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BLAST MITIGATION BY WATER MIST
(1) SIMULATION OF CONFINED BLAST WAVES

1 Introduction

Explosions and fires have always represented a danger to naval ships. Large amounts of fuel
and ordnance onboard these ships provide plentiful fuel for explosions and fires even in peacetime.
Recent events such as the USS Cole have highlighted the need to be able to mitigate the effects of
explosions on board ships, whether caused by internal or external factors.

Several recent studies have looked at water to mitigate the effects of explosions. Using water
is attractive for several reasons. The large heat capacity and latent heat of vaporization allows
water to easily absorb a large amount of energy. In addition, water systems have a great deal of
flexibility and low cost, are environmentally safe and clean to use, and can serve a dual rdle in fire
suppression in peacetime situations and explosion mitigation during war and terrorist situations.

Water mist is currently being developed as a fire suppression tool on naval ships to replace the
Halon systems currently employed [1]. Because of this, much effort has gone into developidg water
mist spray systems, characterizing the resulting spray and its effect on the fire. A considerable
amount of research has also been accomplished with respect to water suppression of explosions
(for a review see [2]). Although water mist systems also appear attractive for blast mitigation,
there are still several issues that need to be addressed pertaining to characteristics of explosions on
board ships and mitigating them [2-4]. Many of these questions eventually need to be addressed
through experiments and testing. However, modeling can help substantially reduce the number
and total cost of experiments, and provide insight into the mechanisms that are important for
blast mitigation. This specific memo report addresses modeling of TNT explosions within confined
spaces. TNT was chosen because it is a fairly common and well understood explosive. Because it is
under-oxidized, correctly simulating the blast and quasi-static pressure also requires modeling the
fireball that results from the oxidation of unburned carbon and carbon monoxide. The techniques
employed here are not specific to TNT, however, and should carry over to other explosives without
difficulties.

In terms of blast mitigation, our main interest is obtaining correct initial overpressure and
quasi-static pressure away from the initial charge. Because of this, we use a fairly simple model
near the charge, where the physics is very complex, and a more accurate calculation away from
the charge, where the physics is much simpler. For this report, we look at two reference cases, a
spherical enclosure and a cylindrical enclosure, such that the volumes of both are 3.25x107 cm3.
The blast is created by 2.12 kg (4.67 1bs) of TNT exploded in the center of the enclosure.

2 Modeling of TNT Blast Waves in Enclosures

The chemical structure of TNT is C7Hs5N50g. TNT is extremely oxygen deficient, thus it
requires excess oxygen in order to react completely. Without excess air, TNT will form the following

products [5]:
C7Hs5N306 — 2.5 Ho0 + 3.5 C(s) + 3.5 CO + 1.5 Ny + 247 kcal/mol TNT

~

where water is assumed to be in gaseous form. For a typical explosion into air with excess oxygen,
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the C(s) is first converted to CO and then the CO is converted to CO2 within the blast front. For
every mole of explosive, 5.25 moles of Oq are required in order to fully oxidize the C(s) and CO

molecules.

3.5 C(s) + 3.5 CO + 5.25 Oy — 7 CO; + 567 kcal/mol TNT

This last reaction could also be divided into two steps: the solid carbon is converted to CO, and
then the CO is converted to CO;. As indicated by the heat of reaction, much of the energy for
a TNT blast is produced in the secondary fireball. Because of this, and also because the fireball
encompasses a fairly large region, it is important to model this reaction process within the blast
front. The initial blast, on the other hand, is confined to a fairly small region.

The radius required to consume all of the C(s) and CO to form CO; from the initial blast
is called the fireball radius for an explosive. For the base case of 2.12 kg TNT exploding into a
container filled with air at standard temperature and pressure, the fireball radius is 111 cm (volume
5.729%106 cm?). It is important to note that the above radius really only has meaning for quasi-
steady constant volume calculations. That is, if you explode TNT in a spherical container with a
radius of 111 cm, there is enough oxygen within the container to totally convert the C(s) and CO
to COy. This does not mean that all of the initial CO and C(s) will be consumed in the initial
blast by 111 cm, because that would require the oxygen to fully mix with the C(s) and CO. In
fact, because the fuel only slowly mixes with the oxygen at the contact discontinuity, reactions will

continue much further out than the “fireball radius.”
The approach used for modeling blasts in enclosures in this report is based on the fact that

the volume containing and immediately surrounding the explosive is very small compared to the
total volume of the enclosure. Since these simulations focus on the properties of the blast away
from the initial explosive, we separate our domain into two regions. The region near the initial
explosive charge is defined as the “blast” volume. The initial density, pressure, and temperature are
calculated within this volume assuming a constant volume well-stirred reactor calculation that has
gone to completion. Initial conditions away from the blast region are set at the ambient conditions.
The CFD calculation is started as a bursting-diaphragm problem, where the initial velocity is set
to zero everywhere, and at time zero the “diaphragm” separating the “blast” volume from the

ambient air is removed and the simulation starts.

2.1 Governing Equations

As mentioned previously, the shock front that forms from the initial blast cannot be treated
as a pure gas, because it carries particles of C(s) that are burned to form CO at the contact
discontinuity. For purposes of the computations, we treat this as a fine dust that has a very small
volume fraction (ag > og s)), and is in temperature and velocity equilibrium with the gas, similar to
the analysis done by Marble for dusty gases [6]. By making these assumptions, we can combine the
gas and carbon-dust mass, momentum, and energy equations such that the conservation equations

for inviscid flow become:




@+V-pu=0 (1)

ot
dpu
— + V. .puu=-VP (2)
ot
212+V-(E+P)u=0 (3)

ot
where p is the total density of the flow (p = Zﬁi Pg;i + Pc(s))- In addition to these conservation
equations, we also have additional conservation equations for the gas species and the carbon dust:

Opy.i

5+ V" Poitt =Sy (4)
dp
————act(s) + V- posyu = Scs) (5)

where Sy ; and S¢(s) are the source terms due to reactions, and will be discussed in more detail
below. Because of the complex mixture, we compute the total energy straight from the enthalpy

calculation:
Ny 1,
E =3 pyihgi(T) + po(syhe(s) (T) = P+ 5pu (6)
i=1

where the species enthalpies h;(T") are computed from polynomial curve fits given in Appendix A.
This representation has the added advantage that we do not have to add energy due to reactions
because that is already incorporated into the expression for E. The disadvantage of using this
system is we now have to solve a non-linear equation to back out the temperature from the total
energy, and is thus much less computationally efficient than the simpler expression commonly used
for E in high speed CFD codes. Two global reactions are used to convert the carbon dust and
carbon monoxide to carbon dioxide,

C(s) +1/2 09 — CO

CO +1/2 03 = COy

Both reactions are treated as infinitely fast above a temperature of 1000 K. This approximation
should be very good given the extreme temperature and pressure conditions occurring within the
shock. First we burn C(s) to CO until the supply of C(s) or O, is depleted, and then, if there is
any excess oxygen, we burn CO to CO;. The exact expressions for the reaction rate used are:

. . | pr 2p0
(Atrf) = min {-Wif W‘joj (7)
where f represents either C(s) or CO. The source terms for the species involved in reactions become:
Scts) = AtWo(syfegs) (8)
Sp0: = —1/28tWo, (ic) +co) 9)
Sgco = AtWeo (7"0(3) - 7'”co) (10)
Sg.co, = AtWeo,rco (11)
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To close the system, we need an equation of state to relate the pressure to the temperature. For
explosives, the equation of state is often the most important part of the calculation. Since we are
interested in the blast solution away from the explosive, we use a fairly simple equation of state,
called the Nobel-Able equation of state. This gas law has the form:

pRT
“1-an (12)
where a is empirically determined and n is the molar density of the gas. The Nobel-Able gas
law accounts for the effect of finite volume molecules in calculating the pressure, and is only valid
for moderately high pressures compared to many other equations of states used for explosives.
The suggested value for a for TNT explosions is 25 cm3/mol [7], however, we found a value of 15
cm?/mol to work much better due to the extreme pressures found initially close to the explosive.

2.2 Initial Conditions

As previously mentioned, the simulation is initialized by defining a “blast” volume where the
explosive is expected to react completely in a constant volume, adiabatic process, and then starting
the simulation as a broken diaphragm problem. Currently, the volume specified as the blast volume
is arbitrarily chosen but is based on the initial explosive radius. For this report, we examine several
different blast volume sizes.

The pressure and temperature within the blast volume are calculated assuming a constant
volume, adiabatic reaction where the explosive reacts completely with the available oxygen. For
this calculation, we used the same thermal properties and equation of state as described above for
the simulation. As an example, we show the results from the constant-volume calculation for an
initial blast volume of 11.1 cm and a charge of 2.12 kg (4.67 Ibs) TNT in Table 1.

An important point to note is that the final gas composition is completely dominated by gases
evolved from TNT. Thus, as we change the blast radius, the number of moles and temperature will
stay fairly constant; but the ideal gas pressure will increase or decrease as the cube of the ratio of
radii, as shown in Table 2.

The pressures, in fact, can quickly become so extreme that the ideal equation of state does not
work well (the ideal gas law is a very good approximation up to about 500 atm, although many
ballistics scientists use the ideal gas law up to about 2000 atm with only relatively small errors).
This would indicate that a blast radius of 14.8 cm is about the smallest radius where the ideal gas
law is still reasonable. For smaller blast radii, an accurate equation of state becomes more critical,

whereas for larger blast radii, the ideal gas law is adequate.

2.3 Solution Procedure

The solution procedure used for the current simulations is based on the explicit-FCT algorithm
[8] extensively used for high speed flows. This method is described in detail in NRL/MR /6410-93-
7192 [9], and will not be repeated here for brevity. The scheme uses spatial splitting and also splits
the reaction calculation from the convection calculation. Unlike the computations described in the
above memorandum report, we use curve-fits for calculating the total energy that are designed to
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Table 1: Initial and final conditions for a constant volume explosion of 2.12 kg of TNT. The gas
initial conditions represent the gas in the initial “blast” radius, outside of the explosive.

Amount of TNT: 2.12 kg
Mole TNT: 9.334
Volume TNT: 1,285 cm?

Radius of blast: 11.1 cm
Volume of blast: 5,729 cm?

Gas Initial conditions:

Mole Density (mol/cm3)
Oq: 0.0489 8.532x1076
Na: 0.1838 3.208x10~%
Temperature: 300.0 K
Pressure: 1.013 bar

Molar density: 4.061x1075 mol/cm3
Molecular weight: 28.85 gm/mol

Gas Final conditions:

Mole Density (mol/cm?)
0s: 0 0
Ny: 14.18 2.476x1073
H,0: 23.33 4.073x1073
CO: 32.77 5.720x 103
COa: 0 0
Temperature: 3501 K
Pressure: 4,376 bar

Molar density: 12.27x10~3 mol/cm?
Molecular weight: 24.78

Mole C(s): 32.57
Density C(s): 5.686x10~3 mol/cm?, 6.829x10~2 gm/cm?




Table 2: Pressure, temperature, and molar density of explosion within a constant volume container
of different radii.

Blast radius(cm) Temp. (K) Press. (bar)* Press. (bar)** Molar density (mol/cm3)

14.8 3498 1514 1642 5.204x10~3
11.1 3501 3571 4376 1.227x10~2
6.75 3502 15,840 85,990 5.439x10~2

* Ideal gas equation of state
** Nobel-Able equation of state

work with the thermodynamic data in the form used in the NASA chemical equilibrium code [10].
The pressure is calculated by first computing the temperature from the total energy, and then back-
ing out the pressure using the Nobel-Able gas equation of state. This method is computationally
expensive, and is only done for these simple calculations to make sure our models are accurate.
Other features of the code include a parallel implementation using OpenMP (www.openmp.ory),
the ability of using multi-block rectilinear grids [11], and the ability to put in dispersed phases via
an Eulerian sectional approach [12], although none of these are used for the one-dimensional cases,
and for this report only the OpenMP option is used for the two-dimensional and three-dimensional

cases.

3 Results

The simulations presented in this report are divided into two broad categories. First, we look at
the characteristics of the initial blast. This blast will typically be a spherically shaped shock that
emanates from the explosive. The overpressures associated with this initial shock are very extreme,
but of short duration. The second characteristic we examine which is important for enclosures is
the quasi-steady pressure rise. This is the pressure rise due from the initial blast and the oxidation
of the remaining C(s) and CO. For mitigation, we are concerned with both the initial blast and the
quasi-steady pressure/temperature rise. The majority of computations done for this report have a
blast radius of B, = 11 cm.

3.1 Initial blast simulations

The first set of computations examine the initial blast, which is spherical in nature emanating
from the explosive. Because of this, for most simulations we used a one-dimensional spherically-
symmetric solution procedure to make the computations efficient. The domain was chosen to be
173 cm long, where 111 cm is the secondary fireball radius.

The solution for the base case (2.12 kg TNT, spherical geometry with » = 173 cm, 11 cm blast
radius, well-resolved) at several instances in time is shown in Figure 1. There are several interesting
features of these spherical blasts. The first striking feature of the density (Fig. la) and pressure
(Fig. 1b) plots are that the high levels of pressure and density fall off rapidly away from the blast




volume. The pressure, in particular, quickly reduces from the initial extreme levels. At about 30 cm
from the initial “blast” radius, the overpressure has already been reduced to about 45 bar. Similarly,
the density, while being extremely high in the initial blast volume, has a maximum within the shock
front of around 0.01 gm/cm® (compared to the ambient density of 0.00117 gm/cm3). Behind the
shock wave, as time progresses, both the density and the pressure in the original blast volume go
below ambient pressure and density due to over-expansion, which also forces the velocity (Fig. le)
to become negative between the shock front and the original blast volume. For these cases the effect
of reactions is seen at the contact surface as a spiked rise in temperature (Fig. 1c), or a decrease in
density. The reactions do not occur at the blast front because the air is not premixed, thus there
is no coupling of the blast front and the reaction and it is not a detonation wave.

Another interesting result from the simulation is the shock location and shock velocity, as shown
in Figure 2. Figure 2b shows that the shock velocity quickly rises as the shock sets up from the initial
condition, and then quickly decelerates because of the spherical expansion. The shock overpressure
and temperature are shown in Figure 3. The shock overpressure is important because it indicates
the maximum pressure experienced at a specific location in the domain. These values can easily
be compared with experimental values to validate the numerical procedure (as shown below). The
shock temperature is not as useful as the overpressure, because the highest temperatures in the
flow usually occur behind the shock at the contact surface, where the carbon dust and CO oxidize.
However, this quantity may become important for mitigation purposes.

To ensure the accuracy of our computations, the spatial and temporal resolution requirements
to obtain relatively grid-independent solutions are examined. First, four different spatial represen-
tations, from 250 cells to 2000 cells in a domain of 173 cm (thus Az = 0.692 cm to 0.0815 cm), are
computed with a time-step of 0.05 us. A comparison of solutions at two different spatial resolutions
is shown in Figure 4, and the effect of grid resolution on the resulting shock location and over-
pressure is shown for all resolutions in Figure 5. Interestingly, the lowest resolution (250 cells) has
a shock speed much higher than the other three resolutions. Examining the temperature solution
(Fig. 4b), we determine that this is caused by the flame at the contact surface effecting the initial
shock for the low resolutions. This occurs because there is a much greater degree of mixing between
the carbon dust and CO and the oxygen due to numerical diffusion, resulting in more reactions
that tend to drive the flow forward. Examining the spatial solution and shock overpressure, there
is very little difference between the 1000 and 2000 cell solutions, and only a small difference with
the 500 cell solution. The temporal resolution was also investigated, and found to have little effect
on the solution.

The next set of results examine the effect of C(s) and CO oxidation on the overall shock system,
as shown in Figure 6. For the one-dimensional case, the effect of reactions is minimal. The reactions
occur at the contact surface, which is away from the initial shock. The effect of the reactions is
to raise the temperature right at the contact surface. It does not, however, effect the temperature
elsewhere within the shock, and does not effect the pressure and velocity anywhere in the domain.
For the non-reacting case, a slight jiggle in the temperature is seen at the contact surface. This is
believed to be caused by the non-linear nature of the FCT solution procedure, such that energy,
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density, and species densities can be slightly out of phase due to differing amounts of numerical
diffusion.

Next, we examine the effect of blast radius on the pressure and temperature solutions (Figure
7), and on the shock location and shock overpressure (Figure 8). A suitable lower limit on the blast
radius is the physical radius of the TNT, which is 6.75 ¢cm for this simulation. An upper limit for
the blast radius of 14.8 cm is chosen because that is the smallest radius where the ideal gas law
is valid for the entire domain. The solution tends to be very sensitive to the initial blast radius
used in the simulations. In particular, from Figure 8 it is apparent that the smaller radius gives
much larger overpressures than the larger blast radii, due to the extreme increase in the initial
pressures as the radius is reduced, as shown in Table 2. In addition, as the radius is reduced, the
temperature and density after the contact discontinuity is reduced significantly, which is the result
of much stronger expansion.

Finally, the spherically-symmetric one-dimensional case is compared with an axi-symmetric
case. For the simulations, we choose Az = 0.346 cm resolution (500 cells) because the differences
in the solution between that and higher resolutions is small and we would like efficient axi-symmetric
computations. The axi-symmetric geometry is 173 cm x 173 cm and has the same resolution (500 x
500 cells). Both cases use the 11.1 cm blast radius. The results are shown in Figure 9 and 10. Two
things are important to note. First, the initial shock wave and pressure solution is almost exactly
the same between the one-dimensional and axi-symmetric solutions. This suggests that mitigation
studies done for the initial blast can be done adequately with the one-dimensional simulations.
Second, the flame created at the contact discontinuity by the mixing of oxygen, carbon monoxide,
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and carbon dust is unstable and tends to wrinkle. This wrinkling, although not terribly important
for the initial shock, becomes important for quasi-steady simulations, as will be shown below.

It is important to compare these results with actual experimental data. Our first comparison for
the one-dimensional spherical simulation is with data compiled by Kinney and Graham [13] on the
peak overpressure of blasts, and is shown in Figure 11. We compare overpressures at six separate
points within the domain, for three different blast radii. In addition, we consider R, = 6.75 cm
results both with and without the modified equation of state, as presented earlier. (The R, = 22
cm results do not need the modified equation of state because the initial pressure is below 500
atm). We can see from this result that for comparisons with experiment, it is essential to use the

6.75 cm blast radius with a modified equation of state.

3.2 Quasi-steady simulations

In addition to the initial blast, the long term pressure developed in an enclosure is also of
importance for mitigation. For the case of TNT, this overpressure is closely tied to the secondary
fireball reactions instead of the initial blast pressure, because the majority of heat released from
the explosive is part of the afterburn heat. To investigate this, a set of long time simulations
were computed to obtain quasi-steady pressures for comparison with experimental data. These
simulations involved shock reflections that often make the flow-field quite complex, and required
at least an axi-symmetric simulation in order to correctly model the mixing that occurs due to

turbulence.
For these simulations, we use an axi-symmetric domain with a radius of 173 ¢cm and a length
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of 346 cm. Using symmetry arguments, our computational domain is 173 ¢cm x 173 cm. For
comparison, we also compute a spherically-symmetric one-dimensional solution with a radius of
198 cm, chosen such that the volume of the sphere and the cylinder are the same as the NCEL
test results [14]. The grid size for the axi-symmetric geometry is 500 x 500, chosen such that
we have a fairly efficient calculation without sacrificing much accuracy. For the axi-symmetric
calculations, we take pressure traces at nine locations within the domain, as shown in Figure 12.
For these simulations we use a spherical blast radius of 11 cm for both the one-dimensional and
axi-symmetric simulations, centered at = 0 cm, z = 0 cm (near station 1 at the center of the
cylinder).

The first results shown are comparisons of pressure between the one-dimensional computation
(pressure trace taken at r = 100 cm) and station 5 of the axi-symmetric simulation. The pressures
are plotted in psig for easy comparison with experimental data. The first noticeable feature of this
plot is the distinct difference between the one-dimensional and axi-symmetric results. There are
two main reasons for this. First, because of the spherical geometry, the main shock will tend to
only bounce back and forth within the domain and never create complex reflection patterns such
as in the multi-dimensional cases. Additionally, by forcing spherical symmetry, the instabilities
seen in Figure 10 will not develop. Both of these features restrict the development of turbulence
and inhibit the mixing between CO, C(s), and oxygen, resulting in much of the secondary fireball
energy not being released as quickly as in the axi-symmetric and experimental cases.

The second noticeable feature of this plot is the quasi-steady pressure seen in the axi-symmetric
case compared with the experimental cases. The axi-symmetric case is quite a bit higher than the

15



Overpressurer, psi

Test 2
Explosive = 4.67 Ib TNT
Water=01b
P,=513 psl

75

g
50 = %
©
&
a” 8
25 e
8
o
| One-dimensional simulation
s Two-dimensional simulation 8
ITwo-dlmenslonal simulation, reduced H"""n @ .
259 0.02 0.04 0.06 0.08 . ‘oo 0.02 0.04 9-06 0.08
Time, seconds TINE. SEC
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steady simulations. Ry = 11 cm, Wy = 2.12 kg. Cells = 500. At = 0.25 us.

experimental case. There are several reasons for this. First of all, there is uncertainty associated
with the heat of formation of TNT. For the initial blast results, we found that the higher heats of
formation compared much better with the results of Kinney and Graham for the initial blast. How-
ever, these values may need to be adjusted for the quasi-steady calculations. Also, the simulations
assume everything reacts completely; however, in reality, for high-temperature flames many species
will reach an equilibrium and not fully react, while other species will tend to dissociate. Both of
these processes tend to drive the flame temperature (and thus the pressure developed within the
enclosure) down toward the experimental enclosure pressure.

The next result shown is pressure and temperature snapshots at 5 ms, 10 ms, and 50 ms for
the axi-symmetric domain (Figure 14). All of these snapshots occur after the initial blast wave
has reflected off the outer wall. The most important thing to note from these snapshots is the
incredibly complex nature of the solution after the initial shock reflection (compare these solutions
with Figs. 9 and 10). This is especially true in terms of the temperature solution, where the initial
instabilities in the contact discontinuity seen in Figure 10 have interacted with the reflected shock
in a very complicated manner. Two additional points can be seen from these plots. First, the high
temperature region, hindered partially by the reflected shock waves, takes a significant amount of
time (relative to the initial blast) to get to the outer wall. Second, the pressure solution shows
strong spatial variation at least 10 ms after the initial blast, and perhaps for much longer. By
about 50 ms, though, the pressure has evened out considerably within the chamber. This is due to
the high amount of dissipation within the flow caused by the small scale structures.

Finally, Figure 15 shows pressure traces at each of the stations for the axi-symmetric solution.
The interesting aspect of the different pressure traces is how different all of them are. All of the
traces near the centerline are extremely noisy, which is believed to be a numerical artifact due
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to the extremely small cell sizes. All of the stations near the boundary also are more noisy than
the central station (Station 5). Further investigation should be done to determine if this is just a
numerical artifact or if there are physical reasons for this. Also, the quasi-static pressure is reached
by about 30 ms, which corresponds nicely to experimental results.

4 Conclusions

This report has focused on our efforts to capture the two main features of explosions that we
are interested in mitigating using water mist. The first feature is the initial blast overpressure.
By selecting suitable initial conditions and appropriate thermo-chemical properties, we can predict
shock overpressures to within 5% of experimental results for several locations within the simulation
domain, without doing a detailed and expensive computation of the initial detonation within the
explosive. We found that correct overpressure calculations do require the use of a modified gas
equation of state; for these computations, we used the Nobel-Able gas law. Effective simulations
of the initial blast overpressure were done using a spherically-symmetric one-dimensional solution
procedure. Additional studies were done to determine the effect of resolution, afterburn reactions,
and “blast” radius on the shock overpressures.

The second feature of interest is the quasi-steady pressure developed within the enclosure.
This pressure is dependent on heat released in the secondary fireball reactions of carbon dust and
carbon monoxide being oxidized to carbon dioxide. Multi-dimensional simulations were necessary
to accurately predict the development of this overpressure due to mixing generated by complex
shock reflections and instabilities within the contact surface that are present in multi-dimensional
simulations, but absent in one-dimensional simulations. It was found that a slight adjustment of
the heat of formation for TNT was necessary such that equilibrium chemistry and dissociation
could be accounted for in the simple chemistry model to give the correct quasi-steady overpressure.

Additional studies will concentrate on developing water-mist models for examining the miti-
gation of the initial blast, and then the quasi-steady pressure and temperature within confined
enclosures. Additionally, more simulations are needed for other explosives to determine the prop-
erties of the initial blast and quasi-steady pressure rise, and finally to determine the effectiveness
of mitigation. Simulations will be done for room sized enclosures and also for more complicated

geometries that are similar to geometries found aboard ships.
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A Thermodynamic curve-fits

The thermodynamic data for each gas species is shown below. It is arranged such that for each
species, the first line states the formula name, phase, molecular weight, and the temperature ranges
of the thermodynamic curve-fits, and the subsequent lines are the coefficients for the thermody-
namic curve-fits. Most species have a low temperature curve-fit and a high temperature curve-fit.
Numbering the coefficients for each temperature range a; to az, the specific heat (Cp) is calculated

as:

CP i -1
R n=1

The enthalpy is calculated using the relation h(T) = f;; ot Cp(T) dt + hye:

therm.dat
CTHEN306
29.26000
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h a, T 1 @
=
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— =a1InT + +a
R ! :g: n—1 4
n=2
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31.9988003 300. 1000. 5000.
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