Pyrotechnic Modelling for
the NSI Driven Pin Puller

Joseph M. Powers and Keith A. Gonthier

Department of Aerospace and Mechanical Engineering
University of Notre Dame
Notre Dame, Indiana 46556
(219) 239-5978

powers@neumann.ame.nd.edu
presented to the

Internal Fluid Mechanics Division

NASA Lewis Research Center

September 15, 1992

Cleveland, Ohio



Acknowledgements

Support
NASA-Lewis Research Center
NAG-1335
Dr. Robert M. Stubbs, Monitor

Discussions

Prof. P. Barry Butler
University of lowa

Mr. Laurence J. Bement
NASA-Langley Research Center



Review

Sources for guidance tn model development:

e Pin-Puller tests: Bement, Schimmel, et al.

e Pyrotechnics chemistry: McLain, Conklin

e NOSI ignition study: Varghese

e Multiphase combustion: Baer, Nunziato, Krier, Powers, etc.
e Automobile airbags: Butler

e Solid propellants: Williams, Kuo, Strehlow, etc.

e Solid state combustion synthesis: Varma



Engineering Problems

e Occurance of operational failures.

e Qualification only after many tests.

e Difficult to predict behavior of new formulations.
e Difficult to quantify effects of modifications:

— diffusive heat transfer,
— molecular heat transfer,
— pin puller geometry;,

— friction,

— apparently random sample behavior.



Modeling Approaches

e Full Scale Models:

— time-dependent,

— three-dimensional spatial gradients,

— multiple species, multiple reactions,

— fully resolved chemical kinetics,

— compressibility,

— turbulence,

— real gas effects,

— boundary layers,

— essentially no detailed kinetic data available,

— more complex than justified by data.



Modeling Approaches, cont’d.

e Empirical Models:

— experimentally-based correlations,
— reliable in limited ranges,

— somewhat inflexible.

e Simple Models - present approach:

— analytically tractable,
— judgement required,
— simplicity at expense of loss of rigor,

— introduction of ad hoc assumptions.

e Stochastic Models:

— estimates for uncertainty required,

— could be coupled with simple model.



Assumptions for the Preliminary Model
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e Model total system as 3 subsystems:

— solid pyrotechnic reactants (s)
— gas phase products (g)

— condensed phase products (¢p)

o Well stirred reactor:

— spatial homogeneity
— time-dependent variables

— no mass, momentum, or energy diffusion



Assumptions cont’d.

Mass and Energy Exchange

e No mass exchange between total system and surroundings,

e Heat and work exchange between system and surroundings,

e Mass exchange from reactants to gas and condensed phase products,
e No work exchange between subsystems.

e Heat exchange between gas and condensed phase product subsystems.

Combustion Process

e Combustion products produced in ratios which minimize Gibbs free
energy (CECT6 routine):

— mass fractions frozen,

— gas phase products described by single mixture specific heat and
mixture gas constant,

— condensed phase products characterized by a single mixture den-
sity,

e Global kinetic burn rate estimated from solid propellant data.



Assumptions cont’d.

Other assumptions

e Ideal gas with temperature dependent specific heat (CHEMKIN II
data base and subroutines),

e Constant temperature vessel wall,

e No wall friction,

e Constant density solid pyrotechnic,

e Constant density condensed phase products,

e Kinetic energy of total system assumed negligible,

e Body forces assumed negligible.



Mass, Momentum, and Energy Principles

Mass Evolution Equations:

d

% [psvvs] - _psApTa
d
% [pcp‘/cp] — ncppsApra
d

dt gVl = [1 — neplps Apr.

Energy Evolution Equations:

d
% [ps‘/ses] — _psApesra
d .
% [pcp‘/cpecp} — ncppsApesr - Qcp,ga
d . . .
% [pgvgeg] — [1 - ncp]psApesT =+ Qcp,g + Qm — Wout.

Newton’s Second Law:

d*z,
e



Geometrical and Constitutive Relations

A. Geometry

Total volume:

Piston position:



Geometrical and Constitutive Relations, cont’d.

B. Combustion Model

Reaction occurs in a single step:

o X, X, Xy chemical species,
® Vs, Ve, Vgil stoichiometric coefficients,
o v, X specified as inputs to the CEC76 code,

e Y'’s, 1, can be determined from knowledge of v’s.

Linear pyrotechnic burn rate:

r=r(F,T,) = a(Ty) + b(Ty) P}

g Y

o a(T}), b(T,), n: empirically determined.



Geometrical and Constitutive Relations, cont’d

C. Thermal Equation of State

P, = p,RT,,
where N
Y, M,
R — % i] ]\4._91 : }/:qz — N]g/gz g .
=1 Mg 2j=1 ngng
D. Caloric Equations of State
Ny
GS(TS) — ;Ytsl-esi(Ts)a
Nep
eep(Tep) = Z; Yepi€ep(Tep),

Ny
eg(Tg) — g:l Ygz'egz'(Tg)-

e Calculated using CHEMKIN II subroutines and data base.



Geometrical and Constitutive Relations, cont’d.

D. Model for Qm

Qin = hA, [T, — T,) + 0 A, [aT) — €T,

convection radiation
e Parameters:
— h, convective heat transfer coefficient,
— €, emmissivity of the gas,
— Q, absorptivity of the vessel’s walls,

— Tw,  temperature of the vessel’s walls,
— 0, Stefan-Boltzmann constant.

E. Model for W,

: av
Wout — PgE

e Only allow for pressure volume work.

F. Model for F),:

I _{O ingAp<ch't
PT\ PA, it P,A, > Fou,

o [l i, constant critical force necessary for shear pin failure.



Geometrical and Contitutive Relations, cont’d.

G. Model for Qe

QCP,Q - hCP,g [TCP - Tg] .

® Ny, heat transfer parameter.



Mathematical Reductions

Goal:

e To perform intermediate operations leading to a refined final model:

—six O.D.Es for V', Vi, Vi, Tty, Ty, and 1%

— all other variables expressed as a function of these six variables.

e Final model suitable for numerical integration.

Step I. Determination of p,,.

e Add together mass evolution equations:

d
% [PSV; + pcp‘/cp + PgV:q] = 0.

e Integrate, apply intital conditions, and solve for py:

o psvjso + pcp‘/cpo + pgo%o _ ps‘/s _ pcp‘/cp
pg(V7V97‘/Cp) - V—VS—‘/cp .



Mathematical Reductions, cont’d.

Step II. Expression for mixture energy evolution.

e Add together energy evolution equations:

d

% [psVses + pcp‘/;pecp + pg‘/geg} = Qm — Wout-

— Note: this expression is not explicitly used in the analysis.

— For special case Qm = Wout = 0, can integrate:

psvjses + pcp‘/;pecp + pg‘/geg — ps‘/soeso + pcp‘/;poecpo + pgovvgoego-

— Can use algebraic relation to evaluate code performance.

Step I1I. Determination of P,

e Use p, from Step I and thermal equation of state to obtain:

P9<V7 ‘/;7 ‘/cpv Tg) — pg(v, Vg, %p)RTg



Mathematical Reductions, cont’d.

Step IV. Determination of r and F),.

e Using P, from Step III, can obtain:

r=r(V,Vs Ve, T,) = a(T,) + b(Tg)P;(Va Vi, Vep, Ty),

Ey = Fy(V, Vs, Vop, Ty).

Step V. Simplify remaining differential mass equations.

e Since p, and p,, are constants:

dV
dt

— —APT(V, ‘/Sa ‘/cpa Tg)a (1)

dt o APT(Va VS> VCP> Tg)' (2)

cp

A% Ps
—L = Tlep [




Mathematical Reduction, cont’d.

Step VI. Simplification of energy equations.

e Consider energy evolution equation for solid pyrotechnic:

d
% [psvtses] — _psApesra

— subtract the following from this equation:

d

At [psvs} = _psApT Cs;

— obtain:
deg
E = O, — €Cs = €Cgp.
e Consider energy evolution equation for condensed phase products:

d

% [pcp‘/cpecp] = ncppsApesT - Qcp,g:

— subtract the following:

d
At [pCpVCp} = ncppsApT €cps
— obtain:
decy :
pcpv - ncppsApT(va ‘/;“7 ‘/cpa Tg) [eso_ecp(Tcp)}_Qcp,g(Tcpa Tg)a

P dt



Mathematical Reductions, cont’d.

— using caloric equation of state e, (1¢,):

dTe, _ NepPs Apr(V, Vi, Vip, Ty ) [€s0 — €cp] — QCP o(Tep, )
dt pcp Ccp (TCP) VvCP

(3)

e Consider energy evolution equation for gas phase products:

d
% [pg‘/geg] - [ ncp]psA esT + Qcpg + Qm — outa

— subtract the following:

d
dr 1PgVel = [1 = nep)ps Apr| ey,

— obtain:

d
pgVy 2

g dt [1 o ncp}pSApT[eSO - } + Qm — outa

— using caloric equation of state e, (T}):

dly (L = neplps Apr (V, Vs, Vip, Ty) [eso — €4 (T3)] + Qcp g(Tep, Ty)

dt (V Vs, ch)cvg(T )[V — Vs — ch]

Qm( ) (V‘/sax/cpaT)v
Pg(V, Vs, Vip) Cog (Ty) [V — Vs — ch?]’

_|_



Mathematical Reductions, cont’d.

Step VII. Newton’s second law governing piston motion.

e Split 2" order O.D.E. into two 1% order O.D.E.’s:
av
— =V 5
dt Y ( )

AV F,(V,V,, Vo, T)A,

dt my,




Final Form of Preliminary Model

Governing O.D.E.’s:

av
dt ’
dV
E - —ApT(V, ‘/57 ‘/va Tg)v
dVe Ps
dtp = Tep [p—cp] Apr(va ‘/87 chpa Tg)a

dlv, NepPs At (V, Vi, Ve, Tg)[eso — €] — QCP g( cps )

dt PepCep (Tcp) vcp ,

d1 _ [1— ncp]PsApr(Va Vs, Veps Tg) €50 — eg(Tg)] + QCPaQ(TCP? Tg)
dt pg(v ‘/57 ch)cvg(T )[V T V - ‘/Cp]

Qin(Ty) — By(V, Vi, Vi, T)V
Pg(va Vs, ch>cv9(Tg) V=V - VCP] ,

_|_

AV F(V, Vi, Vi, T A,
dt my ’

Initial Conditions:

V(t = O) - ‘/07 ‘/s(t = O) - ‘/507 ‘/cp(t = O) - ‘/;p07
Tyt =0) =T, T,(t=0)=T,, V(t=0)=0.



Initial Results

The following results are presented:

e pressure-time predictions for a 10 em? closed bomb combustion of 114

mg of Zr/KCIOy,

e pressure-time predictions and piston energy calculations for typical
operation of NSI driven pin puller.

Balanced Stoichiometric Equation:

3.6162Z7r(s) + 2.6849 K ClO4(s) — 3.2354Zr(1) + 1.97120(qg)
+1.6988 K Cl(g) + 0.9766C1(g)
+0.9041K (g) + 0.745404(g)
+0.3407Z1r05(g) + 0.0790K O(g)
+0.0401Z7r0(g) + 0.0065C10(g)
+0.0009K5C104(g) + 0.0006C15(g)
+0.0006K5(g).

NSI Pyrotechnic Composition:

e 114 mg of a Zr/KClo4 mixture:

— 53.6 mg of Zr(s),

— 60.4 mg of KCIO,.



Closed Bomb Combustion (10 cm?)

e NASA specifications: firing an NSI containing 114 mg of Zr /K Cloy
mixture into a 10 em? volume shall produce a peak pressure of 6504125

pst within 5 ms.

e Initial Conditions:

intial condition value
V, 10.0 ecm?
Vo 0.038 cm?
Vepo 5.10x10~7 em?
Tepo 288.0 K
Tho 288.0 K
1% 0.0 cm?/s
e Parameters:
parameter value
burn area, A, 2.0 cm?
pyrotechnic density, p, 3.0 g/cm?
temperature of pyrotechnic, T} 288.0 K
condensed phase density, p, 1.51 gm/cm?
convective heat transfer coefficient, h | 1.25x10° g/sec®/K
emissivity of the gas, € 0.80
absorptivity of the vessel’s walls, « 0.80
heat transfer parameter, hg 4 12.0x10° gem?/sec® | K

e Pyrotechnic Burn Rate:
r = 0.004P)%.



Pressure (psi)

Closed Bomb Combustion, cont’d.
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NSI Driven Pinpuller Results

e [nitial Conditions:

intial condition value
V, 0.824 ¢m?
Vo 0.038 cm?
Vepo 3.40x107% ¢m?3
Tepo 288.0 K
Tho 288.0 K
1% 0.0 cm3/s
e Parameters:
parameter value
burn area, A, 0.634 cm?
pyrotechnic density, ps 3.0 g/cm?
pyrotechnic temperature, 75 288.0 K
condensed phase density, p, 1.51 gm/em?
convective heat transfer coefficient, h | 1.25x10° g/sec®/K
emissivity of the gas, € 0.60
absorptivity of the vessel’s walls, « 0.60
heat transfer parameter, A, , 12.0x10% gem?/sec® /| K
critical shearing force, F,.; 3.56x 107 dynes (80 Ib)

e Pyrotechnic Burn

Rate:

r = 0.004P,%.




NSI Driven Pinpuller Results, cont’d.

e Pressure — time prediction:

Pressure (psi)

10000

8000 —

6000 —

4000 —

2000 —

— predicted result =
O experimental result

0.10 0.20 0.30 0.40 0.50

time (msec)



Outline of Future Directions

e Study solution near equilibrium states,

e cxamine simplest possible case — constant volume, no heat transfer,
constant specific heats,

e better justify heat transfer coefficients,

e study wall surface effects on heat transfer,
e continue search for accurate burn rate data,
e perform sensitivity analysis,

e include grain size effects,

e study spatially resolved field,

e include more detailed chemistry.



