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[1] One-dimensional flow models and unity probability

heterogeneous rate parameters are used to estimate the maximum

effect of heterogeneous reactions on trace species evolution in

aircraft gas turbines. The analysis includes reactions on soot

particulates and turbine/nozzle material surfaces. Results for a

representative advanced subsonic engine indicate the net change in

reactant mixing ratios due to heterogeneous reactions is <10�6 for

O2, CO2, and H2O, and <10�10 for minor combustion products

such as SO2 and NO2. The change in the mixing ratios relative to

the initial values is <0.01%. Since these estimates are based on

heterogeneous reaction probabilities of unity, the actual changes

will be even lower. Thus, heterogeneous chemistry within the

engine cannot explain the high conversion of SO2 to SO3

whicsome wake models require to explain the observed levels of

vola tile aerosols. Furthermore, turbine heterogeneous processes

will not effect exhaust NOx or NOy levels. INDEX TERMS:

0305 Atmospheric Composition and Structure: Aerosols and

particles (0345, 4801); 0317 Atmospheric Composition and

Structure: Chemical kinetic and photochemical properties; 0399

Atmospheric Composition and Structure: General or miscellaneous

1. Introduction

[2] Trace species emissions from gas turbine engines are of
interest because of environmental and human health considera-
tions. While combustion, air quality, and atmospheric change
research have significantly enhanced our understanding of the
relevant chemistry, the list of emissions that are considered
pollutants has expanded, and acceptable emission levels have been
lowered. It is thus expected that the challenges faced by engine
design engineers will continue to evolve, with emission require-
ments growing more stringent. Developing technologies to meet
these challenges will increase the demands placed on our ability to
characterize the chemical kinetic and fluid dynamical mechanisms
governing trace species chemistry in the engine. New diagnostic
techniques and more robust and accurate numerical modeling
capabilities for realistic combustor and turbine geometries will be
required.
[3] A numerical model, CNEWT, was recently developed to

describe trace species evolution in gas turbine engines [Lukachko,
1997; Lukachko et al., 1998]. CNEWT bridges the gap between
detailed fluid dynamical without chemistry and detailed chemistry
neglecting fluid dynamical effects. CNEWT was initially used to
explore gas phase chemistry in an aircraft gas turbine engine
[Lukachko et al., 1998] associated with gas phase precursors
(SO3, H2SO4, HNO3) to volatile aerosol formation in the aircraft
wakes.
[4] As further evaluation of the impact of engine fluid dynamics

continues, investigations of additional effects on trace species

evolution are needed. One unexplored issue is the impact of
heterogeneous reaction kinetics. Evaluating heterogeneous reac-
tions through detailed modeling of the coupled fluid dynamics and
chemistry is a costly procedure. Thus, a first order identification of
the trace species whose emission levels might be influenced by
heterogeneous kinetics in the turbine flow would be useful.
[5] The focus of this paper is the use of simple one-dimensional

kinetic models to estimate upper limits for the expected impact of
heterogeneous reactions and to ascertain the need for more detailed
analysis for specific gas phase reactants. Section 2 describes the
advanced subsonic engine selected for study and the methodology
developed to specify the near-wall flows along the gas path.
Results for heterogeneous reactions on soot particulates are given
in Section 3. Results for reactions on turbine surfaces are given in
Section 4. The conclusions reached based on this analysis and
discussions of the primary uncertainties are given in Section 5.

2. Near-Wall Interactions

[6] Results are reported for a conceptual, advanced subsonic
engine (ASE) that is projected to enter service in 2005. The ASE,
developed by the NASA Glenn Research Center [Liebeck et al.,
1995], is a two-spool turbofan with a bypass ratio of 11, an overall
pressure ratio of 45, a combustor exit total temperature of 1611 K,
and a Mach 0.8 thrust of 30.3 kN at an 11 km cruise altitude. This
parameter range is reasonably consistent with modern engines and
the ASE can be considered representative of both current and near
future engines.
[7] Internal surface areas were approximated based on the gas

path geometry and assumed blade geometries. Total surface areas
of 5.7 m2 for the endwalls and 6.8 m2 for the blades were
calculated for an internal surface area along the combustor exit
to nozzle exit gas path of 12.5 m2. Using a nominal spherical soot
particle radius of 0.065 microns and a uniform particle density of
1.0E+07 per cm3, the total soot surface area is approximately
0.122 m2 and the ratio of engine internal surface area to soot
surface area is approximately 100.
[8] An approximate model was developed to estimate the like-

lihood that a fluid parcel will interact with wall surfaces. Detailed
blade-row-by-blade-row flow specifications for average temper-
ature, pressure, velocity, cooling flow, and gas path geometry were
used to determine a one-dimensional, two-stream representation
with a freestream flow and a near-wall flow. Figure 1 defines the
near-wall zone for cross-sections along the post-combustor flow.
[9] In the context of this assessment, the likelihood of wall

interaction is determined by three parameters: the surface avail-
ability, the extent of the near-wall zone, and mixing within the near-
wall zone. Results for a worst-case flow scenario from the
perspective of heterogeneous conversion on the wall, for which
the availability of the surface is high and the residence time and
mixing in the near-wall layer are maximized, are presented below.
[10] The surface availability (a) describes the fraction (Savail) of

the total internal surface area (Sint) that can interact with combus-
tion gases (Savail = aSint). This differs from a surface reactivity in
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that the effective surface area available for interaction is deter-
mined by flow conditions rather than material properties (e.g. film
cooling). The factor (a) was set to 1.0 in all sections of the engine
except the high-pressure turbine (HPT) where film cooling is active
for the engines considered. The effectiveness of this fluid barrier
was determined based on the ability of the film cooling coverage to
protect the surface from hot freestream gases. Assuming a mini-
mum film cooling effectiveness, had = (Taw�Tw)/(Taw�Tc), of 0.2
and assuming turbulent Schmidt (ScT) and Prandtl (PrT) numbers
of 1, the factor a was set at 1-had, or 0.8. Cooling flow is added
within the HPT in a manner specified by the cycle and represents a
significant dilution to the near-wall flow, accounting for approx-
imately 25% of the total core flow after the HPT.
[11] The extent of the near-wall zone, specified as a fraction (e)

of the hub to casing span or the blade-to-blade pitch from a given
surface, determines how much of the engine mass flow is available
to react with the wall. This is similar to a boundary layer thickness
and represents the extent of wall viscous effects as well as any
wall-bounded mixing processes that may bring fluid to the wall.
The extent of the near-wall zone is determined primarily from
aerodynamic data for turbine and simple shear flows. Measure-
ments and computations of loss, boundary layer growth, blockage,
flow angles, velocity, and stagnation quantities were employed
[Brideman et al., 1983; Friedrichs et al., 1997; Hall et al., 1998;
Harasgama, 1990; Kang et al., 1989; Knight and Choi, 1989;
Lakshiminarayama, 1996; Lakshiminarayama and Govindar,
1981; Schlichting, 1979; Sharma et al., 1988; Zeschky and Gallus,
1991]. Values for (e) were specified between 0.05 to 0.25, depend-
ing on the reference surface—endwall, blade suction side, or blade
pressure side—and whether or not cooling was active.
[12] Surface reactions are driven by mass diffusion and are

assumed to occur immediately upon contact with no inefficiency.
The near-wall mixing factor (b) determines transport within the
near-wall zone through definition of the turbulent diffusion coef-
ficient (Dt=bDl) and thus determines the surface reaction rate. The
near-wall flow is assumed to follow the structure of a turbulent
boundary layer, with a laminar sub-layer to 1% of the total zone
height from the wall and the remaining extent assumed homoge-
neously turbulent. The laminar sub-layer is specified with binary
diffusion coefficients (Dl). Using the turbulent Schmidt number,
the laminar diffusion coefficient can be related to the turbulent
diffusion coefficient through definition of a mixing factor (b)

derived from the comparison of laminar and turbulent viscosities.
While the turbulent viscosity should be expected to be variable
through the near-wall zone, it is taken to be at least 60–70 times
the smallest laminar viscosity (nt = bnl, where b=60�70) [Kuethe
and Chow, 1986].
[13] Exchange between the near-wall and freestream flow zones

through the turbine and exhaust nozzle flow, accomplished through
turbulent mixing [Klebanoff, 1955; Moss and Oldfield, 1992;
Shang, 1995] and viscous layer disturbances (e.g. separation,
vortical flow), can affect the extent of heterogeneous conversion.
This exchange has a finite mixing effectiveness and typically
occurs on a time scale slower than that for chemical processes.
For example, combustor exit and nozzle exit gaseous emissions
measurements indicate that while circumferential variations in
species concentrations are small, a basic, radial structure survives
through the post combustor flow path [Lyon and Bahr, 1981;
Howard et al., 1996]. Because the extent of the near-wall layer
(e above) is large relative to the overall heterogeneous conversion
in the near-wall zone, exchange between the freestream and near-
wall layer is not included in the analysis presented.
[14] Temperature and velocity profiles were calculated sepa-

rately for the freestream and near-wall zones using conservation of
mass and energy. Based on typical wall-bounded turbulent flows, it
is assumed that the near-wall velocity is at 0.8 times the freestream
velocity (Unw=0.8Ufree). Thus, momentum is not conserved in the
transformation from the one-stream to the two-stream flow. The
associated error in momentum is less than 2% and represents an
uncertainty in the calculated residence time that scales directly with
error (i.e. ±2%). Density is allowed to vary between the two
streams but pressure is assumed to be constant. For the uncooled
sections of the gas path, the total temperature of the near-wall and
freestream flows are assumed to be the same and equal to the
averaged total temperature. Thus, the effects of momentum deficit
and secondary flow on the total temperature profile as the gas path
is traversed are not accounted. For the cooled sections of the gas
path, a wall temperature of 1000 K and an assumption for the near
wall to freestream temperature ratio, (Tnw�Tw)/(Tfree�Tw), was
specified. With ScT=1.0, the temperature ratio was set equal to the
velocity ratio. The resulting near-wall profile with a comparison to
the averaged profile is given in Figure 2.

3. Heterogeneous Reactions on Combustion Soot

[15] The number density, size distribution, and composition of
exhaust soot particulates depends on the specific engine, power
level, and, potentially, altitude. Measurements near the exhaust exit
have found mass emission indices ranging between 0.01 and 0.6 g
soot/kg-fuel), carbon particle emission indices ranging between
1013 and 1015 particles/kg-fuel [Petzold and Schröder], and mean
diameters between 0.05 and 0.08 mm.
[16] Here we report results for two soot size distributions.

Distribution 1 is a log-normal distribution (s = 1.2, rm = 0.06
mm) that is representative of near field measurements. Distribution
2 is a monodisperse, 10 nm diameter distribution that approximates
the soot particles at the turbine inlet assuming negligible agglom-

Figure 1. Definition of wall interaction model— (a) engine sector
axial view, (b) plane 1–1/2–2 detail.

Figure 2. Near-wall and average residence time, temperature, and pressure profiles.
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eration of the primary 10 nm soot spherules in the combustor flow.
In each case the soot emission index is 1.0 g/kg-fuel. This is larger
than measured values at the exhaust exit to ensure that the
predicted changes due to heterogeneous reactions are upper limits.
[17] A reaction having the global form given by C(s) + X(g) +

Y(g) � products can be neglected if (1) the loss or production of
gas phase reactants and (2) the impact of gas phase products on
trace speciation through subsequent gas phase reactions are all
negligible relative to gas phase chemistry alone. An estimate for
the upper limit to these changes is given by (assuming [X]<[Y]
where [X] and [Y] are the initial gas phase reactant concentrations)

d X½ �
dt

¼ �kiNi X½ � ð1Þ

where Ni is the number density of particles with radius ri and ki is
the rate per particle given by

ki ¼
4pr2i D

4D
va þ r2

i

riþl

ð2Þ

where D, n, and l are the gas phase diffusion coefficient, mean
speed, and mean free path, respectively, for the gas phase reactant
X(g) and a is the reactive uptake probability. Thus, the specific
elementary reaction mechanism and any reactive site dependence
are ignored. Moreover, a has been set to unity even though room
temperature values of a for species like SO2 and NO2 interactions
with soot and soot like substances are typically of the order
10�7�10�4 [DeMore et al., 1994]. Thus, the actual rates are well
below those used here.
[18] Figure 3 shows the change in the mixing ratio, �c, versus

time in the turbine relative to the initial mixing ratio at the turbine
inlet, co, for a number of trace species of interest. Figure 3a shows
results for monodisperse 10 nm diameter soot particulates. Figure
3b shows results for the log-normal soot distribution given above.
The computed relative changes are typically <0.001% for both
distributions. The relative changes for the monodisperse distribu-
tion are approximately a factor 10 larger than for the log-normal
distribution, with NO2 exhibiting the largest change. However,
even in the latter case, |�c|/co is less than 0.01% at the exhaust
exit. Thus, heterogeneous reactions on soot would have a negli-
gible impact on the direct loss of gas phase reactants even if a
larger surface area were available due to the monodisperse dis-
tribution.
[19] Figure 4 shows absolute changes in gas phase mixing ratios

for the two soot distributions. These results limit the maximum
increase in trace speciation that could result from heterogeneous

reactions on soot in the turbine. Specifically, �cp < nr |�cr|,
where |�cr| is the absolute change in the smallest concentration
reactant in Equation 1, nr is the product stoichiometric coefficient,
and �cp is the change in any of the potential products. From
Figure 4 and for nr = 1, �cp < |�cr| < 10�10 for all reactants
excluding the major combustor exit species O2, CO2, and H2O.
Since the |�cr|/co < 0.01% (Figure 4), the mixing ratio is approx-
imately constant and |�cr| is proportional to co. Thus, four orders-
of-magnitude increase in mixing ratios of minor combustion
products would be required to achieve |�cr| levels of one ppmv.
For O2, CO2, and H2O, �cp < �cr < 10�6 indicating a maximum
change of 1 ppmv in the mixing ratios for the products of the
reactions involving these species.

4. Heterogeneous Reactions on Engine Surfaces

[20] Model results for the absolute change, |�c|, in the mixing
ratios of selected gas phase reactants due to interaction with
internal engine surfaces are summarized in Figure 5. The |�c| as
a function of time is shown for the maximum residence time. In
each case the time dependent change in gas phase reactant due

Figure 3. Relative change in gas phase mixing ratio for (a)
monodisperse 10 nm diameter soot particulates and (b) a log-
normal soot distribution with a mean diameter of 60 nm.

Figure 4. Change in gas phase mixing ratio as a function of time
in the turbine for (a) monodisperse 10 nm diameter soot
particulates and (b) a log-normal soot distribution with a mean
diameter of 60 nm.

Figure 5. Change in gas phase mixing ratio as a function of time
for (a) minimum residence time profiles and (b) maximum
residence time profiles.
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heterogeneous reactions on internal engine surfaces has been
expressed as

d X½ �
dt

¼ s
�T=4
e

 !
X½ � ð3Þ

where the [X] is the concentration of the gas preactant, nT is the
mean thermal speed multiplied by an adjustment factor of 100 to
account for turbulence, e is the near-wall layer extent, and s is the
heterogeneous reaction probability (taken to be unity).
[21] Comparing Figures 4 and 5, it can be seen that the

estimated changes in species mixing ratios are typically smaller
for the heterogeneous reactions on internal engine surfaces than for
reactions with combustion soot particulates. While the available
surface area for internal surfaces is significantly larger than that
available from combustion soot particulates, and the estimated
residence time for gas in the boundary layer is longer than the
residence time for the core flow (Figure 2), the molecules in the
boundary layer that come into contact with the wall surface are
only a small percent of the overall flow through the turbine.

5. Summary

[22] The potential impact of heterogeneous reactions on trace
species emissions from gas turbine engines was evaluated using a
one-dimensional model for the turbine flow of a representative
advanced subsonic engine and upper limit approximations to the
heterogeneous reaction rates. The analysis considered reactions on
combustion soot particulates and post-combustor internal turbine
surfaces. For the former, results were presented for monodisperse
10 nm diameter particles and a log-normal distribution that is
typical of soot distributions measured near the exhaust exit and in
the of currently operational aircraft. In each case, the carbon mass
emission index was set to 1.0 g/kg-fuel, which is well above
measured values. For heterogeneous reactions on internal engine
surfaces, upper limits for the surface area and residence times were
determined based on available turbine geometries and time scales
for the fluid dynamics in boundary layers.
[23] The results indicate that heterogeneous reactions directly

involving trace species as reactants are negligible. This was found
to be the case for reactions on turbine surfaces and reactions with
combustion soot particulates. Thus, heterogeneous chemistry
within the engine cannot explain the high conversion of SO2 to
S(VI) (SO3, H2SO4) that some plume/wake aerosol models require
to produce observed levels of volatile (presumably sulfuric acid)
aerosols. Also, internal engine heterogeneous processes will also
have no significant effect on exhaust NOx or NOy levels.
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