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What do | want to say?

Description - gas phase; g-phase - c-phase coupling

gack calculating response function from actual p, - time
ata

Traditional expectations, conflicts and issues

Basis and features of a new heterogeneous quasi 1D
(HQ1D) model

Comparison of predictions of AP-HTPB (data of Miller,
II;r[')e;(ir'ick, Ramakrishna) - ideas for Model for SrCO;,

Direction of results, Additional calibration data
required, Summary of progress.



G-phase oscillatory combustion behavior - Ruben’s tube

From youtube - understanding combustion
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Rough turbulent combustion vs. Combustion instability

e Rough combustion should be distinguished from classical turbulent combustion that
looks rough and noisy. Turbulent combustion spectra (kinetic energy of fluctuations
vs. wave number) have classical decay behavior.

 Rough combustion of concern in operating systems is called “combustion instability”.
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Steady combustion

Smooth p_time profile
Fluctuations < 0.5 %

P1 Predicted and Achieved Pressure Vs Time, Test #8 25-1-10 G3 Motor
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Example here is of solid rockets. But the features are true for all systems — After burners, main combustor as well
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Unsteady combustion

p. vs. time with undesirable irregular
fluctuations (> 2 %)
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Chamber pressure-time curve of a tactical rocket. Till 4.85 s, the combustion process is smooth. At this time,
there are fluctuations that build up in 200 ms with visible oscillation amplitude of 15 bar (atm) and a shift of
mean pressure (called DC shift) itself by 50 atm with an expected mean pressure of 120 atm.



How to get a,,.,, from actual motor tests?
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C1:+ /0°C: S123 Water —fall plot
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We can do a spectral analysis of the time-sliced pressure time curve and see how the instability is
developing. This is set out in the water-fall plot. The specific frequencies - about
250, 500, 750 and 1000 Hz are the ones excited here
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p amplitude[bar]
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Approximate flow turning and nozzle losses

Vi % Injection velocity ~ 1m/s

1n]

Rp%

Flow turning losses 6% nku—

Port Radius

Nozzle losses

These have been established by Varun and the DRDL CFD team
accurately ; DRDL team has calculated them by several means



Getting motor growth rate and Response function

p,/pmean ~exp (aMotor t)

The growth rate due to the propellant, a

orop 1S related to a, by

XNotor — OXp —pT — AN

dp.  RT,
dt — V

(ppAv? —[peA/c7) P. = Pmean 1P, €tc leads to

The propellant response function is therefore,

R, = 1+[AJAll a, (mode no./f, . )] Ny A2 (v)}]



It is important to obtain R/ vs. dimensionless frequency f, = fay/f?

Table 11: Thermal diffusivity of the grouped ingredients

Temp, °C
Thermal diffusivity, ap, mm?/s
AP1 AP2 | RDX Al Polymers | Inorganics
-30 0.270| 0.15{0.160| 49.6 0.110 0.050
+25 0.250| 0.11{0.145| 49.6 0.107 0.040
+70 0.230| 0.09(0.130| 49.6 0.105 0.030

Note: The thermal diffusivity of AP from different sources (literature as well as in actuality
because of the presence of ionic elements like K)

The thermal diffusivity is a fairly strong function of the initial temperature; higher the
temperature, lower is the thermal diffusivity

Therefore, Propellant and some ingredients must be characterized for size distribution (AP)
and thermo-physical properties.
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Statements of Blomshield

* |If one increases burning rate with catalysts, propellant combustion response will tend to go down.

(...... every catalyst? not clear)
« Higher pressure exponents imply larger instability. Desirable to seek low n propellants.
* If one increases burning rate with fine AP, propellant combustion response will tend to go up.

« Very fine or very coarse AP is not good from a combustion instability point of view. These effects

can be explained by the following -
for very fine AP crystals burning in a fuel binder, chemical reaction processes are kinetically

controlled and have a relatively high reaction order.
for very large AP crystals, combustion is controlled by an AP mono-propellant flame which also

has a high reaction order.
in-between the extremes of particle size, combustion processes are believed to be controlled by

more diffusional effects which are not as sensitive to pressure oscillations

Comment: Many of these statements could be correct, but experience suggests that following them
without considering other basic features does not help.



From Blomshield and others — Response function

AP pellets, at34atm, R,=2.0to1l.5 +0.5 (decrease with frequency)
AP pellets, at 70atm, R,=15t02.4 +£0.5, n=0.77

AP pellets, at120atm, R, =0.6t00.7+0.5 (increase with frequency) |
. RDX pellets, at34atm, R,=0.8t01.2+0.3 n=0.82
RDX pellets, at70atm, R;=0.2t00.5%0.1

. HMX pellets, 10 to 70 atm, R,=1.2t01.5+03 n=0.85

. AP (84%)-HTPB, at 15 atm, R, =0.6t0 0.9+ 0.2 pressure index, n=0.45 '
* AP (88%)-HTPB, at 34 atm, R;=0.4t00.7+0.2 n=0.45

Comment: The response function is expected to vary with pressure index. This is not always true as at
increased pressures, the results do not show the appropriate trend.
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Figure 5. Influence of fine AP on the response for ~88% AP/HTPB propellant. (Crump’s data Ref.9).

High energy AP-HTPB propellants have Rp ~ 0.6 10 1.2
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Beckstead'’s predictions (AP) show that increased pressure
Implies reduced response.
In actual systems the behavior is contrary.

Many composite propellants (and double base propellants) have a
pressure-coupled response evaluated by the T-burner have a
response peak of 2 — 3 with an omega at around 7 (if you divide it
by 2 1, this is about 1)

From Finlenson, Stalnaker and Blomshield, Ultra pure AP T-
burner pressure coupled Response at 500, 1000 and 1800 psi
AIAA 1998 — 3545, 34th AIAA Joint Prop conf.
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Figure 14. Pressure Coupled Response plot for
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From the thesis of Perry, Cal Tech, 1971

Propellant A-13 T-17 - 540-A A-35
Binder/Oxidizer PBAN'/AP® PS*/AP  PPG'/AP PU°/AP
Specific Heats
Ratio, vy 1.28 1.25 1.22 1.25
Density (gm}cmS} 1.56 1.58 1.63 1.58
Burning Rate at
300 psig (cm/s) 0.48 0.78 0.50 0.46
Burning Rate
Exponent at
300 psig 0.42 0.38 0.0
Flame Tempc?rature
at 300 psig ( K) 2100 2050 2900 2160

]

.......... The fact that the present T-burner investigations found 540 — A to be far from stable In this pressure

range indicates again the lack of a thorough understanding of combustion instability in solid propellants

The situation is not very from this even now!



A subtle question ignored in the literature.

The time scale of the fluctuations at 250 to 1000 Hz is 4 to 1 ms.

At burn rates of 7 to 10 mm/s, the regression in 4 ms is 28 to 40 microns and in 1 ms, 7 to 10
microns. If we take 10 - 20 cycles as needed for response, the burn amount is 10 to 200 microns.

These values are comparable to particle sizes in most propellants.

This means that unless the scale of heterogeneity is accounted for, there is little chance of capturing
the steady or unsteady combustion behavior.

The model currently in wide use propagated by Culick has no aspects of heterogeneity in it. This is
the reason for “backwardness” in understanding and combating instability in composite propellants.

LE‘ _A_ = EE{TS _ﬁ?rﬂ}
nB + ns(A—1) ’ !
) _— r T, -ES =
A+ 4-(1+4)+B .4:[1—T—C:|'Iﬂs+PTJ . oplls =15)
o+ 8 _

ﬂEﬂhIEﬂEIIEEEﬂEELL&HIE Masafumi Tanaka" and Kazunori Nakaji’



Links between steady and unsteady combustion

Low pressure index, n is desirable from steady combustion view point. This does
not mean ones needs to below the normal composite propellant burn rate index of

0.4 because the instability is not directly linked to n in reality (Perry’s thesis —
1971).

Liquid layer over the propellant surface may be the principal cause of the
problems. If this is reactive, it is more serious (this is a new surmise not explicit in
the literature).

It is preferable to have as low a melt layer as possible. Perhaps, particle size
distribution should avoid too much of coarse or fine particles. Very fine particles
may bring down binder thickness but also lower the local air-fuel ratio encouraging
melt layers.

If ingredients are needed to be added to tailor the burn rate, it is useful to seek
high melt temperature ingredients or those that encourage charring of the binder.



Burn rate (mm/s) vs. pressure, atm, AP, AP-HTPB, 80:20
Some important features

of steady combustion
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At lower p, the energy from the diffusion flame enhances the burn rate significantly.

The burn behavior at higher p is controlled more by AP and hence, the burn rate approaches the burn rate of AP.
In this process, the value of pressure index comes down.

Notice that some burn rate curves intersect that AP curve and the burn rate is below that of AP.
This means that energy from the gas flame is being shielded by surface phenomena, presumably melt layers of fuel?



Modeling the heterogeneous aspects of
composite propellant combustion

Heterogeneous Quasi-OneD model (HeQOD-M)



The HeQOD-M - features

. First fo examine AP/HTPB composite propellants based on
sequential burning approach accounting for,
- Heterogeneity and the associated local O/F and flame

temperature variations.
- Detailed particle size distribution.
- Premixing of fuel and oxidizer.

- Extinction of very fuel rich small AP particles - a new

phenomenon not captured by earlier models.



Since the line average intersection of spherical The prOCESS

particles in a random packing is proportional to the
corresponding volume fraction (Iyer et al. (2015))

Za*ug X Vfractz’-:}n

AP particle coated
with homogenized
binder

.When coated with binder matrix of thickness tb, line
average intersection will become:

.The burn rate of the probellant can be calculated as:

Bur‘n rate = Length of entire line
Total fime taken by line to burn

lj _ Ejv}(l + th/dj) Ref: Beckstead(1981)

The rest of the model description is to determine the burn of each AP particle surrounded by binder.



Modeling Features (AP & propellant)

Regressing surface is planar; Condensed phase is homogeneous and 1-D
as far as conduction in solid is concerned; The gas phase flame is thin
and gas phase temperature profile is one-dimensional.

The diffusion flame process is set out to obtain the average heat
transfer to the AP particle affected by particle size, binder aspects
and pressure.



Model for AP combustion

§ = pprept/ky
AP mono-propellant flame ~ 1250 K

X=X*(§= €% _, v
T=Tf 9
dT 2T
Pp'f'cpgd_ — kgﬂ
x () v o

X=0(§:1)ﬁi oy _ . or
T=Ts k{@x]o__pprﬂ+k[8$ o+

Surface heat balance (SHB)

X — -0

T=T,

AP solid @ 300 K



Contd

Surface heat balance pp?:cp(f‘s — ‘I‘[]) — ,OpTH - ;Op?:‘cp (Tf o T‘:)/(g* o l)
k cp(Tf — T)
T = In[1+ L _
pp?”fip [ FP(T T[ ) Haip ] On substituting for £F pp?“rp /L
Mass balance (for gas phase chemical reaction) pp” = K, app"ma”

k
pp?" — \/r—ql'n(l -+ BAp)pT‘"*‘f{T-,AP

“pg

r = Asexp(—Es/RT) Pyrolysis law

Simultaneous solution of mass balance and pyrolysis law equations will give the burn rate of
AP, if other parameters are known.



AP thermo-physical, transport and kinetic parameters

Parameter (units) Value Reference
E./R (K) 6500 |Ramakrishna (2000)
T, @ 20 atm (K) - AP melting temperature 850-870 | Ramakrishna (2000)
A, (mm/s) - calculated using E./R, T_and r (3.3 5798 |-
mm/s) @ 20 atm
K, (W/m-K) 0.08 |-
¢, d /kg-K) 1150 |Hanson & Parr (1999)
H/C, (K) 400-500 |Langelle et al(2002)
K. (gas phase reaction rate) 1000 |Estimated from conditions at

20 atm

n. (reaction order) 2

Parameter range around the suggested values explain the observed burn rate, index and
temperature sensitivity of AP.




Burn rate model for AP particle surrounded by binder matrix

Propellant 200y 50y 20y 6y 2y 0.7u
SD-111-4 36.15 27.7 36.15
SD-111-9 36.15 27.7 36.15
SD-111-14 36.15 27.7 36.15
SD-111-19 36.15 27.7+36.15
SD-111-16 36.15 | 36.15 27.7
-
o

AP particle coated with binder

From: Gross and Beckstead (2000)
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The effective flame temperature

— 4 __(dap
Teyf =Tyap 1—ce 2= (4F)(1-9)
Ttada =Ty ap Z
20 Ke, remire .
where dy = (dref_l_th)(?)m( f?’r AP d)05

Tery effective flame temperature (K) —
Ttaa = f(O/F) adiabatic flame temperature (K) dre Dt
Tr ap adiabatic flame temperature of AP (K)
dap AP particle diameter (pum)
do ~ v/ Dt, reference diffusion distance (90 pm)
D diffusion coefficient
t, reaction time
O binder equivalence ratio
ty binder thickness (um) dap = 0= f(Z) = 1= Teyy = Tt ad
m = f(o) pressure coefficient of reaction rate dap 00 = f(Z) = 0= Tt =Tt ap



Effective reaction rate

The effective reaction rate depends on the effective flame temperature - Arrhenius type relation

The Arrhenius coefficients can be determined from the gas phase reaction rate for AP mono-propellant
flame and fine AP/HTPB premixed flame.

Limits Tpaa K
(K)  (s/m*atm)
AP mono-propellant flame 1250 1000

AP/HTPB premixed flame (86% AP) 2850 30000

!

I{’r,eff = 4.3853_75?3XT€ff

ppt ep(Ts — To)| = pprHeg s + Fr i(g* f_fl )Q‘f " = In(1+ Beyy)

| Ts—To— Hepg/cp 1 otherwise

d? .
Te - TL;' AP lf (.:'.J) < 0-7
Bepp = L ] 9y gfr = { (dap+2t)°




Binder thickness, O/F and adiabatic flame temperature

Binder thickness is calculated by assuming that HTPB mixed with fine AP (<6 ym) is coated
with uniform thickness (1b) on the surface of AP particles of size (> 6 ym)

fHTPB n fAP‘fiGpm _ Ei fAP,i [(1 n th/d’l)% o 1:|

PHTPB PAP PAP

fuTPB mass fraction of HTPB
fap<e mass fraction of AP with size < 6 um
fap mass fraction of AP with size d; (with d; > 6 um)
PAP density of AP (1950 kg/m?)
PHTPB density of HTPB (930 kg/m?)

O/F = PAP T P (1 +2t/di)* —1] SLy T¢ o4 IS obtained from O/F

(1 —SLy)py [(1 4 2ty /d;)3 — 1] using equilibrium calculation
o4 furps + faP<6um SL, fAP<6um

 furpe/pHTPB + fAP/pAP  furPB + fAP<6um



The burn rate equation

The burn rate of AP particle of size di coated with binder of thickness b is calculated by
solving this equation simultaneously with the AP pyrolysis law

poi = | —LIn(1 4 Bess)p™ Ky opp  With 7 =5.8exp(—6500/T;) (mm/s)
Cpg |

Following this the model was used to predict the burn rate for the following cases -

1) Sandwich propellant modeled in Gross & Beckstead (2010)
2) 87.4% AP loaded propellants reported in Miller (1982)

3) 2 propellants made by PEL produced on our request

4) Propellants reported by Fredrick



Model validation with results of Gross and Beckstead (2010)
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Fig. 1. Flame structure above a 400 um AP particle surrounded by 89 um of binder Compamson Of current mode pl‘e ictions wit

at 20 atm.

results from with Gross-Beckstead (2010

These results were obtained by performing CFD calculations with detailed chemistry for decomposition of

AP, reaction of AP decomposition products with HTPB etc. Burn rate results were obtained by varying

the particle size from as small as 5 to 500 ym. Comparison of these results clearly show that the same results
can be obtained with much greater simplicity - excel sheet/matlab like calculations.



Critical extinction size limit — a new feature of the model
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Also under very rich conditions the heat flux received by the AP surface may not be
sufficient to raise the surface temperature beyond 870 K (the melting temperature
of AP). This will also cause extinction.

Particle sizes less than the critical extinction size, determined using an iterative
procedure, is added to the binder and then distributed with uniform thickness over
all other particles undergoing deflagration.



Experimental data from Miller (1982)
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On prediction quality for different propellants — particle
size distributions

Note: Chemical kinetic parameters fixed. No free parameters

Total number of propellant predictions made - 44

Propellant Quity Na JPussble resson

Excellent Physics embedded in the model
Miller (1982) Not too good Excessive small sizes - only model propellants
Poor Excessive small sizes - only model propellants

6
7
Ramakrishna, IITM I3 EEUENS 1 Physics embedded
1
5
8

PEL, Hyderabad Excellent Physics embedded

Frederick (1988) Excellent Physics embedded
Poor

Excessive small sizes - only model propellants
A common feature of all propellants showing poor predictions is that they contain significant amounts
of fine AP (<20 um). Finer particles have the tendency to agglomerate and form larger particles.



Propellants with Excellent Predictions - examples

Miller (1982)
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Fredrick (1988) Kumar and Ramakrishna (2013)

P
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Not too good predictions - within 20 %

SD-III-19

P (atm)

B Experiment
== Prediction

SD-III-20

100

10 100
P (atm)



SD-III-5

Poor predictions

Miller (1982)

|
f
}/

i

P (atm)

SD-ITI-15

100

H Experiment
=== Prediction

f (mm/s)

SD-III-10

|

*

il
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SD-III-14

100

|
\
2

P (atm)

100

All these propellants have
>35 % fine AP (6 microns,
2 microns and 0.7 microns)

Difficult to eliminate
agglomeration unless the
particles are suitably
coated for the purpose.
No such indications are
available in the paper.



What further benefits from this model?

We should recall that CFD as a tool has been used 1o aid design in the last
ten years as it has become a well trusted tool.

Trust arose out of a large number of good predictions, and when predictions
were not so good, determine from studies corrections to the parameters
(turbulence largely), etc.

Similarly, it is suggested that the tool described here can be used for
designing propellants - simple ones described here and more to come through
with work already completed on Aluminum, RDX and some additives like
SrCO;.

More calibration work on premixed high energy propellants with additives
needs to be done.

An example of what change in particle size distribution can do is shown......




Effect of coarse to fine ratio with different ultra fine fraction for TCL AP
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Studies on the effect of AP, HMX, RDX and SrCO,

Souree

Tvpe

Number

Features

Miller (1982)

AP/HTPB

20

High solid loading - 87.4%
Bi, tri and quad modal
dap - 0.7 - 400 pm

Kumar & Ramakrishna (2014)  AP/HTPB 1 High solid loading - 86%
PEL AP/HTPB 2 High solid loading - 85.65%
PEL AP/HTPB/RDX 2 10% RDX in place of AP

in the other two PEL propellants
PEL AP/HTPB/5rCO5 2 AP from two different sources used
Blomshield & Osborn (1990) AP/HTPB/HMX 10 10-15% HMX substituted in

place of AP in SD-I11I-10 and
SD-111-25 of Miller {1982)

Table 5: Composition of PEL propellants

Prop. 1D AP (%) RDX (%) SrCO5 (%) Binder (%)
325 pme 200 g 60 pme Y pm
R-D-006 - 28.55  28.55 - - 14.35
R-D-007 - 35.54 - - - 14.35
R-D-010 28.55  18.55 10 - 14.35
R-D-011 28.54 - 10 - 14.35
CI9P5 54.53 - - - 2.5 15.7
CIPG H6.46 - - - 2.5 17.5

What is clear from
a study of these
propellants is that
low burn rate index
propellants can be
dealt with within
this frame work
only by invoking
the presence of
liquid layer.

Produced by PEL at the request of the investigators to partly simulate Miller's data



What is therefore a scheme to deal with these aspects?

Physics based steady combustion modeling of composite propellants
has resulted in excellent predictions for known cases with no free
parameter juggling

Calibrated and trustworthy; additional comparison with experiments
for more complex additives needs some special propellants to be made
for calibration like fine AP-HTPB propellants with them.

Response function calculation; comparison with experiments and full
motor calculation to explain linear instability, DC shift and related
behavior are future actions.

Thanks for your attention



