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1. BACKGROUND

Because the mass flux througha nozle is closely correlated to surface area of the
buming solid fud grain, it may beuseful to examine how certain fud grain shgpes evolve
asthey bum away during amotor firing. Thereaction process is heterogeneous meaning
that thereaction takes place on theinterface between thefud solid and thehot gases near
thefud grain surface. Asfud is consumed from the surface, the grain shgpe evolves,
which may have an impact on thereaction surface area and therefore thrug level.

These m-files smulate the geometric effects of afud grain onarocket motor's
thrud curve. In addition, it isa practice in theuse of non-dimensond parameters, which
is paticularly ussful in numerical andysis of fluid flows, computer smulations and
verification of small-scale moddsto larger systems.

2. OvERVIEW OF CODE

The provided codeworks as-is and shouldn'trequire modification. It would be
crud to dootherwise. Here's a brief description of each m-file:

makeBore.m - Thisfile creates amatrix of ones and zerosthat represents the
cross-sectiond geometry of thefud grain of study. Zerosrepresent fud space and ones
represent theinitial bore shgpe of thegrain. Theddault resolution of thismatrix is
200x200.Althoughin application to rocket motors thefud burnsoutonce thefud bums
away to theouter limit, thisfundion jug keepsall the space "outsidethefud grainsas’
ones. ThebumArea file will take this matrix, apply theouter limit bounday condition
and use this matrix astheinitial conditionsfor thebum.

burnArea.m - Thisfile actudly does the bum smulation. It inputs ageometric
matrix (from makeBore, althoughcan be manudly defined as discussed later) and
umsOtheinitial geometry outward to simulate the shapes that would occur from abum.
In this code @COrepresents unbumned fud and A Orepresents the gas or bumed fud
region. Suppose we had an initial matrix (congsting of ones and zeros) with a discrete
index denoted by x[n]. At x[n+1] the surfaces of x[n] would beanew loa of pants
some distance d from the surface of x[n]. The Gurface interfaceOis computed as:



AX[n+1] =x[n+]-x[n] (2.1)

From here, we can countup the number of ones that existsin the surface interface
to get an idea of therelative Gurface areaOtha was consumed fromindex nton+1. The
Qurface areaQis reported ontheright partion of the inputand is non-dimensond.

Once the bum has reached the Gud grainOboundaies, the simulation stopsand a
topological map of the burn is output:

N

V" P H#A{3K]  (2.2)

k=1

This jug compiles theimages of each surface interface for every third index so
bum propagaion can easily beviewed in a printout.

3. NoN-DIMENSIONAL I/O

When doing smulationsor andysis between amodd and a system, non
dimensiond parameters can hdp oneGcaleOthe modd to therea system. Thisis
because nondimensond parameters do not degpend on physcal measurements but rather
relative measurements or clever groupingsof variables such tha they have no dimenson.

This codeuses non-dimensond inputs as follows:

* Lengthsarerelativeto theouter radiusR of thefud grain.
o ! =L/R (L=grainLength) (3.1)
o ! = Rpoe/R (3.2)
o i.eif R=20QRye=0.7Q! r=0.35

* Areas A arerelative to thesurface area of cylinde of radiusR, length L(R)
o ! A=A/(2' RL) (3.3)
o i.eif A=6sgQR=2.0QL=6G3R,! A =A/2! RL=0.0796

Similarly, the codeuses nonrdimensond outputs as follows:

* Areas A arerelative to thesurface area of cylinde of radiusR, length L(R)
o A=2/RL! (34)
o Theamplitudeonthe um curveQis! A

* Timest arerelative to thetime it takes for the buming-frontto burn adistance R
o t=! 1 RIr (rislinear bumrate) (35)
o Thetimeonthe Gurn curveOis! +

This way you can use your geometric measurements of thefud grainsto GcaleOthe
output curvesto prope time and amplitude



BAasic SMULATION I//O
To doabasicrunthisisthestructure:
[B SA]=burnArea(makeBore(][r,Q), [I); (4.1

Q isachoice inputto determinethe shgpe of yourbore. Q is 1 for pentagram, 2
for circle, and 3 for squae.

B isan NxNXT array, where N isthepixel width and T isthenumber of arraysin
thetrial. B(:,:,n) will return thebum shapeat index n. (Youtypically don®need to use B)

SAisaTx2 array. SA:,1) containsthe! t vector while SA:,2) containsthe! A
vector. SA can beuseful because unde QvorkspaceOyou can copy SA and impott it into
excdl to scale thetime and amplitudeto useable units.

4. END-BURNER SIMULATION I/O

ThemakeBore fundionis not used when simulating an Gend-bumer.OY ou can
use thefollowing commandline

[B SA]=burnArea(zeros(200,200), [1); (5.1)

However, it isimportant to nate that from theway the codeis set up that the
surface areavaluewill bereported as exactly twice as high asit should be Divideall of
I A @vauesby two. In addition, the burn duration will bereported to be haf what it
really is. Multiply all ! + & values by two. Theduration of burn should beaboutL/r. Itis
still undear whether this modeterminaes the smulation propealy. You can simply cut
off thethrugt curve at t=L/r. It is also simple and adequae to predict an end-bumer@
thrug curve by hand.



5. SamPLE RuUN

Suppo® | have afud grain with measured grain diameter 1.1 inches, length 1.5
inches, and circular bore diameter 0.5 inches and abum rate of 0.25in/sec. Solving for
| R,! L get:

I R=04545
L =2727

| enter thisin Matlab® command ling
[B SA]=burnArea(makeBore(0.4545,2), 2.727);

Matlab returnsan animation and thefollowing display:
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| accessthedaain thearray SA via QNorkspaceQ
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| nead to scale these numbers back to dimensond nunmbers. Because of this| calculate
the scaling factors for my conditions

A=21RL ! A! A/l A=2! RL =5.184
t=! TR/r It/ T:R/r:4.4

In Excel thedata can easily bescaled:

< A B C D E F
1 non-dim time non-dim area time (sec) area (sgin)_
2 0 0 or T 0
3 0.01 0.5845 0.044 3.030048
4 0.0199 0.6367 0.08756 3.3006528
5 0.02%99 0.8149 0.13156 4.2244416
6 0.0398 0.7836 0.17512 4.0621824
7 0.0498 0.7658 0.21912 3.9699072
8 0.0597 0.7887 0.26268 4.0886208
9 0.0697 0.7956 0.30668 4.1243504
10 0.0796 0.7716 0.35024 3.9999744
11 0.0896 0.7724 0.39424 4.0041216
12 0.0995 0.7736 0.4378 4.0103424
13 0.1095 0.7755 0.4818  4.020192
14 0.1194 0.7766 0.52536 4.0258944
15 0.1294 0.7762 0.56936 4.0238208
16 0.1393 0.7815 0.61292 4.051296
17 0.1493 0.7827 0.65692 4.0575168
18 0.1592 0.7767 0.70048 4.0264128
19 0.1692 0.7767 0.74448 4.0264128
20 0.1791 0.7753 0.78804 4.0191552
21 0.1891 0.7878 0.83204 4.0839552

Findly, | can make a graph of thedimensond simulation daa:

Simulation Burn

o
w

ES

w
wn

w

N
wn

—&— area (sqin)

Surface Area (sqin)
-
= wn N

o
w

o

0.5 1 1.5 2 2.5 3
time (sec)

o




If desired, | can multiply the area by thebumrate and density (about0.0631b/in%) of
APCP to get mass flux throughthe nozle:
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Throughsome hoopsand bounds| can acquire aroughthrug curve:

Simulation Burn
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Now, does my thrust curve seem reasonable given my conditions? | say yes. | can easily
calculate theaveragethrug (515 N) and thetotal impulse (126 Ns). What other
parameters could oneextract?

6. ADDITIONAL NOTES

This ssmulator is designed to simulate single fud grains If multiple fud grains
are used, enter the specificationsfor oneof thefud grainsand ssmply multiply the output
(surface areg, thrug, etc.) by thenumber of grains

To acquire thelinear bumrate r, examinethe measured thrug curve and determine
thebumtime T, of themotor. If themotor isacircular bore, onecan find theaverage
bumrate by figuring how longit took to bum through the QvebOof the propdlant grain.
This can be expressed mathematically as:



—_ R" Rbore
r= o (7.0)

If themotor is an end-burner (such asthe G69N), the average bumrate can be expressed
as.
L

r= = (7.2



