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Abstract

As a benchmarking of turbulence scalar transfer modeling, the effect of Prandtl/Schmidt number on the temperature field of a diffusion flame
model combustor has been investigated. Some of the numerical results, obtained from the eddy dissipation combustion model with the turbulent
Prandtl/Schmidt number varying from 0.25 to 0.85, are presented and compared with a comprehensive experimental database. It is found that
the turbulent Prandtl/Schmidt number has significant effect on the predicted temperature field in the combustion chamber. This is also true for
the temperature profile along the combustor wall. In contrast, its effect on the velocity field is insignificant in the range considered. With the
optimized turbulent Prandtl/Schmidt number, both velocity and temperature fields can be reasonably and quantitatively predicted. For the present
configuration and operating conditions, the optimal Prandtl/Schmidt number is 0.5, and lower than the typical used value of ~0.7. This study
suggests that the current method for scalar transfer modeling in turbulent reacting flows should be improved and new approaches should be

developed.
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1. Introduction

Today, numerical simulation has become an essential tool in
the development of advanced gas turbine combustors. Accurate
temperature prediction at the combustor wall and exit is vital to
gas turbine engineers since poor temperature profiles can sig-
nificantly reduce the lifetime of the combustor and the turbine
behind it.

In almost all turbulent reacting flow Reynolds-averaged
Navier—Stokes (RANS) simulations, the turbulent Prandtl (Pr;)
and Schmidt (Sc¢;) numbers are used to determine the turbu-
lence scalar transfers (mixture fraction, species and energy or
temperature) based on the modeled momentum transfer. For
most practical turbulent reacting flows, Pr; can be considered
equal to Sc;, that is, Le = 1 [1-3]. This has been verified by
many experimental studies in heated and/or tracer jet flows [1].
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Numerous studies were made concerning Pr; and Sc; in the
last century, particularly in the period of 1930s—-1970s [1,2,4].
Hinze [1] reviewed a large number of experimental measure-
ments on Pr; or Sc; in pipe, duct and boundary-layer flows, and
pointed out that Pr; or Sc; varied from 0.6 to 0.8. Recently,
based on their velocity and concentration half-width measure-
ments in axisymmetric jets of air and helium, Panchapakesan
and Lumley [5] obtained an average value of 0.7 for Sc;. Yimer
et al. [6], combining a well-defined velocity measurement and
passive scalar measurement in axisymmetric jets, calculated the
radial distribution of Sc; in the fully developed region without
the intermittency effect. The results showed Sc; varying from
0.62 to 0.82.

All the above experimental results suggest that an average
value of Pr; = Sc¢; = ~0.7 should be used in numerical simu-
lations. This has been applied to many numerical studies, such
as jet flows [7,8] and gas turbine combustor modeling [9,10].
However, low Pr; and Sc; numbers from 0.20 to 0.5 have been
used by a number of authors for simulating kerosene-fueled
gas turbine combustors. Crocker et al. [11] modeled an en-
tire combustor from the compressor diffuser exit to the turbine
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Nomenclature
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specific heat at constant pressure
molecular diffusivity

mixture fraction

fluctuating component of mixture fraction
total enthalpy

heat transfer coefficient
turbulence kinetic energy

Lewis number, Sc;/Pr;
molecular weight

probability density function
turbulent Prandtl number

radial coordinate

energy source term

Scy turbulent Schmidt number
Stanton number

temperature

mean axial velocity

free stream velocity

axial velocity component
velocity vector

fluctuating velocity vector

radial velocity component
turbulence shear stress
coordinate along the combustor axis of symmetry
species mass fraction

non-dimensional parameter, /7,,/0y/v
distance to the wall boundary
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Z mass fraction of element

e turbulence dissipation rate

w species source term

v stoichiometric coefficient

v kinematic viscosity

P density

I; turbulent Prandtl or Schmidt number

Ut turbulent viscosity

7 molecular viscosity

1) species mass fraction, mixture fraction, or total en-
thalpy

¢ scalar fluctuating component

Tw wall shear stress

Greek symbols

I; turbulent Prandtl or Schmidt number

e turbulence dissipation rate

" molecular viscosity

Ut turbulent viscosity

P density

Tw wall shear stress

v kinematic viscosity

¢ species mass fraction, mixture fraction, or total en-
thalpy

¢ scalar fluctuation component

¢ species mass fraction, density or temperature

w species source term

inlet, including the air split and liner wall temperature predic-
tion. The value of Pr; and Sc; was set to 0.25 since this low
value consistently demonstrated better agreement with com-
bustor fuel/air mixing results. Kaaling et al. [12] studied five
RQL (rich burn, quick quench, lean burn) low-emission com-
bustor designs both experimentally and numerically. The CFD
calculations were calibrated against the coherent anti-Stokes
Raman scattering (CARS) measurements, and good agreement
was found by using Pr; = Sc; = 0.2. Large eddy simulations
(LES) of a Rolls-Royce production gas turbine combustor were
carried by Cannon et al. [13], where Pr; = Sc; = 0.5 was used.
Moreover, the effect of Schmidt number on turbulence scalar
mixing of a gaseous jet issued into a cross airflow was in-
vestigated by He et al. [14]. In comparison with the available
experimental data, Pr; = Sc; = 0.2 was recommended.

To provide a benchmark database for the evaluation and de-
velopment of various physical models, a series of experiments
were performed in a diffusion flame model combustor at the
National Research Council of Canada. The comprehensive ex-
perimental results make the present study possible.

The objective of the present work is to determine if such
a low value of Pr; and Sc, is physically realistic, and to pro-
vide some recommendations for scalar transfer modeling in
turbulent reacting flows. Since the model combustor geome-
try is much simpler than practical combustors, its boundary

conditions are well defined and a comprehensive experimen-
tal database is available, and hence the assessment of the above
issue is more reliable.

2. Experimental measurements

Fig. 1 is a schematic of the model combustor, including
the fuel and air inlets, combustion chamber and contracted ex-
haust section, where the dimensions are in mm. Air entered
the combustion chamber around a disc flame-holder, while fuel
was fed through the center of the bluff body. The test rig was
mounted on a three-axis traversing unit with a repeatability
of £100 um. The fuel used in the experiments was commer-
cial grade propane, and dry air was delivered from a shop air
supply. Both air and fuel flows were controlled by Sierra Side-
Trak mass-flow controllers with 2% accuracy in full scale (fuel
100 1/min and air 2550 1/min).

To reduce the heat losses through walls, a 25.4-mm thick
fibre blanket of Al,O3 was wrapped around the combustion
chamber. Four narrow slots were cut into the blanket to allow
appropriate physical and optical access to the chamber interior.
Interchangeable sets of stainless steel and fused silica windows
were used for physical probing using gas sampling probes, ra-
diometers and thermocouples, as well as for optical probing us-
ing the laser Doppler anemometer (LDA). The viewing area of
the windows measured 17 mm in width and 344 mm in length.
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Fig. 1. The model combustor.

Measurements of velocity were made using both a 2- and
3-component LDA system operating in the back scattering
mode. In the lower section of the combustion chamber, limited
optical access forced the use of a single fibre optic head to mea-
sure axial and tangential velocities. In the upper section of the
chamber, a complete three-component LDA system was used.
Gas temperatures were acquired using an uncoated 250-um di-
ameter S-type thermocouple supported by a twin-bore ceramic
tube. Thermocouples embedded in and flush with the combus-
tor wall were used to measure the wall temperature. Gas species
measurements were made with a sampling probe connected to
a Varian Model 3400 Gas Chromatograph. The major species
measured were CO, CO;, H,O and C3Hg. Details of the exper-
imental setup and measurements can be found in Ref. [15].

3. Numerical simulations

Axisymmetric, steady, turbulent, reacting flows were con-
sidered in the present study, and a commercial software pack-
age, Fluent, was used as the platform for all numerical simula-
tions. The computational domain, governing equations, selected
physical models, boundary conditions and solution methods are
described in the following sub-sections.

3.1. Computational domain

The computational domain covered the entire combustor
flow field from the fuel and air inlets to the exhaust exit (see
Fig. 1). Moreover, the internal and external conjugate heat
transfers from the combustion mixture to the flame-holder body
and insulation walls were also modeled.

Since the flow field was axisymmetric, 2D quadrilateral
meshes were used. Fine grids were laid behind the flame-holder

in the combustion chamber in order to resolve the recirculation
region. Fine grids were also generated in the shear layers be-
tween the recirculation region and fuel and air jets, as well as
in the gap between the flame-holder edge and air inlet cham-
ber wall. Coarse grids were used for the solid stainless steel
and ceramic walls. A total number of 74,100 elements were
used for most of the simulations. The skewness was less than
0.2 in the flow-field domain and the aspect ratio was less than
12 for 99.5% of the elements. Efforts were made to keep the
wall parameter y© (/7 /0y/v) in the desired range (30 to 60).
A number of meshes were tested to ensure the mesh indepen-
dence of the numerical solutions.

3.2. Governing equations
The first-moment Favre-averaged conservation equations for

mass, momentum, species, mixture fraction and total enthalpy,
may be expressed in a coordinate-free form as [16,17],

Ve (pV)=0 0
Ve(pVV)==Vp+VeT—Ve(pvV') )
Ve (pVIi)=Ve (5D VY)—Ve(pv'¥) + 3)
Ve(pVf)=Ve(pDVF)—Ve(pv ) @
VeV =Ve(JVA) VeV Sy 5

In the above equations, 5 represents mean density, V is mean
velocity vector, v stands for fluctuation velocity vector, the vis-
cous stress tensor T = u[VV + (VV)T] — %MV eVIwithIa
unit tensor, pv”v” denotes Reynolds stresses, Y; is the mass
fraction of the ith species, f stands for mixture fraction, H
denotes total enthalpy, and D and Pr; represent molecular dif-
fusivity and Prandtl number, respectively.

For closure of the above equations, the species source term,
w; in Eq. (3) is obtained from a selected combustion model. The
energy source term, Sy in Eq. (5) includes viscous heating and
radiation heat transfer that is obtained by a radiation model.
As mentioned earlier, Reynolds stresses, pv’v” or turbulence
momentum transfer in Eq. (2) are modeled by a selected turbu-
lence model, while pv"’Y"”, pv” ", pv"" H"" or turbulence scalar
transfers in Eqgs. (3)—(5) are calculated based on the modeled
momentum transfer.

3.3. Turbulence modeling

The previous benchmarking on turbulence modeling [18]
has illustrated superiority of the Reynolds stress model (RSM)
over three other popular two-equation eddy-viscosity models.
Therefore, the RSM was chosen to model turbulence momen-
tum transfer in the current study. Detailed description and
derivation are beyond the scope of the present paper and can
be found in Ref. [19].

For axisymmetric flows as in the present case, four trans-
portation equations of Reynolds stresses, pv”v” along with the
turbulence dissipation rate equation are solved in the combustor
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flow field. From the solutions of Reynolds stresses and dissi-
pation rate, the turbulent viscosity (momentum transfer coeffi-
cient) is then computed,

where C;,, = 0.09, and k and ¢ are turbulence kinetic energy and
dissipation rate, respectively.

With Pr; and Sc;, the turbulence scalar transfers are deter-
mined from the following expression,

— . & ~
—VepV'¢p'=V (F[w;) (7)

where ¢ stands for species mass fraction, mixture fraction or
total enthalpy, and I represents Pr; or Sc;. Note that in Eq. (7),
the turbulence scalar transfer coefficients, /I, are simply the
products of the turbulence momentum transfer coefficient (1)
and 1/77;. In addition, it should be understood that in the present
study, the isotropic turbulence transfer (coefficient) assumption
is abandoned in momentum transfer; however, it is still used for
turbulence scalar transfers.

3.4. Combustion modeling

Three combustion models were used in the investigation, i.e.,
the eddy-dissipation (EDS), probability density function (PDF),
and laminar flamelet model. The trends and magnitudes among
these three models are similar. In this paper, some of the numer-
ical results from the EDS combustion model are presented and
discussed. For completeness, the optimal Pr, and Sc; numbers
for all three models are provided at the end.

The EDS model is based on the work of Magnussen and
Hjertager [20], which has been widely accepted in diffusion
flame modeling [21]. The reaction rate is governed by turbu-
lent mixing, or the large-eddy mixing time scale, k/¢. The net
reaction rate of species “i” is given by the smaller of the fol-
lowing two expressions in kg/m?> s,

g 7 Y
Ri=vM;Ape min[ GHg 70 } @)
k VC3Hg MC3H8 VO, MOz
g )% )%
R =v;M;ABp— (Yco, + Y10) 9)

k (vco,Mco, + vH,0MH,0)

where v stands for the stoichiometric coefficient, M represents
the molecular weight, and the empirical constants, A = 4.0 and
B = 0.5. The description of the PDF and propane-air flamelet
model used in the study can be found in elsewhere [22].

3.5. Other physical models

To account for the radiation heat transfer between the gas
mixture and combustion chamber walls, the discrete ordinates
radiation model [23] was employed. The absorption coefficient
of gaseous mixture was determined from local species mass
fractions in the flow. An absorption coefficient of 0.5 was set
for the stainless steel wall and disc flame-holder. An enhanced
wall boundary treatment was applied at all internal walls. In

this approach, a two-layer model is combined with wall func-
tions, and the viscous and fully turbulent regions are smoothly
blended.

Polynomials used to calculate the specific heat of species
as a function of temperature were determined from Ref. [24],
where the chemical dissociation was considered. For other ther-
mal properties of the mixture such as molecular viscosity, ther-
mal conductivity, diffusivity and absorption coefficient, the val-
ues for air at 900 K were used. The thermal conductivity was
25 W/mK for the stainless steel, and 0.1 W/mK for the ce-
ramic insulation.

3.6. Boundary conditions

The fuel mass flow rate was 16.2 g/s and the airflow rate
was 550 g/s, and then the corresponding overall equivalence
ratio was 0.46. The Reynolds number based on the air entry ve-
locity and flame-holder diameter was 1.9 x 10°. An estimated
turbulence intensity of 10% and hydraulic diameters were used
to estimate Reynolds stress components and turbulence dissi-
pation rate at the fuel and air inlets. For both flows, the inlet
temperature was 293 K.

The wall boundary temperatures were defined based on the
experimental measurements. A room temperature of 293 K was
assigned to the walls of the inlet section, as well as the upstream
edges of the combustion chamber and ceramic insulation walls.
A linear temperature profile from 294 to 405 K was specified
along the outer boundary of the ceramic insulation wall. The
temperature of the outer boundary of the exit section was set to
960 K. The same temperature was assigned to the downstream
edge of the combustion chamber wall because its heat resistance
was much smaller than the ceramic insulation. A linear temper-
ature profile from 960 to 405 K was assigned to the downstream
edge of the insulation wall. Finally, the pressure at the combus-
tor exit was set to the atmospheric value.

3.7. Solution methods

A segregated solver with a second-order accurate scheme
was used to resolve the flow field. A node-based method for
derivatives was chosen in order to maintain numerical stability
as I close to 0.25. At convergence, the normalized residuals of
flow variables were about or less than 107 in all test cases. The
monitored axial velocities at two points in the shear layer down-
stream of the flame-holder remained unchanged at least for the
first four digits. A 4-node LINUX cluster, 64-bit, 2.6 GHz, dual
CPU and 8 GB RAM for each node, was used to perform all
simulations.

4. Results and discussion

Numerical simulations were performed with I'; varying from
0.25 to0 0.85, and a large amount of data were processed and an-
alyzed. As stated earlier, only some of the results obtained from
the EDS combustion model are presented here. In the following
subsections, the velocity field results are first presented, then
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Fig. 2. Axial velocity contours and flow path-lines, Iy = 0.85.
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Fig. 3. Axial velocity contours and flow path-lines, I'; = 0.50.

the temperature results are discussed, and finally the current ap-
proach to turbulence scalar transfer modeling is assessed.

4.1. Velocity distributions

The upper half of Fig. 2 shows the axial velocity contours
and flow path-lines with I; = 0.85. The lower half of the fig-
ure presents the experimental data with the zero axial velocity
lines specified. Agreement between the numerical predictions
and experimental results for the flow patterns in the combustion
chamber is excellent. Two recirculation zones are formed be-
hind the flame-holder although, in the experimental case, the
central recirculation zone is not completely resolved and no
flow path-lines are drawn due to the limited data points. It is
significant that both reattachment points or lengths of the two
recirculation zones are excellently predicted. The central re-
circulation zone created by the fuel jet is completely confined
within the annular recirculation zone generated by the annular
air jet. This implies that the transportation of fuel into the flow
field is realized by laminar and turbulent diffusion only through
the annular recirculation zone, which poses a challenge to tur-
bulent reacting flow simulations.

Although turbulence scalar transfers are calculated based on
the turbulence momentum transfer, the former also affects the
latter since they are coupled. The effect of I} on the velocity
field is illustrated in Figs. 3 and 4 for I; = 0.50 and 0.25, re-
spectively. Difference in the flow field between I'; = 0.85 and
I =0.50 is minor. For I'; = 0.25, the length and volume of the
annular recirculation zone are slightly reduced in comparison
with those in Figs. 2 and 3. The numerical results indicate that

U(m/s) 15.10-5 0 5 10 15 20 25 30 35 40 45

0 50 100 50 200 750
X (mm)

Fig. 4. Axial velocity contours and flow path-lines, I'; = 0.25.
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Fig. 5. Axial velocities along the combustor centerline. (For colors see the web
version of this article.)

in the range of I} studied, the I} effect on the velocity field is
limited, particularly for I'; > 0.35.

Fig. 5 gives the predicted axial velocity profiles along the
combustor centerline, where they are compared with the ex-
perimental measurements. Superimposed in the figure, in red,
are the estimated error bars of 2%. The numerical results show
good agreement with the experimental data, except that the
peak value of negative velocities is under-predicted. The effect
of I variation from 0.85 to 0.25 on the centerline velocity pro-
file is insignificant.

The predicted axial velocity profiles at five cross-sections,
two inside the recirculation region, one close to the stagnation
point, and the last two located downstream of the recirculation
region, are presented in Fig. 6, and qualitatively compared with
the experimental results. In general, the profiles are predicted
reasonably well except in the local regions at three middle
sections, where the discrepancies increase as Iy decreases. It
should be noted that the flow field is complex at these three
sections, which represents a difficult task to numerical simula-
tions.

Fig. 7 shows quantitative comparisons of turbulence kinetic
energy between the numerical and experimental results at four
cross-sections from x = 60 to 240 mm. Error bars in the figure
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Fig. 7. Turbulence kinetic energy profiles at sections, x = 60 to 240 mm.

represent 8% of measurement accuracy. The trends and magni-
tudes are predicted reasonably well, except for the magnitudes
at two downstream sections with I'; = 0.25. As observed at sec-
tion x = 60 mm, the numerical results fail to pick up the first
bump of the experimental data, which appears in the region
of r ~ 7-17 mm. Note that in this region, the axial velocity
changes its direction (from positive to negative). The antic-
ipated reasons are twofold: (1) the maximum magnitude of
negative axial velocity is under-predicted (see Fig. 5); (2) the
predicted small recirculation zone does not completely match
the experimental data (see Figs. 2—4). That is, the numerical
axial velocity gradient in this region is much lower than that
from the measurements, and therefore the numerical simulation
does not show the first bump.
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Fig. 8. Turbulence shear stress profiles at sections, x = 60 to 240 mm.
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Fig. 9. Temperature contours, I'; = 0.85.

Fig. 8 compares the numerical results of the turbulence shear
stress, pu”v”/p with the measured experimental data at four
cross-sections. Here the estimated measurement accuracy is
about 12%. The turbulence shear stress is of primary interest
for momentum transport in turbulent flows, particularly in shear
flows. Again, the trends and magnitudes are reasonably well
predicted, and the effect of I'; variation is insignificant, particu-
larly in comparison with the measurement error. At section x =
60 mm, discrepancies between the numerical and experimental
results are observed in the middle region (r ~ 20-30 mm). The
reason is expected to be similar to that for Fig. 7. In the cor-
responding region, the predicted velocities show less variation
than the experimental measurements.

The above numerical results indicate that the effect of I3}
variation on the predicted velocity field is limited, and the ve-
locity fields predicted by the RSM turbulence model agree rea-
sonably well with the experimental data for I; > 0.4. With the
adequate prediction of momentum transfer or velocity field, the
current approach to turbulence scalar transfer modeling (or tem-
perature modeling) can be evaluated properly.

4.2. Temperature distributions

The temperature contours for I; = 0.85, 0.5 and 0.25 are
presented and compared with the experimental database in
Figs. 9—11, respectively. As expected, the temperature in the
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Fig. 12. Variation of predicted flame length with I7.

recirculation region is relatively uniform due to strong turbu-
lent mixing. Intense chemical reaction takes place around the
envelope of the annular recirculation zone. In comparison with
the experimental data, the high temperature region is shifted
downstream for I; = 0.85, significantly reduced and shifted up-
stream for I'; = 0.25, and best predicted with I; = 0.50. That
is, the high temperature region moves upstream and becomes
smaller with I} decreasing. This is because the turbulence
transfer of fuel into the air flow and then chemical reaction are
accelerated as I; decreases. In general, the overall temperature
patterns and high temperature region are best predicted with
I'; = 0.50 although the temperature contours near the recircu-
lation region are slightly better predicted with I; = 0.85 than
those with I; = 0.50.

In Figs. 9-11, it is found that the predicted temperature in
the high temperature region is higher than the measured values.
The maximum difference is about 170 K. The main reason may
be that the temperature was measured by a 0.25-mm diameter
thermocouple, as mentioned earlier. Owing to the radiation and
conduction losses from the thermocouple, the measurement er-
ror could exceed 100 K over regions where the gas temperature
was high and the flow velocity was low [25].

The effect of I'; on the predicted flame length is illustrated in
Fig. 12, where the flame region is represented by the stoichio-

metric line of the mean mixture fraction, i.e., f = 0.063. The
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Fig. 13. Temperature profiles along the combustor centerline.

I; effect on the flame length and region is obvious. As I} de-
creases from 0.85 to 0.25, both the flame length and region are
significantly reduced, and the flame length shrinks about three
times, from 390 to 113 mm.

The predicted temperature profiles along the combustor cen-
terline are compared with the experimental data in Fig. 13,
where the measurement error is about 5%. In the upstream re-
gion (x < ~80 mm), the effect of I} is limited; the numerical
results for I; = 0.50 and 0.85 agree well with the experimental
data although the results for I; = 0.85 are slightly better than
those for I; = 0.50 and relatively large deviations are found
for Iy = 0.25. In contrast, the effect of I} is obvious in the
downstream region. I; = 0.50 gives the best results although
the predicted profile shows a peak in the middle portion, while
the measurements tend to be flat.

It is believed that in the upstream region the fuel distribu-
tion or chemical reaction is mainly determined by the location
and size of the annular recirculation zone, which is formed by
complex flow interactions among the central fuel jet, annular air
flow and two recirculation zones. However, in the downstream
region, the turbulent diffusion or transfer plays a dominant role
in the fuel spreading away from the axis of symmetry, where
the flow path-lines are almost parallel to each other as shown in
Figs. 2-4.

Fig. 14 presents the temperature profiles for I; = 0.85, 0.50
and 0.25 at five cross-sections from x = 52 to 233 mm. As
expected, at all sections, as I'; decreases the temperature pro-
files become more flat, i.e., the fuel spreading becomes faster.
The numerical results from I} = 0.50 agree reasonably well
with the experimental results, except for the regions near the
combustor wall. In these near-wall regions, the temperature is
under-predicted, which may suggest that the fuel spreading is
under-predicted in these local regions. Poor performance is ob-
served for I'; = 0.25 at most sections. Strong effects of I} are
observed at all sections.

The variation of combustor wall temperature profiles with I
is shown in Fig. 15. The numerical results are compared with
the measured wall temperature, where the measurement error
is about 2.5%. As expected, the predicted wall temperature in-
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Table 1
Optimal Prandtl and Schmidt number
EDS PDF Flamelet
T-chamber 0.50 0.50 0.50
T-wall 0.50-0.55 0.55 0.40

creases as I; decreases. The results with I; = 0.50 show the
best agreement with the measurements although the wall tem-
perature is somewhat over-predicted in the upstream region.
Finally, for comparison, the optimized I; numbers for the
three combustion models are given in the following table. As
shown in Table 1, the optimal I for the temperature prediction
inside the combustion chamber is 0.50 for all three combustion
models; however, it varies from 0.40 to 0.55 for the wall tem-

perature prediction. This implies that the combustion model has
some effect on the near-wall temperature distribution.

4.3. Discussion

As found from this study, the optimal I; number for tem-
perature prediction inside the combustor is 0.50. This number
is different from 0.25 in [11], 0.20 in [12] for kerosene-fueled
gas turbine combustor modeling, and 0.20 for a cross-jet flow
simulation [14]. However, it is the same as used in [13] for a
Rolls-Royce gas turbine combustor LES study.

All these examples imply two important observations. First,
the optimized I'; number is lower than the commonly accepted
values of ~0.7. In the sense of the average relative strength
between the turbulence momentum and scalar transfers, a low
value of I; number is a true physical phenomenon. Second,
the optimal I; number is most likely dependent on the com-
bustor configuration and possibly operating conditions. That
is, a priori optimization is required in order to reasonably pre-
dict temperature distribution inside combustors. Obviously, this
type of prior optimization is not practical in the real world.

The reasons for the above observations can be explained
theoretically and experimentally. An analogy between the wall
shear and heat flux in boundary layers was first postulated by
Osborne Reynolds over a century ago [26]. This original hy-
pothesis has been considerably amended and applied to com-
putational simulations of general turbulent reacting or mixing
flows since 1970s.

Theoretically, the rationale and limitation of the Reynolds
analogy approach could be revealed by reducing the conserva-
tion equations (2)—(5) to axisymmetric steady boundary flows
and neglecting the streamwise pressure gradient, molecular vis-
cous terms, and source terms. Then the following equations are
obtained,

_~812+ _.ou 120 o (10)
u— V—=—-——\ru,—
p 0x p or ror Mtar
__0¢ 3¢ 19 ( 0

it A Painas 11
pu8x+pv8r r8r<r1'} or (i

where the turbulent viscosity concept is applied to both stream-
wise momentum and scalar transfers. With I; = 1, the two
equations are identical. This means that under practical bound-
ary conditions, the flow variable fields are similar. For wall
boundary flows with relatively large radius with respect to
boundary thickness, the original form of the Reynolds analogy
can be deduced [31],
25t (h/pCpUs)
cr (tw/pUZ)
where St is the Stanton number and cy stands for skin fric-
tion coefficient. It is clear that Eqgs. (10)—(12) are only valid for
boundary layer flows where a number of terms are neglected.
Certainly, its application to complex turbulent reacting flows is
questionable.

Experimentally, the commonly accepted values of I (~0.7)
are measured from fully developed boundary or pipe flows [1,
2,4-6], and they may not be suitable for practical turbulent

12)
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reacting flows. Recently a number of authors [27-30] have ex-
perimentally discovered that this idea is no longer applicable to
disturbed turbulent thermal boundary flows.

In summary, applications of the concept, calculating turbu-
lence scalar transfers based on the modeled momentum transfer
and Prandtl/Schmidt number, are limited. For accurate predic-
tion of scalar transfers in turbulent reacting flows without prior
optimization, this concept should be improved and new ap-
proaches should be developed.

5. Conclusions

The effect of turbulent Prandtl/Schmidt number on the flow
field of a propane diffusion flame combustor with interior and
exterior conjugate heat transfers has been numerically studied.
Presented and discussed in this paper are some of the results
obtained from the eddy dissipation combustion model with tur-
bulent Prandtl/Schmidt number varying from 0.25 to 0.85.

In comparison with the comprehensive experimental database,
it is found that the I; number has insignificant effect on the
velocity field. In contrast, it shows strong effects on the temper-
ature field, particularly downstream in the combustion chamber.
It is also true for the temperature profile along the combustor
wall.

For the present combustor configuration and operating con-
ditions, the optimal I3} is 0.5 for temperature prediction inside
the combustor for all three combustion models. With I = 0.50,
both velocity and temperature fields are reasonably well pre-
dicted, except in some local and near-wall regions. The optimal
I varies from 0.40 to 0.55 for the combustor wall temperature
prediction.

Finally, the rationale and limitation of current turbulence
scalar transfer modeling are discussed. For accurate tempera-
ture prediction in turbulent reacting flows without tuning tur-
bulent Pr; and Sc; number, the current concept should be im-
proved and new approaches should be studied.
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