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Pressure Effects on Flowing Mildly-Cracked n-Decane

Thomas A. Ward,* Jamie S. Ervin," and Steven Zabarnick*
University of Dayton, Dayton, Ohio 45469-0210

and

Linda Shafer®
University of Dayton Research Institute, Dayton, Ohio 45469-0116

It is anticipated that traditional methods of cooling that employ the sensible heat transfer provided by fuels will
not be sufficient to meet the cooling requirements of future high-performance aircraft. One potential solution is
the use of endothermic fuels, which absorb heat through chemical reactions. However, few studies have analyzed
the effects of pressure on a chemically reacting, flowing fuel. An experiment is described that studies the effects of
pressure on flowing, mildly cracked, supercritical n-decane. The experimental results are studied with the aid of
a unique two-dimensional computational fluid dynamics model that simulates the formation of cracked products
from experimentally derived proportional distributions. This model is used to study the effect of pressure on the flow
properties of the fuel. The experiments indicate that increasing pressure enhances bimolecular pyrolysis reactions,
relative to unimolecular reactions. Increasing pressure also increases the overall conversion rate of supercritical
n-decane flowing through a reactor. This is primarily because pressure increases the density, which increases the
residence time of n—-decane flowing through the reactor.
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t = time,s

u axial velocity component, m/s

v = radial velocity component, m/s

Y; = mass fraction of ith cracked product species
(fraction includes parent fuel)

Yru = mass fraction of parent fuel

Y products = Mass fraction of total products

Vi = product mass fraction of ith product species
(fraction excludes parent fuel)

Viay = averaged y; over a range of parent
fuel conversions

z = axial coordinate, m

re transport coefficient

Ahlendo = enthalpy change due to endotherm, kJ/kg

& = turbulence dissipation rate, W

K = thermal conductivity, W/m - K

i = absolute viscosity, kg/m - s

Wy = turbulent viscosity, C,, - p - k*/e, kg/m - s

o = density, kg/m’

o8 = effective turbulent Prandtl number
(kinetic energy), const= 1.0

oy, = effective turbulent Prandtl number (species),
const=1.0

A = effective turbulent Prandtl number (dissipation
rate), const=1.3

P = assigned variable in Eq. (2)

w; = rate of production of ith species, kg/m> - s

Introduction

N advanced military jet engines, fuel is used for cooling before

combustion. It is envisioned that the heat dissipation require-
ments of future high-performance aircraft will increase beyond that
which can be supplied by the sensible heat transfer provided by
fuels.! Use of cryogenic fuels would add unacceptable weight, com-
plexity, and cost. An alternative solution is to use a hydrocarbon
fuel that absorbs heat through a series of endothermic chemical re-
actions. With an endothermic fuel, additional cooling is obtained
by endothermic reactions occurring simultaneously with traditional
convective heat transfer. The endothermic heat absorption rate can
be over twice that of rate available by sensible cooling.'

Significant thermal cracking of jet fuel occurs at temperatures
above approximately 500°C, where the bonds of hydrocarbon
molecules are broken to produce several smaller molecules.
This type of endothermic reaction is called thermal cracking or
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pyrolysis.? However, there are numerous factors that must be stud-
ied and understood before pyrolysis cooling can be applied to a
new heat exchanger design. The effects of fuel temperature and res-
idence time on pyrolytic fuel flow have been popular past topics
of study, due to their strong influence on the reaction rate.® Unfor-
tunately, there is little work that addresses the effects of pressure
on fuel properties and very few computational models capable of
sufficiently representing the problem. A change of pressure on a
flowing, supercritical hydrocarbon fuel may affect the flow proper-
ties. The effect of these properties on the velocity, heat transfer, and
chemical kinetics is complex, especially if multidimensional ge-
ometries are considered. Furthermore, chemical changes in the fuel
as it cracks also affect the behavior of flowing fuel. All of these fac-
tors must be taken into account to understand the effect of pressure
completely.

Fabuss et al.* conducted flow experiments to study the effects
of pressure on the thermal cracking of n-hexadecane pumped at
different flow rates (16—133 ml/min). The reactor was placed in-
side a furnace, which heated the reactor to wall temperatures over
the range of 600-700°C. Analysis and measurements of the prod-
ucts were done by several methods, including gas chromatography.
They concluded that, although the overall conversion of hexadecane
increased with increasing pressure, the first-order reaction rate con-
stants for the cracking of hexadecane was independent of pressure
over the range studied (1.38-6.89 MPa). Unfortunately, they did not
model the experiment or analyze the flow properties.

Similarly, Jones et al.’> conducted flow experiments using a mix-
ture of n—alkanes (Norpar-13) pumped at a flow rate of 20 ml/min
over a pressure range from 3.5-16.3 MPa. The reactor was elec-
trically heated to produce an exit fuel temperature of 635°C. The
gaseous products were collected in a bag after the fuel was cooled
to room temperature and analyzed using gas chromatography. The
liquid products were also analyzed by gas chromatography, but the
measurements were lumped in carbon number groupings rather than
differentiated as individual product species. Furthermore, a simple
calculation of conversion was used and was defined as the fraction
of liquid lost in the reaction region (with the final quantity of liquid
being determined after cooling to room temperature). This defini-
tion of conversion ignores the liquid products and is, therefore, an
inaccurate measure of conversion. Whereas they overlooked this
inaccuracy due to their focus on deposition, the development of a
computational model to study the flow properties of the fuel re-
quires a more accurate definition of conversion that considers the
liquid products.

The experiments of the present work study the effect of pres-
sure on flowing n—decane undergoing mild-cracking reactions. Mild
cracking is defined as a low conversion of n—decane in which the
primary degradation products are smaller carbon number n—alkanes
and 1-alkenes.*~® Mild-cracking reactions of n—alkanes do not form
aromatics in substantial quantities. Aromatics are known to increase
soot and pollutant emissions during combustion, reduce the heat-
absorbing potential of the reaction, and are thought to be deposition
precursors.” Deposition is undesirable because it can obstruct fuel
pathways, resulting in catastrophic system failure. Therefore, mild-
cracking reactions of n—alkanes are of interest in endothermic fuel
systems. A single-pass heat exchanger, designed for mild-cracking
reactions, could potentially provide a beneficial heat sink with min-
imal deposition and its associated detrimental effects. Research fo-
cused on suppressing surface deposition by use of surface coatings
and additives is also ongoing.'?

In this work, a two-dimensional computational fluid dynamics
model is used to assist the understanding of the transport proper-
ties of the fuel. Many flow properties of interest in fuel experi-
ments are difficult or costly to measure. Also measuring devices
can sometimes interfere with the measurement of a flow property,
providing erroneous data or resulting in undesirable conditions. Nu-
merical models aid in understanding endothermic fuel experiments
by simulating properties that are unavailable from measurement.
Most past pyrolytic modeling efforts have involved several dif-
ferent types of chemical kinetics mechanisms including detailed,
lumped, and global. Detailed'' and lumped’-'? kinetic mechanisms

have generally been confined to nonflowing, analytical models. De-
tailed modeling of pyrolysis requires knowledge of thousands of
elementary reaction pathways and rate constants, which are gener-
ally unavailable for high carbon number n—alkanes.!! Thus, incor-
poration of a detailed model into multidimensional fluid dynam-
ics problems is generally not practical. Lumped mechanisms group
components of a fuel/product mixture into kinetic lumps, which
are then treated as pseudocomponents. However, information about
individual components comprising the product distribution is lost.
Therefore, the transport properties associated with the mixture may
not be adequately modeled. Most past numerical simulations of the
thermal cracking of flowing jet fuel have employed global kinetic
mechanisms.!?~!% In global mechanisms, only the rate equations for
the primary fuel species or components are defined. Because global
mechanisms generally require fewer rate equations than detailed
or lumped mechanisms, they are the most practical mechanisms
for multidimensional fluid dynamics applications. However, most
global models do not account for property changes due to the for-
mation of cracked products.!3~1

In a previous study, we developed a new mechanism that calcu-
lated mildly cracked products based on experimentally measured
proportional distributions.® This proportional product distribution
(PPD) mechanism is able to simulate chemical composition changes
of a fuel as it undergoes pyrolysis. The PPD mechanism requires
only one rate expression defining n—decane degradation. In this pre-
vious work, we demonstrated the advantages of using the PPD mech-
anism over a range of temperatures and flow rates, but for only one
pressure, 3.45 MPa (Ref. 3). In the current work, we apply the PPD
mechanism to a range of pressures to study the effect of pressure on
a flowing, mildly cracked fuel.

Experimental

A set of experiments was performed to study the effect of pressure
on the products of n—decane pyrolysis (Aldrich 99+4%). N—decane
was selected because it has a critical pressure and temperature simi-
lar to those of actual jet fuels, for example, jet-A and JP-8). Use of a
pure compound avoids difficulties in differentiating specific product
yields resulting from a complex mixture of reactants comprising an
actual jet fuel. Studies have shown that n—alkanes (like n—decane)
have product distributions that are similar to real jet fuels for ex-
perimental conditions similar to those studied in this work.!® The
experimental apparatus used was the system for thermal diagnostic
studies (STDS), shown in Fig. 1. The STDS consists of a thermal
reaction chamber, gas chromatograph (GC) with mass spectrometer
(MS), and hydrogen flame ionization detectors (FID).

The n—decane was sparged with gaseous helium before being
pumped into the STDS to displace dissolved oxygen to prevent
thermal-oxidative deposition in the heated reactor. A syringe pump
was used to provide a constant flow rate through the reactor, and
three different flow rates were used, 0.3, 0.5, 0.7 ml/min. The fuel
was pumped into 316 stainless steel tubing (0.5 mm i.d.) and passed
through a switch valve that either directed the fuel to the reactor
assembly or allowed gaseous nitrogen to flow through the system
(to prevent surface deposition in the reactor when not collecting
data).

A series of backpressure regulators were used to obtain five dif-
ferent outlet pressures, 3.45, 5.17, 7.93, 9.31, and 11.38 MPa. An
in-line pressure gauge was used to verify the pressure settings. The
thermal reaction chamber was housed in a GC oven (Hewlett—
Packard Model 5890A) kept at 200°C. The oven was used for
temperature control of the fuel transfer lines into the reactor. Con-
tained inside this oven was a smaller high-temperature furnace that
completely surrounded the reactor and heated it by electrically re-
sistive coils. The heating coils were surrounded by insulation to
minimize convective heat loss to the surrounding GC oven. The
reactor consisted of a continuous coiled, stainless steel fuel line
(1.6 mm o.d. x 0.5 mm i.d. x 34.3 cm in length) lying inside an in-
sulated quartz tube. The quartz tube was capped at both ends with a
foam insulator to reduce convective heat loss. Six (type K) thermo-
couples were strap welded onto the outer wall of the reactor (Fig. 2).
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Fig. 3 Measured wall temperatures, 3.45 MPa.

The measured wall temperature profiles (uncertainty of £2°C) were
used as boundary conditions for the numerical model. Two maxi-
mum wall temperature profiles were used, which had maximum
temperatures of 550 or 600°C measured at the fifth thermocou-
ple. As the fuel cracks, the endothermic reaction cools the fuel and
the reactor wall. Because the magnitude of the endotherm varies
with the different flow conditions, the electrical power supplied to
the high-temperature furnace was adjusted (in response to differ-
ent conditions) to maintain a constant maximum wall temperature
(550 or 600°C) at the fifth thermocouple. Figure 3 shows the wall
temperature profiles measured at a pressure of 3.45 MPa. The wall
temperatures measured at the other pressure settings were similar
to those shown in Fig. 3 and, thus, are not shown. The experiment
was run at different flow rates for five pressure conditions and two
maximum wall temperatures.

As fuel exited the reactor and cooled to room temperature, gas
product samples were collected from a liquid/gas separator in a
syringe and then injected into the FID. Ultrahigh purity helium
(99.999%) was used as the carrier gas. The condensed-phase (liquid)
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Table 1 Source terms and transport coefficients appearing in Egs. (1) and (2)
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product samples were collected for 15 min, weighed, and analyzed
off-line using a GC-MS (Hewlett—Packard Model 5890A). The
mass of the total gas products was determined by subtracting the
weight of these liquid samples by a 15-min sample of unreacted
n—decane (pumped through the STDS but unheated). The liquid and
gas product fractions (determined from the GC-MS and FID, re-
spectively) were normalized with the measured total gas and liquid
product masses (for a 15-min sampling time) so that they could
be directly related to one another. Once the product fractions were
normalized (to the same sampling time), a product distribution in-
cluding all products (gas and liquid) was calculated.

Both the FID and GC-MS were calibrated with external standards
spanning the entire range of products formed in the experiment. All
of the product species were quantified based on these calibrations.
Six replicates of each experimental condition were performed to ob-
tain an indication of the experimental error. The maximum standard
deviation of the measured parent fuel mass fraction from all of the
experimental conditions was £0.8%.

Computational Fluid Dynamics Simulations

The computational fluid dynamics (CFD) model is based upon
the SIMPLE algorithm, which uses the Navier—Stokes turbulent en-
ergy, enthalpy, and species equations to simulate the flow and heat
and mass transport within the reactor.'” The fluid motion inside the
reactor was assumed to be axisymmetric and steady. The govern-
ing equations written in the cylindrical (z, r) coordinate system for
axisymmetric flow are

0 0
(pu) (pv) L Py )
0z ar r
Dpu®) | bpv®) 0 (100 b (1409
0z ar 0z 0z ar ar
pv® T30 ®
- +—=+S 2
r r or

Equation (1) is the continuity equation, and Eq. (2) represents the
momentum, energy, or species equation depending on the variable
represented by ®. Here, p is the mixture density. Table 1 lists the
transport coefficients I'® and the source terms S® of the govern-
ing equations. The governing equations are discretized utilizing a
second-order, central differencing scheme (except where the local
Peclet number becomes greater than two, in which case a first-order
upwind scheme is used). The solution was considered converged
when the velocity, pressure, turbulent kinetic energy, turbulent dissi-
pation, enthalpy, and species global error residuals were all reduced
below four orders of magnitude from their maximum values.

The inlet velocity and temperature profile of the fuel are assumed
to be uniform for simplicity. The inlet fuel temperature was 200°C.
A wall temperature profile (obtained from measured data) was input
as a boundary condition. Wall functions were used to determine the
flow variables near the wall.'® Because the purpose of the model
is to simulate mild thermal cracking, resulting in very low surface
deposition, deposition was not modeled.

One of the salient features of the computational model is that it
does not use idealized approximations such as plug flow or constant

properties. Because endothermic fuels will be expected to operate
at supercritical temperatures and pressures, it is important to assess
fuel behavior under supercritical conditions. Supercritical behav-
ior occurs when both the temperature and pressure reach or exceed
the critical point of the fuel. Supercritical fluids are characterized
by having a low, gaslike viscosity and a high, liquidlike density.
Transition from liquid phase to supercritical state may strongly in-
fluence the transport properties that ultimately determine the effects
of pressure on the temperature field, reaction rates, and cooling
capacity. The thermodynamic and transport properties were calcu-
lated at every grid point by incorporating SUPERTRAPP' subrou-
tines. SUPERTRAPP performs phase equilibrium calculations with
the Peng—Robinson equation of state,”’ and transport properties are
calculated with an extended corresponding states model. SUPER-
TRAPP provides well-behaved thermodynamic properties near the
critical point and in the supercritical regime. However, it does not
calculate the molecular diffusivity. Determination of diffusion co-
efficients for supercritical conditions is difficult, and there is little
specific literature on the subject. In a previous work, we showed that
the molecular diffusivity has a negligible effect on the reaction rate
for reactions that have large activation energies (under conditions
similar to those in this work).? Stewart'* showed that for most super-
critical fluid flow applications the diffusion coefficient is of the order
of 1077 m%/s. Liquids generally have a diffusion coefficient of the
order 10~8 m?%/s. In our experiment, the fluid transitions from an ini-
tial compressed liquid state into a supercritical fluid. Therefore, the
diffusion coefficient was set to a constant value of 1078 m?/s where
the fluid is subcritical and 10~7 m?/s where the fluid is supercritical.

Several simulations of flow through the reactor (0.5 mm i.d. and
34.3 cm in length) were performed using different grid densities
(z xr): 80 x 15 and 200 x 25. A comparison of the results obtained
from the two grids indicated a negligible (less than 0.5%) difference
in the bulk fuel temperature and reaction rate calculations. Because
the 200 x 25 grid runs took five times longer to execute than the
80 x 15 grid and resulted in a negligible accuracy gain, all subse-
quent solutions were calculated using the 80 x 15 grid.

The formation of products from cracking n—decane is calculated
using a PPD mechanism.? The PPD mechanism is based on the ob-
servation that for mild cracking of n—alkanes each product forms at
a constant proportion with respect to the other products. Therefore,
it is possible to predict the mass fractions of the cracked products
formed by taking advantage of these PPDs. However, in our previ-
ous work, the PPD mechanism was only validated for one pressure
condition.? Qualifying the expansion of the PPD mechanism to a
range of pressures is an objective of the present work. The product
mass fraction of species i (y;) is measured from the experimental
data,

Yi = Y‘/YZ products (3)
Equation (3) represents the fraction of species i of the sum of the
products (excluding the parent fuel). By the PPD assumption, y; re-
mains approximately constant (small variations due to experimental
uncertainty) over a range of n—decane conversions. The arithmetic
average of several y;, measured from different experimental condi-
tions (n—decane conversions), is calculated to obtain species prod-
uct distributions that can be used over the range of conversions
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Table 2 Arrhenius rate constants used in the CFD
calculations, n-decane, C12Hyg

Model E,4, k cal/mol A, s}
Present?® 63 1.6 x 1015
Stewart et al.2!P 64+2.4 1.10 x 10139%15
Ward et al.3¢ 63 2.1 x 1015

4P =3.45-11.38 MPa and T = 550-600°C.
YP =2.96 MPa and T =440-535°C.
¢P =3.45MPaand T =500-600°C.
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Fig. 4 Measured 1-heptene formation.

considered. In Eq. (3), Y; is the individual product species fraction
of the total fuel mixture (including the parent fuel). It can be calcu-
lated by multiplying the total product mass fraction by the average
product fractions of each individual species, y;,,,

Y; = (1.0 = Yru) - Vi, “4)

One rate expression is used to predict the conversion of n—decane
into products [Eq. (5)]. RH denotes the concentration of the parent
fuel,

d(RH)
———— = ks[RH 5
% 4[RH] &)
The rate constant k4 for the reaction of Eq. (5) is expressed in the
Arrhenius form:

ki = A-exp(—E,/RT) ©6)

Table 2 shows the rate constants used in the simulations.

Therefore, the PPD mechanism described in Egs. (3—6) is capable
of calculating the chemical composition of a fuel as it cracks using
only one rate expression governing the degradation of the parent
fuel (n—decane).

Results and Discussion

It has been observed that, for mild-cracking reactions of n—
hexadecane, the first-order rate constant was independent of pressure
over the ranges studied,* 1.38-6.89 MPa. To examine whether this
observation would be true for n—decane as well, the same set of rate
constants were used in simulating the measurements over every pres-
sure, temperature, and flow rate condition. The rate constants used
to predict n—decane conversion are within the error bounds of those
determined from flow reactor experiments at similar experimental
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Fig. 5 Measured ethylene formation.
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Fig. 6 Measured n-heptane formation.

conditions. Because the rate constants were used to predict conver-
sions at different conditions than the literature values, a small vari-
ation from the mean literature values was required. Table 2 shows
that the rate constants used in this work are similar to that used in our
previous work.? (E, is identical.) The A factor was slightly changed
(but still within the error bounds of Table 2) for better agreement
between the results and the experimental measurements.

The PPD mechanism has previously been defined as valid for
mild-cracking conditions only. This is because significant secondary
cracking of the initial products will cause the product distribution
to become nonproportional.® Therefore, it is important to determine
the percent of n—decane conversion at which secondary cracking
becomes significant. Figures 4-6 show the measured formation of
several selected products with increased conversion of n—decane
(obtained by varying the wall temperature, flow rate, and pressure).
The selected products are representative of three behavior classes of
products: C4;—Cy n—alkane products (represented by 1-heptane), C,—
C; products (represented by ethylene), and C,—Cg 1—alkene products
(represented by 1-heptene).

Figure 4 shows that 1-heptene initially forms at a linear rate
as the conversion of n—decane increases, regardless of the pressure.
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However, at a conversion of approximately 20%, 1-heptene deviates
from the initial linear formation rate. This indicates that, at conver-
sions greater than 20%, a portion of the 1-heptene initial product
is cracking into smaller secondary products. This is the same con-
version where secondary cracking was first observed in previous
n—decane experiments® at a pressure of 3.45 MPa.

Figure 5 shows that, for conversions of less than 20%, ethylene
also forms at a linear rate. However, for conversions greater than
20%, the measured ethylene begins to exceed the initial linear rate.
The additional ethylene is likely formed from secondary cracking of
higher carbon number initial products.? Figure 5 shows that increas-
ing pressure tends to decrease the amount of n—decane conversion
to ethylene. The strong influence of pressure on formation rate of
ethylene shown in Fig. 5 contrasts greatly with the weak influence
pressure has on the formation of 1-heptene in Fig. 4.

Contrary to the linear formation rates observed in Fig. 4, the linear
formation rates of ethylene in Fig. 5 do not extrapolate through
the origin. This is because ethylene is primarily formed from the
unimolecular decomposition of radicals resulting from the initial n—
decane decomposition. At higher pressures, these radicals are more
likely to react via bimolecular reactions, which do not form ethylene.
Thus, the linear formation rates move away from the origin at higher
pressures.

Similar to Figs. 4 and 5, Fig. 6 shows that the formation rate
of n—heptane is approximately linear for n—decane conversions less

than 20%. However, as the conversion of n—decane becomes greater
than 20%, the formation of n—heptane decreases, indicating that it is
cracking into secondary products. Figure 6 also shows that increas-
ing pressure significantly increases the formation of n-heptane.

Figures 4-6 indicate that significant secondary cracking occurs
for n—decane conversions greater than 20%. Therefore, because of
the mild-cracking assumption, the PPD mechanism loses validity
for simulations involving n—decane conversions greater than 20%.

Figures 7a and 7b show the PPD obtained from the measured
data [Eq. (3)] for each pressure. (Product distributions measured
beyond the 20% limit were not averaged into the PPD models.) The
error bars represent the standard deviation of the product mass frac-
tion over each temperature and flow rate condition for a constant
pressure. Figures 4—7 indicate that as pressure increases the C4—Co
n—alkane products, for example, 1-heptane, form in greater propor-
tions, whereas the smaller C,—C; products, for example, ethylene,
proportionally decrease, and the formation of C4—Cy 1-alkene prod-
ucts, for example, 1-heptene, remains relatively constant. Previous
experiments have shown similar results with increasing pressure.*>
In both Refs. 4 and 5, an increased pressure increased the percentage
of higher molecular weight normal alkane products at the expense of
lower molecular weight products. This behavior can be better under-
stood by considering the mechanism developed by Kossiakoff and
Rice,?? which describes the decomposition of hydrocarbons through
a series of free radical reactions.
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Initiation:

RH — R-+R- 7)

Bimolecular reaction:

R-+R'H— RH+ R ()

Unimolecular reaction:

R- — R”- + alkene 9)

Equation (7) shows that decomposition initiates by a carbon—
carbon bond fission along the parent n—alkane chain (RH) to form
radicals (R-). The radicals can then either react through bimolecu-
lar [Eq. (8)] or unimolecular reactions [Eq. (9)]. In a bimolecular
reaction, the radicals abstract hydrogen atoms from surrounding
molecules to form an n—alkane (RH) and another radical (R"). In
a unimolecular reaction, R- decomposes by a B-scission reaction
to form an alkene and a smaller radical (R"). The radicals formed
can then repeat the reaction processes, shown in Eqs. (8) and (9),
resulting in alkene and n—alkane products of different chain lengths.
Pressure increases the molecular collision frequency, which en-
hances bimolecular processes more than the unimolecular processes.
Thus, as pressure increases, more n—alkanes are produced relative
to alkenes.

Because Figs. 7a and 7b show that the product distribution
changes with pressure, one might presume the necessity of defin-
ing a different PPD model for each constant pressure. It would be
more generally applicable if only one PPD could be defined over a
range of pressures. Figures 7a and 7b show that the C4—Cq 1-alkene
products form in greater proportions and vary less (nearly constant)
with pressure relative to the other products. This observation sug-
gests that a general PPD model (for a range of pressures) could be
constructed by averaging the measured product fractions over the
entire pressure range studied in the experiment, 3.45-11.38 MPa.
The primary source of error of this general PPD model will be
caused by averaging over the pressure-varying C,—Cy n—alkane and
C,—C; products. It is worth exploring if this error is acceptably small
enough to provide a general PPD model that reasonably represents
the behavior observed in the current experiments.

Figure 8 shows a new general PPD obtained by averaging all five
of the constant pressure product distributions shown in Figs. 7a and
7b. Because ethylene experiences the greatest relative change over
the range of pressures used in the experiment (Fig. 7a), it can be
used to estimate the maximum error that this general PPD model
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Fig. 9 Flow property calculation comparison between a constant pres-
sure, 3.45 MPa, PPD and a general PPD mechanism.

(Fig. 8) will have in predicting a single product. Previous pyrol-
ysis experiments also showed that ethylene underwent the largest
product formation change with varying pressure.” A comparison
of the ethylene distribution in Fig. 7a (for both pressure extremes
of 3.45 and 11.38 MPa) to the averaged ethylene distribution in
Fig. 8 shows a maximum difference of 42%. Although this differ-
ence would be significant in isolation, it represents a difference of
only 2.1% relative to the total product mixture. Also, the averaged
ethylene distribution (Fig. 8) lies within the error bars of the mea-
sured ethylene for every pressure condition (Fig. 7a), with just one
exception. (The upper error bar for 11.38 MPa in Fig. 7a falls just
0.005 under the average distribution.) Therefore, the general PPD
model may be worth further investigation.

The maximum species mass fraction difference between any of
the constant pressure PPDs (Fig. 7) and the general PPD (Fig. 8)
occurs at 3.45 MPa. Figure 9 shows a comparison between the
calculated axial velocities and n—decane mass fractions using the
constant pressure (3.45 MPa) and general PPD models. The in-
tent of Fig. 9 is to show the difference in the results obtained by
using the general PPD model compared to the constant pressure
PPD model. The axial velocity and n—decane mass fraction were
selected for Fig. 9 because they are good indicators of differences
in the flow property and cracking reaction results, respectively. The
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Fig. 11 Pressure effects on calculated n—decane mass fraction, two-dimensional plot.

experimental conditions (maximum wall temperature of 600°C and
flow rate of 0.5 ml/min) of Fig. 9 correspond to maximum con-
version at 3.45 MPa. Figure 9 shows that both n—decane conversion
calculations agree closely (within the error bounds) of the measured
outlet n—decane conversion. The maximum difference between the
two predicted n—decane conversions is less than 0.25% conversion.
The axial velocity calculations also agree reasonably well with a
maximum difference of 1.8%. Because the n—decane conversion
and velocity calculations do not vary appreciably using the general
PPD relative to the constant pressure PPD, we conclude that the error

associated with the general PPD is within an acceptable tolerance,
for our purposes, over the range of pressures studied. The general
PPD model will now be used to study the behavior of pyrolytic fuel
flow at varying pressures.

Figure 10 shows a comparison of the measured outlet n—decane
conversion to the simulated results (general PPD model). Figure 10
shows that, as pressure increases, the conversion of n—decane also
increases. The simulation agrees with the measured values within
approximately £1% (conversion), at conversions less than 20%
(within the PPD mechanism accuracy limit). At conversions greater
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than 20%, the differences between calculated and measured values
gradually increases as the conversion increases, possibly due to in-
creased formations of products from secondary reactions.? Figure 10
also shows that the effect of increased n—decane conversion with
pressure is primarily due to factors other than a change in the rate
constant. Because k4 was held constant in Eq. (5), the change in
conversion rate must primarily be influenced by changes in the flow
properties with pressure. A closer examination of the computed
flow properties can assist in understanding the effect of pressure on
conversion.

Figure 11 shows the calculated mass fraction of n—decane as it
flows through the reactor at different pressures but at the same max-
imum wall temperature, 550°C, and flow rate, 0.3 ml/min. These
conditions were selected because they yield the maximum conver-
sion in the experiment, while still below the PPD conversion limi-
tation for every pressure (Fig. 10). Because the same rate constants
and input conditions (wall temperature and flow rate) were used for
every simulation in Fig. 11, the change in the reaction rate is only
due to the effects of pressure. Figure 11 shows that varying pres-
sure does not significantly affect the radial mass fraction profile but
dramatically affects the axial profile.

Figure 12 shows calculated fuel temperature as it flows through
the reactor at the same conditions as Fig. 11. In both the experiment
and the simulation, a constant wall temperature profile was input,
regardless of pressure or flow rate. In the experiment, the heating
source was adjusted to attain the same maximum wall temperature
(550 or 600°C). Because the wall temperature and flow rate are held
constant, the fuel temperature will only vary due to pressure induced
effects.

Figure 12 shows that the fuel temperature reaches its peak and
levels off at approximately 10 cm along the reactor for each pressure
condition. However, as pressure increases, resulting in an increase
in n—decane conversion (Fig. 11), the fuel cools more due to the
higher endotherm generated by the pyrolytic reactions.

Several flow properties were examined (at the same conditions
as Figs. 11 and 12, maximum wall temperature of 550° and flow
rate of 0.3 ml/min) to determine which properties are most affected
by pressure and their influence on the decomposition of n—decane.
Figures 13-16 show the change in the bulk fuel temperature and
several bulk flow properties as pressure varies. The bulk values are
calculated by averaging properties at each grid point across the radial
length of the reactor.

Bulk Density (kg/m®)

Bulk Viscosity (kg/m-s)

700 T T T T T T
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Fig. 13 Pressure effects on calculated bulk density.
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Fig. 14 Pressure effects on calculated bulk viscosity.
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Figure 13 shows that the bulk density is significantly affected by
pressure changes. When only the portion of the tube after 10 cm is
considered, density increases by about 200%, as pressure increases
from 3.45 to 11.38 MPa. Figure 17 shows the calculated dimen-
sionless density of the fuel and demonstrates that increasing pres-
sure inhibits reduction of the fuel density within the reactor. By
conservation of mass, as density increases, the velocity will de-
crease. Because velocity is proportional to residence time (which
directly affects the extent of conversion), an increased density in-
creases the conversion rate. However, conversion of n—decane into
lighter cracked products also decreases the density. Density and the
chemical decomposition of the reaction mixture are closely coupled.

Figure 14 shows (after 10 cm along the reactor) that the bulk
viscosity increases by 60% over the range of pressures studied. An
increased viscosity increases the residence time and, therefore, the
heat transfer rate of flow near the walls. This observation justifies
the use of a two-dimensional simulation. (A plug flow simulation is
not capable of simulating property changes in the radial direction.)

At the critical point, the specific heat diverges and approaches
infinity. In the vicinity of the critical point, the specific heat can
be much larger than its subcritical or supercritical value. In Fig. 15
the specific heat for the pressure of 3.45 MPa initially rises and
peaks at 3 cm along the reactor, which corresponds to the fuel’s
closest approach to the critical point, for n—decane P, =2.10 MPa
and 7. = 345°C. At this point, there is a 20% difference between the
specific heat (for 3.45 MPa) and the specific heats corresponding
to the higher pressures (7.93, 9.31, and 11.38 MPa). The specific
heat (for 3.45 MPa) then declines as the fuel transitions from a
compressed liquid to a supercritical fluid. After 10 cm along the tube,
the difference between all of the specific heats (over the entire range
of pressures) declines to only 7%. The specific heat (for 5.17 MPa)
also peaks (at approximately the same point along the reactor) but
below the specific heat peak (for 3.45 MPa). As pressures increases
and moves away from the critical point (7.93, 9.31, and 11.38 MPa),
the peaks disappear.

Figure 16 shows the variation of thermal conductivity along the
reactor. At the critical point, the thermal conductivity approaches
zero. In the vicinity of the critical point, the thermal conductiv-
ity can be much smaller than its subcritical or supercritical values.
Figure 10e shows that the thermal conductivity declines and reaches
a minimum point at 3 cm along the reactor (closest approach to the
critical point). At these minima, there is a 20% difference in the
thermal conductivities over the range of pressures. However, after
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10 cm along the tube, the bulk thermal conductivity changes by
only 7% over the range of pressures. Figures 15 and 16 illustrate the
importance of incorporating SUPERTRAPP into the CFD model to
simulate accurately the flow properties near the critical point and in
the supercritical region.

The effect of pressure on the endothermic heat sink (at the same
conditions as Figs. 11-17) is shown in Fig. 18. The change in en-
thalpy of the fuel due only to the endothermic chemical reactions,
Ahengo, Was calculated by

Ahendo = hiot — Nsens (10)

In Eq. (10), enthalpy changes due only to sensible heat transfer /s
are subtracted from the total enthalpy /.. The sensible enthalpy
Nsens Was obtained by running the CFD simulation without the crack-
ing chemistry. The total enthalpy /4, was obtained by running the
simulation with the PPD chemistry mechanism and, therefore, in-
cludes the effects of both sensible heat transfer and the endothermic
chemical reactions.

Figure 18 shows that as pressure increases the endothermic heat
sink increases. The cracked products have a higher enthalpy than the
n—decane parent fuel. As more products form, the overall enthalpy of
the fuel mixture increases. Because increasing pressure increases the
amount of cracked products formed (Fig. 10), increasing pressure
also increases the endothermic heat sink. Figure 18 also shows that
each of the Ay, curves peak before the end of the reactor. This
is because the fuel cools as a result of the endothermic heat sink,
which in turn cools the reactor wall. This can be seen in Fig. 3.
As the wall cools, the heat transfer rate into the fuel declines, and
therefore, the enthalpy decreases.

Figure 18 also shows a small peak in the heat sink curves near the
beginning of the reactor (before 10 cm). This peak is not due to an
endotherm, but is most likely just an anomaly caused by proximity
of the fuel properties to the critical point. Near the beginning of the
reactor, only a very small amount of fuel (near the wall) is cracked.
Therefore, in this region, there should be very little difference be-
tween the flow properties of the reacting and nonreacting fuel flow
simulations and the calculated endothermic heat sink should es-
sentially be zero [Eq. (10)]. However, near the critical point, small
differences in the flow properties can have a large effect on the en-
thalpy of the fuel. The variations of the two enthalpies in Eq. (10)
(which each have slightly different flow properties due to the PPD
mechanism being on or off) near the critical point are the most likely
cause of the anomaly. As the flow properties of the fuel move away
from the critical point, this anomaly vanishes (after 10 cm along the
tube).

50  —e—3.45MPa
. —0—5.17 MPa
—-7.93 MPa
—1—9.31 MPa
—¥—11.38 MPa

40

30

20

10

Enthalpy Change due to Endotherm, Ahendo (kJ/kg)
o

5 10 15 20 25 30 35

[
-
o

Distance along tube (cm)

Fig. 18 Pressure effects on the calculated endothermic heat sink.

Table 3 Calculated heat transfer rates®

Pressure, MPa Qtots, W Ogens,® W Qendo,* W
345 3.578 4.907 —1.329
5.17 3.566 4.941 —1.375
7.93 3.563 4.990 —1.427
9.31 3.544 5.012 —1.468
11.38 3.567 5.043 —1.477

“Maximum wall temperature = 550°C and flow rate = 0.3 ml/min.
YNo reactions.

¢ Qlol - Qsens-

Table 3 shows calculated heat transfer rates of the simulations
shown in Fig. 18. The calculations were done using a first-law anal-
ysis of the entire tube under conditions of steady flow. Bulk prop-
erties were used to simplify the calculation. The total endothermic
heat transfer rate Q,q, Was obtained by

Qendo = Qlot - Qsens (11)

Equation (11) is similar to Eq. (10). The sensible heat transfer
Qsens Was calculated by using flow properties obtained from run-
ning the CFD simulation with the cracking chemistry mechanism
disengaged. The total heat transfer O, was calculated by using
flow properties obtained from running the simulation with the PPD
chemistry mechanism engaged and, therefore, includes the effects of
both sensible heat transfer and the endothermic chemical reactions.

Table 3 shows that sensible heat transfer Qs is higher than
the total heat transfer Q. This is because the endothermic crack-
ing reactions cool the fuel. Because the reactor wall is heated by
the furnace at a constant rate, there is no additional heat to bal-
ance the cooling from the fuel as it reacts, and so the reactor wall
cools. Table 3 shows that, as pressure increases, the total endotherm
QOendo also increases due to increased cracked products (Fig. 10).
In this experiment, the magnitude of Q.,q, is relatively small be-
cause the diameter of the reactor is very small, 0.5 mm i.d. Larger
diameter tubes would have the potential to yield significantly higher
endotherms.

Pressure affects both the reaction rates and the flow properties.
The interaction among the properties is complex and coupled. All of
the flow properties examined in Figs. 13-16 were affected by pres-
sure and influenced the fuel’s chemical kinetics. Density appears to
be the most significant property because it increased by 200% over
the 3.45-11.38 MPa pressure range. Viscosity is also significant
because it increased by 60% over the pressure range. The specific
heat and thermal conductivity were least significant because both
increased by only 7% over the pressure range. The coupling of the
chemical kinetics and flow properties illustrates the importance of
simulating their complex interactions in a multidimensional CFD
model. The observation that increasing pressure influences the con-
version rate of the fuel implies possible applications to an endother-
mic heat exchanger system. Backpressure valves could potentially
be used to throttle the pressure to attain a desired conversion rate
and endotherm. These valves could potentially be controlled via a
feedback loop to ensure that the fuel does not surpass mild-cracking
limitations to ensure minimum surface deposition. It is believed that
a multidimensional CFD simulation, using the techniques presented
in this work, could be an invaluable tool in the design of future en-
dothermic fuel systems.

Conclusions

The use of endothermic fuels is a promising alternative to meet the
growing high-heat-sink requirements of future high-performance
aircraft. However, little work has been done to analyze the effects
of pressure on a chemically reacting, flowing fuel. The experiments
performed in this work show that increasing pressure enhances the
processes in which n—decane converts to (Cs—Cg) n—alkane prod-
ucts instead of decomposing into lower molecular weight products
(Ci—C4). A two-dimensional CFD model was developed that pre-
dicts the formation of pyrolysis products by using experimentally
derived PPDs. It was shown that a general PPD mechanism could
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be defined to simulate fuel pyrolysis over a range of pressures, tem-
peratures, and flow rates. The model was used to simulate the effect
of pressure on the complex coupling of the mass and transport prop-
erties involved with supercritical chemically reacting fuels. It was
shown that increasing pressure increases the overall conversion rate
(and, therefore, the endotherm) of flowing, supercritical n—decane.
This is primarily because pressure increases the density, which de-
creases the residence time of n—decane flowing through the reactor.
It is anticipated that this model could serve as a building block to
computational models involving more complex endothermic fuels
and cooling systems.
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