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Abstract: To improve the combustor performance of multi-point injection combustion, lobe nozzle design was applied
to the aero-engine model combustor, by presetting the swirl through a certain twisted angle of the edge of the lobe
outlet. Numerical simulation in combination with modelling test is used in this paper. The effects of swirl vorticity
presetting onto the vortex structure, the characteristics of combustion temperature field, the combustor exit
temperature field quality, the combustion efficiency, and the NO, emissions of multi - point injection combustion
chamber are investigated. Compared with the conventional vortex flow at the lobe outlet edge, the results of numerical
simulation and water modelling test of the swirl vorticity presetting show that the swirl presetting can efficiently
enhance the range and intensity of the lobe - induced vorticities. Besides, it can improve the uniformity of the
combustion temperature in the combustor chamber, together with the reduced emissions of the pollutant NO,.
Moreover, compared with the conventional lobe nozzle chamber, the swirl vortex presetting can effectively improve
its combustion performance. The flow simulation test results demonstrate the fluid vortex structure in the combustion
chamber and validate the simulation results.
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0 Introduction

Combustion chambers in modern aero engines
use a strong swirl to promote the mixing of fuel with
air, to create a combustion stability zone and to im-
prove the performance of the combustion chamber.
The swirling vortex should be considered in the de-
sign of advanced combustion chambers. The lobe
nozzle with a special geometry can induce down-
stream vortex structures such as streamwise vortex
and normalized vorticities on the circular edge of its
outlet, thereby efficiently mixing fluids over short
distances''”". For instance, the successful applica-
tion of a lobe mixer has effectively improved the pro-
pulsion performance of aerospace in aerospace pow -
er plants. Presz et al."** proposed the concept of a

mixer with a lobe nozzle. The experimental results
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showed that the ability of the lobe mixer to eject sec-
ondary streams was enhanced, compared with the
traditional form of outlet. Yu et al."”* concluded
that there are two reasons for the formation of the
flow vorticities in the lobe mixer, 1.e., the radial
pressure distribution induced by the special geome-
try of lobes at the outlet edge and the gap between
the crest of the lobe and the inner wall of the nozzle.
Meslem et al.'”’ conducted experiments on different
outlet shapes and found that semi-circular together
with vertical wall configurations have higher mixing
efficiency in the near field downstream of the lobe.
Even in the millimeter-sized lobe mixer combustor,
there is a strong formation and development of the
fluid vortex. Moreover, the fluid vortex disappears

quickly "' due to the rapid expansion of the combus-
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tion gas. So far, numerical simulation techniques
has been extensively used to investigate the flow
and combustion characteristics of microwave valve
lobe nozzle, circular cylindrical combustors and
their influencing factors .

Lobe nozzle 1s used herein to design the com-
bustion chambers for aero engines. The fuel is
directly injected through a distributed array of fuel
nozzles and is straightly injected into the vortex ar-
ray induced by the circular edge of lobe nozzle, to
improve the lean oil/air mixing rate, atomization
and evaporation characteristics produced by the fuel
distribution of multi-point injections. The lobe noz-
zle adopts two designs, the twist and non -twisted
ones, named as the conventional lobe and the preset
vorticity lobe to explore the effect of the pre-rotation
flow induced by the outlet edge torsion on the com-
bustion characteristics and combustor performance
of the lobe nozzle combustion chamber. Compared
with the conventional non-twisted lobe nozzle, this
study was to improve the combustion characteristics
and properties of the combustion chamber in combi-
nation with experiments. The effects of swirl vortici-
ty presetting onto the vortex structure of the lobe
nozzle induced, the combustion multi-physical quan-
tity field, the combustion characteristics, and the
feasibility of the lobe nozzle are applied to the aero

engine combustion chamber design.

1 Models and Methods

1.1 Design of combustion chamber model

Fig.1 shows the geometric model of lobe noz-
zle combustion chamber. The combustion chamber
consists of an air lobe, a distributed array of direct
fuel nozzles, and a tapered square chamber body.
The exit edge of the lobe nozzle is set at the inlet of
the combustion chamber, and the right side view is
the trailing edge profile of the lobe nozzle. Conven-
tional and vorticity presetting lobe nozzles have the
internal and external opening angles of 19.3° and
24.2°, respectively. In light of this, the vorticity pre-
setting lobe was referred to the work by Ruetten''"
and twisted the lobe trailing edge of the convention-

al lobe nozzle counterclockwise by 8.4°. After the air
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Fig.1 Model of lobe combustor chamber

is injected from the twist lobe nozzle, the presetting
vorticities rotating counterclockwise work as an en-
tire system when they enter the combustion cham-
ber, where the flow direction is along the X positive
direction.

Fig. 2 shows the installation positions and ar-
rays of the multi-injection fuel nozzles on the lobe in
the two types of combustion chambers. The fuel
nozzles array is installed on the outlet section of the
lobe and the fuel injects into the combustion cham-
ber through the fuel nozzle array, as shown in
Fig.2(a). Both fuel chambers use 13 fuel nozzles,
which are uniformly distributed in the 6 flaps of lobe

nozzle. The array arrangement is shown in Figs. 2

(b), (c).
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Fig.2 Fuel nozzle installation position and array mode

1.2 Physical model

Compared the experimental flow field with cal-
culations results, different turbulence models were

12-16

used to approach its applicability*'®. This paper se-
lected the realizable two-equation turbulence model
and the standard wall function to describe the turbu-
lent flow of lobe nozzle. The probability density
function (PDF) in the gas-liquid non-premixed com-
bustion model was used to simulate the interaction
of chemical reactions with turbulent flow. Multi -
step chemical reaction models were depicted by us-

ing equilibrium chemical models. Discrete phase

model (DPM) is used to simulate the discrete phas-
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es of the kerosene particles in the flow field to ac-
count for complex factors, such as turbulent flow,
complex chemical reactions, and their coupled tur-
bulent flow. When the governing equations are dis-
crete, the pressure terms are in a standard format,
including kinetic energy terms, turbulence terms,
and among others that are all in the high-order up-
wind style. The semi-implicit method for pressure
linked

rithm with convergence tolerance of 10° was used

equations-consistent (SIMPLEC)  algo-

in the speed and pressure coupling.
1.3 Grid independence test

The ANSYS 17.0 software was used to per-
form ICEM meshing of the entire computational do-
main. Unstructured composite grids were used due
to the structural complexity of the lobe nozzles. The
wall uses a five -layer Prim boundary layer mesh.
Table 1 shows the grid independence test results,
where the calculation condition is depicted in Case 1
listed in Table 2. The grid independence test results
in Table 1 shows that the results obtained using
three different numbers of grids are relatively close,
and the differences between the latter two are small-
er. It also can be seen from Fig.3 that the difference
between the latter two vorticity values 1s smaller.
Taking the calculation results, the calculation accu-
racy and the computational time into account, the
total number of grids is approximately 2.8 million.

Table 1 Verification results of grid independence
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Fig.3 Streamwise vortex variation along the flow direction

0

1.4 Calculation conditions

According to NASA’ s typical test results of

multi-point injection model combustion cham-
ber' " five of them were selected as the operating
conditions for the test and simulation in this paper.
The calculation conditions are shown in Table 2.
The fuel imjection conditions are the same for all
working conditions. For each working condition, on-
ly the mass flow of air is changed, the fuel flow rate
is equal to 7.670X107°, and the fuel temperature is
set to 580 K. For each working condition of the lobe
nozzle, the numerical analysis of the cold flow field
vortex system, the combustion of multiple physical
quantities, and the combustion performance of the
combustion chamber model are carried out separate-
ly. The vortex of the flow simulations of some con-
ditions were observed to verify the credibility of cal-
culations. The effect of vorticity presetting on the
flow combustion characteristics and combustion

chamber performance were analyzed via the design

Number of grids/ ~ Average outlet Average outlet . .

. - of two kinds of lobe nozzle combustion chambers un-
million speed/(m-s™") temperature/ K

2.4 46.08 1328.3 der fiVe WO]’king Conditions. The 10be combustor

2.8 4217 1364.3 condition is simulated with mass flow inlet and pres-

3.2 40.83 1369.6 sure outlet.

Table 2 Calculation conditions
) Combustion chamber
o Fuel/air Inlet mass Temperature/ Inlet pressure/
Condition . pressure/
ratio flow/ (kges™") K MPa
MPa

Case 1 0.025 0.030 43 827.59 1.723 1.654

Case 2 0.026 0.029 26 827.59 1.723 1.654

Case 3 0.029 0.026 23 827.59 1.723 1.654

Casc 4 0.031 0.024 54 827.59 1.723 1.654

Case 5 0.035 0.02173 827.59 1.723 1.654
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2 Analyses of Flow Characteristics

2.1 Effect of swirl vorticities presetting on the

vortex structure

The flow analysis concentrates on the vortical
flow induced by the lobed nozzles. For vortex detec-
tion, different techniques for assignment and evalua-
tion criteria are used. The normalized helicity densi-
ty criterion Levy'" is applied to identify vorticities,
since it can distinct the co- and counter-rotating vor-

tical flows, which is superior to others, for in-

1 [20] 21]

stance, the work of Jiang et a or Haller et al.'
By utilizing this criterion, the generation and devel-
opment of the complex vorticities can be traced to
provide an overview on main flow structures.
w=V"*u
H=uw (1)
where u is the speed and H is the velocity helicity.

In Fig.4, iso-surfaces are used to describe the
streamwise vortex structure at the exit of the lobes.
The velocity helicity is used to characterize the mag-
nitude of the vorticity value. The main structure and
development status of the downstream vortex of the
two lobe nozzle designs can be observed intuitively.
In Figs.4 (a, b), the iso-surfaces of — 300 and
4300 are extracted to illustrate the counter-clock-
wise and clockwise rotating flows in green and red,
respectively. The streamwise vortex structures of
the two lobe nozzles are induced in pairs on the
round trailing edge of the lobe with the opposite di-
rection. Under the action of the mainstream, the
vortex structure gradually spreads outward and the
range of action increases. With the enhanced swirl-
ing effect by the induced round edge of twisted out-
let, an overall rotation and mutual entanglement are
produced, as shown in A in Fig.4 (b), compared
with the conventional vorticity in Fig.4 (a). Fig.5
depicts the variation of the vorticity mean value
along the flow direction of the combustion chamber.
In Fig.5, the numerical values of streamwise vortex
in the combustion chamber of both lobe nozzles
reach the maximum at the exit of the lobe nozzle and

plunge along the flow direction. When the fuel/air
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Fig.4 Streamwise vortex structure
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Fig.5 Streamwise vortex variation along the flow direction

ratio increases, the vorticity becomes larger without
significant changes under the calculation conditions.
It is due to the frictional loss caused by the viscosity
and the effect of swirling dissipation in small fluid
micro-clusters in the fluid. In the combustion cham-
bers with the two types of lobe nozzles, the vorticity
in the combustion chamber with the vortex preset-
ting are generally higher than that of the convention-
al non-presetting one. Taking Case 1 as an exam-
ple, when the lobe outlet uses swirl presetting, the

maximum vorticity value is equal to 6.526X<10°,
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mum at the exit of the lobe nozzle. The subsequent 5F
vorticity strength shows complex degradation that %20 0.1 02 0.3

rebounds several times in the flow direction, exhibit-
ing relevance to the fuel/air ratio under each work-
ing condition. This means that it is influenced by the
complex interaction between normalized vorticities
and streamwise vortex in a turbulence system. On
the other hand, due to the entrainment of the sur-
rounding fluid by the flow vortex, a strong shear
stress layer is formed between the jet and the sur-
rounding air, which changes the regularity of the
strength of the normalized vortex to some extent.
When 0.05<CX<20.107, the convergence of normal-
ized vorticities increases the eddy rebound and be-
comes a vortex convergence zone. When x is larger
than 0.107 m and the cross section is 0.210 m, with
the development of flow, the friction of the fluid mi-
croclusters is intensified, and the loss of eddy cur-
rent strength decreases. For the vorticity presetting,
when the inlet flow rate is small, the larger the tor-
sional inertia i1s, the greater the effect on the flow
vortex, yielding the stronger vorticity rebound of
the normalized vortex. Taking Case 1 as an exam-
ple, the maximum normalized vorticity value of the
vorticities presetting at the lobe outlet edge is
33.47, and the maximum normalized vorticity value
of the conventional non -swirl presetting is 22.75,
with 45% increasement approximately.

Despite streamwise vortex or normalized vor-
tex, the calculation results show that the vortex pre-
set increases the size and intensity in combustion
chamber with the two kinds of lobe nozzle. But the
influence of the vorticity preset on the streamewise

vortex 1s less than that of the normalized vortex,

X/m
(b) Preset vorticity

Fig.6 Normal vorticity variation along the flow direction

which is beneficial to the enhancement of the interac-

tion between the vortex structures of the lobe.

2.2 Vortex structure tracer display test and

verification of results

According to the similarity theory, the experi-
mental setup is shown in Fig.7. Using red ink as a
tracer, the vortex structure downstream in the lobe
is displayed. The water flows through the lobe noz-
zle into the combustion chamber and exits from the
combustion chamber outlet. The two combustion
chambers are different from the lobe nozzles. Fig.8
shows the vortex structure traces of the convention-
al lobe and the vortex preset under Case 1 condi-
tions. Figs.8 (a), (b) depict observations of vortex
structure test and numerical results of conventional
lobe nozzle. Figs.8 (¢), (d) shows vortex structure
test observation and numerical results of vortex lobe
preset nozzle. Experimental observation and calcula-
tion is a part of vorticities at the corresponding side
of outlet edge of the lobe nozzle. It can be seen from
Fig. 8 that the vortex radially expands while spiral-
ing along the axial direction of the combustion cham-
ber. Because of the strong vortexes at the outlet,
the neighbor fluid i1s sucked up, promoted to be
mixed up and expanded gradually. The vorticities
shown in Figs.8 (b), (d) also rotated clockwise.
The vorticities structure shown in Figs.8 (¢), (f)

are also similar to experimental results. The evolu-
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tion position of the vortex along the flow direction
and the helical space expansion shape and range of
the vortex are the same as the experimental one.
For either the conventional vorticity or preset vortic-
ity, comparison between experimental test and sim-
ulation results shows that the numerical simulation
of the vortex system in terms of position, size,
shape and spatial evolution is consistent with the ex-
perimental results. The spatial evolvable range of
the vortex structure in the downstream direction of
the preset vorticity is larger than that of the conven-

tional vorticity, indicating that the preset vorticity

has the function of expanding and twisting of the

(a) Conventional vorticity test (b) Conventional vortex numerical results

(d) Preset vorticity test

(e) Preset vorticity numerical results

lobe vorticities. The consistency of numerical simu-

lation and experimental results verifies the accuracy

of numerical simulation.

Control cabinet Lobe nozzle | l',

Fig.7 Water model test bench
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Fig.8 Effect of vorticity presetting on vortex structure in flow field

3 Analysis of Effect of Vorticities
Presetting on Combustion Char-

acteristics

3.1 Effect of vorticities presetting on combus-

tion temperature field

Figs.9 (a—e) show a comparison of the com-
bustion temperature field of the conventional central
vortex and vorticity preset lobe combustors of cross-
section under the five combustion conditions in Ta-
ble 2. The upper half of each operating pattern
stands for the conventional vortex combustion tem-
perature field, and the lower half stands for that of
the vorticity presetting. In Fig.9, under the effect of
the vorticity preset, with the increasing fuel/air ra-

tio, the flame centers in the combustor head are

more dispersed along the radial direction, which rep-
resents a smaller gradient of the local combustion
temperature field. With the increasing space for vor-
ticity expansion, vorticity preset makes the expan-
sion of the combustion zone more obvious when the
fuel/air ratio increases. Moreover, the multi-point
injection of fuel formed by the fuel nozzle arrange-
ment results in the convergence of the distributed
small flames generated under the twisting of the
lobe vortex system, forming a downstream space
combustion.

Figs. 10 (a—e) show the comparison of com-
bustion temperature distribution along the axis with
dashed line located 0.02 m up from centerline of
combustion chamber, as shown in Fig.9. The black

solid and the red dotted lines stand for the calculated
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Fig.9 Effect of vorticity presetting on combustion temperature field
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Fig.10 Temperature distribution along combustor centerline

results of the temperature distributions for the preset
vorticity and the conventional vorticity, respective-
ly. In Fig.10, preset vorticity reduces the maximum
temperature variance and the average temperature at
the head of the combustion chamber, compared
with the conventional vorticity. The uniformity of
the local combustion temperature distribution at
combustion chamber head is improved. However,

when the fuel/air ratio is relatively larger, the effect

of the preset vorticity gradually decreases, which
has the same effect of combustion in combustor
chamber. The preset vorticity together with combus-

tion behaves as a complicated coupling process.

3.2 Effect of vorticities presetting on the outlet

temperature field quality

Outlet  temperature  distribution  factor

(OTDF) is defined as a performance parameter to
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evaluate the exit temperature field quality of the
combustion chamber. In the general design, the
OTDF coefficient should be less than 0.35. The
higher the quality of temperature field of outlet is,
the more efficient the turbine blades work, and the
longer the service life is.

Fig. 11 (a) shows the OTDF distribution for
the two lobe nozzles of combustion chamber. In
Fig.11 (a), both OTDF calculations with two lobe
nozzles are much smaller than those of the general
design. However, due to the presence of preset vor-
ticity,, temperature field in combustion chamber and
OTDF with the lobe nozzle preset vorticity are
more uniform than that of conventional lobe nozzle
combustion chamber. Fig.11 (b) shows that, when
the fuel/air ratio increases, the decreased preset vor-
ticity will reduce the effect onto the quality improve-

ment of the combustion temperature field at outlet.

3.3 Effect of vorticities presetting on combus-

tion efficiency

Combustion efficiency is a performance index
to evaluate whether the combustion of combustion
chamber is completed. Both the geometry of the
combustion chamber and the influence of chemical
factors in the combustion process can lead to a re-
duction in combustion efficiency. The combustion
efficiency is defined as

- {1 El.oLHV o + Eley, LHV oy,

0
1000LHV } X 100%

(2)
where EI is the pollutant emission index in the unit
of g/kg, and LHV is the low calorific value in the
unit of kJ/kg. The combustion efficiency calculation
result is shown in Fig.11 (b). The combustion effi-
ciency of the preset vorticity lobe nozzle is higher
than that of the conventional lobe nozzle. Due to the
effect of the preset vorticity, the vorticity value in-
creases and the flow swirling is stronger, which is
an important factor that makes the process of com-
bustion more complete. Additionally, the combus-
tion efficiency of the combustion chambers of both
lobe nozzles gradually decreases with the increasing

fuel/air ratio. Because of the increased fuel/air ra-

tio, the decreased air flow leads to the reduced vor-
ticity value and strength of the vortex structure. The
decreased vortex strength has a negative effect on
the mixed combustion process, which decreases the

combustion efficiency.
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Fig.11 Effect of vorticity presetting on OTDF and combus-

tion efficiency

3.4 Effect of vorticities presetting on total pres-

sure recovery factor

Total pressure recovery coefficient refers to the
ratio of the total pressure at the outlet of combustion
chamber to the total pressure at the inlet. After the
air flow passes through the combustion chamber,
the total pressure of the air flow will decrease due to
the viscosity of the gas and the temperature rise dur-
ing the combustion process. Because of the signifi-
cant spatial heterogeneity in the downstream flow in
lobe nozzle combustion chamber, downstream flow
blending introduces additional total pressure loss.

Total pressure recovery coefficient of the com-
bustion chamber of the two lobe nozzles is shown in
Fig. 12. The total pressure recovery coefficient of
the combustion chamber with the preset vorticity

lobe nozzle i1s smaller than that of the conventional
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lobe nozzles. Preset vorticity enhances the interac-
tion among vorticities, and it increases the addition-
al total pressure loss, resulting in a lower total pres-
sure recovery coefficient than the conventional lobe
nozzle without vorticity presetting. Besides, the to-
tal pressure recovery coefficient gradually increases
with the increasing fuel/air ratio due to the de-
creased vorticity intensity inlet ratio, since vorticity

intensity at inlet decreases.

0.6
—— Preset vorticity
—=— Conventional vorticity

0.5F

0.4r

0.3

Total pressure recovery coefficient

0.025 0.030 0.035
Fuel / air ratio

Fig.12 Total pressure recovery factor

3.5 Effect of vorticities presetting on combus-

tion emissions

The calculated NO, emission from combustion
chambers with two lobed nozzles is displayed in
Fig.13. The NO, emission trends of the combustion
chambers with two lobe nozzles are consistent,
namely, it increases gradually with the increased fu-
el/air ratio, due to the reduced combustion efficien-
cy and the increased mean value of temperature field
in the combustor chamber. From the previous relat-
ed analysis, NO, emission of conventional vorticity
is higher than that of preset vorticity for its lower

temperature distribution level.
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Fig.13 Effect of vorticity presetting on NO, emission

4 Conclusions

(1) The preset vorticity design can effectively
increase the vorticity value in the vortex structure
downstream of the lobe nozzle, and it can increase
the eddy intensity and distribution space of the flow
field.

(2) The water flow similarity test showed the
existence and development characteristics of the in-
duced vortex structure at the exit of the lobe, which
validated the simulation calculation results.

(3) Presetting vorticity extends the spatial
combustion range of multi - point distributed lobe
combustors with better combustion uniformity as
well as the enhanced coupling of eddy current char-
acteristics and fuel/air ratio in multi-point combus-
tion process. With the improvement of the combus-
tion efficiency and the quality of the outlet tempera-
ture field, the NO, emission decreases. The multi-
physical fields, such as fluid flow and combustion
temperature by vorticity preset lobe are improved
more effectively than that of conventional case.

(4) Presetting vorticity can achieve good com-
bustion performance of the lobe combustion cham-

ber, but with relatively high pressure loss.
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