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Numerical Analysis on Multi-Field Characteristics and Synergy in
a Large-Size Annular Combustion Chamber with Double Swirlers

Zaiguo Fu® *, Huanhuan Gao!, Zhuoxiong Zeng!' and Jiang Liu'

Abstract: In order to comprehensively evaluate the flow and heat transfer performance
of a large-size annular combustion chamber of a heavy-duty gas turbine, we carried out
numerical computation and analyses on the velocity, temperature and pressure fields in
the chamber with double swirlers. The mathematical model of the coupling combustion,
gas flow, and heat transfer process was established. The influences of the inlet swirling
strength, fuel-air ratio and temperature of the premixed gas on the multi-field
characteristics and synergy were investigated on the basis of field synergy theory. The
results showed that the central recirculation zone induced by the inlet swirling flow
grows downstream in the combustion chamber. The velocity and temperature in the outlet
section of the chamber tend to be uniform due to the upstream improved synergy. The
outer swirl number of the premixed gas flow has a great influence on the comprehensive
flow and heat transfer performance of the combustion chamber. The synergy angles
change towards benefiting the synergy between velocity and temperature fields with the
increasing swirl numbers and inlet gas temperature while the velocity-pressure synergy
becomes poor. The increasing fuel-air ratio of premixed gas leads to different trends of
the velocity-temperature synergy and velocity-pressure synergy. The comprehensive
synergy representing the low-resistance heat transfer performance is evidently dominated
mainly by the velocity-temperature synergy.

Keywords: Annular combustor, heat transfer, multi-field synergy, synergy angle,
swirling flow.

1 Introduction

The gas turbine generator set has strong maneuverability and can be started rapidly
without external power. It has been widely used in the power generation industry to meet
the peak load demand and ensure the safe operation of the power grid [Lee, Kim and Kim
(2017); Ayodele, Vincent, Claudius et al. (2019)]. The heavy-duty gas turbine is an
important component of the gas turbine generator set. The output of the gas turbine is
greatly dominated by the performance of the combustion chamber. Accordingly, it is
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necessary to investigate the combustion process coupled with the gas flow and heat
transfer in the chamber to find ways to ensure the reliable operation of gas turbine.

At present, the method to generate a recirculation zone in the combustion chamber is
employed widely for making a stable combustion. In general, the inlet gas rotates under
the action of swirler set on the head of combustor and a low-pressure zone is formed in
the center when the rotary gas flow is with a certain swirling strength. The ignited high-
temperature gas flows back due to the adverse pressure gradient, inducing a strong heat
and mass exchange between the main flow and the backflow. The entered mixed gas is
heated and ignited continuously [Li, Jiang, Zhu et al. (2019)].

Therefore, a stable combustion generated in the combustion chamber is greatly affected
by the swirling strength of the inlet gas flow. Anacleto et al. [Anacleto, Fernandes, Heitor
et al. (2003)] studied the swirling flow in a lean premixed prevaporized combustor using
high-speed photography technique. The results showed that the central recirculation zone
appeared when the swirl number was greater than 0.5. Tsao et al. [Tsao, He, Wang et al.
(1999)] numerically investigated the inlet radial swirling gas flow and the swirling level
in the inlet section of the combustion chamber by using the Reynolds stress transport
model (RSTM). The results showed that the strength of the centerline vortex core
depended on the vortex level of inlet swirling flow and the swirling flow caused a strong
streamlined pressure change and a change in the structure of the recirculation zone. In
addition, the results also showed that the RSTM could reproduce the flow in the chamber
and reflect the effect of the inlet vortex level on the internal flow structure. Some other
researchers have focused on the flow structures of the swirling flows caused by combined
jets under different swirl numbers [Vishwanath, Tilak and Chaudhuri (2018); Palm,
Grundmann, Weismiiller et al. (2006)]. The results have shown that the velocity
distribution varies with the inlet swirling strength.

Apart from this swirling strength, many other factors, such as the temperature and
equivalence ratio of the inlet gas can also affect the flow field, heat transfer and
combustion performance of the combustion chamber. Huang et al. [Huang and Yang
(2004)] found that the inlet temperature and equivalence ratio are the two most important
variables to determine the combustion stability in combustion chamber by investigating
the transition of flame structure from stable to unstable state. The results indicated that
the increase of inlet mixture temperature gave rise to the flame in the central recirculation
zone penetrating to the angular recirculation zone and caused the sudden increase of
acoustic flow oscillation. Chen et al. [Chen, Ruan, Yu et al. (2019)] studied the influence
of inlet fuel type and temperature on the combustion stability. The results showed that the
flame in combustion chamber was stable when linear alkane was used as fuel. A unique
mode-shift phenomenon arose in the combustion chamber when the inlet air temperature
increased from 403 K to 423 K. Han et al. [Han, Laera, Morgans et al. (2019)] also
studied the influence of inlet temperature on the combustion instability for a certain
combustion chamber. They reported that the high inlet temperature promoted the
evaporation of fuel in the combustion chamber to some extent and the combustion
instability suddenly reduced when the inlet temperature exceeded 570 K. Moreover, some
researchers investigated the effect of equivalence ratio of fuel on combustion instability,
flame temperature, state switching and combustion products in the combustor [Worth and
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Dawson (2017); Aklouche, Loubar, Bentebbiche et al. (2017)]. All the results proved that
the factor of equivalence ratio has significant influences on the combustion performance
of the combustor.

The overall performance of the chamber is greatly related to the synergy among the
velocity field, temperature field and pressure field due to the coupling effect among the
flow, heat transfer and combustion process in the combustion chamber. According to the
field synergy theory proposed by Guo et al. [Guo, Li and Wang (1998); Guo, Tao and
Shah (2005)], the better synergy degree among the three fields is, the stronger heat
transfer effect and lower flow resistance will be obtained. This field synergy principle has
been widely applied to evaluating the overall performance of the heat exchange
equipments in some research fields.

Tao et al. [Tao, Guo and Wang (2002); Tao, He, Wang et al. (2002)] analyzed the
characteristics and mechanism of the enhanced single phase convective heat transfer
based on the field synergy principle. This principle was verified as a guide for the design
of heat exchange equipment. To further develop this principle, He et al. [He, Lei, Tian et
al. (2009)] and Liu et al. [Liu, Liu and Huang (2010); Liu, Liu, Wang et al. (2018)]
conducted analyses of three-field synergy on heat transfer augmentation with low
pressure drop for the laminar and turbulent convective flow. The synergy among the
velocity field, temperature field and pressure field was thought to be important for heat
transfer enhancement with low penalty of pressure drop. Xie et al. [Xie, He, Zhang et al.
(2018)] conducted a numerical simulation of a closed wet cooling tower equipped with
longitudinal finned tubes. The synergy among velocity, temperature and humidity was
applied to analyzing the effects of coolant velocity, number and height of fins on the
distribution of vortex.

Recently, Liu et al. [Liu, Liu, Dong et al. (2019)] discussed the constitutive relationship
between fluid dynamic flux and pressure gradient aiming to ascertain the physical
characteristics of enhanced convective heat and mass transfer. This work firstly revealed
the multi-field synergy among velocity, pressure, temperature and component
concentration in the convective heat and mass transfer phenomena. It provided an
extended synergy principle to evaluate the heat and mass transfer performance. Zeng et al.
[Zeng, Wang, Tian et al. (2015)] conducted a multi-field synergy analysis on an advanced
vortex combustor by numerical simulation. The results indicated that increasing the inlet
velocity and decreasing the inlet temperature could raise the overall performance of heat
transfer enhancement. It is worth mentioning that in their work, the vortex combustor
used trapped vortex combustion technology. It differs from the swirling combustion
adopted in the large-size annular combustion chamber. At present, it has not been seen
the special publication of literature on the application of field synergy theory in the
annular combustor with swirling combustion.

Against this background, we propose a numerical analysis on the multi-field
characteristics and synergy in a large-size annular combustion chamber to find
appropriate inlet parameters to improve the overall performance of the chamber for a
heavy-duty gas turbine. The combustion chamber employs double-swirler inlets. The
swirling strength, temperature and equivalence ratio of the inlet premixed gas flow are
taken into consideration. The influences of these factors on the velocity field, temperature
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field, pressure field and their synergy are discussed by means of the analyses on the
variations of velocity and temperature distributions and three field synergy angles.

2 Numerical modeling and solution
2.1 Physical model and discrete grids

The research object is a three-dimensional (3D) annular combustor of a heavy-duty gas
turbine. There are altogether 24 double-swirler inlets which are distributed uniformly
over the entire arc head. The present study takes 1/24 of the combustion chamber as the
target. The schematic diagram of the center section is shown in Fig. 1(a) to demonstrate
the double-swirler inlet. The premixed gas enters the combustion chamber and becomes a
swirling flow under the function of swirlers.

In order to simplify the simulation and accelerate the convergence of the calculation, we
adopt the following assumptions: (1) the blade structure of swirler is ignored and each
inlet is simplified as a double-swirler inlet with an inner round hole and a concentric
annular hole; (2) the micro mixing holes on the combustor wall are ignored. It is assumed
that they have no significant influence on combustion and flow in the main combustion
section according to the introduction in literature [Mohammad, Jeng and Andac (2010);
Tsao and Lin (1999)]. The diameter of the inlet inner hole is 0.084 m (2R, R=0.042 m).
The annular hole is 1.5R wide. The total length of the combustor is 30.8R. The height of
the annular outlet is 3.4R. Other geometric parameters are shown in the schematic
diagram of the center section of the computational domain as the Fig. 1(b).
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Figure 1: Schematic diagram of center section of (a) 1/24 annular combustor and (b)
computational domain
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Additionally, four characteristic lines are selected for quantitative analysis of the calculated
results on velocity and temperature. The characteristic lines are all perpendicular to the
central axis, and the distances from them to the entrance of combustion chamber are 0.98R,
5.13R, 10.04R, and 15.17R respectively. They are shown in Fig. 1(b) with the local
coordinate. The axial direction is defined as x. Thus, the positions of the four lines are
located at x=0.98R, 5.13R, 10.04R, 15.17R, respectively. The outlet section of the
combustor chamber is from x=10.04R. The rest is defined as the inlet section.

The code of ICEM CFD 15.0 software is employed for meshing the computational
domain. The grids of the swirling inlet are locally refined due to its relatively small size.
The grids near the combustor wall are also refined so as to accurately capture the abrupt

changes of physical parameters. The unstructured grids of the computational domain are
shown in Fig. 2.

Figure 2: Grids of computational domain
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Figure 3: Results of (a) axial velocity, (b) temperature and (c¢) mass fraction of O, on the
characteristic line at x=5.13R under various grid numbers

In this study, four sets of grids with the number of 1.19 million, 1.64 million, 2.02 million
and 2.46 million are adopted to conduct the grid independence validation. The results of
the reacting flow in the combustor under the same working condition are compared. Figs.
3(a)-3(c) show the axial velocity, temperature and mass fraction of O, at different radial
positions on the characteristic line at x=5.13R, respectively. It can be seen from Fig. 3
that the predicted results of flow field, heat transfer and species transfer by using 2.02
million grids are very close to those by using 2.46 million grids. The maximum deviation
is 1.17% for the mass fraction of O on the characteristic line. Thus, the number of 2.02
million is set to be the grids number for the numerical computation in present study.
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2.2 Mathematic model

2.2.1 Governing equations

In the combustion process, the turbulent flow, heat and mass transfer can be described by
the general mass, momentum, energy and composition conservation equations [Nam, Lee,
Joo et al. (2019) ].

The realizable k-¢ model is adopted since it adds rotation and curvature related terms to
the turbulent viscosity calculation formula. It can solve the uniform shear flow of rotation
and problems effectively [Karim and Bart (2006); Zhang, Zheng and Zhao (2013); Jin,
Zhang and Gu (2008)]. The turbulent kinetic energy & of the realizable k-¢ model and its
dissipation rate ¢ are expressed as follows:

p% d (ﬂ+ )* +G +G,—pe=-Yy
dt axi o} OX; (1)
de 0 U, | 0s
—=—| pu+ +pCSe - pC,———+C,, C .G,
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In Egs. (1) and (2), Gk represents the generation of turbulent kinetic energy caused by the
average velocity gradient. Gy represents the generation of turbulent kinetic energy due to
the influence of buoyancy. Y represents the effect of compressible turbulent pulsation
expansion on the total dissipation rate. Ci, C», C;. and Cj. are constants. o and o, are the
turbulent Prandtl constants of turbulent kinetic energy and its dissipation rate. S is the swirl
number. y is the turbulent viscosity. £ is the coefficient of thermal expansion. g; is turbulent
viscosity reduction term. C, is a function of the average strain rate and swirl number.

Based on the two-step global reaction of methane, it is considered that the fuel of pure
methane and air are completely premixed when they reach the inlet. The premixed
combustion occurs in the annular combustion chamber. The finite rate/vortex dissipation
turbulent combustion model is adopted for combustion. The reaction rate and eddy
dissipation rate are calculated as follows:

W = kC4Ch = kyexp(— )CACB )

R, =V M, ABp —ZPYP 4)
k Z J V/ M w.j

In Egs. (3) and (4), ¢/k controls the reaction rate. ko is the pre-factor. £ is the activation
energy. C is the reactant concentration. R is the gas constant. 7 is the temperature. Y, is the
mass fraction of the product. M,,,;, M,,; are the molecular weights of the substances i and j,
respectively. p is the density. v’;, is the stoichiometric number of the reactant i in the
reaction 7. v}, is the stoichiometric number of the product ; in the reaction r. In Eq. (3), C4
and Cp are the concentrations of reactants 4 and B, respectively. a and b are chemical
reaction coefficients. In Eq. (4), 4 and B are empirical constants as 4.0 and 0.5, respectively.

The reaction mechanism of methane and air is expressed as follows [E, Liu, Zhao et al.
(2018)].

2CH4+30,=2CO+4H,0 (5)
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2CO+0,=2C0, (6)

2.2.2 Field synergy angles

The field synergy principle confirms that the convective heat transfer intensity is not only
related to the velocity, temperature difference and physical properties of the fluid, but
also closely related to the coordination of velocity and heat flux. The field synergy
principle is developed by using more than one synergy angle (i.e., the included angle
between different vectors) to describe the multi-field synergy aiming to ascertain the flow
resistance, heat transfer and the comprehensive performance. The synergy angle f
between velocity and temperature gradient, the synergy angle 6 between velocity and
pressure gradient, the synergy angle y between temperature gradient and velocity gradient
[Liu, Liu, Wang et al. (2018); Tang, Chu, Ahmed et al. (2016); Lu and Zhou (2016);
Zhang, Wang, Zhu et al. (2015)] are given as Egs. (7)-(9) respectively. According to the
field synergy principle, the smaller f and 6, and the larger y indicate better synergies.
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The volumetric average synergy angle is defined as Eq. (10).
_Z0dv,

In the above equation, 6;is the synergy angle in the ith element. dV;is the ith element of
control volume.

2.2.3 Boundary conditions

A local cylindrical coordinate system is applied to setting the velocity components for the
inlet swirling flow. The swirl number defined as the ratio of the rotational moment of
momentum to axial moment of momentum is set as 0.8. According to the practical
settings for the inlet [Gao, Fu, Zeng et al. (2019)], the swirl number is expressed as:
g2

3U (11)
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In Eq. (11), W stands for the tangential velocity. U stands for the axial velocity. The
outlet is set as the pressure outlet and the pressure is 1823900 Pa. The combustor wall is
adiabatic. The side walls of the computational domain are periodic boundaries.

The adopted fuel is pure methane (CH4). The main governing parameters under the
designed working condition of the combustion chamber are as follows. The temperature
of the inlet premixed gas is 697.24 K. The premixed gas enters the combustor at the
equivalence ratio of 0.35 and 0.53 from the inner round hole and the outer annular hole,
respectively. The corresponding fuel-air ratios are 2:98 and 3:97, respectively. The mass
flow rates are 1.86 kg/s and 19.98 kg/s, respectively.

Table 1: Conditional parameters

Influence factor Value

Inner swirl number 04,0.6,0.8,1.0,1.2

Outer swirl number 04,0.6,0.8,1.0,1.2
Fuel-air ratio 2:98, 3:97, 4:96, 5:95, 6:94

Inlet gas temperature (in K) 697.24, 600, 500, 400, 300

The values of the four influence factors including the inner swirl number of the flow from
the inner hole, the outer swirl number of the flow from the outer annular hole, the fuel-air
ratio, and the inlet gas temperature are listed in Tab. 1. The equivalence ratios
corresponding to the fuel-air ratios of 4:96, 5:95 and 6:94 are 0.72, 0.91 and 1.10
respectively. The given values for a certain factor are adopted to investigate its influences
on the multi-field synergy with other factors fixed as the designed values.

2.3 Numerical method and validation

The commercial ANSY'S Fluent software was used in the calculation. The solution was based
on the SIMPLE algorithm. The convection term was discretized by second-order upwind
scheme and the diffusion term was discretized by second-order central difference scheme.

The validation of the present code was performed by a comparison between the obtained
numerical results and the measured results from available literature as Orbay et al. [Orbay,
Nogenmyr, Klingmann et al. (2013)]. In their study, the flow velocity in the central
recirculation zone of a cylinder combustion chamber with an annular swirler was
measured by PIV and LDV techniques. The inlet gas temperature was 670 K and the fuel-
air ratio of the premixed gas was near 3:97. The inlet axial velocity was 30 m/s and the
swirl number was 1.4. Thus, we present the normalized axial velocity in the core central
recirculation zone accordingly. Its distribution along the radial direction from the center
position to the chamber wall is shown in Fig. 4 with the measured results. The abscissas
and ordinate represent the non-dimensional distance and axial velocity, respectively. As
seen from Fig. 4, results obtained show good agreement with literature. Moreover, a
similar experimental research on the temperature distribution in a simulated tested
annular chamber was conducted by Dang [Dang (2009)]. The inlet gas temperature was
500 K, the fuel-air ratio was 0.03308 (i.e., 3.2:96.8) and the flow rate was 0.24 kg/s. As a
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result, the temperature in the center section perpendicular to the chamber axis at the exit
was uniform and the average value was 1673 K. In the present study, the calculated
temperature is also uniform and the average value under the same condition is 1720 K.
The deviation is in 2.8%. It is evident that the present model and method are valid for
further calculations.
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Figure 4: Comparison of axial velocity in the central recirculation zone between
calculation and experimental results

3 Results and discussion
3.1 Baseline results

The calculated velocity field, temperature field, pressure field and their synergy function
under the designed full-load condition of the gas turbine are taken as the baseline results.
Fig. 5 shows the streamlines, isothermals and isopiestic lines in the center section of the
combustion chamber.

(b) Isothermals
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(c) Isopiestic lines

Figure 5: Baseline results of (a) streamlines, (b) isothermals and (c) isopiestic lines in
the center section of combustion chamber

It can be seen from Fig. 5(a) that two large paired vortices appear in the inlet center
section till the third boss at x=10.04R. The region dominated by the vortices is defined as
the central recirculation zone. In this peach-shaped zone, most of the velocity vector is
along the axial direction. Meanwhile, around the shoulder of the first boss at x=0.98R,
two small vortices are generated along the upper and lower walls. This vortex region is
defined as the corner recirculation zone.

From Fig. 5(b), it is observed that most of the isothermals in this central recirculation
zone are along the radial direction and the temperature gradient is along the axial
direction. Thus, the included angle between the velocity and temperature gradient is small,
which will be introduced later as the synergy angle f.

From Fig. 5(c), it can be seen that in the central recirculation zone, most of the isopiestic
lines are generally along the radial direction. Thus, the pressure gradient is in quasi-axial
direction. This leads to a small included angle between velocity and pressure gradient,
which will be introduced later as the synergy angle 6.
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Figure 6: Baseline results of contours of (a) £, (b) € and (¢) y in the center section of
combustion chamber

Fig. 6 shows the contours of synergy angle f between velocity and temperature gradient,
synergy angle 6 between velocity and pressure gradient and synergy angle y between
velocity gradient and pressure gradient. The small synergy angle S in the central
recirculation zone can be observed in Fig. 6(a). The average magnitude of synergy angle 5 in
this zone is 37.7° according to the statistical calculation. According to the field synergy
theory, the small synergy angle f signifies the excellent synergy between velocity and
temperature gradient. It indicates that the heat transfer performance in the central
recirculation zone is appropriate. However, out of this zone, the synergy angle f between
velocity and temperature gradient is large, leading to a poor synergy and weak heat transfer.

From Fig. 6(b), the small synergy angle 8 between velocity and pressure gradient in the
central recirculation zone is observed. Thus, the excellent synergy between them can be
speculated. Moreover, the small synergy angle 6 is also observed in the outlet section
from x=15.17R. The average magnitude of 6 along the axis is 13.16° according to
statistics. All of these indicate that the flow resistance generated in the central
recirculation zone and in the outlet section is small under the designed working condition
of the combustion chamber.

The synergy angle y between velocity gradient and pressure gradient is small in the section
from the inlet to the center of central recirculation zone as shown in Fig. 6(c). This small
synergy angle indicates a poor overall performance of flow and heat transfer, which is
thought to be caused by the undeveloped swirling flow with a large tangential velocity.
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Figure 7: Baseline results of (a) axial velocity, (b) temperature and (c) mass fraction of
CHj on different characteristic lines at various axial locations

Moreover, the distribution of the axial velocity and temperature on different characteristic
lines at various axial locations (x=0.98R, 5.13R, 10.04R and 15.17R) are presented in Fig.
7 as parts of baseline results to show the evolution of velocity and temperature under the
field synergy function. From Fig. 7(a), it can be seen that the central negative axial
velocity arises when the gas flow reaches at x=0.98R, corresponding to the first boss of
the combustion chamber. The central negative velocity disappears at x=15.17R,
corresponding to the fourth boss. This indicates that the central recirculation zone is
located between the first boss and the fourth boss of the chamber. In addition, the axial
velocity on the characteristic lines first increases and then decreases from the central axis
to the chamber wall with the development of central recirculation zone. Around the
shoulder of the first boss at x=0.98R, the corner recirculation zone with the negative axial
velocity in near-wall region is formed.

As shown in Fig. 7(b), the near-wall temperature in the chamber is higher than that in the
central recirculation zone caused by the heat accumulation in the corner recirculation zone
at x=0.98R. However, in the outlet section from x=10.04R, the temperatures along the radial
direction are uniform as 1839 K due to the excellent synergy function and heat transfer
performance of the upstream central recirculation zone. From Fig. 7(c), it is found that a
large amount of fuel is sucked into the corner recirculation zone as soon as it enters the
combustion chamber due to the strong suction generated by the swirling flow. However, the
fuel is exhausted in the outlet section after a rapid reaction in the upstream section.

3.2 Influence of swirl number
3.2.1 Inner swirl number

The axial velocity on the characteristic lines at x=0.98R and x=5.13R under various swirl
numbers of the inlet flow from the inner hole (inner swirl numbers) are shown in Figs.
8(a) and 8(b) respectively.
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Figure 8: Axial velocity on characteristic line at (a) x=0.98R and (b) x=5.13R under
different inner swirl numbers
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Figure 9: Temperature on characteristic line at (a) x=0.98R and (b) x=5.13R under
different inner swirl numbers

It can be seen from both figures that with the increase of the swirl number, the absolute
value of the negative velocity in the center of the characteristic line increases gradually.
However, the upper and lower boundaries of the maximum positive velocity are almost
unchanged, which indicates that the range of the central recirculation zone changes little
with the increase of the inner swirl number. On the characteristic line at x=0.98R, the
negative velocity in the corner recirculation zone arises when the swirl number is less
than 1.0. By contrast, on the characteristic line at x=5.13R, there is no negative velocity in
the near-all region. The corner recirculation zone disappears at this location. This is
consistent with the observation of the corner recirculation zone in last section only
existed around the first boss due to the rapid evolution of the inlet swirling flow.

The temperatures on the characteristic lines at x=0.98R and x=5.13R under various inner
swirl numbers are shown in Figs. 9(a)-9(b) respectively. It can be seen from Fig. 9(a) that
on the line at x=0.98R, the temperature in the central recirculation zone increases with the
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increase of the swirl number clearly due to the enhanced turbulent mixing of cold and hot
gas caused by swirling flow. The wall temperature remains basically unchanged at about
1916.6 K. By contrast, on the characteristic line at x=5.13R, the temperature in the central
recirculation zone tends to be stable as 1834 K with the varying inner swirl number. Out of
this range, along the radial direction, the temperature first decreases and then increases
toward the wall because the limited entrainment effect of the central recirculation flows.
However, the change of the temperature along the characteristic line tends to be smooth
when the swirl number increases to 1.2, due to the relatively strong mixing. The average
temperature in the combustion chamber is relatively high and the average value of the exit
section of the chamber is about 1831.3 K under this condition. In addition, it is noted that
the temperatures around the upper and lower boundary are not strictly symmetric. It is
because of the centrifugal force induced by the orientation function of inlet swirling flow.
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Figure 10: Volumetric average synergy angles f and # under different swirl numbers

Fig. 10 shows the volumetric average synergy angles £ and 6 of the combustion chamber
under different inner swirl numbers. We can see that with the increase of the swirl
number, the average synergy angle S between velocity and temperature gradient
decreases continuously. When the inner swirl number exceeds 1.0, the average synergy
angle f is around 75.1°. This indicates that the flow field and temperature field have an
excellent synergy under this condition. The heat transfer is enhanced with the increasing
inner swirl number. On the other hand, we can see that the average synergy angle 0
between velocity and pressure gradient increases first and then decreases, at last increases
from S$=0.8 with the increase of the inner swirl number. The average synergy angle @ is
relatively small when the inner swirl number is between 0.4 and 0.8, which indicates that
the synergy of the flow field and pressure field is excellent. In other words, the flow
resistances are relatively low and the power consumptions of the heat transfer are
relatively less under these conditions.
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Figure 11: Volumetric average synergy angle y under different swirl numbers

Fig. 11 shows the volumetric average synergy angle y under different inner swirl numbers.
We can see that the average synergy angle y between velocity gradient and temperature
gradient varies smoothly when the swirl number is less than 0.8. It increases gradually with
the increase of inner swirl number from $=0.8. The average synergy angle y is the largest as
46.4° when the inner swirl number is 1.2. This indicates that the velocity gradient and
temperature gradient have an excellent synergy and a large comprehensive performance
coefficient, which is defined as heat transfer factor over drag coefficient, according to the
extended field synergy theory proposed in literature [He, Lei, Tian et al. (2009)]. Thus, the
increasing inner swirl number facilitates the overall performance of heat transfer
enhancement although the raise of the average synergy angle y is limited to 2°.

3.2.2 Outer swirl number

The axial velocity on the characteristic lines at x=0.98R and x=5.13R under various swirl
numbers of the inlet flow from the outer ring (outer swirl numbers) are shown in Figs. 12(a)
and 12(b) respectively. The temperature on the characteristic lines at x=0.98R and x=5.13R
under various outer swirl numbers are shown in Figs. 13(a) and 13(b) respectively.
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Figure 12: Axial velocity on characteristic line at (a) x=0.98R and (b) x=5.13R under
different outer swirl numbers
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It can be seen from Fig. 12(a) that with the increase of the outer swirl number, the
absolute value of the negative velocity in the center of the characteristic line at x=0.98R
decreases gradually. Meanwhile, the upper and lower boundaries of the maximum
positive velocity move toward the wall, indicating the range of the central recirculation
zone is enlarged gradually with the increase of the outer swirl number. However, on the
characteristic line at x=5.13R as shown in Fig. 12(b), the absolute value of the negative
velocity in the central recirculation zone increases gradually and the central recirculation
zone is also enlarged as the outer swirl number increases. The corner recirculation zone
generated behind the shoulder of the first boss shrinks with the increase of the outer swirl
number on both lines. These influences can be explained by the fact that the increased
outer swirl number makes the tangential velocity increase and the backflow caused by
abrupt expansion is weakened. Thus, the boundary between the central recirculation zone
and the corner recirculation zone becomes closer to the wall.
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Figure 13: Temperature on characteristic line at (a) x=0.98R and (b) x=5.13R under
different outer swirl numbers

It can be seen from Fig. 13(a) that on the characteristic line at x=0.98R, the temperature
in the section (from -0.1 m to 0.1 m of the radial distance), corresponding to the central
recirculation zone, increases clearly with the increase of the swirl number because of the
enhanced turbulent mixing of cold and hot gas induced by the promoted swirling strength.
Moreover, the high-temperature range of the central recirculation zone is expanded with
the increasing outer swirl number. The wall temperature remains unchanged at 1912 K.
By contrast, on the characteristic line at x=5.13R as shown in Fig. 13(b), the range of the
high-temperature central recirculation zone is also expanded with the increasing outer
swirl number. The temperature at the core position tends to be stable at 1804.3 K when
the outer swirl number exceeds 0.4. Moreover, the boundary of the central recirculation
zone with a local minimum temperature moves toward the wall gradually. The local
minimum temperature increases with the increase of the outer swirl number. It is evident
that the increasing outer swirl number has a powerful impact temperature distribution in
the combustion chamber. Under the condition with the outer swirl number as 1.2, the
average temperature in the chamber is relatively high and the average value on the exit
section is 1831.3 K.
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Figure 14: Volumetric average synergy angles 5 and 6 under different outer swirl numbers

Fig. 14 shows the volumetric average synergy angles £ and 6 of the combustion chamber
under different outer swirl numbers. According to Fig. 14, the volumetric average
synergy angle S between velocity and temperature gradient is found to decrease with the
increase of the outer swirl number. This indicates that with the increase of the outer swirl
number, the synergy between velocity field and temperature field becomes better, and the
heat transfer is enhanced. This performance is consistent with the uniform temperature
distribution on the characteristic line at x=5.13R as shown in Fig. 13(b). On the other
hand, the volumetric average synergy angle 6 between velocity and pressure gradient is
found to increase first with the increase of the outer swirl number when the swirl number
is less than 0.8. The average synergy angle 6 fluctuates a little under the medium swirling
strength with §=0.6-1.0. However, when the outer swirl number reaches 1.2, the average
synergy angle 0 is relatively as large as 59.3°, which indicates that the synergy between
the flow field and pressure field is relatively poor. In other words, the flow resistances are
relatively large and power consumptions of the heat transfer become relatively more
under these conditions than the cases with small swirl numbers.
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Figure 15: Volumetric average synergy angle y under different swirl numbers

Fig. 15 shows the volumetric average synergy angle y of the combustion chamber under
different outer swirl numbers. According to Fig. 15, it is seen that the average synergy
angle y between temperature gradient and velocity gradient increases as the swirl number
increases. This indicates that with the increase of the outer swirl number, the synergy
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between temperature and velocity fields is getting better and the comprehensive heat
transfer performance is improved. By combination of the analyses on the basis of results
shown in Fig. 14, the average synergy angles y and f have the similar effects, leading to a
better heat transfer performance while the increasing @ causes a severe flow resistance in
the combustion chamber. Accordingly, the synergy £ plays a leading role in the overall
performance of improved heat transfer under this condition.

According to the above analyses, in terms of the effects of swirl number on
comprehensive thermal performance of combustion chamber, the effect of outer swirl
number is larger than that of the inner swirl number. This is mainly because the mass
flow rate entering the combustion chamber from the outer ring is larger than that from the
inner hole. It dominates the evolution of flow, even the combustion in the chamber.

3.3 Influence of fuel-air ratio

Fig. 16 shows the axial velocity distribution along radial direction on characteristic lines

at x=0.98R and x=5.13R under different fuel-air ratios of the premixed gases.
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Figure 16: Axial velocity on characteristic line at (a) x=0.98R and (b) x=5.13R under
different fuel-air ratios

L
0 40 g
J

According to Fig. 16, on the characteristic line at x=0.98R, the fuel-air ratio has little
influence on the axial velocity distribution. However, on the section x=5.13R, it is
observed that with the increase of the amount of fuel in the premixed gas, the range of
central recirculation zone shrinks gradually. Due to the intense chemical reaction and
heat generation, the near-wall maximum axial velocity gradually increases with the
increase of fuel-air ratio. When the ratio is 6:94, the average velocity at the exit of the
combustion chamber is 244 m/s. It is much larger than the designed value as 170 m/s [Fu,
Shi, Liu et al. (2016)].
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Figure 17: Temperature on characteristic line at (a) x=0.98R and (b) x=5.13R under
different fuel-air ratios

Fig. 17 shows temperatures on characteristic lines at x=0.98R and x=5.13R under
different fuel-air ratios of the premixed gas. According to Fig. 17, the temperature in the
combustion chamber generally increases with the increase of the amount of fuel in the
premixed gas caused by the increase of the amount of fuel and intensity of combustion.
On the characteristic line at x=0.98R, the temperature around the boundary of the central
recirculation zone is stable at the inlet temperature and not affected by the fuel-air ratio
owing to the non-ignition along the inlet jet flow. On the characteristic line at x=5.13R,
the range of central recirculation zone shrinks gradually and the temperature gradient
around the boundary increases significantly with the increase of fuel-air ratio. Moreover,
when the fuel-air ratio exceeds 4:96, the temperatures in the central and corner
recirculation zones of the combustion chamber both exceed 2200 K, which will lead to an
increase in formation of NO, and other pollutants. This condition cannot meet the
industrial requirements for gas turbine operation.
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Figure 18: Volumetric average synergy angles f and 6 under different fuel-air ratios

Fig. 18 shows the volumetric average synergy angles £ and 6 of the combustion chamber
under different fuel-air ratios of the premixed gases. It is seen that the average synergy
angle S between the velocity and temperature gradient increases as the amount of fuel in
the premixed gas increases on the whole. However, the change of § from the ratio of 4:96
to 5:95 is very small. It means the synergy between velocity field and temperature field
becomes worse and the heat transfer is weakened gradually with the increasing fuel-air
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ratio. On the other hand, the average synergy angle & between velocity and pressure
gradient decreases first and then increases with the increase of the fuel-air ratio. It
becomes the minimum value as 74.2° when the ratio at the inlet of the combustion
chamber is 5:95. It indicates that the increase of fuel quantity can intense the synergy
between velocity and pressure fields when the ratio is less than 5:95. The synergy will
become poor and the flow resistance increases after fuel-air ratio exceeds 5:95 for the
present combustion chamber.
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Figure 19: Volumetric average synergy angle y under different fuel-air ratios

Fig. 19 shows the volumetric average synergy angle y under different fuel-air ratios of the
premixed gases. It is seen that when the amount of fuel in the premixed gas increases, the
average synergy angle y between the velocity gradient and temperature gradient decreases
until the ratio of 5:95. It indicates that the synergy between the velocity and temperature
fields becomes bad and the overall performance of low-resistance heat transfer in
combustion chamber becomes worse with the increasing fuel-air ratio. This is induced by
the enhanced combustion caused by more fuel entered, which results in a large and rapid
temperature raise in the chamber. Thus, its expansion causes relatively large flow
resistance although the heat transfer is enhanced.

3.4 Influence of inlet gas temperature
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Figure 20: Axial velocity on characteristic line at (a) x=0.98R and (b) x=5.13R under
different inlet gas temperatures
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The axial velocities on the characteristic lines at x=0.98R and x=5.13R under various
temperatures of the inlet premixed gas are shown in Figs. 20(a) and 20(b) respectively. It
can be seen that with the increase of inlet temperature, the absolute value of the negative
velocity in the center of the central recirculation zone gradually increases, while that in
the corner recirculation zone gradually decreases on both lines. Meanwhile, out of the
central recirculation zone, the local maximum positive velocity increases as the inlet
temperature increases. On the characteristic line at x=0.98R, the axial velocity gradient in
the central recirculation zone increases with the increase of inlet temperature. However, it
tends to be equivalent with the increasing inlet temperature on the line at x=5.13R due to
the evolution of the gas flow.
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Figure 21: Temperature on characteristic line at (a) x=0.98R and (b) x=5.13R under
different inlet gas temperatures

The temperatures on the characteristic lines at x=0.98R and x=5.13R under various inlet gas
temperatures are shown in Figs. 21(a) and 21(b) respectively. It can be seen from Fig. 21(a)
that on the line at x=0.98R, the temperature in the central recirculation zone and the near-
wall region increases with the increase of the inlet gas temperature clearly due to the
intensive combustion caused by hot premixed gas. However, the high-temperature range of
the central recirculation zone is stable. By contrast, on the characteristic line at x=5.13R, the
range of the high-temperature central recirculation zone is expanded with the increase of
inlet temperature. The temperature at the core position increases to 1804.3 K when the inlet
temperature increases to the designed value as shown in Fig. 21(b). Moreover, the
boundary of the central recirculation zone with a local minimum temperature moves toward
the wall gradually. The local minimum temperature increases with the increase of the inlet
temperature.

By the comparison between Figs. 21(a) and 21(b), on the downstream line at x=5.13R, the
high-temperature central recirculation zone is expanded due to the evolution of the
combustion and gas flow. More results show that with the decrease of the inlet premixed
gas temperature, the average temperature of the outlet section of the combustion chamber
decreases by a multiple of 0.92-0.96. It is noted that when the inlet gas temperature is 300
K, the temperature in the central recirculation zone on both lines is basically 300 K,
indicating that the combustion has not started and a heating process is required for the gas
combustion. Further investigation shows that the reaction process along the chamber axis
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is started at the location close to the exit of the combustion chamber. The average
temperature at the exit of chamber is the lowest as 1455 K among all the investigated
cases when the inlet temperature of premixed gas is 300 K.
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Figure 22: Volumetric average synergy angles § and 6 under different inlet gas temperatures

Fig. 22 shows the volumetric average synergy angle f and 6 of the combustion chamber
under different inlet temperatures. It is found that the average synergy angle S between
velocity and temperature gradient decreases abruptly with the increase of the inlet
temperature from 300 K to 400 K. The decrease of the synergy angle is slight when the
temperature exceeds 400 K. This indicates that the inlet gas temperature of 300 K is not
desirable. The synergy between the velocity field and the temperature field becomes better,
and the heat transfer is enhanced with the increasing temperature. On the other hand, the
volumetric average synergy angle 6 between velocity and pressure gradient increases with
the increase of the inlet temperature when it is less than 500 K. The synergy angle 6 tends
to decline slowly when it exceeds 500 K. This indicates that the synergy of the flow field
and pressure field becomes poor when the inlet temperature is over 400 K. In other words,
the flow resistances are relatively large and power consumptions of the heat transfer
increase when the inlet temperature exceeds a certain value.
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Figure 23: Volumetric average synergy angle y under different inlet gas temperatures

Fig. 23 shows the volumetric average synergy angle y under different inlet gas temperatures.
From Fig. 23, it is seen that the average synergy angle y increases with the increase of the
inlet temperature. This also means that as the inlet temperature increases, the synergy
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between temperature and velocity fields is getting better and the comprehensive heat
transfer performance is enhanced accordingly. By combination of the analyses on the basis
of results shown in Fig. 22, the average synergy angles y and f have the similar effects to
make a better heat transfer performance while the increasing € results in a severe flow
resistance in the combustion chamber. Accordingly, the synergy S is evident to play a
leading role in the overall performance of enhanced heat transfer under this condition.

4 Conclusions

In this study, the combustion coupled with gas flow, heat transfer process in a large-size
annular combustion chamber is investigated numerically for a heavy-duty gas turbine.
The influences of the swirl number of the double-swirler inlet flow, the fuel-air ratio and
temperature of the premixed gas on the multi-field synergy among the velocity,
temperature and pressure fields are studied. The conclusions are drawn as follows:

(1) The outer swirl number has greater influences on the multi fields and their synergy in
the combustion chamber than the inner swirl number. The central recirculation zone
formed in the chamber is developed and expanded with the increase of swirl number and
temperature and the decrease of fuel-air ratio. The excellent multi-field synergy of the
central recirculation zone leads to the uniform temperature distribution on the
downstream characteristic lines with the evolution of swirling flow.

(2) With the increase of swirl number and gas temperature of inlet flow, the entire
volumetric average synergy angle S between the velocity and temperature gradient
decreases. Meanwhile, the synergy angle 6 between the velocity and pressure gradient
and the synergy angle y between the velocity gradient and temperature gradient increases.
The increasing fuel-air ratio of the premixed gas has reverse effects on the synergy angles.
The designed condition of the combustion chamber with double swirl numbers as 0.8,
inlet temperature as 697.24 K and fuel-air ratio as 2:98 can obtain a relatively excellent
multi-field synergy.

(3) The heat transfer in the combustion chamber is enhanced as indicated and the flow
resistance and power consumption are raised with the increasing inlet swirl number and
gas temperature, and the decreasing fuel-air ratio of premixed gas. Meanwhile, the
comprehensive performance of low-resistance heat transfer is achieved. The synergy
angle S plays a leading role for the comprehensive performance of low-resistance heat
transfer with the varying factors.
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