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In this paper, studies on turbulent combustion controls, which are supported by the ‘ Smart Control of
Turbulence' project in last 5 years, have been summarized. To develop the theoretical strategy for
controls of turbulent combustion, sound generation mechanism in turbulent reactive flows has been
investigated from direct numerical simulation (DNS). It is suggested that the key point to develop control
scheme of combustion noise is how to suppress the fluctuations of heat release rate and how to control the
fine scale eddies which are related to turbulent energy dissipation rate and Reynolds stress terms.  Asthe
main sound source is the heat release rate, local flame structure has been investigated by DNS and
advanced measurement techniques. DNS with detailed kinetic mechanism has been extended to
three-dimensiona field. Three-dimensional DNS of hydrogen-air turbulent premixed flames have been
performed for different turbulence properties and different equivalence ratio by considering a detailed
kinetic mechanism. The characteristics of local flame structure of turbulent premixed flames have been
investigated by introducing proper representations of flame geometry and strain rate at the flame fronts.
Three-dimensional DNS of methane-air turbulent premixed flames was also conducted by considering a
reduced kinetic mechanism. The difference between hydrogen-air and methane-air turbulent premixed
flames was discussed in details and possibilities of the local extinction of turbulent premixed flames were
shown from the methane-air case. In addition to DNS, advanced measurement methods such as
simultaneous CH-OH PLIF/PIV and a time-resolved PIV have been developed to investigate turbulent
premixed flames. From the simultaneous CH-OH PLIF/PIV, Reynolds number and equivalence ratio
effects on flame characteristics such as curvature of the flame fronts and strain rate on the flame surface
were shown and the results were compared directly with DNS.  In the development of the time-resolved
stereoscopic PIV, it is shown that velocity measurement up to 26.7kHz is possible and the results represent
dynamics of the turbulence structure very well. The time-resolved stereoscopic PIV can provides energy
spectrums of three velocity components as well as the time-averaged feature of the turbulent flows with
high accuracy. Based on the fundamental researches in the above, the turbulent combustion controls
based on loca flame structure were demonstrated on the swirl—stabilized combustor (0.2MW). The
controls of the combustor were conduced by adding secondary fuel injection. The secondary fuel
injectors are located at the center of the swirler. It has been demonstrated that combustion noise can be
reduced about 10dB by adding continuous 1% secondary fuel injection and about 5dB more by controlling
frequency of the secondary fuel injection. There is a most relevant frequency for the noise reduction.
Furthermore, the lean limit has been extended to 0.2 without the increase of NOx production. Therelation
between local flame structure and pressure fluctuation in the combustor has been shown by the
simultaneous measurement of CH-OH PLIF and pressure fluctuation in the combustor. The
combustion-induced oscillations are well correlated with the beat frequency observed in the pressure
fluctuation, and the global characteristics of the flame fronts are also correlated with the beat frequency.
By adding this beat frequency to the secondary fuel injection, the maximum noise reduction can be
achieved. The mechanism of the noise reduction by the secondary fuel injection was also clarified by
simultaneous CH-OH PLIF/PIV. From these results, possibilities of active controls of turbulent
combustion based on the local flame structure are presented.

1. Introduction

In the development of high efficiency combustor, it isimportant to reduce the combustion noise and to
inhibit the combustion-driven oscillations with low NOx emission. It has been considered that most of
combustion oscillations or combustion instabilities are caused by the feedback interaction between natural
acoustic modes of combustor and oscillations of heat release rate (Rayleigh 1945).  Since the combustion
oscillations or instabilities may cause noise emission and break down of the combustor, a number of studies
have been conducted to clarify the mechanism of the combustion instabilities and to develop the control
strategies of combustion oscillation (Samaniego et al. 1993, Broda et al. 1998, Di Benedetto et al. 2002,
Paschereit et al. 1999, Lieuwen et al. 2000, Gulati et al. 1992, Sivasegaram et al. 1995, Blonbou et al.
2000). From the viewpoint of pollution formation, NOx have a major impact on the environment and
studies related to NOx reduction by passive or active controls have also been conducted (Poppe et al. 1998,



Delabroy et al. 1998, Murugappan et al. 2000). According to Rayleigh, one may easily control
combustion oscillations by simply introducing an energy source out of phase with heat release rate.
However, it has been demonstrated that successful control strategies depend on the combustion conditions
or combustors (Gulati et al. 1992, Sivasegaram et al. 1995, Blonbou et al. 2000). Therefore, a detail
understanding of the combustion oscillations and/or instability mechanism is necessary for an effective and
robust active control of combustion. To obtain important factors for control of combustion oscillations,
severad experimental studies have been conducted for flame-acoustic interactions in unstable combustors
using phase-locked measurements (Samaniego et al. 1993, Broda et al. 1998). Quantitative measurements
of the flames response to acoustic perturbations have also been conducted (Poinsot et al. 1986, Harper et al.
2001). Recently, the effect of secondary fuel injection location on the effectiveness of active combustion
control was studied in a laboratory-scale dump combustor at atmospheric pressure (Lee et al. 2000).
Hong et al. (2002) has been conducted experiments to evaluate the control law under wide-range operation
of a generic combustor using secondary fuel injection. Combustion control using secondary fuel injection
has two advantages; one is that successful combustion control is possible using considerably small amount
of energy and the second is that it reduces the actuator requirements. From these advantages, the
secondary fuel injection method is desirable to suppress pressure fluctuations and to prevent lean blowout
of the flame.  On the other hand, optimum design has been required to minimize the amount of secondary
fuel because it had been considered that secondary fuel injection might cause large amount of nitric oxide.

In this paper, sound generation mechanism in chemically reacting turbulent flows are briefly
summarized in Sec. 2 to show our basic strategy for turbulent combustion controls based on loca flame
structure.  Asthe fluctuation of the heat release rate is main sound source, investigations of the local flame
structure by DNS are presented in Sec. 3. In Sec. 4, advanced experimental methods developed through
this project are shown and loca flame structure of turbulent premixed flames in the swirl-stabilized
combustor are investigated by comparing the results of DNS.  Controls of the swirl-stabilized combustor
by secondary fuel injection are demonstrated in Sec. 5, where the mechanism of the noise reduction by the
secondary fuel injection was also clarified by the advanced experimental methods.

2. Sound Generation M echanism in Turbulent Reactive Flows

With the recent development of the computer technology, researches on the sound generation in the
non-reacting flows become possible by DNS (Colonius et al. 1994, Lilley et al. 1994, Mitchell et al. 1995,
Colonius et al. 1997). From the exact numerical results both in the near field and the far field, details of
the acoustic source have been investigated and acoustic analogies such as Lighthill (1952) and Powell
(1964) have been validated. However, ailmost all previous studies were restricted to two-dimensional and
non-reacting cases due to the limitation of the computer resources. Therefore, the knowledge of the sound
source and the acoustic analogies can not be applied directly to predictions of the sound in the turbulent
combustion field.

In this study, sound generation mechanism has been investigated by direct numerical simulation (DNS)
of compressible, chemically reacting flows (Li et al. 2000a, 2000b, 2001, Miyauchi et al. 2001, Choi et al.
2003). The effects of heat release on the mechanism of sound generation are investigated in fully
developed turbulent state. The distributions of the Reynolds stress term and the entropy term are
investigated by focusing on the heat rel ease rate and the coherent fine scale eddy in turbulence.

As an acoustic analogy, Lighthill (1952) has rearranged the exact continuity and momentum equations
into awave equation as follow:
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where Tj; isthe Lighthill'sturbulent stress tensor defined by
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In this study, the total acoustic source term (T) is decomposed into Reynolds stress term (Tg), entropy term
(Te), and viscous term (Ty) asfollows:
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Figure 1 shows contour plots of the second invariant of the velocity gradient tensor and heat release rate in
the fully developed turbulent state. The second invariant is defined by Q=(W;W;-S;S;)/2, where S; and
W/ denote symmetric and asymmetric parts of the velocity gradient tensor, respectively.  Our recent



Fig. 1 Distributions of the second invariant Fig. 2 Contour surfaces of Reynolds stress term
(gray) and hest release rate (dark gray). of the acoustic source.

Fig. 4 Contour plots of the entropy term with
heat release rate and energy dissipation rate in a
typical cross section. (a): Gray: hesat release rate
Lines: Tg, (b): Gray: € Lines: Te.

Fig. 3 Contour surfaces of entropy term of the
acoustic source.

studies on the fine scale structure of turbulence (Tanahashi et al. 2001, 2004a) have shown that turbulence
is composed of a universal fine scale structure: coherent fine scale eddies, and these coherent fine scale
eddies of turbulence are well represented by the positive Q region in turbulence. Figure 2 shows the
contour surfaces of Reynolds stress term of the acoustic source.  With the transition to turbulence, lots of
tube-like structures are observed similar to the second invariant in Fig. 1. This is because that the
Reynolds stress term can be exactly expressed by the second invariant as Tg=-2Q in the limit of the
incompressible flow. Figure 2 suggests that the relation between these two variables sustained even in the
chemically reacting turbulence. Therefore, the coherent fine scale eddy plays important rolesin the sound
generation not only in non-reacting turbulence but aso in reacting turbulence.

Figure 3 shows the contour surfaces of the entropy term. In the non-reacting turbulent flows, the
entropy term shows sheet-like structure around coherent fine scale eddies in the fully-developed state.
However, in the reacting turbulent flows, the entropy term shows significantly large values. Compared
with the contour surfaces of heat release rate in Fig. 1, it can be seen that the distribution of entropy term is
consistent with that of the heat release rate. To show details of the entropy term, contour plots of the
entropy term are superimposed on the distributions of the heat release rate and the turbulent energy
dissipation rate on atypical cross sectionin Fig. 4. The turbulent energy dissipation rate (€) is defined by
e=2nS;;Sjj, where Sj; represents strain rate tensor of velocity fluctuations. From these figures, it is clearly
shown that the distribution of entropy term is mainly determined by the heat release rate. The entropy
term shows negative values in the regions with high heat release rate and shows positive values around
theseregions. However, in core region denoted by a circle, the entropy term shows relatively large values
despite low heat release rate. In these regions, the entropy term coincides with the distribution of the
energy dissipation rate. Note that the distribution of entropy term is determined by the energy dissipation
rate in the non-reacting turbulence. These results suggest that the entropy term is mainly determined by
the heat release rate, whileit isinfluenced by the energy dissipation rate in low heat release rate regions.



Table 1 Numerical parameters of DNS of hydrogen/air turbulent premixed flames. d.: laminar flame
thickness defined by d =(Ty-Tu)/( T/ X)max Where T, and T, denote temperature in the unburned and
burned side, D: the most expected diameter of the coherent fine scale eddy, Re=Iu';«/n, Ra =l U'in/N, Li:
length of the computational domain inthei direction (mm), Ni: grid pointsin the i direction.

ID UmdS.  I/de /0. Dld Re Rge L¢ Ly L N~ N N,

R37LL 0.85 169 338 078 1436 374 50 100 10.0 257 256" 256
R37MM 1.70 843 169 039 1436 374 10.0° 50° 50 513" 128" 128
R37HS 341 422 08 019 1436 374 50" 25" 25 513" 128" 128
R60HM 3.39 901 181 028 2030 60.8 50" 5.0 5.0 513" 192" 192
R97HM 5.78 122 245 019 5150 971 74" 74 74 1115 384" 384

The far field pressure fluctuation was also predicted using acoustic analogies. By comparing the predicted
far field sound with DNS result, Lighthill's and Powell's acoustic analogies are evaluated. For turbulent
flames, the far field sound seems to be predicted only by considering the entropy term, while the Reynolds
term should be included to predict the sound radiated in the process of the transition to turbulence. These
results suggest that the key point to develop control scheme of combustion noise is how to suppress the
fluctuations of heat release rate and how to control the fine scale eddies which are related to turbulent
energy dissipation rate and Reynolds stress terms.

3. Investigation of Local Flame Structure by DNS

To develop the active control scheme of the combustors, the understandings of the flame structures in
the combustor are necessary because the main sound source is fluctuation of the heat release rate.
Especially, detailed information about heat release rate or pressure fluctuations in the turbulent flames is
quite important for development of active control scheme. The characteristics of the turbulent premixed
flames have been classified by the ratio of the laminar burning velocity (S) to the turbulence intensity
(U'rme) and the ratio of the laminar flame thickness (dg) to the turbulence length scale (1) (Borghi 1985,
Peters 1986, 1992). Peters (1992) has proposed the combustion diagram based on the relation between
U'mdS and I/dr, and classified the flame structure into four regimes; wrinkled flamelets, corrugated
flamelets, thin reaction zones and broken reaction zones. In the wrinkled flamelets and the corrugated
flamelets regimes, flame structure is considered to be approximated by the laminar flamelets with small
curvature under strain field, whereas characteristics of the flame elements in the thin reaction zones and the
broken reaction zones are supposed to be quite different from that of laminar flame.

From three-dimensional direct numerical simulations (DNS) of turbulent premixed flames, actual local
flame structure in turbulence were investigated (Tanahashi et al. 2000a, 2002, Bell et al. 2002, Jenkins and
Cant 2002, Sreedhara and Lakshmisha 2002). In the corrugated flamelets regime, local flame structure
has been related with the curvature of the flame front and strain rate tangential to the flame front because
the flame displacement may correlate with these two factors (Poinsot et al. 1990, Baum et al. 1994, Chen et
al. 1998). Since the curvature and the tangentia strain rate could be defined easily in two-dimensional
field, mean curvature and total strain rate are used to classified the local flame elements even in the
three-dimensional field as an extension of the analysis of two-dimensional DNS of turbulent premixed
flames (Baum et al. 1994, Chen et al. 1998, Tanahashi et al. 1998, Saito et al. 2002). Tanahashi et al.
(2000a) have shown that the flame/vortex interaction in fine scales are classified into the three type; (i) the
fine scale eddies perpendicular to the flame enhance the heat release rate by their strong axia flow, (ii) the
eddies parallel to the flame front enhance the heat release rate by the convection of the unburned mixture
due to the strong swirling motion and (iii) the eddies perpendicular to the flame suppress the heat release
rate. Since these flame/vortex interactions show strong three-dimensional feature, proper representation
of the flame shape and strain rate at the flame are required.  Jenkins and Cant (2002) have calculated two
principal curvatures to investigate the effects of the three-dimensionality of the flame surface. Especialy,
three-dimensiona flame structure such as the handgrip and spire structures (Nada et al. 2004) can not be
represented by the mean curvature.

It iswell known that responses of flame structure to flow field such as strain rate are different for fuels.
To investigate turbulent flame structure in details, three-dimensional DNS of hydrocarbon fuels are
required. For hydrocarbons, severa tens species and several hundreds elementary reactions have to be
included in DNS. DNS of turbulent combustion have been extended to hydrocarbon fuels such as
methane and propane from simple hydrogen fuel (Echekki and Chen 1996, Chen et al. 1998, Saito et al.
2002). However, amost all previous studies were restricted to two-dimensional calculations due to the
limitation of computer resources. To realize three-dimensional DNS, high accurate reduced kinetic
mechanism which are available for turbulent combustion should be devel oped.



Fig. 5 Contour surfaces of the heat release rate (DH>DH_) with the axes of the fine scale eddies for
R37MM (&) and R60HM (b).

In this study, three dimensional DNS of hydrogen-air turbulent premixed flames is conducted up to
Re =97.1 (Re=515.0) to investigate the importance of three-dimensional structures in turbulent premixed
flames by using proper flame surface representation and strain rate decomposition.  Effects of equivalence
ratio on the loca flame structure are also investigated by using DNS results of hydrogen-air turbulent
premixed flames. Furthermore, three-dimensional DNS of methane-air turbulent premixed flames are
conducted with a reduced kinetic mechanism to investigate fuel effects on the local flame structures and
local extinction mechanism of premixed flamesin high intensity turbulence.

3.1 Three-Dimensional DNS of Hydrogen-Air Turbulent Premixed Flames

In this study, DNSs of hydrogen/air turbulent premixed flames with Re =60.8 and 97.1 are conducted
with a detailed kinetic mechanism and realistic thermal and transport properties in addition to previous
DNSsfor Re =37.4 (Tanahashi et al. 20003, 2002). The detailed kinetic mechanism that is used in this
study consists of 12 species and 27 elementary reactions (Gutheil et al. 1993). Detailed description about
the DNS code can be found in our previous papers (Tanahashi et al. 2000a, 2002). Numerical parameters
of DNSs are listed in Table 1. R37LL, R37MM and R37HS correspond to the DNSs reported by
Tanahashi et al. (2000a, 2002) for Rg=37.4. R60HM is conducted for Re =60.8 with conditions of
U'md/S=3.39 and I/d-=90.1 and R97HM is conducted for Rg =97.1 with conditions of U'¢/S. =5.78 and
I/dr =122. All of DNS were conducted for f=1.0, 700K and 0.1IMPa. R37LL is classified in the
wrinkled flamelets, R37MM and R60HM are in the corrugated flamelets, R37HS and R97HM are located
near the boundary of the corrugated flamelets and the thin reaction zones. In this sturdy, R37MM and
R60HM are analyzed to investigate the three-dimensional flame structure in the corrugated flamelets
regime.

3.1.1 Flame Geometry and Heat Release Rate

Figure 5 shows contour surfaces of heat release rate and axis distributions of the fine scale eddies for
R37MM and R60HM. The contour level of the heat release rate is DH/DH, > 1.0, where DH, denotes the
maximum heat release rate of the laminar flame. The thickness of the axis is drawn to be proportional to
the square root of the second invariant of the velocity gradient tensor on the axis. The second invariant is
normalized by u'ims and Kolmogorov micro scale (h) in the unburned side. Thicker eddy possesses
stronger swirling motion around the eddy. Note that the most expected diameter of these fine scale eddies
is 8h and the maximum azimuthal velocity reachesto 3 - 4u', (Tanahashi et al. 2001). As shown by our
previous study (Tanahashi et al. 2000a), fine scale eddies in the unburned turbulence have great
contribution to wrinkling of the flame surface and enhancement of the heat release rate.  The fine scale
eddies in the unburned mixture are weakened behind the flame front by the viscosity increase and the
expansion of fluid, while strong eddies can survive in the burned side. For high Reynolds number case
(R60HM), the number density of the fine scale eddies in the unit volume of the integral length scale (I°)
increases with the increase of Re (Tanahashi et al. 2000b). The wrinkling of the flame surfaces aso
increases for higher Reynolds number case. The spatial scale of the fluctuation of the heat release rate
becomes small for high Reynolds number case.

Figure 6 shows probability density functions (pdf) of the local heat release rate.  In this study, flame
fronts are defined as points at which temperature gradient shows a local maximum vaue and the local heat
release rate denotes maximum hesat release rate in a flame element. With the increase of turbulent
intensity or the decrease of turbulence length scale for the same Reynolds number, the maximum heat
release rate increases and reaches to 1.3DH| as shown by the previous study (Tanahashi et al. 2002). For
the high Reynolds number case, probabilities for high local heat release rate increase compared with low
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Reynolds number cases.  Although elements with low heat release rate increase for high Reynolds number
case, the probabilities of those are comparable to R37HS of which u',/S_ is close to the high Reynolds
number case.

Since the turbulent flames in these conditions can be classified in the corrugated flamelets regime, the
flame surface is connected three-dimensionally. However, fluctuation of the heat release rate is relatively
high along the flame surfaces and three-dimensional flame structure can be observed. Figure 7 shows the
handgrip and spire structure which have been reported by our previous study (Nada et al. 2004). The
handgrip structure is created by the intrusion of the strong fine scale eddies near the flame front. The
created handgrip-like unburned mixture is heated by the surrounding burned gas and burn out quickly with
heat release rate higher than 1.2DH,. The spire structure is also created by interaction between flame and
the fine scale eddies perpendicular to the flame front. At cusp of the spire structure, heat release rate
reaches 1.2DH, even in the wrinkled flamelets regime (Nada et al. 2004). These flame structures are
hardly approximated by laminar flamelets even though turbulent flames are classified in the corrugated
flamelets regime. Although these structures enhance local heat release rate, contribution to the total
burning velocity is relatively low for low Reynolds number cases such as R37LL and R37MM. For high
Reynolds number flows, however, appearance of these three-dimensional structure increases because of
high probability of the fine scale eddies which possess azimuthal velocity faster than S..

3.1.2 Flame Shape Classification

In most of previous studies, mean curvature has been used to represent flame surface geometry. In
general, mean curvature is defined by k=k;+k,, where k; and k; represent principal curvatures of the flame
front. Figure 8 shows pdfs of the mean curvature of the flame front. The curvature is defined to be
positive value for the flame element convex toward the burned side and is non-dimensionalized by d. in Fig.
8(a) and by h in Fig. 8(b). The maximum curvature for high Reynolds number case is larger than those
for low Reynolds number cases and is k =30/d.. However, if k is non-dimensionalized by h, k is ranging
in |k|] < 1/h, which consists with our previous results for low Reynolds number cases (Tanahashi et al.
20003, Nada et al. 2004). It has been shown that the local heat release rate is well correlated with the
mean curvature and the flame element convex toward unburned side tends to show high heat release rate
(Tanahashi et al. 2000a, 2002, Nada et al. 2004). However, three-dimensional structures such as the
handgrip and spire structures are hardly represented by the mean curvature. Therefore, two principal
curvatures are calculated from DNSresults.  Figure 9 shows joint pdfs of k; and k..  Note that probability
difference between neighboring contour linesis 2.0. From the two principa curvatures, flame shape can
be classified into spherical surface convex toward the burned side (S-B), cylindrical surface convex toward
the burned side (C-B), hyperboloidal surface (HB), cylindrical surface convex toward the unburned side
(C-U) and spherical surface convex toward the unburned side (S'U). InFig. 9, typical flame shapes are
shown schematically, where the arrow denotes the burned side. Figure 9 shows that the principal
curvatures are also normalized by 1/h and their maximum value is 1/h. In Table 2, fraction of flame
elements in each flame shape are shown for R37MM and R60HM. For low Reynolds number case,
number of flame elementsin C-U and S U regimesiis larger than that in C-B and S-B regimes. However,
for high Reynolds number case, there are large number of flame elementsin C-B and S-B regimes. Flame
elements in S-B attribute to the spire and handgrip structures, and those in C-B regime are mainly created
by fine scale eddies parallel to the flame front.

Mean local heat release rate conditioned with the principal curvatures are shown in Fig. 10 by colors
with contour lines of joint pdf of k; and k,. The heat release rate is normalized by DH,.. The mean heat
release rate is well correlated with the flame shape and the flame elementsin C-B and S-B show high heat
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Fig. 9 Joint probability density functions of the
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Table 2 Classification of flame element shape and contribution of flame element shape to the total heat
release rate (values in parentheses).

SB[%] C-B [%] HB [%] C-U[%] SU[%]

R37MM  2.38(2.65) 33.55 (36.58) 21.13 (22.24) 36.25 (33.44) 5.68 (5.08)
R60HM 4,07 (4.62) 41.08 (45.08) 23.96 (23.48) 28.13 (24.57) 2.76 (2.25)
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Fig. 10 Mean loca heat release rate conditioned Fig. 11 Joint probability density functions of the
with the principal curvatures for R37MM. tangential strain rates of flame front for R37MM.

release rate. This tendency is excessively emphasized for the high Reynolds number case. In Table 2,
contributions of each flame element shape for the total heat release rate is included. For high Reynolds
number case, contributions of C-B and S-B regimes are clearly high and make up about 50% of the tota
heat release rate.  These results suggest that C-B and S-B flame elements would dominate the total heat
release rate and the turbulent burning velocity in high Reynolds number turbulent premixed flames.
3.1.3 Strain Rate Classification on the Flame Surface

The strain rate tangentia to the flame front has been discussed by a=tit;: N u+tt,: N u, where t; and t,
represent unit vectors tangential to the flame front and are satisfying a relation of t, %, =0 (Candel and
Poinsot 1990). In this study, we introduce the minimum and the maximum strain rate on the flame surface
to investigate strain rate effect correctly. Figure 11 shows joint pdfs of the minimum and maximum strain
rate. The minimum and maximum strain rates are denoted by ay and a,. As the mean dtrain rate is
scaled by Ui/l (Tanahashi et al. 2000a, 2002), a; and a;; are normalized by U'1r/l . From a; and ag,, the
tangentia strain rate on the flame surface can be classified into three types; stretching in the two directions
(S9), stretching and compression in each direction (S-C), and compression in two direction (C-C). The
most expected strain field is simple two-dimensional strain rate of the order of U\l (ay=0 and ap=
Umdl ). In Table 3, flame elements are classified by the tangential strain rates. For low Reynolds
number cases, the flame elements in S-S regime is more than 50% and almost al of flame elements are
under the stretching in one direction at least. Flame elements in C-C regime are scarcely observed.  For
high Reynolds number case, number of flame element in S-C regime increases and exceeds 50%. It
should be noted that flame elements in S-S regime could be approximated by laminar flames observed in
counter-flow flame, whereas it is not the case for those in S-C regime. Mean local heat release rate
conditioned with tangential strain rates are shown by colorsin Fig. 12. The contour linesin Fig. 12
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Fig. 13 Mean loca heat release rate conditioned with the principa curvatures (a) and mean local heat
release rate conditioned with the tangential strain rates (b) for f=0.6.

represent joint pdf of a; and a,. Flame elements in S'S regime tend to show high hesat release rate for
low Reynolds number case, but no correlation between strain rates and the heat release rate can be observed
for high Reynolds number case. Table 3 includes contribution of the strain rate on the total heat release
rate. Asfor the heat release rate, no systematic relation with tangential strain rate can be observed.
3.1.4 Effects of Equivalent Ratio

Figure 13 shows the probability density functions of the principal curvatures and tangential strain rates
for low equivalent ratio case (f=0.6). Similar to the previous figures, mean heat release rate conditioned
with the curvatures and strain rate are presented by color distributions. Compared with f=1.0 casesin Fig.
10, correlation between local heat release rate and the curvatures becomes wesker for f=0.6. However,
the local heat release rate correlate with the tangentia strain rate for f=0.6. Flame elements under the
stretching into two tangentia directions tend to show high heat release rate.  These results suggest that
local flame structure in lean conditions is dominated by the strain field due to turbulent motions in the
unburned side.

3.2 Three-Dimensional DNS of Methane-Air Turbulent Premixed Flames

In this study, three-dimensional DNS of methane-air turbulent premixed flames are conducted with a
reduced kinetic mechanism to investigate fuel effects on the local flame structures and local extinction
mechanism of premixed flames in high intensity turbulence (Tanahashi et al. 2004d). First,
two-dimensional DNS with two-different detailed kinetic mechanism and a reduced kinetic mechanism
were conducted to vaidate performance of areduced kinetic mechanism for DNS of turbulent combustion.
The validated reduced kinetic mechanism is applied for three-dimensional DNS and the results are
analyzed to investigate fuel effects on the loca flame structures and local extinction mechanism of
turbulent premixed flames. Numerical methods are similar to our previous DNS of hydrogen-air turbulent
premixed flames (Tanahashi et al. 2000a, 2002, Nada et al. 2004). For two-dimensional DNS, two
detailed kinetic mechanisms; GRI-Mech. 2.11 (49 reactive species and 279 elementary reactions) and
Miller and Bowman (Miller and Bowman 1989) (51 reactive species and 235 elementary reactions), and a
reduced kinetic mechanism (MeCH-19) based on GRI-Mech. 2.11, which includes 23 reactive species and
19 step reactions (Homma 2001), are used to simulate CH4-O,-N, reaction in turbulence. For the
three-dimensiona case, a reduced kinetic mechanism (MeCH-19) is used.

To investigate the accuracy of the reduced kinetic mechanism, results of two-dimensional DNS with
different kinetic mechanisms are compared. It was shown that distributions of important properties such



Fig. 14 Contour surfaces of temperature (T=1400K) the heat release rate (DH>DH,) with the axes of the
fine scale eddies for methane-air turbulent premixed flames.
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Fig. 15 Mean loca heat release rate conditioned with the principa curvatures (a) and mean local heat
release rate conditioned with the tangential strain rates (b) for methane-air turbulent premixed flames.

as temperature, major species and heat release rate obtained by the reduced kinetic mechanism (MeCH-19)
coincide very well with those obtained by GRI mech. 2.11 except for the minor species which are
calculated by assumptions of the steady state. The burning velocity obtained by Miller and Bowman is a
little bit high compared with GRI Mech. 2.11 and MeCH-19. This difference is caused by reaction rates
related to CH, and inherent characteristics of the kinetic mechanism. The use of MeCH-19 reduces
computational time and memory to about 1/8 and 1/2, respectively.  Since the availability of MeCH-19 is
verified by these preliminarily two-dimensional DNS, three-dimensional DNS of methane-air turbulent
premixed flames are conduced with MeCH-19. Inflow boundary condition for chemical speciesis set to
be methane-air mixture with f=1.0 at 0.1MPaand 950K. Computational domain is selected to be 5.5mm
" 55mm” 55mm and 513" 192" 192 grid points are used. Fully-developed homogeneous isotropic
turbulence of which Reynolds number based on Taylor micro scale is about 37.4 is used for initial and
inflow boundary condition for the velocity field. The present DNS (U'y/S. = 5.80 and I/dr = 3.28) is
classified into the thin reaction zone on the turbulent combustion diagram by Peters (1999).

In Fig. 14, contour surfaces of temperature (T=1400K) and heat release rate (DH/DH, > 1.0) are shown
with axis of the coherent fine scae eddies. Similar to our previous DNS of hydrogen-air turbulent
premixed flames, flame fronts are distorted by the fine scale eddies in the unburned turbulence.
Compared with hydrogen-air turbulent premixed flames, fluctuation of the heat release rate along to the
flame fronts is very large for the present methane-air flame. The maximum heat release rate reaches to
2.0DH_ and minimum one is less than 0.4DH,. As denoted by a circle in Fig. 14, very large low heat
release rate regions are created for methane-air case. The low heat release rate regions correspond to the
local extinction of the turbulent premixed flames. Note that local extinction has not been observed for
hydrogen-air premixed flames even for the same turbulence intensity (Tanahashi et al. 2002). Figure 15
shows mean heat release rate conditioned with the curvatures and the tangential strain rates for the
methane-air case. For methane-air turbulent premixed flame, absolute values of the principa curvature
are relatively small for the flame elements convex toward the burned side.  Furthermore, no clear relation
between the curvatures and heat release rate can be observed. However, the local heat release rate shows
strong dependence on the tangential strain rates. Similar to the lean hydrogen-air turbulent premixed
flames, flame elements under the strong stretching into two tangential directions show high heat release
rate. However, flame elements under the excessive strain rates show lower heat release rate as shown in
Fig. 15(b). These flame elements exist outer border of the large low heat release rate regionsin Fig. 14.



Fig. 16 CH PLIF image (left), OH PLIF image (center) and velocity distribution (right) f%)? different
Reynolds number. (a) Rg =63.1 and (b) Rg =115.0. Visualized domain size is 31mm’~ 31mm for PLIF
images and 16.2mm" 16.2mm for velocity field (white box in CH and OH images).
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Therefore, the local extinction may relate with appearance these flame elements.

4. Developments of Advanced Experimental Methodsfor Turbulent Combustion
4.1 Simultaneous CH-OH PLIF Stereoscopic PIV

In addition to DNS, simultaneous CH-OH PLIF and stereoscopic PIV have been developed to
investigate local flame structure of turbulent premixed flames (Tanahashi et al. 2004b, 2005). In the
simultaneous CH-OH PLIF/PIV, high-speed CMOS cameras were adopted to capture the clear stereoscopic
particle images without contamination by the flame radiation. The effects of scattering of CH PLIF laser
by tracer particles are investigated carefully to improve signal-to-noise ratio in CH fluorescence images.
The developed simultaneous two radical concentrations and three component velocity measurement on a
two-dimensional plane was applied for relatively high Reynolds number turbulent premixed flames in a
swirl-stabilized combustor. All measurements were conducted for methane-air premixed flames in the
corrugated flamelets regime.  Figure 16 shows results of simultaneous CH and OH PLIF and stereoscopic
PIV for different Reynolds number. The Reynolds number dependence of the flame front was clearly
captured by the simultaneous CH-OH PLIF and stereoscopic PIV measurement. Simultaneous CH and
OH images suggest that the presence of the isolated burned gas in the unburned mixture and the isolated
unburned mixture in the burned side which have been predicted by DNS (Nada et al. 2004). Strong
three-dimensional velocity fluctuation, which is measured by the stereoscopic PV, implies that
misunderstanding of the flame/turbulence interactions would be caused by the analysis of two-component
velocity distribution in a cross section. Detailed analysis of simultaneous CH and OH images has been
compared with the results of 3D DNS. To investigate statistical characteristics of the flame front, flame
front are identified from CH and OH images. Flame front was determined from CH PLIF image and a
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Fig. 19 Swirl-stabilized burner and direct photograph of turbulent premixed flame for f=0.7 and Q=300
I/min.

unit vector normal to the flame front was estimated from the gradients of OH at the flame front. The
curvature is ranging in |k| < 1/h and the minimum curvature radius of the flame front is Kolmogorov scale
for all Reynolds number and eguivalence ratio, which coincides with our previous DNS results (Tanahashi
et al. 2000, Tanahashi et al. 2002, Nada et al. 2004). The tangential strain rate on the flame surface was
also evaluated from the PIV results. It has been shown that the tangential strain rate is of the order of
U e/l and shows good agreement with DNS of hydrogen-air and methane-air turbulent premixed flames.

4.2 Time-Resolved Ster eoscopic PIV

To investigate velocity fluctuations in combustors, a time-resolved stereoscopic digital PIV system has
been developed with high-repetition-rate Nd:Y AG lasers for industrial processing and high-speed CMOS
cameras (Tanahashi et al. 2003, 2004c). The developed system was applied to the velocity measurement
of aturbulent jet and a swirl-stabilized combustor. Figure 17 shows time-series vector maps of turbulent
swirling flows. This measurement is conducted with 11.1kHz, 256 ~ 256 pixels and Dt = 30ns for
4.4mm” 4.4mm region. Velocity magnitude across the measurement plane is shaded and shown with
velocity vector in the measurement plane. The velocity from behind the sheet to the front has positive
value and is denoted by red color. It is shown that velocity measurement up to 26.7kHz is possible and
the results represent dynamics of the turbulence structure very well.  Accuracy of several PIV agorithms
such as a spatial-temporal filter method, a 2-step hierarchical method and a window-offset method have
shown for the time-resolved measurement. Figure 18 shows power spectrums of the three velocity
components obtained by the time-resolved stereoscopic PIV in turbulent swirling flows. The energy
spectrum of out-of-plane velocity component (w) obtained in the present study shows slightly larger values
in high frequency region. Although the accuracy of out-of-plane velocity component is a little bit lower
than other velocity components, this time-resolved stereoscopic PIV system provides temporal
devel opments of three component velocities in a two-dimensional plane, and gives useful information for
understandings the turbulent structures in detail. This system is potentialy applicable from severa
hundred Hz to several tens kHz.

5 Combustion Noise Controls base on Local Flame Structure
5.1 Combustion Controls by Secondary Fuel | njection

Based on fundamental studies described above, controls of a swirl-stabilized combustor have been
conducted by using secondary fuel injection (Choi et al. 2005). Figure 19 shows the schematics of the
swirl-stabilized burner and a direct photograph of methane-air turbulent premixed flame at stoichiometric
condition with a flow rate Q=300 I/min. This combustion rig consists of a contraction section, a swirl
nozzle section and combustion chamber. The inner diameter of 120mm in the contraction section is
reduced to 40mm diameter. The swirl nozzle of 40mm inner diameter was mounted on the contraction
section.  Theinner cross-section of combustion chamber was 120mm” 120mm, and the length of the
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Fig. 22 Emission index of the swirl-stabilized Fig. 23 Effects of injection frequency of the
combustor with secondary fuel injection. secondary fuel on combustion noise.

chamber was 550mm.  On each side of combustion chamber, a silica glass plate of 120mm” 170mm and
5mm thickness was installed to alow optical access. The swirl nozzle has swirl vanes of 14mm inner
diameter and 40mm outer diameter, inclined 45 degree from the nozzle axis. Although a secondary fuel
nozzle was mounted at center of the swirl vanes, this nozzle was not used in the present study. The
premixed methane-air mixture pass through the swirl vanes and the flame was stabilized at swirl vanes as
shown in the direct photograph.

Figure 20 shows pressure fluctuations with secondary fuel injection. In this study, Qn, and Qg denote
the mixture flow rate and secondary fuel flow rate, respectively. Regardless of mixture flow rates, ther.
m. s. value of pressure fluctuations shows significantly large values between f = 0.8 and 1.1. With
increasing mixture flow rate, effect of secondary fuel on pressure fluctuations becomes weak. However,
if the secondary fuel injection exceeds 1.5% of mixture flow rate, the r. m. s. of pressure fluctuations
decreases drastically.  Figure 21 shows noise level for the secondary fuel injection.  Although ther. m. s.
of pressure fluctuations increased with secondary fuel injection from 0.5% to 1.0% of secondary fuel
injection, noise level decreased significantly when the secondary fuel exceeds 1.0% even though there are a
little bit increase of noise level at lean conditions. It can be seen that the noise level is decreased about
10dB for f =0.8-1.0. Near f =0.8 for Q=300 I/min case, large noise level reduction of 20dB is observed
for 1.0% secondary fuel injection, whereas the r. m. s. of pressure fluctuation is larger than that without
secondary fud condition.

If the injected pure methane reacts as a diffusion flame, a large amount of nitric oxides will be
produced. Figure 22 shows effects of the secondary fuel injection on emission index. For the case
without secondary fuel injection, emission index also shows alarge value in the region of large oscillation
and noise for al flow rates conditions. This large amount of emission index is ascribed to the combustion
oscillating with complicated flame structures.  With the injection of secondary fuel, it is observed that the
emission index decreases in the large pressure fluctuating region. However, effect of secondary fuel
injection on lean and rich conditions is small. In addition, the lean blowout limits are extended to quite
lean condition by injecting secondary fuel. From the above result, it can be seen that secondary fuel
injection is effective to suppress combustion oscillation, to prevent lean blowout and to reduce emission
index.

Figure 23 shows the effect of injection frequency of secondary fuel on combustion noise. For
comparisons, results without secondary fuel injection are aso plotted. By conducting frequency controls
of the secondary fuel injection, noise level decreases and maximum noise reduction is achieved at about
40Hz for Q =300 I/min. There isamost relevant frequency for the noise reduction for each combustion
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Fig. 24 Time-series signal of pressure fluctuations in the combustor.
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Fig. 25 CH fluorescence images (upper) and OH fluorescence images (lower) conditioned with pressure
fluctuations in the combustor (Q=300[I/min], f =0.8).

condition. Peak frequency of the pressure fluctuations in the combustor is in the range of 117-130Hz,
which coincides with the natural acoustic mode of the combustor. Since the most relevant frequency of
the secondary fuel injection is far from the natural acoustic mode, this control does not correspond to
addition of an energy source out of phase with pressure fluctuation in the combustor. The reason of this
noise reduction can be explained from the local flame structure.

Figure 24 shows the time-series signal of pressure fluctuations a 300 [I/min] and f=0.8. Since
pressure fluctuations in the combustor have several peaks in the frequency domain, actual pressure signals
have beat frequency. This beat frequency is about 30-40Hz. To investigate the relation between beat
frequency and local flame structure, we classified into three large groups, that is, small pressure fluctuating
region (A), middle pressure fluctuating region (B) and large pressure fluctuating region (C) in the long
period of pressure fluctuations, as shown schematically in Fig. 25. Figure 25 shows CH/OH PLIF images
in the flame zone for each pressure condition. For the small pressure fluctuating region (A), the flame
front is very smooth and formation of flame cusps is aso rare compared to other conditions. For the
middle pressure fluctuating region (B), the degree of flame wrinkling increases compared to A region.
The flame is much more wrinkled and many small-scale flame cusps were observed. For the large
pressure fluctuating region (C), we can observe that small-scale flame cusps remained though flame front
became rare compared to B region. These results show that local flame structure well reflects the beating
frequency. The 40Hz secondary fuel injection breaks down this coupling between the loca flame
structure and pressure fluctuation.

5.2 Local Flame Structurein Noise-Controlled, Swirl-Stabilized Combustor

To investigate mechanism of the combustion noise reduction by the secondary fuel injection, CH-OH
PLIF measurements have been conducted in two important region of the combustor. In Fig. 19,
measurement regions are denoted by white boxes. First one is re-circulation zone near the secondary fuel
injection nozzle and second oneisin the flame zone. In Figs. 26 and 27, OH distributions obtained in the
re-circulation zone are shown for no secondary injection and 1%-contineous secondary fuel injection cases.
In the case of no secondary fuel injection, OH has large fluctuation in space and time. However, for
1%-contineous secondary fuel injection case, spatial and temporal fluctuation in OH is reduced.



Fig. 26 OH PLIF results in the re-circulation Fig. 27 OH PLIF results in the re-circulation
zone for no secondary fuel injection. zone for 1%-contineous secondary fuel injection.

Fig. 28 OH PLIF results in the flame zone for no Fig. 29 Probability of existence of flame front for
secondary fuel injection (&) and for 1%-contineous no secondary fuel injection (&) and for
secondary fuel injection (b). 1%-contineous secondary fuel injection (b).

Fig. 30 Probability of existence of flame front for 1%-40Hz secondary fuel injection. Probabilities are
phase-locked with control signal for the secondary fuel injector.

Characteristics of OH distributions in this region do not depend on the frequency of secondary fuel
injections. Since CH PLIF signals in this region is quite low for all cases, the secondary fuel dons not
burn like a diffusion flame, which is reason of low emission index shown in Fig. 22. Therefore, the
secondary fuel injection reduces the spatial and temporal fluctuation of the high temperature fluid in the
re-circulation zone independent on the frequency of the injection.

In Fig. 28, OH distribution in the flame zone is shown for no secondary injection and 1%-contineous
secondary fuel injection cases. OH radicals for no secondary injection show very complicated distribution,
whereas those for 1%-contineous secondary fuel injection have relatively low fluctuation. In this study,
probability of existence of the flame front is evaluated from OH PLIF results as shown in Fig. 29. In Fig.
29, probability of flame front existence is denoted by color. Black means zero probability and unburned
gas always exist, and yellow also means zero probability and burned gas always exist. The region with
red represents active flame zone. Solid lines in Fig. 29 represent 30% flame existence in the unburned
side, 50% and 30 % flame existence in the burned side, respectively. Figure 29 suggests that the
secondary fuel change local flame structure in the flame zones. Without the secondary fuel injection,
flame fronts have large spatial and temporal fluctuation (flame bush is very wide). However, by adding
continuous fuel injection, flame fronts are located in the relatively narrow region (flame bush become thin).
Figure 30 shows similar probability for 1% 40Hz secondary fuel injection. Probability is evaluated for



each phase of the secondary fuel injection by conducting PLIF which are phase-locked with the control
signal to the secondary fuel injector. Asfor the cases of the frequency control of the injection, the width
of the flame bush becomes thinner and is confined to tiny space at the most relevant frequency. These
characteristics of the re-circulation zone and the flame bush correspond to controls of the sound sources
which have been shown by DNSin Sec. 2. These results suggest that turbulent combustion controls base
on the local flame structure is possible by frequency control of the secondary fuel injection.

6. Summary

In this paper, studies on turbulent combustion controls conducted, which are supported by the ‘ Smart
Control of Turbulence' project in last 5 years, have been summarized. The results of our study suggest
that turbulent combustion controls based on the local flame structure will be available to construct high
efficiency and low emission combustor.  In this study, diode laser absorption sensor has been developed to
realize active control of the turbulent combustion. However, those results are shown in another paper by
combustion group in this project (Zimmer et al. 2005).
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