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Steady-State Hydrazinium Nitroformate (HNF)
Combustion Modeling
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Two simpli� ed modeling approaches are used to model the combustion of hydrazinium nitroformate (HNF),
N2H5·C(NO2)3 . The condensed phase is treated by high-activation-energy asymptotics. The gas phase is treated
by two limit cases: the classical high-activation-energyapproximationand the recently introduced low-activation-
energy approach. This results in simpli� cation of the gas-phase energy equation, making an (approximate) ana-
lytical solution possible. The results of both models are compared with experimental results of HNF combustion.
It is shown that the low-activation-energy approach yields better agreement with experimental observations, for
example, regression rate and temperature sensitivity, than the high-activation-energy approach.

Nomenclature
A = Arrhenius prefactor
a = burn rate coef� cient
B = Arrhenius prefactor
cp = speci� c heat capacity
Dg = Damkohler number, kg Bg p2 M2=[.mref R/2cp ]
d = diffusion coef� cient
E = activation energy
E¤ = E=[R.T f ¡ T0/]
fr = fraction of Qr absorbed below surface reaction zone,

exp.¡Ka xR/
J = Qr =[cpm.Ts ¡ T0/]
Ka = absorption coef� cient
k = thermal conductivity
Le = Lewis number
M = molecular weight
m = mass � ow rate
m¤ = m=m ref

n = pressure exponent
p = pressure
Q = heat release
Qr = radiant heat � ux
Q¤ = Q=[cp.T f ¡ T0/]
R = universal gas constant
rb = hydrazinium nitroformate regression rate
T = temperature
T ¤ = T=.T f ¡ T0/
x = space coordinate
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xR = reaction zone length scale, [kc=.½ccprb/]=[Ec=.2RTs /]
x¤ = x=[kg=.mrefcp/]
Y = mass fraction
® = thermal diffusivity
± = reaction order
² = chemical reactivity
½ = density

Subscripts and Superscripts

c = condensed phase
f = � nal
g = gas phase
ref = reference value
s = surface
0 = initial
¤ = nondimensionalparameter

Introduction

T HE modeling of solid propellants may be a cost effective way
to determine properties such as regression rates and temper-

ature sensitivity before carrying out any experiments. Composite
propellants are contemporary workhorses for many applications,
but modeling of these heterogeneous propellants is very complex.
Some models for compositepropellantcombustionhavebeendevel-
oped, such as the Petite Ensemble Model.1 However, these models
require extensive experimental calibration.

Therefore, it is currently recognized that more complex mod-
els are needed to be able to compute regression rates and other
properties a priori. As starting point for composite propellantmod-
els, many models of solid monopropellant combustion have been
recently developed.2¡4 These models are often based on simpli-
� ed chemical kinetics, coupled with a multiphase one-dimensional
space domain. Because of the size of these numeric experiments,
basic principles are often not revealed.

In this paper, modeling results using simpli� ed approaches are
presented. The goal in making the models is maximal predic-
tive capability and accuracy, coupled with minimal complexity.
This is achieved by using essential physics and chemistry only,
yielding tractable models. The condensed phase is treated by a
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high-activation-energy approximation method. The gas phase is
treated in two ways: the classical high-activation-energy limit
[Denison–Baum5 and Williams6 (DBW) model] and the recently
introduced low-activation-energy limit [Ward et al.7 Ward–Son–
Brewster (WSB), model]. Both limits allow for an analytical so-
lution of the gas-phase energy equation. The WSB approach was
found to match the experimental observationsmuch better than the
DBW models for HMX and double-basepropellants.8

It is the intention of this work to verify whether the new WSB
approach also gives better results for hydrazinium nitroformate
(HNF) combustion. HNF is a new chlorine-free oxidizer that is
currently being studied for possible use in future generation com-
posite propellants.9 Neat HNF shows self-sustained combustion at
pressures above 0:025 MPa (Refs. 10–12).

Model
The combustionofHNF is modeledas a one-dimensional,steady-

state process. The condensed phase is described by a unimolecular,
irreversible, zero-order decomposition reaction

A ! B (1)

where A is the solid HNF and B some kind of unstable intermediate
species (such as the observed NO2 , HONO, and N2O). B reacts
further according to the following bimolecular, irreversible, gas-
phase reaction:

B C M ! C C M (2)

where C are intermediate gas-phase products, such as NO. M are
unstable species such as N, H, and OH. The kinetic scheme rep-
resented by Eqs. (1) and (2) is an ad hoc global description. This
model was not derived from a detailed kinetic scheme, but from a
conceptual point of view. The aforementioned species represented
by B and C are representative for HNF and help to clarify the idea
behind the global description.

The reactions representedby the second step (B C M ! C C M)
consume the intermediateradical species. These reactions are char-
acterizedby high exothermicityand a low-activation-energybarrier.
M may beviewedas a poolof unspeci� ed chaincarriers,whosemass
fraction is constant, and as negligibly small compared to the main
species B and C (Ref. 7). The reaction is second order overall, and
� rst order with respect to B. For the purposes of modeling species
conservation, no distinction is made between the M species that
appear on the left- and right-hand sides of Eq. (2). The process is
assumed to be a bimolecular exchange reaction, which for species
bookkeeping purposes assumes only two gas species: B (reactant)
and C (product). The preceding interpretation relates to the WSB
model. For the DBW model, the kinetic interpretation is one of a
gas-phase thermal decomposition,and M is interpreted in the usual
sense, as any species.

The molecular weights of the various species are assumed to be
equal, and mass diffusionin thegasphaseis assumed to be described
by Fick’s law. The speci� c heat capacity and thermal conductivities
are assumed to be constant.The gas-phaseand the condensed-phase
speci� c heat capacities are assumed to be equal. To simplify the
solution of the gas-phase equations, the Lewis number is assumed
to be unity, Le D kg=½gdcp D 1. The propellantmay be illuminated
with an external laser heat � ux, with radiative energy Qr (watt per
square meter). This heat � ux is absorbed in the condensed phase
according to Beer’s law (absorption coef� cient Ka ). The gas-phase
laser � ux absorptionis assumed to be zero.The gas phase is assumed
to obey the ideal gas law. Mass diffusion in the condensed phase is
neglected.

Condensed Phase

With theprecedingassumptions,thecondensedphaseis described
by the following energy equation:

mcp
dT

dx
D kc

d2T

dx2
C Qc²c C Qr Ka exp.Kax/ (3)

with boundary conditions

T .0/ D Ts; lim
x ! ¡1

T .x/ D T0 (4)

Inasmuch as a zero-order condensed-phase reaction was assumed,
the reaction rate is given by

²c D ½c Ac exp[¡.Ec=RT /] (5)

It was shown by Von Elbe et al.13 and Louwers et al.12 that the
condensed phase of HNF has a thin reactive zone, that is, a high
activationenergy for the decompositionprocess as given by Eq. (1).
This means that activation energy asymptotics (AEA) may be used
to � nd the solution of Eq. (3). The well-known solution is14;15

m2 D
Ac RT 2

s kc½c exp.¡Ec=RTs /

Ec[cp.Ts ¡ T0/ ¡ Q c=2 ¡ fr Qr =m]
(6)

Gas Phase

Solution of the gas-phase equations is less straightforward.Most
early models are based on the � ame sheet approach, that is, a very
thin reactive zone, where all of the gas-phase heat release occurs.
This process is typical for gas-phase kinetics with high activation
energy (Eg ! 1). Mathematically the heat release can be approx-
imated by a Dirac delta function.16 It was recently argued by Ward
et al. that a very low gas-phase activation energy (Eg ! 0) is more
physical.7 Their perspective is based on that the temperature pro-
� le of HMX could be much better replicated by Eg D 0 than by
Eg D 1. Analogs in gas-phase combustion provide further evi-
dence that such an approach is not unrealistic. Most of the energy
of a hydrogen/oxygen system is released during the recombina-
tion/termination step, which has a low-activation-energybarrier.17

Both limit cases (Eg D 0 and Eg D 1) will be discussed to see the
overall effect on the model.

The energy equation in the gas-phase is

mcp
dT

dx
D kg

d2T

dx2
C Qg²g (7)

with the reaction rate given by

²g D ½2
g BgY T 2exp[¡.Eg=RT /] (8)

where Y is the mass fraction of B . The density of the gas phase ½g

is found from the ideal gas law. The interface conditions are found
from energy conservationat the surface

Ts D T0 C
Qc

cp
C 1

mcp

µ
kg

³
dT

dx

´

x D 0

C Qr

¶
(9)

and

T f D T0 C
Qc C Qg C Qr =m

cp
(10)

The species equation of the gas phase is

m
dY

dx
D ½gd

d2Y

dx2
¡ ²g (11)

For the species equation, the boundary conditions are

Ys D 1 C ½gd

m

³
dY

dx

´

x D 0

(12)

and

lim
x ! 1

Y D 0 (13)

Because of the assumption Le D 1, the gas-phaseenergyequation
and speciesequationare uncoupledandcanbe written as two similar
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nondimensional equations (nondimensional quantities are denoted
by ¤)7

m¤ dT ¤

dx¤
D d2T ¤

dx¤2
¡ Dg

¡
T ¤

f ¡ T ¤
¢

exp

³
¡

E¤
g

T ¤

´
(14)

and

m¤ dY

dx¤
D d2Y

dx¤2
¡ DgY exp

³
¡

E ¤
g

T ¤
f ¡ Y Q¤

g

´
(15)

The boundaryequationstransformaccordingly.For arbitraryvalues
of E ¤

g , Eq. (14) has to be solved iteratively with Eq. (6) to yield T ¤
s

and m¤. Note that solution of this set requires solution of a second-
order differential equation. For the two limiting cases, Eg D 0 and
Eg ! 1, it is possible to obtain an analytical solution.

The � rst limit is that of a very low activation energy in the gas
phase, Eg ! 0. For this case an analytical solution of Eq. (14) can
be obtained,

T ¤ ¡ T ¤
f

T ¤
s ¡ T ¤

f

D exp

³
¡

x¤

x¤
g

´
(16)

In Eq. (16) x¤
g is a dimensionless characteristic gas reaction zone

thickness given by

x¤
g D 2p

m¤2 C 4Dg ¡ m¤
(17)

Using different approximations, Miller derived similar results for
the gas phase.18 In Miller’s work the gas phase reaction is described
by a � rst-orderreactionand a constanttemperaturereactionrate.Be-
cause M is assumed constant in this work, reaction (2) is in essence
also � rst order. The constant temperature reaction rate approxima-
tion correspondswith a constant, temperature-independent, reaction
rate, that is, Eg D 0.

In summary, in the limit of a high condensed-phaseactivationen-
ergy, coupledwith a low-activation-energygas phase, the analytical
solution of the problem is given by the (nondimensional) form of
Eq. (6),

m¤2 D
A¤

c T 2¤
s exp

¡
¡E¤

c =T ¤
s

¢

E¤
c

¡
T ¤

s ¡ T ¤
0 ¡ Q¤

c=2 ¡ fr J
¢ (18)

This equation is solved simultaneously with Eq. (17) The energy
balance is given by the nondimensionalresult of Eq. (9),

T ¤
s D T ¤

0 C Q¤
c C

Q¤
g

x¤
gm¤ C 1

(19)

For the high-activation-energygas phase (Eg ! 1), the regres-
sion rate is given by Ibiricu Williams’s14 gas-phase controlled ana-
lytical solution (for Eg=RT f À 1)

m2 D
2kg Bg M2 p2cpT 4

f

E2
g Q2

g

exp

³
¡

Eg

RT f

´
(20)

This expression indicates that the mass � ux is determined by gas
kinetics only and not by decompositionkinetics. Note that actually
Qr affects T f [Eq. (10)], which affects m. For this case, the energy
balance yields

T ¤
s D T ¤

0 C Q¤
c C Q¤

g exp
¡
¡x¤

g m¤
¢

(21)

For the high-activation-energylimit case, the AEA result [Eq. (18)]
is still used for the determination of the surface temperature T ¤

s .
Results of this traditional analytical limit case will be compared
with the new concept of Eg D 0 to show the overall improvements
of the model’s predictive capability.

Results
The properties of HNF as used for the calculations are summa-

rized in Table 1. During all calculations these values are held con-
stant. The condensed-phase activation energy Ec D 75 kJ/mol was
found to give good results in the whole pressure range of interest.
This valueis close to the84kJ/mol requiredto breakupHNF into liq-
uid hydrazineand nitroform.The valuesof the Arrheniusprefactors,
Ac and Bg , were determined from the experimentalobservationthat
Ts D 523 K (Ref. 12) and rb D 0:77 mm/s at 0:1 MPa (Refs. 10–12).
After this calibrationof the model at a single burning condition, the
regressionrate is calculatedat differentpressures,withoutmodi� ca-
tion of any of the other parameters.The density of the pressed HNF
pellets was 1740 kg/m3 (Ref. 12). The thermophysical properties
of solid HNF were recently measured.19 The speci� c heat capacity
and thermal conductivity were found to have a slight temperature
dependence.However, thermal conductivitywas found to decrease
near the burning surface, due to cracks during combustion.20 In this
model constant values at 100±C are used.

Steady-State HNF Combustion

Figure 1 shows the results of the calculated regression rate for
both models, comparedwith experimentaldata (from Ref. 21). Like
most energetic materials, HNF’s regression rate can be described
by rb D apn . The high-activation-energy limit yields the familiar
n D ±=2 D 1, whereas n D 0:89 was found experimentally for HNF
combustion (least-squares � t to all data points in Fig. 1). Because
the regression rate was gauged at 0.1 MPa, the � ame sheet overpre-
dicts the regressionrates above 0.1 MPa. The WSB approachshows
good agreement with the experimental results. This model predicts
n D 0:87 (at 1 MPa).

However, above 0.7 MPa, there is a clear difference between the
WSB results and the experimental data. This difference can be be-
cause not only the gas-phasekinetics change with pressure,but also
the � ame temperature. At 0.1 MPa the � ame temperature of HNF
is T f D 2766 K. When the pressure is increased, the � ame temper-
ature of HNF increases considerably, for example, T f D 2949 K at

Table 1 Input values used for HNF calculations

Parameter Value Unit

Qg 2429 kJ/kg
Qc ¡30.0 kJ/kg
Ac 1:67 £ 109 1/s
Bg

Eg D 0 4:45 £ 10¡2 m3/kg K2 s
Eg D 1 1:06 £ 104 m3/kg K2 s

cp 0.97 kJ/kg K
kg 0.054 W/mK
ks 0.15 W/mK
Ec 75 kJ/mol
Eg 167 kJ/mol
½c 1740 kg/m3

M 25.6 kg/kmol

Fig. 1 Comparison of calculated and measured regression rate of neat
HNF samples.
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Table 2 Final � ame temperature Tf and most important species concentrations (mole fractions)
of neat HNF combustiona

p, T f ,
MPa K H H2 O O2 OH CO CO2 N2 NO H2O

0.01 2578 0.017 0.023 0.022 0.113 0.048 0.047 0.090 0.338 0.014 0.288
0.1 2766 0.010 0.018 0.016 0.108 0.046 0.040 0.100 0.342 0.017 0.304
1 2949 0.005 0.012 0.010 0.103 0.041 0.030 0.112 0.345 0.021 0.321
10 3112 0.002 0.007 0.005 0.099 0.033 0.019 0.125 0.349 0.025 0.337
100 3237 0.001 0.003 0.002 0.095 0.024 0.010 0.136 0.351 0.028 0.349

aResults from NASA SP-273 chemical equilibrium22 calculations.

Fig. 2 Effect of introducing pressure dependent Qg to account for the
varying � ame temperature with pressure.

Fig. 3 Comparison of calculated (WSB-model) and measured regres-
sion rate of neat HNF samples. (Note the multiplication factors that are
introduced to prevent overlap of data.)

1 MPa and T f D 3112 K at 10 MPa. This is because the equilib-
rium composition is dependent on the pressure (see Table 2).22 The
higher � ame temperature results in an extra heat feedback to the
surface not accounted for by the model. This varying � ame temper-
ature can be introduced into the model by varying Qg as function
of pressure, so that the calculated adiabatic � ame temperature is
reached, T f D .Qg C Qc/=cp C T0. The rest of the parameters are
kept constant. The result is improved agreement between the WSB
model and the experimental results (see Fig. 2). For simplicity, this
modi� cation of the model will not be used throughout the rest of
this paper, and from now on, constant Qg values will be used.

Also, for low and high initial temperatures, the WSB model has
good agreement with the experimental results (see Fig. 3). This
sensitivityof the burning rate to the initial temperature is de� ned by
the following expression:

¾p D 1
rb

³
@rb

@T0

´

p

(22)

By determining the regression rate at 292 and 293 K, HNF’s tem-
perature sensitivitywas determined for both the DBW and the WSB
models (see Fig. 4). This graph also shows the experimental deter-
mined temperature sensitivity from the data points of Fig. 3. This
is done in two ways: The � rst is direct determination of ¾p at each

Fig. 4 Experimental vs theoretical temperature sensitivity of HNF for
both modeling approaches; error bars indicate the standard deviation
from the (rb) vs T � t.

Fig. 5 Experimental and predicted surface temperature.

pressure by a � t of .rb/ vs temperature. The second method is
by a least-squares power laws � t to the regression rate curves at
each pressure. Then the temperature sensitivity is determined from
the differencesbetween these � ts at each pressure. If the propellant
burns nicely according to rb D apn , then the second method will
give more accurate results.

From Fig. 4 it is seen that the low-activation-energy limit pre-
dicts a pressuredependenceof the temperaturesensitivity.This limit
case shows reasonable agreementwith the direct determined values
for ¾p . The agreement with the temperature sensitivity as deter-
mined by the second method is very good. The Eg ! 1 model
is not capable of capturing a pressure variation of ¾p . Within the
Eg ! 1 approach, only a constant temperature sensitivity is cal-
culated, ¾p D .T f C Eg=2RT f /=T f . Unfortunately, the large errors
from the direct method make it impossible to favor one of the two
modeling approaches. The temperature sensitivity as determined
from � tting the power laws � rst is much better for the WSB ap-
proach than for the DBW model.

The variationof the surface temperatureTs with pressureis shown
in Fig. 5. Although both models share the same condensed-phase
equations, the predicted surface temperatures are different because
each model predicts a differentmass � ux for each pressure.Figure 5
also shows some experimentalresults that were obtainedwith 5-¹m
ribbon thermocouples.12 The results show good agreement with the
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Fig. 6 Temperature pro� le of HNF for both limit models and a com-
prehensive detailed kinetical model.

WSB model. These results support the validity of the AEA result
[Eq. (6)].

Recently,a kineticalmodel forHNF combustionwas developed.23

This model belongs to the group of numerical models mentioned in
the Introduction. The solid to gas interface is � xed at the origin by
speci� cation of the surface temperature. This then yields the mass
� ux as an eigenvalueof the system of governingequations.3 A lim-
ited set of global decomposition reactions is allowed to take place
in the condensedphase. The gas phase is modeled by Yetter’s RDX
gas-phase mechanism24 with added reactions for HNF decomposi-
tion. Typical products formed at the surface are HNF.g/ , CO, N2O,
HONO, and N2H4.

Figure 6 compares the temperature pro� le as found from both
limit cases and the detailed modeling. It may be seen that the tem-
perature pro� le of the simpli� ed WSB model is close to that of the
detailed chemical model. Both simpli� ed models show a tempera-
ture pro� le close to the � nal � ame temperature at x D 1 mm. The
detailed calculations show a lower temperature due to the slow NO
reactions, similar to the dark zone in double-basepropellants.With
a second step in the gas phase, C ! D, the simple models would
also be able to calculate this intermediatezone. The � nal � ame tem-
perature of the kinetical model is equal to that of the other models.
It was determined by NO UV-absorption experiments that temper-
atures close to the adiabatic � ame temperature are reached within
1 mm above the surface. All three modeling approaches con� rm
this. However, the accuracy of the absorptionexperiments does not
allow rejection of one of the models.

A closer agreement between the temperature pro� le of
WSB/DBW models and the kinetic model is obtained by using the
intermediate temperature of 2550 K as the � nal temperature. It was
veri� ed that after recalibrationof the WSB model the effect is small.
For the DBW model, there is no effect, as a decrease of Qg is com-
pensated for by a decrease of Bg [see Eq. (20)]. These results will,
therefore, not be discussed here.

Figure 7 shows the position where 63%(D xg ) and 99% of the
� nal � ame temperatures are reached. These positions are charac-
teristic dimensions for the gas-phase reaction zone thickness. In
Fig. 7, this � ame thickness is compared to several experimental re-
sults. The � ame standoff distances in Fig. 7 were obtained from
video images as the distance off the surface of the CN chemilu-
miniscent emission. The CN pro� le peak location was determined
by planar laser-induced � uorescence (PLIF), which is a more ac-
curate determination of the CN standoff. The CN pro� le peaks do
not necessarilycoincide with xg , but should at least follow the same
trend and be of the same order of magnitude. The magnitude is
much better predicted by the WSB model. The DBW-model � ame
thickness is an order of magnitude too thin (as also the case for
HMX). It is seen that both the DBW and WSB models predict the
experimental observed pressure dependence (nearly 1=p).

Laser-Assisted Combustion

As part of the study of the transient combustion of HNF, Fin-
linson determined the laser-assisted regression rates of HNF.10;11

Fig. 7 Flame standoff distance as calculated from both models, com-
pared with experimental determined � ame standoff (height above the
burningsurface of CN chemiluminiscence)and CN pro� le peak position
as determined by PLIF.

Fig. 8 Laser-assisted regression rates of HNF at different pressures,
where points are experimental data and solid lines are WSB model’s
results for Ka = 1000 cm ¡ 1 . WSB model predicts HNF’s sensitivity to
an external heat source accurately for all pressures.

During combustion the laser energy is absorbed in the condensed
phase near the burning surface and increases the regressionrate. An
infrared 10.6-¹m CO2 laser was used in Finlinson’s study.11 The
laser-assisted regression rate data allows further validation of the
model. The absorptioncoef� cient for the CO2 wavelength has been
estimated to Ka » 1000 cm¡1 (Ref. 20). No absorption or re� ec-
tion measurements have been carried out for HNF in the 10.6-¹m
CO2-laser range used by Finlinson.11 The re� ection coef� cient is
determinedfrom a best � t to all experimentaldata. From the preced-
ing section, it has becomeclear that the low-activation-energylimit,
WSB, shows the best agreement with the experiments. Therefore,
only this model will be discussed.

Figure8 shows the laser-assistedcombustionofHNF. For all pres-
sures the models predict the sensitivityto the external laser heat � ux
to be in good agreement with the experimental data. The difference
between the experiments and the modeling is caused by the small
inaccuraciesof the model, already at Qr D 0. For these calculations
a surface re� ection of 60% was used. This value is comparable to
the values used for HMX modeling.25 This work indicatesa surface
re� ectivity of 50%. Neat HMX samples show only 15% re� ectivity
at room temperature. Several explanations for this difference can
be given: ions present in the melt layer, enhanced scattering inside
the melt layer due to bubbles, or enhanced absorption at the burn-
ing surface due to the presence of decomposition products (hence,
increasedre� ectivity). If the pressure increases, then the melt thick-
ness decreases. This implies a lower re� ection. The measurements
at 0.6 MPa seem to indicate this. However, the number of measure-
ments at this pressure is limited.

Conclusions
Two very simple models for the combustion of HNF have been

presented. The gas phase has been calculated by two limit ap-
proaches:low (WSB) and high (DBW) gas-phaseactivationenergy.
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The WSB approach shows great predictive capability in both laser-
assisted and self-sustained regression rates, in temperature sensi-
tivity, and in surface temperatures. The agreement of these propel-
lant properties is much better than with the usual assumption of
large gas-phase activation energy (DBW). By introducing HNF’s
strong pressure-dependent adiabatic � ame temperature into the
WSB-model, even better results are obtained.
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