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Abstract 

This paper 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 multi-phase system are posed and reduced to a set of eight ordinary differential 
equations which are solved to predict the system performance. The model tracks the inter
actions of the unreacted, incompressible solid pyrotechnic, incompressible condensed phase 
combustion products, and gas phase combustion products. The model accounts for multi
ple pyrotechnic grains, variable burn surface area, and combustion product mass flow rates 
through an orifice located within the device. Pressure-time predictions compare favorably 
with experimental data. Results showing model sensitivity to changes in the cross-sectional 
area of the orifice are presented. 

Introduction 

Pyrotechnically actuated devices are widely used for aerospace applications. Examples 
of such devices are pin pullers, exploding bolts, and cable cutters. Full-scale modeling efforts 
of pyrotechnically driven systems are hindered by many complexities: three dimensional
ity, time-dependency, complex reaction kinetics, etc. Consequently, simple models have 
been the preferred choice of many researchers.1•2•3 •4 These models require that a number 
of assumptions be made; typically, a well stirred reactor is simulated; also, the combustion 
product composition is typically predicted using principles of equilibrium thermochemistry, 
and the combustion rate is modeled by a simple empirical expression. 

Recently, Gonthier and Powers5 described a methodology for modeling pyrotechnic com
bustion driven systems which is based upon principles of mixture theory. Though this ap
proach still requires that simplifying assumptions be made, 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 total system, and 2) accounting for the transfer 
of mass, momentum, and energy both within and between phases. The methodology was 
illustrated by applying it to a device which is well characterized by experiments: the NSI 
driven pin puller. 
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Center under Contract Number NAG-1335. Dr. Robert M. Stubbs is the contract monitor. 
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The focus of this paper is on using the methodology presented in Ref. 5 to formulate a 
pin puller model which additionally accounts for the flow of combustion products through 
an orifice located within the device; the model is then used to determine the influence of 
product mass flow rates on the performance of the device. The present model also accounts 
for multiple pyrotechnic grains and variable burn surface area. The model presented in this 
paper is an extension of the model presented in Ref. 5 which did not account for product 
flow through the orifice, multiple grains, or variable burn surface area. 

Figure 1 depicts a cross-section of the NSI driven pin puller in its unretracted state.6 

The primary pin, which will be referred to as the pin for the remainder of the paper, is 
driven by gases generated by the combustion of a pyrotechnic which is contained within the 
NSI assembly. Two NSl's 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 KCl04 ). Initially a thin 
diaphragm tightly encloses the pyrotechnic. Combustion 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 diaphragm, vent 
through the NSI port (labeled "port" in Fig. 1), and enter 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 
M Pa; completion of the stroke requires approximately 0.5 ms.6 

For sufficiently high NSI assembly/gas expansion chamber pressure ratios("" 2.0), and 
for a fixed cross-sectional area of the NSI port, there exists a maximum fl.ow rate of combus
tion product mass through the port. The occurrence of this maximum fl.ow rate is referred 
to as a choked fl.ow condition. Such a condition results in the maximum flux of energy 
into the expansion chamber; the energy contained within the chamber can then be used to 
perform work in moving the pin and can be lost to the surroundings in the form of heat. 
However, if the time scales associated with the flux of energy into the expansion chamber 
and the rate of heat lost from the products within the chamber to the surroundings are of 
the same magnitude, there may be insufficient energy available to move the pin; functional 
failure of the device would result. Therefore, it is possible that variations in the fl.ow rate 
of product mass through the port may significantly affect the performance of the device. 

Included in this report are 1) a description of the model including both the formula
tion of the model in terms of the mass, momentum, 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 com
parisons with experimental results, and 3) results showing the sensitivity of the model to 
changes in the cross-sectional area of the NSI port. 

Model Description 

Assumptions for the model are as follows. As depicted in Fig. 2, the total system 
is taken to consist of three subsystems: incompressible solid pyrotechnic reactants (s), 
incompressible condensed phase products (cp), and gas phase products (g). The solid 
pyrotechnic is assumed to consist of N spherical grains having uniform instantaneous radii. 
The surroundings are taken to consist of the walls of the NSI assembly, the NSI port, and 
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Figure 1: Cross-sectional view of the NSI driven pin puller. 
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Figure 2: Schematic of the two component system for modeling choked flow effects. 

the gas expansion chamber. Both the NSI assembly and the gas expansion chamber are 
modeled as isothermal cylindrical vessels. The gas expansion chamber is bounded at one 
end by a movable, frictionless, adiabatic pin while the volume of the NSI assembly remains 
constant for all time. The NSI port is assumed to have zero volume and is characterized by 
its cross-sectional area. 

Mass and heat exchange between subsystems is allowed such that 1) mass can be trans
ferred from the solid pyrotechnic to both the condensed phase and gas phase products, 
and 2) heat can be transferred from the condensed phase to the gas phase products. The 
condensed phase - gas phase heat transfer rate is assumed to be sufficiently large such that 
thermal equilibrium between the product subsystems exists. There is no mass exchange 
between the system and the surroundings. Both product subsystems are allowed to interact 
across the system boundary in the form of heat exchanges. The gas phase products are al
lowed to do expansion work on the surroundings. No work exchange between subsystems is 
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allowed. Spatial variations within subsystems are neglected; consequently, all variables are 
only time-dependent and the total 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. 

The rate of mass exchange from the reactant subsystem to the product subsystems is 
taken to be related to the gas phase pressure within the NSI assembly, namely dr / dt = 
-bP'!J;., where r is the instantaneous radii of the pyrotechnic grains, t is time, P91 is the 
gas phase pressure within the NSI assembly, and b and n are experimentally determined 
constants. All combustion is restricted to the burn surface of the pyrotechnic grains. In 
the absence of burn rate data for Zr/KCl04 , we have chosen values for band n so that 
pressure-time predictions of our model agree with experimental data. The equilibrium ther
mochemistry code CET897 calculated for the constant volume complete combustion of the 
Zr J KCl04 mixture is used to predict the product composition; the initial total volume 
of the pin puller (0 .95 cm3 ) was used in this calculation since a significant portion of the 
system mass is contained within the gas expansion chamber at the time of complete com
bustion. The component gases are taken to be ideal with temperature-dependent specific 
heats. The specific heats are in the form of fourth-order polynomial curve fits given by the 
CET89 code and are not repeated here. 

The rate of gas phase product mass flowing from the NSI assembly, through the NSI port, 
and into the gas expansion chamber is modeled using standard principles of gas dynamics. 
The :flow of condensed phase product mass through the port is assumed to be proportional 
to the gas phase mass :flow rate. The only energy interaction between the NSI assembly and 
the gas expansion chamber is due to the energy flux associated with the exchange of mass 
between these two components. 

Using principles of mixture theory, a set of mass and energy evolution equations can be 
written for each subsystem contained within the NSI assembly and gas expansion chamber. 
These equations, coupled with an equation of motion for the pin, form a set of ordinary 
differential equations (ODE's) given by the following: 

d 
dt (P111 VsJ = - P111 Ab Tb' 

! (Pep1 Vepi) = T/epPs1 Abrb - mep, 

! (Pg1 Vgi) = (1 - T/cp) Ps1 Abrb - mg, 

d 
dt (P111Ys1e,,1) = -P111 e111 Abrb, 

d . . 
dt (Pepi Vep1 ecp1) = T/epPs1 e111 Ab Tb - hcp1 mep - Q ep,g1 + Q ep1' 

d . . 
dt (Pg1 l'o1 egi) = (1 - 77ep) Ps1 e111 Abrb - hg1 mg+ Qep,g1 + Qgp 

:t (Pep2 Vcp2) = mcp, 

~ (Pg2 Vg2) =mg, 

d . . 
dt (Pep2 V ~ eep2) = hep1 mep - Q cp,g2 + Q cp2, 
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d . . . 
dt (Pg2 Vg2eg2) = hgi mg+ Qcp,g2 + Qg2 - Wout2, {10) 

d2 
mp dt2 (zp) = Fp. (11) 

In these equations, the notation subscript "1" and subscript "2" are used to label quantities 
associated with the NSI and the gas expansion chamber, respectively. Subscripts "s", "cp", 
and "g" are used to label quantities associated with the solid pyrotechnic, condensed phase 
products, and gas phase products, respectively. The independent variable in Eqs. (1-11) is 
time t. Dependent variables are as follows: the density Pg; (here, and for the remainder of 
this report, the index i = 1, 2 will be used to denote quantities associated with the NSI and 
the gas expansion chamber, respectively); the volumes Vall Vcp;i Vg,; the specific internal 
energies eai, ecp;, e9,; the specific enthalpies hcp1 , h91 ; the pin position zp; the pyrotechnic 
burn rate Tbi the area of the burn surface Ab; the rates of product mass :flowing through the 
NSI port mcp, mg; the rates of heat transfer from the surroundings to the gas phase products 
CJ in;; the rates of heat transfer from the condensed phase products to the gas phase products 
Qcp,g;i the rate of work done by product gases contained within the expansion chamber in 
moving the pin W out2 ; and the net force on the pin Fp. 

Constant para.meters contained in Eqs. (1-11) a.re the mass of the pin mp, the density of 
the unreacted solid pyrotechnic Pai, the density of the condensed phase products Pepi and 
Pcp2, and the mass fraction of the products which are in the condensed phase T/cp· As it is 
understood that the pyrotechnic is contained entirely within the NSI, the notation subscript 
"1" will be dropped when referring to quantities associated with the solid pyrotechnic. Also, 
since Pepi = Pcp2 = constant, these two quantities will be referred to as Pep· 

Equations (1-3) govern the evolution of mass and Eqs. ( 4-6) govern the evolution of 
energy for the solid pyrotechnic, the condensed phase products, and the gas phase products 
contained within the NSI, respectively. Equations (7) and (8) govern the evolution of mass 
and Eqs. (9) and (10) govern the evolution of energy for the condensed phase products and 
gas phase products contained within the gas expansion chamber, respectively. Equation 
(11) is Newton's Second Law which governs the motion of the pin. 

Geometric and constitutive relations used to close Eqs. (1-11) a.re as follows: 

V1 =Va+ Vcpi + Vgi, (12) 

V2 = Vcp2 + Vg2, (13) 

V2 
(14) Zp=-, 

AP 

( 3Va) 1/3 
T [Va] = 411'" N ' (15) 

( ) 1/3 Ab [Vs] = 3611'" NVa2 
, (16) 

P9 , = p9 , RT9 ,, (17) 

Tb [P9i] = - ~; = bP:i, {18) 

N. 

ea [Ta]= EYJe~ [Ta], (19) 
j=l 
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Ncp 

eep; [Tep,] = L: Ycte~ [Tep,], 
j=l 

Ng 

e9, [T9;] = L': Y / e~ [T9;] , 
j=l 

N. . d . 
Cvs [Ts] = L: Yj dT ( e~ [Ts]) , 

j=l s 

Ncp . d . 
Cvep; [Tep.] = ?: Y~ dT . ( e~ [Tep.]) , 

3=1 ep, 

Ng . d . 
Cvg; [T9 ;] = ?: YJ dT . ( e~ [T9 ;]) , 

3=1 g, 

Ncp 

hep1 [T ep1 ] = L Ycth~ [Tep1 ] , 

j=l 

Ng 

h91 [T91 ] = LY/ h~ [T91 ], 

j=l 

Ncp . d . 
Cpep1 [Tep1 ] = LY~dT (h~[Tep1 ]), 

j=l ep1 

Qep,g; [Tep,,Tg;] = hep,gAep; (Tep; -Tg.)' 

Q ep; = Q ep; [Tep;] , 

Qg, = Qg, [Tg,]' 

. dVi 
Wout2 = Pg2 dt ' 

if Pg2 Ap < Ferit 

if P 92 Ap ~ Ferit, 

...::t__ 

if(~)< (-rtl)-y-1 
...::t__ 

if (~) ~ ( -rtl )-y-1 ' 

. ( T/ep ) . mep = 1 - T/ep mg. 

(20) 

(21) 

(22) 

(23) 

(24) 

(25) 

(26) 

(27) 

(28) 

(29) 

(30) 

(31) 

(32) 

(33) 

(34) 

(35) 

Here, and throughout the paper, braces [ ] are used to denote a functional dependence on 
the enclosed variable. Equations (12-14) are geometrical constraints; in Eq. (14), Ap is 
the cross-sectional area of the pin. Equation (15) is an expression for the radius r of each 
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spherical pyrotechnic grain; N is the total number of pyrotechnic grains. The area. of the 
burn surface is given by Eq. (16); it is assumed here tha.t the a.rea of the burning surface is 
the total surface area of the N pyrotechnic grains. Equation (17) is a thermal equation of 
state for the gas phase products. Occurring in this expression are the gas phase pressure 
Pg;, the gas phase temperature Tg;, 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 pyrotechnic burn rate Tb is given by Eq. (18). 

Equations (19-21) are caloric equations of state for the solid pyrotechnic, condensed 
phase products, and gas phase products, respectively. Here, T8 is the temperature of the 
solid pyrotechnic, and Tep; is the temperature of the condensed phase products. Also, Yj, 
Ye{,;, YJ;, N 8 , N cp, and Ng are the constant mass fractions and number of component species 
of solid pyrotechnic, condensed phase product, and gas phase product species, respectively. 
Here, and throughout the paper, the notation superscript "j" is used to label quantities 
associated with individual chemical species. Since for both ideal gases and condensed phase 
species, the internal energy is only a function of temperature, the specific heat at consta.nt 
volume for the solid pyrotechnic, Cv8 , the condensed phase products, Cvcp;, and the ga.s 
phase products, Cvg;, can be obtained by differentiation of Eqs. (19-21) with respect to their 
temperature. Expressions for the specific heats at constant volume are given by Eqs. (22-
24 ). The specific enthalpies for the condensed phase products and the gas phase products 
contained within the NSI assembly are given by Eqs. (25) and (26), respectively. These 
expressions can be differentiated with respect to their temperature to obtain the specific 
heats at constant pressure Cpcp1 and Cpg1 , Eqs. (27) and (28). 

Equation (29) gives an expression for the rate of heat transfer from the condensed 
phase products to the gas phase products. In this expression, hcp,g is a constant hea.t 
transfer parameter, and Acp; is the surface area of the condensed phase products. The term 
hcp,gAcp; is assumed large for this study. The functional dependencies of the heat transfer 
rates between the surroundings and the product subsystems are given by Eqs. (30) and 
(31). The functional form of these models will be given below. 

Equation (32) models pressure-volume work done by the gas contained within the ex
pansion chamber in moving the pin. Equation (33) 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, Fcrit is the critical force necessary to cause shear pin failure. 
The work associated with shearing the pin is not considered. 

The flow rate of gas phase product mass through the NSI port is given by Eq. (34).8 

Occurring in this expression are the cross-sectional area of the port, Ae, and the specific 
heat ratio for the product gases contained within the NSI assembly, / ( = Cpg1 / Cvg1 ). This 
expression accounts for mass choking at elevated NSI assembly /gas expansion chamber 
pressure ratios. The condensed phase product mass :flow rate through the port is given by 
Eq. (35). 

With the assumption of large heat transfer rates between the condensed pha.se and ga.s 
phase product subsystems (i.e., hcp,gAcp; -+ oo ), the product subsystems remain in thermal 
equilibrium for all time. Therefore, we take Tp1 = Tcp1 = Tg1 and Tp2 = Tcp2 = Tg2 , with Tp1 

defined as the temperature of the combined product subsystem contained within the NSI 
assembly and Tp2 the temperature of the combined product subsystem contained within the 
gas expansion chamber. With this assumption, one can define the net heat transfer rates 
Qp1 and Qp2 governing the transfer of heat from the surroundings to the combined product 
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subsystems: 

Qpi [Tpi] := Qepi + Q9i = hAwi (Tw - Tpi) + uAwi ( aT~ - ETii) , (36) 

c'JP2 [Tp2] = Qep2 + Qg2 = hAw2 [Vs] (Tw - Tp2) + uAw2 [Vi] ( aT~ - ET~), (37) 

where 

Aw2 [Vi] = 2/f V2 + Ap - Ae. (38) 

Equations (38) are expressions for the surface area of the NSI assembly and the gas expan
sion chamber, respectively, through which heat transfer with the surroundings can occur; 
the parameter Ai in the first of these relations is the constant cross-sectional area of the 
NSI assembly. 

Mathematical Reductions 

In this section, intermediate operations are described that reduce the governing equa
tions to a final autonomous system of first order ODE's which can be numerically solved to 
predict the pin puller performance. To this end, it is necessary to define a new variable V2 

representing the time derivative of the gas expansion chamber volume: 

. dVi 
Vi= Tt' 

The final system consists of eight first order ODE's of the form 

du 
dt = f (u)' 

(39) 

( 40) 

where u =(Vi, V8 , VcpnPgi,TPn Vep2,Tp2 , V2f is a vector of dependent variables and f is a 
non-linear vector function. These eight dependent variables will be referred to as primary 
variables. It will now be shown how to express all remaining variables as functions of the 
primary variables. 

Quantities already expressed in terms of the primary variables are the gas phase pressure 
inside the NSI P9i [p9n Tpi], the heat transfer rates c'JPi [Tpi] and Qp2 [V2, Tp2], the specific 
internal energies eep; [Tp;] and e9 , [Tp;], the specific heats at constant volume Cvep; [Tp;] and 
cv0;[Tp;], the specific enthalpies hepi [Tpi] and h9 i [Tpi], and the specific heats at constant 
pressure Cpcpi(Tpi] and Cpgi [TPil· Also, with a knowledge of Pon Eq. (18) can be used to 
express Tb as functions of p9 i and Tpi: 

Tb [Poi, Tpi] = bP:i [Pgi, Tpi] · ( 41) 

Addition of Eqs. (1), (2), (3), (7), and (8) results in a homogeneous differential equation 
expressing the conservation of the total system's mass: 

(42) 

Integrating this expression, applying initial conditions, denoted by the subscript "o", using 
Eq. (12) to eliminate Yui in favor of Vi, V,,, and Vepi, using Eq. (13) to eliminate Vg2 in 
favor of V2 and Vep2, and solving for p92 results in the following: 

[v; V. V, V, ] _ mo - Pa Vs - Pep Vepi - Poi (Vi - V,, - Vepi) - Pep Vep2 
Pg2 2, "' epi,Poi' ep2 - TT _TT ' 

1'2 "ep2 
(43) 
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where 
mo = Ps Vso +Pep Vepio + Puio Vgio +Pep Vep20+Pu201'920· 

Here, m 0 represents the initial mass of the system. Substituting Eq. ( 43) into Eq. (17) 
determines P92 as a function of the primary variables: 

(44) 

With a knowledge of P92 , Eqs. (32), (33), (34), and (35) can be expressed in the following 
forms, respectively: 

F'p = F'p[V2,Vs, Vepi,Pui,Vep2,TP2], 

m 9 = m 9 [V2, Vs, Vep17 p917 Tp17 Vep2, Tp2], 

mep = mep [V2, Vs, Vepi' Poi' Tpi' Vep2, Tp2]. 

(45) 

(46) 

(47) 

(48) 

We next simplify the remaining mass evolution equations. Since both Ps and Pep are 
constant, Eqs. (1), (2), and (7) can be rewritten as 

dVs 
dt = -Abrb, (49) 

dVepi _ 'r/epPsAbrb - mep 
dt Pep 

(50) 

dVep2 _ mep 
dt Pep 

(51) 

To simplify Eq. (3), we use Eq. (12) to replace 1'9i in favor of Vs and Vepp use Eqs. (49) 
and (50) to eliminate the resulting volume derivatives, and solve for the time derivative of 

d (1 - .ea - (1 - .ea) rJ ) PsAbr - m - £.ame Poi _ P• Pep ep g Pep P 
dt V1 - Vs - Vepi 

(52) 

The energy evolution equations will now be simplified. We first multiply Eq. (1) by es 
and subtract the result from Eq. ( 4) to obtain 

des 
-=0. 
dt 

Thus, in accordance with our assumption of no heat transfer to the solid pyrotechnic, its 
specific internal energy remains constant for all time. Integrating this result, we obtain 

(53) 

Addition ofEqs. (5) and (6), and addition of Eqs. (9) and (10) result in expressions governing 
the evolution of energy for the combined product subsystems contained within the NSI 
assembly and gas expansion chamber, respectively: 

! [pepVepieepi +Poi 1'9ie9 i] = PsesAbrb - hepimep - h9im9 + Qp17 (54) 
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d . . 
dt [Pep Vep2ecp2 + Pg2 Vg2eg2] = hcp1 mep + hg1 mg+ Qp2 - Wout2. (55) 

The net heat transfer rates given by Eqs. {36) and (37) have been incorporated into these 
expressions. Multiplying Eq. (2) by eep1, multiplying Eq. (3) by eg1, subtracting these 
results from Eq. (54), using Eqs. (20) and (21) to re-express the derivatives in terms of TP1' 
and solving for the derivative of Tp1 yields: 

dTPl Ps (es - 'f/epeep1 - (1 - 'f/cp) egi) Abrb - (hep1 - €cp1) mep - (hg1 - eg1) mg+ QP1 
dt = TT + TT Pep v cp1 Cvep1 Pg1 v gi Cvg1 

(56) 
Similarly, multiplying Eq. (7) by ecp2, multiplying Eq. (8) by eg2, subtracting these results 
from Eq. (55), using Eqs. {20) and {21) to re-express the derivatives in terms of Tp2 , and 
solving for the derivative of Tp2 yields: 

dTp2 (hep1 - €ep2) mep + (hg1 - €92) mg+ Qp2 - Wout2 

~ = PcpVep2€ep2Cvep2 + Po2 Vg2Cvg2 
(57) 

Lastly, Eq. (11) can be split into two first order ODE's. The first of these equations is 
given by the definition presented in Eq. (39). The second equation, obtained by using Eq. 
{39) and the geometrical relation given by Eq. {14), is expressed by the following: 

dV2 _ ApFp 
dt mp 

(58) 

Equation {39), (49), (50), (52), (56), (51), (57), and (58) for a coupled set of eight 
non-linear first order ODE's in eight unknowns. Initial conditions for these equations are 

Vi(t = 0) = V20, 
Po1 (t = 0) = Po10, 
Tp2(t = 0) = T0, 

Va(t = 0) = Vao, 
Tp1 ( t = 0) = T0, 
V2(t = o) = o. 

Vep1 (t = 0) = Vep1o, 
Vcp2(t = 0) = Vep2o, 

All other quantities of interest can be obtained once these equations are solved. 

Results 

(59) 

Numerical solutions were obtained for the simulated firing of an NSI into the pin puller 
device. The numerical algorithm used to perform the integrations was a stiff ODE solver 
given in the standard code LSODE. The combustion process predicted by the CET89 chem
ical equilibrium code followed the chemical equation given in Table 1. Parameters used in 
the simulations are given in Table 2. 

Predictions for the pressure history inside the NSI and the gas expansion chamber are 
shown in Fig. 3. Also shown in this figure are experimental values obtained by pressure 
transducers located inside the gas expansion chamber.9 A rapid increase in pressure is 
predicted within the NSI assembly immediately following combustion initiation ( t = 0 
ms); the pressure continually rises to a maximum value near 195 M Pa occurring near the 
time of complete combustion (t = 0.023 ms). The pressure within the expansion chamber 
increases more slowly due to mass choking at the NSI port. Following completion of the 
combustion process, the pressure within the NSI assembly decreases to 53.9 M Pa occurring 
near t = 0.06 ms; during this same time, the pressure within the gas expansion chamber 
uniformly increases to a maximum value of 53.4 M Pa. There is a subsequent decrease in 
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both pressures to values near 22.5 MPa at completion of the pin's stroke (tat= 0.466 ms). 
These decreases in pressure result from work done by the product gases in moving the pin 
and heat transfer from the combined product subsystems to the surroundings. 

Figure 4 shows the predicted temperature history for the combustion products contained 
within the NSI assembly and the gas expansion chamber. Since the only energy exchange 
between subsystems contained within these two components is due to the flux of product 
mass through the NSI port, the resulting temperatures of the combined product subsystems 
do not thermally equilibrate. Figure 5 shows the predicted density history for the gas phase 
products inside the NSI and the gas expansion chamber. As a consequence of the product 
temperature difference, a significant difference in gas phase density is also predicted. 

The predicted velocity history of the combustion products flowing through the NSI port 
is given in Fig. 6. Here, a rapid rise in velocity to a maximum value near 928 m/ sis predicted 
immediately following combustion initiation; during this time, the flow through the port 
becomes choked. The flow remains choked as the velocity slowly decreases to 830.3 m/ s. 
Subsequently, there is a rapid decrease in velocity to a minimum value of approximately 
7 m/ s ocurring at t = 0.63 ms. This rapid decrease in velocity occurs as the pressures 
within the NSI assembly and the gas expansion chamber equilibrate following completion 
of the combustion process. As the pin retracts, gases within the expansion chamber expand 
creating a slight pressure imbalance across the NSI port; consequently, the velocity of the 
flow begins to slowly increase to a value of 23 m/ s at completion of the stroke. 

Figure 7 shows the time history of the predicted pin kinetic energy. A continual increase 
in kinetic energy to a maximum value of approximately 31.4 J at completion of the stroke 
is predicted. This value compares to an experimentally measured value of approximately 
22.6 J. The larger value for the predicted kinetic energy is 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. 

Figure 8 gives results showing the sensitivity of the model to changes in the NSI port 
cross-sectional area, Ae. For this study, we use the predicted pin puller solution as the 
baseline solution (baseline parameters given in Table 2). The sensitivity of the model is 
determined by solving the pin puller problem and :finding the parametric dependency of 
three predicted quantities: the pin kinetic energy at completion of the stroke, the stroke 
time, and the maximum pressure attained within the NSI assembly. Quantities presented 
in this figure have been scaled by values obtained from the pin puller simulation presented 
above. For decreasing values of Ae, pin kinetic energy decreases while both the stroke time 
and maximum pressure within the NSI increase. These results are primarily due to smaller 
mass flow rates through the port resulting from decreasing port cross-sectional areas. For 
slightly larger values of Ae, both the stroke time and the pin kinetic energy approach a 
nearly constant value while the peak pressure within the NSI decreases. 

Conclusions 

The model presented in this paper is successful in predicting the dynamic events asso
ciated with the operation of an NSI driven pin puller. In addition to tracking the interac
tions between the reactant and product subsystems, the model also accounts for multiple 
pyrotechnic grains, variable burn surface area, and combustion product mass flow rates 
through the NSI port. Results of a sensitivity analysis reveal that variations in the cross
sectional area of the port may significantly effect the performance of the device. Specifically, 
significant decreases in the pin kinetic energy result from decreases in port cross-sectional 
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area. In the presence of friction, the smaller kinetic energy of the pin may be insufficient to 
overcome frictional effects resulting in functional failure. Decreases in cross-sectional area 
may arise from the partial blockage of the NSI port by foreign matter or by the accumula
tion of condensed phase combustion products. Moreover, it is possible that the very high 
predicted pressures within the NSI assembly resulting from decreasing port cross-sectional 
areas may be sufficient to cause structural failure of the NSI's webbing, thereby jamming 
the pin and preventing it from retracting. Such structural failures have been reported in 
the past.6 
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Table 1: Stoichiometric equation used in pin puller simulations. 

4.0908Zr(s) + 2.9l78KC104(s)-+ 2.7198Zr02(cp) + 2.l786KC1(9) + 1.33100(9) 

+1.2305Zr02(9) + 1.013602(9) + 0.6472Cl(g) 

+0.4310K(9) + 0.2434K0(9) + 0.l403ZrO(g) 

+0.0288Cl0(9) + 0.0285K2Cl2(9) + 0.0040K2(9) 

+0.0031C'2(9) + 0.0002Zr(g) + 0.00010a(9 ). 

Table 2: Parameters used in pin puller simulation. 

parameter value 
1]cp 0.43 
N 100 
Ae 0.100 cm2 

Ap 0.634 cm2 

Ai 0.634 cm2 

V1 0.125 cm3 

Ps 3.57 9/cm3 

Pep 5.89 9/cm3 

Ts 288.0 K 
Tw 288.0 K 
h 1.25x106 9/s3 /K 
f 0.60 
a 0.60 

Fcrit 3.56x107 dyne 
b 0.003 (dyne/ cm2)-0·60cm/ s 
n 0.60 

V20 0.824 cm3 

Vso 0.038 cm3 

Vcp1o 7.425x10-s cm3 

Pg10 6.202x10-6 9/cm3 

To 288.0 K 
V 920 6.576x10-7 cm3 

Vi 0.0 cm3 /s 
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Figure 3: Predicted and experimental pressure histories for the pin puller simulation. 
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Figure 4: Predicted temperature histories for the pin puller simulation. 
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Figure 5: Predicted temperature histories for the pin puller simulation. 
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Figure 6: Predicted velocity of the fl.ow through the NSI port for the pin puller simulation. 

15 



40 

30 

s 
~ 20 
~ 

10 

OL..L.Ju....i....L..1....L.J....L...l....lu....i....i....i.o::::i:..L...L.Ju....i....L..1.....L..L-.L...L.JLI....L...L..1.....L..L-.L...L.Jw...J....L..1.....L..L-.L.L.JL....L.J....l....L..L..L-.L..L..'-'--'-'-' 

-0.10 0.00 0.10 0.20 

t(ms) 
0.30 0.40 0.50 

Figure 7: Predicted kinetic energy of the pin for the pin puller simulation. 
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Figure 8: Sensitivity of the model to changes in the NSI port cross-sectional area. The 
values presented in this figure have been scaled by the gaseline values A: = 0.10 cm2 , 

KE* = 31.4 J, t; = 0.466 ms, and P;
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= 195.2 M Pa. 
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