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1. INTRODUCTION

Muzzle flash is an undesirable, but often inevitable, by-product of the

use of firearms. The occurrence of extensive muzzle flash results in easy

detection, causes loss of night vision in the gun crew, and can substantially

increase blast overpressures. Muzzle flash can in general be eliminated by

the use of chemical suppressants. The effective use of euch chemicals,

however, requires a thorough understanding of the many phenomena that are

responsible for the onset of muzzle flash. In the present context, muzzle

flash refers to the secondary combustion of the fuel-rich gun exhaust gases

after mixing with air.

The first systematic approach towards the development of a muzzle flash

methodology was described by Carfagno.1 In this approach the muzzle flash

flow field was reduced to a simple one-dimensional instantaneous mixing

"analysis. The results of complex chemical reactions were reduced to

experimentally determined ignition temperatures. Mixing with ambient air was

treated in an ad hoc fashion. Flash could be expected if the shock-heated

muzzle gas-air mixture temperature exceeded the experimental ignition limits.

After clearing up some minor details and inconsistencies in Carfagno's

approach, May and Einstein2 improved this methodology by using a more

realistic interior ballistic model. When applied to a large caliber gun, this

approach resulted in a satisfactory a priori prediction of the muzzle flash

onset. The applicability of this model, however, is somewhat limited since

it requires the experimentally determined ignition temperature for each new

propellant. We need a model therefore, which incorporates the basic flow and

chemical phenomena which lead to muzzle flash.
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We hdve considered a muzzle flash model that integrates an interior

ballistic model and an axisyrmetric, turbulent, quasi-steady exhaust flow field

model and couples detailed, complex chemical reaction kinetics. We have

previously reported3,4 a muzzle exhaust flow field model that incorporates a

chemical reaction scheme suggested by Jensen and Jones 5 and a turbulent mixing

model described by Mikatarian et al. 6 When applied to the same large caliber

2gun flash problem described by May and Einstein, good agreement with

experimental results were achieved.

The complexity of the muzzle exhaust flow model described in Reference 3

is considerable. This is mainly due to the turbulent and reacting nature of

the flow field where secondary combustion occurs. By the careful examination

of several computed results, it became apparent that the ignition process, and

hence the onset of muzzle flash, may be represented by a significantly simpler

model without losing the phenomenology associated with turbulent mixing and

chemical kinetics. One objective of this report is the description of this

simpler model. In Section 2, the basic elements of the mizzle exhaust

flow field and chemical kinetics models are reviewed. The model predictions

are discussed in Section 3 where the feasibilty of developing a simpler model

is also deduced. Section 4 contains the formulation of the simple model and

its potential for predicting the muzzle flash onset.

The predictions of the analytical model are at best as accurate as those

of the more complex Muzzle Exhaust Flow Field (MEFF) model. The validity of

the MEFF model has been tested for a single gun aystem using three different

propellant composit 4 ons. For all three cases the predicted results agreed

with those of observation. To further validate the predictive capability of

the MEFF model, in Section 5 we have compared the flash/no-flash predictions

of the MEFF model with those of observation for fire additional gun propellant

systems. Within the sensitivity limits of the model, the predicted and

observed flash data agree.

6
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To a large extent, the flash/no-flash predirtions of 'he MEFR model

depend on a variety of input variables (e.g.,reaction rate constants, species

thermodynamic dat*,*muzzle properties, etc.). The values of these variables,

however, are not known accurately. To determine the dependence of the

predicted results on variations in the nominal valve of some important input

variables, a sensitivity analysis is performed in Section 6. The conclusions

and recommendations are considered in Section 7.
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2. MUZZLE EXHAUST FLOW AND CHEMISTRY MODEL

A full description of muzzle exhaust fluid dynamic and chemical kinetics

models are given in References 3 and 4. These reports also contain the

references which are used to develop the muzzle exhaust flow field model. In

this section the basic elements of the model are described.

MUZZLE EXHAUST FLOW MODEL

The muzzle exhaust flow field after the ejection of the projectile is

shown schematically in Figure 1. It is comprised of a blast wave, downstream

of which ambient conditions exist, and three distinct flow regions. These are

the flow in the gun barrel (i.e., the interior ballistics), the expansion

region, typical of highly underexpanded jets, and the turbulent mixing region

where afterburning occurs as a result of propellant/air mixing. The muzzle

conditions are required to determine a unique solution for the expansion

region. Then, the conditions along the boundary of the expansion and mixing

regions are required to get a unique solution for the afterburning region.

For muzzle flash onEet predictions, the blast wave is neglected here. The

methodology used to evaluate the required boundary conditions is described
3,.

elsewhere.

One of the parameters required to determine the afterburning region

boundary conditions is the normal shock radius shown in Figure 1. In our

previous attemptsemi-empirtcal cesults were tised to estimate the size of the

normal shock. The semi-empiricai results, however, were based on0
underexpanded jets wich pressure rattos considerably less than those of muzzle

exhaust flows. In a recent paper Schmidt has reported that the observed

normal shock radlus of muzzle exhausts is greater than our previous estimate.

To be consistent with observation, in this paper the larger radius, estimated

by Schmidt,' will be used. The result yields a mixing region boundary

eS
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temperature (velocity) which is larger (smaller) than the one derived in

Ref. 3.

Using the larger normal shock radius and the flow field model described

above and elsewhere,3,4 the mixing region boundary conditions were

calculated for a basic propellant designated M30AI and containing 2.5, 5 and 6

percent K2 S0 4 as chemical suppressant. The result is shown in Table 1. The

flow field generated by these propellants is analyzed in the next section to

determine if simpler models can be developed for predicting muzzle flash

onset.

AFTERBURNING CHEMISTRY

Elementary chemical reactions have been explicitly incorporated in this

modeling effort. The reactions and their rate constants are listed in

Table 2. Reverse rate constants are automatically generated by the

computational procedure used in this study. The references for the rate

constants of Table 2 are given in Reference 4. In a recent paper, Jensen and

Jones 8 have used the same set of reactions to investigate the effects of

chemical suppressants on rocket exhaust flow fields.

The thermodynamic data of the species comprising the mixture are required

to determine both the thermodynamic properties of the gas and the reverse rate

constants of the reactions used. Except for K02 and H02 the JANAF 9

thermodynamic tables are used to specify the data for the species appearing in

Table 1. The HOZ heat of formation adopted is that indicated by the recent

work of Howard. 10

The K02 heat of formation used by Jensen and Jones8 is based on the

dissociation energy of Na02. From the information given in their paper a

dissociation energy of about 55 kcalimole can be deduced for K02 . This is

close to the value of NaQ2 dissociation energy reported by Dougherty et al. 11

In a recent paper Alexander)12 has shown that the NaO2 dissociation energy is

r4
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Table 1. Calculated Mixing Region Boundary Conditions

(M30A1 Propellant With K2 SO4 Suppressant)

Percent Suppressant 2.5 5 6

Mixing Region Boundary T(K) 1018 1018 1018

Mixing Region Boundary P(Atm) 1 1 1

Mixing Region Boundary U(m/sec) 1888 1888 1888

"Mixing Region Boundary Mole
Fraction

1. H 6.887(-5) 6.695(-5) 4.831(-5)

2. 0 1.434(-8) 1.546(-8) 6.964(-9)

3. OH 8.893(-6) 9.310(-6) 6.165(-6)

4. HO2  <1.000(-12) <1.000(-12) <1.000(-12)

5. K02  <1.000(-12) <1.000(-12) <1.000(-12)

6. H2  1.473(-1) 1.340(-1) 1.321(-1)

7. 02 1.000(-9) 1.162(-8) 5.267(-9)

8. N2  2.756(-1) 2.745(-1) 2.827(-1)

9. KOH 5.937(-3) 1.219(-2) 1.427(-2)

10. CO 2.492(-1) 2.438(-1) 2.388(-1)

11. CO2  9.579(-2) 9.979(-2) 1.037(-1)

12. H2 0 2.253(-1) 2.280(-1) 2.264(-I)

13. K 8.758(-4) 1.744(-3) 1.900(-3)

0
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Table 2. Elementary Reactions

Uncertainty
Reaction Forward Rate Constant* Factor

1. CO + 0 + M = CO2 + M 0.70(-32) exp(-4369/RT) 30

2. CO + 02 - CO2 + 0 0.42(-11) exp(-47664/RT) 3

3. CO + OH - 002 + H 0.28(-16) T1 03 exp(660/RT) 3

4. 0 + 0 + M - 02 + M 0.30(-33) exp(1792/RT) 10

5. O + H2 H 120 + H 0.19(-14) T'.3 exp(-3626/RT) 2

6. H + 02 - OH + 0 0.24(-9) exp(-16393/RT) 1.5

7. 0 + H2  - OH + H 0.30(-13) T exp(-8902/RT) 1.5

8. OH + OH - H20 + 0 0.10(-10) exp(-1093/RT) 3

9. H + H + M - H2 + M 0.30(-29) T-1  30

10. H + OH + M - H2 0 + H 0.10(-24) T- 2  10

11. H + 02 + M - HO2 + M 0.15(-31) exp(994/RT) 3

12. H + H02 - OH + OH 0.17(-9) exp(-994/RT) 4

13. CO + HO2 - CO2 + OH 0.25(-9) exp(-23645/RT) 3

14. H + H02 - kik + 02 0.42(-10) exp(-695/RT) 3

15. H + HO2 - H20 + 0 0.85(-11) exp(-944/RT) 5

16. OH + H02 - H20 + 02 0.30(-10) 3

17. 0 + H02 = OH + 02 0.35(-10) 3

18. H + KOH - H20 + K 0.18(-10) exp(-1987/RT) 3

19. K + OH + M - KOH + M 0.15(-26) T-' 2.5

20. 0 + H + M - OH + M 0.10(-28) T-' 30

21. K02 + OH - KOH + 02 0.20(-10) 30

22. K + 02 + M - K02 + M 0.30(-29) T-' 10

23. HO2 + H2 - H20 + OH O.10(-11) exp(-18678/RT) 10

24. K + H02 - K02 + H 0.10(-1O) exp(-13000/RT) 30

25. K02 + H2 - KOH + OH 0.30(-11) exp(-19870/RT) 100

*Unitte of cm-particle-s, read 2.4 (-10) as 2.4 x 10-10

R-1.987 (cal mole- 1 -K- 1

12
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about 36 kcal/mole. Based on the assumption that K02 has the save

dissociation energy, we were able to estimate a thermodynamic data for KO2.

Changes in the dissociation energy of K02 will significantly affect both

the estimated rate constants and the calculated equilibrium constants of

reactions containing K02 . Inspection of K02 chemical reactions listed in

Table 2 showed that the estimated activation energy of about 2 kcal/mole, used

by Jensen and Jones, 8 for reaction 24 is too small to be consistent w'th the

new K02 data. The activation energy for a simple endoergic reaction must be

at least equal to the difference between the energy of the products and

reactants. Using the new K02 data, this difference for reaction 24 is about

13 kcal/mole. This is the value listed in Table 2. Utilization of the rate

constants listed in Table 2 and the computational model presented in

R-ferences 3 and 4 does result in muzzle flash/no-flash predictions for

several propellants which are consistent with available observations.

13



3. ANALSIS OF THE PREDICTED RESULTS

In this section the predizted muzzle exhaust flow field is analyzed for

the three-propellant formulation listed in Table 1 to determine if simpler

models capable of predicting the muzzle flash onset can be developed.

The numerical procedure used here yields the radial and axial

distribution of mixture temperature and species concentration in the

afterburning region. Muzzle flash is predicted when there is a sudden jump in

the calculated flow temperature. Ignition (i.e.,muzzle flash) is initiated at

a point where the gas temperature exceeds the propellant-air mixture ignition

temperature. Depending on the plume initial conditions (e.g., Mach number,

temperature, suppressant amount), the ignition point is somewhere within one

* initial boundary radius from the plume center line. For example, for the M30Al

propellant with 1% suppressant, the predicted ignition is off the center line

in the propellant-air interface. When the amount of suppressant is increased

to 2.5% percent, however, ignition is predicted along the center line.

For the cases considered in this section, the predicted temperature jump

first occurs along the center line. Figure 2 shows the center line variation of

the predicted temperatures generated by the propellants given in Table 1. The

abrupt change in the temperature profiles of the propellants with 2.5 and

5 percent suppressants indicate the onset of muzzle flash. The smooth

temperature rise and decay for the propellant with 6 percent suppressant shows

that flash is suppressed for this case.

An important feature of Figure 2 is the nearly overlapping of the three

temperature profiles prior to ignition. This is an indication that prior to

ignition, chemistry may not have a significant effect on the bulk properties

of the mixture (e.g., the concentration of the major species). The validity of

this assertion can be deduced from Figures 3, 4, and 5. These figures show

14
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the axial profiles of Yi, the normalized concentration of the i-th major

species, for the three cases considered. Here Yi is defined as:

N-N
oi 0i

i N oi - O Noi

where Ni is the number moles of i-th species per unit mass. Subscripts (o)

and (-) refer to the concentration at the initial boundary and background,

* respectively. The major species, which comprise over 99 percent of the

mixture, are defined to be H2 0, CO, H2 , G02 , 02 and KOH.

Inspection of Figures 3 to 5 shows that similar to the temperature

variation, the preignition profiles of any Yi are practically the same for

the three propellants considered. In addition, within about 10 percent all

the Yi for a given propellant are the same and equal to that of the

chemically inert apecies N2 . Therefore, turbulent mixing, which is similar

for all the species, must govern the predicted preignition variation of each

major species concentration.

Therefore, it is concluded that prior to ignition chemistry must only

affect the evolution of the minor species which are H, OH, 0, K, K02 , and

HO2 . This implies that only an analysis of minor species behavior will

indicate the conditions under which muzzle flash can occur.

Figures 6, 7, and 8 show the axial variations of the minor species

calculated mole fraction for the cases considered here. The profile of KOH is

included for comparison. Reference to Figures 6-8 shows that two distinct

flow regions can be defined. In region 1, which extends from x = 0 to
6

x = 15, K is converted into K02 , mainly through reaction 22. In this region

the qualitative behavior of the species concentration is common to both

suppressed and unsuppressed cases. This indicates that conditions which

a

16

I



10-7-

•e10 -4 10-4.

io2 z -6

/ 8H I- i H*o DH OH0
+o0 + 0

o-10 Nf K ~jK

40 10 600
K02 x K02

10- 12 /0 -12 + H
0 0 20 30 40 50 60 V0 710 20 30 410' 5ý0- 60

X/R X/R

Figure 6., Minor Species Centerline Mole Fractions Figure 7. Minor Species Centerline Mole Fractions
vs, Axial Dista-ice, 2.5% Suppressant. vs., Axial Distance, 5.0% Suppressant.(R = Initial Boundary Radius) (R = Initial Boundary Radius)

10- 2 imwxwmmm::::::::::::::

10- 4

z 10-6- •

08 
0 H

+ 0
YAK

10- 10 -X KOHD

jK02

-H02

\I . I

10 20 30 40 50 60

X/R

Fig'ire 8. 11inor Species Centerline Mole Fractions
vs. Axial Distance, 6.0% Suppressant.
(R- Initial Boundary Radius)

17



--- 7 - 7-- -7

determine whether flashing will occur are governed by the chemistry taking

place in region 2, which extends downstream of x = 15.

To determine the conditions leading to the onset of muzzle flash, we

first consider an order of magnitude analysis which shows that in region 2 the

variations of the minor species concentration, except K02, are mainly

controlled by chemistry with turbulent mixing having an insignificant effect.

For species such as oxygen atoms, this can be readily deduced from Figures 6-8,

which show that the rate of change of oxygen atoms is considerably greater

than that of KOH which is controlled by mixing.

The following analysis is valid when the propellant contains suppressant

so that regions I and 2 can be defined. The analysis considered here must be

repeated to determine ignition criterion when the propellant does not contain

any suppressant. For suppressant-free cool-burning propellant flash may be

inhibited because of reaction (11) which can be a sink for H radicals.

ORDER OF MAGNITUDE ANALYSIS

The rate of change of species concentration, Ni, is given by its

conservation equation which can be written in the following form

1 dNi 1 1-- -- = -- + -- (2)
N dt t7 Tic
i t i

where Tt, the characteristic turbulent mixing time, is the same for all

species while Tic, the characteristic reaction time, depends on the chemical

kinetics and can be different for different species. When Tt << Tic

* turbulence is the dominant phenomenon for change and when Tt >> Tic

chemistry is.

The turbulent diffusion time constant, Tt, is of the order of u/x,

where u is the center line velocity at the axial station x. For the flow field

18
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considered here,Tt > 10- sec in region 2. The chemical time constant,

Tic, equals to (NI/Nic) where Nic, defined as the net chemical

production rate of i-th species, is in general the algebraic sum of terms

which are proportional to the product NkNj. Here, Nk and Nj refer to

species appearing in a particular reaction. For the chemical kinetics

considered here, detailed analysis has shown that in preignition regions the

chemical rates which make a significant contribution to any of the Nic are

such that at least one of the terms appearing in the NkNj product belongs

to a minor species. Therefore, for the major species Tic is inversely

proportional to the concentration of one or more minor species. Since prior

to ignition the concentration of the minor species is very small, then, unless

the reaction rate constants are very large, we expect Tic to be much greater

than Tt, making turbulence the dominant mechanism of change.

To be more specific, consider the rate of change of the H2 concentration

due to reaction 5. At a preignition temperature of about 1200 Kthe forward

rate Nc of reaction 5 is about 10- moles/cc-s in region 2. With the H2 and

OH concentrations of about 10-6 moles/cc and 10-12 moles/cc, their chemical

time constants Tic are of the order of 1.0 and 10- 6 , respectively. This

demonstrates clearly that chemistry dominates the evolution of OH. It also

implies that prior to ignition, reaction 5 makes a negligible contribution to

the rate of change of H2 and can be neglected with respect to the turbulent

mixing rate. With a similar analysis, it can be shown that before-ignition

variations in the concentration of all the major species are essentially

controlled by turbulence while those of the minor species are controlled by

chemistry alone.

By neglecting the chemical evolution of the major species, changes in the

bulk properties become decoupled from chemistry for a given propellant. The

preignition bulk properties can, thus, be determined only once and then used

to investigate the chemical behavior of the minor species in terms of free

parameters such as suppressant concentration.

r 19



Knowing the bulk properties and neglecting the turbulent mixing term, the

conservation equations of the minor species can be reduced to a set of

ordinary differential equations with coefficients which depend on the known

bulk parameters alone. The behavior of the solution of this set of equatiois

will then determine whether flashing will occur. Figures 6 and 7 show that

flashing occurs when the concentration of the minor species 0, OH, ant H

increase monotonically, while Fig. 8 shows that flash is suppressed when there

is no such monotonic growth.

I
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4. ALGEBRAIC CRITERION

In this section the algebraic criterion for predicting Lhe onset of

muzzle flash is described. It is shown that the criterion is a measure of

competing reactions represented t.y the chain branching reaction 6 and the

chain terminating suppressant reaction 18.

To determine an algebraic criterion to predict the onset of muzzle flash,

"we must determine the conditiors which lead to continuous exponential growth

of the minor species concentration in region 2. This may be achieved by

analyzing the minor species conservation equations along any streamline.

Neglecting the turbulent diffusion term, these equations can be written in the

general form

dNi Z
P ÷ ajN - B, (i1l,..,m) (3)

where k is the total number of species, m is the number of minor species, and

along the centerline d/dt-ud/dx. The coefficients aij, which can be

determined from the reactions given in Table 2, are functions of temperature

and major or minor species concentrations. The souxree terms Bi, however,

are functions of temperature and only the major species concentration.

The minor species are H, OH, 0, K, K02 , and HO2. Detailed analysis of

the numerical calculation shows that in region 2 the role of potassium atoms

is insignificant in the ignition process, and so we neglect it for thes,.

considerations. Also from Figures 6-8 we see that the concentration of K02

remains basically constant and equal to the original amount of K. Thua,we

take K02 to be one of the major species with known concentration. Then the

minor species to be considered become H, OH, 0, and HO2 , which makes m-4 in

Equation (3).

21



Both order of magnitude analysis and numerical calculation show that

prior to ignition, the reactions which make significant contribution to the

•I! rate of change of the four minor species are reactions 3, 5, 6, 7, 8, 11, 13,

18, 21, 22, 24, 25 in the forward direction and reactions 5, 8 and 24 in

reverse direction. In terms of these reactions, the coefficients aij and

Bi become:

a kN +klN + k6N + f5N + f2N a i-k N
11 18 9 11 7 6 7 5 12 24 5 21 6 7

a 12 -k7 N 6 - k7 N6 +fN* 2767 8"12

a 13  -(k 3N1 0 + k 5N6 ) a23 -0

a 14 1 - 0 a24 -B2 0

a 31 (f5N12 + k6N7) a41 -(k11N7 + f 24N)

a3 2  -(k 7N6 + 2f 8 N12 ) a42 a 43 - B4  = 0

3 133 k 30Nlo + k5N6 + k21N5 a44 k 13kN10

.€ •a3 * -kl3N0
a34 -k13 N10

0

B3 k 25N5N6

where k. and fr refer to the r-th reaction forward and reverse rate

constantisrespectively. N1, N2 , N3, N4, N5, N6 , N7, N9, N10, Nil, and N12

refer, respectively, to the concentrations of species listed in Table 1.
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Since ajj are independent of the 4 minor species concentrations, the set of

differential Equation 3 is linear.

THE SOLUTION OF DIFFERENTIAL EQUATIONS

Each of the 4 linear differential equations represenced by Eq. (3) has a

homogeneous solution Nih and a particular solution Nip such that

dt ai Nip B(4

dN

dtai Nih = 0 (5)

The particular solutions are driven by the source term; therefore, va.Lation

in Nip must be similar to those of the bulk parameters like temperat ire.

Any exponential growth in the minor species concentrations rmist tt'c result

from the homogencous solution Nih which can be represented by:

N h A i(t) e (i=I,..,4) (6)

where Ai(t) and E(t) are unknown. Referring to Eq. (2) we note that for the

minor species I/c(t) must be of the same order of magnitude as tic.

Differentiating Eq. (6) we get

dih Ct A
dt i A -
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where A dAil/dt and = de/dt. Since the coefficients aij depend on the

bulk properties, then we expect prior to ignitLon the Ai to be functions of

these variables also. Therefore, Ai/Ai must be of the order of the

turbulent time scale Tt which implies Ai/CAi - Tic/Tt << 1 and can

be neglected with respect to unity. The right-hand side of Eq. (7) can now be

equated to Ai4 exp (et) where ý = d(et)/dt. Substituting Eq. (7) in Eq. (5)

and using the new notation we get:

SA (aij + Uij) 0 (i=1,..,4) (8)

where 6ij is a Kronecker delta function.

The unknown coefficients Aj are the solution of Eq. (8). To have a

nontrivial solution, however, the determinant of the coefficients must

vanish. This requirement results in a 4th order polynomial in ý which can be

written as:

4 + a3 + a2 + Yý + n - 0 (9)

where ca, 0, y, and n are functions of aij. Let a be a root of Eq. (9); then,

using the definition of ý,, we can show that

Et W f cdt (10)

Referring to Eq. (6) we note that exponentially growing solutions exist when

one or more roots of Eq. (9) are positive.
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To have a positive root, however, at least one of the coefficients a, e,
y and n must be negative. After considerable algebra it can be shown that in

terms of aij these coefficients are given by:

a= al1 + a 2 2 + a 3 3 + a4 4  (11)

= a1 a 22 (a ii + a 22) (a33 + a 44) + a 33a - a 12a - a13a31 (12)

(a1 1 + a 2 2 )a33a44 + a 11 22 (a 3 3 + a4 4 ) - a 1 2 a 2 1 (a 3 3 + a 4 4 ) + a13 a21 a32

-a a331 (a 2 2 + a 4 4 ) + a13 a34a41 (13)

a = 44 (a1a 22 a a33 a 1 2 a21a33 + a 13a21a - a 13a21a - a 13a 31a22)

+ a13 a22a34a41 (14)

Using the definitions of aij, it can be readily shown that both a and 0 are

positive. Hence, according to our formulation, a necessary condition for the

* onset of muzzle flash is that at least one of the coefficients y and n be less

than zero. By substituting for aij. it can be shown that to a good

approximation these conditions reduce to the relations:

2k6 N7 -k 188N9 + k 1N7 + f 2 4 N5 ) > 0 (15)
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hen Y < 0, and

2k6 N - k8 N9 > 0 (16)

when n < 0. Note that k 6N7 represents H, OH, and 0 burning while k1 8 N9

represents suppression by KOH. The significance of the chain branching

reaction 6 as the initiator of explosion has been discussed by Dougherty and

Rabitz 
3

At the preignition temperatures of region 2,the term (k 1 1N7 + f 24N5 )

makes a significant contribution to the negative term appearin7 in relation

15. Thus, the inequality 16 will always be satisfied prior to relation 15.

We postulate, therefore, that a necessary condition for the onset of muzzle

flash is the algebraic criterion given by relation 16. Whether this critcrion

is also sufficient will be considered in futule analyses.

The algebraic criterion can be written in a more convenient form by using

the normalized concentration Yi (Eq. 1), which is basically the same for

all the major species. In terms of Yi the concentrations N7 (i.e.,02 ) and

Ng (i.e.,KOH) become:

N- 7.29 x 10 (1 - Y7 ), N9  (17)7 7 9 247 9

where 7.29 x 10-3 is the number of moles u' 02 in air per unit mass of air,

x0 9 is the mole fraction of KOH at the initial boundary, and 24 is the

molescular weighc of che propellant. Using the rate constants listed in

* Table 2 and letting Y7  Y9 Y, the algebraic criterion reduces to the

inequality
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y < y0 o 1.0 (18)
1.0 + 0.214 X0 9 exp(7250/T)

y is defined for con'Tenience.

The criterion represented by inequality 18 does not show any direct

dependence on such processes as turbulent mixing and K02 chemical reactions.

These processes may influence the preignition temperature and, thus, have a

considerable indirect effect on the criterion. For flows with supersonic

initial velocities, typical of those listed in Table 1, higher turbulent

mixing rates promote higher frictional heating, hence higher preignition

temperatures and higher entrainment rates, hence steeper decline in the axial

rates of parameter Y. In the case of higher mixing rates, the combination of

these effects is to push the ignition point closer to the initial boundary.

The sensitivity of the algebraic criterion on the K02 chemical reactions and

turbulent mixing rate will be considered in future analysis.

X09, which is the mole fraction of KOH at the initial boundary, can be

related to the fraction of suppressant in the propellant. Therefore, if the

preignition temperature is known, the computations used to evaluate X09 are no

longer required.

Let Bk be the number of moles of elemental potassium per unit mass of

the mixture. In the nonturbulent region upstream of the initial boundary,Bk

remains constant along the strecalines. Therefore, at the initial boundary we

have:

(X09 + B (19)M X013 ) k

where M is the molecular weight of the propellant gas and X013 is the mole

fraction of K species at the initial boundary. Other species containing

elemental potassium do not contribute significantly to the left-hand side of
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Eq. (19). Referring to Table 1 and Table 3 in Section 5, we note that X013 is
an order of magnitude smaller than X09. Therefore, Eq. (19) yields

X0 9  0.91 M B (20)

In terms of ys, the mass fraction of the suppressant in the propellant, Bk

is given by:

B =k Ys
s

where M. is the molecular weight of the suppressant and ak is the

stoichiometric coefficient of elemental potassium in the suppressant.

Equation (20) now reduces to:

M (1
0 0.91 ak (-'M-)Ys (21)

s

For the M30AI propellant with K2 SO4 as suppressant, ak - 2, Ms - 176 and

M H 24. With ys - 2.5, 5 and 6, Eq. (21) yields a value of X,9 which

differs by less than 5 percent from the more exact value listed in Table 1.

Since X09 appears linearly in the denominator of Eq. (18), we do not expect

the algebraic model to be sensitive to small errors in the value of X0g.

Therefore, Eq. (21) can be used to determine the effect of suppressant amount

on the flash onset.

Due to the exponential dependence of Y0 on T (see Eq. (18)), the

preignition temperatures must be predicted with reasonable accuracy. The

application of the simple criterion would be of no practical value, however,

if for each value of X09 the preignition temperatures were to be evaluated

numerically. If the preignition temperatures were totally independent of

chemistry, then for each propellant the numerical method could be used only

once to evaluate the flow temperature assuming frozen chemistry. The
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calculated temperature could then be used as the preignition temperature to

evaluate Y0 for any X09. As shown in Figure 2, however, there is some

dependence of preignition temperature on the amount of suppressant and hence

chemistry. This is clearly apparent in the difference between the

temperatures of the propellants with 5 and 6 percent suppressants. This

temperature difference, which is about 10%, may be the result of K02

chemistry.

To show the applicability of the simple criterion,we will now assume that

the temperature profile of the propellant with 6% suppressant represents the

preignitior temperature for all three cases. Since this temperature overlaps

the preignition temperature of the propellant with 2.5% suppressant, we expect

the predictions of the simple model to be consistent with those of the

numerical method for these two cases. This is shown graphically in Figure 9

where Y0 is plotted versus Y for different values of X0 9 . (See Eq. 18.) For

comparison, Figure 9 also shows the straight line Y0 . Y. According to our

formulation, flash is expected if Y0 , given by Eq. (18), intersects the line

y0 = Y. Inspection of Figure 9 shows that as expected the algebraic criterion

predicts flash for the propellant with 2.5% suppressant and no flash for the

one with 6% suppressant. The failure of the prediction for the 5% case can be

explained by referring to Figure 2 which shows the preignition temperature for

the 5% case is higher than that of the 6% case which was used to plot Figure

9. Using the value of 1200 K which occurs at the normalized axial distance of

about 43 (Figure 2), the calculated result for Y0 is 0.48 for the

propellant with 5% suppressant. At the same station Y has a value less than

0.48. This implies that for this case muzzle flash could have been expected

if the correct preignition temperature were used.

The agreement between predictions of the algebraic model and those of the

numerical calculation is significant since, given the preignition

temperatures, the algebraic model is very simple to apply. The usefulness of

4 the simple model ca i be greatly enhanced, however, if an equally simple model

0,1 be developed to predict the chemical energy release prior to ignition.
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Figure 9. Variation of Y vs. Y for Three Different Values of
X09, the Amount of Suppressant.
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A significant feature of the algebraic model is that it displays the

parameters which are most important to the onset of muzzle flash. These are

the suppressant amount and the forward rate constants of reactions 6 and 18.

Through its dependence on preignition temperature, the criterion also

displays, indirectly, the possible effects of 1(02 chemical reaction and the

effect of turbulent mixing rate. These comprise a considerably smaller set of

parameters for characterizing the ignition process than the total number one

may derive from the number of species and reactions given in Tables I and 2.

It should be emphasized here that the algebraic criterion is valid for

the set of rate constants listed in Table 2. The formulation leading to the

algebraic criterion must be repeated when the rate constants describing the

chemistry of the minor species are changed. This is necessary in order to

determine if the nonlinear terms, which were neglected in Eq. (3), become

important. If the nonlinear terms become important, a different method of

solution may be required.
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5. FURTHER VALIDATION OF THE MEFF MODEL

During the development of the MEFF model, an 8-inch gun utilizing three

different propellants, designated M30Al, M30A2, and M31E1 was used to test the

model and demonstrate its validity. For these three cases the model flash/no-

flash predictions were consistent with observation.

To further validate the MEFF model, the observed flash/no-flash of five

additional gun systems was compared to that of the model predictions. A

description of the five new cases is given below.

"" Case 1 is an 81 mm mortar whose propellant contains no flash

suppressant. It was observed to flash every time it was fired.

"" Case 2 is an 81 mm mortar containing 2.0% flash suppressant in its

propellant. No flash has been observed from the firing of this

mortar.

"* Case 3 is a 155 mn howitzer witi, a standard M203 charge having 4.6%

suppressant. An observation has shown no flash.

"* Case 4 is the same 155 nxm howitzer with 0.36 Kg (about 3%) of the M203

propellant removed. Several observations have shown flash.

"" Case 5 is a 155 mm howitzer with reduced M4A2 charge containing 1%

suppressant. Flash has been observed with each firing.

To predict the muzzle flash onset for these fire cases, the procedures

described in Reference 3 were used to determine the input variables required

to exercise the MEFF model. The resulting input variables are listed in

Table 3. The Initial conditions refer to the parameters at the initial

boundary of the afterburning region.

3
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Table 3. Calculated Mixing Region Boundary Conditions
For Five New Gun Systems

Case Number 1 2 3 4 5

Percent Suppressant 0.0 2.0 4.6 4.6 1.0

Mixing Region Boundary
T(K) 918 901 984 989 991

Mixing Region Boundary
P(Atm) 1.0 1.0 1.0 1.0 1.0

Mixing Region Boundary

U(m/sec) 1845 1815 1924 1921 1722

Mixing Region Boundary
Mole Fraction

H 3.133(-5) 2.296(-5) 7.123(-5) 7.231(-5) 2.049(-5)

0 1.365(-9) 7.292(-10) 1.874(-8) 1.906(-8) 2.028(-10)

OH 2.960(-6) 2.058(-6) 1.002(-5) 1.020(-5) 8.042(-7)

HO2  1.000(-12) 1.000(-12) 1.000(-12) 1.000(-12) 1.000(-12)

K02  0.000 1.000(-12) 1.000(-12) 1.000(-12) 1.000(-12)

H2  1.433(-1) 1.382(-1) 1.368(-1) 1.365(-1) 2.178(-1)

02 8.075(-10) 4.471(-10) 1.377(-8) 1.410(-8) 6.823(-11)

N2  1.129(-1) 1.156(-1) 2.821(-1) 2.821(-1) 2.744(-1)

KOH 0.000 4.780(-3) 1.077(-2) 1.080(-2) 2.040(-3)

CO 4.032(-I) 3.948(-1) 2.422(-1) 2.427(-1) 2.824(-1)

CO2  1.371(-1) 1.435(-1) 1.010(-1) 1.005(-1) 6.160(-2)

H20 2.035(-1) 2.025(-1) 2.255(-1) 2.258(-I) 1.614(-1)

K 0.000 5.813(-4) 1.530(-3) 1.545(-3) 4.091(-4)
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The results of flash prediction are shown in Figure 10, where for each

axial station X/R (R is the initial boundary radius), the maximum plume gas

temperature over plane cross sections normal to the X axis is plotted versus

X/R. Note that during the initial development of the plume, the maximum plume

temperature does not necessarily occur along the same radial distance (e.g.,

the plume center line). Therefore, it is more informative to show the maximum

temperature in planes normal to a given axial station.

In the MEFF model flash is indicated by a sudden jump in the plume

temperature. As Figure 10 shows the model predicts muzzle flash onset for

cases I and 5 and no-flash for 2ases 2, 3, and 4. Except for case 4 the

predictions are consistent with observation.

The problem with case 4 is explained by noting that cases 3 and 4 are the

same except for a 3% difference in their propellant mass. The fact that such

a small difference results in different observed flash/no-flash outcome

indicates that case 3 or 4 is a borderline case. In such cases variations in

parameters such as ambient conditions (wind, temperature, humidity, etc.)

which are not included in the NEFF model may play a decisive role in the

outcome of observation.

Figure 10 shows nearly identical computed temperature profiles for cases

3 and 4; yet the observations show flash for case 4 and no-flash for case 3.

We infer that these two cases, with a 3% difference between the amount of

their charge, indicate the degree of sensitivity of the MEFF model as

presently developed and executed. Simply put, this model is not yet able to

distinguish this small a change. Because of errors inherent in the

model input data, there will always exist a region of output predictions that

will be uncertain. Answers falling within this region that turn out to be

correct must be judged fortuitous.

What seems peculiar to borderline cases is the fact that th'e predicted

maximum plume temperature continues to increase over considerably lonrer

distances than those of the nonborderline propellant. In such cases the
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calculation mist be continued far downstream before it can be determined for

certainty if flash is predicted.

Although additional comparison with observation may be required to fully

validate the predictive accuracy of the MEFF model, the fact that the model is

"consistent" with observations for several different cases is encouraging,

considering the complexity of the phenomenon which has been modeled.

Comparison of the Algebraic and MEFF Predictions

We now compare the predictions of the algebraic model, given by Eq.

(16), w -h those of the MEFF model. We will not use Eq. (18) since it is an

approximate form of Eq. (16). For the convenience of presentation, .e first

rewrite the relation (16) in the following form

k 18 x9 , > 0 (22)

6 N7 L 2k6 X7

where X9 and X7 are the mole fraction of KOH and 02, respectively. Let F

represent the term in the square brackets. Since the product 2k 6 N7 is

positive, then the algebraic criterion can also be represented by:

-2
F - 1 - 3.75 x 10 exp(7250/T) -- > 0 (23)

X7

we have used the rate constrnts listed in Table 2 to replace k 1 8 and k6 .

4 Given T, X9 and X7 along any streamline, F can be plotted vs the axial

direction X/R. If at any point F becomes greater than zero,we expect the

onset of muzzle flash. This is because positive F indicates the exponential

growth of the minor species H, 0, and OH. For cases 2, 4, and 5 this is shuwn

in Figure 11. Case I is not considered since it does not contain any
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4
suppressant and hence Eq. 23 does not apply to it. Case 3 is not included

since it is basically the same as case 4.

To obtain Figure 11 we have used the computed results of the MEFF model.

The flowfield points on Figure 11 correspond to those shown in Figure 10, at

which the temperature is a maximum. For cases 2 and 4 the portion zf the

graph where the function F attains its maximum value is shown.

As saown in Figure 11, for case 5 the function F becomes greater than

zero at X/R = 22; therefore we expect the predicted flash to occur downstream

of this point. This is confirmed by referring to Figure 10 which shows that

case 5 flashes at X/R = 31. For cases 2 and 4 the function F is always

negative; therefore, consistent with Figure 10, no flash is expected. Note,

however, that for case 4, which is a borderline case, F is considerably closer

to crossing the zero point than for the nonborderline propellant case 2.

I We conclude,therefore, that the predictiona of the algebraic model are

consistent with those cf the MEFF model.
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6. PARAMETRIC ANALYSIS

The development of a mathematically tractable model describing a

complicated phenomenon, such as muzzle exhaust flowfield, requires

considerable simplifying assumptions. These assumptions, however, may

generate high levels of uncertainties in the calculated results. For

turbulent and chemically reacting flows, there are the additional sources of

uncertainty related to the experimentally measured chemical rate constants and

the turbulent mixing models. The objective of this section is to vary the

muzzle, chemical, and turbulent mixing parameters with respect to their

nominal values in order to determine an uncertainty range within which the

predicted results become insensitive to variations in these parameters. This

type of analysis can lead the future model improvements towards those

phenomena which are most sensitive to variation in such parameters.

A similar senstivity analysis was performed during our previous effort

and reported in Reference 3. Based on the previous sensitivity analysis the

more realistic chemical reacticn set shown in Table 2 was selected as the

"baseline" kinetics set. The baseline parameters for the three propellants

considered here are listed in Table 4. As in our previous analysis, the three

propellants considered in this sensitivity analysis are M3OAI, M30A2, and

M31El. Note that the initial boundary conditions for these baseline

propellants are different from their corresponding values reported in

Reference 3. This is due to the changes made in the size of the normal shock

as suggested by Schmidt 7  (Section 2). Using the baseline conditions, the

MEFF model predicts the onset of muzzle flash for the M3OAI and M30A2

propellants and no flash for the M31EI propellant. All of these predicted

results are consistent with observation.2
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Table 4. Calculated Initial Boundary Conditions for
"" The Sasellne Propellants

Propellant M3OA1 M30A2 M31EI
Percent Suppressant 1% K2 SO4  2.7% KNO 3  1% K2 SO4

Mixing Region Boundary T(K) 1018 1030 840

Mixing Region Boundary P(atm) 1 1 1

Mixing Region Boundary U(m/sec) 1888 1886 1757

Mixing Region Boundary Mole
Fraction

H 7.031(-5) 8.013(-5) 5.645(-6)

0 1.396(-8) 2.118(-8) 1.643(-11)

OH 8.727(-6) 1.114(-5) 1.576(-7)

H02 1.000(-12) 1.000(-12) 1.000k-12)

K02  1.000(-12) 1.000(-12) 1.000(-12)

H2 1.500(-1) 1.434(-1) 2.077(-I)

02 9.320(-9) 1.516(-8) 6.010(-12)

N2  2.782(-1) 2.772(-1) 2.907(-1)

KOH 2.460(-3) 5,364(-3) 2.113(-3)

CO 2.515(-1) 2.494(-1) L.630(-I)

CO2  9.410(-2) 9.709(-2) 7.500(-2)

1H20 2.233(-1) 2.266(-1) 1.612(-1)

K 3.725(-4) 8.213(-4) 2.772(-4)
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Sensitivity with zespe~t to Muzzle Conditions

The first parameter considered for analysis is the average barrel gas

temperature which is calculated using the method of Baer and Frankle. 14  The

average temperature is used to determine the muzzle pressure and temperature

and hence the afterburntng region initial conditions. To the best of the

author's knowledge, the accuracy of the muzzle temperature determined by this

procedure has not yet been verified by measurements. Hence, a stnsitivity

analysis is only meaningful in the sense that it indicates how inaccurate the

measured values may be before model improvements are necessary.

An increase in the muzzle temperature increases the temperature and the

velocity of the propellant gas at the mixing region boundary. This causes the

temperature in the preignition region to increase as a result of higher

initial temperatures and additional heating due to a higher rate of mixing.

Since some of the important chemical rate constants are exponential functions

of temperature, one can expect relatively small changes in the muzzle

temperature and pressure to cause significant changes in the outcome of the

predictions. The species concentration can also change as a result of changes

in the conditions at the muzzle and the rates of mixing; these changes,

however, are not as significant.

For the three baseline propellants considered, Table 5 shows the

sensitivity of the predicted muzzle flash onset in terms of variations in

Tav, the calculated average barrel gas temperature. For comparison,

baseline results are also shown together with Ti, the afterburning region

initial temperature. A temperatcre interval of 100 K is chosen. It is hoped

that within ±100 K the calculated Tar equals the actual Tav. Table 5

shows that for the baseline cases the predicted results are not sensitive to

variations of ±100 K in the calculated Tav. When Tav is changed by 200 K,

all three cases, however, yield results different from those of the baseline

predictions. Thus, these predictions of the MEFF model are not sensitive to

calculated valued of (Tav ± 100 K).
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Table 5. Dependence of Pred!cted Flash Onset on Calculated
Average $airel Gas Temperature

PrediLted Flash Onset

Iroppl'ant . .............

Type T - 200 K T - 100 K Baseline T + 100 K £ + 200k
ja•ay av av

M3OAI No Flash Flash Flash
(Tim 922 K)* (T, - 971 K) (Ti - 1018 K)

M30A2 No Flash Flash Flash
(Ti 982 K) (Ti = 1030 K)

M31EI - - No Flash No Flash Flash
(Ti - 840 K) (T- 886 K) (Ti 932 K)

*Tj is the mixing region boundary temperature.
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The analysis described in Ref. 3 showed somewhat more sensitive

dependence of the predicted flash onset on variation in Tav. The difference

is due to both changes in the initial conditions, as described in Section 2,

and the addition of the K02 and HO2 chemistry in the chemical kinetics set.

Sensitivity with Respect to Turbulent Mixing Rate

The turbulent mixing rate controls the 02 entrainment rate into the plume

and the level of plume viscous heating. Both of these can affect the onset of

muzzle flash. Several eddy diffusivity models are available in the

computational method described in LAPP. 6 The one considered in the MEFF is

6the Donaldeon-Gray model which is appropriate for jets with supersonic

"initial velocities. The eddy viscosity models generally contain an arbitrary

constant, the value of which is fixed to r produce turbulent flows with known

properties. The value listed in Ref. 6 is used in our baseline calculations.

The sensitivity of the predicted flash onset for the M3OAl, M30A2, and M31E1

propellants with respect to variations in the nominal value of the mixing rate

coefficient, denoted here by a, is now considered.

The nominal value of a is 1. A reduction in a lowers the entrainment

rate of 02. Therefore, for M3OAI propellant we expect smaller a to result in

either a time delay in the ignition or possibly total flash inhibition. This

is tested here by decreasing a by a factor of 5. The result is shown in

Figure 12 where the plume maximum temperature in the plane normal to X/R is

plotted vs X/R and a. As shown in Figure 12 the result of reducing a is a

delay in the ignition point. An increase in a is expected to have the

opposite effect. For the M3OAI propellant this is also shown in Figure 12

which indicates that increasing a by a factor of 5 results in earlier

predicced flashing. Since we do not expect the nominal value of a to be in

error by more than a factor of 5, we conclude that for the M3OAI case the onset

of muzzle flas'a is independent of a.

The sensitivity of the M30A2 propellant with respe-t to a is also shown

in Figure U2. As In the M30AI propellant, reducing a by a factor of 5 only
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delays the predicted flash onset: while increasing c by a factor of 2.5 leads

to earlier predicted flashing for the M30A2 propellant. Unlike the M3OAI

propellant, however, increasing a by a factor of 5 results in a predicted

suppressed flash. This can be explained by noting that increasing a leads to

both enhanced frictional heating and, as a result of mixing with colier

atmosphere, increased rate of cooling. In the supersonic flow regionis the net

effect is higher temperatures, while in the subsonic regions the net effect is

lower temperatures with respect to a=l case. The result as seen in Figure 12

is a narrow high temperature flow region which is .hifted towards the muzzle.

The absence of the muzzle flash implies that either the reacting gas resident

time in this high temperature region is short compared to the ignition

induction time or the enhanced mixing generates a propellant-air mi'ture ratio

whose ignition temperature is greater than the plume temperature.

The M30AI propellant contains half as much suppressant as the M30A2

propellant. The-efore, for the same propellant-air mixture, the M30AI has

lower ignition temperature, causing it to ignite earlier when a is increased by

a factor of 5. We expect the M30AI propellant would be suppressed for

sufficiently high values of a.

We conclude, therefore, that the M30A2 propellant is more sensitive to

variations in a than the M30AI propellant. Observation '-as shown that the

M30A2 propellant flashes occasionally. Therefore, the higher sensitivity with

respect to parameters such as a may he attributed to the fact that the M30A2

propellant is a borderline case.

The sensitivity of the M31E1 propellant with respect to a is also shown

in Figure 12. For this case no muzzle flash was predicted when a varied by a

factor of 5. For the sake of clarity, the a-0.5 rather than the a-0.2 case

(which has a much lower rate of friction induced temperature rise) is shown in

Figure 12.
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Figure 12. PrediLted Maximum Axial Plane Temperature Versus Distance
and a for M3OAI, M30A2, and M31E1 propellants.
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Sent-Livity With Respect to Chemical Rate Constants

As shown in Table 2, there is a considerable range of uncertainty in the

reported rate constants used in our analysis. Most of the largest

uncertainties, however, are associated with 3-body reactions (e.g., reactions

* - Number 5,10,13) which are not significant during the preignition period.

The forward rates associated with the above mentioned 3-body reaction are

proportional to the concentration of species like H, 0, and OH whose initial

concentration is insignificant. Therefore, unless the amount of these species

increases significantly, these 3-body reactions will play no important role.

As shown in Section 3, ignition occurs when the concentration of species, such

as H, grow exponentially. Due to the rapid concentration growth in the

concentration of H, 0, OH species, the uncertainty factors of 30 in their

rate constants will have little effect on the eventual effectiveness of these

3-body reactions.

In Section 3, we showed that in the preignition region,only a few

reactions determine if muzzle flash will occur. Of those reactions, those

that involve potassium containing species are the most important in the

theoretical analysis of muzzle flash suppression. These are Reactions

18,19,21,22,24, and 25 of Table 2. Due to the small initial concentrations of

OH, the role of the 3-body Reaction 19 is negligible in the preignition

region. Of the remaining reactions the rates of those containing K02 species

are the most uncertain.

The sources of uncertainty in a reaction involving K02 are twofold: the

uncertainty in the measured or estimated forward rate coefficient ard the

uncertainty in the heat of formation of K02 . This quantity is needed to

0 evalvate the equilibrium constant for the reaction and so determine the

reverse rate constant. The heat of formation can be obtained from the more

easily measured dissociation energy. Computer experiments have shown that a

dissociation energy of 55 cal/mole (value used in our original

calculations reported in Ref. 3) makes the backward rate of Reaction 21 so

fast that it becomes both a significant sink for KOH and a source for OH.
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Large reductions in the concentration of KOH can reduce the effectiveness of

the main suppressant Reaction 18 and hence enhance the chances of a flash

prediction.

As discussed in Section 3, we have assumed the dissociation energy of K02

is the same as that of NaO2 and equal to 36 kcal/mole. This reduction of

about 20 kcal/mole makes all the predicted results consistent with

observations.

Due to the strong dependence of the predictions on the variations in the

K02 dissociation energy, any sensitivity analysis based only on the

uncertainties in the rate corstants of reactions containing K02 is

inconclusive. Such sensitivity analysis will be meaningful when measured K02

dissociation energies become available. Recently, Figger et al 15 have

"* reported a measured value of about 45 kcal/mole for the dissociation energy of

K02 . Currently, measurements are being conducted at Aerodyne Research, Inc.,

to determine not only the K02 dissociation energy but also the forward rate

constants of some of the important reactions containing the K02 species. Once

these measurements are completed, a full sensitivity analysis in terms of

suppressant reaction rate constants could be undertaken.

The only reaction involving potassium containing species which are least

effected by the K02 thermodynamic data are: Reaction 18, which is independent

of K02 data, and Reaction 22, which in the preignition region proceeds

practically in the forward direction alone. The rate of Reaction 22 is

proportional to the product of its rate constant and the concentration of 02.

As a result of turbulent entrainment, the concentration of 02, which is

negligible at the initial boundary, increases by several orders of magnitude

in the preignition region. Therefore, variations by a factor of 10, the

uncertainty factor of Reaction 22 rate constant, will have insignificant

effects on the forward rate of Reaction 22 which converts K into K02. (See

Section 3.) This was demonstrated for M3OAI propellant. A factor of 5

reduction in the rate constant of Reaction 22 resulted in a short delay in the

ignition point.
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The sensitivity of the predicted results with uncertainties in the

forward rate constant of the suppressant Reaction 18 is, therefore, the only

meaningful analysis at the current level of chemical model development. For

this objective, we consider the baseline propellants, M31E1, M30AI, and

M30A2.

For the cool-burning M31EI propellant, the MEFF model did not predict the

onset of muzzle flash even in the absence of suppressant. For cool-burning

propellants, the 3-body Reaction 11, which converts H into 1102, plays a role

similar to that of suppressant Reaction 18. Therefore, for M31E1 propellant,

sensitivity analysis with respect to Reaction 18 is not required.

In the absence of suppressant, the M30AI and M30A2 propellants are

practically identical. There are, however, about twice as many moles of

potassium in the M30A2 propellant, which contains 2.7 % KN0 3 , than in the

M30AI propellant, which contains 1.0 % K2 SO4. This results in the small

differences in the initial conditions of the M30AI and M30A2 propellants as

listed in Table 4. The MEFF model predicts the onset of muzzle flash for both

of these propellants. The increased amount of potassium in the M30A2

propellant, however, delays the ignition poilt.

The rate of Reaction 18 is proportional to the product of its forward

rate constant and the concentration of KOH. Therefore, an increase in the

rate for this reaction is equivalent to an increase in the concentration of

KOH or vice versa. Hence, to determine the sensitivity of the predictions

with respect to the rate constant of Reaction 18, it is sufficient to consider

in detail the M3OAI propellant alone.

The MEFF model predictions show that increasing the forward rate constant

of Reaction 18 by factor of 2 and 4 only causes a delay in the predicted

ignition point of muzzle flash for the M30AI propellant. An increase by a

factor of 6 and higher, however, results in a predicted suppressed flash.

This implies that within the uncertainty limits listed in Table 2, the NEFF

prediction for the M30Al propellant are not sensitive to variations in the
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forward rate constant of Reaction 18. The reported uncertainty factor of

Reaction 18 rate constant, however, is valid only for the temperature range

1800 to 2200 K. The uncertainty factor may be higher c, tside this

temperature range.

Having more suppressant, the M30A2 propellant is expected to be more

sensitive to variations in the rate constant of Reaction 18. The MEFF model

shows that increasing the rate constant of Reaction 18 by a factor of only 4

causes the M30A2 propellant not to flash.
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7. CONCLUSIONS AND RECOMMENDATIONS

CONCLUSIONS

In this report we have developed an algebraic criterion to predict the

onset of muzzle flash. The formulation leading to the criterion is based on

the results of more accurate numerical calculations wbich consider turbulent

mixing and detailed chemical kinetics.

For several propellant formulations considered, the predictions of the

algebraic criterion were consistent with those of the numerical calculations.

This agreement is significant since the criterion can be considerably simpler

to apply than the numerical method.

The algebraic model requires the preignition flow temperature which

depends on the mixing properties and chemistry. The usefulness of the

criterion may be greatly enhanced if simple models accounting for the chemical

heat release in the preignition region can be developed.

The numerical muzzle exhaust flow field (MEFF) model was used to predict

the muzzle flash onset for several gun systems. Except for a borderline case,

the flash onset predictions were in agreement with observation. This result

further validates the MEFF model.

The sensitivity of the model predictions with respect to variations in

such key parameters as muzzle temperature, suppressant reaction (Reaction 18

oi Table 2) rate constant, and turbulent mixing rate were also considered.

For the three baseline propellants, the analysis suggests that: (a) For non-

borderline propellant, the flash onset prediction is independent of variations

by a factor of at least & in the turbulent mixing rate. (b) The predicted

flash onset is insensitive tc variations of ± 100K in the average barrel gas

temperature. (c) The sensitivity of the predicted flash onset with respect

s
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to suppressant reaction rate constant varies with propellant type. The MEFF

code predicts a no-flash condition for the cool-burning M31EI propellant, even

in the absence of suppressant. rherefore, the M31EI propellant is independent

of suppressant chemistry, The flash onset prediction for M30AI propellant is

insensitive to variations within a factor of 6 in the suppressant reaction

rate constant. The M30A2 propellant, which has twice as much suppressant as

M3OAM, is insensitive to variations within a f"-tor of 4 in the suppressant

reaction rate constant.

While more data comparison and sensitivity analysis with respect to other

important variables (e.g., K02 thermodynamic data) are required to probe the

limits of both the numerical model and the algebraic criterion, we believe

that both models are a reasonable first approach for analyzing a complicated

phenomenon such as muzzle exhaust flow field.

RECOMMENDATIONS

To enhance the reliability of the muzzle exhaust flow field developed

here, the following additional analyses are recommended;

"* Sensitivity Analysis

Determine the sensitivity of the model predictions with respect to

variations in the K02 dissociation energy and variations in the

rate constants of thosi chemical reactions which contain K02 . (See

Table 2.)

"* Analytical Improvements

- Improve the current model by including the barrel and reflected

shock heating and including the flow nonuniformities in the

afterburning region boundary condition. These Improvements may

increase the reliability of the model when predicting the flash for

marginally suppressed propellants.

1
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- To assess the effects of flow nonsteadiness on flash onset, develop

a nonsteady reacting and mixing flow model using the relatively

simple plume models to describe the motion of the afterburning flow

fields. This will also yield an estimate of the plume penetration

distance in the atmosphere.

- Using the experience gained from the analysis of the simpler

nonsteady model, which may isolate the time and length scales

important for flash prediction, develop a more sophisticated

numerical method of predicting the flow field of an axisymmetric,

nonsteady, turbulent, and chemically reacting plume.
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