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the increasing rate of H mole fraction is greater than that of OH mole fraction. This hence
makes the reactions attacked by H strengthened while those attacked by OH weakened.
With respect to those at traditional air condition, the higher-carbon path
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emission.
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Introduction

MILD (moderate or intense low-oxygen dilution) combustion
[1] has been recently recognized as a promising technology,
due to its potential in enhancing thermal efficiency and
simultaneously reducing NO, emissions. This combustion,
rigorously defined by Cavaliere and Joannon [1], can be real-
ized by mixing air and/or fuel with combustion products, so
that the combustible mixture has a temperature above its
auto-ignition temperature (Tg). Therefore, the diluted and
preheated mixture can be ignited spontaneously, while the
temperature rise during combustion is lower than the corre-
sponding Ts;. Although not identical [2], MILD combustion [1],
HIiTAC (high temperature air combustion) [3], FLOX (flameless
combustion/oxidation) [4], and CDC (colorless distributed
combustion) [5] may be classified into the same type of com-
bustion technology.

To explore a wider application of MILD combustion, it is of
great interest to fundamentally understand this interesting
technology. To achieve MILD combustion, the reactants are
typically diluted and preheated by the hot flue gases, either
externally or internally, so that the combustion feature, such
as the stabilization mechanism, the structure of the reaction
zone, and the ignition, might be varied greatly. Although some
attempts on the MILD combustion were conducted in practical
furnaces [3—9], fundamental studies are short [1,2], due to the
complex environment inside such enclosed systems. Instead,
to mimic the effect of the dilution and preheating caused by
the intense recirculation during MILD combustion, a jet flame
into hot coflow (JHC) is developed [10], using which the com-
bustion parameters can be studied independently and
decoupled from the integration of the complex flow and
chemical kinetics.

Owing to its advantages in the simplicity and controlla-
bility, the JHC burner system has been widely utilized for ex-
periments in investigating MILD combustion by the research
institutes all over the world [10—34], as summarized in Table 1.
Dally et al. [10] used then advanced laser diagnostics tech-
niques to investigate the flame structure of CH4/H, JHC flames
and deduced that a different mechanism of CO and NO for-
mation might exist under MILD condition. This work was then
extended by Medwell et al. [11—-14], where the dependence of
the flame stability and the lift-off height on the fuel/coflow
composition and the distributions of the OH radical and the
formaldehyde intermediate were provided. Sepman et al.
[15—18] reported the spatial structure and NO formation of a
laminar CH4/N, JHC flames under MILD conditions. These
authors found that the NO formation in the MILD combustion
appears to be negligible (few ppm), most of which results from
the prompt-NO. Oldenhof et al. [19-22] studied the effect of
the flow field on the JHC flames and confirmed its importance
on the stabilization of the JHC flames. Also the effects of
hydrogen addition on the reaction zone structure of the JHC
flames were reported [17,23]. Moreover, Choi et al. [30—33]
observed that a decrease in the lift-off height of the CH4/N,
or n-heptane JHC flames with increasing the jet velocity under
MILD condition, similar to that measured by Medwell et al.
[11,14]. Such a behavior of the lift-off height is inconsistent
with the trend reported in the traditional lifted jet flame and

was deduced to be the results of the premixing of the fuel jet
and oxygen before any reaction takes place [35].

In addition to the experimental work, the modeling of JHC
flames has also attracted good attention to either replicating
the measurements [36—39] or understanding the physical/
chemical observations [40—46]. For the first issue, Christo and
Dally [36] found that the utilization of the EDC model with GRI-
Mech 3.0 can satisfactorily predict the flow and combustion
characteristics of the JHC flames. Mardani et al. [37] found that
the molecular diffusion is important in modeling the JHC
flames, especially under MILD conditions. Aminian et al. [38]
discussed the applicability of the EDC model in predicting
the JHC flames under MILD condition and found that a
modification in the fine structure residence time constant can
predict the temperature and major combustion products more
accurately when the local turbulence Reynolds number is
greater than 65. Following this, Shabanian et al. [39] found that
the predicted results using the modified EDC model as well as
the PDF transport model both agree well with the measure-
ments of the C,H, jet flames (either undiluted or diluted with
H,, air or N,). On the other aspect, Mardani et al. [40] found
that the reaction rate of the CH, JHC flame increase gradually
with hydrogen addition, as concluded also in other studies
[17,41,42]. Moreover, Mei et al. [43] systematically summarized
the dependence of the dimension of a CH,4 jet flame on the
oxygen content, velocity and temperature of the hot 0,/CO,
coflow. In addition, for the CH,/H, flames under MILD condi-
tion, the chemical path including the conversion of methyl
(CHs) to higher hydrocarbons is activated in forming CO and
CO; [44] and the NNH and prompt routes are the main source
of NO formation [45].

According to the above discussion and Table 1, most
studies on the JHC flames are mainly focused on the fuel of
CH, or H,, or both, due to their relative simple chemical
structure. On the contrary, the present work is to study the
C,H4/H, JHC flames, which might advance our knowledge
from the combustion of the simple fuel (e.g., CHy) to that of
other practical fuels with complex chemistry. After validating
the modeling by the measurements of Medwell et al. [11], this
study investigates the chemical kinetic effect of hydrogen
addition on the C,H, jet flames. More specially, the variations
of the flow and temperature field, reaction structure (e.g., the
distributions of the species and its producing/consuming rate)
are presented for the flames with different hydrogen content.
Also, the main paths for the oxidation of the C,H, JHC flames,
with and without hydrogen addition, are compared
quantitatively.

Description of the burner and modeling
Configuration of the JHC burner system

The present simulated JHC burner system is similar to that
used by Medwell et al. [11] and a brief description of the sys-
tem is given here. In their experiments [11], the system con-
sisted of an insulated and cooled central fuel jet
(i.d. = 4.6 mm), which was surrounded coaxially by an annulus
nozzle (i.d. = 82 mm). A premixed secondary burner, mounted
upstream of the jet exit plane, was used to provide hot
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Table 1 — A summary of the previous experiments on a gaseous fuel jet flame in hot coflow (JHC) related to MILD
combustion.

Coflow Fuel jet Ref.
Temperature (K) O, fraction Velocity Temperature (K) Fuel type Velocity Pipe diameter

(%, in mole) (m/s) (m/s) (mm)
1300 2.6—7.8 3.2 305 CH4/H, 70.5 4.25 [10]
1100 3-9 23 305 CoHy, Hy 17.5-30.6 46 [11]
1100 =9 23 305 CH4/H, 32.1-96.3 4.6 [12]
1100 3-9 23 305 CH./C,H,/H, 30.6—62.5 46 [13]
1100—1600 3-12 14-28 305 CH4/H, 5.8-116.3 4.6 [14]
1530—1680 3.3-3.6 0.155-0.161 1080—1150 CH4/N, 0.058 7 [18]
298—1530 3.6—21 0.155-0.347 298—1150 CH4/N, 0.058—0.123 7 [15,16]
1530 3.6 0.155 1150 CH4/H, 0.058 7 [17]
1400 7.6 0.1 360 NG* 28.2—-35.6 2.0,4.5 [19]
1400 7.6 0.1 360 NG 16.8—47.9 45 [20,21]
1400 8.4-9.5 0.1 360 CH4/C,H4/NG 25.2-75.3 4.5 [22]
1400 10 0.1 360 NG/H, 30.1-40.6 45 [23]
1173 10-21 0.98 299 LPG 255 0.5 [24,25]
1350 12 5.4 320 CH,/air 100 4.57 [26]
1400 13.7 N/AP 320 CH,, etc. N/AP 4.45 [28]
1045 15 3.5 305 Ho/N, 107 4.57 [27]
841 16.9 N/A 293 H,/CO/N, 16—299 2.5-6 [29]
500—1000 21 0.4-1 500—1000 n-heptane 1-12 3.76 [30]
760—980 21 1.1 760—980 CH4/C3Hg 0-30 3.76 [31,32]
860—1010 21 1.1 860—1010 CH./H, 0-80 3.76 [33]

# NG denotes natural gas.
P N/A denotes this condition is not provided in the literature.

combustion products and control the temperature and oxygen
level of the co-flowing stream. The O, level of the coflow was
fixed at 3% or 9% (by vol.), while the coflow temperature and
exit velocity were kept constant at 1100 K and 2.3 m/s,
respectively. The whole system was placed in a wind tunnel,
where the flowing cold air consisted of 21% O, and 79% N,
(volumetric) at the temperature of 300 K but with the same
velocity as the hot coflow (=2.3 m/s). The fuel used was C,H4/
H, blend with different H, content. The Reynolds number of
the fuel jet based on the fuel pipe diameter D, i.e., Re = V¢ D/,
was fixed to be approximately 10 000; here V¢ is the exit mean
velocity of the fuel jet and v the kinematic viscosity.

Modeling details

Computational domain

To validate the modeling, the flames under the same condi-
tions as used in Medwell et al. [11] in the above JHC system are
first simulated, as simplified in Fig. 1. Due to the symmetry, a
geometrically simplified axisymmetric computational domain
is constructed and shown in Fig. 1 to model the system. The
computational domain starts at the exit plane of the burner
and extends 460 mm (100 D) downstream in the axial direction
and 230 mm (50 D) in the radial direction. After checking the
grid-independency, an orthogonal structured mesh with
37 540 cells is used to simulate all the jet flames.

Models

In this work, the jet flames are simulated with the commercial
software code (FLUENT 14.0) to solve the equations for the
mean conservation of mass, momentum, energy, species, and
radiative intensity, together with the turbulence kinetic

energy and its dissipation rate. The SIMPLE algorithm method
is utilized. According to results of the previous studies [36—48],
a modified k—e model, i.e., adjusting the constant C,, from 1.44
to 1.6, with the standard wall function is used to model tur-
bulent flows to improve the modeling ability.

The present study uses the EDC model [49] coupled with
the detailed scheme (San Diego mechanism) [50] to describe
the turbulence/chemistry interactions and to capture the
feature of the MILD combustion. In the EDC model, the tur-
bulence—chemistry interaction is handled using the turbu-
lence quantities (k, ¢). Reactions are assumed to occur in the
small turbulent structures, i.e., the fine scales (¢), the size of
which is determined by &= C:(ve/k?)**. Species are then
assumed to react with in the fine structures as constant
pressure reactor over a residence time scale (), which can be
expressed as, 7 = C,(v/e)"/2. According to De et al. [38], the EDC
model is valid only when the turbulence Reynolds number
(Rey) is greater than 65. Otherwise, at Re; < 65, the early ignition
problem may occur, which predicts a higher reacting tem-
perature. This problem can be avoided by modifying the vol-
ume fraction constant (C;) and the time scale constant (C,) in
the EDC model, as reported by De et al. [38] and Aminian et al.
[47]. In the present study, since the Re, for all the jet flames are
higher than 65 [47,48], the default values of the EDC model
constants were modified, i.e., C; 2.1377 to 3 and C,from 0.4082
to 1, respecitvely, as in the literature [38,39,47,48].

The San Diego mechanism [50] employed presently con-
sists of 50 species and includes a total 247 reversible reactions
of the kinetics for ethylene and hydrogen. This optimized
mechanism is available for the ethylene/hydrogen flames
under the conditions of pressure from 1 atm to 100 atm,
temperature from 1000 K to 3000 K, and the equivalence ratio
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Fig. 1 — A schematic of computational domain and
boundary conditions of the present simulations for the JHC
burner of Medwell et al. [11].

less than about 3 [50]. Previous studies have validated this
mechanism for the combustion of ethylene [51], hydrogen [52]
and their blends [53]. Accordingly, the present study utilized
the San Diego mechanism to predict the C,H4/H, flames,
which was validated by the measurement [11]. To implement
the detailed chemistry and reduce the computational cost of
time integration, the in-situ adaptive tabulation (ISAT) algo-
rithm of Pope was used. The accuracy is checked by lowering
the ISAT error tolerance and ensuring that results are un-
changed. The ISAT error tolerance is an important parameter
to control the error incurred in retrieval of data from the ISAT
table. The ISAT error tolerance is set to 107> finally. As pre-
sented by Christo et al. [36], differential diffusion plays an
important role in prediction in MILD combustion regimes.
Further, Mardani et al. [37] showed the molecular diffusion
has a great influence on the accuracy in predicting the JHC
flames firing a CH4/H, under MILD condition. Therefore, in the
present study, the differential diffusion was also taken into
accounted by representing the molecular diffusion coefficient
for each species as a fourth-order polynomial function of
temperature.

The present study utilizes the discrete ordinate (DO) radi-
ation model, together with weighted sum of gray gas (WSGG)
model. For the DO mode, each octant of the angular space was

discretized into 3 x 3 solid angles, and hence this model solves
a radiative transfer equation for a number of discrete solid
angles (72) across the whole computational domain. The DO
modelis applicable across a wide range of optical thicknesses.
Note that optical thickness of MILD combustion is not clear.
Within the WSGG model, the spatial variation in the total
emissivity is considered as a function of temperature (piece-
wise polynomial). Moreover, all species used for the current
simulations are assumed to obey the ideal gas law.

The second-order upwind scheme is employed for dis-
cretizing the equations in order to improve the accuracy of the
calculations. Solution convergence is identified by two
criteria. The first is to ensure that the residuals are less than
107 for temperature and radiation intensity and 10~ for all
other variables. The second is to ensure that the calculations
are converged when both the variation in iteration of the
mean temperature <1.0 K and that of the maximum velocity
<0.1 m/s at the furnace outlet exit.

Boundary conditions
Boundary conditions at the downstream outlet and on the
sides of the computational domain are set to be the standard
ambient conditions (pressure boundaries), while those of the
fuel, coflow, and air tunnel inlets were set as constant velocity
conditions. As reported in Refs. [36,41], the numerical results
are highly sensitive to the inlet turbulence level. Therefore,
the turbulent kinetic energy (k) is set to be 20, 0.3, and 0.09 m?/
s? at the fuel, coflow, and air tunnel inlets, respectively, to
obtain the best agreements between the calculated and
measured results [11]. Moreover, the turbulent dissipation
rate (¢) was estimated from the determined value of k for all
inlet streams and the corresponding hydraulic diameter (Dy,)
using ¢ = C2/*k*?~%, where, C, is an empirical constant equal
to 0.09 and 1 is the turbulence length scale equal to 0.07 Dy,
To compare with the experiments of Medwell et al. [11], the
simulations are conducted at 3% and 9%, the two oxygen
concentrations of hot coflow. After validation of the simula-
tion model, the effect of hydrogen addition on the JHC flame is
discussed at the 3%0, level (regarded as MILD condition). As
shown in Table 2, nine conditions are considered here. Note
that cases 1-3, 7 are the experimental conditions [11]. To
maintain the similar flow field, the same Re as that used in
Ref. [11] is employed for all cases in the present work. The
mole fraction of hydrogen in the fuel jet is varied from 0% to
60% to examine the effect of hydrogen, with the thermal input
increased from 17.3 kW to 18.56 kW.

Results and discussion
Modeling validation

To validate the present modeling, four C,H4/H, JHC flames are
predicted under the same conditions as the experiments of
Medwell et al. [11] (Cases 1-3, 7). Fig. 2 compares the radial
profiles of the temperature (a ~ d) and number density of OH
(nou: e ~ h) obtained from the present simulations and ex-
periments [11] at x = 35 mm. In this figure, noy is transformed
from the mole fraction of OH radical (Xoy) and the local tem-
perature (T) by nog = Xou x 7.339 x 10?Y/T (molecules/cm?).
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Table 2 — Operating conditions for the present study (the mixture compositions are given by volume).

Case Fuel jet Coflow
T (K) V (m/s) GoH, H, P (kW) Teof (K) V (m/s) 0, N, CO, H,0
1 305 17.5 100% 0 17.30 1100 23 9% 78% 3% 10%
2 305 30.7 50% 50% 17.93 1100 2.3 9% 78% 3% 10%
3 305 17.5 100% 0 17.30 1100 23 3% 84% 3% 10%
4 305 19.1 90% 10% 17.34 1100 2.3 3% 84% 3% 10%
5 305 22.2 75% 25% 17.45 1100 23 3% 84% 3% 10%
6 305 26.7 60% 40% 17.75 1100 2.3 3% 84% 3% 10%
7 305 30.7 50% 50% 17.93 1100 23 3% 84% 3% 10%
8 305 36.9 40% 60% 18.56 1100 2.3 3% 84% 3% 10%
9 305 17.5 100% 0 17.30 1100 2.3 21% 79% 0% 0%
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Fig. 2 — Predictions versus the measurements of the temperature (a—d) and OH number density (non: e—h) of the JHC flames
obtained at x = 35 mm for Cases 1-3, and 7. Symbols: A, measurements [11], solid line: —, the present modeling and

dashed line: - - -, the modeling [39].

Besides, the previous numerical results of Shabanian et al. [39]
are also included in Fig. 2.

In Fig. 2(a—d), the radial profiles of the predicted temper-
ature from the present work and Shabanian et al. [39] both
agree reasonable well with the experimental data. Specially,
the present modeling produces a lower peak temperature
than the work of Shabanian et al. [39] did, hence agreeing
better with the measurements. Similarly, the predicted OH
number density from the present modeling also appears bet-
ter than that from Shabanian et al. [39]. Those observed dif-
ferences between the two predictions should result from the
use of different mechanisms, i.e., the San Diego Mechanism
for the present work whereas the reduced version of the
POLIMI ethylene mechanism [54] for the work of Shabanian
et al. [39]. However, despite preforming better, the present
modeling also underestimates the peaks of the OH number
density. The discrepancies between the numerical and
experimental data are expected to be caused by two aspects.

One is the uncertainty in the absolute values of the measured
OH number density, as noted by Medwell et al. [11] and Sha-
banian et al. [39]. The other should be the complex three-
stream mixing with the surrounding air tunnel which is
difficult to incorporate into the models, as reported by Christo
et al. [36]. Nevertheless, the present modeling overall predicts
the locations and features of the OH profiles well. Although
not quite perfectly, Fig. 2 suggests that the present modeling
can reproduce the characteristics of the JHC flames reason-
ably. Therefore, the same model should be valid to investigate
the effect of hydrogen addition on the reaction structure of the
JHC flames.

Effect of hydrogen addition on the flow field at X, = 3%
Fig. 3(a) shows the profiles of the radial velocity, temperature

and strain rate at x = 35 mm of the JHC flames under MILD
condition (X;, = 3%, Cases 3—8) and different X . Fig. 3(b)
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Fig. 3 — Profiles of (a) temperature, equivalence ratio (¢),
radial velocity and strain rate at x = 35 mm and (b) axial
velocity decay (V/V,) and entrainment ratio (R) along the jet
axis for the JHC flames at X;, = 3% and different Xj, .

plots the axial velocity decay (V/V,) and entrainment ratio (R)
of the jet for Cases 3, 5, 7 in Table 2. Here, V is the axial velocity
along the jet axis and V, is the axial velocity at the nozzle inlet.
The strain rate (S), defined as

“Vox\ox ar) "or\or ox/) ox\ox  or) ' or\or  ox)’

is related to the scalar dissipation. The R can be expressed as
R = (mg—m,)/m,, where m, is the initial mass flow rate of the jet
and my is the mass flow rate through the cross section of the
jet flame. The definition of R is similar to the internal exhaust
gas recirculation rate given by Wunning and Wunning [4]. In
the present work, the cross section is identified by the position
of the peak of OH mole fraction.

Fig. 3(a) demonstrates that an increase of Xj; elevates the
strain rate gradually. For Xj;, ranging from 0% to 60%, to keep
Re of the jet constant at 10 000, the jet velocity is increased
from 17.5 m/s to 36.1 m/s and thus the relative velocity be-
tween the jet and the coflow rises. Note that the coflow ve-
locity is always kept at 2.3 m/s. The relatively higher jet
velocity then results in a larger strain rate. Besides, the radial

velocity also increases with Xj;, which improves the mo-
mentum and species transportation of the co-flowing gases
across the jet and coflow mixing layer. Consequently, the local
equivalence ratio decreases and the location of ¢ = 1 moves
slightly toward the radial direction. Moreover, at a higher X;; ,
more co-flowing gases are entrained and so the R and axial
velocity decay (V/V,) are both enlarged, as shown in Fig. 3(b).

On the other hand, Fig. 3(a) indicates that the peak of the
temperature is increased slightly only by 12K, i.e., from 1141 K
at Xp;, =0% to 1153 K at Xj;, = 60%. This minor change suggests
that the hydrogen addition does not have great effects on the
temperature distribution, which can be explained here. As X},
is higher, the more entrained co-flowing gases due to the
larger R causes a higher dilution level of the reactants in the
mixing layer. This thus decelerates the reaction rate and re-
duces the reacting temperature. On the other hand, the ther-
mal input of the C,H4/H, flame increases gradually with X;ﬁlz,
i.e., from 17.5 kW to 36.9 kW, which releases more heat and so
elevates the temperature. Consequently, due to the competi-
tion between the two opposite effects of the increased R and
the thermal input, the peak of temperature does not change
greatly as Xj; is increased.

Effect of hydrogen addition on the reaction structure at
X5, = 3%

In the experiments, Medwell et al. [11] found that the invisible
reaction is maintained in the near region of the jet exit and the
JHC flame becomes a traditional diffusion one due to the
entrainment of the surrounding tunnel air at x > 100 mm [11].
That is, the control of the coflow is limited in the near-field,
i.e, x < 100 mm, beyond which MILD condition cannot be
maintained. Besides, the measurements [11] were only
implemented only at x = 35 and 125 mm. Hence, the effect of
the hydrogen addition on the JHC flame under MILD condition
should be examined in the near-field, e.g., at x = 35 mm. As a
consequence, the following results in this region are reported
mainly for the C,H4/H, JHC flames at ng = 3% and different
Xy, (Cases 3—8). Since the temperature distribution changes
little and so the definition of MILD condition [1] is surely
satisfied, Cases 3—8 discussed here are all operated in MILD
regime.

During the conversion from C,H, to the final products (CO,
and H,0), many elemental reactions are involved and thus a
variety of intermediates occur. Some of those intermediates
are extremely active and short-lived due to their unpaired
electrons [55]. Therefore, it is necessary to examine the vari-
ation of the intermediates of the C,H, oxidation at different
Xy, and MILD condition. In the present study, the distributions
of the species and their production rate can be obtained. Some
representative species, including the major species (C,Hq4, Ho,
05, H,0, and CO,), free radicals (OH, H, O) and important C-
related intermediates (CO, CH,0, C,H,) are examined. Note
that, for the C-related intermediates, CO is selected here
because it is regarded as the last intermediate, ultimately
oxidized to CO, [55]; CH,0 is widely accepted as an indicator of
auto-ignition [12,14], while C,H, is a kind of the typical un-
saturated hydrocarbons and is usually regarded as the most
representative precursor in forming soot during the combus-
tion of hydrocarbons [55,56].


http://dx.doi.org/10.1016/j.ijhydene.2015.09.047
http://dx.doi.org/10.1016/j.ijhydene.2015.09.047

16640

INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 40 (2015) 16634—16648

Since the initial portion of C,H, in the fuel jet decreases
with H, addition, the mole fractions of the C-related species
are normalized by the following formula:

X
CoHy 3
= Xingr——
CyHgn

X
where X;, is the absolute value of the mole fraction or the
production/consumption rate of the species i in Case n and
X/ , is the corresponding normalized value; X, 3 (=100%) is
the initial mole fraction of C,H, in the fuel jet in Case 3 and
X¢,u, n i that in Case n. This method has also been used
previously to investigate the effect of H, addition on the
combustion characteristics of the premixed CH4/air [57] and
CH3;0CHa3/0O,/Ar flames [58].

Major species and free radicals

Fig. 4 illustrates the radial profiles of mole fraction, produc-
tion/consumption rate, and dominant reactions of the C,H,/
H, JHC flames at X, = 3% (MILD condition) and different Xy, .
The positive value represents the production of the species,
while the negative means consumption. In Fig. 4(al, bl), the
mole fraction of CoHy (Xc,n,) is decreased greatly while its
normalized value is only reduced slightly with increasing X;; .
This suggests that the decrease of X ;;, and the hydrogen
addition both contribute to the reduction of X¢,u,, though the
former appears to be the main factor. Actually, the chemical
enhancement of H, is clearly reflected in Fig. 4(a2, b2), where
the total consumption rate of C,H, becomes larger with
increasing Xj .

Fig. 4(a3, b3) depicts that C,H, is consumed mainly through
the H-abstraction reactions, i.e., C,H; + OH < C,H; + H,0,
CHy, + H & CyHs + H,, CGHy + O < CHz + HCO and
C,Hy; + O & CH,CHO + H, and the H-addition reaction of
CoHy + H+ M & CyHs + M. Itis evidenced from Fig. 4(a3) that,

(a) aboslute value

under MILD condition (X5, = 3%), the H-addition reaction of
CHy + H+ M « CyHs + M is the most important one in
consuming C,H,. However, different from this, under the
traditional air condition (X5, = 21%), this H-addition reaction
contributes less than the H-abstraction reactions of the C,H,
consumption [53]. Further, under MILD condition, although
X¢,u, decreases with Xj , the net rates of the G,H,-related
reactions all increase due to the great increments of the
fractions of H, O, and OH radicals (see Fig. 5). This means that
the hydrogen addition is beneficial to accelerate the con-
sumption of C,H,. Furthermore, the locations of the peak rates
of those reactions move radially with increasing Xj; , which
should be caused by the higher activity of H, and the greater
velocity decay of the jet (see Fig. 3(b)).

As shown in Fig. 4, the free radicals, i.e., H, O, and OH, are
responsible for initiating the oxidation of C,H4/H,. Fig. 5 pre-
sents the profiles of the mole fractions of H, O and OH radicals
and the rates of their main reactions for the C,H,/H, JHC
flames at different X;;, and MILD condition (X5, = 3%). The
mole fractions of H, O and OH radicals all increase with
increasing Xj; . Similar trends are also found in the production
rates of OH, H and O (not presented). Moreover, Fig. 5(b, d, f)
illustrates that, apart from the reactions with CH,, the
dominate reaction of H, O and OH radicals is
OH + H, & H + H,0 under MILD condition. Note that, at the
traditional air condition (Xg, = 21%), since more O, is supplied,
the reaction H + O, < O + OH is the most important one for
the H, O and OH radicals of the C,H, diffusion flame [53—55].
As X?{z is increased under MILD condition, the rate of the
dominate reaction of OH + H, < H + H,0 increases signifi-
cantly (see Fig. 5(b, f)), which thus leads to more production of
H. This increment of H then accelerates the decomposition
reaction of O, (H + O5 < O + OH), hence forming more OH and
O radicals.

(b) normalized value
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Fig. 4 — Radial profiles of mole fraction, production/consumption rate, and dominant reactions of C,H, for the JHC flames

with X;, = 3% and different X;;, at x = 35 mm (Cases 3-8).


http://dx.doi.org/10.1016/j.ijhydene.2015.09.047
http://dx.doi.org/10.1016/j.ijhydene.2015.09.047

INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 40 (2015) 16634—166438

16641

2.5x10* : g

2.0x10* 4
1.5x104
1.0x104

®) , \
OH+CO<CO,+H

OH+H,<H+H,0

0.5x10* 4

0
2.0x10°

1.5x10°

1.0x10°5

Reaction rate
[kmol/(m3ss)]

0.5x10°5

Reaction rate
[kmol/(m?3ss)]

10+C,H
H+CH,CHO <

0

0+C,H,>CH,+HCO
:

2.5x10 ’ .
2.0x10* £l
1.5x10% 4
1.0x104 4
0.5x10

0

XOH

!
H+0,<>0+OH

7 | OH+CO<CO,+H

Reaction rate
[kmol/(m3es)]

2
1
OH+H,<H+H,0
T

0 5 10

r [mm]

15

10
r [mm]

Fig. 5 — Radial profiles of mole fraction, production rate, and dominant reactions of OH, H, and O for the JHC flames with

Xo, = 3% and different X;; at x = 35 mm (Cases 3—8).

Fig. 6 shows the radial profiles of mole fraction, produc-
tion/consumption rate, and dominant reactions of H, for the
C,H4/H, JHC flames at MILD condition (X*02 = 3%) and different
Xy, It is revealed from Fig. 6(a) that the mole fraction of H,
increases gradually with Xj; . Interestingly, H, is transformed
from an intermediate (Xp;, < 10%) to a reactant (X, > 10%).
Fig. 6(c) illustrates that, under MILD condition, the main re-
actions for H, are: OH + H, < H + H,0, C,H, + H © C,H; + Hy,
and CH,0 + H < HCO + H,. Relatively, the third reaction of

CH,0 + H < HCO + H, is less important. At a higher Xj; , the
reaction rates of OH + H, H + H,O and
C,Hs + H < CyHs + Hj are both increased. A careful inspection
to Fig. 6(c) also suggests that, when X, is increased from 0% to
50%, the peak rate of the H, consumption reaction
(OH + H, < H + H,0) increases by about 350%, while that of
the H, production reaction (CoHs + H < C,Hs3 + H,) only in-
creases by about 100%. Hence, the consumption rate of H,
increases more quickly than its production rate, seen in

Rd

Production rate of H,
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o

PR IS S SR T SR

(c) /é\/\%HUH‘_’Csz"'Hz
N
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Fig. 6 — Radial profiles of mole fraction, production/consumption rate, and dominant reactions of H, for the JHC flames with

X,, = 3% and different X;; at x = 35 mm (Cases 3-8).
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Fig. 6(b). For instance, the consumption rate of H, increases
greatly by 320% from 0.017 kg/(m>es) to 0.064 kg/(m>es) when
50% H, is added, while only 29% for the production rate from
about 0.42 kg/(mes) to 0.3 kg/(m°es).

Fig. 7 indicates that the radial profiles of the mole fractions
of O,, H,O and CO, for the JHC flames at ng = 3% (MILD con-
dition) and different Xj; . Due to the weakening of the reaction
intensity under MILD condition, O, molecular can penetrate
across the mixinglayer [35], so some amount of O, exists in the
fuel-side (e.g., r <7 mm) and is premixed with the fuels, as seen
in Fig. 7(a). With the hydrogen addition, the reaction rates are
greater, thus consuming more O, and weakening the O,
penetration, simultaneously producing more H,0. As a result,
the mole fraction of O, decreases whereas that of H,O in-
creases. Besides, the mole fraction of CO, (Xco,) decreases
slightly but its normalized value increases greatly as Xy, is
increased. This suggests that the reduction of Xco, is caused by
the decrease of the initial reactant (C,H,) content, while the
increase of the normalized Xc¢o, is the result of the chemical
enhancement of hydrogen addition.

It is known form the prior discussion that the hydrogen
addition promotes the production of the free radicals mainly
via the reactions of OH 4+ H, & H+ H,0and H + O, « O + OH
under MILD condition. Due to the promotion of H,, the H-
abstraction and H-addition reactions of C,H, are all acceler-
ated significantly, which, in turn, consumes more O, and
produces more H,0 and CO,. As a consequence, at a higher
XI”_IZ, the normalized mole fractions of C,H, and O, both de-
creases, while those of CO, and H,0 are increased. The effect
of hydrogen on some important C-related intermediates will
be further discussed in the next subsection.

Important C-related intermediates
Fig. 8 plots the profiles of mole fraction (X¢o), production rate,
and dominant reactions of CO for the JHC flames at X5, = 3%

and different X;12~ Similar to the behavior of Xco,, Xco is
decreased with increasing X;IZ, while its normalized value
increases. The decrease of X results from the reduced initial
reactant (C,H,) content as H, is added. Due to the chemical
promotion of H,, C,Hs can be oxidized more easily to CO,
hence increasing the normalized Xco. Actually, this is clearly
reflected by the larger production and consumption rate of CO
in Fig. 8 (a2).

At X, = 3%, CO is mainly produced by the H-abstraction
reactions of HCO, CH,CO, and C,H, via the reactions of
HCO + O, & CO + HO,, H + CH,CO < CHs; + CO, and
CH, + O < CO + CH,. Then, it is consumed by the OH
attacking via CO + OH < CO, + H, which has been identified
as the most important one and releases nearly all heat for the
traditional C,H, diffusion flame [55]. As X, is increased under
MILD condition, although less reactants (e.g,, HCO) are
participated, the rates of the main CO-related reactions can
still increase gradually due to the promotion of the higher
mole fractions of O, H, OH radicals.

Fig. 9 presents the profiles of the mole fraction (Xcu,o0),
production/consumption rate, and dominant reactions of
CH,0 for the JHC flames at X;, = 3% and different X;; . The
hydrogen addition leads to a decrease of Xcm,0 and its
normalized value, which is consistent with the experimental
data of Medwell et al. [11]. It is hence suggested that the
dilution of C,H4 and the chemical effect of H, both contribute
to the reduction of Xcy,0. The chemical effect of H, can be
clearly observed from Fig. 9(a2) that the production rate of
CH,0 decreases greatly while the consumption rate increases
slightly as H, is added.

Using a counter-flow laminar flame calculation, Medwell
etal. [35] reported that under MILD condition O, penetrates the
reaction zone and results in some partial premixing between
O, and the fuel. Then, this partial premixing is expected to
increase the peak of Xcy,0 in the reaction zone, even up to
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Fig. 7 — Radial profiles of mole fractions of O, H,0, and CO; for the JHC flames with X; = 3% and different X;;, atx =35 mm

(Cases 3-8).
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500% as compared to that in the traditional diffusion flame
[59]. However, as seen in Fig. 7(a), the hydrogen addition
strengthens the fuel oxidation and O, consumption, leading to
a weaker partial premixing between O, and the fuel and so
reducing Xcp,o. Fig. 9(a3) illustrates that the main reactions for
CH,0 under MILD condition are: C,Hs + O, < HCO + CH,0,
CH30 < CH,O + H, H + CH,O < H, + HCO and OH +

CH,0 < HCO + H,0. Contrary to the behavior of CO-related
reactions, the two production reactions of CH,O weaken
with increasing XI*_IZ. This can be explained. As H, is added, the
less amount of the initial C,H, surely leads to less formation of
C,Hs. Besides, the O, mole fraction (Xo,) also decreases
slightly, see Fig. 7(a). As a result, the decreases of both Xc,u,
and Xo, produce less CH,0 via the reaction of CoHs + Oy <
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HCO + CH,0. Due to the increase of H mole fraction (see
Fig. 6(a)), the rate of the other production reaction
(CH30 < CH,0 + H) of CH,0 also decreases. On the other hand,
Fig. 9(a3) indicates that the consumption reactions of CH,0 via
H + CH,0 < H, + HCO and OH + CH,0 < HCO + H,0 both
increases gradually with hydrogen addition, thus accelerating
the decomposition of CH,0. Hence, due to its smaller pro-
duction rate and the larger consumption rate, the normalized
mole fraction of Xcy,0 is reduced with increasing XI"_IZ.

Fig. 10 indicates the profiles of mole fraction (Xc,n,), pro-
duction/consumption rate, and dominant reactions of C,H,
for the JHC flames at X, = 3% and different Xj; . Similar to
Xen,0, Xc,u, and its normalized value also decrease with X’;IZ. It
is thus suggested that the reduction of Xc,y, is caused not only
by the decrease of X¢, ;, but also by the chemical promotion of
hydrogen addition.

Fig. 10(a2) shows that, as Xy, is up to 50%, the production
rate of C,H, increases little, while its consumption rate in-
creases by about 300% from 0.12 kg/(m?es) to 0.35 kg/(m’es).
The dominant reactions of C,H, are OH + C,H3 < C,H, + H,0,
H+ C2H2 « CO + CHQ, OH + CQHQ « CzH + HQO, O+ CQHQ «>
CO + H,. Since the hydrogen addition results in more pro-
duction of H, OH, and O radicals (see Fig. 5), the above re-
actions of C,H, are all strengthened. However, a careful
inspection to Fig. 10(a2) and 10(a3) reveals that, as Xy, is
elevated, the rates of the consumption reactions of C,H,,
especially O + C,H, < CO + H,, increase more quickly than
that of the production reaction. That is, though the hydrogen
prompts the production of C,H,, the decomposition of C,H,
increases at a greater rate. As a result, the normalized X¢,y, in
the reaction zone is gradually decreased with increasing Xj; .

Moreover, C,H, is an important precursor of the unsatu-
rated propargyl radicals, such as HC=CCH,, which form aro-
matic ring or soot during the hydrocarbon combustion [55,56].
The decrease of the normalized Xc,u, suggests that H, might

(a) absolute value

have the ability to reduce soot formation of the C,H, com-
bustion under MILD condition. Meanwhile, soot is typically
formed in the high-temperature and fuel-rich regions of
flames and the soot emission increases gradually with the
local temperature, or equivalence ratio (¢), or both [55]. In the
present work, the reacting temperature changes little, while
the local ¢ decreases with the hydrogen addition, as seen
Fig. 3(a). The reduced local ¢ is another indicator for the po-
tential of H, in reducing the soot emission under MILD
condition.

Effect of oxygen content and hydrogen addition on the
reaction path of C,H4/H, JHC flame

In this section, the oxidation path of the C,H4/H, JHC flame is
analyzed to identify the kinetic effect of hydrogen addition
quantitatively. Fig. 11 depicts the pathways from C,H,4 to CO,
of the JHC flames under different operating conditions of (a)
100% C,H, at traditional air condition (X5, = 21%), (b) 100%
C,H, at MILD condition (X5, = 3%) and (c) 50%C,H4/50% H, at
MILD condition (Xg, = 3%). In this figure, the arrow represents
the direction of the individual reaction, with the primary
reactant at the tail and the product at the head. The per-
centage on the arrow is the ratio between the net rate of each
individual reaction and the sum net rates of the correspond-
ing consumed species, hence being regarded as the contribu-
tion of the individual reaction to the consumed species. Here,
only the reactions with contribution >1% are shown. The rate
of each reaction is obtained by integrating its net rate in the
control region of the coflow, i.e,, 0 mm < x < 100 mm and
0 mm < y < 40 mm, as also used by Mardani et al. [44].

Fig. 11 illustrates that the fundamental forms of the re-
actions path for the JHC flames under different operating
conditions are similar. The consumption of C,H./H, is
initialized by the attacking of OH, O, and H radicals, via either

(b) normalized value
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Fig. 10 — Radial profiles of mole fraction, production rate, and dominant reactions of C,H, for the JHC flames with X; = 3%

and different X;; at x = 35 mm (Cases 3-8).
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Fig. 11 — Reaction paths for the JHC flames of (a) 100% C,H,
at 21% O,, (b) 100% C,H, at 3%0,, and (c) 50%C,H,/50% H, at
3%0, (Cases 9, 3 and 7). The red solid line in (b) means
enhancement whereas the blue solid line means
weakening for the C,H, flame as the traditional air condition
(21%0,, Case 9) is changed to MILD condition (3%0,, Case 3).
The red dashed line in (c) denotes enhanced while the blue
one denotes weakened by adding 50%H, into the C,H, flame
under MILD condition (3%0,, Case 3 vs. Case 7). (For
interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

H-abstraction to form CHs, C,Hz and CH,CHO or H-addition to
form C,Hs. Then, those radicals are converted to CO, mainly
via two routes, i.e., C; and C, branches. The lower-carbon path
(C; branch) proceeds by two routes, i.e., C;Hy — [CoHs—]
CH; — [S—CH,, T-CH,, CH30, CH30H, and CH,0OH] — CH,0
— HCO — CO — C02 and C2H4 d [CQHS*’] CH3 - [S*CHZ
— T—CH,] — CO — CO,. The higher-carbon path (C, branch) is
also composed of two routes, i.e., CoHy — CoHz — CoHy — CoH,
HCCO — CH,CO — CO — CO, and C,H; — [CH,CHO —
CH,OH—] CH,0 — HCO — CO — CO,. Moreover, there is
some interaction between C; and C, branches, such as the
cycle of C,H, — C,Hs — [CH3—] C;He — CoHs — CoHa.

Despite similar, the paths of the C,H4/H, flames are not
identical under different operating condition. Fig. 11(a and b)
indicates that the proportions of C,H, consumed, leading to C;
and G, branches, differ greatly, as X;, is decreased from 21%
(traditional air condition) to 3% (MILD condition). Quantita-
tively, the reactions of C,H,; — [C,Hs] — CH3z and C,Hy — CoH;
respectively account for ~41% and 44% of C,H, oxidation at the
traditional air condition while those become ~24% and 57% of
the C,H, oxidation under MILD condition. The reason behind
should be that the significantly reduced reacting temperature
of MILD combustion (~1200 K, see Fig. 3) leads to the
enhancement of the higher-carbon path [55]. In other words,
compared to those at the traditional air condition (X5, = 21%),
the lower-carbon path is weakened whereas the higher-
carbon path is strengthened under MILD condition
(X5, = 3%). This behavior of that, the higher-carbon path of the
C,H, oxidation is reinforced, is consistent with the experi-
mental and numerical results of CH, combustion under MILD
condition reported in the previous Refs. [1,44].

On the other hand, a comparison in Fig. 11(b and c) in-
dicates that the hydrogen addition causes a great change in
the reaction path of the C,H, combustion under MILD condi-
tion at Xp, = 3%. As Xy, is increased to 50%, the C; and G,
branches contribute about ~40% and 43% respectively to the
consumption of C,Hy. That is, under MILD condition, the
hydrogen addition weakens the importance of C, branch
while enhances that of the C; branch, as indicated respec-
tively by the blue and red dashed line in Fig. 11(c). Conse-
quently, the paths including reactions of the high-carbon (e.g.,
C,H,) compounds will be weakened, which suggests again
that H, might have the potential to reduce the production of
C,H, and soot under MILD condition, consistent with the re-
sults shown in Fig. 10.

To further clarify the impact of H,, Table 3 summarizes
the contributions of some important elemental reactions for
the JHC flames with and without H, addition under MILD
condition. As shown in this table, the presence of H,
strengthens the reactions attacked by the H radical but
weakens the reactions with the OH radical. For instance, the
contributions of H and OH radicals to the reactions of the
conversion from C,H, to C,Hs are 7% and 45% for the pure
C,H, flame, while they become 11% and 35% for the
H,-containing flame, respectively. Fig. 12 plots the average H
mole fraction (X&), OH mole fraction (Xf;) in the MILD
combustion region and their ratio (X§,/X{;) against Xj; . As
Xy, is higher, X, and Xj; are increased whilst X, /X, be-
comes smaller. From Fig. 5(c), it is known that the OH radical
is mainly produced via the reaction of H + O, — OH + O.
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Table 3 — Contributions of the individual reactions to the oxidation of the C,H, JHC flames with and without 50%H, addition

under MILD condition.

Path Radical 0% H, 50% H, Variation® Path Radical 0% H, 50% H, Variation®
C,H; — CoHs OH 50% 35% = C,Hg — C,Hs OH 77% 73% =
H 7% 8% 4 H 20% 23% aF
C,H, — C,Hs H 25% 38% + o 4% 4% =
Co,H, — CHs (0] 9% 13% aF CH50 — CH30H H, 6% 12% 4
C,H, — CH,CHO o) 5% 2% = CH;0 — CH,0 M 89% 85% =
C,H; — CH,CHO (073 53% 51% = (073 4% 3% =
C,H; — CH,0 0, 40% 34% = S—CH, — CH, H, 27% 33% 4
CoHs — CyH», H 5% 7% 4 CH; — CHj OH 84% 81% =
C,Hs — CHs H 60% 71% + H 13% 17% 4+
CoHs — CoHy (073 30% 17% = CH,OH — CH,0 (073 100% 100% =
C,Hs — C,Hg H 8% 10% + HCCO — CO 0, 95% 86% =
CH; — CH30 HO, 28% 30% 4 H 5% 13% 4+
CH; — S—CH, OH 26% 37% + C,H — CO 0, 77% 26% =
CH3; — CHy4 H 18% 17% = C,H — C,H, H, 23% 74% a4
CH; — CoHs +M 6% 14% + CH,CO — HCCO OH 40% 38% =
CH; — CH3;0H OH 5% 1% = H 11% 11% =
CH; — CO o) 3% 6% + CH,CO — CH,CHO M 26% 22% =
CH,CHO — CH,0H OH 100% 100% = CH,CO — CO H 21% 29% a4
HCO — CO 0, 68% 60% = CH,;0H —CH,0H H 34% 43% 4
M 17% 22% 4 OH 26% 22% =
H,0 14% 18% + CH;0H — CH50 OH 40% 35% =
C,H, — HCCO (0] 48% 47% = CH,O — HCO OH 69% 60% =
C,H, — CO o) 24% 25% 4 H 29% 38% 4+
CoH, — CoH OH 18% 12% = T-CH, — CO 0, 80% 56% =
C,H, — C,Hs H 7% 14% + T-CH, — CH,0 0, 20% 42% =
C,H, — CH,CO OH 3% 1% = CO — CO, OH 99% 99%
& +, —, = denote increase, decrease and no change of the path as 50% H, is added.

Obviously, the increase of X&; is driven from the increment
of Xj;, and so Xj; has a larger increasing rate. As a result,
X5y/X{; is gradually decreased with hydrogen addition.
Therefore, the reactions attacked by the H radical are
enhanced but the reactions involved the OH radical are
weakened. On the other hand, due to the decrease of O,
mole fraction (see Fig. 6(a)) and the increase of H, mole
fraction, the importance of the reactions attacked by O,
molecule, e.g., C,H; + O, — CH,0 + HCO, is reduced, while
that of the reactions with Hy, e.g., CH30 + H, — CH3;0H + H,
is enhanced.

2.5x106 15

2.0x10®

+ +
Snl X

X,

0.5x10® T T 0.9
X, 0

Fig. 12 — Dependences on Xy, for the average H mole
fraction (X{;;), H mole fraction (X};) and their ratio (X5, /X};)
in the MILD combustion region.

Conclusions

We have numerically investigated the effect of the hydrogen
fraction (X”;IZ) on the C,H, flames in a hot and diluted coflow.
The modified EDC model coupled with the San Diego mecha-
nism was used for all the simulations. Under the experimental
conditions, the predicted distributions of the temperature and
OH agree quite well with the measurements of Medwell et al.
[11]. On the basis of this, several conclusions can be drawn
below:

(1) As X, is increased, the radial velocity and the jet
entrainment ratio are increased, which hence elevate
the axial velocity decay and reduce the local equiva-
lence ratio (¢). At a higher Xj; , the enhanced entrain-
ment of the jet can lower the reacting temperature
while the larger thermal input of the fuel can enlarge
the temperature. Due to the competition of those two
opposite effect, the temperature distribution of the JHC
flame does not change significantly with blending Ho;

(2) Under the MILD condition (X5, = 3%), the hydrogen
addition promotes the reactions of the JHC flame due to
the great increases in the mole fractions of H, O and OH.
Further, a quantitative comparison of the reaction paths
of the JHC flames demonstrates that, as X;Iz isincreased,
the increasing rate of H is greater than that of OH. This
thus results in the reactions attacked by H are
strengthened, while those attacked by OH are
weakened.
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(3) Different from the traditional air combustion, the
higher-carbon path (C,Hs — C,Hs; — CoH, — GCoH,
HCCO — CH,CO — CO — CO,) of the C,H, oxidation at
the MILD condition (X, = 3%) becomes more important
while the lower-carbon path (C;Hs — [CHs—]
CH; — [S—CH,, T—CH,, CH30, CH5;OH, and CH,0OH]
— CH,0 — HCO — CO — CO; and C,Hy — [C;Hs—]
CH; — [S—CH, — T—CH,] — CO — CO,) is weakened.

(4) Under the MILD condition at X, = 3%, the presence of H,
makes the lower-carbon oxidation path of the C,H, more
dominate but the higher-carbon path less important. In
other words, the routes via higher hydrocarbon (e.g,
C,H,) are weakened as hydrogen is added. This hence
causes a great decrease of C,H, mole fraction in the re-
action zone. Meanwhile, considering that C,H, is an
important precursor of soot, the decreases of C,H, mole
fraction and the local equivalence ratio indicate that H,
might have the potential to reduce the soot emission.
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