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The present work describes a mathematical procedure for predicting the local properties in combustors
characterized with high combustion intensity and high pressure. Turbulence is represented by the k-¢ model. The
combustion model assumes a single-step reaction and solves the conservation equations for the mass fraction of
the fuel and the square of its fluctuation and the density-velocity and density-scalar fluctuation correlations. A

" new density correction term is included in the pressure correction procedure to account for high combustor
pressures. Calculated results are compared to experimental data obtained ini a gas-fired combustor; the merits

and drawbacks of the present models are discussed.

_Nomenclature
A =area i
D, . =furnace diameter
e ~ =dissipation rate of turbulent kinetic energy
f =mixture fraction
k - =kinetic energy of turbulence
M .M, =fuel and oxygen mass fractions
P =pressure
PM) =probability distribution of fuel mass fraction
r =radius
S(9) =source term of the entity 6
' =gas temperature
U; =velocity components in the x; coordinate
direction, j=1,2,3
u; =velocity fluctuation components
U, V,W  =axial, radial, and tangential velocity components

X = axial distance from the burner exit
p =density

r, =turbulent exchange coefficient

@ = viscosity

0 =general dependent variable

@ =fluctuating component of ¢
Subscripts ‘

eff =effective (including the effects of turbulence)
fu = fuel

ox . =oxygen

Superscripts

) = fluctuations

() =mean value

" Introduction

UMERICAL investigations have covered a wide field of

engineering applications. Aerodynamic characteristics,
reaction characteristics, and heat transfer all have been
calculated by solving the conservation equations that govern
the transport of mass, momentum, and energy. The procedure
that is followed is well documented (see Refs. 1-4). The fact
that these calculations can provide the necessary information
for the design of a great number of engineering purposes
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(e.g., gas turbine combustors and fire tube boilers), at a cost
lower than that of setting an experimental program, cannot be
sufficiently emphasized. i

In this present work, the same path of numerical
calculations is followed except that, in this case, attention is
focused on turbulent flames characterized by high pressure.
To represent the turbulence characteristics, the two-equation
turbulence model was used. This model employs the kinetic
energy of turbulence and its dissipation rate; the shear stresses
are represented in terms of an effective viscosity and mean
velocity gradients.> Naturally, obtaining the Reynolds and
shear stresses can be done by solving their transport
equations®; however, this approach requires large storage
space on the computer.

To represent the reaction characteristics, certain assump-
tions must be made in order to solve the conservation
equations of energy and fuel mass fraction. Normally, in
diffusion flames the reaction is assumed to be infinitely fast;
the effect of the fluctuations was handled differently by
several investigators.”10 These were examined critically by
Khalil. ! For premixed flames the reaction rate is assumed
finite, and again the fluctuations were taken into account. 62
To represent the radiative heat transfer, the discrete ordinate
model of Khalil et al. 12 was used.

The second section describes the calculation procedure and
the modeling assumptions. In the third section, the results of
the computations and comparisons with experimental data are
presented and discussed to bring into focus the merits of the
present procedure as a design tool.

Calculation Procedure

Governing Equations

The conservation equations of mass, momentum, species,
and energy that govern the type of flow considered in the
present investigation are elliptic in nature. The present
computational scheme solves the time-averaged form of these
equations. Expressed in finite difference form, this time-
averaged form is:

pitjo+5(6) W

The general dependent variable 6 can represent the three
velocity components, kinetic energy of turbulence, dissipation
rate, stagnation enthalpy A, fuel mass fraction My, and the
square of its fluctuation m%, ‘

In the above equatlon the laminar dlffusmn term was
neglected due to its very small contribution relative to the
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contribution of the turbulent diffusion terms u :¢. These terms
resulted from the time averaging of the instantaneous
equations, and they represent the correlations between the
velocity components and any scalar entity..In the momentum
equations, these terms are the shear and Reynolds stresses,
which are commonly evaluated with the aid of the turbulence
model closures. For other quantities, the turbulent diffusion
terms are expressed in terms of an exchange coefficient and
the gradient of the entity 4. The values of the term S(6) denote
the source of generation/destruction of the various entities, 6.
The values of the turbulent exchange coefficient and the
source terms are of the form given in Refs. 2, 4, 5, and 11.

As mentioned earlier, since the governing conservation
equations are elliptic in nature, the specification of the
boundary conditions along the four boundaries of the
solution domain is essential to yield the equations soluble.
The solution domain conforms, in axisymmetric flows, to a
symmetrical half-section of the combustor. The prevailing
boundary conditions correspond to the measurements
wherever possible. On the combustor walls, velocities are
assumed zero and temperatures obtained from measured
values. Wall functions,® which are based on the logarithmic
law of the wall, are used to link the wall values to the near-
wall nodal points. Inlet and exit conditions are either specified
from the corresponding measurements or reasonably assumed
in accordance with the recommendations of Ref. 14.

Physical Modeling

To render the solution of Eq. (1) possible, some of the
terms need modeling. These terms are the ones pertaining to
turbulence, combustion, and radiation transfer charac-
teristics. Appropriate models are employed for each of these
characteristics; in this section, these models are discussed in
terms of their accompanying assumptions, formulation, and
assessment,

Turbulence Model

During the modeling of the time-averaged Navier-Stokes
equations, information about the turbulence nature of the
flow is lost; the turbulence model assumptions serve as an
approximation. The turbulence model should, however,
provide the unknown correlation terms ;u; u; in terms of the
mean flow entities. Two main approaches were proposed.
First, the transport equations for the Reynolds stresses u;u;
can be solved in order to yield the local values of the stress at
all grid nodes in the solution domain. This category of models
is commonly known as the Reynolds stresses closure and was
suggested by Launder et al. 15 and Pope, § among others.

The second approach is" simpler and fosters the eddy
viscosity concept; that is, the Reynolds stresses and shear
stresses. are expressed in terms of an effective viscosity and
mean velocity gradients.

2 ) - _
puu; = — ( o~ Eett U, 6;:) i — Mot (OU;/8x; +0U;/0x;)(2)

6,;,=0 fori#j and 6,=1 fori=j
where i, j, and £ are indices.

This turbulence model is based on the solution of transport
equations for k and e. The values of k and e are used to
calculate the effective viscosity according to

Poogr = p+ 0. OkaZ/e 3)

The former model was tested for boundary layer and shear
flows, 15 but no adequate assessment of its behavior in tur-
bulent recirculating reacting flows was reported to date. In
contrast, the validity of the latter was extensively tested for
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reacting and nonreacting flows in Refs. 2, 3,‘ and 5. The

" constants of the model are those of Hutchinson et al.2 and

were kept unchanged. The values of the turbulent exchange
coefficients for k and e are 1.0 and 1.22 times the effective
viscosity, respectively.

The present turbulence model is supplemented with two
transport equations for the entities p '« and p’v. These entities
appear in the conservation equations as additional mass
fluxes, due to fluctuations which convect the entity . These
terms can be treated in three different ways. The first and easy
way is to neglect these entities. Second, they can be calculated
from the solution of the transport equations. 2910 The third
alternative is that these terms can be obtained from algebraic
forms of the transport differential equations.? In the vicinity
of reaction zones, density gradients are very steep and the
density-velocity correlations .have significant influences and
should not be neglected. 1011

Reaction Model

The present combustion model assumes that fuel and
oxidant react in a single-step irreversible reaction and the rate
of reaction at which the fuel disappears is expressed as:

S(My,)=—10"p’ M M, exp(—1.84x10*/T) (4

The time-averaged reaction rate is obtained from the in-

* tegration of the product of the rate of reaction and the local

value of the probability density function of fuel mass frac-
tion, P(M,,) as

M, _
St = | (M) POV, aM,, ©)

The present model calculates the local values of the
probability P(M,,) from the solution of the transport
equation of the probability.® This transport equation is
expressed as .

00] (In
52 paary - .0 Loy
] W ax; L ax; fu
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The constants C, and C, equal 0.127 and 0.92, respectively.
The local oxygen mass fraction, temperature, and density can
be expressed in terms of the fuel mass fraction with the
knowledge of the.stoichiometric air/fuel ratio and initial
air/fuel mass ratio. Local values.of M3 are obtained from the
solution of the corresponding transport equation in- the
form 1. It should be emphasized here that the source term of
M3, equation contains terms that represent the effect of
chemical reaction on the fluctuation level. 4

The probability distribution P(My,) is shown to depend
strongly on the local reaction rate and the local turbulence
properties. The two terms I1I and IV represent the transport
of P(M;,) in the M, space due to chemical reaction and
molecular action, respectively. ,

An alternative approach to determination of P(Mfu) is to
assume the distribution to match one of the common forms of
delta functions, beta function, and clipped Gaussian
distribution.2® This approach is criticized for its over-
simplifying nature, and that no adequate experimental
evidence exists to support such distributions in reacting flows:
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The turbulent diffusion terms in Eq. (1) are modeled in the

algebraic gradient-type form as

— a0
pUp=— Ty @
The values of the turbulent exchange coefficients T’y are
commonly expressed in terms of the effective viscosity p.

The thermodynamic properties of the mixture of gases were
obtained using the perfect gas laws, togéther with fitting the
specific heat of the gases to a third-order polynomial. The
equation of state was used to obtain the local density from
prevailing values of pressure, temperature, and mixture
composition. ’

Heat-Transfer Model )

In furnaces and combustion chambers, heat transfer to the
walls is an important feature; furnaces with improved rate of
heat transfer are always design assets. To calculate the
radiative heat flux contribution to the total energy balance,
the discrete ordinate radiation model!? is used which yields
the source of energy due to thermal radiation in terms of
radiation intensity in discrete directions spanning the solid
angle of 2w. The convective heat transfer at the wall is ob-
tained from a gradient-type expression of the form of Eq. (7).

Solution Procedure

The differential equations represented by Eq. (1) were
solved in finite difference form by the algorithm of Ref. 16.
The solution is based on a guess-and-correct procedure of the
local velocity field, and the resulting velocities do not satisfy
the continuity equation. Continuity is then enforced and the
mass imbalance is used to obtain pressure corrections through
the use of a combination of momentum and continuity

equations, with a pressure correction equation of the form 1.

The new velocity and pressure fields are used as the new
guessed fields. The process is repeated until the residuals in all
the conservation equations are less than 0.01% of the inlet
values.

The new updated velocity is expressed for isothermal and
reacting flows at atmospheric pressures as

U;=U}+D;(P;—P;) ®)

The X; direction contribution to the net efflux of mass is
expressed as:

(AUjp),,, — (AUp)

Xj+

For pressure-dependent density calculations for com-
pressible flows, such as the one considered here, the density is
given as:

p=p*+(1/a%) (P} +P;)/2 ©

where a is the velocity of sound, subscript p refers to any
nodal point, X; refers to the north, south, east, and west
nodes, P’ refers to the pressure correction, and the starred
entities are the guessed values from the previous iteration. The
mass flux is calculated as:

(pAU;) .= (0*US + (0*D; + (U} /20%) ) P,
—(p*D; = (U}/2a%)) P ) A (10)

where the terms D; are the pressure difference coefficients.
Equation (10) was used in the present work because of the
high pressure combustor flows that are investigated. The
updated mass velocity field is then obtained from Eq. (10).
The present computations were performed = with a
nonuniform grid composed of 20 x 22 grid nodes. The cost of

Ol
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the calculation is not, however, negligible, since the required
computer storage is 38 kilowords and the computation time
on the ICL 2956 computer was around 35 min. It is worth-
while to note that the calculations obtained with the neglect of
the density-velocity fluctuations require 36 kilowords and the
computing time was 32 min. A converged solution was ob-
tained when the maximum normalized residuals in all the
conservation equations together with the continuity were less

than 0.01% at all grid nodes. The solution of the finite-

difference form of Eq. (1) was underrelaxed to aid speedy
convergence; underrelaxation parameters of the order of 0.5
for velocities and 0.7 for other scalar entities were used. Grid
independence tests were performed and the results described
in this work were independent of the grid size and location, in
the sense that 50% increase of the grid size would result in less
than 7% change in the mean flow pattern results. Further
details of grid size effects can be found in Ref. 14.

Results and Comparisons

The comparisons in this section between measured and
calculated properties are intended to demonstrate the in-
fluence of the density fluctuation terms on the flow pattern
and reaction and to assess the validity of the present
numerical procedure in solving for high-pressure reacting

“flows. Two different flame situations in the furnace of

Spadaccini et al. > have been selected as the basis for these
comparisons. The two sets of measurements were obtained in
confined diffusion flame configurations and correspond to
two different swirl intensities.

The present combustor is an ax1symmetr1c one in which a
central fuel stream, natural gas, mixes with a coaxial annular
airstream.  In the nonswirling flame situation, flame
stabilization was achieved by judicious selection of the
momentum flux ratio of the fuel and airstreams. This flame-
holding approach does not rely either on a physical flame
holder (baffle) or on swirling action. For the case with finite
swirl number, tangential momentum was imparted to the
combustion air through the use of straight swirl vanes.

The combustor diameter was 0.122 m and its length was
1.22 m. An extension section 0.334 m long was also used to
fully contain the flame; the coaxial burner described above
comprised a central jet of 0.0630 m and an annulus i.d. of
0.0637 m and o.d. of 0.0937 m. The combustor pressure for
the present comparisons was 3.8 bar. The airflow rate through
the annular. space was adjusted to give air to natural gas
velocity ratio of 22 and to allow for 10% excess air. The
furnace walls were water-cooled in five segments of equal
length; the water flow to each zone was independently set to
keep the furnace walls at an approximate temperature of 500
K. The furnace was thermally lagged to prevent heat loss to
the atmosphere.

The axial and tangential velocity profiles were measured
with the aid of a laser Doppler anemometer. For this purpose,
the furnace walls were provided with window ports to allow
the optical velocity measurements. The measurements
comprised the mean and fluctuating components of each
velocity. The anemometer was designed to be able to measure
the regions of flow reversal; a crystal Bragg cell was used as a
beam splitter and for frequency shifting. The mean velocity
measurements were subjected to possible experimental errors
up to 5%, except in the vicinity of the recirculation zone
where errors increase to 30%.

Temperature profiles at the exit plane and within the
combustor were measured by traversing a calibrated heat-loss
thermocouple probe across the combustor. Local gas tem-
peratures were obtained from the reading of a thermocouple,
which was corrected for conducflon and radiation heat losses.
The experimental accuracyin 'this case lies within +30 K.
Further details of the measuring technique and the associated
errors can be found in the original papers by Spadaccini et
al.’? and Bowman et al.!” Species concentration distributions
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Fig. 1 Measured and calculated axial velocity profiles in a high-
pressure combustor, zero swirl. o, e measurements in each half-
section of the combustor of Ref. 13; —— present calculations; ----
calculations without density fluctuation and pressure terms.
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Fig. 2 Measured and calculated gas temperature profiles in a high-
pressure combustor, zero swirl. o, ® measurements in each half-
section of the combustor of Ref. 13; —— present calculations; ----
calculations without density fluctuation and pressure terms.

within the combustor were measured using a traverse gas
sampling probe and an exhaust gas sampling rake. The
associated errors in gas sampling technique are estimated to
be less than 5%. The radial distribution of the time-averaged
velocity at inlet is measured with a pitot probe. No
measurements of the inlet profiles of turbulent kinetic energy
and its dissipation rate were reported; hence, they were
assumed according to the recommendations of Ref. 14. Using
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Fig. 3 Measured and calculated carbon dioxide profiles in high-
pressure combustor, zero swirl. o, e measurements in each half-
section -of the combustor of Ref. 13; —— present calculations; ----

- calculations without density fluctuation and pressure terms.
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Fig. 4 Measured and calculated axial velocity profiles in a high-
pressure combustor, swirl number=0.3. o, ® measurements in each
half-section of the combustor of Ref. 13; —— present calculations.

a_uniform inlet profile of k and e changes the value of the
velocities by 10% than that predicted here using a turbulent
pipe flow profile for k and e. o ) ’
The calculated flow properties are compared with the
corresponding measurements in the following paragraphs.
The calculated and measured profiles of mean axial velocity
component for the nonswirling flame situation are shown in
Fig. 1. The agreement between the measurements and the
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Fig. 5 Measured and calculated tangential velocity profiles in a high- '

pressure combustor, swirl number=0.3. o, & measurements in each
half-section of the combustor of Ref. 13; —— present calculations.

calculations is reasonable, as the calculated velocity profiles

predicted correctly the rate of spread of the jet and the decay
of the centerline mean velocity. The small expansion ratio of
1:1.3 naturally created a very small wall recirculation zone.
The central recirculation zone was created by the momentum
exchange between the high velocity airstream and the low
velocity fuel stream. On the same figure, the calculated
velocity profiles are shown when the density-velocity
correlations were neglected and no accountwas taken for the
high-pressure effect on the solution algorithm. It is evident
then that the difference shown attributed to these effects, and
that the present modifications, i.e., the inclusion of the
density fluctuation correlations, yield better agreement.
Measured and calculated gas temperature profiles -are
shown in Fig. 2 for the same flow situation, and exhibited
reasonable agreement except in the vicinity of the burner exit.
Maximum discrepancies of less than 10% of the local tem-
perature were observed; however, the agreement obtained is
satisfactory for engineering purposes. On the same figure, it is
clear that the predicted gas temperature profiles, obtained
with the neglect of the density fluctuation correlations, are in
poor agreement with the measurements, particularly in the
vicinity of the reaction zone. Such discrepancy is attributed to
the large density gradients and hence large production rate of
density fluctuations and density-velocity correlations. It can
be seen that the neglect of such terms, particularly in a high-
pressure combustor, results in serious defects in predicting the
flame dimensions and heat release and transfer. Accurate
calculations of nitric oxide concentrations are based on

adequate predictions of local gas temperatures; hence, the

inclusion of the density-velocity correlations is vital for
pollutant calculations. 2 '
The measured and calculated profiles of mean carbon
dioxide concentrations are shown in Fig. 3 at various axial
locations downstream of the burner. On the whole, the ob-
tained agreement was satisfactory. It was observed that the
profiles' flatten out at further downstream locations, thus
identifying the end of the reaction where the CO, mole
concentrations increased to the complete combustion values.
The calculated carbon dioxide concentration profiles, ob-
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Fig. 6 Measured and calculated gas temperature profiles in a high- .
pressure combustor, swirl number=0.3. 0, e measurements in each
half-section of the combustor of Ref. 13; present calculations.
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Fig. 7 Axisymmetric combustor with circumferential air dilution.

tained with the neglect of the density-velocity correlation
terms, are also shown on the same figure. The large discrep-
ancies between such calculations and the measurements are
attributed to predicting lower levels of turbulence and
narrower flame than those measured. The predicted con-

- vection of carbon dioxide along the flame axis is much larger

than measured values in contrast to that predicted when the
correlation terms are included.

The second set of comparisons pertains to a swirling flame
situation where the swirl number was 0.3. The introduction of
swirl resulted in off-center recirculation zones, as can be seen
in Fig. 4, where the measured and calculated mean axial
velocity profiles are compared. Both measurements and
predictions were in reasonable agreement except in the vicinity
of recirculation zones. The calculations were repeated, but, in
this case, the density fluctuation terms and the effect of
combustor pressure (3.8 bar) were neglected; the calculated
flowfield did not show any recirculation zones, which is
contrary to the experimental observations.

Calculated profiles of mean tangential velocity and the
corresponding measurements are shown in Fig. 5 at various
axial locations. The tangential velocity profiles exhibited an
-off-center peak; the maximum tangential velocity was less
than 15% of the maximum inlet velocity. The observed
discrepancies of Fig. 5 were less than 10% and can be at-
tributed partially to the turbulence model. It should be noted
that the W profile changed from forced to Rankine vortex
flow.
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Fig. 8 Effect of dilution air on the centerline distribution of fuel
concentration and gas temperature at zero swirl and atmospheric
pressure. No dilution case represents the flame situation of Ref. 17.

Profiles of mean gas temperature are shown in Fig. 6; both
measured and calculated profiles are in reasonable agreement.
In the vicinity of the burner, an off-center peak temperature
was observed which coincided with the location of the
reaction zone. The comparison shown in Fig. 6 indicated an
overall agreement with maximum discrepancies of less than
150 K. The simple calculations, which did not include the
density and pressure corrections, resulted in very  poor
agreement, particularly at x/D,=0.34, where the predicted
temperatures were different from the measurements by up to
300 K in the centerline vicinity.

As can be seen from the temperature distribution at the
combustor exit, the flame length is longer than 10 Dy; the
measured overall heat flux to the furnace wall contributed to
nearly 15% of the total heat input. This is in contrast to the
observation in other gas-fired furnaces. 2

The comparisons shown in Figs. 1-6 illustrate the extent
to which calculated values of flow pattern and reaction char-
acteristics can be expected to agree with the measurements. It
is clear that discrepancies exist, for example, up to 150 K in
temperature and 30% in the size of reversed flow regions, but
trends were correctly represented in all cases and the dif-.
ferences are usually considerably smaller. The cost of these
calculations is not negligible, but is significantly less than the
corresponding experiment. Consequently, the present in-
vestigation has been extended to flow situations where no
measurements are available.

The present method was further tested in flpw situations
with dilution air issuing from ports along the combustor of
the present study, as shown in Fig. 7. Additional dilution air
of an amount equal to that required for combustion is added
through two simulated air dilution annular rings. The in-
fluence of dilution on the combustor centerline mixture
fraction and gas temperature distributions is shown in Fig. 8.
Dilution air resulted in a longer and narrower flame. This is
just an example of possible parametric studies that can be
performed on the combustor for improved alternative design
aiming at higher combustion efficiency and lower pollutant
emission. .

Concluding Remarks

The following conclusions may be drawn from the present
investigation.

1) Turbulent diffusion furnace flames can be represented by
a four-equation turbulence model, which is based on the k-e
model and accounted for the density fluctuation correlations.

2) The combustion model made use of a transport equation

for the probability density function of fuel and the calculated

I
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probability function is reaction-rate-dependent. The time-
averaged reaction rate is equal to. the instantancous rate
weighted by the probability density function.

3) The radiative heat-transfer contribution to the total
energy balance was represented by the discrete ordinate
model. )

4) A modification of the pressure correction procedure to
account for the effects of high combustor pressure is in-
troduced. The preliminary results obtained here encouraged
the adoption of this modification. It should be noted that it
cannot be claimed that this modification is in its final form.

5) The incorporation of the density fluctuation terms and
correlations in the calculation procedure is essential to
adequately calculate, with a reasonable degree of accuracy,
the detailed flame structure and pollutant formatmn rates in
high-intensity combustors and furnaces.

6) The present model can be applied to furnace and
combustion chamber design. An example of the present
capabilities, with simulated wall dilutions, was performed and
indicated a longer and narrower flame.
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