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Double base propellants are composed of two basic components: nitrocellulose as a matrix and nitro-
glycerin as a plasticizer and blasting oil at the same time, and of additives such as stabilizers, burning
catalysts, modifiers of ballistic properties, etc.

In the course of time, a number of chemical and physical processes (e.g. stabilizer consumption, migra-
tion and evaporation of nitroglycerin, decomposition of nitroglycerin and nitrocellulose, etc.) take place
in a propellant grain. The result is a change of propellants’ physical, chemical, thermal, ballistic and
mechanical properties. The final consequence is reduction of performances and decrease of safe service
lifetime of propellants. Reduction of mechanical properties of a propellant grain during ageing can be
the factor that limits rockets safe service time. On the other hand, the change in amount of nitroglycerin
significantly affects mechanical properties. This is the reason why the evaporation of nitroglycerin from
double base propellants is a subject of great importance.

In this work we have studied a very early stage of evaporation of nitroglycerin from a double base
rocket propellant applying isothermal thermogravimetry experiments. The experiments were done with
a propellant containing 27% nitroglycerin, using thin plate samples having a thickness of 0.2-0.4 mm and
weighing ~4 mg.

It was found that at a very early stage the evaporation can be described by the zero-order reaction
model, while the entire process is characterized by power law decrees of the evaporation rate with time.
The Langmuir vaporization equation, and equations proposed by Pieterse and Focke, and by Beverley et
al. are used to relate nitroglycerin mass loss data and the vapor pressure.

The activation energy of nitroglycerin evaporation was calculated to be 81.9kJmol-! and the pre-
exponential factor 5.6 x 107 s~!, while calculated enthalpy of nitroglycerin evaporation at 298.15K lies
between 80.0 and 90.5 k] mol~!, depending on the calculation method applied.

© 2010 Elsevier B.V. All rights reserved.
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1. Introduction

Double base (DB) propellants consist of nitroglycerin (NG)
physically entrapped into fibrous nitrocellulose (NC) structure.
Nitroglycerin acts as plasticiser and energetic component at the
same time. In the course of time, a number of chemical and physical
processes (including stabilizer consumption, migration and evap-
oration of NG, decomposition of NG and NC, etc.) take place in
propellant grains. These processes cause changes of physical, chem-
ical, thermal, ballistic, and mechanical properties of propellants, i.e.
change of their performances.
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In previous studies [1,2] we have shown that mechanical prop-
erties of DB propellants significantly change with ageing and can
be crucial for their safe service time. Since the amount of NG in the
propellant strongly influences its mechanical properties, study of
NG evaporation is of great importance.

Tompa [3] has studied evaporation kinetics of NG from DB pro-
pellant applying isothermal thermogravimetry and using samples
weighing 15-60 mg. He has found that the rate of evaporation
depends on the physical state of the propellant; sample size and
shape, atmospheric environment, ageing time and crosslink density
of propellant, etc. For example, he has found that the evaporation
rate increases with the sample’s surface area—the larger surface
area of the sample, the more NG there is on the surface, and conse-
quently it will evaporate at a faster rate. Also, he has found that the
rate of evaporation is higher in helium than in nitrogen or atmo-
spheric air. Tompa has shown that the evaporation rate decreases
with crosslink density. The reason is a greater physical entrap-
ment of NG in the case of higher crosslink density, and hence more


dx.doi.org/10.1016/j.tca.2010.06.014
http://www.sciencedirect.com/science/journal/00406031
http://www.elsevier.com/locate/tca
mailto:suceska@hrbi.hr
dx.doi.org/10.1016/j.tca.2010.06.014

10 M. Suéeska et al. / Thermochimica Acta 510 (2010) 9-16

difficult for NG to migrate and reach the surface of the propellant.
This influence is more pronounced in the case of larger cylindri-
cal samples (3 mm x 3 mm, 60 mg) than in the case of powdered
samples (15 mg).

Tompa has found that in the range of 30-70% mass loss the evap-
oration of NG can be described by the first-order kinetic model.
He reported that the activation energy of NG evaporation in nitro-
gen atmosphere for cylindrical samples ranges between 57.78 and
80.3kJmol~!, and pre-exponential factor between 1.56 x 10> and
3.65 x 10851, depending on NC polymeric matrix crosslink den-
sity. For powdered samples he found that the activation energy
was the same regardless atmospheric surrounding and crosslink
density and equals 75 k] mol~1, while the pre-exponential factor
varies between 2.7 x 106 and 3.7 x 106 s=1. On the basis of his study,
Tompa concluded that the mechanism of NG evaporation in pow-
dered samples is thermal transport, while in the case of cylindrical
samples NG evaporation is diffusion limited.

Pai Verneker and Kishore [4] have also shown that the decom-
position behavior of block samples and powdered samples of DB
propellant is different. The difference is due to the occurrence of
exothermic NG decomposition in the case of block samples, and
NG evaporation in the case of powdered samples. In block samples
NG evaporates too, but it has to diffuse through the NC polymeric
matrix before it leaves the sample. The diffusion, which is rate-
limiting process, involves a definite time and therefore NG can
undergo decomposition in the block. However, in powdered sam-
ples evaporation and diffusion are closely linked.

Miroschnichenko et al. [5] studied the enthalpy of NG evapo-
ration. The authors measured the enthalpy of evaporation of pure
NG by a Calvet microcalorimeter at 40-120°C temperature range.
They expressed the temperature dependence of the enthalpy of
evaporation by the equation:

AH,qp = 98.36 — 0.217T (1)

were AHyqp (in k] mol-1)is the enthalpy of evaporation of NG, and T
is the temperature (in °C). It follows from this dependence that the
enthalpy of evaporation of NG at 25°C equals 92.0 + 2.1 k] mol~1,
and at the normal boiling point of 250 °C it equals 44.1 k] mol—1.

Since 1999 a number of authors have reported the use of ther-
mogravimetry for studying the evaporation process. Price and
Hawkins [6],and then a series of other authors [7-21], used thermo-
gravimetry to determine the vapor pressure and/or the enthalpy of
evaporation of various substances. The application of TGA is based
on the fact that all processes accompanied by the mass loss (such
is evaporation) can be studied by following the sample mass loss
rate as a function of temperature, and applying different equations
which relate the mass loss rate and the vapor pressure.

In majority of studies [6-18] determination of the vapor pres-
sure and the enthalpy of evaporation is based on application of the
Langmuir equation for free evaporation into vacuum [6]:

dm M
“ar = PorS\| ZRT @

where (dm/dt) is the rate of mass loss, S is the evaporation surface
area, p is the vapor pressure, M is the molecular mass of the effusing
vapor, R is the gas constant, T is the absolute temperature, and ayqp
is the vaporization coefficient.

One of the fundamental assumptions of the Langmuir equa-
tion is that the vaporization coefficient (avqp) is constant and equal
unity. This assumption enables one to write the following relation-
ship between the vapor pressure and the mass loss rate:

p=kv (3)

where k = (V2R /ayqp) and v = [[(—dm/dt)/S]\/T/M].

Since assumption is that oy has constant value, the term k
should have a constant value too for a given compound. Hence, a
plot of p vs. v should give a straight line, the slope of which will give
value of k. Determining value of k for a calibration compound, Eq.
(3) can be used to determine the vapor pressure of a substance.

Price and Hawkins [6] suggested application of the Langmuir
equation only in narrow temperature range, since in the case of a
material vaporization into flowing gas stream at atmospheric pres-
sure, the vaporization coefficient may no longer be equal to unity. It
was shown[11,15,16] that the vaporization coefficient significantly
deviate from unity for experiments conducted in the presence of a
purge gas. Consequently, the k term in Eq. (3) cannot be viewed as
a calibration constant, and Eq. (3) cannot be applied in such form.

To overcome the problem of non-ideal vaporization coefficient,
Phang et al. [15,16] proposed a “comparative method” for develop-
ing vapor pressure from TGA experiments, based on the Langmuir
equation:

_ [Mg ( (dm/dt)
Ps =Dr IVTS ((dm/dt)Z) s (4)

where the subscripts R and S refer to reference and sample data,
respectively. The vaporization coefficient Phang et al. excluded
from Eq. (4) by mathematical manipulation and in this way the
problem associated with the vaporization coefficient is avoided
[16]. However, their method does not take into account effect of
a flowing gas stream, i.e. effect of diffusion of vapor through a
stagnant gas layer. To overcome this problem Pieterse and Focke
[19] proposed the following vaporization equation for the situation
where the evaporation rate is diffusion limited:

-G = (er ) o0 (5)
where D is temperature dependent diffusion coefficient through a
stagnant gas, and h is thickness of a stagnant gas layer.

As follows from Eq. (5), separate knowledge of the diffusion coef-
ficient is required in order to extract the vapor pressure from TGA
experiments. Also, it follows from comparison of Egs. (2) and (5)
that the Langmuir vaporization coefficient (ayqp) and the diffusion
coefficient (D) are connected by expression:

D [2aM
Oyap = "\ R (6)

Beverley et al. [20,21] have shown that in gravimetric
experiments conducted at higher purge gas flow rates (up to
4000 mlmin~1) and larger stagnant gas layer thickness (>10 mm),
the evaporation rate is dependent on a purge gas flow rate. To
account effect of a purge gas flow rate, the authors proposed the
following vaporization equation:

dm MS D
~a = (aer) 7 (' s v "
where F is volume gas flow rate and Sy is the cross-section area of
the sample.

At higher flow rates the right-hand term in Eq. (7) approaches
unity and Eq. (7) becomes identical to Eq. (5). To account effect of a
purge gas concentration gradient and existence of an upward con-
vection of the gas mixture, which exists in the case of higher vapor
pressures, Beverley et al. modified Eq. (7) introducing a correction
factor z [21]:

- = (ir) (- 75, 707) ®
where : z = [paptm In (%)} 9)
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Fig. 1. Non-isothermal TGA curves of NC and DB propellant samples (experimental
conditions: heating rate 2° min~!, sample mass 2 mg).

The enthalpy of evaporation can be calculated from known the
vapor pressure applying the Clausius-Clapeyron equation [6]:

AHygp

TRT

where AHyqp is the enthalpy of evaporation and B is constant.
The plot of In(p) vs. 1/Twill give straight line, slope of which gives

value of the enthalpy of evaporation. Assuming constant value of

the vaporization coefficient and combining the Langmuir equation

(Eq. (3)) and the Clausius—Clapeyron equation (Eq. (10)), the fol-

lowing expression from the calculation of the evaporation enthalpy

from the rate of sample mass loss can

_ AHygp
RT
where B’ = [B — In(v27R/ayap)].
Thus, the enthalpy of evaporation can be calculated from by Eq.
(11) as a slope of In(v) vs. 1/T plot.

IHPZB— (10)

In(v)=B (11)

2. Experimental

The evaporation of NG was studied using a DB rocket propellant
containing 27% of NG. Isothermal TGA experiments were conducted
using thin plate samples weighting around 4.0 mg and having a
thickness of 0.2-0.4 mm.

The experiments were done using TA Instruments SDT, Model
2960.The samples were tested in open aluminum sample pans hav-
ing internal diameter of 6 mm and height of 1.2 mm, under nitrogen
atmosphere with a flow rate of 50 ml min~1, and in the temperature
range 50-100°C.

3. Results and discussion
3.1. Thermal properties of DB propellants

The non-isothermal TG curve of the studied DB rocket propel-
lant, along with the non-isothermal TG curve of a nitrocellulose
(NC) propellant which contains about 98.5% nitrocellulose are given
in Fig. 1. It is visible from Fig. 1 that in the case of the NC propellant
a measurable mass loss occurs above 150 °C, while in the case of
the DB propellant a measurable mass loss is observed above 70°C.

It was shown by non-isothermal differential scanning calorime-
try [22] that there were no measurable exothermal processes for
both NC and DB propellants below 140 °C. This means that evapo-
ration of NG can be completely separated from decomposition of
NC and NG if temperatures of isothermal experiments are consid-
erably lower than the temperatures of decomposition. To exclude
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Fig. 2. Isothermal weight loss vs. time of tested DB propellant at different temper-
atures.

effects of decomposition of NC and DB we have conducted TGA
measurements at temperatures below 100 °C (Fig. 2).

The results are in agreement with the results of Tompa [3] and
Verneker and Kishore [4] who have found that for powdered sam-
ples and at temperatures below 80 °C, the sample mass loss is due
to NG evaporation.

3.2. Kinetics of NG evaporation

To study evaporation kinetics of NG, the samples were subjected
to isothermal TG experiments at temperatures between 50 and
100 °C. From the sample mass loss-time curves (Fig. 2), the kinetics
of evaporation was derived in the following way. The sample mass
loss-time data were converted to the fraction evaporated, or con-
version (o) vs. time, and then to the rate conversion vs. conversion
(da/dt vs.r) using formula [23]:

_Mo—me ,__ M (12)
moy — my mg — my

where mg is the initial sample mass, my is the final sample mass,
and my is the sample mass at a given time.

The conversion is calculated taking that the final sample
mass (my) is the sample mass after complete evaporation of
NG—expressed in percents it equals 73% of the initial sample mass.
The obtained (do/dt) vs. o data are presented in Fig. 3.
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Fig. 3. Conversion rate vs. conversion at different temperatures.
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Applying differential form of the basic kinetic equation [23]:

da

a " kuapf (@), (13)

where kyqp is the evaporation rate constant, and fla) a function
which describes the dependence of the rate of conversion on
conversion (so-called reaction model), we found by non-linear
regression analysis of (do/dt) — o data that the evaporation process
could be the best described by the n-th order kinetic model (where
n=2.75):

do
T = k(1 —)* 7 (14)

The evaporation rate constants were calculated for each tem-
perature, and then the activation energy (Eyqp) was calculated from
the Arrhenius plot of In(kyap) vs. 1/T. The obtained values of kinetic
parameters are: Eygp=81.9k]mol-! and Aygp=5.6 x 107 s~1. This
value of the activation energy is close to the values that we obtained
by non-isothermal experiments [24]; Eyqp =86-93 k] mol~!. Simi-
lar values were obtained also by Tompa [3]—for powdered samples
tested in nitrogen atmosphere he obtained Eygp =75.3 k] mol~! and
Avap=2.7 x 106-3.7 x 106 s~1.

We have noted that the exponent n in Eq. (14) is influenced by
the sample size and shape (thus we tried to keep the same sam-
ple size and shape in all experiments), but the rate constant (kygp)
remains unchanged for all samples weighing 2-6 mg. This means
that n=2.75 can describe our NG mass loss data (for a given testing-
condition), but cannot be used to predict NG mass loss data under
different conditions (particularly in the case of larger block samples
where diffusion play a role).

3.3. Vapor pressure and enthalpy of evaporation

In double base propellants NG is physically entrapped in the
fibrous NC structure. To evaporate the molecules of NG must be
located near the sample surface and must have sufficient kinetic
energy. At the beginning of evaporation only those molecules of
NG located near the sample surface begin to evaporate after being
heated. However, as the evaporation proceeds, the evaporated
NG has to displace from the sample interior to the surface (dif-
fuse) through the fibrous NC structure. At the same time, liquid
NG migrates from the sample interior towards the surface. These
processes are particularly pronounced in the case of larger block
samples.

Since our goal was to study NG free evaporation we limited our
analysis to a very early stage of evaporation (at t— 0). Using this
approach, along with the fact that we have used very thin sam-
ples, we excluded effects of NG migration and diffusion through NC
polymeric matrix on NG evaporation rate. As visible from Fig. 4 the
dependence of NG mass loss on time at early evaporation stage is
linear (i.e. dm/dt=constant), which means that the process follows
zero-order kinetic. At the same time it means that the free sam-
ple surface area was not changing significantly at this stage. The
initial evaporation rates (dm/dt), at different temperatures, were
derived from experimentally obtained m-t curves as a slopes of
best-fit straight line in the range 0-10% of NG mass loss (Fig. 4).

The enthalpy of NG evaporation was derived applying Eq. (11)
and assuming a.gp = constant but different from unity. The rate of
NG evaporation was calculated using two different approaches: as a
slope of experimentally obtained m-t curves and from experimen-
tally obtained kinetic data. From the slope of In(v) vs. 1/T plot (Eq.
(11)), first approach gives AHyqp=83.37kJmol~! in temperature
range 50-100°C.
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Fig. 4. NG mass loss vs. time at initial stage of NG evaporation.

In the second approach the rate of mass loss was substituted by
the conversion rate in accordance with Eq. (15).

dm do
~ar =Ama, (15)

where Am=mg —my.

It follows from Eq. (14), that the initial conversion rate, i.e. the
conversion rate at «=0 (i.e. t=0), is equal to the evaporation rate
constant (kyap):

da
E = kvap7 (16)
which, after substitution into the Langmuir equation, and in com-
bination with the Clausius-Clapeyron equation, gives:
AHyap

RT

where: v/ = (kyap/T/M)
B B_In <W>

Sayap

In(v)=B"- (17)

Using experimentally obtained values of Eygy =81.9 k] mol~! and
Avap=5.6 x 107 s71, the kyqp are calculated for different tempera-
tures in the range 25-250°C. Then, from the slope of In(v') vs. 1/T
plot (Eq. (17)), the enthalpy of evaporation was calculated to be
83.51 k] mol~!, which is almost equal to the values obtained using
the first approach. It should be noted that the second approach
enables us to extending temperature range beyond temperatures
of TGA experiments, assuming the same evaporation mechanism.

The enthalpy of evaporation shows temperature dependence
due to the difference in the heat capacity of the liquid and the vapor.
This dependence can be expressed by Kirchoff’s law:

T
AHyap(To) = AHyap(T) + / Acy(T)dT (18)
To

where Ty is a reference temperature (usually 298.15K), and Acp is
difference in heat capacities [cy(vapor) — cp(liquid)].

On the basis of studies conducted on a wide range of materi-
als, Chickos et al. [25] suggested a method for the heat capacity
correction to a standard state (or to any temperature):

AHygp(T) = AHyap(T)) +[10.58 + 0.26¢;, (T — T)] (19)

where ¢, is the heat capacity of liquid at temperature 298.15K, Tis
amean temperature at which the determination of Hyqy was made.
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Vapor pressure generated from Antoine constants, parameters in Lagmuire equation, and calculated vapor pressure and evaporation enthalpy
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T/K pa/Pa ((—dm/dt)/S)/kg s~ m~2 v k @ pi/Pa Difference between AHyap,p, /K] mol™
paand p.[%
298.15 0.07 8.36E-08 3.028E-06 23465.15 3.079E-04 0.08 9.67 83.15
303.15 0.14 1.44E-07 5.266E—-06 25977.13 2.782E-04 0.14 -0.94 83.18
313.15 0.46 4.07E-07 1.511E-05 30610.43 2.361E-04 0.39 -15.93 83.22
323.15 1.40 1.08E-06 4.062E-05 34514.09 2.094E-04 1.05 —25.44 83.26
333.15 3.87 2.69E-06 1.030E-04 37541.41 1.925E-04 2.65 -31.45 83.31
343.15 9.81 6.36E—-06 2.474E-04 39650.60 1.822E-04 6.37 —35.10 83.35
353.15 23.13 1.43E-05 5.659E—-04 40879.49 1.768E—04 14.56 —37.05 83.39
363.15 51.11 3.09E-05 1.237E-03 41318.01 1.749E-04 31.83 —37.72 83.43
373.15 106.57 6.40E—05 2.594E-03 41083.98 1.759E-04 66.76 -37.36 83.47
383.15 211.01 1.27E-04 5.235E-03 40304.53 1.793E-04 134.73 —36.15 83.51
393.15 398.81 2.45E-04 1.020E-02 39103.35 1.848E—-04 262.46 -34.19 83.55
403.15 722.82 4.56E-04 1.923E-02 37592.91 1.922E-04 494.80 —31.55 83.60
413.15 1261.36 8.24E-04 3.516E-02 35870.69 2.014E-04 904.91 —28.26 83.64
423.15 2126.73 1.45E-03 6.252E-02 34017.86 2.124E-04 1608.84 —24.35 83.68
433.15 3475.31 2.48E-03 1.083E-01 32099.85 2.251E-04 2786.11 -19.83 83.72
44315 5519.11 4.14E-03 1.829E-01 30167.77 2.395E-04 4707.97 —14.70 83.76
453.15 8538.68 6.76E—03 3.021E-01 28260.31 2.557E-04 7775.37 -8.94 83.80
463.15 12897.16 1.08E-02 4.884E-01 26405.74 2.736E-04 12569.07 —2.54 83.85
473.15 19055.31 1.70E-02 7.739E-01 24623.82 2.934E-04 19914.43 4.51 83.89
483.15 27587.02 2.61E-02 1.203E+00 22927.57 3.152E-04 30963.79 12.24 83.93
493.15 39195.26 3.94E-02 1.838E+00 21324.72 3.388E-04 47299.60 20.68 83.97
503.15 54727.84 5.87E-02 2.761E+00 19818.98 3.646E-04 71061.49 29.85 84.01
513.15 75192.89 8.59E-02 4.084E +00 18411.05 3.925E-04 105100.65 39.77 84.05
523.15 101773.53 1.24E-01 5.952E+00 17099.47 4.226E-04 153164.95 50.50 84.10

Notes: (dm/dt) calculated from (do/dt) at o =0 applying Eqs. (14) and (16), mg=4 x 10~ kg, $=1.19 x 10~> m?, p, is vapor pressure generated from the Antoine constants, p;
is vapour pressure calculated by Eq. (3) using mean value of k=25734, AH,qp p, is evaporation enthalpy calculated from p; applying Clausius-Clapeyron equation. All units

are expressed in S.I. system.

The enthalpies of NG evaporation at different temperatures are
calculated applying Chickos et al. equation and using the mean val-
ues of AHygp and T obtained from two approaches (AHyqp =83.44
at T =379K), and the heat capacity ¢, ng)=295.4]Jmol-1K-! at
298 K [26]. The results of calculations are summarized in Fig. 7.

As mentioned before, the Langmuir equation does not take into
account existence of several barriers (influences) to the evapo-
ration process in TGA experiments; influence of purge gas flow
rate, diffusion of vapor through a thin layer of a stagnant gas,
purge gas concentration gradient in the case of higher vapor pres-
sure, etc. However, despite of the lack of theoretical base some
authors demonstrated its applicability in a narrow temperature
range [6,10]. In this work we have tested applicability of previously
mentioned vaporization equations to describe the evaporation of
NG from DB propellants in TGA experiments. For the test we used
literature data for the vapor pressure dependence on temperature
for pure NG. This dependence is done by the Antoine equation [27]:

B

the Langmuir equation can only roughly reproduce NG vapor pres-
sure in the given temperature range (Fig. 6). At the same time ctyqp
changes from 1.75 x 10~% at 363 K to 3.08 x 10~* at 298 K.

Fig. 5 clearly shows that the vapor pressure is not a liner function
of the term v in broader temperature range, as it should be accord-
ing to the Langmuir equation. Only in a narrow temperature range
this dependence may be considered linear, which is consistent with
Price and Hawkins remark [6]. For example, in temperature range
60-130°C, the mean value of k equals 39,980 + 6.8%. This value of
k can reproduce the vapor pressure in this temperature range with
error less than 6.7%, however outside this temperature range the
difference is much higher. The results have confirmed that the Lang-
muir equation cannot be used for accurate prediction of the vapor
pressure in broad temperature range from TGA mass loss data for
NG, but for a narrow temperature range it can be used with certain
uncertainty, assuming a proper calibration of the constant k.

The values of k and g obtained in our study differ for about
order of magnitude from the values reported by Chatterjee et al.
[11] who obtained for methyl paraben tested under non-isothermal

log(p) =A T10) (20)
where A, B, and C are Antoine constants. According to Yaws et al., 30000
when pressure is expressed in mm Hg and temperature in°C the —o=—pA .
values of the Antoine constants in temperature range 13-406°C 25000 r e
are: A=8.323202, B=2305.8, and C=173.838 [27]. P
By successive application of experimentally obtained mass loss 20000 r k(298-423K) = 34791 -
data, the Antoine and the Langmuir equations, we derived values -
of k and avgp terms. The term v is calculated using values of NG a 15000 r
vapor pressure generated from the Antoine constants (p4) and NG ';_
mass loss rate per unit area ((dm/dt)S) derived from experimentally 10000 - L
obtained kinetic parameters (kygp = 5.6 x 107 exp(-81,900/RT) | = el k(298-473K) = 25734
and Egs. (14) and (15). Then, the k is calculated as a slope of ps = vk 9000 | _gZE
plot. Value of aygp is calculated from k = (v/27R/ayqp ). The results 0 & . ,
of calculation are summarized in Table 1.
It is obvious from Table 1 that the“constant” k changes from 0 0.2 0.4 0.6 0.8
23,465 at 298K to 41,318 at 363K (i.e. almost twice), and then v

decreases again at higher temperatures. The average value of k for
temperature range 298-473 equals 25,734. Using this value of k,

Fig. 5. Vapor pressure vs. v in temperature range 298-473 K.
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Table 2
Vapor pressure and evaporation enthalpy calculated by Pieterse and Focke vaporization equation.
T/K pa/Pa ((-dm/dt)/S)/kg s~'m~2 Dc/m? s 1 Dgp/m? s~! pp/Pa Difference between p,4 AHyqp.pp /K] mol !
and pp/%
298.15 0.07 8.356E-08 1.16E-05 5.53E-06 0.15 108.98 79.78
303.15 0.14 1.441E-07 1.05E-05 5.90E-06 0.25 84.58 79.72
313.15 0.46 4.068E-07 9.08E-06 6.68E—06 0.69 49.93 79.65
323.15 1.40 1.077E-06 8.18E-06 7.51E-06 1.79 27.44 79.58
333.15 3.87 2.688E—-06 7.64E—06 8.38E-06 4.35 12.44 79.51
343.15 9.81 6.364E—06 7.34E—-06 9.29E-06 10.04 2.30 79.44
353.15 23.13 1.435E-05 7.22E-06 1.02E-05 22.08 —4.55 79.37
363.15 51.11 3.093E-05 7.24E-06 1.12E-05 46.48 -9.06 79.30
373.15 106.58 6.398E-05 7.38E-06 1.22E-05 93.96 -11.83 79.23
383.15 211.01 1.274E-04 7.63E-06 1.33E-05 182.99 -13.28 79.16
393.15 398.82 2.451E-04 7.96E—06 1.44E-05 344.29 -13.67 79.09
403.15 722.84 4.563E-04 8.39E-06 1.55E-05 627.43 -13.20 79.02
413.15 1261.38 8.242E-04 8.90E-06 1.66E-05 1110.13 -11.99 78.95
423.15 2126.76 1.448E-03 9.50E-06 1.78E-05 1910.98 -10.15 78.87
433.15 3475.36 2.478E-03 1.02E-05 1.90E-05 3206.62 -7.73 78.80
443.15 5519.20 4.141E-03 1.10E-05 2.02E-05 5254.14 —4.80 78.73
453.15 8538.81 6.762E-03 1.18E-05 2.14E-05 8419.88 -1.39 78.66
463.15 12897.36 1.081E-02 1.28E-05 2.26E-05 13215.71 2.47 78.59
473.15 19055.59 1.695E-02 1.39E-05 2.39E-05 20343.75 6.76 78.52
483.15 27587.44 2.608E-02 1.51E-05 2.51E-05 30750.70 11.47 78.45
493.15 39195.84 3.943E-02 1.64E-05 2.64E-05 45692.75 16.58 78.38
503.15 54728.66 5.865E—02 1.78E-05 2.77E-05 66811.97 22.08 78.31
513.15 75194.02 8.590E-02 1.93E-05 2.90E-05 96224.83 27.97 78.24

Dc is diffusion coefficient derived by Eq. (6) from known vapor pressure (generated from Antoine constants) and experimental mass loss data, Dr is diffusion coefficient
calculated by Eq. (21) using Dy =5.53 x 10-°m? s~! and n=1.85, h=9 x 10~* m (and taken to be constant at iinitial evaporation stage), pp is vapor pressure calculated by Eq.
(6), AHyap,p, is evaporation enthalpy calculated from p, applying Clausius-Clapeyron equation.

conditions in nitrogen atmosphere and with 100 ml min—! flow rate the rate of NG mass loss data obtained from kinetic parameters,
thatk=1,25,452 and aygp =5.8 x 10-5 (all units in S.I. system). Simi- parameters in Eqs. (6) and (8) (the correction factor z, the correction
lar values are reported also by Phang and Dollimore [15] who found term for gas flow rate (1 — D/(hF/Sy + D)), and the diffusion coeffi-
for butylated hydroxytoluene tested under non-isothermal condi- cient) are calculated. Then, the vapor pressure is calculated from NG
tions in nitrogen atmosphere with 100 mlmin~! flow rate values mass loss rate and temperature dependent diffusion coefficient. To
k=1,23,600 and otygp =5.82 x 1073, describe temperature dependence of the diffusion coefficient we

The applicability of the vaporization equation proposed by used simple power law expression [28,29]:
Pieterse and Focke (Eq. (6)), and equation proposed by Beverley
et al. (Eq. (8)) are tested using similar approach. From the vapor

m
pressure values generated from the Antoine constants, and from D =Dy (%) % (21)
0 0

Table 3

Vapor pressure and evaporation enthalpy calculated by Beverley et al. vaporization equation
TIK pa/Pa ((—dm/dt)/S)[kgs~! m~—2 Dc/m?s1 Df/m? s~! VA tp pa/Pa Difference between py AHyqp pp/K] mol ™!

and pg/%

298.15 0.071 8.356E-08 1.258E-05 5.53E-06 1.000 0.96 0.15 117.15 79.95
303.15 0.137 1.441E-07 1.137E-05 5.90E-06 1.000 0.96 0.26 92.02 79.91
313.15 0.462 4.068E-07 9.702E-06 6.68E—06 1.000 0.96 0.72 56.35 79.86
323.15 1.402 1.077E-06 8.682E—-06 7.51E-06 1.000 0.96 1.87 33.23 79.81
333.15 3.866 2.688E—-06 8.071E-06 8.38E-06 1.000 0.95 4.56 17.84 79.75
343.15 9.811 6.364E—06 7.738E-06 9.29E-06 1.000 0.95 10.54 7.48 79.70
353.15 23.132 1.435E-05 7.607E-06 1.02E-05 1.000 0.95 23.26 0.54 79.64
363.15 51.110 3.093E-05 7.632E-06 1.12E-05 1.000 0.95 49.09 —3.96 79.58
373.15 106.574 6.398E-05 7.787E-06 1.22E-05 1.001 0.94 99.47 —6.66 79.50
383.15 211.011 1.274E-04 8.053E-06 1.33E-05 1.001 0.94 194.16 -7.99 79.40
393.15 398.811 2.451E-04 8.421E-06 1.44E-05 1.002 0.94 366.01 —-8.23 79.26
403.15 722.824 4.563E-04 8.883E-06 1.55E-05 1.004 0.94 667.87 —7.60 79.05
413.15 1261.361 8.242E-04 9.433E-06 1.66E-05 1.006 0.93 1181.97 —6.29 78.75
423.15 2126.731 1.448E-03 1.006E—-05 1.78E-05 1.011 0.93 2031.85 —4.46 78.29
433.15 3475.312 2.478E-03 1.077E-05 1.90E-05 1.018 0.93 3396.37 —2.27 77.61
443.15 5519.112 4.141E-03 1.152E-05 2.02E-05 1.029 0.92 552345 0.08 76.58
453.15 8538.679 6.762E-03 1.230E-05 2.14E-05 1.045 0.92 8738.23 2.34 75.04
463.15 12897.165 1.081E-02 1.306E-05 2.26E-05 1.071 0.92 13433.93 4.16 72.70
473.15 19055.309 1.695E—-02 1.372E-05 2.39E-05 1.109 0.92 20021.80 5.07 69.04
483.15 27587.021 2.608E-02 1.416E-05 2.51E-05 1.170 091 28790.92 4.36 62.99
493.15 39195.257 3.943E-02 1.418E-05 2.64E-05 1.269 0.91 39568.92 0.95 51.90
503.15 54727.839 5.865E—-02 1.344E-05 2.77E-05 1.448 0.91 50889.02 —7.01 26.10
513.15 75192.888 8.590E-02 1.125E-05 2.90E-05 1.854 0.90 57443.06 —23.61

Legend: D is diffusion coefficient derived by Eq. (8) from known vapor pressure (generated from the Antoine constants) and experimental mass loss data, Dr is diffusion
coefficient calculated by Eq. (21) using Dy =5.53-10" m? s=! and n=1.85, tp = (1 — D/(hF/Sy +D)) is correction term for a purge gas flow rate, F=8.33.10~7 m3 s,
Sy=5.3-10-% m?, pg is vapor pressure calculated by Eq. (8), AHyqpps is evaporation enthalpy calculated from pg applying Clausius-Clapeyron equation.
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Fig. 6. NG vapor pressure generated from Antoine constants vs. vapor pressure cal-
culated by different vaporization equations (p4: generated from Antoine constants,
pi: calculated by Langmuire equation using k = 25,734, pp: calculated by Pieterse and
Focke equation, pg: calculated by Beverley et al.

where Ty and pg are reference temperature and pressure respec-
tively, p; is the total pressure, Dy is the diffusion coefficient at
reference conditions, and m is exponent (which in accordance with
the kinetic theory of gases equals 3/2 [26]).

In the calculation we used literature value for the diffusion coef-
ficient at 298K and 1bar; Dg=5.53 x 106 m2s~1 [26], and then
adjusted exponent n to obtain the best agreement between the cal-
culated vapor pressure and the vapor pressure generated from the
Antoine constants. The pressure p; is assumed to be atmospheric.
The results of calculation are summarized in Tables 2 and 3 and in
Fig. 6.

It follows from Tables 2 and 3 that the values of diffusion
coefficients derived from p4 and mass loss data (D¢) lie between
1.9x 1072 and 7 x 1076 m?2 s~!, in temperature range 298-520K.
These values are slightly higher than the value reported in liter-
ature; D=5.53 x 1075 m? s~ at 298K, for diffusion of NG in air or
nitrogen [26]. Also, one may note that the calculated diffusion coef-
ficient shows unusual temperature dependence—it decreases from
298K to 373K and that increases from 373K to higher tempera-
tures. Because such dependence cannot be described satisfactory
by Eq. (21), we have derived exponent m using the literature value
for Dy and adjusting it until the best agreement between p4, and pg
and pp was obtained. In this way we obtained m = 1.85. This value of
m gives satisfactory agreement between D¢ and Df at higher tem-
peratures, in the temperature range 330-500 K. Also, this value of
m is close to value predicted by kinetic theory of gases (m=3/2)
[28], and values reported for binary diffusion coefficients of some
gases; m~ 1.7 [29] and m=1.82-2.2 [30].

Beverley et al. [20] have noted that it is not clear what value
of Sy should be used—total cross-section area of the sample tube
(i.e. sample), or area of the sample vessel minus area of the sample.
The authors have found that both approaches give almost the same
results. We have found that better results were obtained if we use Sy
to be equal to upper sample surface area. Hence in our calculations
we used Sy equals the upper sample surface area.

Tables 1 and 2, and Fig. 6, show that none of tested vapor-
ization equations cannot reproduce accurately NG vapor pressure
generated from the Antoine constants in broad temperature range
between the room temperature and the boiling temperature
(520K). The Langmuir equation, with average value of k=25,734,
gives the vapor pressures which significantly differs from the

120
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Fig. 7. Calculated evaporation enthalpies of NG vs. temperature (AHyqp.p,, Hyap,p; »
Hyap.pp»  Huap,pp—calculated from vapor pressure and Clasius-Clapeyron equation,
Hygpr—calculated from NG mass loss data using Eq. (11), and using temperature
corrections given by Eq. (19)).

vapor pressure generated from the Antoine constants. The Pieterse
and Focke equation gives better agreement in temperature range
340-500 K—difference is below 15%. Outside this temperature
range the difference is much higher (Table 2). The Beverley et al.
equation gives the best agreement among these three vaporiza-
tion equations—in temperature range 340-500K the difference is
below 9%, however outside these limits the difference is much
larger. It should be mentioned that all tested equations fail to pre-
dict accurately the vapor pressures at lower temperatures (below
333 K)—the difference can be more than 100%.

The Pieterse and Focke equation gives higher values of the vapor
pressure at higher temperatures, i.e. higher pressures. As the author
mentioned, the equation is applicable for diffusion control evap-
oration through a stagnate gas, but at lower vapor pressures. The
Beverley et al. equation, which includes corrections for higher vapor
pressures (the correction factor z), and the correction for gas flow
rate (the right-hand term in Eq. (8), tp), gives better agreement
in the range of moderate values of the vapor pressures. At higher
vapor pressures, above 5 x 104 Pa, the Beverley et al. equation gives
lower values of calculated vapor pressures. This is probably the
consequence of inability of Eq. (9) to predict accurately the cor-
rection for the vapor pressures close to the atmospheric pressure.
The conclusion is based on the fact that the vapor pressure gen-
erated from Antoine constants shows a monotonic (power law)
increase with temperature, even at p > pasm, however Eq. (9) pre-
dicts afastincrease of zas p approaches pqsm (as p approaches pam,z
approaches infinite value). This results in lower values of calculated
vapor pressure.

At the same time it seems that the correction term z, at con-
stant heat flow rates experiments, has the key influence on the
vapor pressure derived from TGA experiments. This follows from
the fact that a gas flow rate correction term (tp ) does not change too
much (from 0.96 to 0.90 for temperature range 298-510K), and the
correction term z was the main parameter that corrects the vapor
pressure value at a given temperature (Eq. (8)).

We used calculated values of the vapor pressures (p;, pp, and
pg) to derive the evaporation enthalpy of NG as a function of tem-
perature, applying the Clausius—Clapeyron equation (Eq. (10)). The
results of calculation, along with the enthalpies of evaporation
derived applying Eq. (11) and temperature correction by Eq. (18),
are summarized in Fig. 7.
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It is visible from Fig. 7 that the enthalpies of NG evaporation
calculated from the vapor pressures have almost constant value
in temperature range 298-513K for all vaporization equations
tested—the values range between 80 and 83 k] mol~!. The excep-
tion is the evaporation enthalpy calculated from pg (Hygp,pg), Wwhich
shows fast decrease above 450 K. The fact that the calculated evap-
oration enthalpies considerable differ from the enthalpies derived
from the vapor pressure generated from the Antoine constants, and
that the evaporation enthalpies do not show expected tempera-
ture dependence, indicates inability of these equations to relate
the vapor pressure and mass loss rate from TGA experiments with
sufficient accuracy.

The evaporation enthalpy calculated from TAG mass loss data
and the Langmuir and Clausius-Clapeyron equations, and Chickos
et al. equation for temperature corrections, gives a reasonable
agreement—the difference between AHygp p, and AHygp is less
than 4k]mol~! (< 5%) in whole temperature range, except for the
room temperature where difference is 8 kj mol-! (i.e. 8%).

This work gives slightly lower value of the evaporation enthalpy
at298 K(AHygp =90.5K] mol~1) than the value calculated from the
Antoine pressure (AHyap p, = 92.9K] mol 1), and slightly higher
value at the boiling temperature of 523 K (AHygp, =70.6K] mol-1
and AHygp,p, = 66.7 k] mol ~1). At the same time it seems that the
Miroshnichenko et al. equation (Eq. (1)) considerable lover values
of the evaporation enthalpy at NG boiling temperature (AHyap p, =
44.7 kJmol ~1). The above results show that the Langmuir equation,
in combination with the Clausius-Clapeyron equation, can be used
to predict the evaporations enthalpy from the mass loss data with
the error less than 10%, in spite of the fact that it is not adequate to
calculate the vapor pressure from TGA data.

4. Conclusions

We have studied a very early stage of evaporation of
nitroglycerin from double base propellant using isothermal ther-
mogravimetry and the vaporization equations which relate the rate
of nitroglycerin mass loss and vapor pressure.

The results have shown that at the early stage evaporation fol-
lows zero-order kinetics, while at later stage the rate of evaporation
decreases due to reduction of the evaporating surface area and
effects of migration and diffusion of nitroglycerin toward the sam-
ple surface.

It was found out that none of tested vaporization equations
(the Langmuir, Pieterse and Focke, and Beverley et al. equations)
cannot predict accurately the vapor pressure from TGA data in
a broad temperature range—from the room temperature to the
boiling temperature (298-523 K). The best results were obtained
using the Beverley et al. equation, but it seems that more addi-
tional work should be done in order to describe accurately effects
all barriers/influences to the evaporation process that exist in TGA
experiments. In particular it refers to the correction term z in Eq.
(8), which plays key role at higher vapor pressures.

The Langmuir equation, which is admittedly not perfect and
strictly speaking not applicable to relate the rate of mass loss
obtained in TGA experiments and the vapor pressure (since it is
derived for the evaporation into vacuum and neglects existence
of any barrier and influence to the evaporation process), can still
estimate the vapor pressure over a finite temperature and pres-
sure ranges to a some accuracy. The results show that it is possible
to estimate the evaporation enthalpy to a good accuracy com-
bining the Langmuir and the Clausius-Clapeyron equations, and
using Chickos et al. equation to make the heat capacity correc-
tions. The evaporation enthalpy of NG, derived in this way, equals
90.5k]mol~! at 298K, which is ~8% lower than the enthalpy
derived from the vapor pressure generated from the Antoine con-
stants.
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