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� Turbulent expanding flames of syngas/air are investigated up to 80% H2 fraction.

� The effects of H2 fraction on ST are interpreted in detail.

� A unified scaling of ST is obtained using ReT when Le is close to unity.

� Turbulent expanding flames follow a self-similar propagation and ST ~ R0.5 approximately.
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A systematic experimental study of lean premixed syngas/air turbulent expanding flames

has been conducted under a wide range of turbulence intensities (0e3.54 m/s), initial

pressures (0.5e5 bar), and hydrogen volumetric fractions up to 80% (20%, 50% and 80%).

Flame structure and turbulent flame propagation dynamics were investigated. Results

show that the flame becomes more refined and wrinkled with the increasing of both tur-

bulence intensity and initial pressure, leading to a larger flame area and the associated

turbulent burning velocity (ST). With hydrogen fraction increased, ST is also enhanced

significantly, which is mainly due to the promotion of laminar burning velocity (SL) and

diffusional-thermal instability. ST/SL is nearly kept constant with hydrogen fraction, which

is a trade-off between strengthened diffusional-thermal instability and weakened turbu-

lence stretch. A unified scaling of ST is obtained, indicating that turbulent Reynolds number

(ReT) is a practical method to correlate ST when Lewis number is close to unity. Further-

more, at least in the interpretation domain, ST of spherical flames continually increases as

the flame expands, which has been referred as flame acceleration phenomenon. It appears

that only effective turbulence intensity itself is not able to reflect acceleration phenome-

non completely. Turbulent expanding flames follow a self-similar propagation law and the

quantitative ST dependence with flame expanding is ST � R0:5 approximately.
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u.cn (J. Wang).

ons LLC. Published by Elsevier Ltd. All rights reserved.

mailto:jinhuawang@mail.xjtu.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijhydene.2021.05.090&domain=pdf
www.sciencedirect.com/science/journal/03603199
www.elsevier.com/locate/he
https://doi.org/10.1016/j.ijhydene.2021.05.090
https://doi.org/10.1016/j.ijhydene.2021.05.090
https://doi.org/10.1016/j.ijhydene.2021.05.090


i n t e rn a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 6 ( 2 0 2 1 ) 2 5 6 9 9e2 5 7 1 125700
Introduction

Hydrogen enriched fuels have many benefits, such as

improving the flammability limits, enhancing the burning ve-

locity and reducing the CO2 emission [1]. Syngas is a typical

hydrogen enriched fuel with the main composition of CO and

H2, which has diversity feedstocks such as Integrated Gasifi-

cation Combined Cycle (IGCC) [2], and it is also a potential fuel

for gas turbine, internal combustion engines and industry

burners [3,4]. There is a large variation of hydrogen fractions in

syngas due to the different feedstocks as well as gasification

technique, which has significant effects on combustion stabil-

ity and thus combustor design and operation. Furthermore, fuel

lean premixed combustion can increase the thermal efficiency

and significantly reduce the NOx and soot emissions [5]. How-

ever, the flame characteristics of hydrogen enriched fuels can

be affected a lot by initial conditions, such as hydrogen fraction,

initial pressure (P) and so on. Considering that turbulent flame

is more conventional in practical application, turbulence in-

tensity (u’) will also play an important role and be coupled with

other factors. Thus, it is necessary to conduct a systematic

study of lean premixed syngas/air turbulent flames and inves-

tigate the effects of these factors on flame propagation dy-

namics, especially turbulence intensity and hydrogen fraction.

Turbulent combustion chamber is a classical experimental

apparatus to investigate the interactions between turbulence

and flame, mainly concentrating on turbulent expanding

flames [6,7]. Compared with stationary flame configurations

such as Bunsen burner, turbulent combustion chamber could

provide an intense and isotropic turbulence environment

more easily by adjusting the fan rotational speed [8,9]. At the

same time, the turbulence field is more uniform due to a less

effect of boundary layer. Also, it can achieve a high pressure

condition more safely and economically. Because of these

benefits, many experiments have been conducted through

turbulent combustion chamber [10e16], and the most impor-

tant parameter is turbulent burning velocity.

Turbulent burning velocity is important for practical

combustor design andmodification, which reflects the burning

intensity and fuel consumption rate. Thus, it has been deter-

mined using combustion chamber under a wide range of

conditions, especially for individual fuel, such as hydrogen

[12,17e19], methane [20e25], isooctane [11,26,27] and alcohols

[28,29]. Comparatively, for hydrogen blending binary fuel,

relative studies especially for turbulent expanding flames are

not enough. Mandilas et al. [30] investigated the effects of 5%

hydrogen addition on methane and isooctane turbulent

expanding flames at 5 bar, finding that hydrogen addition

could improve turbulent burning velocity effectively, and the

improvement was more evident at fuel-lean side but gradually

weakened with the increasing equivalence ratio (4). Fair-

weather et al. [20] measured the turbulent burning velocity of

methane/hydrogen turbulent expanding flames with different

hydrogen fractions (10%, 20% and 50%) at atmosphere and

360 K, concluding that hydrogen addition could reduce

Markstein number and increase turbulent burning velocity,

and this increase would be more strengthened in intense tur-

bulence. Muppala et al. [31] obtained the turbulent burning

velocity of methane/hydrogen and propane/hydrogen flames,
and used them to test an algebraic flame surface wrinkling

reaction model through mean local burning velocity and crit-

ical chemical time scale. Results showed that both approaches

could have a qualitative prediction. Cai et al. [32] investigated

the self-similar propagation of methane/hydrogen turbulent

expending flames under different hydrogen fractions (20%,

50% and 80%) and validated that the molecule diffusion had

significant effects on turbulent flame propagation even in

intense turbulence. Shy et al. [13,33] measured the turbulent

burning velocity of syngas with 35% hydrogen fraction from 1

to 10 bar and it appeared that turbulent burning velocity

increased with initial pressure when turbulent Reynolds

number (ReT) was not controlled. But when turbulent Reynolds

number was kept constant, turbulent burning velocity

decreased with initial pressure, which was consistent with

laminar flame speed (SL). Jiang et al. [34] studies the effects of

hydrogen fraction on syngas combustion characteristics under

atmospheric temperature and pressure, and found the pro-

motion of turbulence on burning velocity decreased gradually

when hydrogen fraction was more than 50%. Zhang et al. [35]

investigated the acceleration characteristics of syngas with

10% hydrogen fraction, indicating that the acceleration expo-

nent and fractal excess of turbulent premixed flames

decreased with equivalence ratio and increased with turbu-

lence intensity. Sun et al. [36,37] investigated the stoichio-

metric syngas/air turbulent expanding flames up to 90%

hydrogen fraction and proposed the empirical correlations of

explosion characteristics and turbulent burning velocity. Most

previous researches concentrated on methane/hydrogen

flames, and only a few of them investigated syngas. Mean-

while, most hydrogen fractions were no more than 50%, and

higher fraction (80%) is limited. Furthermore, all above exper-

imental data were conducted at atmosphere and elevated

pressures, and none of them came down to sub-atmosphere

condition. As we know, sub-atmosphere condition is very

important in some practical applications such as aircraft en-

gines at high altitude. Thus, it is necessary to extend the tur-

bulent burning velocity of syngas in wide conditions.

In addition, the unified scaling of turbulent burning velocity

is also very important for combustor design and operation, and

it can be utilized as a closure parameter in many turbulent

premixed flame modelling approaches, such as Flame Surface

Density (FSD) [38], Turbulent Flame speed Closure (TFC) [39]

and G-equations [40]. Kitagawa et al. [12] considered the effects

of molecular transport and tried to obtain a unified scaling

through Lewis number (Le) and turbulent Reynolds number,

but the correlation was quantitatively different in wide tur-

bulent intensity ranges. Chaudhuri et al. [41] used the spectral

closure of G-equation and derived that turbulent burning ve-

locity was proportional to the square root of turbulent Rey-

nolds number, which was mainly suitable for Lez1 condition.

Also, the effects of hydrodynamic instability were not

considered in this correlation. Liu et al. [23] correlated turbu-

lent burning velocity with turbulent Reynolds number and

validated that a power law was suitable with a factor of 0.53,

which is near to the previous theoretical result. Also, they

transferred the experimental data into progress variable cz0:5

and obtained a satisfactory correlation through Kobayashi

model [42], Zimont model [43] and DRZ model [44]. Many

mathematical models have been proposed in a variety of
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forms, and some of thesemodels were able to achieve a genera

correlation of turbulent burning velocity under certain condi-

tions [43]. However, most models only concentrated on global

turbulent burning velocity, a specific value under a certain

condition, but ignored the acceleration phenomenon during

the flame propagating outwardly.

For turbulent expanding flames, transient turbulent

burning velocity will gradually grow up with flame radius (R),

and a satisfactory formulation should also take this mean-

ingful and interesting phenomenon into account. In order to

analyze and explain this phenomenon, Abdel-Gayed and

Bradley et al. [45] point out that the flame could only be

wrinkled by eddies smaller than itself while larger eddies

could only have a convective effect. Thus, the concept of

effective turbulence intensity (ueff
’ ), and its estimation

methods were proposed, which stands for a constantly

changing turbulence intensity with flame propagating

outwardly. Except for that, Chaudhuri et al. [9] chose another

way and directly replaced integral length scale (LT) by flame

radius in turbulent Reynolds number, which achieved a

reasonable unified scaling of turbulent burning velocity.

Although turbulent flame acceleration has been investigated

by some experiments [18,19,32,46,47], it is still an open issue.

Until now, the ability of effective turbulence intensity still

needs to be validated. In other words, corresponding to the

unified scaling, if the introduction of effective turbulence in-

tensity is enough to reflect the acceleration phenomenon in

turbulent expanding flames is unknown. The flame radius

itself seems to be able to reflect this acceleration phenome-

non, while a quantitative description of this dependence also

needs to be clarified. Besides, a better general correlation is

still worth looking forward to, when effective turbulence in-

tensity and flame radius are introduced together.

The objective of this study is to investigate the flame

propagation dynamics of syngas/air turbulent premixed

flames. The systematic experiments of lean syngas/air tur-

bulent expanding flames were conducted in our newly

developed turbulent combustion chamber over a wide range

of conditions. Firstly, turbulent burning velocity is determined

under different turbulence intensities and initial pressures,

including sub-atmosphere, to extend the existing experi-

mental data of syngas. Also, their effects on flame structure

and turbulent burning velocity are analyzed and validated.

Secondly, turbulent burning velocity is compared under 20%,

50% and 80% hydrogen volumetric fractions. During this pro-

cess, a detailed and comprehensive analysis is conducted to

clarify the influencing mechanism of hydrogen addition.

Finally, a unified scaling of turbulent burning velocity is

derived, in consideration of acceleration phenomenon or not,

respectively. Especially, the quantitative description of accel-

eration phenomenon and the capability of effective turbu-

lence intensity will be analyzed in detail.
Fig. 1 e The schematic of fan-stirred turbulent combustion

chamber.
Experimental setup and procedures

Turbulent combustion chamber

The experiments were conducted on a newly developed spark-

ignition, constant volume, fan-stirred turbulent combustion
chamber as show in Fig. 1. And the detailed information of this

chamber can be referred in Ref. [48]. The volume is 22.6 L, with

a 305 mm inner diameter and 310 mm inner length. Two

quartz windows are equipped on both sides of the chamber,

with an optical diameter of 150 mm allowing for schlieren or

shadow imaging. Four impellers are mounted in diagonal po-

sitions which are coupled to electric motors with independent

speed controllers, and the maximum speed of motors can be

up to 10,000 rpm. Two electrodes are located on chamber wall

symmetrically for the ignition of gas mixture. A heating wall is

embedded in chamber to heat gas mixture to the target tem-

perature, which ismonitored by anOmega thermocouple. Two

pressure transmitters are mounted to the chamber, used for

the monitoring of introduced gas pressure (Rosemount) and

transient explosion pressure (Kistler 6125C), respectively. All

turbulent spherically expanding flames are captured by

shadow imaging through a high-speed digital camera (Phan-

tom v611). It is worth pointing out that the turbulent com-

bustion chamber is a high-pressure high-temperature vessel,

whosemaximum initial pressure and temperature can be up to

10 bar and 473 K, respectively. And except for high pressures,

the spherically expanding flames can also be measured under

sub-atmospheric pressure because of its good vacuum and

efficient ignition system.

Data processing procedures

Due to that turbulent expanding flames are not so regular as

laminar conditions, the flame radius is obtained through area

method. That is, the flame front is fitted with a circle of equal

area (A), then the flame radius is estimated by R¼(A/p)0.5. After

that, a differential dR/dt is conducted between flame radius

and time, and that is flame propagation speed. Divided by

thermal expansion ratio (s), the transient turbulent burning

velocity (ST,R) corresponding to unburned gas mixture is ob-

tained in final. The flame radius range of 10e45mm is selected

to estimate turbulent burning velocity, in order to eliminate

the disturbance of ignition and chamber confinement [49,50].

To compare with stationary flame results and validate relative

models, an individual value of turbulent burning velocity

should be ensured corresponding to an individual condition.

Due to the acceleration of turbulent expanding flames, it is

difficult to determine a specific value. For this, various

methods have appeared in literatures of different groups
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[23,26,46]. In current study, an average process is conducted to

transient turbulent burning velocity in the selected flame

radius range, and then the individual value is obtained, which

can be called global turbulent burning velocity (ST) here. Ac-

cording to the study of Bradley et al. [28], turbulent burning

velocity determined by schlieren or shadow radius corre-

sponds to the progress variable cz0:1. And it can be trans-

ferred into other reference radius through the methods in

literature [8,28].

Experimental conditions

Syngas/air turbulent expanding flames are obtained through a

combustion chamber, and the detailed experimental condi-

tions are shown in Table 1. The hydrogen volumetric fraction

in syngas is 20%, 50% and 80%, respectively. And the initial

pressure range is 0.5e5 bar. Turbulence intensity u’ is indi-

cated by rootmean square (RMS) of velocity fluctuation, which

is changed from 0 to 3.54 m/s through adjusting fan rotational

speed (u), to investigate its effects independently. According

to the previous turbulence measurement [48], turbulence in-

tensity and integral length scale are independent on ambient

pressure and can be estimated by u’z1.77∙10�3∙u and

LTe0.719∙u0.376, respectively. All experiments are conducted at

fuel lean conditions of 4 ¼ 0.7 and ambient temperature

approximately 298 K. For turbulent expanding flames, 5

consecutive loops are carried out for each condition, while 3

loops are chosen for laminar flames. All experimental condi-

tions are distributed in the flamelet zone and thin reaction

zone as described in the classical premixed turbulent com-

bustion regime diagram [51] in Fig. 2, indicating that turbu-

lence eddies are not able to enter into the flame reaction zone.

Thus, the flame itself can be treated as laminar flamelet, and

turbulence mainly causes stretch and wrinkled effects on it.
Results and discussions

Effects of turbulence intensity and initial pressure

The spherically expanding flames of lean syngas/air are ob-

tained through shadow imaging method, which are shown in

Fig. 3 (a) and (b). According to the turbulence characteristics

estimation [48], Kolmogorov length scale will be decreased

with turbulence intensity and initial pressure, which indicates

the smallest length scale of turbulence field will be extended

to a lower value. As a result, the flame geometry will become

more refined and wrinkled with the increasing of turbulence
Table 1 e Experimental conditions in this study.

Syngas 4 T (K) P (bar) u’ (m/s)

CO/H2 ¼ 80/20 0.7 298 1 0, 0.89, 1.77,

2.66, 3.54

0.5, 1.5, 2, 2.5,

3, 3.5, 5

1.77

CO/H2 ¼ 50/50 1 0, 0.89, 1.77,

2.66, 3.54

CO/H2 ¼ 20/80 1 0, 0.89, 1.77,

2.66, 3.54
intensity and initial pressure, leading to a larger flame surface

area. And the flame propagates to the same size with a shorter

time, indicating a quicker flame propagation speed. Except

that, with turbulence intensity increased, flame geometry

becomes more irregular and reveals a stronger randomness.

With initial pressure increased, the boundaries of flame

gradually become more obvious, mainly due to a thinner

flame thickness and sharper density gradient.

In order to analyze flame structure in a quantitative level,

the wrinkling ratios are counted here. According to the study

of Renou et al. [52], wrinkling ratio can be estimated as

w¼R2
p

.
R2 (1)

where R and RP is flame radius equal to burned gas area and

perimeter, respectively. Fig. 4 shows thewrinkling ratios under

different turbulence intensities and initial pressures. From

Fig. 4 (a), we can see that wrinkling ratios are increased with

turbulence intensity, indicating that flame becomes more

wrinkled, which is consistent with the captured flame struc-

ture. It is also evident that wrinkling ratios will grow up with

flame radius, although the distribution is more scattered in

stronger turbulence. However, under different initial pres-

sures, the wrinkling ratios don't appear an expected trend, as

shown in Fig. 4 (b). Althoughwrinkling ratios still increasewith

flame radius, they seem to be disordered with initial pressure,

which is inconformity with the intuitive vision of shadow

images. For this contradiction, the possible reason may attri-

bute to the limitation of shadow images andMATLAB codes. As

initial pressure increases, the flame will be more refined and

the small eddies have a more important effect than before.

However, the resolution limitation may cause errors to image

processing codes, thus the fine structures of flame can't be

captured sometimes, leading to a larger uncertainty.

Fig. 5 is the transient turbulent burning velocity under

different turbulence intensitiesand initial pressures.According

to the classical theory of Damkohler [43], the growth of turbu-

lent burning velocity is mainly caused by the larger flame area.

Turbulence eddies can stretch the flamelets and wrinkle the

https://doi.org/10.1016/j.ijhydene.2021.05.090
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Fig. 3 e Flame morphology of syngas/air mixtures (CO/H2 ¼ 80/20) at R ¼ 35 mm: (a) P ¼ 1 bar under different u’; (b)

u’ ¼ 1.77 m/s under different P.
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Fig. 4 e Wrinkling ratios under different conditions: (a) P ¼ 1 bar under different u’; (b) u’ ¼ 1.77 m/s under different P.

i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 6 ( 2 0 2 1 ) 2 5 6 9 9e2 5 7 1 1 25703
flame surface. As turbulence intensity increased, the effects of

turbulence stretch become strengthened, and the wrinkled

degree of flamelets deepens accordingly. As a result, the flame

area will be increased, contributing to a larger turbulent

burning velocity. At the same time, the scatter of experimental

data is also increased with turbulence intensity, which is

mainly due to the randomness of turbulence itself. Thus, it is

necessary to increase experimental loops corresponding to the

intense turbulence condition. Similarly, as initial pressure

increased, turbulent burning velocity will also have a growth

trend,which is contrary to that of laminar burning velocity. It is
known to us that flame is not only stretched by turbulence, but

also affected by intrinsic instability, such as thermal-

diffusional instability and hydrodynamic instability. On the

one hand, flame thickness decreases with initial pressure,

leading to a strengthened effect of hydrodynamic instability.

More importantly, the turbulence itselfwill be varied. Although

turbulence intensity is kept constant, other parameters of

turbulenceare affected by initial pressure.With initial pressure

increased, Kolmogorov length scale (h) becomes smaller while

turbulent Reynolds number has an evident growth, indicating

that the stretch of turbulence vortex is strengthened at this

https://doi.org/10.1016/j.ijhydene.2021.05.090
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time. Combining these two factors, flame area will become

larger, leading to a larger turbulent burning velocity as well.

Besides, it should be noted that all transient turbulent burning

velocity is increased with flame radius, appearing a specific

acceleration phenomenon.

Fig. 6 is the global turbulent burning velocity under

different turbulence intensities and initial pressures, and the

error bar is standard deviation of five loops. Similar to the

transient value, global turbulent burning velocity is increased

with turbulence intensity and initial pressure. Specifically,

global turbulent burning velocity approximately performs a

linear relation with turbulence intensity in current experi-

mental range. But in fact, it will not be increased all the time.

When turbulence intensity arrives at a critical value, global

turbulent burning velocity will also reach its peak, and then

come downwith further increased turbulence intensity due to

local extinction [53]. However, in current experimental con-

ditions, there is no sign of local extinction, so global turbulent

burning velocity is always increased. Except for that, it clearly

indicates that global turbulent burning velocity is also

increased with initial pressure, and the growth rate gradually

becomes slow at high pressure, approximately following

power law relation. As discussed above, this phenomenon can

be interpreted by laminar flame thickness (dL) andKolmogorov

length scale. Fig. 7 is the laminar flame thickness and Kol-

mogorov length scale results, which correspond to the con-

ditions in Fig. 6 (b). Here, laminar flame thickness is estimated

by dL ¼ m
rSL

, wheremandris dynamic viscosity and density of gas

mixture, respectively. And the details about Kolmogorov
S T (c
m

/s
)

u' (m/s)

T  P

Fig. 6 e Global turbulent burning velocity: (a) P ¼ 1 bar u
length scale can be found in Ref. [48]. It is obvious that both

laminar flame thickness and Kolmogorov length scale

decrease with initial pressure. And with initial pressure

increasing, the variation trend will become smooth. As a

result, the growth rate of turbulent burning velocity at high

pressure will also become slow.

Effects of hydrogen fraction up to 80%

Fig. 8 is the transient turbulent burning velocity under different

hydrogen fractions. The transient turbulent burning velocity is
T   u

S T (c
m

/s
)

P (bar)

nder different u’; (b) u’ ¼ 1.77 m/s under different P.
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increased with hydrogen fraction, which is similar to that of

laminar condition. Turbulent burning velocity is mainly depen-

dent on turbulence and laminar flame properties. And the pro-

motion of turbulent burning velocity can be interpreted by

hydrogen fraction effects on laminar flame properties and mo-

lecular transport here. On the one hand, with hydrogen faction

increased, the corresponding laminar burning velocity will also

be increased, which will promote turbulent burning velocity. On

the other hand, the diffusion rate of hydrogen is faster than

others due to its small molecule. Thus, with hydrogen fraction

increased, the ability of non-equal diffusionwill be strengthened,

which leads to a strengthened diffusional-thermal instability.

Because of that, the flamelets will be more wrinkled and its

turbulent burning velocity will become larger. Besides, flame

thickness will also be reduced with the growth of hydrogen

fraction, enhancing the effects of hydrodynamic instability as

well. All relative parameters are calculated and shown in Table 2.

It should be noted that syngas is a binary fuel, and Lewis number

of syngas is evaluated through volume based formulation pro-

posed by Muppala et al. [31]: Le ¼ x1LeCO þ x2LeH2 . Here, x1, x2,

LeCO, LeH2are the volumetric fraction and Lewis number of signal-

component fuel, respectively. Because the gas mixture is fuel-

lean condition in current study, the final Lewis number is equal

to the Lewis number of syngas.

The global turbulent burning velocity under different

hydrogen fractions is shown in Fig. 9, where error bar is the

standard deviation of five loops. And the original experi-

mental data are also shown in Table 2. With turbulence in-

tensity increased, global turbulent burning velocity is more

sensitive to hydrogen fraction, as shown in Fig. 9 (a). Also, with

hydrogen fraction increased, global turbulent burning velocity

ismore sensitive to turbulence intensity, as shown in Fig. 9 (b).

According to the classical diffusional-thermal instability the-

ory, as we all know, diffusional-thermal instability depends

on two factors, the non-equal diffusion ability and the wrin-

kled degree of flamelets. The higher the turbulence intensity

is, the more wrinkled the flamelets will become. And then the

effects of diffusional-thermal instability will be strengthened,

even if the non-equal diffusion ability is kept constant. Thus,

global turbulent burning velocity will be more sensitive to the

variation of hydrogen fraction at this time. Correspondingly,

the higher the hydrogen fraction is, the more strengthened

the non-equal diffusion will be. Then the diffusional-thermal

instability will also be promoted. Thus, with strengthened
non-equal diffusion ability, global turbulent burning velocity

will be more sensitive to the wrinkled degree of flamelets,

which depends on turbulence intensity.

Fig. 10 (a) is the normalized turbulent burning velocity ST/

SL. Usually the effects of laminar burning velocity can be

eliminated through this non-dimensional method. It is easy to

understand that ST/SL is increased with turbulence intensity.

However, with hydrogen fraction increased, ST/SL is nearly

kept constant, and even has a slight decrease. Besides, this

phenomenon is not limited to syngas/air flames, but also

methane/hydrogen/air flames [30] and iso-octane/hydrogen/

air flames [20], as long as equivalence ratio remains con-

stant. Although the growth of turbulent burning velocity can

be partially attributed to the growth of laminar burning ve-

locity, other factors also have significant effects on this issue.

It has been validated that keeping laminar burning velocity

constant, in other words, the ratio of oxygen is reduced at this

time, ST/SL will be increased with hydrogen fraction, just as

the results of Muppala et al. [31]. In face of this seemingly

contradictory phenomenon, it is necessary to give a more

detailed and comprehensive interpretation here. We know

that with hydrogen fraction increased, the effects of

diffusional-thermal instability will be strengthened, which

can promote ST/SL. However, our experimental results show

that it is nearly kept constant, concluding that there should be

other inhibiting factors. Except for laminar burning velocity

and diffusional-thermal instability, a possible reason is the

stretch effects of turbulence itself. Karlovitz number (Ka)

stands for dimensionless stretch rate and can be evaluated by

Ka ¼
�

u0
SL

�3=2�
LT
dL

��1=2

. As shown in Fig. 10 (b), Karlovitz num-

ber is decreased with hydrogen fraction, especially when

turbulence intensity is high, this trend is more evident. Thus,

it indicates that the stretch effects of turbulence itself are

weakened at high hydrogen fraction. This prediction can also

be validated in Fig. 10 (c). Here, sST, R is the flame propagation

speed of turbulent expanding flames and SF is the flame

propagation speed of laminar condition. The effects of

laminar burning velocity and flame intrinsic instability can be

eliminated in this normalized way and only effects of turbu-

lence itself is retained here. As we can see, sST, R/SF is

decreased with hydrogen fraction, and especially in intense

turbulence, this distinction is more obvious. In this condition,

although the strengthened diffusional-thermal instability can

https://doi.org/10.1016/j.ijhydene.2021.05.090
https://doi.org/10.1016/j.ijhydene.2021.05.090


Table 2 e Relative flame parameters and experimental data under different hydrogen fractions, T ¼ 298 K, 4 ¼ 0.7 (SL is
calculated by Davis model [54], dL ¼ m/(r∙ SL)).

Fuel P (bar) u’ (m/s) LT (mm) Le dL (mm) SL (cm/s) ST (cm/s) ST/SL

CO/H2 ¼ 80/20 0.5 1.77 9.66 1.05 0.076 43.50 78.32 1.80

1 1.77 9.66 1.05 0.044 37.60 87.63 2.33

1.5 1.77 9.66 1.05 0.032 34.30 104.60 3.05

2 1.77 9.66 1.05 0.026 31.90 111.67 3.50

2.5 1.77 9.66 1.05 0.022 30.10 113.08 3.76

3 1.77 9.66 1.05 0.019 28.70 115.38 4.02

3.5 1.77 9.66 1.05 0.017 27.40 119.57 4.36

5 1.77 9.66 1.05 0.013 24.64 127.74 5.18

1 0.89 7.44 1.05 0.044 37.60 61.33 1.63

1 2.66 11.25 1.05 0.044 37.60 117.77 3.13

1 2.54 12.53 1.05 0.044 37.60 140.39 3.73

CO/H2 ¼ 50/50 1 0.89 7.44 0.95 0.029 59.94 100.50 1.68

1 1.77 9.66 0.95 0.029 59.94 139.38 2.33

1 2.66 11.25 0.95 0.029 59.94 177.57 2.96

1 3.54 12.53 0.95 0.029 59.94 212.93 3.55

CO/H2 ¼ 20/80 1 0.89 7.44 0.73 0.021 87.57 138.29 1.58

1 1.77 9.66 0.73 0.021 87.57 195.34 2.23

1 2.66 11.25 0.73 0.021 87.57 242.95 2.77

1 3.54 12.53 0.73 0.021 87.57 276.62 3.16
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u
u
u'

S T (
cm

/s
)

% (Hydrogen)

T  P

S T (c
m

/s
)

u'(m/s)

Fig. 9 e Global turbulent burning velocity under different hydrogen fractions: (a) x-axis is hydrogen fraction; (b) x-axis is u’.
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promote turbulent burning velocity, the weakened stretch

effects of turbulence will cause an opposite effect. And it is

due to this trade off effect, ST/SL can be kept nearly constant

with hydrogen fraction. When turbulence intensity is high,

because the decline of turbulence stretch effects is more

obvious, thus ST/SL even appears a slight decrease trend at

this time. But when laminar burning velocity is kept constant,

it means that the oxygen fraction must be reduced corre-

sponding to the increase of hydrogen fraction. Compared to

the fuel/air flames, the flame thickness will be increased

when oxygen fraction is lower than 21%, resulting in a higher

Karlovitz number. Although the stretch effects of turbulence

are still weakened with hydrogen fraction, its weakened ef-

fects are not able to resist the strengthened thermal-

diffusional instability any more. As a result, ST/SL is still

increased with hydrogen fraction at this time. Therefore, it

can be concluded that, the effects of hydrogen addition on

turbulent burning velocity is the coupling results of laminar

burning velocity, diffusional-thermal instability and turbu-

lence stretch. But due to that strengthened diffusional-

thermal instability and weakened turbulence stretch resist

with each other, it seems that the growth of turbulent burning

velocity only depends on laminar burning velocity.
Unified scaling of turbulent burning velocity

In order to derive a general correlation of turbulent burning

velocity, a unified scaling has been conducted through

dimensionless parameters. Turbulent burning velocitymainly

depends on turbulence and laminar flame characteristics.

Thus, these characteristics should be included as much as

possible when conducting a unified scaling. Considering the

definition of turbulent Reynolds number is

ReT ¼u0LT=n (2)

where n is kinematic viscosity, this dimensionless parameter

can be used to reflect turbulence characteristics. At the same

time, turbulent burning velocity is normalized by laminar

burning velocity, to consider the effects of laminar flame

characteristics.

Fig. 11 shows the unified scaling of global turbulent

burning velocity. The experimental data can be collapsed into

a line, suggesting that turbulent Reynolds number is a suitable

method to correlate turbulent burning velocity. Qualitatively,

ST/SL approximately follows power law with turbulent Rey-

nolds number. And in quantitative level, current power

exponent is 0.46, close to the experimental result 0.53 of Shy
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Fig. 10 e Normalized turbulent burning velocity and weakened turbulence stretch effects: (a) ST/SL; (b) Ka; (c) sST, R/SF.

T

S T/S
L

ReT

S S Re

Fig. 11 e A unified scaling of global turbulent burning

velocity through turbulent Reynolds number.

i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 6 ( 2 0 2 1 ) 2 5 6 9 9e2 5 7 1 1 25707
et al. [23] and theoretical result 0.5 of Chaudhuri et al. [41].

Thus, it validates that a satisfactory unified scaling can be

obtained through turbulent Reynolds number again, and the

quantitative relation is approximately ST=SL � ReT0:5, regard-

less of different turbulence intensities, initial pressures and

fuels. It should be noted that, the current correlation is only

applicable for Lez1 conditions, because there is no parameter
reflecting molecule transport in turbulent Reynolds number.

However, this correlation gives a satisfactory performance for

different hydrogen fraction conditions. This is mainly due to

that most experimental conditions are about 20% hydrogen

fraction, whose Lewis number is close to unity. In fact, even

for 80% hydrogen fraction conditions, because equivalence

ratio is 0.7 and not lean enough, Lewis number is about 0.73

(Table 2) at this time. Consider the inaccuracy of Lewis num-

ber estimation, it is still close to unity to some degree. Due to

this, different hydrogen fraction conditions in current study

can be correlated well with turbulent Reynolds number.

Different from turbulent stationary flames, the acceleration

phenomenon is special and important for turbulent expanding

flames, which usually leads to a large scatter of global turbu-

lent burning velocity because the selected flame radius range is

different between previous researches [23,26,46]. To eliminate

this scatter, the acceleration phenomenon should be consid-

ered in unified scaling of turbulent burning velocity. According

to previous researches, there are two approaches to reflect this

acceleration, introducing effective turbulence intensity [45], or

substituting integral length scale with flame radius [14]. And

here, we will validate the capability of these two approaches

respectively and combine them together to see if a better

unified scaling can be achieved. Due to the satisfactory results

of turbulent Reynolds number, the unified scaling here is also

based on it. Thus, introducing effective turbulence intensity,

flame radius and both of them, turbulent Reynolds number can

be transferred to
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ReT;eff ¼u0
eff LT

.
n (3)
Ref ¼u0R=n (4)

Ref ;eff ¼u0
eff R

.
n (5)

Here, they are named effective turbulent Reynolds num-

ber, flame Reynolds number and effective flame Reynolds

number, respectively.

Besides, according to the turbulence characteristics esti-

mation results [48], effective turbulence intensity is evaluated

by

u0
eff ¼

"Z kc

kl

E11ðkÞdk
#1=2

(6)

Here, E11ðkÞ is turbulent kinetic energy density, the upper

limitation kc is the cutoff wavenumber in spatial energy

spectrum, and the lower limitation kl corresponds to the flame

size and can be evaluated as kl ¼ p=R. The results of effective

turbulence intensity are shown in Fig. 12. Due to that turbu-

lence intensity is not affected by initial pressure, here only the

effects of fan frequency are investigated while the initial

pressure is kept constant at 1.0 bar. In order to eliminate the

effects of ignition and chamber confinement [49,50], the

experimental radius domain of current chamber is

10e45 mm，thus the effective turbulence intensity is also

estimated in this domain. From Fig. 12 (a), we can see that the

higher effective turbulence intensity corresponds to a higher

fan frequency under the same flame radius. With the flame

propagating outwardly, the effective turbulence intensity will

become larger continuously. The vortexes range which can

wrinkle the flame will become wider with flame propagating

and correspond to a larger turbulent kinetic energy, resulting

in higher effective turbulence intensity. To consider the ef-

fects of fan frequency and flame radius, a general correlation

of effective turbulence intensity has been obtained in Fig. 12

(b). The effective turbulence intensity collapses into a power

law line very well under different fan frequency and flame

radius, which indicates that the unification of the correlation

is reasonable and can be used to estimate the effective tur-

bulence intensity. It should be noted that the power law factor

is 0.267, which is close to 0.23 of Chaudhuri [18] and 0.253 of

Mannaa [55]. Such consistence indicates the reliability of
u ef
f'  (m

/s
)

R (mm)

u ef
f' /

(m
/(s

*r
pm

))

Fig. 12 e Effective turbulence intensity: (a) under
current turbulence characteristics and a specific dependence

between effective turbulence intensity and radius.

Fig. 13 is the unified scaling for transient turbulent burning

velocity, corresponding to 20% hydrogen fraction condition.

From Fig. 13 (a), we can see that although effective turbulence

intensity is proposed to analyze and explain the acceleration

phenomenon in turbulent expanding flames, there doesn't
appear a satisfactory unified scaling through it. In other

words, only effective turbulence intensity itself is not able to

reflect the acceleration phenomenon. Oppositely, only

substituting integral length scale with flame radius can ach-

ieve a reasonable unified scaling, as shown in Fig. 13 (b). Be-

sides, an approximate power law appears between them, and

the power exponent is 0.5. Similarly, when introducing both

effective turbulence intensity and flame radius in Reynolds

number, it can still give a satisfactory performance and

appear a power law relationship, just as shown in Fig. 13 (c). To

consider the acceleration phenomenon in unified scaling, a

quantitative dependence between transient turbulent burning

velocity and flame radius should be determined. Based on

discussion above, it should be believed that this dependence is

ST;R=SL � R0:5 approximately. The effective turbulence in-

tensity can be estimated by u0
eff ¼ 0:35,10�3,u,R0:267, meaning

that the dependence between effective turbulence intensity

and flame radius is u0
eff � R0:267. Obviously, only effective tur-

bulence intensity is not enough to reflect this acceleration

quantitatively. In fact, when effective turbulence intensity

and flame radius are introduced together, it can be derived

that ST;R =SL � ðR0:267,RÞ0:45 � R0:57, which is still close to the

square root of flame radius. Thus, nomatter introducing flame

radius itself or both flame radius and effective turbulence

intensity, the final results are similar. We can conclude that,

the turbulent expanding flames perform a self-similar prop-

agation and the quantitative description of acceleration phe-

nomenon in turbulent expanding flames is

ST;R=SL � R0:5approximately. The effective turbulence intensity

is not able to reflect this acceleration completely, thus directly

introducing flame radius is a suitable method in unified

scaling of turbulent burning velocity, although integral length

scale is neglected this way.

Through flame Reynolds number, a unified scaling of

transient turbulent burning velocity for different hydrogen

fractions is shown in Fig. 14. And the error bar is the standard

deviation of five loops. As we can see, transient turbulent
R (mm)

ueff R

different conditions; (b) general correlation.
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Fig. 13 e Unified scaling of transient turbulent burning velocity: (a) ReT, eff; (b) Ref; (c) Ref, eff.
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Fig. 14 e A unified scaling of transient turbulent burning

velocity under different hydrogen fractions.
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burning velocity of different hydrogen fractions can still be

correlated by above approach. And ST;R=SL � R0:5is still suitable

at this time. However, it should be noted that, it doesn't mean

the turbulent burning velocity of different molecule transport

conditions can be scaled together through Reynolds number

itself. Just as the discussions for global turbulent burning ve-

locity, it is most likely that Lewis number of all gasmixtures is

close to unity in current experiment, while for other Les1

conditions, such as different equivalence ratios and different

single fuels, it will be invalid. In fact, without introduction of

molecule transport parameters, it is almost impossible to

extend this approach to Les1 conditions completely.
Therefore, further study is needed to include the effects of

molecule transport to obtain a robust general correlation.
Conclusions

Lean syngas/air turbulent expanding flames are investigated

under different turbulence intensities (0e3.54 m/s), initial

pressures (0.5e5 bar) and hydrogen fractions up to 80% (20%,

50% and 80%). The flame structure, turbulent burning velocity

and its unified scaling are obtained and analyzed

systematically.

The growth of turbulent burning velocity is caused by a

larger flame surface area, while the latter is mainly dependent

on turbulence stretch and flame intrinsic instability. With

turbulence intensity and initial pressure increased, flame

surface becomesmore refined andwrinkled. Correspondingly,

turbulent burning velocity is promoted as well, although the

growth rate will gradually be slow at high pressure.

The effects of hydrogen addition on turbulent burning ve-

locity are the coupling results of laminar burning velocity,

diffusional-thermal instability and turbulence stretch. Under

higher hydrogen fraction, turbulent burning velocity will be

more sensitive to turbulence intensity. And under higher

turbulence intensity, turbulent burning velocity will be more

sensitive to hydrogen fraction as well. ST/SL is nearly kept

constant with hydrogen fraction due to the trade-off effects

between strengthened diffusional-thermal instability and

weakened turbulence stretch.

Turbulent burning velocity can be unified scaling very well

through turbulent Reynolds number, validating that it is

indeed a practical correlation regardless of turbulence in-

tensity and initial pressure. Turbulent expanding flames
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follow a self-similar propagation law and the acceleration

phenomenon can be described as ST/SL ~ R0.5 approximately.

Only effective turbulence intensity is not able to reflect the

acceleration completely, while introducing flame radius into

turbulent Reynolds number directly is a suitable method. The

current general correlation is only applicable for Lez 1 con-

ditions, and further study is needed to consider molecule

transport effects.
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