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Abstract: This paper studies the influence of hydrogen volume fraction effects on the temperature
distribution of diffusion turbulent propane jet flames. Numbers of experimental scenarios have been
carried out to investigate the evolution of temperature distribution under different hydrogen volume
fractions. In the continuous region, these experimental results show that the temperature distribution
and the maximum temperature of diffusion of turbulent jet flames are proportional to the hydrogen
volume fraction under the same heat release rate of propane. Considering the model of virtual
point source and the three-stage model, the theoretical model between the hydrogen volume fraction
and flame temperature has been analyzed. The relationship among the temperature distribution,
hydrogen volume fraction, and heat release rate has been modified. It can provide some important
references for the fire risk assessment of turbulent diffusion jet flames.

Keywords: hydrogen; temperature distribution; turbulence diffusion jet flames; virtual point source

1. Introduction

In recent years, hydrogen (H;) has been widely used to add into hydrocarbon fuel
gas to improve its combustion processes [1,2]. The jet flames of Hy and of hydrocarbon
fuel present very different characteristics, such as their burning velocities, heat release
rates, flame blow-off velocities, air entrainment rate, flame lift-off height, thermal radiation
fraction, flame temperature, and propensities to flame quenching. However, the gas
mixture, which contains Hj, has some significant safety issues since the explosive limit
of Hj is 4-75.6%. Furthermore, these high-pressure pipelines will be eroded much more
easily since the hydrogen causes embrittlement. The turbulent diffusion jet flames of gas
mixtures will be observed once the high-pressure pipelines leak. As discussed in previous
studies, the flame temperature is the crucial parameter that will seriously influence the
fire development. The addition of H, will inevitably influence their temperature fields [3].
Therefore, it is of great significance to accurately predict the flame temperature of gas
mixtures that contain Hj.

In previous studies, the main focus has been on the flame temperature of turbulence
diffusion jet fire for pure fuels [4-7]. Hyun et al. [4] measured the soot volume fraction
and the soot temperature profiles and used spectral soot emission to study the sensitivity
of soot formation to pressure in co-flow laminar diffusion flames. They found that radial
temperature gradients within the flame increased with pressure above the burner rim. It
was also found that higher radial temperature gradients near the burner exit at higher
pressures. Hu et al. [5] conducted experiments in Lhasa and Hefei to investigate the in-
fluence of atmospheric pressure on the axial temperature of diffusion turbulent jet flames.
They found that the maximum value of flame temperature under the ambient pressure was
higher than the ones of low ambient pressure. The classical three-section buoyancy-induced
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flow model modified by the virtual point source was used to develop the dimensionless
temperature model under different ambient pressures. Zhang et al. [6] analyzed the tem-
perature distribution in the vertical direction of the jet flame buoyancy control region while
the rectangular burners with different aspect ratios and heat release rates were considered.
They assumed that the centerline temperature of buoyancy control was a function of the
Froude number, which was related to the outlet velocity. Mercedes et al. [7] studied the
centerline temperature of larger-scale diffusion jet flames in the vertical direction, and
they found the functional relationship between the centerline temperature value and their
locations. McCaffrey [8] analyzed the jet flames, and he obtained the classic three-section
distribution model of the fire. The temperature in the vertical direction of jet flames can
also be divided into three regions: continuous flame region, intermittent flame region, and
plume region. The axial temperature distribution of jet flames could be effectively described
by the dimensionless three-section theory [9,10]. Liu et al. [10] investigated the plume
centerline temperature of pool fire under different ullage heights (distance between the
fuel surface and the burner upper rim). They found that the plume centerline temperature
decreases with the ullage height under minor ullage height conditions. It increases with a
further increase in the ullage height due to the increase in the air entrainment rate, which
advances the local burning intensities of the fire plume. Wang et al. [11] conducted plenty of
experiments on turbulent diffusion jet flames under different tilt angles, and they analyzed
the temperature distribution on the flame centerline. These experimental results showed
that the flame temperature decreased with an decrease in the inclined angle. A parameter
of the title angle has been considered to add into the classical model for establishing a new
dimensionless correlation. The virtual point source of jet flames has been defined as: there
is a point below or above the fire source, which can be regarded as the point of heat release.
Therefore, the virtual point source is always used for correcting the temperature distri-
bution of jet flames [9]. Xing et al. [12] analyzed the heat transfer of buoyancy turbulent
diffusion flames under two different air entrainment conditions. The experimental results
indicated that the air entrainment rate of the jet flames near the wall was much lower than
that of the free flames. Wang et al. [13] studied the evolution of axisymmetric diffusion
jet flames constrained by parallel side walls. Tao et al. [14] analyzed the characteristics
of the virtual point source of jet flames under different side wall spaces, and they have
established a correlation model between the virtual point source and side wall distance
using the hydraulic diameter. They found that the virtual origin of buoyancy-controlled jet
flames was always larger than 0, which increased in reducing the spaces of sidewalls. And
the virtual origin increased with the heat release rate. A global model has been proposed to
estimate the virtual origin of jet flames. Gong et al. [15] conducted a series of ignited release
experiments for cryogenic hydrogen at different release pressures and release temperatures.
They found that the jet flame temperature of cryogenic hydrogen increases with an increase
in the release pressure and a decrease in the release temperature. Futhermore, the critical
separation distance can be calculated based on the jet flame temperature on the centerline.
A dimensionless relationship for the temperature distribution of the cryogenic hydrogen
jet flame has been developed that presents a three-region distribution, which is similar to
the ambient temperature of jet flames.

Some works about the combustion characteristics of gas mixtures have been carried
out [16-20]. Zhao et al. [16] investigated the flame height, flame width, and lift-off height of
blended Hj /CHy non-premixed jet flames. They found that the flame height decreases with
an increase in the H, volume fraction (f, r,) while their flame width versus flame height
was not self-similar. They also developed a new correlation of lift-off height under different
fo,H,- Kong et al. [17] studied the jet flame characteristics of Hy /CHy in the horizontal
direction. The temperature distribution in the horizontal axis can be characterized by the
classical centerline temperature relation of the free fire. The lift-off length decreased with
the addition of Hj, while the flame length under different conditions has been analyzed
and quantified. Li et al. [18] proposed a solid flame model of thermal radiation to calculate
the safe separation distance of H, /CH, mixtures pipeline jet flame. They developed a
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new model to solve the calculation problem of the near-field view factor, which agreed
well with the experimental results. He et al. [19] investigated the centerline temperature
of hydrogenated fuel gas under free and wall fire conditions. The vertical temperature of
jet flames was proportional to the f, p,, while the flame height was inversely proportional
to it. They also found that the virtual origin increased with the volume ratio of Hy, and
the virtual point source of jet flames near the wall was significantly larger than the ones
of the free flame. Tang et al. [20] studied the combustion characteristics of H; jet flames
under varying N dilution concentrations and nozzle diameters. The flame height of H jet
flames under the same heat release rate decreased with increased dilution concentration
due to enhanced air entrainment. The lift-off distance was independent of the nozzle
diameter for the jet flame at the same dilution concentration but increased with the dilution
concentration due to the decrease in the flame combustion speed.

The characteristics of flame temperature of the pure fuel gas under different boundary
conditions have been studied for decades. Moreover, the combustion characteristics of
H,/CHjy gas mixtures have been investigated, such as flame height, flame width, and
lift-off height. The flame temperature in the horizontal direction has also been investigated
but without the ones in the vertical direction. The flame temperature distribution under
different directions will be very different, especially for the H; and hydrocarbon gas mix-
tures. In this study, a series of experiments about the centerline temperature of turbulence
diffusion jet flames of the Hy and propane (CsHg) gas mixtures have been carried out. The
virtual point source has been considered with the same flow rate of CsHg under different
fo,H,- It can be found that the value of the virtual point source decreases with an increase
in f, 1, The virtual point source method for the fire plume has also been analyzed, firstly
for the gas mixture. Based on the classic three-region theory, a modified correlation, which
considered the effect of f r7,, has been developed. This correlation can accurately predict
the flame temperature of gas mixtures.

2. Experimental Setup

In order to investigate the combustion characteristics of C3sHg—H, diffusion jet flames
with different f, p,, an experimental setup was built, as shown in Figure 1. The experimen-
tal setup includes a gas supply system, a flow control system, nozzles, and a temperature
acquisition system. Before igniting the fuel gas, the temperature acquisition device was
turned on. The flow rates of C3Hg and H;, were controlled by flow meters, respectively. The
gas mixing tank was used for mixing the gases completely. Two nozzles, whose diameters
(D) are 2 and 3 mm, were used. To ensure the repeatability of experimental results, each
experimental scenario was repeated 3 times under the quietist conditions. The ambient
temperature was at 15 &= 2 °C, while the ambient pressure was 101 & 5 kPa. As shown in
Figure 1, about 16 K-thermocouples with the accuracy of 1 °C were fixed as a thermocou-
ple tree upon the nozzle. This is the usual method for the study of fire dynamics, which
is considered in many papers [5,6,13,14]. The distances between each thermocouple and
the nozzle are 0.05, 0.10, 0.15, 0.20, 0.25, 0.35, 0.45, 0.55, 0.65, 0.75, 0.85, 0.95, 1.05, 1.15, 1.25,
and 1.35 m. It is noted that there is a radiation error in temperature measurement using
thermocouples [21]. Therefore, the true value of the flame temperature can be calculated
using thermocouple measurements, considering the heat transfer model [22,23]. The data
acquisition device was connected with 16 K-type thermocouples, while it was also con-
nected with PC for collecting and processing data in real time. Every experimental scenario
lasted for 120 s. All of the experimental scenarios are shown in Table 1.
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Figure 1. The schematic of the experimental setup.

Table 1. The summary of the experimental scenarios.

D (mm) C3Hg (m3/h) H, (m3/h) QC3H8 (kW)

0,0.114, 0.227, 0.341, 0.455,
0.568

0, 0.068, 0.091, 0.114, 0.136,
0.159, 0.182, 0.205, 0.227,
0.341, 0.455, 0.568

2 0.077, 0.116, 0.155, 0.232 2.176, 3.264, 4.352, 6.755

0.077,0.124, 0.155, 0.232,
0.279, 0.310, 0.341, 0.372

2.176,3.482,4.532, 6.529,
7.835,8.705, 9.576, 10.447

The flame temperature is measured by the K-type thermocouples with some heat loss
caused by the thermal radiation, which could not give the absolute temperature. Then, the
flame temperature should be revised according to the thermal radiation. It can be revised
by Equation (1), while the radiation correction has been considered [24]:

oe(1—¢g) Tg4

1
h+ 408T§’ M)

Tg - Tth -

where Ty is the gas temperature, Ty, is the absolute temperature reading of the thermo-
couple, h is the convective heat transfer coefficient for the thermocouple junction, ¢ is the
Stefan—Boltzmann constant, € and ¢ ¢ are, respectively, the emissivity of the thermocouple
and the gas, and they are assumed to be 0.9 and 0.1 [25,26]. The thermocouple junction is
assumed to be a cylinder, and  is given by Nu = 0.43 + 0.53Re*Pr’3! [27]. The measured
velocities are used to calculate the Reynolds (Re) number. The flame temperature was
recorded for about 120 s with stable combustion, which shows small deviations with respect
to their mean temperature (about 3.1%), with the fine control of the gas flow rate of the
jet flame.

3. The Experimental Results and Discussion

Figure 2 shows the flame temperature curves of the centerline under different heights.
It could be found that the value of the flame temperature in the continuous region is the
highest. The flame temperature was significantly influenced by the Hj at the continuous
flame region. Figure 2 shows that the flame temperature of the jet flame at the continuous
region increases overall with the increase in f;, p7,. The increase rate of the flame temperature
at the intermittent flame region and plume region is much smaller than the ones of the
continuous region. This is because the outlet velocity (1) from the nozzles increases with
an increase in f pj,, which brings a larger value of the air entrainment rate [28]. The
flame height is inversely proportional to the air entrainment rate [29]. The heat release

rate of C3Hg (QC3H8) can be recognized as a constant, while the heat release rate of Hp
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(QHz) increases. Therefore, the total heat release rate (Qt) of C3Hg—H), diffusion jet flames
increases. It can be deduced that the chemical energy of the fuel gas released mainly in
the continuous region. For the diffusion jet flames of gas mixtures, there are three effects,
which are dilution, heat, and chemical effects [30].
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Figure 2. The evolution of centerline temperature of jet flames for D = 2 mm.

With the addition of H, the heat effect is much more obvious than the dilution effect.
In addition, the ignition energy of Hj is the lowest for all of the combustion materials. Then,
the C3Hg will burn much more completely due to its chemical effects of gas mixtures. As
discussed in Ref [31], the effects of the H, mole fraction on the chemical reaction have been
discussed. The main reaction pathways are CsHg —+ N-CsH; — C,Hy — CH; — CH,O
— HCO — CO — CO, and C3Hg — I-C3H; — C3Hy — CH3; — CH,O — HCO — CO
— COy. It shows that the H-atom abstractions of propane are affected by the additional
hydrogen. With a decrease in propane, the percentage of N-C3Hy formation will increase,
while the I-C3Hy percentage is reduced through the reaction of CsHg + H = I-C3Hy + Hj,
C3Hg + O = 1-C3Hy + OH, and C3Hg + OH = I-C3H7 + HO. The HCO production way
is affected by the H, addition, while its production value of reaction CH,O + H = HCO
+ Hj is reduced, and the CH,O + OH = HCO + H;O improves it with a decrease in the
H; volume fraction. The reaction paths containing OH and H radicals are affected by
the H, fraction reduction. Hence, the effects of the H, mole fraction affect the reaction
pathways by the OH and H radical production, resulting in varied flame structures and
different thermal performances. The OH radicals are produced by H + O, = OH + O,
H,O + O =20H, and H; + O = OH + H. The addition of H, contributes to the H radical
production through H, = OH + H and H, + O = OH + H, while it restrains the H formation
from CH3 + O =CH,O + H, HCO+M =CO + H + M, and CO + OH = CO, + H. Based on
that analysis, Peng et al. [31] studied the reaction pathways effected by the Hy mole fraction.
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It is noted that the flame temperature increases significantly with the H; dilution
concentration. This experimental result is reasonable since an increase in dilution concen-
tration increases the heat release rate of Hy. The flame brightness decreases, which changes
to blue, with H; dilution concentration. The intensity of the blue flame is determined by
the square of the hydroxyl (OH) concentration [32].

According to the equations of mass, momentum, and energy, the temperature differ-
ence distribution between the flame and ambient in the vertical direction of jet flames can
be expressed as [10,33]:

L\ 2/3
AT, = ka3 L) zsps 2)
CpPo

According to the dimensionless analysis, Equation (2) can be written as:

== To _ gy4/30+2/3p=5/37-5/3 3)

To

where « is the entrainment coefficient rate, and Q* is the dimensional heat release rate.

From Equations (2) and (3), it can be seen that the temperature of jet flames is influenced by
the air entrainment rate.

Figure 3 shows the temperature differences of the flame centerline under different D

when QC3H8 = 2.176 kW. It can be found that the evolution of centerline temperature jet
flames with different diameters is very different. The u from the nozzle will be the largest

when D is the smallest one under the same Q,. There will be much more vortexes near the
nozzle while the flow stage becomes the full turbulence flow. For the turbulent flow, more
vortexes will be found near the nozzle. In addition, the vortical activity increases with the
u. Then, more air will be entrained into the flame body. Thus, the air entrainment rate will
increase proportionally to the u. The C3Hg in the gas mixture will be consumed fast, which
is another reason for the increase in the centerline temperature in the continual region. The

maximum temperature is proportional to the f; ;, under the same QCsHs'

1200
D
——2mm
900 - = 3mm
T(°C)
600 -
300 -
0+ Qg =2.176 KW

0.0 0.3 0.6 0.9 1.2 15
Z(m)

Figure 3. Comparison of centerline temperature under the same QC3H8 and different D.

Figure 4 shows the variation of the maximum temperature (Tmax) of the centerline
temperature under different volume flow rates of C3Hg and Hj. It can be clearly observed
that Trax is proportional to Qt of mixed fuel when the volume flow rate of C3Hg is constant.
The maximum value of the temperature difference (ATmax) reaches about 200 °C with an
increase in f, p,. It can be found that the ATn,x increases slightly when f, p, < 0.6, but
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it increases sharply when f, i, > 0.6; it is also a turning point for the thermal radiation
fraction [34]. According to the previous studies [35,36], the addition of H, brings some
common experimental phenomenon. The combustion characteristics will be dominated by
hydrocarbon fuel when f, i, < 0.6, while they will be dominated by H, when f, i, > 0.6.

1400 1400
(a) D=2mm (b) D=3mm
1200 1200
1000 oI 1000 o -
4 v 'Y _— b 909°** ¥ o
R = o 9,602, v ‘AF.
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600 - —e—3.264 600 1 3482 8.705
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400 : . : : . 400 : : : ; ;
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 f 0.6 0.8 1.0
V,H, V,Hz

Figure 4. Effect of hydrogen gas on maximum flame temperature.

In the previous study, the temperature distribution in the plume region is analyzed by
the virtual point source method [10,37]. The virtual point source can be explained as: there
is a virtual point below or upon the real fire source which releases the combustion heat [37].
According to the virtual point model, the height can be revised to a more accurate value for
the flame temperature. By replacing the height Z in the plume temperature formula with
the corrected height [10,33], it can be obtained that:

o_  (L=To)/Ty _ AT/Ty :fcn(Z—Z()) @

B . 2/3 7 ~*3 D
Q Q
(pocpTog1/2D5/2>

where T, is the flame temperature at different heights, pg is the ambient density, Ty is the
ambient temperature, and Z is the value of the virtual point source. Z is the heights at
random locations. For axisymmetric plumes:

B —5/3
o A.TZ/TO o< (Z ZO) (5)
*
Q2/3 D
This equation can be rewritten as:
Q*2/3 3/5
D = x (Z—2 6

.k

3/5
Thus, there is a linear relationship between ® = (Q 2/3 /(AT / TO)) and Z — Z,

and the intercept of the straight line formed by the data points on the axis in Figure 5
represents the virtual point source.
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Figure 5. Derivation of a virtual point source when QCsHs =3.264 kW and D =2 mm.

Figure 5 shows the typical experimental results of the virtual point source for the 2 mm
diameter nozzle while QC3H8 = 3.264 kW. It can be seen that all the Z; are greater than 0,
which means that Zy > 0. The increase in f, 7, will reduce the value of Zy. The QC3H8 isa

constant, while the QH2 increases with an increase in f, i, and Qt increases. As discussed
in the previous text, the air entrainment rate is proportional to the turbulence intensity,
which will increase the flame temperature and reduce the flame height. As a result, the
value of ® decreases since the AT, increases sharply.

Moreover, its position moves closer to the nozzle. This suggests that the addition
of Hy has a certain impact on the virtual point source, which is essentially due to the
concentration of flame energy release below the flame.

A virtual point source is a function of the Qt, temperature difference (ATy), and D [28],
which can be expressed as:

Zo = fen (Q,ATf,D) @)
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After introducing the virtual point source, the flame temperature in the vertical direc-
tion can be fitted through the following the relationship:

As discussed in the previous text, the value of Zy decreases with an increase in f;, p,
while the flame temperature increases. Then, (T, — Ty)/ Ty is proportional to f, p,. But

. %2/5 .
in fact, the value of (Z — Zy)/DQ changes slightly under the same Qc,p, and fo,Hy-
Based on that, f; y, is an important parameter to influence the dimensionless model. Here,

the addition of a new parameter (1/ (1 + fym,) )2/ > has been considered, which has been
carried out [37]. Then, it gives:

1 \°(T,-Ty) (Z-20)/D 9
(1 +fU,H2) TO ~ Q*Z/S ( )

The variation of the central axis temperature of turbulence diffusion jet flames of C3Hg
and H; gas mixtures has been analyzed according to the three-stage theory proposed by
McCaffrey [8]. These three stages are continuous region, intermittent flame region, and
plume region. The flame temperature of the continuous region changes slightly with an
increase in height, while it decreases with a different rate for the intermittent region and
plume region. As shown in Figure 6, each experimental data converges to the fitting curve
highly. For the pure fuel, the applicability of the classical three-stage model proposed
by McCaffrey [8] can describe the evolution of the flame temperature well. And the
experimental data in this study overlap the ones obtained by McCaffrey in Figure 6.

25 ) )
(1+fl-u,H2) (TTOTo) =0.115 [(ZQ*Z%/D} +2.442 (ZQ*Z# <23 (10a)
1 2/5 (T-1y) (2-2y)/D ot (Z—74)/D
(1+fv,H2> T, — 138 o T >23 (10b)
10
Eq. 10-a)
®
Eq. }O-b)
14

2/5
LTIy rume flow rate of CyH(mih
151, T, olume flow rate of C;Hg(m*/h)

2mm 3mm
= 0078 o 0.078 < 0.279
014 e 0116 2 0116 > 0310
A 0155 v 0155 o 0.341
v 0232 ¢ 0232 = 0.372
*  The experimental data (McCaffrey,1979)
correlation
0.01 T T T
0.01 0.1 1 10
(Z_Zo)/D

Q*z/s

Figure 6. The modified result of dimensionless flame population distribution [8].
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Based on Equation (9) and the experimental data, the flame temperature of the gas
mixture of C3Hg and Hj can be divided into two regions. In the continuous flame region,
the flame temperature increases by about 200 °C. Considering the influence of Hj, a new
dimensionless temperature difference has been developed, which remains as a constant, and
is written as Equation (10). But for the intermittent flame region and buoyant plume region,
the power value of this relationship between the dimensionless temperature difference
and dimensionless height is —1.6. This dimensionless model can be used for calculating
the flame temperature according to the analysis of the heat release rate, the virtual point
source, the nozzle diameter, and the volume rate of Hy. It will be helpful for the fire risk
assessment of the high-pressure gas pipeline and storage tank.

4. Conclusions

The flame temperature in the centerline of turbulent jet flames of hydrogen-propane
gas mixtures at ambient temperature and pressure (300 K, 1 bar) was studied. For the pure
fuel, the experimental data agrees well with the ones obtained in the previous studies. The
main conclusions can be obtained as follows:

1.  The addition of hydrogen increases the centerline temperature of the turbulence
diffusion jet flame. The maximum temperature increases obviously in the continuous
flame region and increases slightly in the intermittent flame region and plume region.

2. It was found that the virtual point source moves downward gradually with the
increase in the hydrogen volume fraction, since the flame height decreases and the
flame temperature in the plume region decreases.

3. Based on the three-stage theory model, a new dimensionless model of flame tem-
perature for the hydrogen-propane gas mixture has been proposed to describe the
influence of hydrogen. The flame temperature of turbulent diffusion jet flames for the
gas mixture of hydrogen-propane can be predicted accurately.

In this study, only the vertical jet flame has been considered with two circular nozzles,
while both the direction and geometrical shape of the leakage fire is variable. In the future,
the leakage fire with a different direction and geometrical shape will be carried out. In
order to understand the combustion characteristics comprehensively, the flame temperature,
flame length, flame radiation, and the other parameters will be investigated for different
directions and geometrical shapes.
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