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Abstract: Adding hydrogen into natural gas fuelled for gas turbines is a feasible strategy for reducing car-
bon emissions. Moderate or Intense Low Oxygen Dilution (MILD) combustion has potential to solve the problem
of high NOx emissions for high adiabatic flame temperature. The effects of jet velocity on the characteristics of par-
allel jet combustor were studied through experimental investigations and numerical simulations. The fuel is con-
sisted of 50% methane and 50% hydrogen by volume. The jet velocity ranged from 90m/s to 150m/s. Based on a
simplified chemical reactor network model, the threshold recirculation ratio for MILD combustion of hydrogen en-
riched fuel under different adiabatic flame temperatures was calculated according to the experimental conditions.
When the equivalent ratio is less than 0.6, the threshold recirculation ratio decreases with the increase in the hy-
drogen fraction. The experimental results show that NOx emissions decrease slightly, and CO emissions and the
lift—off height of reaction zone increase as the jet velocity increases. When the nozzle jet velocity changes from
90m/s to 150m/s, the numerical simulation results show that the proportion of flue gas recirculation in the parallel
jet combustor remains unchanged. However, the region with Da>1 decreases to visualise the effect of jet velocity
of MILD combustion of hydrogen enriched fuel, which means that the region of slow—chemistry reaction increas-
es. For hydrogen enriched fuel, increasing the jet velocity is conducive to establishing MILD combustion and
meeting the requirement of low NOx emissions.
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Nomenclature

T, _./K Inlet air temperature

T, _wa/K Inlet fuel temperature

T.J/K Self-ignition temperature

T.. /K Temperature of the mixture

AT/K Reaction temperature rise

T,./K Outlet temperature

T,/K Measured temperature

m /(kg/s) Mass of recalculating flue gas

m M(kgls) Mass of inlet air

m/(kg/s) Mass of inlet fuel

pl(kg/m?) Density

p/(kg/m?) Density of flue gas

o /(mls) Normal ve}ocity at the element of

cross section

dA/m® Area of the cross—sectional element
o/’ Exit cross—sectional area of four nozzles

D/m Diameter of combustion chamber

r/m Radius of combustion chamber

R Recirculation ratio

R jhrectod Threshold recirculation ratio

1 Introduction

As a clean energy source, hydrogen can effectively
reduce CO, emissions and contribute to achieving the na-
tional goal of carbon emissions peak and carbon neutrali-

21 Considering the imperfect distribution facilities

ty
of hydrogen infrastructure, hydrogen blending natural
gas is a feasible way to transfer to hydrogen energy '
Meanwhile, existing natural gas pipeline is used to
transport hydrogen blending natural gas (20 Vol.% H,)

without any modification of the pipeline. In order to fur-

ther reduce carbon emissions, it is necessary to investi-

BR AR R R X IR e

ik B 4K NOx JHFﬁio

ZID Axial position

T.uls Residence time

T o Reaction time

C,/(J/(kg-K)) Specific heat capacity

S, /(m/s) Laminar flame speed

d/m Characteristic length

d,/m Characteristic length of the thermocouple
norrle/ T Diameter of nozzle

v/(m/s) Velocity of mixture

AM(W/(m-K)) Thermal conductivity

6,/m Laminar flame thickness

a/(m?/s) Thermal diffusion coefficient

Q. /(m’/h) Air bulk flow under standard condition

Q,/(m*/h) Bulk flow rate

vj/(m/s) Jet velocity of nozzle

v /(m/s) Velocity of flue gas
global Global equivalence ratio

w,/(Pa~s) Dynamic viscosity of flue gas

& Emissivity of thermocouple

gate the combustion characteristics of hydrogen blend-
ing natural gas with higher hydrogen fraction. However,
the addition of hydrogen increases the temperature of lo-
cal reaction zone and flame propagation speed '*'. The
novel combustion technology is needed to solve the prob-
lem of NOx emission increase and flashback caused by
hydrogen addition.

It has been proved that the Moderate or Intense
Low Oxygen Dilution (MILD) combustion has the char-
acteristics of low pollutant emission and stable combus-

[5-7]

tion for hydrogen enriched fuel . Lingstddt et al.

* proposed the concept of solid oxide fuel cell and mi-
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cro gas turbine (SOFC/MGT) for low calorific value fuel
with 5%~10% hydrogen fraction, and improved the
overall efficiency of gas turbine. Low calorific value fuel
with hydrogen fraction up to 30% by volume has been
tested on Flameless Oxidation (FLOX) combustor by
jetting induced flue gas recirculation, and NOx emis-
sions remain consistent below 1x10°@15%0, *". For ax-
ial staged combustor, experimental results show that
uniformity of the secondary reaction zone is realized by
increasing velocity of secondary nozzle for hydrogen en-
riched fuel """ Using the method of numerical simula-
tion, Mardani et al''". studied the influence of jet veloci-
ty on Jet—in—Hot—Coflow (JHC) combustor. The results
show that increasing the jet velocity is beneficial to the
expanding combustion zone. For hydrogen enriched fuel
with 40 Vol.% hydrogen, NOx emissions of FLOX com-
bustor show a decreasing trend when jet velocity of noz-
zle increases from 90m/s to 160m/s "', For the MILD
combustor, the specific reason why increasing the jet ve-
locity can reduce NOx emissions is not explained in de-
tail, whether it increases the proportion of flue gas recir-
culation or increases the ignition delay time of unburned
reactants for higher hydrogen concentration.

In this paper, the effects of nozzle jet velocity on

pollutant emissions and the distribution of reaction zone
of hydrogen enriched fuel in a parallel jet combustor
were investigated. Combined with a simplified Chemical
Reactor Network (CRN) model, the influences of hydro-
gen fraction of hydrogen enriched fuel on the formation
conditions of MILD combustion were carried out. In ad-
dition, the flue gas recirculation ratio along the axial di-
rection, CH,O distribution and Da distribution of the
combustor were analyzed by CFD simulations to supple-
ment the explanation for jet velocity effects on the com-

bustion of hydrogen enriched fuel.
2  Methodology

2.1 Experimental configurations

The experimental system diagram of the parallel jet
combustor system is shown in Fig. 1. The combustion
system is mainly composed of a parallel jet combustor,
a fuel mixer, fuel supply system, air supply system,
flue gas measurement system and reaction zones mea-
surement system. Hydrogen and methane are stored sep-
arately in high—pressure holders, which are regulated ef-
ficiently and accurately by mass flow meters. The mixing
of hydrogen and methane is accomplished in the cylin-

drical fuel mixer, which finally enters the parallel jet
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Fig. 1 Sketch of the parallel jet combustor system
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burner. Four axial jet nozzles with 8mm diameter of the
parallel jet combustor create a large reflux zone inside
the combustor achieving the mixing of high temperature
flue gas and unburned reactants. The mixing tempera-
ture was greater than the self-ignition temperature,
which was the flame-stabilizing mechanism of parallel
jet burner. The specific structure of the combustor has
been described in detail in previous studies'*’. The com-
position of flue gas is measured using a flue gas analyz-
er. Canon camera and ICCD camera are combined to
capture the distribution of reaction zone.
2.2 Optical OH* measurements

The OH* Chemiluminescence system (OH* CL)
provided by LaVision was used to measure and analyze
the structure of combustion reaction zone in the parallel
jet combustor. The OH* signal was extensively used to
qualitatively characterize the location and structure of
the heat release zone for MILD combustion "', The
ICCD camera was equipped with a narrow—band filter to
capture the OH* distribution. The parameter of the filter
was BP308+10nm, and the resolution of the ICCD cam-
era was 1600x1200pixels. 200 frames of OH* transient
images were captured continuously at each steady state
and homogenized to obtain the structure and location of
the reaction zone. In order to obtain the location and
lift—off height of reaction zone more intuitively, the
OH* images were processed by extracting contours to
obtain the boundary of reaction zone '"'. Firstly, the
color scale was unified and the maximum OH* signal in-
tensity (Max(OH)) was extracted for all experimental
conditions, and the maximum extracted values
(Max(Max(OH?}), +--, Max(OH!))) was used as the
upper limit of color scale. Secondly, the maximum ex-
tracted value of 10% was used as a criterion for bound-
ary extraction.
2.3 Emissions measurements

The flue gas compositions were measured in the ex-

periments by Testo 350 flue gas analyzer, including O,,

CO, NO, NO, and UHC (Unburned hydrocarbon). The
accuracy of O, measurement was +0.2 Vol.% , and the
accuracy of NO, NO, and CO measurement was = 5% of
measured value. To ensure the accuracy of flue gas mea-
sured, each experimental condition was measured con-
tinuously for 30s after stabilization. In order to better
compare the emission results under different experimen-
tal conditions, NOx and CO fractions were corrected by
converting to 15% oxygen concentration, abbreviated as
x10"°@15%0,.
24 Experimental conditions

Taking into account the combustion heat load and
nozzle pressure loss, the experimental nozzle jet veloci-
ty ranged from 90m/s to 150m/s, adjusted by changing
the air volume flow rate. As shown in Eq. (1), when the
nozzle diameter was certain, volume flow rate and jet ve-
locity of the nozzle were linearly related. The air volume
flow rates under standard condition were 60m’*/h, 80m’/h
and 100m’/h, respectively. The pressure of standard
condition was 101325Pa, and the temperature of stan-
dard condition was 0°C.

Qy = ”j'Anuzzle
(1)

Td

nozzle

1
v.i.4. 4
= Tr'vj.dlmzzle
where Q) is bulk flow rate, v; is the jet velocity of noz-

zle, A
and d

is the exit cross—sectional area of four nozzles

nozale
e 18 the diameter of nozzle.

Pure methane was used to replace natural gas in
the experiment. The purity of methane was 99.9%. The
purity of hydrogen was 99.99%. Hydrogen enriched fuel
consisted of 50 Vol.% hydrogen and 50 Vol.% methane.
The combustor outlet pressure was ambient pressure.
Q. . was the air bulk flow under standard condition. The
specific experimental conditions were shown in Table 1.
2.5 CRN model setup

Combined with GRI 3.0 mechanism, a simplified
CRN model "' was established to theoretically ana-

lyze the influence of hydrogen fraction on MILD combus-

Table 1 Experimental conditions

Qy. ./(m’/h) T, /K Fuels Tt v/(m/s) Re D
60 289 50 Vol.% H, 289 90 49145 0.49 ~ 0.59
80 289 50 Vol.% H, 289 120 65527 0.49 ~ 0.55
100 289 50 Vol.% M, 289 150 81908 0.49 ~ 0.54
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tion. As shown in Fig. 2, a Perfectly Stirred Reactor
(PSR) was used to simulate the generation of flue gas,
a mixer was used to simulate the mixing of flue gas and
fresh reactants, and a Closed Homogeneous Batch Reac-
tor (CHBR) was used to calculate the self—ignition tem-

perature (T,) of the mixture. Referred to the PSR-like

[17]

definition "', the temperature of the mixture (T, ) was

mix

higher than the self-ignition temperature, and the reac-

tion temperature rise (AT =T - T .) was lower than

out mix

the self-ignition temperature when MILD combustion oc-

curred.
Y S e R
g e
' \
I : 1
3l
7 CHBR [
Air Q
Fuel..—» 1 i>
(CH/H,) )
Mixer PSR Gas flow splitter

Fig.2 Simplified CRN model for MILD combustion

2.6 CFD model setup

The Reynolds—Averaged Navier—Stokes (RANS)
approach was adopted along the Eddy Dissipation Con-
cept (EDC) combustion model with DRM19 mecha-

"8 including 19 species (plus Ar and N,) and 84

nism
reversible reactions. The numerical method was SIM-
PLE. The radiation model was the Discrete Ordinate
(DO) technique, combined with the Weighted Sum of
Gray Gases (WSGG) absorption emission model. The
boundary conditions of air and fuel were set to mass flow
inlet with a turbulence intensity of 0.05. The boundary
conditions of outlet were set to the pressure outlet. The
wall conditions were set to adiabatic and no-slip. The
validation of the numerical simulation method has been
demonstrated in our previous work "'*'*" and the FLOX

191 In order to select a suitable turbulence

combustor
model for the parallel jet combustor, results of different
turbulence models were compared with the experimental
results. For Jet—in—Hot—Coflow combustor (JHC) , the
modified & — & model (C,, adjusted from 1.44 to 1.60)
is found to better reproduce experimental data . Le-
wandowski et al®’. proved that the standard k& — & mod-
el appeared to give the most satisfactory results for Delft

Jet—in—Hot-Coflow (DJHC) combustor. The realizable

k — & turbulence model agree well with the experiment

at different heights for the furnace with optical accesses
and upstream recirculation (FOUR) "'*'. For the parallel
jet combustor, the turbulence models to be verified were
standard k£ — & model (SKE) , realizable & — & model
(RKE), RNG k — & model and modified & — & model.
Fig. 3 shows comparison of numerical simulation and ex-
perimental results under cold conditions according to
the cold flow field data with air volume flow rate of
100m*/h and nozzle diameter of 10mm. As shown in
Fig.3, the results showed that the simulation results of
standard k — & were closer to the experimental results at
different axial positions, and the simulation results well
predicted the performance of parallel jet combustor. The
x/r was the radial relative position, where r was the radi-
us of combustion chamber.

By adjusting the grid size of the locally densified ar-
eas and the global grid size, three grids with different
densities were generated for grid independent verifica-
tion. According to the characteristics of the burner, the
areas with a great influence on the flow field were locally
densified, which were divided into three zones (boi 1,
boi 2 and boi 3. boi (body of influence) ). The number
of grid cells was 0.88 million, 1.3 million and 2.2 mil-
lion, respectively. For the experimental condition of air
volume flow rate of 100m’/h, the axial velocities on the
central axis of combustion chamber and nozzle were
compared and analyzed. As shown in Fig. 4, the axial
velocity was basically the same for the results of grids
1.3 million and 2.2 million. Considering the cost and
time of calculation, the grid with the number of 1.3 mil-

lion was finally chosen for the numerical calculation.

3 Results and discussion

3.1 Threshold recirculation ratio

The effects of hydrogen fraction on threshold recir-
culation ratio generated by MILD combustion were ana-
lyzed using CRN model. As shown in Fig.5, compared
to methane fuels, the threshold recirculation ratio
(R,,.0u) tended to decrease with an increase in the hy-
drogen fraction when the equivalence ratio was less than
0.6, which facilitated the occurrence of MILD combus-
tion. However, when the equivalent ratio was greater
than 0.65, the threshold recirculation ratio increased.

Compared with methane, MILD combustion of hydrogen

210840-5
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Fig. 4 Mesh independence verification

enriched fuel was easier to organize at low equivalence

ratios, regardless of ignition delay time.

To quantitatively describe the effect of jet velocity

on flue gas recirculation, the flue gas return ratio is de-

fined as Eq.( 2).

N VU (2)

Where m,, m, and m, are mass of recirculating flue gas,

mass of inlet air, and mass of inlet fuel, respectively. p

is the density of the mixture at the element of cross sec-

tion. v, is the normal velocity at the element of the cross

section. dA is the area of the cross—sectional element.

As shown in Fig. 6, the flue gas recirculation ratio

(R) of cold flow field along axial direction was extracted
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by numerical simulation. At the axial position of Z/D=1,
the flue gas recirculation ratio was the largest. The D
was the diameter of combustion chamber. Considering
that the experimental condition equivalent ratio is less
than 0.6, the threshold recirculation ratio of MILD com-
bustion was satisfied in the region of axial position Z/D=
0.5 to 1.5 within the parallel jet combustor. When the
nozzle jet velocity reached 90m/s, further increasing the
nozzle velocity unchanged the ratio of reflux in the com-
bustor.
3.2 NOx and CO emissions

The influence of nozzle jet velocity on combustion
characteristics of parallel jet combustor is shown in the
Fig.7 obtained by experiment. The combustor outlet tem-
perature was measured with an exposed type B thermo-
couple. According to Newton’ s law of cooling and heat
radiation law, the radiation error of flue gas temperature

was corrected. The corrected flue gas temperature is de-

ST <90mss
+ 120 m/s
4k * 150 m/s
QN
®
s ol
o
Z
1k
2%+
0 4 laated J‘q<+a.o° Pl 1
1200 1250 1300 1350 1400
Flue gas temperature/K
L I} 1 1 1 1
1450 1500 1550 1600 1650 1700

Adiabatic temperature/K
(a) NO, emissions

——90 m/s
—+— 120 m/s
—e— 150 m/s

20 F

Recirculation ratio R

0.0

00 03 06 09 12 15 1.8 21 24 27
ZID

Fig. 6 Influence of jet velocity on recirculation ratio

fined as Eq. (3).

0.25

1.25¢0T)d,"" | p,

r.=T, +
A PV,

(3)

Where T, and T, are the outlet temperature and mea-
sured temperature, respectively. € is the emissivity of
thermocouple. o is the radiation constant of black body.
p, is the density of flue gas. d, is the characteristic
length of the thermocouple. u, is the dynamic viscosity
of flue gas. v, is the velocity of flue gas. A is the thermal
conductivity. The thermal conductivity and dynamic vis-
cosity of the flue gas at different temperatures were cal-
culated by the GASEQ software.

At the same outlet temperature of combustion
chamber, NOx emissions slightly decreased and CO
emissions increased as the jet velocity increased. With

the increase of jet velocity, the residence time of flue

gas was shortened which was not conducive to the burn-

out of CO.

B <ooms
+ 120 m/s
0 150 mis
> 25 %
2
Li i #*
®
S 15+ =
= < °
g 1wf .
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0 1 «l‘ <44 1 I
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Fig.7 Effect of jet velocity on pollutant emission obtained by experiment
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3.3 Reaction zone distribution

Shown in Fig. 8 are the captured flame image and
OH* CL for the 50 Vol.% H, hydrogen enriched fuel at
different jet velocities and equivalent ratios. From the
flame image, the flame zone was extended with increas-
ing jet velocity at the same equivalent ratio. The same
flue gas oxygen concentration was guaranteed at the
three conditions, fluctuated within 0.2 Vol.% which was
the accuracy of O, measurement, determining the same
equivalence ratio. When the equivalent ratio was 0.5,
the combustion reaction zone was uniformly distributed
at different jet velocities, which was close to the state of
distributed combustion. From the OH* CL diagram,
when the nozzle velocity increased, lift—off height of the
reaction zone increased. Increasing the jet velocity of
the nozzle is conducive to achieving MILD combustion.

According to the experimental condition of equiva-
lence ratio of 0.53, numerical simulations were con-
ducted to further analyze the influence of jet velocity on
the temperature distribution, CH,O distribution and
Da number in the combustion zone, as shown in

Fig. 9.

©=0.53
+ 100

60

20

140

=0.52
4 100

60

220

9=0.50

90m/s 120m/s
Jet velocity

(a) Flame image

As the jet velocity increased, temperature at the
head and exit of the combustor decreased, and the
temperature uniformity across reaction zone improved.
As a key combustion intermediate, the normalized CH,0
(CH,0 /CH,0

the distribution of flame preheating zone **'. The distri-

) is used to characterize

mole fraction mole fraction, max

bution of normalized CH,O expanded along the axial and
radial direction with the increase of jet velocity. The Da
distribution showed that the region with Da > 1 shrunk
as the jet velocity increased, which in turn verified that
the jet velocity was conducive to the organization of
MILD combustion of hydrogen enriched fuel. Da number
was used as Eq. (4).

. C,S, *d
Da = T s _ pL, _1 (4)
T chem Av
d
mix — — (5)
v
0, o
= — = 6
Tan = g 5.2 (6)
A
pC,

Where 7, and 7., are the residence time and reaction

220 —
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(b) OH* image
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Fig. 8 Effect of jet velocity on reaction zone
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Fig. 9 Effect of jet velocity on reaction zone distribution

time of mixture respectively. C, is the specific heat ca-
pacity of mixture. S, is the laminar flame speed of reac-
tants. p is the density of the mixture. d is the characteris-
tic length of the combustor. v is the velocity of the mix-
ture. A is the thermal conductivity. &, is the laminar
flame thickness of reactants. « is the thermal diffusion

coefficient of mixture.
4  Conclusions

A simplified CRN model was established to analyze
the influence of hydrogen fraction of hydrogen—rich fuel
on the threshold recirculation ratio of MILD combustion.
At the equivalence ratio less than 0.6, the threshold re-
circulation ratio to achieve MILD combustion tended to
decrease with increasing hydrogen fraction at atmospher-
ic pressure and temperature conditions, which was fa-
vorable to the occurrence of MILD combustion. Howev-
er, this was not the case when the equivalence ratio was
greater than 0.65.

At equivalence ratios below 0.6, the effects of noz-
zle jet velocity on the combustion characteristics of hy-
drogen—rich fuel with 50 Vol.% H, were investigated on
the parallel jet combustor. NOx emissions slightly de-
creased with increasing jet velocity, while CO emissions
and lift—off height of the reaction zone increased when
the jet velocity increased at the same equivalence ratio.

Combined with the CFD simulation results, a varia-

tion of the flue gas internal recirculation ratio and Da
distribution with jet velocity were analyzed. The results
of numerical simulations show that when the jet velocity
changes from 90m/s to 150m/s, the flow pattern inside
the parallel jet combustor remains similar. Increasing
the jet velocity extended the preheat zone in the axial
and radial directions, and the region with Da>1
shrunk, which is conducive to the establishment of
MILD combustion.
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