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One approach to demilitarize solid rocket propellants is treatment with ammonia.
Ammonia extracts the oxidizers ammonium perchlorate and HMX, yielding a solid
residue that is more suitable for incineration and less sensitive to impact and other
modes of accidental initiation. Ammonia treatment of nitroglycerin-containing propel-
lants is complicated by an exothermic reaction between ammonia and nitroglycerin. If
not removed, the heat generated by this reaction can cause propellant ignition. To help
design safe treatment processes, a model for the ammonia-propellant reaction was de-
veloped, which integrates transient energy and species conservation equations to simu-
late ammonia diffusion, heat generation, and heat flow in a propellant and in the solid
residue resulting from ammonia treatment. It was calibrated using residue thickness and
thermocouple data for one propellant. The calibrated model was used to predict condi-
tions leading to ignition of thin propellant strips. The results agree well with experimen-

Modeling of Heat Generation in Ammonia-Treated

tal observations.

introduction

With the end of the Cold War, safe, environmentally sound
separation, recycling, and disposal of ingredients in solid
rocket propellants and munitions has become a national pri-
ority. Solid rocket propellants typically contain three main
components: a fuel, usually powdered aluminum or other
metals; oxidizers, usually particulate ammonium perchlorate
(NH,ClO, or AP), HMX (1,3,57-tetranitro-1,3,5,7-tetra-
azacyclooctane), or both; and a polymeric binder that holds
the fuel and oxidizer particles together. One way to dispose
of solid propellants is incineration. For AP-containing pro-
pellants, however, incineration produces a large amount of
hydrogen chloride that must be scrubbed from the products
before they are released to the environment.

An alternative to burning the whole propellant is to extract
AP prior to incineration. A proposed separation technique
(McBride and Thun, 1979; Matson et al., 1988; Melvin, 1989,
1992, and 1994a,b; Reader et al., 1993; Hendrickson et al.,,
1993; Losee et al., 1993; Stevens et al., 1994) uses liquid am-
monia to extract both AP and HMX. The solid residue is
depleted of HCl-producing AP and is less sensitive to impact
and other forms of accidental initiation. In addition, fairly
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pure AP and HMX can be recovered from the extract and
used in other applications.

Some propellants contain nitroglycerin (glycerol trinitrate
or NG) as a binder ingredient. For these propellants, ammo-
nia treatment is complicated by an exothermic reaction be-
tween NG and ammonia. If heat released by this reaction is
not removed, the propellant can ignite.

Figure 1 summarizes the physical and chemical processes
important in the reaction of ammonia with an NG-containing
propellant. Ammonia diffuses into the solid, dissolves AP and
HMX crystals and leaves solution-filled voids behind. NG in
the binder is chemically destroyed, but the rest of the binder
remains relatively intact. The dissolved oxidizers leach into
the external fluid, leaving a solid residue or crust depleted of
AP, HMX and NG. Ammonia must diffuse through the fluid
entrained in this growing crust to react with fresh propellant.

Heat generated at the reaction zone is conducted into the
fresh solid propellant and into the crust. For propellant im-
mersed in liquid ammonia, reaction-generated heat is readily
removed by boiling. When designing contingency plans for a
treatment process, however, one cannot assume that the solid
will always be immersed in liquid. Under some circum-
stances, propellant may be exposed to ammonia vapor. Heat
removal is much less effective in vapor than in liquid and
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Figure 1. Processes simulated by the ammonia-propel-
lant reaction model.

heat can build up, possibly leading to ignition of the solid
propellant.

Heat management is clearly an important issue in design-
ing safe, ammonia-based treatment processes for NG-con-
taining propellants. Heat generation rates need to be as-
sessed, especially for conditions where exposure to ammonia
gas is possible. A computer-based model has been developed
for this purpose. This model is applicable to the 1-D geome-
try and includes mathematical descriptions of the processes
in Figure 1. It models progressive consumption of propellant
and generation of a product layer (crust).

This article describes development and demonstration of
this computer model. Theory is described in the Model De-
velopment section. The Model Calibration section describes
calibration, wherein input parameters were adjusted to give
the best fit between model predictions and a set of target
data. This procedure gave a good fit between predictions and
the target data. The target data were of two types. One type
was temperature measured in experiments in which small,
thermocouple-instrumented blocks of propellant were ex-
posed to ammonia gas. The other data were measurements of
the growth of the residue layer as a function of time. These
experiments are described briefly in the Experimental sec-
tion. Conditions leading to ignition of thin propellant strips
were investigated experimentally and simulated successfully
with the calibrated model. Results of the experiments, model
calibration, and ignition studies are discussed in the Results
section.

Model Development

The ammonia-propellant reaction model estimates tran-
sient temperature and concentration profiles in a slab of solid
propellant and in a condensed phase product layer produced
by reaction with ammonia. The model is general in that it
allows for exposure of a propellant that contains any ammo-
nia-soluble ingredient (not just AP) and any ammonia-reac-
tive ingredient (not just NG) to a liquid or gas mixture that
contains ammonia. In fact, the model can be used for propel-
lants that contain more than one soluble or more than one
reactive ingredient, although ingredients of each kind must
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be treated as one soluble and one reactive with “average”
properties. Since the model is general, the development de-
scribed below is general. However, conditions leading to igni-
tion of an AP- and NG-containing propellant exposed to pure
ammonia gas were of primary interest to us and these were
the conditions modeled in all simulations described in this
article.

The model was based on a shrinking core heterogeneous
reaction model like that described by Levenspiel (1972). Fig-
ure 1 summarizes the main transport processes involved. One
of three processes controls the reaction rate: transport of am-
monia from the bulk fluid to the solid surface, diffusion of
ammonia through the crust, and reaction with propellant in-
gredients at (or near) the fresh propellant surface. Three
processes affect the temperature of the solid: heat generation
from the reaction, conduction of heat through the crust and
into the propellant, and dissipation of heat into the fluid en-
vironment. Mathematical descriptions of these processes fol-
low, but first it is helpful to describe some additional charac-
teristics of the ammonia-propellant reaction.

Characteristics of the ammonia-propellant reaction

Experiments in which blocks of an AP- and NG-containing
propellant were exposed to saturated (295 K, 0.89 MPa) am-
monia vapor revealed the following characteristics of the am-
monia-propellant reaction. These characteristics were consid-
ered in developing the model:

e Liquid (mostly ammonia with dissolved AP) exudes from
the surface during exposure. After exposure, more liquid is
obtained by squeezing the spongy solid residue. From these
observations, we conclude that liquid-filled voids (that is, the
holes left by dissolved oxidizer particles) are formed, whether
the propellant is exposed to liquid or gaseous ammonia.

e Cutting open a treated block reveals a surface layer dis-
colored by the ammonia-NG reaction. To the naked eye, the
boundary between discolored and fresh propellant is very
sharp. This suggests that the reaction occurs in a thin zone.
Using a magnifying glass, however, it is seen that AP crystals
dissolve slightly before the binder becomes discolored. This
suggests that the NG reaction lags slightly behind the dissolu-
tion process. Thus, for large propellant chunks (that is, large
compared to the reaction zone thickness), it may be accept-
able to treat dissolution of solubles and reaction of energetic
species as if they occur in one infinitesimally thin zone. For
thin propellant strips (thickness on the order of the reaction
zone), however, it may be necessary to treat dissolution and
reaction separately. The process was modeled both ways; the
results are compared in the Results section.

e The mechanism and stoichiometry of the ammonia~-NG
reaction is not well-understood. Laboratory analysis of liquid
exudate indicates that reaction products include ammonium
salts (such as nitrate and nitrite) and partially denitrated
derivatives of NG. Based on this observation, the reaction
probably includes many elementary steps. We chose to model
the reaction using overall chemistry rather than attempting a
mechanistic approach.

Modeling of the ammonia-propellant reaction

The ammonia-propellant reaction was modeled using two
generalized reaction schemes. The first is a one-step process

June 1995 Vol. 41, No. 6 1573



defining the overall reaction chemistry. The entire process,
including dissolution of soluble components, chemical reac-
tion of ammonia with energetic components, and the associ-
ated heat release, was assumed to occur in an infinitesimally
thin zone.

The second process involves two steps. The first step is
dissolution of soluble ingredients. As with the one-step pro-
cess, this step occurs in a thin zone. This step was assumed to
create liquid-filled voids and to release energetic components
bound in the propellant.

The second step is a volumetric reaction that occurs dis-
tributed throughout the crust. This step was used to model
the exothermic reaction between ammonia and the energetic
components released by the first step. This choice of reaction
sequence (dissolution followed by distributed reaction) im-
plies that little reaction with the energetic components is
likely until dissolution of soluble components enhances am-
monia diffusion by creating liquid-filled voids.

Interfacial reaction

The one-step reaction (or first step of the two-step reac-
tion) was described by

P+p,A— p, I+ ppR ®

where P, A4, and [ represent propellant, ammonia, and inert
products, and R represents reactive ingredients released from
the propellant by this step; w, is the mass of ammonia used,
and u, and py, are the masses of inerts and reactive species
produced per unit mass of propellant.

An essential feature of this step is dissolution of soluble
ingredients by ammonia. Although dissolution is not a chemi-
cal reaction, it was convenient to treat it as a reaction in the
modeling. Dissolution is an equilibrium process, that is, it will
not occur if the liquid is saturated with solute. To take equi-
librium into account, the rate equation for Eq. 1 was written
as

— Vi = ki P (Wi =Wy o) @
4

where —r%,, is the ammonia “usage” rate (kg/m?-s), w,; is
the ammonia mass fraction at the interface (based on all ma-
terials in the crust, not just entrained liquid), p, is the aver-
age product density (including entrained liquid, kg/m>), k; is
a rate constant (m/s), and w,, ., is the ammonia mass fraction
at saturation (again, based on all materials). Thus, the rate
was assumed to be proportional to the difference between
the ammonia concentration and that which would prevail at
saturation. If the process is rapid (k; —»»), Eq. 2 reduces to
Wai = Wyeq-

For the one-step process, soluble propellant ingredients are
dissolved and energetic components are destroyed in this step.
Since no energetic components escape the reaction zone, uy
=0in Eq. 1. Both u, in Eq. 1 and the ammonia “usage”
rate — r},. in Eq. 2 include the amount of ammonia required
to dissolve solutes and to destroy reactive ingredients in the
propellant.

Heat generation associated with the interfacial reaction was
modeled by
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where subscripts i~ and i* denote conditions on the crust
and unreacted sides of the interface, T is temperature (K),
A, and A, are thermal conductivities (W/m-K) of the crust
and propellant, and AH; is the heat of reaction (which in-
cludes heat of solution for soluble materials in J/kg propel-
lant); u; is the reaction “velocity,” that is, the rate at which
the interface between the propellant and crust moves into
the unreacted solid. From the stoichiometry in Eq. 1, this
velocity is given by
U
U, =-— A 4
Moy pp

If the reaction is rapid (k; =), then the rate is diffusion-
limited. In this case, u, is fixed by the rate at which ammonia
diffuses to the reaction zone and is given by

D, aw
U= — ——D,—2 5)
Mg pp 9x i

where D, is the effective diffusivity of ammonia in the crust

(m?%/s).

The distributed reaction

In the two-step process, energetic components released by
the first step react with ammonia in the second. Thus, pg # 0,
4 and — r;, only include ammonia required for dissolution
and A H; only includes heat of solution. The distributed reac-
tion was assumed to be of the form:

R + aA — Products 6)

where a is the mass of ammonia consumed per unit mass of
R. This reaction was assumed to follow a second-order, irre-
versible rate equation:

1t

—rha=kyplwawg M
where —r/, is the volumetric rate of disappearance of am-
monia, wg is the mass fraction of reactive ingredients, and &,
is a rate constant. The heat release rate per unit volume
(W/m_?’) from this reaction was given by Q = r’y,A H,/a where
A H, is the heat of reaction per unit mass of R.

Mass (ammonia) and thermal diffusion

Ammonia diffusion and heat flow in the crust and propel-
lant were modeled by the species and energy conservation
equations. For one-dimensional, rectilinear flow, these equa-
tions are

7 Cow)+—Cpumw) = o, 22 @®)
— w.)+ — )= — — )+
ot PP T oy pun; ax \ P70 g% ’i

a(CT) a( C';'")—a M o
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where u is velocity (m/s), D; is the effective diffusivity of
species j (m2/sec), r/’ is the volumetric generation rate of
species j (kg/m>-s), C is heat capacity (J/kg-K), and Q is
the volumetric heat generation rate (W/m>). In the absence
of distributed reactions, r/” and Q are zero. For both the
one- and two-step reaction sequences, one species continuity
equation was required for ammonia. For the two-step option,

another was required for the reactive ingredients (R).

Boundary and interface continuity conditions

To obtain a complete solution from the conservation equa-
tions, boundary conditions at the fluid-crust boundary and
continuity conditions at the crust-propellant interface were
required.

At the fluid-crust boundary, a convective boundary condi-
tion was applied. For heat transfer, this condition was given

by

2L T, - T) 10
qs = < ax s_ f s

where g, is the heat flux into the surface per umit area
(W/m2), h is the fluid phase heat-transfer coefficient (W/m?-
K), and 7, and Tf are the surface and bulk fluid tempera-
tures (K), respectively.

The convective condition for mass transfer was analogous
to Eq. 10:

awyd

ax

Jas=— pcDA( ) =h, (WP —w) an

where J,, is the flux of ammonia into the surface per unit
area (kg/m*-s), h,, is the mass-transfer coefficient (kg/m?s),
and w§) and w§} are the surface and bulk fluid ammonia
mass fractions, respectively. The superscripts (i) and (e) indi-
cate mass fractions in the crust (as based on all materials)
and in the external fluid (unless otherwise specified, w, with
no superscript refers to crust weight fraction). To relate the
external to the internal (crust) mass fraction at the surface,
another equation was required. In the model, the following
was used:

wil = Kw). (12)

Basically, this is an equilibrium equation, that is, it relates
the ammonia mass fractions that exist in equilibrium in the
crust and external fluid. K may be affected by pressure, tem-
perature, and composition, but we treated it as a constant.
Assuming that pure ammonia is the external fluid, K was
estimated from K = p /A p,€) where g, is the density of
liquid ammonia and e is the porosity of the crust; e was
assumed to be the volume fraction of soluble ingredients in
the propellant.

One of two boundary types was applied at the extreme
righthand interface (as shown in Figure 1): symmetric (a
two-sided mass of propellant or with an insulated right face)
or convective. For the convective condition, the right propel-
lant surface was assumed to be chemically inert but not ther-
mally insulated. This allowed the model to simulate experi-
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ments in which one side of a propellant block was coated
with a thin layer of silicone rubber sealer to prevent reaction.
A separate heat-transfer coefficient was allowed for heat loss
from this surface, but the same fluid temperature was used as
for the reactive face.

At the crust—propellant interface, two conditions were im-
posed to link the crust and propellant energy equations. These
required continuity of heat flux (Eq. 3) and temperature: 7,-
= T;+. For mass conservation, the condition p,u; = p.u, was
imposed, where u,_ is the velocity at which the crust “moves
away” from the interface. This condition requires that the
mass flux of crust away from the interface is equal to the
mass flux of propellant into the interface. If the crust has the
same density as the propellant, then u, = u;; otherwise, the
propellant block swells (u, > u;) or shrinks (u, <u,) as the
reaction progresses.

Continuity in species mass flux was required by satisfying
the following equation:

I, ,
—in—’:pc ltCWj+Dj7;- izrji (13)

where J;; is the mass flux of species j per unit area (kg/m?-s)
into the interface, and r}; is the rate of production of j at the
interface. For the reactive ingredients (released according to
Eq. 1), rg; = pg pyu;- For the one-step option, g is 0; for
the two-step option, uy is the mass fraction of the reactive
ingredients in the fresh propellant.

For ammonia, ry; (= —J,;) in Eq. 13 differs from rj;. in
Eq. 2. r; is given by:

— 74 = B4R Ppl; (14)

where u,r is the mass of ammonia chemically destroyed at
the interface (by the first reaction step) per unit mass of pro-
pellant: — Y, is the rate at which ammonia is destroyed;
— r'i;» includes this rate plus the rate at which ammonia must
be supplied to the interface to dissolve solutes. For the two-
step option, no ammonia is chemicaily destroyed at the inter-
face, thus, p,r=0and r;; =0.

Numerical solution of the conservation equations

The method used to solve conservation Eqs. 8 and 9 was
based on Patankar’s (1980) method for solving combined con-
vection and diffusion problems. Application of this method
to these equations gave tridiagonal systems of algebraic equa-
tions. These systems were solved iteratively by the method of
successive substitution to obtain temperatures and ammonia
and reactive component weight fractions at discrete time
steps.

As the reaction proceeds, propellant is consumed and crust
is formed. Thus, the fresh propellant shrinks while the crust
grows. In the numerical solution, this phenomenon was mod-
eled by adding crust elements and by subtracting propellant
elements as time progressed.

Model Calibration

Physical and chemical properties required as input to the
ammonia-propellant reaction model were identified and esti-
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Table 1. Summary of Initial Property Estimates Used in
Ammonia-Propellant Model

Description Value
Propellant dens., p, 1,853 kg/m?
Propellant thermal cond., A, 0.36 W/m-K
Propellant heat capacity, C, 1,214 J/kg- K
Crust density, p, 1,853 kg/m®
Crust thermal cond., A, 0.36 W/m K
Crust heat capacity, C, 1,214 J/kg-K
Effective diffusivity, D, 5.06x107° m¥s
Equilibrium constant, K 0.112
Heat-transfer coeff., 4 41.6 W/m?-K

Interf. reaction rate const., k; 1.82x107° m/s
One-Step Reaction Option (k; = 0)

0.0773 kg A/kg P
7.04 % 10° I/kg P

Two-Step Reaction Option (k, > 0)

Ammonia/propellant mass ratio, p,
Heat of reaction, AH,

Ammonia/propellant mass ratio, u 0.0644 kg A/kg P
Heat of reaction, AH; 0JkgP
Equilib. ammonia mass fraction, w, ., 0.0644 kg A/kg crust

Distributed reaction rate constant, k 0*s !

Distributed reaction heat of reaction, AH, 4.09x10%7J/kg R
Ammonia/reactive mass ratio, a 0.075 kg A/kg R
Mass fraction reactive in propellant, up 0.1722 kg R/kg P

*Initial value only; adjustment during calibration gave k> 0 (Table 3).

A Hyset 1o AH; g en/tr = 704X 103/0.1722 = 4.09 X 10 to ensure that
the same amount of hcat was generated per unit mass of propellant for
both options.

mated. Some inputs, such as propellant thermal properties
were obtained from the Hercules propellant database (Her-
cules, Inc., 1987). Other parameters were estimated from
quasi-steady analysis of experimental data using simplified,
steady-state versions of Eqs. 8 and 9. The heat of reaction for
the ammonia-propellant reaction was estimated from differ-
ential scanning calorimetry (DSC) results for a solid propel-
lant in 0.4 MPa ammonia gas. From these estimates, program
input was prepared for a propellant containing approximately
17% NG by weight. The input is surnmarized in Table 1.

To obtain the best correspondence between experimental
data and model predictions, adjustment of some input pa-
rameters (that is, calibration) was required. An uncon-
strained optimization program was used to obtain the best
“least-squares” fit between model predictions and a set of
target data. The target data were crust thickness measure-
ments and transient temperatures from thermocouple instru-
mented block tests. These tests are discussed below.

In its calibration mode, the model requires time-varying
fluid temperature as input. A cubic spline smoothing algo-
rithm was used to remove noise from fluid temperature data.
Figure 4 shows a comparison of the smoothed data to aver-
age thermocouple data from six block tests.

Model Application

The calibrated input was used to simulate ignition experi-
ments in which 2, 3 and 4 thin (0.9 mm) strips of propellant
were exposed to ammonia gas at 0.89 MPa in a closed vessel.
This required coupling of the ammonia-propellant reaction
model to a well-stirred batch reactor model. The batch reac-
tor model simulated the effect of heat generation from a
specified volume of propellant particles on the fluid tempera-
ture in the vessel.
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The fluid temperature in the vessel was modeled by the
differential equation

dT,
f
mef—c—iT=hapV',,(Ts—Tf)-UeAe(Tf—Te) (15)

where m, and C; are the mass (kg) and heat capacity (J/kg-
K) of the fluid. In posing Eq. 15, we assumed that particles
are of uniform size and surface temperature and that fluid
temperature is uniform throughout the vessel. The first term
on the righthand side of Eq. 15 gives the rate of heat transfer
from the particles to the fluid, where A is the coefficient for
convective heat transfer between the particles and fluid (same
as h in Eq. 10), a,, is the particle surface area per unit vol-
ume (m™'), ¥, is the particle volume (m?), and 7; is the
particle surface temperature (K).

The second term models heat loss to the surroundings
through an overall heat-transfer coefficient, U, (W/m?-K); A4,
is the vessel wall area available for heat transfer (m?), and 7,
is the temperature of the surroundings. U, was estimated from
an empirical correlation for natural convection heat transfer
(Bird et al.,, 1960). This estimate was adjusted to match the
predicted maximum gas temperature with the average of
maxima observed in two-strip tests.

Experimental

To obtain data for model calibration and application, solid
propellant samples were exposed to 295 K gaseous ammonia
at 0.89 MPa. Three types of tests were conducted. These tests
are described below. All tests were conducted inside small
pressure vessels.

Instrumented block tests

To provide data required for model calibration, tests were
performed with thermocouple-instrumented 25X 25X 12 mm
blocks of propellant. The experimental setup is shown in Fig-
urc 2. Two thermocouples were embedded in the block ap-
proximately 1/4 and 1/2 of the way from one 25X25 mm
surface. The rear face and edges were potted with silicone
rubber sealer to prevent reaction and intrusion of ammonia
along the thermocouple leads.

The instrumented block was placed in an aluminum foil
pan inside of a pressure vessel. Another thermocouple was
pressed gently against the surface. A fourth thermocouple was
used to measure the gas temperature.

The vessel was sealed and pressurized with gaseous ammo-
nia. Thermocouple temperatures were recorded as a function
of time by a PC-based data-acquisition system.

Crust thickness measurements

To obtain crust thickness measurements required for model
calibration, blocks of propellant were placed in a vessel and
exposed to gaseous ammonia for 1, 2, 5, 10, 15, 20 and 40
min. Following exposure, the blocks were removed and cut
open to reveal the interior. The ammonia-exposed surface
layer showed discoloration due to the reaction between am-
monia and NG. Under a magnifying glass, the thickness of
the discolored layer was measured with a scale.
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Figure 2. Experimental apparatus used in thermocouple
instrumented block tests.

Strip ignition tests

An essential consideration in designing a safe ammonia
treatment process is determining the rate of heat removal
required to keep the temperature below the propeilant igni-
tion point. As shown in Eq. 15, the rate of temperature rise
in the fluid (d7;/dt) is proportional to the rate of heat gener-
ation minus the rate of heat loss to the environment. The
rate of generation is proportional to the reactive surface area
of the propellant; the rate of heat loss to the environment is

pressure
transducer

PC-based data
aoquistion system

plexiglass propellant

foil
enclosure  strips pan

Figure 3. Experimental apparatus used in strip ignition
tests.
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proportional to the vessel surface area. In light of these con-
siderations, experiments were done to determine the propel-
lant surface area at which natural convection heat loss from a
small vessel became inadequate to prevent ignition. For the
same propellant formulation used in the block tests, two,
three and four 0.9-mm-thick strips of propellant were sus-
pended in a small plexiglass enclosure within a pressure ves-
sel as shown in Figure 3. Thermocouples were placed in the
gas both inside and outside of the enclosure. The vessel was
sealed and pressurized with gaseous ammonia. Temperature
was recorded as a function of time and the strips were
watched for ignition.

Results
Instrumented block tests

Six thermocouple instrumented block tests were performed
with the 17% NG propellant. Since differences in measured
temperatures among the tests were significant (a standard
deviation of 3.3 K), the thermocouples measurements for all
six tests were averaged to make the plot shown in Figure 4.
(Sources of variation include differences in block size, com-
position and placement in the vessel, and variation in ther-
mocouple response and placement within the block.)

Immediately following exposure to ammonia, the propel-
lant surface temperature began to rise, a manifestation of re-
action-generated heat. Soon after, the embedded thermocou-
ple temperatures began to rise, indicating conduction of heat
into the interior of the block.

After approximately 10 min, the surface temperature
reached a maximum and began to decrease, indicating move-
ment of the reaction zone deeper into the block. The embed-
ded thermocouple temperatures rose for about 10 more min;
then they became approximately constant. This indicated that
the block had attained a “quasi-steady” condition where the
rate of heat loss to the gas was approximately equal to the
rate of heat generation.

Diffusion tests

Figure 5 shows crust thickness plotted against square root
of time. There is scatter; however, the data approximately
follow a linear trend.

One of three processes (Figure 1) controls the effective re-
action rate: transport of ammonia from the bulk fluid to the
outer (crust) surface, ammonia diffusion through the crust to
the fresh propellant surface, or chemical reaction at that sur-
face. As shown by Levenspiel (1982), if fluid phase transport
or chemical reaction controls, the effective reaction rate is
approximately constant in time. Thus, the crust thickness in-
creases linearly with time. If crust diffusion controls, the ef-
fective rate is inversely proportional to the crust thickness.
Thus, the effective rate decreases with time and the crust
thickness increases linearly with the square root of time.

In reality, more than one mechanism controls over a long
time. Initially there is no crust and thus no resistance due to
crust diffusion. Thus, either the kinetic or fluid mass-transfer
process controls at first. As the crust grows, the crust re-
sistance increases until it becomes controlling. Thus, crust
thickness should begin by varying linearly with ¢ and then
shift to linear variation with +¥2. The data in Figure 5 appear
to show this behavior.
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Figure 4. Average temperature data from six thermo-
couple-instrumented block tests.

Solid lines show temperatures predicted by mode] using cali-
brated input sets (a) A; (b) B; and (¢) C.

Strip ignition tests

Maximum temperatures and times to reach maximum tem-
perature for the strip tests are listed in Table 2. As can be
seen, the maximum temperature increased from two to three
strips. For four strips, however, the temperature did not reach
a maximum. Instead, the strips ignited and burned at the
times and temperatures indicated.

Instrumented block simulations

In addition to data, Figures 4 and 5 show the results of
model predictions of temperatures and crust thickness. These
predictions were for sets of adjusted input parameters that
gave the best “least-squares” fit to the data. Table 3 summa-
rizes three sets of parameters. Calibrations A and B used the
one-step reaction option; calibration C used the two-step op-
tion. In B and C, propellant thermal conductivity and heat of
reaction were adjusted; in A, they were not. The adjusted
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Figure 5. Crust thickness measurements.

Lines show thicknesses predicted by model using calibrated
input sets A, B, and C.

heat of reaction was lower than the DSC-derived estimate,
suggesting that the reaction in the block test did not reach
the degree of completion observed in DSC tests.

Figure 4a shows results for calibration A. The predictions
matched the data trends fairly well; however, the predicted
difference between the embedded thermocouple tempera-
tures was larger than the observed difference at short times
(¢ <10 min). Figure 4b shows results when propellant ther-
mal conductivity and heat of reaction were adjusted (calibra-
tion B). The agreement between the experiment and simula-
tion was much improved.

Table 2. Pressure Vessel Tests with 50 X 25 X 0.9 mm
Propellant Strips Inside a Plexiglass Tube

Test No. of Time to Max. Max. Ignition
No. Strips Temp. (min) Temp. (K) (Y/N)?

1 2 15 342 N

2 2 10 362 N

3 3 13 385 N

4 3 7 395 N

5 4 7 364 Y

6 4 7 374 Y

Table 3. Input Parameters Giving Best Least-Squares Fit of
Block Test Thermocouple and Crust Thickness Data

Calibration
Parameter* A B C

A, (0.36)" 0.541 0.530

A 0.845 0.477 0.439
D, 4.32x107° 4.58%107° 4.59x107°

K 0.126 0.0962 0.0943

h 102 35.5 355

k; 2.60x10°° 1.22x107° 1.24x1073
AH, (7.04x 10%) 3.01x10° 0

ky — — 0.469
AH, — — 1.76 % 10°
Ut 12.1 6.69 6.81

*See Table 1 for definitions and units.

Parameters in parentheses were not adjusted during calibration.

Not calibrated using block test data; only used in strip ignition simula-
tions; units: W/mZ2-K.
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Figure 6. Temperatures of 50 mm X 25 mm strips of pro-
pellant in a 90-mL ammonia-filled vessel, pre-
dicted by model using calibrated input sets:
(a) A; (b) B; and (c) C.

Curves 1-4 are for the corresponding number of 0.9-mm-
thick strips; 2D is for two 1.8-mm-thick strips; 1Q is for one
3.6-mm-thick strip.

Figure 4c shows results for calibration C. Compared to B,
the improvement in fit was slight and occurred mainly at short
times. Thus, addition of distributed reaction was not very im-
portant for modeling the behavior of propellant blocks of the
size used in these tests.

Figure S shows that crust thickness predictions for B and C
(in which heat of reaction was adjusted) fit the data well;
those for A gave a poorer fit. Thus, crust thickness was fit
well only when using a lower heat of reaction than estimated
from DSC data.

Strip ignition simulations

The calibrated model was used to simulate strip ignition
tests. To assess the effect of the one- and two-step reaction

AIChE Journal

options and variation in other model parameters, all calibra-
tions in Table 3 were used. For each, the overall heat-trans-
fer coefficient for heat loss to the environment (U,) was ad-
justed to make the predicted maximum gas temperature for a
two-strip test equal to 352 K, the average of the observed
maxima (listed in Table 2).

Figure 6a shows model predictions of propellant tempera-
ture for one, two, three and four strips of propellant using
the input parameters from calibration A. As can be seen, the
model predicted increasing maximum temperature for suc-
cessive numbers of strips. From thermal ignition data
(Butcher, 1991), the propellant was known to have an igni-
tion temperature of approximately 410 K. Figure 6a shows
that for three strips, the maximum temperature predicted was
398 K. Thus, the model predicted that three strips should not
ignite. For four strips, however, the maximum temperature
was 420 K. Thus, the model predicted that four strips should
ignite. These results agree with the experimental results.

Figures 6b and 6c shows results for the same simulation,
but using input parameters from calibrations B and C. For
both calibrations, the predicted temperature maxima for three
and four strips are below and above the ignition temperature,
respectively. Thus, these model predictions led to the same
conclusion as for calibration A.

As described in the previous section, adding distributed re-
action (that is, using the two-step option) made little differ-
ence in the model’s ability to fit temperature and crust thick-
ness data for blocks. Figures 6b and 6c show that distributed
reaction also had little effect on the shapes of the tempera-
ture—time profiles for thin strips. Thus, including distributed
reaction was not important for either blocks or thin strips of
this propellant. However, the shape of the profile for calibra-
tion A (Figure 6a) differs dramatically from that for B. The
heat of reaction used in B was much lower than for A. Thus,
although accurate heat of reaction may not be critical for
modeling large blocks (both A and B did a fair job of match-
ing the block temperature data shown in Figure 4), it appears
to be important for modeling thin strips (and by inference,
small particles).

Figure 7 compares predicted maximum gas temperatures
to experimental maximum thermocouple temperatures in the

420

Temperatures
at ignition

e
-
-

Temperature (K)

1 2 3 4
Number of 0.9 mm Strips

-=-Gas,CalibA - Gas, CalibB -+ Gas, CalibC
= Strips, Calib A - Strips, Calib B = Strips, Calib C
Figure 7. Maximum gas and strip temperatures pre-
dicted by model compared to maximum tem-
perature data from strip ignition tests.

= Data
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strip tests. There is lack of agreement for three and four
strips. Possible explanations for these discrepancies are:

(1) Experimental error exists: the discrepancies are within
the range of data variation.

(2) During most tests, the propellant strips were observed
to curl. This usually caused contact between the strips. This
may have caused the thermocouple to contact the propellant.
In these cases, the thermocouple measured propellant, not
gas temperature.

(3) Another effect of strip contact is reduction in reactive
surface area. This reduces heat generation rate and maxi-
mum temperature. That predicted strip and gas temperatures
for three strips bracket the experimental results is consistent
with this and explanation 2.

(4) The model ignores the temperature dependency of
condensed phase diffusivity. Including this effect could alter
the temperature—time profile and the positions and magni-
tudes of temperature maxima. Temperature-dependent diffu-
sivity could also explain why predicted temperature maxima
occurred earlier (on the order of 2-4 min) than the observed
maxima (7-15 min).

Conclusions

A computer model for simulating heat release from the
reaction of ammonia and nitroglycerin-containing solid rocket
propellants has been developed. An unconstrained optimiza-
tion program was used to adjust (calibrate) input parameters
to give the best fit between predictions and a set of target
data. The target data were of two types: crust thickness mea-
surements and temperatures from tests in which blocks of
propellant instrumented with thermocouples were exposed to
gaseous ammonia. Good fits between predictions and experi-
mental results were achieved for a propellant using two reac-
tion models and three sets of input parameters.

After calibrating the model, it was used to predict condi-
tions leading to ignition of thin propellant strips. For all three
sets of calibrated input parameters, the model predicted igni-
tion under the same conditions as observed experimentally.
However, the shape of the predicted temperature—time pro-
files for the thin strips varied significantly among the three
calibrations. The factor that affected profile shape the most
was heat of reaction. Thus, accurate heat of reaction is im-
portant to accurate modeling of the behavior of thin strips
(or small particles).
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