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Abstract

The current study aims to resolve the experimental and modeling discrepancies previously observed for
the extinction strain rates of counterflow, non-premixed n-decane and n-dodecane/nitrogen mixture versus
oxygen. To achieve this goal, a recently developed transport theory of cylindrical molecular structure in dilute
gases is used to model the binary diffusion coefficients of long-chain n-alkanes up to n-dodecane in N, and
He. The updated diffusion coefficients are found to be significantly different from early estimates made from
the law of corresponding states. The diffusion coefficient update removes the early difficulties in modeling
the extinction strain rates for non-premixed extinction of n-decane and n-dodecane. It was found that the
mixture averaged transport formulation can provide good predictions provided that the Soret effect on the

transport of large fuel molecules is properly accounted for.
© 2016 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
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Introduction

Flame properties involving diffusion-kinetic
coupling are critical to a basic understanding of
combustion properties of hydrocarbon fuels [1].
The extinction state of laminar, non-premixed
counterflow flames represents one such key prop-
erty. A large number of studies have been con-
ducted to date especially in light of the recent inter-
est in the combustion kinetics of real fuels and their
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single or multi-component surrogates (see, e.g.,
[2-11]). Holley et al. [8] carried out a sensitiv-
ity analysis of non-premixed extinction strain rate
with respect to kinetic and transport model pa-
rameters. It was found that the flame extinction
responses could be particularly sensitive to the
mass diffusivity of the fuel, especially for heavy
fuel molecules. The cause is quite clear, as in these
flames fuel diffusion is typically slow due to the fuel
size and weight but diffusion is critical to supply-
ing the fuel to the thermal mixing layer, allowing
it react with the oxidizer flowing from the oppo-
site direction. Won et al. [3] developed a radical in-
dex method for determining the chemical kinetic
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contribution to non-premixed flame extinction of
large hydrocarbons. They showed the mass diffusiv-
ity of the fuel plays a role critical to the flame ex-
tinction; and it becomes possible to isolate the fuel
kinetic effects only when the transport effects are
properly accounted for.

A class of compounds of particular interest to
real liquid fuels is normal paraffin. Previously, Ji
et al. [10] measured the extinction strain rates, K,
of counterflow, non-premixed n-decane (n-CoHa;)
and n-dodecane (n-Ci,Hyg) flames. They found that
JetSurF 1.0 [12] overpredicts the K.y, data notably.
Interestingly, the model predicts the laminar flame
speeds and shock tube ignition delay time rather
well. Sensitivity analyses suggest that the uncer-
tainty in the kinetic parameters alone could not ex-
plain the observed discrepancies between the ex-
perimental and computed K. Rather, sensitivity
tests suggested that the uncertainties of the trans-
port properties could be the cause for the discrep-
ancy.

In the JetSurF effort [12], the diffusion coef-
ficients of long-chain n-alkanes were calculated
via the Lennard-Jones (LJ) 12-6 potential param-
eters for the self-interaction of the hydrocarbon
molecules. These potential parameters were only
rough estimates as they are based on the equations
of the law of corresponding states [13] and the use
of basic phase-change properties including the crit-
ical pressure and temperature and boiling points.
The method was used earlier for estimating the po-
tential parameters of polycyclic aromatic hydrocar-
bons [14]. Since the method is empirical and its
use for large n-alkanes represents an extrapolation
from which the equations were developed, the po-
tential parameters can be inaccurate obviously. Ad-
ditional uncertainties may include the use of the
empirical mixing rule and the fact that there is no
obvious reason why spherical, isotropic potential
interactions are adequate for chain-like n-alkane
molecules. Jasper and coworkers[15, 16] carried out
classical trajectory studies of several n-alkanes in
some typical diluent gases to determine diffusion
collision cross sections. They showed that indeed
diffusion coefficients of n-alkanes estimated from
the use of the law of corresponding states deviate
quite notably from the classical trajectory results.
Their work examined n-alkane molecules up to n-
heptane.

There are two principal objectives here. First,
we extend a recently developed transport theory
of cylindrical molecular structure in dilute gases
[17] to model the binary diffusion coefficients of
long-chain n-alkanes up to n-dodecane in N, and
He. This is a generalized theory based on a gas
kinetic theory analysis of the interaction of a
point mass with a carbon nanotube-like structure
using axial symmetric anisotropic potential func-
tion. The diffusion coefficient model is verified
against experimental data collected by McGivern
and Manion [18,19]. Next, we show that the non-

premixed flame K of n-CioHy, and n-Cj,Hyg of
Ji et al. [10] can be predicted accurately with the
updated diffusion coefficients with either the multi-
component or mixture averaged transport formula-
tion, provided that the Soret effect on the transport
of large fuel molecules is accounted for.

Theory and model of diffusion coefficients

The binary diffusion coefficients are customar-
ily calculated from [20]

3 | ksT 1
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where kg is the Boltzmann constant, 7 is the tem-
perature, m, is the reduced mass, N is the number
density of the gas, 0, is the collision diameter and
Q1" (T*) is the reduced collision integral, T* is the
reduced temperature, i.e., T*=kpT/en, and ey is
the well depth. Equation (1) is the first-order term
of the Chapman-Enskog (CE) expansion employ-
ing the Lennard-Jones (LJ) 12-6 potential function.
In general, the LJ 12-6 potential parameters are ap-
proximated by the following mixing rule:

o] + o
O = %, (2)
12 = /€182. (3

For long-chain alkanes, the binary diffusion co-
efficient calculated from Egs. (1)~(3) can have at
least two problems. First, there is little to no fun-
damental basis for a long-chain molecule to as-
sume an isotropic potential of interaction regard-
less what type of molecules it interacts with. Sec-
ond, there is no reason why the mixing rule should
be appropriate when we use the self-collision po-
tential parameters that are derived from single-
component viscosity or other data, yet this is
usually the method by which the self-collision
parameters are derived [21]. Indeed, for small
spherical-like molecule like methane, Eq. (1) gives
good prediction (see, e.g., [22]). Recent molecu-
lar dynamics (MD) simulations by Chae et al.
[23] however suggest that Eq. (1) can deviate from
the MD results by as much as 20%.

Recently, a generalized transport theory was de-
veloped for nanosized cylindrical structures (e.g.,
nanotubes) in the low-pressure and dilute limit con-
sidering the potential function of interactions be-
tween a cylinder and bath gas [17]. In this theory,
the drag force due to relative motion of a small
cylinder in a dilute gas and in the free molecule
regime (cylinder diameter < length <« mean free
path of the gas) was obtained analytically from a
rigorous gas-kinetic theory analysis. The expres-
sion for the binary diffusion coefficient may be de-
rived from the Einstein—Smoluchowski relation via
the drag coefficient k,. That is, D =kpT/k,[24]. The



C. Liu et al. | Proceedings of the Combustion Institute 36 (2017) 1523—1530 1525

approach yields result identical to Eq. (1) in the
limit of isotropic potential function [25, 26].

The generalized theory gives the binary diffu-
sion coefficient for n-alkane in a diluent gas M as
[27]

8 2m,
Dym = [3”,/ nkBTN(nC - D@, T)
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where the subscript “a” represents the n-alkane
molecule, n¢ is the number of carbon atom in the
n-alkane molecule, and Q(®, T) is the collision
cross section, @ is the potential function, and
Dch, M is the binary diffusion coefficient of CHy4
in M to account for the edge effect. The values of
Dcu, m (M=N; and He) were taken from a recent
experimental study [18].

The cross section Q(®, 7T) is a quintuple integral
over the Boltzmann energy distribution and four
geometric parameters (two lengths and two angles)
due to interaction of a small gas molecule with a
cylinder of finite length and radius. The value of Q
was obtained numerically as a function of the po-
tential parameters and temperature. Our approach
differs from that of Jasper and Miller [16] at the
theoretical level. While Jasper and Miller fitted the
classical trajectory results to an effective isotropic
potential for diffusion coefficient evaluation, we de-
termine the collision cross section Q analytically
from an anisotropic potential function and colli-
sion dynamics. The advantage of the Jasper—Miller
method is that it relies on interaction potentials
from electronic structure calculation; whereas the
advantage of our approach is that it yields gas-
kinetic expression to account for the anisotropic in-
teractions directly.

In the limit where an axial symmetric inter-
molecular potential function may be employed (i.e.,
neglecting edge effects and the zigzag nature of the
n-alkane molecule), we approximate the potential
function as [27]

« O_CH2-M
(") = 857CH2—.M71C c
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where r* is the reduced distance r* =r/o_cpa— m, ' 18
the distance of M to the center axis of an n-alkane
molecule taken here to be a cylindrical structure,
&_cmz—.m and o_cpp— v are the well depth and colli-
sion diameter in an effective LJ 12-6 potential func-
tion for the interaction of M with a unit length of
the n-alkane molecule, which may be represented
by the methylene group —-CH,—, y* is a dimension-
less length factor given by y/o_cna— M, Which ac-
counts for the finite radius of the cylindrical struc-
ture, 2 x I ¢ (cos(109.47°) x 1.54 (A)=2.514 A) is

the distance of two adjacent C atoms along the cen-
ter axis of the cylinder, and Cs and C; are parame-
ters that may be evaluated by summing the contri-
bution of the methylene groups (Cs=0.7728 and
C;=1.178). From geometric considerations it may
be shown that y = 0.12 A for n-alkane molecules.
Like the application of the conventional LJ 12-6
potential function to molecular transport, we have
two potential parameters, £_cua—m and o_cpo— M
that are treated as the geometric and arithmetic
averages of the self-interaction potential param-
eters (i.e., Egs. (2) and (3)). The values of the
self-interaction potential parameters used here are:
on, = 3.652A, e, /ky =98.4K [28], and oy =
2.639 A, eye/ks = 10.8K [22]. The pseudo “self-
collision” well depth and collision diameter of the
—CH,- group are fitted into relevant experimental
data, as will be discussed later.

Measurement of extinction strain rate

To supplement the data from a previous study
[10], we made additional measurements for non-
premixed flame extinction of n-dodecane. The ex-
periments were carried out at atmospheric pressure
in the counterflow configuration (see, [9,29-31]).
Details of the measurement have been discussed
elsewhere [10]. Briefly, non-premixed flames were
established by impinging a fuel/N, stream on to
an opposing ambient temperature O, stream. The
burner nozzle diameter and the burner separation
distance were 1.4 cm. Screens were placed in the
burner to assure top-hat burner velocity profile at
the nozzle exit. The gaseous flow rates were me-
tered using sonic nozzles, which were calibrated
using a dry-test meter with a reported accuracy
of +0.21%. The upstream pressure of each sonic
nozzle was monitored by a pressure gauge with
+0.25% precision. The vaporization system in-
cluded a precision syringe pump of + 0.35% accu-
racy and a glass nebulizer (Meinhard TR-50-A1),
through which the liquid fuel was injected as fine
droplets into a crossflow of heated nitrogen. All
gas lines were heated to prevent fuel vapor con-
densation. The temperature of the gas lines was
measured with K-type inline thermocouples. The
temperature of the unburned fuel/N, stream, 7,
was measured at the center of the burner exit. The
variation of this temperature is within & 5 K. Flow
composition uncertainty has been determined to be
less than 0.5% [10]. Flow velocity measurements
were made by seeding the flow with submicron size
silicon oil droplets and by using particle image ve-
locimetry (PIV). The uncertainty associated with
the PIV measurements is within 0.8-1.0% [10]. The
maximum absolute axial velocity gradient on the
fuel side of the hydrodynamic zone was defined as
the strain rate, K, and K. was determined for a
near extinction flame. The uncertainty of K. to be
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Table 1
Summary of computational cases.

Case Source of parameters Formulation Soret effect
1 JetSurF [12]* Multicomponent Yes

11 JetSurF [12]* Multicomponent No

111 This work Mixture averaged Yes?

v This work Multicomponent Yes

2 Estimated using the law of corresponding state [13,14].
b Using the thermal diffusion ratio of Rosner et al. (Eq. (6)) [39].

quoted here is the + 20 standard deviation of re-
peated measurements.

Numerical simulation of flames

K.« was computed using an opposed-jet flow
code [32] developed originally by Kee et al. [33].
This code was modified to allow the use of a wider
range of boundary conditions than the initial ver-
sion and to account for thermal radiation of CHy,
H,0, CO and CO; at the optically thin limit [34].
The JetSurF 1.0 kinetic model [12] was used to de-
scribe the high-temperature pyrolysis and oxidation
of I’l-Clonz and n-C12H26.

For K computations, a two-point continua-
tion approach solves for K at the state of extinc-
tion [35,36]. The experimental values of the axial
velocity gradients at the burner exits were consid-
ered as the respective boundary conditions in the
simulation [31]. The code was integrated with
the Sandia Transport subroutine libraries [37] with
the diffusion coefficients of H and H; in several key
diluent gases updated from Ref. [38] and those of
n-CoHy, and n-C,Hy6 in N, from the current dif-
fusion coefficient model. Molecular transport was
treated comparing both mixture-averaged formula-
tion and multicomponent formulation.

We note that the mixture-averaged transport
formulation of the original Sandia PREMIX and
OPPDIF codes does not consider the Soret effect
of large/heavy molecules even if the thermal diffu-
sion (TDIF) keyword is turned on. To account for
thermal diffusion of heavy fuel molecules, the ap-
proximation of Rosner et al. [39] for the thermal
diffusion factor o7y was implemented into the
mixture-averaged formulation. The thermal diffu-
sion factor of species B in A takes the form of

ar = [0.454d(A + 0.261) + 0.116(A — 1)]
x[1—=C/T], (6)

where A is related to molecular size disparity, which

may be evaluated by A = 1.31Sc(1 +d)/?, Sc is

the Schmidt number, d = (Mg — M)/ Mg+ M, is
the normalized molecular mass disparity, and

C = 1.45[ep4/kp — 85). %)

For the cases considered here, C/T <<1 and
thus the temperature correction is unimportant.

Four computational cases were used to examine
the impact of updated binary diffusion coefficients
on non-premixed flame extinction of n-C;oH,, and
n-Ci,Hye. They are summarized in Table 1. While
Cases I and II test the predictions of K. using the
old diffusion coefficient estimates [12] from the law
of corresponding state with the purpose of com-
paring the impact of the Soret effect, Cases III and
IV test the updated diffusion coefficients.

Results and discussion

Measurements reported by McGivern and
Manion [18] for the diffusion coefficients of
n-C4Hj( in N, and He were used as the base data
set to fit the two pseudo potential parameters for
the self-collision of the -CH,— group. Also con-
sidered are the unpublished data of the same au-
thors for n-CsH;,-N,, and n-CsH,, n-C¢H;4, and
n-CgHjg in He [19]. The temperature range spans
from 300K to 723K for the available data. The
range is narrowed somewhat for large alkanes (e.g.,
450 to 700 K for n-CgH;g in He). A fit to all data
considered (a total of 29 experimental diffusion co-
efficient values) with respect to the two pseudo-
potential parameters of the ~CH,— group yielded
elky=306 K and o =4.12 A. The maximum fitting
error is 6 %. It is worthy to note that the accuracy of
the low-temperature data of large alkanes may be
impacted by their tendencies to stick to the wall of
the GC column. Excluding the data of n-CgH,g and
n-Cg¢Hy4 in He at 350 and 400 K, the maximum fit-
ting error is 3.8%, which is comparable to the max-
imum experimental uncertainty of 3.5%.

Figure 1 shows the comparison of the experi-
mental diffusion coefficients of n-butane in He and
N, with the current diffusion coefficient model,
along with the early estimates from the equation
of corresponding state. The agreement is reason-
ably good for N, but the early estimates fail to re-
produce the n-butane-He diffusion coefficient. Also
shown in the figure are the results of classical tra-
jectory study of Jasper et al. [15] for n-C4Hjo in
N,, which are in close agreement of the current re-
sults below 1000 K. Although the agreement wors-
ens somewhat towards high temperatures, the dif-
ference (3.4% at ~1500 K and 6.3% at ~2000 K) is
still too small to impact any flame predictions.
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Fig. 1. Binary diffusion coefficients of n-butane-N, and
n-butane-He at 1 atm pressure. Symbols: experimental
data of McGivern and Manion [18]; lines: predictions of
various theories, models and estimates (see text).
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Fig. 2. Binary diffusion coefficient of n-dodecane-N; at
1 atm pressure, comparing predictions of various theories
and estimates (see text). The inset shows errors from fit-
ting the results of Eq. (4) by Eq. (1) using effective LJ 12-6
potential parameters (values are given in Table 2).

The current diffusion coefficient model yields
values for n-C,Hs6 in N, substantially smaller than
the earlier estimate from the law of correspond-
ing states. As shown in Fig. 2, the current model
is as much as 45% lower than the earlier estimate at
1200 K. As will be shown later, this discrepancy is
the cause for the overprediction of Ky of n-CjoHx
and n-Ci,Hy in Ref. [10]. The molecule dynamics
simulation of Chae et al. [23] was carried over the
temperature range of 500 to 1000 K. They then fit-

Table 2

Effective LJ-12-6 potential parameters of n-alkane-N, in-
teractions for calculating the binary diffusion coefficients
of n-alkane in Nj.

Species o A)) elkp (K)*
n-butane 4.749 101.6
n-pentane 5.086 107.2
n-hexane 5.437 106.8
n-heptane 5.744 111.7
n-octane 6.106 104.2
n-nonane 6.415 103.6
n-decane 6.683 107.8
n-undecane 6.994 103.4
n-dodecane 7.222 109.8

2 An average value of 106 K may be used for all species
considered.

ted the MD results to an empirical relation given as
D=AT?®, where A and B are pairwise parameters.
Figure 2 shows that for n-C;Hys in Nj, the MD
results lie above the current model values, e.g., by
about 20% at 1200 K.

Like Jasper et al. [15], we examined whether the
results of our diffusion coefficient model can be fit-
ted into a set of effective LJ 12-6 potential param-
eters such that Eq. (1) still can be used for flame
simulations. Figure 2 shows that indeed the diffu-
sion coefficient can be fitted by these potential pa-
rameters over the entire range of temperature con-
sidered using the Chapman—Enskog (CE) equation.
The potential parameters are specific to each dilu-
ent gas, as there is no fundamental basis or practical
need to use mixing rules. The inset of Fig. 2 shows
that for n-C4H;o to n-C,Hys in N, the maximum
error is below 2% with such fits. Table 2 lists the fit-
ted, effective potential parameter values. Interest-
ingly, while the effective collision diameter is a func-
tion of the molecular size, the well depth is not. The
small variation of the ¢/kp seen in the table is really
just the result of a small degree of error of fitting.
We may well use the average value of e/kzp=106 K
(£3 K) for all n-alkanes considered.

We shift our focus next to prediction of K
of n-CyyHy, and n-C,Hys using the effective po-
tential parameters of Table 2. In doing so, we as-
sess the impact of the updated diffusion coefficients
on our ability to better predict the experimental
data. Figure 3 shows the computed K. compared
to the experimental data collected in the current
work from counterflow non-premixed flames of
n-CpyHye in Nj at 473 K against O, at 300 K over a
range of fuel to N, mass ratio. Cases I and II both
use the diffusion coefficient estimates from the law
of corresponding state. These estimates are shown
to grossly overpredict K. Comparing the Cases
I and II, we see that K. becomes lower with the
Soret effect considered. As the fuel is transported
to the mixing zone by molecular diffusion, it en-
counters an upward temperature, which by thermal
diffusion pushes it back towards the colder fuel/N,
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Fig. 3. Extinction strain rate of non-premixed
n-C1pHy6/No—O; flames (7,=473 K for the fuel jet
and 300K for the oxygen jet) with p=1 atm. Symbols:
experimental data (this work); lines are simulations (see
Table 1).

jet. Thus, the Soret effect reduces the rate at which
the fuel can be transported into the mixing zone
and makes the flame more readily to undergo ex-
tinction.

The updated diffusion coefficients of n-C;;Ha
in N, lead to significantly better predictions for K,
(Cases III and 1V), as seen in Fig. 3. As Table 1
shows, there are two differences between the two
cases. Case III uses the mixture-averaged transport
formula with Rosner’s approximate thermal diffu-
sion ratio; Case IV employs multicomponent trans-
port formulation with a more exact thermal diffu-
sion ratio [20]. Interestingly, the computed K, val-
ues do not differ significantly, suggesting that the
mixture-averaged formation is adequate at least for
the conditions of the present study. Similar com-
parisons may be made using the K. data of Ji et
al. [10] for both n-Ci,Hy and n-CoHy,. As Fig. 4
shows the updated diffusion coefficients yield pre-
dicted K values much closer to the experimen-
tal data, whether one uses the mixture-averaged
or multicomponent transport. These results indi-
cate that accurate diffusion coefficients of large fuel
molecules and the Soret effect are both important
elements towards a satisfactory prediction of flame
properties that are governed by diffusion-kinetic
coupling.

To amplify the above point, we plot in Fig. 5
the structures of the near extinction flames of
n-dodecane/N, (473 K) versus O, (300 K), com-
puted for Case I11 and I'V. Except for the shift in the
stagnation surface marked by the vertical dashed-
dotted-dashed lines, the two structures are nearly
the same. The fuel is transported to the mixing layer
by diffusion and is decomposed to a small number

n-dodecane/N, versus O,
500 -

Case lll

400

300 |

-1
Kext (S )

200

100

n-decane/N, versus O,
500 -

/
Caselll

400

300 |

-1
Kext (S )

200

100

Il Il
0.06 0.07 0.08
Fuel/N, Mass Ratio

Fig. 4. Extinction strain rate of non-premixed n-
C12H6/N>—O; flames and n-C19H»2/N,—O, flames all at
T, =403 K for the fuel jet and 300 K for the oxygen jet,
with p=1atm. Experimental data (symbols) were taken
from Ref. [10]; lines are simulations (see Table 1).

of key intermediates, including ethylene, methane,
propene, 1,3-butadiene, and hydrogen. The con-
centrations of these intermediates reach their re-
spective peaks when the concentration of n-Cj>Hyg
drops to a negligible level. The oxidation of the in-
termediates follows and the concentrations of the
intermediates drop rapidly as they enter into the
region where the H atom peaks in its concentra-
tion. The molecular diffusion process of the fuel en-
ables the delivery of the fuel into the thermal mix-
ing layer, allowing it to undergo pyrolytic reactions,
replacing the fuel by the key intermediates just dis-
cussed.

Lastly, we note that the effect of the reduced
fuel diffusivity on the flame extinction is clear. A
smaller fuel diffusivity (a larger fuel Lewis number)
results in a lower peak flame temperature, thus a
slower reaction rate in the main reaction zone and
a greater tendency of flame extinction. Because of
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Fig. 5. Structures of n-dodecane/N, (473 K) versus O, (300 K) near extinction flames computed for (a) Case IV (full
multicomponent and thermal diffusion transport with updated diffusion coefficients) and (b) Case III (mixture averaged
transport with the thermal diffusion ratio of Rosner et al. [39]). The vertical dashed-dotted-dashed line indicates the posi-

tion of the stagnation surface.

the strong temperature sensitivity of the reaction,
small changes to the diffusion coefficient can lead
to large changes in the extinction strain rate.

Concluding remarks

The gas-phase binary diffusion coefficient of n-
alkane in nitrogen is studied using gas-kinetic the-
ory analysis. Effective Lennard-Jones 12-6 poten-
tial parameters are proposed for n-butane through
n-dodecane in nitrogen. It is shown that the up-
dated diffusion coefficients resolve the earlier diffi-
culty of predicting the extinction strain rate of non-
premixed counterflow flames of n-dodecane/N,
and n-decane/N, against O,. The ability of the gen-
eralized transport theory for cylindrical structures
in dilute gases to reconcile a wide range of binary
diffusion coefficient data and to predict the flame
extinction data suggests that the theory is valid for
the diffusion coefficients of long-chain molecules.
It is also shown that the mixture-average transport
formulation is adequate for predictions of the ex-
tinction strain rate, provided that the Soret effect is
taken into consideration.

It is worth to note that the current work dealt
with a special class of molecules only, and a gener-
alized transport theory for molecules of arbitrary

shapes remain unavailable. From the strong sensi-
tivity we observed for counterflow flame responses
with respect the diffusion coefficient of large hydro-
carbon species, it is clear that a generalized theory
beyond the Chapman—Enskog spherical-potential,
elastic treatment is required to offer a thorough de-
scription of laminar flame behaviors.
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