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Abstract: To investigate the combustion characteristics in multi-point lean direct injection (LDI)
combustors with hydrogen/air, two swirl–venturi 2 × 2 array four-point LDI combustors were
designed. The four-point LDI combustor consists of injector assembly, swirl–venturi array and
combustion chamber. The injector, swirler and venturi together govern the rapid mixing of
hydrogen and air to form the mixture for combustion. Using clockwise swirlers and anticlockwise
swirlers, the co-swirling and count-swirling swirler arrays LDI combustors were achieved. Using
Reynolds-Averaged Navier–Stokes (RANS) code for steady-state reacting flow computations, the
four-point LDI combustors with hydrogen/air were simulated with an 11 species and 23 lumped
reaction steps H2/Air reaction mechanism. The axial velocity, turbulence kinetic energy, total pressure
drop coefficient, outlet temperature, mass fraction of OH and emission of pollutant NO of four-point
LDI combustors, with different equivalence ratios, are here presented and discussed. As the
equivalence ratios increased, the total pressure drop coefficient became higher because of increasing
heat loss. Increasing equivalence ratios also corresponded with the rise in outlet temperature of the
four-point LDI combustors, as well as an increase in the emission index of NO EINO in the four-point
LDI combustors. Along the axial distance, the EINO always increased and was at maximum at
the exit of the dump. Along the chamber, the EINO gradually increased, maximizing at the exit of
chamber. The total temperature of four-point LDI combustors with different equivalence ratios was
identical to the theoretical equilibrium temperature. The EINO was an exponential function of the
equivalence ratio.
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1. Introduction

The atmospheric environment is becoming worse, and the environmental protection consciousness
of people is stronger than ever. To reduce the effects of the misuse of fossil fuels and their destructive
impacts on nature, extensive efforts has been applied to develop hydrogen fuel as an alternative to
hydrocarbon fuels [1–4]. The pollutants produced by the combustion of hydrogen are lower and less
damaging than those produced by the combustion of hydrocarbon fuels, therefore, hydrogen could
be used as a novel, renewable and environmentally-friendly fuel. The hydrogen fuelled combustion
system in operation would mean that there would be no ozone layer depletion, and greenhouse gases
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and acid rain would be minimised. Hydrogen fuelled combustion of gas turbine engines has huge
environmental advantages for the current system, because only water and nitrogen oxides (NOX)
are the emissions of hydrogen combustion [5,6]. The hydrogen-enrichment of natural gas could be
used to solve several drawbacks encountered for turbulent premixed combustion [7–9]. Using the
CHEMKIN PREMIX code based on the GRI (Gas Research Institute) kinetic mechanism, the laminar
burning velocities in a combustor with hydrogen–methane/air were calculated [10]. The methane
reactivity could be enhanced slightly in lean mixtures conditions. Using Time-Resolved Particle Image
Velocimetry, Di Sarli [11] investigated the transient interactions of premixed flames and toroidal vortex
in combustors with hydrogen-enriched methane/air. The hydrogen presence would increase the main
toroidal vortex velocity to affect the flow field and generate different sub-vortices. While the hydrogen
substitutes for the methane, the vortex would wrinkle the flame front which induces the small flame
pockets separates from the main front. Using a Large Eddy Simulation (LES) method, the unsteady
propagation of the premixed flames around toroidal vortices in a combustor with hydrogen-enriched
methane/air was simulated [12]. With the hydrogen mole fraction varying from 0 to 0.5 for lean
mixtures, good predictions of experimental data could be obtained. The flame shape and structure
affected by the vortex were presented. The hydrogen diffusion time was higher than that of the flame
roll-up round the vortex.

Hydrogen will be a great potential surrogate for fuel fossil fuels for gas turbine engines in the
future, but currently, it is not widely used for gas turbine engines. Previous research on the application
of hydrogen focused on internal combustion engines. For example, hydrogen has been seen as suitable
for spark ignition engines as fuel, and compression ignition engines are also now in the process of
modification to operate with hydrogen [2]. There are only sporadic studies of hydrogen applications
for gas turbine engines. Daniel [13] investigated a low emission combustor using hydrogen lean
direct injections. At an inlet temperature of 588 to 811 K and inlet pressure of 0.4 to 1.4 MPa, the NOX

emissions and combustion performance were measured, and the equivalence ratios were up to 0.48.
With multiple injection points and quick mixing, all the injectors were installed to achieve lean direct
injection (LDI) technology.

The combination of nitrogen dioxide (NO2) and nitric oxide (NO) is usually called as NOX.
The formation of photochemical smog, acid rain and harmful ozone is caused by such NOX emissions
as from aircraft engines [14,15]. For fuelled hydrogen gas turbine engines, low NOX emissions of
combustion are usually required in order to meet the demand of environmental emissions regulations.
The temperature, mixedness, residence time, and engine operation pressure would play an important
role in NOX emission production. For designing advanced gas turbine combustors in the future, locally
leaner combustion should be developed to achieve low NOX emissions [16–18].

Because there is an exponential correlation between the NOX emissions and local combustion
temperature, the local temperature peaks and NOX emissions could be reduced through decreasing
the burning zone equivalence ratio (below stoichiometric values). There are several low emission
combustion technologies, such as lean prevaporized premixed (LPP) combustion [19–21], rich quench
lean (RQL) combustion [22–26], and lean direct injection (LDI) combustion [27]. Compared with
traditional designs, the LDI combustion concept has received considerable attention as an extremely
promising technology that utilizes rapid mixing of fuel-air to produce lean combustible mixtures,
as well as reduce NOX emissions from the gas turbine engine. LPP combustion technologies could
reduce the NOX emission from gas turbine engines, but there are some shortcomings of autoignition
and flashback problems for LPP combustor, so that the ignition delay times of the kerosene fuels
is shorter when the kerosene is at high pressure and in high temperature conditions [28]. Using
multiple smaller assemblies to produce an injector/swirler assembly, rapid mixing could be achieved.
Then, multiple small burning zones would be produced. To promote reduced NOX formation, a rapid
mixing process, a uniform fuel air mixture, and a short residence time in high temperature zones,
are generally best [29]. The evolution of LDI technologies for combustor design was summarized
by the authors of [30,31]. To define and refine the next-generation and look for a tool to provide
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guidance, the combustion characteristics in multi-lean direct injection combustors were investigated
with the National Combustion Code (NCC). The different vane angles swirlers were used to form a
3 × 3 element array LDI combustor. Using experimental data, the predictions of CO emission index,
NOX emissions index and lean blowout were verified for two different geometry configurations [32].
To gather experience for the next-generation LDI-2, the non-reacting and reacting flow computation
method was used to simulate the LDI-2 combustor, which consists of thirteen-element injectors.
The NCC includes an approach of spray-modeling, mesh-refinement, kinetics-modeling and ignition.
The emissions predictions of EINOx, the emission index of CO (EICO) and the unburned hydrocarbon
(UHC) were evaluated for LDI-2 [33]. A parameterized model of swirl–venturi LDI was used to
explore a design method [34]. The Reynolds-averaged Navier–Stokes equation for steady-state reacting
computations was used to simulate the 20 three-element LDI combustor. The 18-step Jet-A reduced
reaction mechanism was used to directly solve the species concentrations of combustion in the LDI
combustor. The axial flow field would be vulnerable to the geometric perturbations. The turbulent
kinetic energy, axial velocity, fuel distribution, static temperature and species mass fractions were
analyzed. At inlet temperatures between 835 and 865 K and inlet pressure of 1034 kPa, the emission of
9-point swirl–venturi LDI (SV-LDI) was measured [35]. The two swirler blade angles were 45◦ and
60◦, respectively. The NOX emissions of LDI with 45◦ swirler was lower than that of the LDI with
60◦ swirler. The swirling flow field characteristics of the multipoint LDI combustor with nine fuel
injectors were also investigated [36]. Using an injector, an axial swirler and a convergent–divergent
venturi, the fuel/air rapid mixing and a recirculation zone for a stabilized flame were achieved.
The vane angle of each swirler was 60◦ and the swirl number was 1.0. The transient swirling flow
field structure, the component of velocity and Reynolds stresses were measured by a 3D Particle
Image Velocimetry (PIV) system. If the recessed center swirler arrays of LDI combustor are different,
the flow structures are significantly different. For both co-swirler LDI combustor and counter-swirler
combustor, the short strong central recirculation zones are produced. For the baseline arrays LDI
combustor, the turbulent activity near the swirler exit was highest. In a self-sustaining combustion
oscillations combustor, the thermoacoustic coupling was observed [37]. The oscillation amplitude was
highest when the equivalence ratio was highest. The oscillation strength was affected slightly by the
different fuel distributions, whereas the overall equivalence ratio was constant. The proper orthogonal
decomposition (POD) was used to present the energetic spatial components that could represent OH*
distribution and periodic variation. The fluctuation location and magnitude could be visualized by the
POD modes. There were similar phases and locations between OH* variations and periodic changes.
A multipoint lean direct injection combustor, which includes 36 fuel injectors and fuel-air mixers was
investigated [38]. The construction consists of the injectors, swirlers and fuel distributer, where Jet-A
was used as the fuel. The effects of inlet total temperature, inlet total pressure, and equivalence ratio
on the NOX emission were investigated when the inlet temperatures and inlet pressures could reach
up to 866 K and 4825 kPa. The spray combustion characteristics of a multi-point LDI combustor was
investigated [39]. The RANS code was used to simulate the flow and combustion characteristics in
the combustor. Using several spray sub-models for the liquid spray modeling, the spray properties
were analyzed and discussed. The short flames from individual injectors, a uniform temperature
profile at the chamber exit and the uniformly low temperature distribution inside the combustor were
observed. The flow field at the injector exits becomes highly strained when the air flow velocity is
increasing. The injector structure, rapid mixing, reacting, and operating cycle conditions would affect
the performance, operability, and emission of the combustor.

The swirl–venturi four-point lean direct injection combustor with hydrogen/air is explored and
the influence of key geometric, swirl–venturi array and equivalence ratio on reacting flow and emission
production characteristics is discussed. A swirl–venturi 2 × 2 array four-point LDI combustor has
been designed. The injector, swirler and venturi together govern the rapid mixing of hydrogen and air
to form a combustible mixture. Using the clockwise swirler and anticlockwise swirler, the co-swirling
and count-swirling swirler arrays of LDI combustors were achieved. With the Reynolds-averaged
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Navier–Stokes code for steady-state reacting computations, the four-point LDI combustors with
hydrogen/air were simulated with a reduced 23-step reaction mechanism. The axial velocity, swirl
number, velocity angle, effective area, total pressure drop coefficient, total temperature, mass fraction
of OH and emission of pollutant NO of a hydrogen fuelled four-point LDI combustor, with different
equivalence ratios, were achieved and discussed.

2. Problem Formulation

2.1. Parametric Geometry Definition of Four-Point LDI

Using a parametric modeling scheme, a swirl–venturi 2 × 2 array LDI combustor was produced
and is shown in Figure 1. The scheme consists of inlet, injector, swirl–venturi array, combustion
chamber. The swirlers include the CW swirler with clockwise vanes and ACW swirler with
anticlockwise vanes. There are two swirlers arrangements in LDI combustors, which are the co-swirling
array combustor, and the counter-swirling array combustor, as shown in Figure 2. All swirlers of the
co-swirling array are in the same swirling direction. The adjacent swirlers of the counter-swirling array
have an alternating swirl direction. The dimensions of swirler and venturi modules are shown by the
authors of [40]. The width of the four-point LDI combustor has been changed to 82.18 mm, and the
length of the four-point LDI combustor is also 300 mm.
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2.2. Computational Approach and Modeling

Reynolds-averaged Navier–Stokes code for steady-state reacting computations was used to
investigate the flow and combustion characteristics of the four-point LDI combustor [40–42].
The conservation equations of mass, momentum, energy and species mass are expressed for steady
flow as:

div(ρu) = Sm (1)

∂

∂xj
(ρuiuj) = −

∂P
∂xi

+
∂

∂xj
(µ

∂u
∂x
− ρuiuj) + Fi (2)

∇u[(ρE + p)] = ∇(ke f f∇T −∑
j

hj jj + τe f f · u) + Sh (3)

∇(ρuYi) = −∇Ji + Ri + Si (4)

where,ρ, u and Sm represent density, fluid velocity vector and flow mass through control volume,
P and Fi represent static pressure and all the power on the elemental volume; ke f f , jj and Sh represent
effective coefficients of heat conduction, diffusion mass of species j and reaction heat and other volume
heat source; Yi, Ji, Ri and Si represent mass fraction, diffusion flux, net generation rate and extra
generation rate by source defined by dispersed phase and user for species i, respectively.

In this paper, the realizable κ − ε closure turbulence model is considered to solve the turbulence
problem of the four-point LDI combustor. The equations of turbulent kinetic energy K and turbulent
dissipation ε could be written as

∂

∂xi
(ρkui) =

∂

∂xj
[(µ +

µτ

σk
)

∂k
∂xj

] + Gk + Gb − ρε−YM + Sk (5)

∂

∂xi
(ρεui) =

∂

∂xj
[(µ +

µτ

σε
)

∂ε

∂xj
] + ρC1Eε− ρC2

ε2

k +
√

vε
+ G1ε

ε

k
C3εGb + Sε (6)

where, Gk is turbulent kinetic energy generated by the average velocity gradient, Gb is turbulent kinetic
energy generated by buoyancy. The Gk and Gb could be written as

Gk = µτ(
∂ui
∂xj

+
∂uj

∂xi
)

∂ui
∂xj

(7)

Gb = βgi
µτ

Prτ

∂T
∂xi

(8)

where, C1ε, C2, σk and σεare the constants of 1.44, 1.9, 1.0 and 1.2, respectively.
By solving the RANS equations coupled with the chemistry, the numerical simulations of the

combustion process in the four-point LDI combustor induced by the flame for the H2/Air mixture
were performed. The eddy dissipation concept (EDC) combustion model [40,43] was used to solve
the interaction of the turbulence and chemistry. The reaction consists of two processes. One of these
processes is that the reaction is induced by collision in turbulence micro-scale structure which is
controlled by chemical kinetics. The other process is that the mixing time is more than the reaction
time in the vortex clouds and the reaction rate is governed by the mixing rate. The H2/Air reaction
mechanism is a reduced mechanism which consists of 11 species (H2, O2, OH, H2O2, HO2, H2O, H,
N, NO, O, N2) and 23 lumped reaction steps [40,44–47]. A splitting operator method was used to
separately treat the aerodynamic process and the chemical process in the LDI combustion simulation.

2.3. Mesh Generation and Boundary Condition

Simplified computational domains for co-swirling and count-swirling four-point LDI combustors
were modeled respectively. Using the commercial gambit software, the unstructured tetrahedral
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volume grids were generated and are shown in Figure 3. Using a multi-block approach, the meshes of
the flow domain for the inlet passages, seven vanes passages of swirlers, the venturi and the dump
were refined to ensure uniform grid quality control. The hexahedral cells are used for each vane
passage and jet holes of the injector and the mesh size was identical. To reduce computing time and
memory spaces of workstation, the appropriate minimum grid quantity was pursued. Therefore, the
grid-sensitivities for single and four-point LDI combustors with non-reaction flow were investigated,
as shown in Table 1. Compared with the effective areas of simulation and experiment results, the
error of all the cases are the range of ±3.6%, which indicates that the computation grids for single and
four point LDI combustors are feasible. For the single LDI, the computation grids with 2.2 million
cells were an appropriate minimum grid quantity. Based on the computation grids of single LDI,
the computation grids with 6.266 million cells and 6.265 million cells were acceptable meshes for
co-swirling and count-swirling four-point LDI combustors, respectively.

Table 1. Grid-sensitivities for single and four-point LDI combustors with non-reaction flow.

Models
Parameter Number of

Mesh (M)
Min (g/s) ∆P (%)

Acd
(mm2)

ρair
(kg/m3)

Acd (Expt)
(mm2) Error (%)

Single-LDI-CW 2.25 8.495

3.0

97.644

1.245

97.5
−0.15

4.0 8.636 99.25 −1.8

Single-LDI-ACW 2.197 8.232 94.621
96.5

1.95
4.0 8.572 98.529 −2.1

Four-point LDI-Co 6.266 33.22 381.84 395.6 3.48

Four-point LDI-Count 6.265 33.42 384.14 398.4 3.58
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The inflow boundary condition of the four-point LDI combustors includes an airflow mass-flow
rate (min), fuel mass-flow rate (mf) and inlet temperature (Tt3). An outflow boundary was set for the exit.
Table 2 lists the boundary conditions for the four-point LDI combustors computation, in which min-1
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and min-2 represent the airflow mass-flow rate of the single-element LDI combustor and four-point
LDI combustor, respectively. The inlet temperature and operating pressure (P3) are constant for valid
comparison. The airflow mass-flow rates of the four-point LDI combustors are four times that of the
single-element LDI combustor. The fuel mass-flow rates vary with different equivalence ratio.

Table 2. Operating conditions of four-point LDI combustors.

Parameter Value

min-1 (kg/s) 0.00857
min-2 (kg/s) 0.03428

Tt3 (K) 295.4
P3 (Pa) 101,325

3. Results and Discussion

The co-swirling and count-swirling four-point LDI combustors with different equivalence ratios
(0.3–1.0) were simulated with H2/Air skeletal and reduced reaction mechanism. The flow and
combustion characteristics of the four-point LDI combustors are now discussed. Figures 4 and 5
show axial velocity profiles in line, crossed with two planes, which are the center plane through the
axis and the axial planes located at 2.54 mm, 20.32 mm, 81.28 mm, namely Z = −20.32 mm plane,
Z = 20.32 mm plane, Y = 2.54 mm plane, Y = 20.32 mm plane, Y = 81.28 mm plane. Axial velocity
profiles and contours present that the flow field of each swirler centerline is slightly asymmetrical.
There are two asymmetrical recirculation zones near the two side walls of the combustion chambers.
There are four interaction vortexes between four array swirlers. Axial velocity profiles are double-peak
shaped which looks like a hump. Through reducing the fuel mass-flow rate to decrease the equivalence
ratio, the axial velocities along the centerline are decreased. The axial velocity distribution is irregular
and presents in a three-dimensional shape. The axial velocities are highest along the centerline of the
combustion chamber. The fuel and airflow would be in the center of the combustion chamber which is
induced by the velocity distribution. The distribution would result in the flame and high temperature
zone being lengthened and moved backward.
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Figure 5. Axial velocity profiles and contours compared for count-swirling four-point LDI combustors
with different equivalence ratios.

Figure 6 shows the turbulence kinetic energy contours of the co-swirling and counter-swirling
four-point LDI combustors with an equivalence ratio of 0.5. There is no interaction between
swirler–venturi at Y = 2.54 mm plane of co-swirling and count-swirling four-point LDI combustors.
The individual flow field of each swirler–venturi is presented, respectively. The turbulence kinetic
energy is highest at swirling flow fan of four-point LDI combustors. While at Y = 10.16 mm
plane of co-swirling and count-swirling four-point LDI combustors, the interaction of turbulence
kinetic energy between the four swirlers begins to emerge and the intensity of the count-swirling
LDI combustor is slightly more than that of the co-swirling LDI combustor. For co-swirling and
count-swirling four-point LDI combustors, the interaction of flow field between the four swirlers
could be neglected before Y = 10.16 mm plane, only there are interaction effect in downstream flow
field. While at Y = 20.32 mm plane of co-swirling and count-swirling four-point LDI combustors,
the interaction of flow field between the four swirlers increases. The interaction of co-swirling LDI
combustor is obviously less than that of the count-swirling LDI combustor. With the swirling flow
running downstream, there is acute interaction effect between the swirlers of the four-point LDI
combustor at Y = 40.64 mm and the turbulence kinetic energy is highest at the interface of the swirlers.
The turbulence kinetic energy of count-swirling four-point LDI combustor is higher than that of the
co-swirling four-point LDI combustor. This indicates that the count-swirling is available to improve
the rapid mixing for combustion. When at Y = 60.96 mm of four-point LDI combustors, the highest
turbulence kinetic energy locates at the center of the LDI combustor; this is because the spinning air
from swirlers are colliding in the center of the count-swirling four-point LDI combustor. When at
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Y = 81.28 mm of four-point LDI combustors, the turbulence kinetic energy contours of the co-swirling
four-point LDI combustor and the count-swirling four-point LDI combustor begin to be uniform and
the turbulence kinetic energy also decreases. When at Y = 101.6 mm of four-point LDI combustors, the
turbulence kinetic energy is further weakened and tending toward uniformity. The turbulence kinetic
energies of the co-swirling four-point LDI combustor and the count-swirling four-point LDI combustor
are completely uniform. The different swirler arrangements for the four-point LDI combustors
would result in there being different distributions of turbulence kinetic energy. This would affect the
fuel-air distributions of the primary combustion zone to induce the temperature difference, which is a
disadvantage for reducing the NO emission.
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with different equivalence ratios.

Figure 7 shows the pressure drop coefficients of co-swirling and count-swirling four-point
LDI combustors with different equivalence ratios. With the equivalence ratio increasing, the static
temperature in the combustion chamber would also be increased, which results in increased velocity,
which in turn, increases the total pressure loss. In other words, the pressure drop coefficients of
co-swirling and count-swirling four-point LDI combustors are different with different equivalence ratio.

The total temperature profiles of co-swirling and count-swirling four-point LDI combustors
with different equivalence ratios are shown in Figure 8. The total temperatures of co-swirling
and count-swirling four-point LDI combustors with different equivalence ratios are identical to the
theoretical equilibrium temperature. This tendency verified the validation of the numerical methods
and codes. When the equivalence ratio is from 0.3 to 1.0, the total temperature increases in the
co-swirling and count-swirling four-point LDI combustors, with the increasing of the equivalence
ratio. The temperatures of co-swirling and count-swirling four-point LDI combustors increase at
approximately same rate. When the equivalence ratio is from 0.3 to 1.0, the temperature rise is from
1150 K to 2050 K. This indicates that hydrogen could serve as fuel for high temperature rise combustors,
if the security of storage can be solved easily.
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Figure 9 shows the EINO profiles of co-swirling and count-swirling four-point LDI combustors
with different equivalence ratios. With the equivalence ratio decreasing, the EINO are reduced sharply
in the four-point LDI combustors with the equivalence ratio from 0.6 to 1.0. Corresponding to
equivalent ratio of 0.6, the total temperature is approximately 1800 K. Therefore, the tendency of EINO

is in line with the formation mechanism of thermal NO [42,43] which is directly related to temperature
when the combustion temperature is more than 1800 K. This verifies the validation of the formation
model of NO for numerical simulation. While the equivalence ratio is less than 0.6, the EINO value is
very low and the mass fraction of NO is very small.

Figures 8 and 9 show the total temperature and EINO contours in the co-swirling and
count-swirling four-point LDI combustors with the equivalence ratio of 0.5. For co-swirling and
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count-swirling four-point LDI combustors, the high temperature zones are all at the rear of combustion
chamber, and the formation of NO occurred there, not near the flame at the middle of the combustion
dump. This indicates that the reaction rate of H2/Air is more than the formation rate of NO. Along the
chamber, the EINO increases gradually, maximizing at the exit of chamber.
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4. Conclusions

In this computational study, co-swirling and count-swirling four-point LDI combustors were
produced and combustion characteristics in t LDI combustors with hydrogen/air were explored.
Using Reynolds-averaged Navier-Stokes code for steady-state reacting computations, co-swirling and
count-swirling four-point LDI combustors were simulated with a reduced 23-step hydrogen/air
reaction mechanism. The axial velocity, total pressure drop coefficient, total temperature and
emission of pollutant NO were presented and discussed. Pressure drop coefficients of co-swirling and
count-swirling four-point LDI combustors with different equivalence ratio were observed. The flow
field indicates that there existed some degree of flow asymmetry along each swirler centerline and
the asymmetrical recirculation zones were produced near the two side walls of the combustion dump.
The shape, location and length of the two asymmetrical recirculation zones changed with the decrease
of equivalence ratio. The total temperature increased rapidly at the axial distance, and then increased
slowly to the theoretical equilibrium temperature. The high temperature zones were all at the rear
of the combustion chamber where the formation of NO took place. Along the chamber, the EINO

increased gradually and maximized at the exit of the chamber. The total temperatures of co-swirling
and count-swirling four-point LDI combustors with different equivalence ratios were identical to
the theoretical equilibrium temperature. As the equivalence ratios increase, the total temperatures
and temperature rises of co-swirling and count-swirling four-point LDI combustors also increase at
approximately the same rate. When the equivalence ratio decreased from 1.0 to 0.6, the EINO reduced
too, with the equivalence ratio decreasing and declining sharply.
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