Imernationsl
Jowirnzl ofF
Therrnal
Selienecas

ELSEVIER International Journal of Thermal Sciences 41 (2002) 763-772

www.elsevier.com/locatel/ijts

A robust and accurate algorithm of tgepdf integration
and its application to turbulent methane—air diffusion combustion
in a gas turbine combustor simulator

F. Liu2*, H. Guo?, G.J. Smallwood, O.L. Giilde®, M.D. Matovic®

& Combustion Research Group, Institute for Chemical Process and Environmental Technology, National Research Council Canada, Montreal Road,
Ottawa, ON, Canada, K1A OR6
b |nstitute for Aerospace Studies, University of Toronto, 4925 Dufferin Sreet, Toronto, ON, Canada, M3H 5T6

Received 6 February 2001; accepted 17 September 2001

Abstract

The g-pdf has been widely assumed for the probability distribution of the mixture fraction in many turbulent mixing and turbulent non-
premixed combustion models in the literature. The numerical integration @-fidf often encounters the singularity difficulties and only
few publications have addressed this issue. An efficient, accurate and robust numerical treatmesvpalf inéegration was proposed. The
present treatment of the-pdf integration was implemented into a flamelet model to calculate turbulent methane—air combustion in a model
gas turbine combustor. Numerical results obtained using the prggadiitintegration method and those based on the properties of the beta
and gamma functions were compared to illustrate the accuracy of the present method. Effect of assysaputj tbe¢he mass-weighted pdf
and unweighted pdf of the mixture fraction on the calculated density field was also investig@@@2 Editions scientifiques et médicales
Elsevier SAS. All rights reserved.

1. Introduction using thes-pdf should be accurate and efficient. Theodf
consists of two parametesisandb and is written as

fa—l(l _ f)b—l
J3 fet@— fyv-Ldy

The numerical integration of thg-pdf encounters difficul-
ties due to the singularity problem at either the oxidizer side

p(f)= 1)

The B-pdf has been widely assumed for the probability
density function of the mixture fraction in many turbulent
mixing and turbulent non-premixed combustion models,

see Refs. [1,2] and references cited therein. Among the(f:O) or the fuel side f = 1), depending on thg-pdf pa-

turbulent non-premixed combustion models developedin the 3 meters, and the overflow problem when the pdf parameters
literature, the flamelet model [1] is attractive for turbulent 5. sufficiently large.

combustion modeling due to the decoupling of flow fieldand  chen et al. [2], Lentini [3,4] and Lentini and Jones [5]
chemical kinetics calculations. Because of this feature of the have recently made attempts to address these issues and
flamelet model, detailed chemistry mechanisms can be usedoroposed their own treatments of the density integration
in the construction of the flamelet library. In this model, only assuming g3-pdf for Favre or mass-weighted pdf for the
the mean density calculated using the flamelet library and themixture fraction. The work of Chen et al. [2] contained
assumegB-pdf is required by the flow solver. Subsequently, incorrect approximations for the < 1, a < b anda > b,
species fields are calculated in a postprocessing fashion? <1 cases. In addition, their treatment for the prevention

Therefore, the numerical integration of the density field Of overflow whena > 1,5 > 1 anda or b is sufficiently
large is also inadequate. On the other hand, the work of

Lentini [4] relies on the premise that the flamelet density

distribution can be fitted to a specified functional form so
* Correspondence and reprints. that the relationships between beta and gamma functions can
E-mail address: fengshan.liu@nrc.ca (F. Liu). be used to calculate the integrations involved in the mean
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Nomenclature

a B-pdf parameter, Eq. (1) X coordinates

b B-pdf parameter., Eq. (2) Greek symbols

c polynomial coefficients, Eq. (13)

d fitting coefficients, Eq. (15) e dissipation rate of turbulence kinetic energy; |a
C1 k—e turbulence model parameter, Eq. (31) small parameter defined in Eq. (18)

Cy k—e turbulence model parameter, Eq. (31) o density

Cu k—e turbulence model parameter o% k—e turbulence model parameter, Eq. (30)
Ca g-equation parameter, Eg. (33) O k—e turbulence model parameter, Eq. (31)
Ce2 g-equation parameter, Eg. (33) of f-equation parameter, Eq. (32)

f mixture fraction Og g-equation parameter, Eq. (33)

g variance of the mixture fraction Ut turbulence viscosity

G production rgte gf turbulence kinetic energy Subscript

k turbulence kinetic energy

p pressure, probability density function fuel  fuel

r radial position max maximum

u axial velocity (04 oxidizer

v radial velocity ref reference

density calculation. However, this approach is in general It can be shown that
not applicable to mean species calculations or situations fa-p
where the flamelet density distribution cannot be fitted to the 4 = f[f - 1}
specified function. The approach proposed by Lentini has 8
been employed recently by Kumar and Tamaru [6]. [fa-=5
In this study, a robust and accurate treatment of ghe b= (1— )[T - 1}
pdf density integration was proposed. The method suggested
here can also be easily extended to any other thermochemi-

(5)

(6)

Before proceeding further in the presentation of the

cal scalars. It was implemented into a 3D finite-volume code Pdf integration, some discussions are first given about the
to calculate turbulent non-premixed methane-air combustion rélations between the values afand 5 and the mixture

in a model gas turbine combustor. Thepdf integration ap-  fraction and its variance. The values of parameternd
proach of Lentini [4] was also used in the present study. Re- ? @S functions off and g, given in Egs. (5) and (6), are
sults based on the presegvpdf integration and the method plotted in Fig. 1. It can be seen that these parameters vary

of Lentini were compared. Effects of assuming fhedf to drastically from very small values near the boundary of
the mass-weighted and unweighted pdf of the mixture frac- the positivity requirement oé andb, i.e., g < f(1— /),
tion on the results were also investigated. to very large values ag approaches zero, especially for

intermediate values of around 0.5. The thickened solid
lines in Fig. 1(a) and (b) represent the contours ef 1 and
2. Formulation b =1, respectively. The contour af =1 is plotted again
in Fig. 1(b) as a dashed line for the reason given below. It
The Favre or mass-weightgdpdf is written as (symbols  can be shown that the variances on contours ef 1 and

with tilde denote mass-averaged quantities) b =1 peak atf =0.382 andf = 0.618, respectively. The
f“—l(l B f)b—l corresponding value of the variance on the contours at these
p(f)=— (2) two mixture fractions is 0.09. Four regions can be identified
Jo £e7HA= Hb-Ldf in terms of the values of and b compared to unity, as

wherea and b are two non-negative parameters and are indicated in Fig. 1(b): (Il <1,b <1, () a < 1,b > 1,
related to the mean and the variance of the mixture fraction, (Ill) « > 1,5 > 1, and (IV)a > 1,b < 1. The corresponding
calculated by the flow solver, through shapes of thgg-pdf in these four regions are schematically
1 plotted in Fig. 2. The pdfs in region | have two singularities
~ - (where the value of the pdf approaches infinity), one occurs
/= / fo(Hdf (3) at the oxidizer side { — 0) and the other at the fuel side
0 (f — 1), and represent situations where the variance of the

mixture fraction is large as a result of strong fluctuations in

the flow field since the mixture fraction in this region varies

1
g= / (f - f)zﬁ(f) df (4) the mixture fraction. This type of pdf can occur anywhere in
0
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0 B Regionll:a<1,b>1
i 5| |
015} & | Region lll:a>1,b>1 |
o | \ /
01f /
- -
i -
0.05| >
: 0 — ——
, / 0 1
B 1
010 LWEB%EWNB‘O‘S?OZ 7 Mixture fraction, f
B o
I L L 1 1 I L 1 1 1 I L 1 1 L l 1 1 L L I‘) ]
0.25 0.5 0.75 1 Fig. 2. Representative shapes of ghedf with parameters ands falling
f in the four different regions defined in Fig. 1.
(b) parameter b relatively large variances and high mixture fractions (mean
B P mixture fractions greater than 0.5), Fig. 1(b).
025k i The mass-weighted pdf is related to the unweighted pdf
| 0‘1’/— .00E. 03
[ 3 \\ through [7]
i R
- - P
02f ,/9/\ S 5 ="L2p(h) @)
i é‘?m& 5, & P
i N 0%5 2’\,) The mean density is calculated as
015F { I % g, )
B S v
ol \ p= / pNPNAf = ()
T & “m=s O\ 0 0 5PN df
i > 2" It should be pointed out that the density in the flamelet
0.05 N : library is also dependent on the scalar dissipation rate.
[ 28 o However, the variation of the flamelet density with the
0 |1 8 #08E+03—1.00E+04 1.00E+0585*0% 00E+04> scalar dissipation rate was not taken into account in the
S PRI BRI BT | present study since the objective of this study is to develop

P ! !

0 0.25 0.5 0.75 1 a robust and accurate treatment of {hgdf integration.

f In addition, the integration over the scalar dissipation rate
Fig. 1. Variations of parametetsandb as functions off andg. The two can be qo_ne efficiently u5|_ng the ?rror function a.ls described
contoursa = 1 andb = 1 divide the f —g plane into four regions: (i < 1, by Lentini [4]. The density profile as a function of the
b<1,()a<1,b>1,()a>1b>1and(V)a>1,b<1. mixture fraction employed in the present calculations was

that obtained from a counterflow Glir diffusion flame
at a strain rate of 120$ using detailed chemistry and

) ) i . complextransport properties. This study is therefore directly
from 0 to 1. The pdfs in region Il have only one singularity gjevant to modeling turbulent diffusion combustion using
at the oxidizer side and decays rapidly towards the fuel side. t45; chemistry assumptions such as the one-step irreversible
Such type of pdf represents situations of relatively large reaction or the chemistry equilibrium model. The only
variances and relatively low mixture fractions and occurs difference is that the flamelet density profile employed in the
only when the mean mixture fractions are less than 0.5, present calculations will be slightly altered by using the one-
Fig. 1(b). In region Iil, the pdfs have no singularities and step irreversible reaction model or the chemical equilibrium
can peak at a value anywhere between 0 and 1, Fig. 2,model.
and represent situations of relatively small variance of the  Due to the approximate nature of the assumed pdf
mixture fraction, i.e., relatively weak fluctuations of the method, itis also acceptable to assume that the unweighted
mixture fraction. Again, the pdfs in region Ill can occur pdf, p(f), has the form of thes-pdf given in Eq. (1)
anywhere in the flow field. And lastly, the pdfs in region IV instead of the mass-weighted on#,f). The consequence
are singular only at the fuel sid¢ (— 1) and decay rapidly ~ of making this assumption will be investigated in the
towards the oxidizer side, Fig. 2. Such pdfs occur only at modeling of turbulent non-premixed combustion in a model



766 F. Liu et al. / International Journal of Thermal Sciences 41 (2002) 763772

gas turbine combustor. In the following discussion of the 1? ; 12
numerical treatment of thé-pdf integration, it was assumed 1'0 ) 10
that the unweighted pdf of the mixture fraction has fhpdf oo ) ot
form given in Eq. (1) and the mean density is calculated as 0'8 ) o
1
5= Jop(HBHAS (9) E
Jo BLHAS 2
where
B =rta— it (10)
Using the property between the beta and gamma func- " | S ;:zzdef;:jt';s'ty
tions [8], the denominator of Eq. (9) can be written as 0'0
1 F( )F(b) . 00 01 02 03 04 05 06 07 08 09 1.0
a—1 b-1 a
[ rtas prtar =100 (11)
0

Fig. 3. Density distribution as a function of the mixture fraction calculated
The values of these gamma functions can be readily obtainedrom a counterflow diffusion Chyair flame at 120's™.
by using the recurrence relation

F'(x+1) =xI'x) (12) Typically the value ofJ is about 20 to obtain accurate
fitting of Eq. (14) to the flamelet density profile. Fig. 3

and the polynomial approximation forQx < 1 8], shows the density distributions obtained from both the

8 flamelet calculation of a Clfair flamelet at a strain rate
P+ =1+ cux” (13) of 120 s'! and a 20-order polynomial fitted result using
n=1 Egs. (14) and (15). The fitted density distribution is in very
The coefficientsc’s are taken from Ref. [8] and given in  good agreement with the density profile of the flamelet
Table 1. calculation.

If the flamelet density distribution can be approximated In order to make use of the property between the beta
by a polynomial expression of the mixture fraction, the and gamma functions, Eq. (11), given the density expression
numerator of Eq. (9) can also be easily evaluated USing thein Eq. (14)’ Lentini [4] apparenﬂy assumed that the mass-
beta and gamma property similar to Eq. (11). Unfortunately weighted pdf has the form of thg-pdf, though the mass-
the flamelet density profile in general cannot be fit to a weighted pdf concept was not explicitly used in the work

simple polynomial expression due to the steep variation of of | entini. As a result, using the second part of Eq. (8), the
density around the reaction zone. However, it was shown by gensity integration becomes

Lentini [4] that the flamelet density distribution can be fit

accurately to the following expression _ fol [ a-pHi-tds
Oref P = pref 1 a-1 b—1

p(f) = (14) Jo F(OHft@— fH-tdf
F(f)

where pret is a reference density (taken as the oxidizer

densitypoy in this study) andF ( f) is a polynomial function

(16)

The denominator of Eq. (16) can now also be evaluated using
the property of the beta and gamma functions as

of the mixture fraction given as 1 J (a4 HTO)
a
J ' /F(f)fafl(l—f)bfldfzzdjm 17)
F(fy=Y d;f’ 15 j=0 J
=0 It is therefore advantageous to assume that mass-weighted
o pdf has theg-pdf form in order to make use of the
Table 1

relationships between beta and gamma functions given in
Egs. (11) and (17). However, these relationships cannot
be used if the unweighted pdf of the mixture fraction is

Polynomial coefficients for calculation of the
gamma function in Eq. (13)

—0.193527818
0.035868343

1 Cn assumed to have thg-pdf form. In general, the semi-

; *g'ggggéggi analytical approach of Lentini based on the properties of the
3 0.897056937 beta and gamma functions cannot be used for calculations
4 0.918206857 of the mean species concentrations since they cannot be fit
5 —0.756704078 to a polynomial expression or Eq. (14) due to their orders of
? 0.482199394 magnitude variation across the reaction zone. Therefore, it is
8

desirable to develop a general, robust, efficient and accurate
numerical method for the scalar integration assuming the
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B-pdf to the mixture fraction with parameters in all the four
regions in thef —g plane shown in Fig. 1.

The functiong( f), Eg. (10), is singularaf =0ifa <1
and singular atf =1 if » < 1 as shown in Fig. 2. To
remove these singularities in the numerical integration, the
integration of the numerator of Eq. (9) can be divided into
three parts as

1

/ p(N A= fldf

0
£

= f p(H e ta— pHt-tdr
0
1—¢
+ / p(N A= fildf
1

+ / p(N A= fildf
1—¢
1—¢

/

&

b
p(N)f N A= fHb-tds+ pfue% (18)

a

&
X Pox— +
a

wheree is a small parameter. An effective choice for the
value of ¢ was found to be D x 10 for the density
calculation. A too small value efwill increase the difficulty

of the calculation of the integration {a, 1 — ¢], the middle
term of the right-hand side of Eq. (18). A too large value of
& will make the following approximations invalid:

(i) (1— f)P~1~1 (a good approximation fdr as large as
10% andp(f) ~ poy at the oxidizer side ( = 0), and
(i) fel~1andp(f)~ prel at the fuel side f = 1).

Note that these approximations were employed in deriving
Eqg. (18). The denominator of Eq. (9) can be calculated in a
similar way to Eq. (18) as

1

/ FUNA— Pty

0

& n a-1 h—1 e’

~ [ pta- prtar+ S (19
&

Using Egs. (18) and (19) for the evaluation of the numerator
and denominator therefore removes the singularity problem
of the B8-pdf integration. It is worth noting that Eqgs. (18)
and (19) are valid regardless of the valuesaofind b.
Although both Eqgs. (18) and (19) are inaccurate i€ 1
andb is very large (say 19), they still result in the correct
mean densitydoy in this case) since the second and the third
terms in both equations are negligible compared to the first

767

be used ib < 1 anda is very large. In situations where both

a andb are greater than 1 and one or both of them are very
large, a special treatment is given later to prevent overflow.
Although Chen et al. [2] employed the same treatment as
Egs. (18) and (19) to remove the singularity problemdor
or b or both smaller than 1, they suggested a very small value
of ¢ (about 1029 and consequently the integration®ff)
andp(f)B(f) in domain[e, 1 — ¢] for a or b smaller than

1 is still difficult to calculate accurately and efficiently due
to the exponential variation of this function. In addition, it is
important to point out that the following two approximations
derived by Chen et al. [2]

ifa<landa <b
ifa>bandb <1

(20)
(21)

P = Pox

P =~ Piuel,

are in general invalid unlessis very small(< 10~%) andb
is greater than 1 in Eq. (20) éris very small and: is greater
than 1in Eqg. (21).

When botha andb are greater than BB(f) is no longer
singular, Fig. 2, and it can be easily shown that it has a
maximum that occurs at

1
1+b-1)/(a-1)
If a or b is very large, overflow may occur. To overcome
this problem, Chen et al. [2] suggested to limit the bigger
value among: andb while keeping their ratio constant. For

example, ifa is a very large value, its value is reset to a
modestly large value (say 500). The valuea$ then set to,

(22)

Jmax=

b
b ==d, a4 =500

a
wherea and b are the original pdf parameters calculated
from Eqgs. (5) and (6). Whehn is very large,a andb are
reset to

(23)

o =%y, b =500 (24)
It should be pointed out that this procedure to prevent
overflow problem may significantly alter the shape of the
pdf determined by the original parametersand b since

the value ofp’ calculated from Eq. (23) ar’ from Eq. (24)
might be reduced from a value greater than 1 to one smaller
than 1, and therefore qualitatively altering the shape of the
pdf as shown in Fig. 2. A better way to prevent overflow
problem while qualitatively preserving the shape of the

pdf is to limit the bigger value of andb while keeping the
value of fmax i.€.,

a'—1— fmax(@ —2)

Jmax

b = , a' =500

if a is very large
(25)
It can be shown thab’ calculated from Eq. (25) is still

greater than 1, therefore preserving the shape of the pdf.
On the other hand, ib is very large and is to be reset, the

termin these equations. Similarly Egs. (18) and (19) can also corresponding is then calculated as
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a/ _ 1+ fmax(b/ - 2)

, b'=500
1— fmax

if b is very large
(26)

It can also be shown that is also always greater than 1. As

an example, Fig. 4 shows the pdfs before and after resetting ;_,

the values of: andb for a = 3 andb = 2000. Itis clear from
this figure that resetting the valuesoéndb using Eq. (26)
introduces smaller distortion to the shape of thedf than
using Eq. (24). Therefore, to prevent the overflow problem,
Egs. (25) and (26) are preferred over Egs. (23) and (24).

In the present treatment of thg-pdf integration the
calculation of the middle terms of Egs. (18) and (19) is
carried out as follows. Only the description of the term in
Eq. (18) is given to illustrate the method. It is noticed from
the behavior of the functiofi( f) that it varies exponentially
near f =0 and nearf = 1. On the other hangi(f) varies
rather mildly for f not too close to 0 or 1 regardless the
values ofa andb as shown in Fig. 5 for three pairs efand
b. The values of3(f) for a = 1.1 andb = 10 in this figure
are multiplied by 0.01 to reduce them to the magnitude of
B(f) fora =3 andb = 10. Based on these observations, the

1e-1
1e-2
1e-3
1e-4
1e-5
1e-6
1e-7 A
1e-8
1e-9
1e-104
1e-111

1e-12 T T T T T f T r T T
1e-121e-111e-10 1e-9 1e-8 1e-7 1e-6 1e-5 1e-4 1e-3 1e-2 fle-1

f

Keeping a/b unchanged
a'=15
b'= 500

B

Keeping .

a'=1.999
b'=500

unchanged

Fig. 4. Effects of resetting parametersandb on functiong(f) using two
different methods: (a) keeping the ratigb unchanged, and (b) keeping
fmax unchanged.

6e-3 12
[
5e-3 \ 10
A
|
4e-3 \ a=3 8
b=10
< 303 H6
2e-3 4 -4
\ ai041
1e-3 - b=3 L2
a=11\ g
b=10
0 . : e . ; : . 0
00 01 02 03 04 05 06 07 08 09 10

Fig. 5. Variation ofg(f) with its parametera andb.
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domain of integration is divided into several ranges whose
width also varies exponentially except the rani@d., 0.9]

for the reason given above. The integrationwff)S(f)
over [g, 1 — ¢] is therefore calculated as

10 fit1
/ p(HBNHAf =" f p(HBH DS (27)
e i=1 £

The values off; aree, 107°,1074,10°3,10°2,0.1,0.9, -
102,1-103,1—-10% 1— 105 and 1— ¢. Integration

in each sub-range is performed by simply dividing the range
into N even segments, except in the rari@el, 0.9], and

the values of the function are evaluated at the center point
of each segment. The rang@.1, 0.9] is divided into M

even segments. To demonstrate the convergence of this
algorithm for calculation ovef10~6,0.1] and [0.1,0.9],

Fig. 6 shows the variation of the integrated density over
these two ranges witilv and M for a = 0.1 andb =

3.0. It can be seen that the integrationsggff)B(f) over
these two ranges converge very rapidly with increasihg
and M. Similar evaluations have also been conducted for
other values ofa and b. It was found thatV = 20 and

M =50 represent a good compromise between accuracy and
efficiency for density integration and therefore these values
of N and M were used in the calculations of the model
gas turbine combustor. It is worth noting that larger values
of N and M are in general required for the calculations

“’,\E 4.08
2 0.0
~— 4.07
S L 0.2
©" 4.06 .
= F-04
& 4.05 - L 06 2
3 @
o QO
S 404 - 08 2
= Ko
=Y 1.0 &
‘s 4.03 —Oo— integrational value
g —e— Relative error, % 1.2
T 4.02
=4 1.4
3 (a)
£ 401 T T T T T T r 1.6
0 50 100 150 200 250 300 350 400
N
1
‘*’g 0.1830
(o]
k-
> 0.1825 -
o
S, 01820 ®
5
2 0.1815 °
= >
[s=1 =
=) K]
< 0.1810 —o— integration value 1.0 §
u— "
S —e— Relative error, %
g 1.2
'g 0.1805 s
5 ) [
£ 0.1800 . : ‘ : 1.6
0 20 40 60 80 100

M

Fig. 6. Effects ofN and M on the integrated density ovgt.0~8,0.1] and
[0.1,0.9].
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of mean species concentrations due to much more drastiche upwind scheme while diffusion terms were discretized
variation of the species concentrations with the mixture using the central differencing scheme. Non-staggered grid
fraction than the density around the reaction zone. Use of arrangement was used such that velocities and scalars, in-
large values ofN and M in the pdf integrations of the cluding pressure, are stored at the control volume centers.
species concentrations do not impose serious problems aghe SIMPLE algorithm was employed to handle velocity
far as computational efficiency is concerned since theseand pressure coupling [11]. The resultant algebraic equa-
integrations are decoupled from flow calculations. tions were solved using Stone’s ILU, or SIP, method [10].

3. Flow field calculation 5. Resultsand discussions

The effects of turbulence on flow and combustion are ac- To demonstrate the efficiency, accuracy and robustness
counted for using thé—e—f—g method [9]. The governing  of the present numerical treatment of tBepdf integration
equations solved in this method include conservation equa-for mean density and flow field calculations, numerical
tions of mass, momentum, turbulence kinetic enekgydis- calculations were carried out to model turbulent methane/air
sipation rate of turbulence kinetic energy,(mean mixture ~ non-premixed combustion in a gas turbine simulator. The
fraction (f) and its varianced). These equations can be geometry of the combustor and various dimensions are

written in tensor notation as shown in Fig. 7. The central fuel pipe radius is 4.225 mm.
P The inner and outer radius of the annular air port are
a—xl((puk)=0 (28)  31.75 mm and 38.0 mm, respectively. It was assumed
- - that the flow field in the combustor is axisymmetric. The

i(ﬁﬁkﬁi) — i[m(a’“ + a”")} grid used to model this axisymmetric problem is wedge
dxy dxy dxg  Ox; shaped. Three blocks were used in the calculation. The

57 ol 29 lengths of these blocks are 42 cm, 7.675 cm, and 7.685
T \P TPk gl (29) cm, respectively. The computational mesh used in the
3 5 9 calculations is shown in Fig. 8. Block 1 is discretized using
Z(pik) = — (22 ) 4 6 - pe (30)
Xy 0X \ Ok 0Xk
. 3 38 &2 g
E(puke) = o <Zt 9% ) Cl G — Czpz (31) E .
ak ] k saf ¢ . Exit Nozzle
_ Mt 2
- = (224 32 <
0Xr (;Of) 0Xk <o’f 3xk) (32)
R 9 t 08 af\?
C -
0xg (,0 kg) 0Xk <crg 8xk> + glm(fixk)
g
- ngﬂz (33)
The rate of turbulence kinetic energy production term in
Egs. (30) and (31) is given as
s aa an Chamber
G = i L 4 ) I (34)
oxr  0xj ) 0xg
and ut = C,ualEZ/é is the turbulent eddy viscosity. Values
of the model constants used in the present calculations are
those commonly employed in the literature and given as
C,=0.09,C1=144,C2=192,0;, =1.0,0, =13,07 =
0.9,0, =0.9,C1 =20, andCg, = 2.0. The standard wall
function method was employed for the near wall treatment. Bluff body
4. Numerical method .
Inlet Section

All the governing equations were discretized using the
multi-block finite volume method described by Ferziger
and Peric [10], Convection terms were discretized using Fig. 7. Experimental setup and dimensions of the gas turbine simulator.
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Fig. 8. Computational blocks and meshes used in the numerical calculations of the model gas turbine combustor.

Unweighted beta-pdf using the present method

(a) density field
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Fig. 9. Density and near-field velocity and mixture fraction distributions obtained using the present method and assusrual théhe unweighted pdf of
the mixture fraction.
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(a) Density field
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(b) Near-field velocity and density
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Fig. 10. Comparison of results obtained using the mass-weighted and unweightéaf the mixture fraction.

161 x 41 non-uniform grids with finer grids placed near are not calculated but created using the symmetry conditions
the inlet region to resolve the complex flow patterns in this along the centerline. The flow pattern in the near field dis-

combustor. Blocks 2 and 3 are discretized using/d grids. plays complex structure characterized by several recircula-
It has been checked that these grids are sufficiently fine totion zones, Fig. 9(b). The contours of the mean mixture frac-
ensure grid independence of the calculated results. tion between 0.04 and 0.1 are also shown in Fig. 9(b) to indi-

Both fuel (CH;) and air enter the combustor at 300 K. cate the mixing characteristics and the structure of the reac-
The pressure of operation is 1 atm. The inlet conditions tion zone. It is reasonable to assume that most of the chem-

of the fuel stream aret = 19 ms™t, v =0, k = 0.9 ical reactions occur in this mixture fraction range. The fuel
m2.s 2, ¢ =55kgm1s3 f=10 ¢=00, andp = entering the combustor through the central port first mixes
0.6517 kgm~—23. The inlet conditions for the air stream are with the combustion products brought back by the reverse
u=29 ms?t v=105ms! k=1125nf-s? ¢ = flow around the stagnation point.at= 0.0396 m. The mix-

95 kgm1s3 f=0,¢=0, andp = 1.1718 kgm~3. ture of the fuel and the combustion products is then pushed

Symmetry conditions are specified at the centerline of the outward away from the centerline and upstream by the re-
combustor and top and bottom planes (angular direction) of verse flow towards the air stream. As a result, there is a very
the solution domain. Zero gradient conditions are imposed strong mixing layer, i.e., steep gradients in the mixture frac-
at the exit. tion, rightinside the annular air inlet port in the spatial region

The calculated density field and the near-field distribu- defined by 0032 m< r < 0.04 m andx < 0.06 m. Most of
tions of velocity and the mean mixture fraction are shown in the combustion takes place in this mixing layer and the cen-
Fig. 9 assuming the unweightgdpdf for the mixture frac- terline region between.05 m< x < 0.25 m marked by the
tion. Results displayed in the lower portion of Fig.r9< 0) mixture fraction contours.
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Fig. 11. Comparison of the density field calculated using the semi-analytical method of Lentini [4] and the present integration method asgupdhgpthe
the mass-weighted pdf of the mixture fraction.

Effects of assuming thg-pdf to the mass-weighted and tive differences in the calculated density and near-field
unweighted pdf of the mixture fraction on the predictions velocity distributions.
are shown in Fig. 10 by directly comparing the two results. (2) The calculated density field using the presgapdf
Although the two results are qualitatively similar, there are integration method is in excellent agreement with that
some quantitative differences. Applying thepdf to the obtained using the semi-analytical approach of Lentini.

mass-weighted pdf of the mixture fraction results in lower (3) Although the preseng-pdf integration method is less

densities, Fig. 10(a), and the penetration of the central fuel efficient than the method of Lentini, it is more general

jet is correspondingly slightly longer, Fig. 10(b), relative to and does not suffer the limitations of the method of

that obtained using the unweightgepdf. Lentini.
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