames of the Hewlett-Packard
Corporation. Use of these names does not constit:te indorsement by the US
Army.

PROGRAM LISTING -- HP-41C

Procedure Name Function

TINYCB Calls Various sub-
prograas
ENDATA Enter Data
CONST Computes All Constants
ENPRES Enter Pressure
PVSRle Computes Rates
PV3R2 Interpolation of Rates
MINICB

(Hand caleculator version)

BleteL “TIHYCE"
82 ¥EQ “EMDATA®
83 %EQ “CONST*
84 XEO “EHPRES-
85 YEG "PVERle®
8 Fix 9

87 D

85

r@




ENDATS,
AeLL “EDATA 3 $TC uE
9z 129 2 *FL. TENR, >
CHET 37 OROHPT
g 143 34 510 87 _
85 &7 92 35 “CO¥ILUNED-
96 153 36 PROKFT
87 57 94 , 37 570 g2
92 184 39 “MOL, W7,
g9 570 93 35 PRONFT
19 *IGHITER 3aTA.,." 48 5T 89
15 RIEN 41 “KEIGHT™
12 *IMPETUSO" 42 PROWPT
13 PRONPT 43 o 18
14 STO 81 44+ GRATN YETAL., "
15 *FL. TEWP,?* 45 AVIEH
15 PROKPT ) 4 “DIMETER™
17§70 82 . 47 PRGHPT
18 *COVOLUKE?: 43 570 11
R 19 PRONPT 45 “LEWRTH
o W 570 43 S8 PPONPT
X 20 NOL. HT.? 51§70 12
/ 22 PROMPT 52 -GEMERAL DRTZ,,,-
R 27 570 84 57 AVIEW
o 24 “YEICHT?" 54 *08S, PMEET
s 25 ROMFT S5 PRONP
& 26 575 85 56 $79 13
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To evaluate the hand calculator version of MINICB three different cases
were selected. The first two involved a comparison with results from the
BASIC version of MINICB. These comparison were performed to investigate the
effect of expressing the depth burnt in terms of the mass fraction burnt via a
cubic function. Thus, the first comparison was with the the cord burning in a
cigarette fashion. This formunction results in a perfect fit between x and
M, a=b=d=0 and ¢ = grain length, and hence there should be almost perfect
agreement between the results. The only difference is the numerical accuracy
between the machines. Results for this comparison are shown in Table F-1 and
Figure F-1. In the second comparison, a seven perf grain was used to evaluate

. the effects of the curve fitting. Details of the curve fitting for this grain
are given in Appendix E. Results are found in Table F-2 and Figure F-2.
Finally, a comparison was made with results of CBRED2 for a 19 perf grain.
The results are given in Table F-3 and Figure F-3. 1In viewing the results it
is important to keep in mind that the hand calculator version was being
performed with a very limited number of pressure-time points, 11, 24, and 13
points respectively for the comparisons.

TABLE F-1. Comparison of Calculator Version of
MINICB with BASIC Version for a Cord
Burning in Cigarette Fashion

PRESSURE RATE $ Difference
psi in/sec
MINICB  MINICB
(BAS1C) (CALC)
2000 58.90745 58.9075 -0.00008
4000 107.5714 107.5713 0.000092
6000 152.6348 152.6348
8000 195.8801 195.8801
10000 237.7167 237.7167
12000 278.4922 278.4922
14000 318.1077 318.1077
16000 357.5178 357.5178
18000 243.6403 243.1748 0.191426

OO O0OO0OO0OO0

11 data points
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Figure F-1. Comparison of Calculator Version of
MINICB with BASIC Version for a Cord

Burning in Cigarette Fashion

As an absolute error of 0.02% indicates, the calculator version of MINIGCB

i and MINICB produce essentially the same results for the cigarette burning form
*{ function.
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TABLE F-2. Comparison of Calculator Version of
MINICB with BASIC Version for a Seven
Perf Grain

PRESSURE RATE ¢ Difference
psi in/sec
MINICB  MINICB
(BASIC) (CALC)

. 5000 1.967996 1.9513 0.857
10000 3.567153 3.5548 0.347
15000 5.055268 5.0577 -0.049
20000 6.464363 6.4880 -0.364
25000 7.824321 7.8724 -0.611
30000 9.142696 9.2167 -0.803
35000 10.4264 10.526 -0.952
40000 11.6847 11.811 -1.068
45000 12.91465 13.066 -1.156
50000 14.12269 14.297 -1.222
55000 15.31281 15.510 -1.274
60000 16.48633 16.706 -1.315
65000 17.63615 17.877 -1.345
70000 18.78596 19.047 -1.37%
75000 19.9091 20.191 -1.396
80000 21.01668 21.319 -1.419
85000 22.12426 22.448 -1.440
90000 23.23184 23.576 -1.459
95000 24.29764 24.668 -1.501

100000 25.3589  25.756 -1.542
105000 26.42017 26.844 -1.58

110000 27.48144  27.932 -1.614
115000 28.5427  29.021 -1.647
120000 29.37056 29.88 -1.706

24 data points
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Figure F-2. Comparison of Calculator Vexsion of
MINICB with BASIC Version for a Seven
Perf Grain .

x

An absolute error of 1.17% indicates that using a cubic function to fit depth
burnt and mass fraction burnt is a fairly reascnable assumption for multi-perf

grains.
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TABLE F-3. Comparison of Calculator Version of
MINICB with CBRED2 for a Nineteen
Perf Grain

PRESSURE RATE % Difference
psi in/sec
MINICB CBRED2

5000 1.385 1.378 -0.533
10000 2.554 2.543 -0.452
15000 3.723 3.742 0.505
20000 4.865 4.875 0.216
25000 6.008 6.02A 0.3n4
30000 7.147 7.184 0.57
25400 8.283 8.3G2 0.232
40000 9.411 9.352 -0.628
£.5000 10.53% 16.377 -1.537
50000 11.294 11.43 .381

13 data points used
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Figure F-3. Comparison of Calculator Versiou of
MINICE with CBRED2 for a Ninpeteen
Pexf Grain

s

With an zbsolute error of 0.63% the agreement between the calculator
version of MINICB and CBREDZ Is excellent for this particular comparisor
finilar results have been cbtrained for other form funntions and propellants.

Based upon the result of the comparisous it is felt that the calculator

versicn of MINICB can be vsed with a high degree of corfidence for computing
buraing rates from a limited number of data points.
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APPENDIX G

COMPARISON OF THE BASIC VERSION OF MINICB
WITiri CBRED2
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For the sake of completeness, the results of MINICB were compared for a
limited number of cases with the results from BRL’'s standard burning rate
reduction code, CBRED2, an extension of CBPED. Typical results are presented
below. A common experimental pressure-time history obtained from & closed
bomb firing was used as input to both programs. Thus, this comparison is
relative, comparing only the performance of both programs to each other and
not to a burning rate known a priori. Details of the propellant and iguniter
used in the closed bomb firing are given in Table G-1. Results from the code
are presented in Table G-2 and graphically in Figure G-1.

TABLE G-1. Details of Propellant and Igniter
used in Closed Bomb Firing

Propellant Igniter
Type: JA2 FFFG
Weight(1lb): 0.1528 0.002205
Density(lb/in"3): 0.0578  e-----
Gamma: 1.2247 1.25
Impetus(ft-1b/1b): 363241 97500
Co-volume(in®3/1b): 27.42 30.00
Flame Temperature(K): 3437 2000

Number of data points 101

TABLE G-2. Comparison of Burning Rate Between
MINICR and CBRED2 for a 19-perf Grain

Pressure Rate Percent Difference
Psi Inch/s
MINICB CBRED2

5000 1.335 1.378 3.185
10000 2.489 2.543 2.13
15000 3.734 3.742 0.21
20600 %4.833 4.875 0.87
25000 6.072 6.026 -0.75
3000C 7.211 7.184 -0.37
35000 8.33% 8.301 -1.05
40009 9.404 9.352 -0.55
45000 10.352 10.377 0.24
50000 11.445 11.45 0.044
55000 12.337 12.466 1.35
60000 12.987 12.929 -0.45
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Percent Difference

Comparison Between MINICB and CBREDZ2
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Figure G-1. FPercent Difference in Burning Rate
Between MINICB and C3RFD2

As shown in Table G-2 and Figure G-1 the results for CBRED? and MINICB
are in excellent agreement with an absolute average error of ahout 0.9%.
Similar results were obtained for comparisous involving differvunz propellants
and other form functions.
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