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Formulation, Predictions, and Sensitivity Analysis of a
Pyrotechnically Actuated Pin Puller Model

Keith A. Gonthier* and Joseph M. Powerst
University of Notre Dame, Notre Dame, Indiana 46556

This article presents an analysis for pyrotechnic combustion and pin motion in the NASA Standard Initiator
(NSI) actuated pin puller. The conservation principles and constitutive relations for a multiphase system are
posed and reduced to a set of five ordinary differential equations which are solved to predict the system’s
performance. The model tracks the interactions of the unreacted, incompressible solid pyrotechnic, incom-
pressible condensed phase combustion products, and gas phase combustion products. Predicted pressure histories
for the firing of an NSI into 1) the pin puller device, 2) a 10 cm? closed vessel, and 3) an apparatus known as
the Dynamic Test Device compare well with experimental results. A sensitivity analysis reveals large regions in
parameter space where system performance is insensitive to particular parametric values; smaller regions of

high sensitivity are also found.

Introduction

YROTECHNICALLY actuated devices are used in nu-

merous aerospace applications. Their ability to rapidly
deliver high pressures renders them the tool of choice to per-
form such functions as pulling pins, exploding bolts, and cut-
ting cables. In order to better design these devices, it is nec-
essary to understand the interaction between the combustion
process and the operation of the device; in order to quantify
this understanding, it is necessary to develop models. Due to
the many complexities associated with a comprehensive model
(three dimensionality, time-dependency, complex reaction ki-
netics, etc.), simple models have been the preferred choice
of many researchers.!'~* These models often use chemical
equilibrium calculations to predict the composition of the
combustion products and model the combustion rate by a
simple empirical expression. They also require a number of
additional assumptions; e.g., a well-stirred constant volume
reactor is typically simulated.

The focus of this article is to present a methodology that
can be used for modeling pyrotechnic combustion driven sys-
tems. Many of the assumptions listed above are adopted;
additionally, the study is placed in the context of multiphase
flow theory.>~7 The primary advantage of this approach is that
it offers a rational framework for 1) accounting for systems
in which unreacted solids and condensed phase products form
a large fraction of the mass and volume of the combined
system, thus avoiding the restrictions of the dusty gas limit;
and 2) accounting for the transfer of mass, momentum, and
energy both within and between phases. The existing archival
literature contains few, if any, sources which model pyro-
technically-driven systems; we believe this article identifies a
way in which pyrotechnic combustion modeling can be used
to predict the behavior of simple devices which have important
engineering applications.

The utility of the methodology is illustrated by applying it
to a device which is well-characterized by experiments: the
NASA Standard Initiator (NSI) driven pin puller. Figure 1
depicts a cross section of a pyrotechnically actuated pin puller
in its unretracted state.® The primary pin, which will be re-
ferred to as the pin for the remainder of this article, is driven
by gases generated by the combustion of a pyrotechnic which
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is contained within the NSI. The NSI was originally developed
as an initiator for solid rocket motors, but has been adapted
for other tasks such as this. Two NSIs are tightly threaded
into the device’s main body. Only one NSI need operate for

- the proper functioning of the pin puller; the second is a safety

precaution in the event of failure of the first. The pyrotechnic
consists of a 114-mg mixture of zirconium fuel (54.7-mg Zr)
and potassium perchlorate oxidizer (59.3-mg KClO,). Ini-
tially, a thin diaphragm tightly encloses the pyrotechnic. Com-
bustion is initiated by the transfer of heat from an electric
bridgewire to the pyrotechnic. Upon ignition, the pyrotechnic
undergoes rapid chemical reaction producing both condensed
phase and gas phase products. The high-pressure products
accelerate the combustion rate, burst the confining dia-
phragm, then vent through the port into the gas expansion
chamber. Once in the chamber, the high-pressure gas first
causes a set of shear pins to fail, then pushes the pin. After
the pin is stopped by crushing an energy absorbing cup, the
operation of the device is complete. Peak pressures within
the expansion chamber are typically around 50.0 MPa; com-
pletion of the stroke requires approximately 0.5 ms.®

This article gives 1) a description of the model including
both the formulation of the model in terms of the mass, mo-
mentum, and energy principles supplemented by geometrical
and constitutive relations, and the mathematical reductions
used to refine the model into a form suitable for numerical
computations; 2) model predictions and comparisons with ex-
perimental results; and 3) results showing the parametric sen-
sitivity of the model.

Model Description

Assumptions adopted for the model are as follows. As de-
picted in Figs. 2a and 2b, the combined system is taken to
consist of three subsystems: 1) incompressible solid pyro-
technic reactants s, incompressible condensed phase products
cp, and gas phase products g. The surroundings are taken to
consist of an isothermal cylindrical vessel bounded on one
end by a movable, frictionless, adiabatic pin. Mass can be
transferred within the combined system from the solid py-
rotechnic to both the condensed phase and gas phase prod-
ucts. There is no mass exchange between the combined system
and the surroundings. The only heat exchange within the
combined system is from the condensed phase products to the
gas phase products. The rate of this heat transfer is assumed
to be sufficiently large such that thermal equilibrium between
the product subsystems exists. Both product subsystems are
allowed to interact across the system boundary in the form
of heat exchanges. The gas phase products are allowed to do
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Fig. 2 a) Hypothetical configuration of pin puller device used in the
model development and b) mass, heat transfer, and work interactions
between subsystems and the surroundings.

expansion work on the surroundings. No work exchange be-
tween subsystems is allowed. Spatial variations within sub-
systems are neglected; consequently, all variables are only
time-dependent, and the combined system is modeled as a
well-stirred reactor. The kinetic energy of the subsystems is
ignored, while an accounting is made of the kinetic energy of
the bounding pin. Body forces are neglected.

To model the combustion in the pyrotechnic, we choose a
standard model which holds that the rate of linear regression
of the solid pyrotechnic is a function of the gas phase pressure,
namely, dz,/dt = bP%, where z, is the instantaneous position
of the burn surface, ¢ is time, P, is the pressure of the gas
phase combustion products, and b and n are experimentally
determined constants. This form for the burn rate is com-
monly used in solid propellant combustion modeling,® and
also models the burn rate of the pyrotechnic TiH,, ,/KCIO,
for pressures in the range of 0.5-4.0 MPa.'* In the absence
of data for Z1i/KClO,, we have chosen values for b and n so
that the predictions of our model correlate with experimental
pressure-time data. It is emphasized that these predictions
should be performed with a constitutive equation based di-
rectly on combustion data from Z1/KClO, if such data become

available; such predictions would provide a better test of the
model’s validity.

Predictions from the equilibrinm thermochemistry code
CET89" for the constant volume complete combustion of the
Z1/KClO, mixture are used to estimate the product mass frac-
tions. It is assumed that the mass fractions of product species
are known constants predicted by the constant volume com-
bustion calculation. For this calculation, a volume of 5 cm3
was chosen since it represents an intermediate value for the
initial volumes of devices for which pressure-time data exists:
a pin puller device (0.83 cm?), a 10-cm? closed vessel, and a
Dynamic Test Device (1.24 cm?). This assumption naturally
introduces some error as the product species mass fractions
can vary with changes in pressure, temperature, and volume
encountered during the devices’ operation. However, except
for times (<<0.01 ms) which are small relative to typical device
operation times (~0.5 ms), the pressure and temperature are’
such that the mean specific heat and molecular weight are
essentially constant. These quantities differ by a factor near
2 at early times, but the integrated effect of this error is small.
The advantage in this approach is that the product gases can
be modeled as a single gas; consequently, the equations, which
with variable mass fractions form a nonlinear differential-
algebraic system of very large dimension, can be reduced to
amuch simpler nonlinear system of five differential equations.

The component gases are taken to be ideal with tempera-
ture-dependent specific heats. Such an assumption may in-
troduce some error at elevated pressures as has been recently
documented for similar systems.!? The specific heats are in
the form of fourth-order polynomial curve fits given by the
CET89 code and are not repeated.

Using principles of mixture theory, a set of mass and energy
evolution equations can be written for each subsystem. These
equations are coupled with an equation of motion for the pin
to form a set of ordinary differential equations:

d
gt(prs) = —pAr 1
d
a; (pcpvcp) = ncppsApr (2)
d
:i—t (ngg) = (1 - "Icp)PsApr (3)
d
E Ve) = —peAr 4

d . .

a (pCpVCpeCP) = ncppsesApr - Qcp,g + QCp (5)
d - ) . ,
3 PVees) = (1 = mppeAr + Qg + O, — W, (6)

o (z) = F, ™
The independent variable in Egs. (1-7) is £. Dependent var-
iables are the gas phase density p,; the internal energies per
unit mass e;, e, €,; the volumes V,, V. V,; the pin position
z,; the pyrotechnic burn rate r; the rate of heat transfer from
the condensed phase products to the gas phase products Q. ;
the rates of heat transfer from the surroundings to the con-
densed phase and gas phase product subsystems O.p Qg, the
rate of work done by the gas phase products in moving the
pin W,; and the net force on the pin F,. Constant parameters
are the unreacted solid pyrotechnic den51ty p,; the condensed
phase product density p_,; the mass fraction of the products
which are in the condensed phase 7,,; the pin cross-sectional
area A,, which is also the area of the burning surface; and
the mass of the pin m,,.
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Equations (1-3) describe the evolution of mass of the solid
pyrotechnic, condensed phase products, and gas phase prod-
ucts, respectively. Equations (4-6) describe the evolution of
energy for the solid pyrotechnic, condensed phase products,
and gas phase products, respectively. Equation (7) is the equa-
tion of motion for the pin.

Geometrical and constitutive relations used to close Eqs.
(1-7) are as follows:

V=V, +V,+V, 8
= (VIA,) )]
P, = p,RT, (10)

dz, _ Y
r[P] = 2 = bP; (11)
2 el T (12)
eoTo] = § Yo eolT. (13)
Z Ye [T, (14)
6 [T = 2 Y, % (e[T]) (15)
e lTol = 3 Yoy dT (el To) (16)
a1 = X Yﬁ (eIT.) (17)
Qcpgi cp? ] cpg cp( - ) (18)
O = OV, V., T, (19)
0, = Q,lV, V,, T] (20)

. dv

W‘g = Pg E (21)

F =

0 if PA,<F,.
B { (22)

PA, if P,A, = F,,

Here, and throughout this article, brackets [ ] are used to
denote a functional dependence on the enclosed variable.
Equations (8) and (9) are geometrical constraints. Here, V'is
the volume of the combined system. Equation (10) is a ther-
mal equation of state for the gas phase products. Occurring
in this expression are the gas phase pressure P,, the gas phase
temperature T,, and the ideal gas constant for the gas phase
products R (the quotient of the universal gas constant and
the mean molecular weight of the product gases). The py-
rotechnic burn rate r is given by Eq. (11). -

Caloric equations of state for the solid pyrotechnic, con-
densed phase products, and gas phase products are given by
Egs. (12—-14), respectively. Here, T, is the temperature of the
solid pyrotechnic, and T, is the temperature of the condensed
phase products. Also, Y » Yoo Yeo Ny, N, and N, are the
constant mass fractions and number of component species of
solid pyrotechnic, condensed phase product, and gas phase
product species, respectively. The subscript i denotes an in-
dividual species. Since for both ideal gases and condensed
phase species, the internal energy is only a function of tem-
perature, the specific heat at constant volume for the solid

pyrotechnic c,, the condensed phase products Cogp and the
gas phase products ¢, can be obtained via term-by-term
differentiation of the caloric equations of state with respect
to their temperature. Expressions for the specific heats at
constant volume are given by Eqs. (15-17).

Equation (18) gives an expression for the rate of heat trans-
fer from the condensed phase products to the gas phase prod-
ucts. In this expression, k., is a constant heat transfer pa-
rameter, and A, is the surface area of the condensed phase
products. The term Mo, ¢ Acp 1s assumed large for this study.
The functional dependencres of the heat transfer rates be-
tween the surroundings and the product subsystems are given
by Egs. (19) and (20). These rates are considered to be de-
pendent upon their respective product subsystem tempera-
tures and are parameterized by the constant temperature of
the vessel’s wall. The functional form of these models will be -
given below.

Equation (21) models pressure-volume work done by the
expanding gas in moving the pin. Equation (22) models the
force on the pin due to the gas phase pressure and a restraining
force due to the shear pins which are used to initially hold
the pin in place. Here, F_;, is the critical force necessary to
cause shear pin failure. The work associated with shearing
the pin is not considered.

Due to the assumption of a large heat transfer rate between
the condensed phase and gas phase product subsystems (i.e.,
hep oA —> ), the product subsystems remain in thermal equi-
librium for all time. Therefore, we take T, = T,, = T,, with
T, representing the temperature of both product subsystems
With this assumption, one can define a net rate Q, governing
the rate of heat transfer from the surroundings to the product
subsystems:

Qp[v7 VM Tp] = Qcp[vv Vs» Tp] + Qg[vv Vs) Tp]

= KAV, V(T — T,) + 0A,[V, V@T} — ¢T3)
(23)

where

AW[V’ Vs] =2V (7T/Ap)(v - Vs) (24)
This model accounts for both convective and radiative heat
transfer. Here, / is a constant convective heat transfer coef-
ficient, T, is the temperature of the vessel’s wall, o is the
Stefan- Boltzmann constant, « is the absorptivity of the ves-
sel’s wall, and ¢ is the net emissivity of the product mixture.
The variable A, is the instantaneous surface area of the ves-
sel’s lateral wall that is in contact with the product mixture.
For a cylindrical vessel, A,, is related to V and V, by Eq. (24).

Mathematical Reductions

In this section, intermediate operations are described which
lead to a refined final model. The final model consists of a
set of autonomous first-order ordinary differential equations
of the form dx/dt = f(x), where x = (V, V, Vepr T T,
and fis a vector function of the vector x. Here it has been
necessary to define a new variable, V, which represents the
time derivative of combined system volume:

_dv

= (25)

The goal here is to find the specific form of f and to show
how all other variables can be written as functions of x.

First, Egs. (1-3) can be added to form a homogeneous
differential equation expressing the conservation of the com-
bined system’s mass:

(p,V + popVep T PV,) =0 (26)
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Integrating this equation, applying initial conditions which are
denoted by the subscript ““0,” using Eq. (8) to eliminate V,
in favor of V, V,, and V,,, and solving for p,, it is found that

pJVS(’ + pchcp() + ngVgO - psVs - pCchp
V-V, -V,

pg[V’ ‘/x’ ch] =
@7

Now, with the assumption of a uniform temperature for the
product subsystems and using Eq. (27), Eq. (10) can be used

to express P, as functions of V, V, V,, and T :
PV, V, V., T,] = plV, V,, V_IRT, (28)

With a knowledge of P,, Eqs. (11) and (22) can be written
in the following forms, respectively:

r=r[V,V,V

cp?

T = bPi[V,V,, V,, T,] (29

cp> L p.
F, = B[V, V. Vo T, (30)

With the assumption that p, and p_, are constant, the re-
maining mass evolution equations, Egs. (1) and (2), can be
rewritten as

dv,

= AV, Vo Ve T} &)
dv. Py
o = e (7) ASV, VoV, T (32)

The energy evolution equations will now be simplified. By
multiplying Eq. (1) by e, and subtracting this result from Eq.
(4), one determines that

de,
dr 0 (33)

Thus, in accordance with the assumption of no heat transfer
to the solid pyrotechnic subsystem, its internal energy remains
constant for all time. Integrating this expression results in the
following:

€ = €y (34)

The addition of Egs. (5) and (6) results in a single expression
governing the evolution of the combustion products’ energy:

d . .
d_l’ [pCpVCpecp + pgvgeg] = psesO‘Apr + Qp[V’ Vs’ Tp] - Wg
(35)

Here, the net heat transfer rate given by Eq. (23) has been
incorporated. Multiplying Eq. (2) by e, multiplying Eq. (3)
by e,, and subtracting these results from Eq. (35) yields:

e de

g
pchcp F + ngg -d7 = (e.y(l - ncpecp ,

- (1 - ncp)eg)psApr + Q];[Va Vv’ Tp] - Wg (36)

Using Eqs. (16) and (17) to re-express the derivatives in terms
of T,, using the work expression given by Eq. (21) with Eq.
(25) to eliminate W,, expressing all variables as functions of
V, V., V., and T,, and solving for the derivative of T, results
in the following:

dT,

P

ANALYSIS OF PIN PULLER MODEL

Lastly, Eq. (7) can be split into two first-order ordinary dif-
ferential equations. The first is given by the definition pre-
sented in Eq. (25). The second equation, obtained by sub-
stituting Eqs. (9), (25), and (30) into Eq. (7), is given by the
following:

;A
d—V=;” V., V., Vo, T,) (38)

cp> Lp
dt  m,

Equations (25), (31), (32), (37), and (38) form the desired
set. Initial conditions are

V(t = 0) = ‘/l)’ ‘/s(t = 0) = Vs()

. (3%

Vot =0) =V,o. T, =0 =T, Vt=0=0
All other quantities of interest can be obtained once these
equations are solved.

Results

In this section, numerical solutions to the model equations
are presented for the simulated firing of an NSI into the pin
puller device. Also, predicted pressure histories for the sim-
ulated firing of an NSI into a 10-cm? closed bomb vessel and
into an apparatus known as the Dynamic Test Device will be
presented in order to further corroborate model predictions
with available data. The numerical algorithm used to perform
the integrations was an explicit stiff ordinary differential equa-
tion solver given in the standard code LSODE. The calcu-
lation time for a single simulation was typically a few seconds
on a desktop workstation.

The chemical equation used in each of the simulations, as
predicted by the constant volume (5 cm®) combustion caicu-
lation performed with the CET89 chemical equilibrium code,
is presented in Table 1. The parameters used are presented
in Table 2.

Pin Puller Simulation

Predictions and measurements'* of pressure histories for
the pin puller are given in Fig. 3. In the experiments, one
port contained the NSI and the other a pressure transducer.
Here, a rapid pressure rise is predicted up to a maximum
value near 56.0 MPa occurring 0.06 ms after combustion ini-
tiation; the pressure then decreases to 23.9 MPa at completion
of the stroke (0.47 ms). The rapid pressure rise is attributable
to gases generated during combustion. The peak pressure
occurs near the time of combustion extinction, and the sub-
sequent pressure decay is due to the combined effect of heat
transfer to the surroundings and work done by the expanding
gas in moving the pin. Figure 4 gives the predicted temper-
ature history for the combustion product mixture.

Figure 5 illustrates the partitioning of the total energy of
the combined system between the total internal energy of the
solid pyrotechnic, the total internal energy of the combustion
product mixture, the kinetic energy of the pin (labeled “work”),
and the energy lost to the surroundings as heat. As combus-
tion proceeds, the total internal energy of the solid pyrotech-
nic decreases. As the specific internal energy of the solid
pyrotechnic is constant, the decrease in the total internal en-
ergy of the solid pyrotechnic is purely due to volumetric change.
During the same time, the total internal energy of the com-
bustion products increases to such an extent that the products
contain nearly all of the combined system’s energy. Very little
energy is used in moving the pin or lost to the surroundings
during this time. Following completion of the combustion
process, about 10% of the combined system’s energy is used
in retracting the pin. For the particular parameters used here,

- (es() - ncpecp[Tp] - (1 - ncp)eg[Tp])psApr[V9 Vsa ch’ Tp] + Q[V’ Vw Tp] - Pg[V’ Vv’ ch, 7‘,;]V

dr pg[V’ V)" ch](V - Vs - ch)cvg[Tp] + pcpvcpcul,[Tp]

(37
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Table 1 Chemical equation used in pyrotechnic combustion simulations

3.8354Z1(s) + 2.7359KClO,(s) — 3.2661ZrO.(cp) + 1.82870(g) + 1.8023KCl(g)
+0.9079Cl(g) + 0.7650K(g) + 0.68300,(g)
+0.4625Z1O5(g) + 0.1554KO(g) + 0.0917ZrO(g)
+0.0142C10(g) + 0.0042K,CL(g) + 0.0024K.(g)
+0.0015CL(g) + 0.0001Zr(g)

Table 2 Parameters used in pyrotechnic
device simulations

Parameter Value
Nep 0.42
» 0.64,2 2.0,°, 5.07° cm?
m, 19.0,2453.6° g
P 3.57 g/lem?
Pep 5.9 g/lem?®
h 1.25 x 10° g/s*/K
o 5.67 x 1073 g/s¥/K
€ 0.6
a 0.6
F.. 3.56 x 107 dyne
b 0.0012 (dyne/cm?)~%7* cm/s
n 0.74
Vo 0.83,2 10.0,> 1.24° cm?®
Vo 0.032 cm?
Voo 8.44 x 107 cm?®
T, 283.0 K
Vo 0.0 cm?¥s

“Pin puller. °Closed bomb. <Dynamic Test Device.
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Fig. 3 Predicted and experimental pressure histories for the pin puller
test.

about 1% of the combined system’s energy is lost to the sur-
roundings due to heat transfer. The predicted kinetic energy
of the pin at completion of the stroke is 32.6 J. Experimentally
observed values for the pin kinetic energy at completion of
the stroke and stroke time are typically near 23 J and 0.50
ms, respectively. Both the higher value for the predicted pin
kinetic energy and the lower value for the predicted stroke
time are consistent with the fact that frictional effects, which
would tend to retard the motion of the pin, have not been
accounted for in the model.

Closed Bomb Simulation

Closed bomb firings are commonly used as a standard mea-
sure of the energy output of pyrotechnic cartridges. In closed
bomb testing, a pyrotechnic cartridge is fired into a constant
volume bomb, and the resulting pressure rise is measured
with pressure transducers. A relevant NASA standard re-
quires that the firing of an NSI into a 10-cm? bomb shall
produce a peak pressure of 650 = 125 psi [4.48 = 0.86 MPa]
within 5 ms.' The predicted pressure history for this simu-
lation is presented in Fig. 6. Also presented in this figure are
experimentally observed values.!* Excluding work exchange
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Fig. 4 Predicted temperature history for the pin puller test.
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Fig. 5 Partitioning of energy for the pin puller test.

with the surroundings, the predicted trends are the same as
those presented for the pin puller simulation.

Dynamic Test Device Simulation

The Dynamic Test Device is a device which was also de-
signed to define and compare the energy production capa-
bilities of pyrotechnic cartridges. The NSI cartridge output is
delivered into a small initial free volume (1.24 cm?) to thrust
a 1-in.- (2.54-cm-) diam, 1-1b mass (453.6 g) cylindrical piston
through a 1-in. (2.54-cm) stroke. The resulting pressure is
measured with pressure transducers and the energy output is
measured as the average kinetic energy, measured through
laser velocimetry, of the piston during the stroke.

The predicted and experimental' pressure histories are shown
in Fig. 7. Predicted trends are the same as those presented
above for the pin puller simulation. The predicted average
kinetic energy of the piston is 45.6 J. This compares to ex-
perimentally observed values near 30.0 J. The higher value
for the predicted kinetic energy of the piston can again be
considered consistent with the neglect of friction in the model.

Model Sensitivity

This section gives results showing the sensitivity of the model
to variations in the burn rate parameters b and n and the heat
transfer parameters %, «, and ¢. For this study, we use the
predicted pin puller solution as the baseline solution (baseline
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parameters given in Table 2). The sensitivity of the model is
determined by solving the pin puller problem and finding the
parametric dependency of the pin kinetic energy at comple-
tion of the stroke.

Model sensitivity to changes in the burn rate parameters b
and # is shown in Figs. 8 and 9, respectively. In these figures,
the predicted kinetic energy of the pin at completion of the
stroke has been nondimensionalized by the total energy re-
leased by the combustion process (326.2 J). For b = 2.0 X
10* (dyne/cm?) %7 cm/s or n = 0.65, corresponding to fast
burning rates, the ratio of the predicted kinetic energy of the

pin at completion of the stroke to the total combustion energy
approaches an approximately constant peak value of 0.10 (32.6
J). For smaller values of these parameters, corresponding to
slower burning rates, the predicted kinetic energy of the pin
at completion of the stroke decreases as the rate of heat
transfer to the surroundings becomes more significant.
Model sensitivity to changes in the convective heat transfer
coefficient # and the radiative heat transfer parameters a and
¢ is shown in Figs. 10 and 11, respectively. Trends observed
in Fig. 10 show that for values of h = 1.0 x 107 g/s*K, the
predicted kinetic energy of the pin approaches a maximum.
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For larger values of this parameter, the pin kinetic energy
decreases as the rate of heat transfer to the surroundings
increases. Typical values of /& for gas phase and liquid phase
mixtures extend over a large range from 5 x 10° g/s*/K to
values in excess of 1 X 10°% g/s?/K.1° Figure 11 shows that the
model is relatively insensitive to changes in « or &.

Conclusions

This article has presented a methodology which can be used
to model dynamic events associated with the firing of pyro-
technically actuated devices. The model has demonstrated
reasonable success in predicting experimentally observed time
scales and pressure magnitudes associated with the operation
of a pin puller device. Results of the sensitivity analysis reveal
that, in order to obtain optimal pin puller performance, the
burning rate of the pyrotechnic should be large and the con-
vective rate of heat transfer from the product mixture to the
surroundings should be small. Results of the sensitivity anal-
ysis further show that, outside of certain critical burn rate and
convective heat transfer parameter ranges, the variable which
is of actual engineering interest, namely the pin’s kinetic en-
ergy, is insensitive to changes in these parameters. Conse-
quently, it may not be necessary to have a great deal of pre-
cision in making estimates for these parameters; only certain
bounds need be specified.

The model can be easily extended to relax certain modeling
assumptions. Such extensions might account for nonideal gas
effects, mass choking as the combustion products exit the port,
variations in the equilibrium product composition with tem-
perature and pressure, and multiple pyrotechnic grains with
variable grain sizes. More advanced studies should relax the
assumption of a well-stirred reactor to allow for spatial var-
iations. This would allow one to 1) better model the inter-
action between product gases and condensed phase products,
2) include effects of diffusion, 3) include effects of turbulence,
and 4) consider nonlinear wave dynamics. Such a step would
require the solution of a set of partial differential model equa-
tions, which significantly complicates the analysis. Lastly, if
accurate burn rate data for Zr/KClO, becomes available, it
should be incorporated into the model.
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