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Model for Nonlinear Transient Burning
of Hydrazinium Nitroformate

Jeroen Louwers* and Guy M. H. J. L. Gadiot'
TNO Prins Maurits Laboratory, 2280 AA Rijswijk, The Netherlands

Transient burning of solid propellants is a topic that still contains a large number of questions. The transient
burning of neat hydrazinium nitroformate is calculated within the quasi-steady gas-phase, homogeneous one-
dimensional condensed phase approach. We focus on the effect of the condensed phase on the transient burning
of solid propellants by showing the effect of temperature-dependent thermal properties, phase transitions, and
chemical reactions in the solid phase. By solving the governing equations numerically, the nonlinear effects are

conserved.

Nomenclature

preexponentional factor, s~!, m/s
specific heat, J/kg-K

= activation energy, J/mol

= thermal conductivity, W/m-K
integer0, 1, 2, ...

pressure, Pa

= heat release, J/kg

= universal gas constant, J/mol-K
= pressure-drivenresponse function
= propellantregressionrate, m/s

= temperature, K

time, s

space coordinate, m

thermal diffusivity, m*/s

= heat release rate, W/m?

= density, kg/m*

nondimensional time
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Subscripts and Superscripts

= condensed phase

= flame

= gas phase

= melting of hydrazinium nitroformate
surface
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I. Introduction

N the past, a lot of effort has been put into the development of

models for transientburning of solid propellants. With the excep-
tion of a few models, most models share the same basic assumptions,
of which the most important are homogeneous propellant with con-
stant thermal properties, quasi-steady gas phase (QSG), and disre-
gard of solid-phasereactions. In most models the condensed-phase
reactions are collapsed to the surface, i.e., quasi-steady condensed-
phase reactions (QSC). Several researchers have suggested that the
existing models could be improved by accounting for chemical
reactions in the solid phase.!"> Zebrowski and Brewster’ reported
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a large effect of condensed-phase unsteadiness on the transient re-
sponse of a propellant. They showed that breakdown of the quasi-
steady (QS =QSG + QSC) assumption is likely to occur in the
condensed phase before it occurs in the gas phase. Similar results
were obtained from an extended model for the transient combus-
tion of ammonium perchlorate (AP)-based composite propellants.*
This model accounts for distributed condensed-phasereactions and
relaxes the QSC approximation. In this work, the AP model is ap-
plied to calculate the transient combustion of neat hydrazinium ni-
troformate (HNF). HNF is a high-performance chlorine-free oxi-
dizer, which regained interest recently’ Like AP, HNF has very
temperature-dependert thermophysical properties. The model ac-
counts for condensed-phasereactions, melting of the HNF, and non-
constantthermophysicalproperties. The effect of the introductionof
these aspects on the pressure-coupledresponse functionis shown. It
is the intention of this work to show the effect of combiningall of the
physical effects just described. This is not restricted to condensed-
phase reactions as in the work of Zebrowski and Brewster,? but also
includes nonconstantthermophysical propertiesand phase changes.

II. Description of the Model

Figure 1 shows the model considered. Deep in the propellant’s
solid phase, the propellant has its initial temperature 7. Because
of the conductive heating by the gas phase and chemical reactions
in the solid phase, the temperature in the solid increases up to the
surface temperature 7. At the surface, gasification of the solid takes
place. Above the surface, the decompositionproductsreact, until the
gases reach the flame temperature 7',.

When the condensed phase is assumed to move with the burning
rater, to theright, the surface will remain at a fixed position (x = 0).
For this situation, the energy equation of the condensed phase is
given by the following parabolic partial differential equation®:

oT ]
— | = —

aT oT
CC(T)pC [_ +r - 9x [kc(T)a_xi| + QCGC(T)

ot 0x

for —oo<x <0 (1)

where ¢, is the heat capacity of the condensed phase, p. is the den-
sity of the condensed phase, k. is the thermal conductivity of the
propellant,and Q€. is the heat release distributiondue to chemical
reactions in the solid phase. This equation is nonlinear because of
the terms 1,07 /9x, Q.€.(T), and the temperature-dependert ther-
mophysical properties ¢.(T'), and k.(T). It has been observed that
the density of the liquid HNF is slightly lower than that of solid
HNF.? This probably is caused by the gaseous decompositionprod-
ucts in the melting layer. Because no accurate experimental data
are available, the density is assumed to be constant throughout the
whole condensed phase.
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Fig. 1 Schematic of model for HNF combustion.

The regression rate is calculated from a zeroth-order Arrhenius
law

r, = Axe_E:/RT: (2)

where E| is the surface activationenergy and 7 is the surface tem-
perature.

On the cold boundary side, x — —o0, the boundary condition is
given by

T(x - —o0,1) =T, 3)

From an energy balance at the burning surface, the boundary
condition at x = 0 is found to be

oT
[kc_i| =g, +r Q.Y (4)
ax |-
where g, , is the heat flux from the gaseous phase to the surface of the
propellant. At the surface, heatis released, which is described by the
term Q,. In most models, the surface heat release accounts for the
total heat released in the condensed phase, which then is assumed
to be collapsed at the surface. This allows for simple calculations
because this term does not appear in the energy equation but in its
boundary conditions. In the model presented, both the surface heat
release O, and the condensed-phaseheatrelease Q. are considered.
The heat-release distribution function €, may be assumed to be
exponentially dependenton the temperaturein the condensed phase

Q.6.(T) = A Qe F/RT S

where E. is the activation energy of the condensed-phasereactions.
Because the decomposition in the solid phase is very small, it is
assumed that e, = 0 in the solid phase. The preexponentionalfactor
A, can be deduced from the normalization condition®

0
/ €(T(x)dr =1 (6)

The decomposition activation energy of melted HNF was found
to be 105 kJ/mol (Ref. 8). In case of surface-controlledkinetics, the
surface activation energy is found from E; = E_/2 (Ref. 9).

Several researchers have reported that combusting HNF shows a
distinct melt layer at atmospheric combustion.-!1® As the pressure
is increased, this melt layer decreases in thickness. The position of
the melting layer, x = x,,, is given by the condition

dT dT
[kC(T) d_xi| - [kC(T) d_xi| - =TpPe Qm (7)

where Q,, is the melting heat of HNF.

Experiments withembeddedthermocouplesshow that the thermal
diffusivity of HNF is not constant and is dependent on the temper-
ature. The thermal diffusivity as a function of temperature was de-
termined from measured thermocouple traces.” Figure 2 shows the
thermal diffusivitiy used for the calculations presented. This tem-
perature dependence of «, yields good agreement between experi-
mental determined and calculated temperatureprofiles. The gradient
between 350 and 370 K was introduced for computational stability.
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Fig. 2 Temperature-dependent thermal diffusivity of HNF used for
the calculations.
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Fig. 3 Comparison between measured temperature profile and calcu-

lated profiles with constant (room temperature) thermophysical prop-
erties.

The reason for the sudden change in thermal diffusivity is unknown.
Up to its melting point HNF has no phase changes.

Figure 3 compares a typical measured temperature profile in
HNF combustion at ambient pressure with the theoretical temper-
ature with constant thermal properties. It is clear that the constant-
propertiesassumptionis very crude and will yield differenttransient
burning characteristics. It is the intention of this paper to show the
effect of nonconstantthermal properties and condensed-phasereac-
tions on the propellant’s response function. The gas phase is con-
sidered to be quasi steady, which holds for low frequencies and low
pressure.The heatfeedback fromthe gaseousphase to the condensed
phase (g, ,) is calculated using the «fy model witha =0, 8 = 1,
andy =0, 1,2, ... (Ref. 6). It is assumed further that this conduc-
tive heat transportis only pressure dependent. From these assump-
tions, it becomes clear that the gas phase is modeled very crudely;
however, it is the objective of this study to analyze the effects of the
processes in the condensed phase on the transient burning.

III. Numerical Solution

The equations are solved numerically by the use of an implicit
finite difference method similar to that described in Ref. 11. In
essence, this is a modified Crank—-Nicholson method, with an im-
proved stability of the time derivative by a weighted average of the
points next to the point to be solved. Because of the steep gradients
near the burning surface and the very slowly varying temperature
near the cold end, a scale transformation was applied. This trans-
formation enlarges intervals near the surface, and thus intervals far
away from the surface are reduced.

The finite difference equations were implemented in a
FORTRAN-77 computer program. This program first calculates
the steady-state solution, which serves as a starting point for the
transient calculations. This steady solution then is perturbed by a
prescribed time-dependent (e.g., sinusoidal) pressure disturbance.

All calculationsare performed at an ambient pressure of 0.1 MPa.
The input data for the model are summarized in Table 1.
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Table1l Model input data

Symbol Value Unit
E. 105 kJ/mol
Oc + O 209 kI/kg
On —161 kI/kg
Ts 2766 K
Pe 1860 kg/m3
rp 0.922 - (p/po)>828 mm/s
fs 553 . (13/170)0’079 K
Po 0.1 MPa
Ty 293 K
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Fig. 4 Comparison between measured temperature profile and cal-
culated profiles with nonconstant thermophysical properties and
condensed-phase reactions.

IV. Results

A. Steady-State Burning

Figure 4 compares the calculated condensed-phase temperature
profile with an experimentally determined profile. For this calcula-
tion, nonconstant thermophysical properties and condensed-phase
reactions were used. Agreement with the experimental results is
much better than for the constant properties from Fig. 3. Around the
surface, there is still a deviation from the experimental results. Be-
cause of the limited amount of experimental data available and the
steep gradientin thisregion, which limits the accuracy of the thermo-
couple experiments, no further attempts to improve the agreement
were carried out. The differencein temperature profile between dis-
tributed condensed-phasereactions (Q. # 0) and surface-collapsed
reactions (Q, #0) is very small; see Fig. 5. This is because of
the high activation energy, which results in a very small reaction
layer very close to the surface. The effect of the spatial heat-release
distribution during transient combustion is discussed in the next
section.

B. Transient Burning

To be able to calculate the transient burning of a solid rocket
propellant, it is necessary that the propellant parameters be known
accurately. The value of the total subsurfaceheat released by chem-
ical reactions (Q; + Q,) is a quantity that is difficult to measure.
It was shown that the surface heat release Q; is a very sensitive
parameter for steady-state burning!? as well as for transient burn-
ing, for which this sensitivity can be shown easily by linearized
calculations. For these linearized calculations, the maximum of the
pressure-drivenresponse function is increased by a factor 2.5 when
the surface heat release is increased from 100 to 125 cal/g (Ref. 6).
It is shown here that, apart from the value of the total heat release
in the condensed phase, the distribution of this heat release is also
an important aspect. In all calculations, the total condensed-phase
heat release (Q; + Q.) is kept constant.

To verify the effect of the distribution of condensed-phasereac-
tions on the transient burning of solid propellants, the response of
the propellant during a pressurization was calculated. The calcula-
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Fig. 5 Calculated condensed-phase temperature profiles for surface
and subsurface reactions.

2.2 T T T T T T T

92 Nt B

1.8

7y [mm/s] L6 -
10 [MP:
L VRS

1.2 ry Surface Reactions —
ry Sub-Surface Reactions —

Pressure -« -

i

0.8 L 1 1 L L L L
0 0.5 1 1.5 2 2.5 3 3.5 4

Fig. 6 Calculated transient regression rates during an exponential
pressure increase.

tions started from a steady state at ¢ = 0, followed by an increase
in pressure according to

p(m)=p+Ap(l—e) (®)

where 7 is the nondimensional time defined as 7 =t/t, =1t/
(e /12 o). For a > 1, the pressure rises faster than the propellant’s
characteristic time and essentially shows the propellant’s response
during a pressure step. Figure 6 shows the fluctuating surface tem-
perature for a propellant with all of the chemical reactionscollapsed
to the surface (Q; # 0, Q. = 0), and a propellant with all chemical
reactivity in the condensed phase (Q, = 0, Q. # 0). For these cal-
culations,p = Ap = 0.1 MPaanda = 5. The total heatreleased by
chemical reactions is assumed to be 50 cal/g (209 J/g). Compared
to other propellants, this is relatively low, but this value matches
the experimental observation of stable combustion even at ambient
pressure and low surface temperature. As expected for high values
of the activation energy, the response is very similar. The transient
behavior can be attributed to the increase in burning rate during the
increasein pressure. At higher burning rates, the thermal zone in the
condensed phase is smaller. Because the temperature distributionis
inits steady state at# = 0, the layer is too thick during the transition.
Thus a preheated zone exists, which burns away fast (the maximum
in the response).

Figure 7 shows a similar calculation for a very fast pressure drop
from 0.5 to 0.1 MPa, with a = 50. It is seen that the propellant al-
most extinguishesbecause of the sudden drop in pressure (so-called
depressurization extinguishment). The propellant with subsurface
reactions recoversmore slowly because of the time required to build
up the condensed-phase thermal layer.

Figures 6 and 7 show that, even for high activation energies, a
difference exists in a propellant’s transient response to an external
disturbancewhen calculationsare carried out with surface-collapsed
condensed-phasereactions or subsurfacereactions. The response of
the system is a function of the spectrum of the applied signal. The
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Fig. 7 Calculated transient regression rates during an exponential
pressure drop.
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Fig. 8 Surface-temperature fluctuation during a sinusoidal pressure
disturbance.

effectof the frequency on the response of the propellantis expressed
by the response function. In the next section, these response func-
tions are discussed. From these results, it will become clear that the
response of the propellant to an external disturbance is frequency
dependentand the responseis therefore dependenton the frequency
spectrum of the perturbing signal.

C. Response Functions

From the transient calculations, the response function of the pro-
pellant can be calculated. The pressure-drivenresponse function is
computed by perturbing the steady state with a sinusoidal fluctuat-
ing pressure, with an amplitude of 10% of its mean value. After a
few cycles, a situation of dynamic equilibrium develops. Figure 8 is
an example of such a calculation. The relative change in burning rate
rp, during this equilibriumdivided by the relative change in pressure
defines the pressure-coupledresponse function, according to

r /T
R, = b,/ - )
p'/p

The effect of the temperature-dependert properties and
condensed-phase reactions on the pressure-driven response func-
tions is shown in Fig. 9. As seen from Figs. 3 and 4, the thermal-
layer thickness of the analytical temperature profile is much larger
than that of the other profiles obtained by nonconstantthermophys-
ical properties. The thermal layer stores information of foregoing
disturbances. Smaller zones have a higher resonance frequency, ex-
pressed by the shifting of the maximum of the response function to
higher frequencies. Broad condensed-phasereaction zones have an
opposite effect on the resonance frequency.

The effect of the melting of HNF is not only found in the thermal
properties, but is coupled with it is the latent melting heat Q,,. The
melting heat steepens the temperature profile further, increasing
the resonance frequency. This is confirmed by the calculations of
Fig. 10.
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Fig. 10 Pressure-coupled response function for various situations
(melting heat not neglected).

V. Conclusions

The approximation of constant thermal propertiesis too crude to
predict the response of a propellant accurately. The overall shift in
the maximum of the response function is about an order of magni-
tude from the inert propellant with constant properties to the pro-
pellant with condensed-phase reactions and nonconstant thermal
properties.

Phase changes in the condensed phase shift the maximum of the
response function to higher frequencies.

Solid-phase reactions have a similar effect on the transient burn-
ing as the surface heat release. Subsurface reactions demonstrate
a decrease in the resonance frequency for an increase in chemical
reaction zone width.

Note

At the time that this paper was written, no experimental tran-
sient HNF-data were available.In the meantime, Finlinsonmeasured
the laser-recoil response of HNF.!* The model presented here was
modified to include the external laser flux. The results of this modi-
fied model show good agreement with Finlinson’s measurements.'*
Also, the source for the sudden decrease of thermal diffusivity has
been identified. It turns out that cracks are formed during the com-
bustion of pressed HNF pellets.'* !> These cracksreduce the thermal
conductivity.
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