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Abstract

This paper presents an experimental study on horizontally jet flames with rather high
velocities (58 m/s-167 m/s, Reynolds number up to 3.0x10%), which mainly fall in the
momentum-controlled region. Both high-speed schlieren and color imaging techniques
have been adopted to obtain the time-resolved images, based on which the flame and
flow dynamics has been discussed comprehensively. Under the test conditions, all the
flames have shown lift-off characteristics. The dynamic mode decomposition (DMD)
and proper orthogonal decomposition (POD) analysis has been performed to reveal the
flame and flow fluctuating frequency and the corresponding spatial distribution. The
results have shown two high frequency modes at 269 Hz and 537 Hz in the lifted-off
jetregion, which may come from the test bench vibration. The statistics of flame length,
height and lift-off distance have been presented, which have been compared with
previously reported data at lower velocities. The comparison indicates that the flame
behaviors have shown quite dramatic differences in the buoyancy and momentum-
controlled regions. The present experiments have extended the research of horizontally
placed jet flames to a wider velocity range, which has greatly broadened our knowledge

of the lift-off jet flame behaviors under high velocity conditions.
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1. Introduction

Non-premixed turbulent jet flames are widely adopted for industrial burners and
exist in many occasions of fire hazards, such as fuel leakage from pressurized tankers
and pipelines. A non-premixed jet flame has a tendency to lift off from the burner nozzle
position when the jet velocity of the flame is over a critical value [1-3]. With the
increasing of the jet velocity, the lifted height will increase and the flame may be blown
off abruptly after a certain height [4]. The lift-off flame instability originates from its
anchoring in an unstable turbulent jet flow, which has attracted intensive attentions
from researchers in combustion community [5-7]. Efforts have been devoted to explore
the most relevant parameters, including fuel type [8-10], nozzle exit dimension [11,
12], jet velocity [11-15], pressure [16-18], etc. Wohl et al. [19] proposed that the lift-
off phenomena would occur when the combustion velocity and the flow velocity of
local gas at the maximum laminar flame speed were equal. Gollahalli [20] argued that
the flame anchoring position features a balance between the local flow velocity and the
normal flame propagation velocity. Demore et al. [21] employed high-speed laser
tomography to visualize the vortices generated in a non-premixed lifted flame in the
hysteresis zone. It is shown that the appearances of lobe-like flames are due to the
streamwise counter-rotating vortices. The lift-off height has been studied as an
important parameter closely related with the flame instability phenomena [8, 16, 22].
Experimental investigations found that for a given gas, the flame lift-off height varies
linearly with the jet exit velocity, which is independent of the burner diameter in most
cases [11]. However, deviations from the linear increasing trend have been reported in
coflow jet experiments by Brown et al. [23] and Guiberti et al. [24]. Erete et al. [25]
reported that for non-premixed CHy air flames, the flame lift-off height increased with
the increase percentage of CO, dilution. Hu et al. [26] conducted comparative
experiments on turbulent jet diffusion propane flames at different ambient pressures.
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The results indicate that at a reduced ambient pressure of 64 kPa, the lift-off velocities

are lower, while the lift-off heights are increased.

Great efforts have been made to establish suitable correlations between lift-off
height and the relevant parameters. Based on the observation that for a free jet diffusion
flame, the lift-off height is independent of the nozzle diameter, simple linear
correlations of lift-off height and jet exit velocity have been proposed in several
literatures [27-29]. However, the results demonstrated that the lift-off height was
greatly affected by the nozzle diameter in confined jets [28]. Hu et al. [29] established
two sets of linear interpretations to correlate the lift-off height and fuel flow velocity at
both normal and reduced ambient pressures. One set uses the original lift-off height,
while the other incorporates the ratio between lift-off height and the nozzle diameter.
The two sets of fitting curves both indicate that the lift-off height is much higher in the
reduced pressure condition. Kalghatgi [11] proposed two non-dimensional groupings
to establish the relationship, which was able to collapse onto a single curve for several
different fuels at normal ambient pressure. One parameter is a Reynolds number based
on laminar burning velocity S; and the lift-off length L normalized by laminar flame
thickness. The other parameter involves the fuel flow mean velocity at the exit
normalized by S;, which is multiplied with the density ratio between fuel and air.
Bradley et al. [6] has derived a new dimensionless flow number by involving the §;
normalized jet velocity, a power function of Reynolds number as well as the pressure
ratio between fuel and air. The lift-off height is normalized by nozzle diameter, while
the fuel to air mole ratio leading to the maximum laminar burning velocity is introduced
as a correction factor to deal with different fuel compositions. The modified relationship
is able to correlate the lift-off height for a wide range of flow velocities and fuel types.

It also improves the suitability for different ambient pressures.

Although extensive investigations have been conducted on the vertical lifted
diffusion flames, only a few have focused on the horizontal jet flames. Different from
vertical jets, the buoyancy force and initial momentum are not in the same line, which

are divergent with an angle which can reach up to 90°. Comparative studies have been
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conducted by changing the jet angle from 0° to 90° [30, 31]. Lowesmith and Hankinson
[32] conducted large scale measurements for the horizontal natural gas with and without
hydrogen enrichments. The flame length and the incident radiation were measured and
analyzed comprehensively. Full scale tests have been conducted on horizontally
oriented liquefied natural gas (LNG) jet fires [33]. A lifted height was observed, which
contained unburnt fuel and air mixtures surrounded by blue premixed flames. The jet
fires have shown being tilted upwards, which is quite different for the vertical jet flames.
Different correlations have been proposed using global parameters to correlate the
horizontal jet diffusion flame trajectory [34-36]. Recently, Liu et al. [37] established an
improved model, which took the local buoyancy force and initial horizontal momentum
into consideration. Zhou et al. [38] investigated the effect of jet exit geometry shape on
the horizontal jet fires systematically, including circular, rectangular, equilateral
triangle and elliptic exits. The tests focused on the transition regime from buoyancy to
momentum-controlled flames. The results indicate that the exit shape plays an
important role for air entrainment, which should be included in the correlations. The
experimental data obtained by Smith et al. [39] indicated that the influence of burner

geometry or its orientation was negligible when the Reynolds number is up to 12,500.

It is noticed that the experimental data of horizontal jet flames are still quite limited,
especially for high Reynolds number conditions. In the current study, the test conditions
have been extended to a wider range. The flame and flow field characteristics have been
investigated comprehensively through time-resolved color and schlieren images

respectively.

2. Experimental method

2.1 Experimental setup

The components of the flame jet setup have been shown in Fig.1(a), which include a
propane cylinder, a valve, a pressure regulator, a flow meter, and nozzles of different
sizes. Different jet conditions were obtained using a pressure regulator and three

nozzles with diameters of 4 mm, 6 mm and 8 mm [40].



In the present study, in order to avoid the disturbance from the long jet flames, a
modified schlieren setup is used, which has been shown in Fig.1(b). The setup consists
of a point light source, two spherical concave mirrors, a knife edge, and a high speed
camera. Different from the conventional Z-type setup, the light source and the camera
are placed at the same side of the two mirrors. In this setup, the flame front will not
affect the imaging components, while the test area can be changed simply by moving
the mirrors and adjusting the light source and camera. Additional details of the schlieren
imaging system and flame jet are shown in Table 1. Besides of the schlieren imaging,
a phone camera was used to take the color flame images at a framing rate of 240 fps,

with a resolution at 1280x720 pixels.
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Fig.1 Experimental setups of (a) the jet flame, and (b) the schlieren imaging system.



Table 1 Details of the schlieren imaging system and flame jet conditions

Parameter Value

Camera Photron FASTCAM SA4

Lens Nikkor Zoom MF 35-200mm f/3.5-4.5
Mirror size 30 [cm]

Shutter speed 1/333000 [1/s]

FPS 5000

Jet nozzle diameter 4,6,8 [mm]

Average mass flow rate 0.002- 0.012 [kg/s]

Absolute pressure 1.1-1.8 [bar]

2.2 Test conditions

The test conditions have been summarized in Table 2. The tests were conducted

with three different jet nozzle diameters (d): 4 mm, 6 mm and 8 mm. In the present

study, the Reynolds number and Froude number is calculated by Re= 4 and

wd

Fr=\lu?/gd ,wheren is the mass flow rate, d is the nozzle diameter, p is the dynamic
viscosity of the fuel, u, is the average jet velocity and g is the gravitational constant.

The exit velocity (u,) is changed in a range of 58 m/s to 167 m/s; the corresponding
Reynolds number is from 52,000 to 300,000. The Froude number covers from 0.9%10°

to 3.5x10°, which is mainly belonging to the momentum-controlled regime (Fr>1x10).

Table 2 Summary of experimental conditions

Case d u,
R F
No. (mm) (m/s) ¢ r
-8 4 58-88  5.2x10%7.8x104  0.9x105-2.0x10°

9-19 6 90-148 1.2%10°-2.0x10° 1.4x105-3.7%10°

20-22 8 131-167 2.3%10°-3.0x10° 2.2x103-3.5%10°

2.3 Brief description of dynamic mode decomposition

The high speed schlieren imaging has supplied time-resolved information, which
enables the application of dynamical analysis tools, such as proper orthogonal

6



decomposition method (POD) and dynamic mode decomposition (DMD). POD
decomposes the original data into spatial multi-order modes (called eigenmodes) and
corresponding time evolution coefficients of orthogonal modes. The order of the modes
is from highest to lowest by the amount of energy it captures, given by the eigenvalues.
The spectrum map of POD of each mode may be the result of multiple frequencies
superimposed. Dynamic mode decomposition (DMD) is a data analysis method firstly
proposed by Schmid [41, 42], aiming to better understand the coherent structures in a
flow field. The DMD method treats the field change as a combination of linear dynamic
processes, which can resolve the main frequency modes of the unsteady flow field as
well as the spatial energy distribution at a certain frequency. Comparing with POD
method, the single frequency characteristic of DMD mode is more convenient for
researchers to analyze the flow mechanism. The recent application of DMD method to
high speed planar laser-induced fluorescence, color and schlieren images have revealed
the coherent structures of different frequencies up to 2400 Hz successfully [43-45]. In
the present study, the DMD and POD analysis was conducted on schlieren images of
three selected cases, following the procedure described below. The DMD analysis

follows a similar strategy as in Ref. [45]. The main procedure is described below.

With a certain spatial-temporal data set U = (u,,u,,...,u, ), two subsets U; and U,

are defined as:

U, =(u,uy,.u, ) (1)

U, =(u,,u,,...,u,) (2)

The subscripts (1,2... n) represent the flow field at different time. Introducing the

linear assumption between the neighboring moments, we may get that
U,=A4U,. 3)

The features of matrix A is resolved by singular value decomposition, using the

following equations.



U,=LSR’ “4)
AU, = ALSR" = AL = AU,RS™' (5)
AL=U,RS™ (6)

The similarity matrix 4 can be obtained by:

A =LAL=LU,RS™ (7)
AN/ﬁti = é:iﬁ”i (8)
@, =L¢ 9)

The eigenvalues involve imaginary and real parts, while the former represents the

frequency and the latter indicates the growth rate corresponding to that specific mode.

In A.
f =ima . 10
i 8 ns (10)
Rate =Re 24 (11)
At

Then, the flow field can be expressed as a superposition of different modes [46],

which can be written as:

Q 1A - ,11"*1
o 1 A e A

Uy = sttty ) =[0000n]] LA AT Lpa
a |1 A - A"

In Eq.(12), the matrix D contains the information of mode energy, while the row
represents the mode energy variation over time and the column denotes the energy of
different modes. The energy discussed in the present study follows Eq.(13), which is
defined as the arithmetic square root of the amplitudes of a certain frequency at each

time instant.



E = \/i(@aﬂikl)z =9, \/12 + (/1[)2 +... (ﬂ“inil)2 (13)

For the POD analysis, the diagonal matrix S in equation (4) consists of the square-

root-values of the eigenvalues, whereas the matrix L consists of the spatial POD modes.

3. Results and discussion

3.1 Analysis of flame and flow dynamics

The flame color and schlieren snapshots of the selected cases are shown in Figs. 2
and 3. As shown in Fig.2, the lift-off phenomena can be observed clearly through the
schlieren images. There are two regions in the left two images: the turbulent jet region
with finer structures and the flame region with expansion and large structures. For the
third case with the highest Reynolds number, the jet region is too long that the flame is
out of the view region of the schlieren system. The corresponding color flame images
shown in Fig.3 also show the lift-off distance between the nozzle exit and the flame
base. The flame shows blue near the base region, which indicates the partially premixed
combustion phenomena occurring in this area. In the downstream region, the flame
shows to be yellow and reddish, which is due to the radiation of soot particles in the

non-premixed combustion region.

| d=4 mm, u, =77 m/s, Re=6.86 x 10¢ | | d=6 mm, u, =116 m/s, Re=1.55 x 105
14 - 14
I Jet region = I Jet "e§}°“
4 F S . 4t
= : =
S r e r
= o8 =
6 VLU 6 +
Lo
- Flame region -
-16 -16
4 1 2 4 2
x(cm) 6 6 6 x(cm) 6 6
(a) (b)



| d=8 mm, u, =167 m/s, Re=2.97 x 105

Jet region

(c)
Fig 2. Schlieren images of the lift-off region and part of the flame region of three
selected cases. (a) Test No.2; (b) Test No.9; (c) Test No.20.
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d=8 mm, u,=167 m/s, Re=2.97 x 105

-02 03 08 13 1.8 23
X(m)

(©)
Fig 3. Color flame images of three selected cases
(a) Test No.2; (b) Test No.9; (¢) Test No.20.

The DMD analysis has been conducted on the lift-off jet region of the selected cases.
The frequency spectra and energy distributions at certain frequencies obtained from
schlieren images have been presented in Figs.4-5. In Fig.4 (a), the real and virtual parts
of the eigenvalues are shown. It can be seen that basically all the eigenvalues
corresponding to the modes are distributed on or near the unit circle, indicating that
these flame modes are neutral and stable in time. In each case, a total number of 1024
images are used and all cases have shown good convergence characteristics. It should
be pointed out that similar distributions are also observed for the other DMD analysis
results in the present study.

As shown in Fig.4(b-d), the spectra have involved a continuous distribution of
frequencies from 0 to 1000 Hz, while the amplitude is decreasing with the increasing
of frequencies. There are two peaks in all the three cases, at 269 Hz and its subharmonic
of 537 Hz. One sample of the energy distribution at the two frequencies have been
shown in Fig.5. It can be seen that the energy is distributed randomly with fine scale
structures in the whole flow field. No obvious coherent structures can be observed.
Besides, the POD analysis is also conducted on the schlieren images, while the spectral
and spatial energy distribution of the first dominant mode has been shown in Fig.6. It
can be seen that the first mode has involved the two frequency peaks of 269 Hz and 537

Hz for all the three cases. It is noticed that there are no dominant frequency peaks shown
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on the spectra for higher POD modes. The spatial energy distribution has a similar
pattern with the DMD results, while no obvious coherent structure can be observed.
Both DMD and POD analysis has indicated that the two peaks are independent of the
nozzle diameter and Reynolds number, which may come from a certain disturbance

from the test bench.

12000 d=4 mm, jet region
! 10000 f
= 55 8000},
EO s
= = 6000 Q%D 269Hz
1 4000} ‘Mg Mz
1 2
2000 L :
-1 0 1 0 500 1000
Re(n) Frequency(Hz)
(b)
7000 ¢ _ ) )
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6500 :
!
E56000 | % '
] &
55500 | P37
1
5000 |
1
4500 : . :
0 500 1000 0 500 1000
Frequency(Hz) Frequency(Hz)
(©) (d)

Fig.4 (a) DMD mode convergence and frequency spectra obtained from schlieren
images for (b) Test No.2, (c¢) Test No.9, (d) Test No.20.
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Fig.5 Spatial distribution of specific frequency modes (Test No.20).
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Fig.6 The spectral and spatial energy distribution of the first mode of POD
analysis (a) Test No.2; (b) Test No.9; (c) Test No.20.

On the contrary, there is no obvious peaks appearing in the flame region, as shown
in Fig.7. This may be due to the flame region is further downstream and less affected.
The combustion heat release leads to significant increase in viscosity, which also tends
to smooth out the high frequency. The DMD analysis has also been conducted on the
whole color flame images (marked by the blue rectangle in Fig.3) as well as on the blue
flame at the base region (marked by the red rectangle in Fig.3). The DMD analysis on

flame images have shown a similar continuum distribution of the frequency spectra.
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The peaks of 269 Hz can not be identified, since the imaging frequency (240 Hz) is too

low.
4 - 4 -
x10 d=4 mm, flame region g <10 ‘ d=6 mm, flame region ‘
6 L
b 6 -;
s34k 5 b
2 L 2 L
0 : : 0 : :
0 1000 2000 0 1000 2000
Frequency(Hz) Frequency(Hz)
(@) (b)

Fig.7 Frequency spectra obtained from DMD analysis in flame region using
schlieren images for (a) Test No.2, (b) Test No.9.

3.2 Flame structure parameter statistics

In the present study, three parameters were measured from flame images to
represent the flame structure under different conditions, including horizontal flame
length, flame height and lift-off distance. The flame images were firstly transferred to
binary images using Otsu method [47]. The flame appearance probability contours were
then obtained by adding up 100 binary images. Since the flame structure is fluctuating
randomly due to turbulent characteristics, the appearance intermittency contour of 50%
probability was employed to determine the flame geometric features. As shown in Fig.8§,
the horizontally and vertically projected flame length is measured as the distance from
nozzle exit to the right and top edges of 50% appearance intermittency contour
respectively. The horizontal distance between the 50% line at the flame base and the
nozzle exit is measured as the lift-off distance. In the current experimental setup, the
flames with the nozzle diameter at § mm are too long that the flame image is not able
to show the whole structure. Thus the flame lengths and heights are measured and
discussed only for test cases with nozzle diameters at 4 mm and 6 mm. The lift-off
distances can be resolved for all the test cases listed in Table 2. The statistics of the

aforementioned parameters are discussed in the following subsections.
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Fig.8 (a) A sample flame image (Test No.9) and (b) the corresponding flame
appearance probability contour

3.2.1 Horizontal flame length

The horizontal flame lengths measured in the current study have been presented in
Fig.8, while similar data at lower speed conditions reported by Zhou et. al [38] are also
presented for comparison. In Ref. [38], the propane jet flame is placed horizontally,
while two round nozzles with sectional areas of 4 mm? (¢=2.26 mm) and 16 mm?
(d=4.51 mm) were adopted. The velocity is no more than 40 m/s. Four different plots
have been used to represent the trend of horizontal flame length variations. For each
figure, a fitting curve based on the measured data in Ref. [38] is presented. For
convenience, the fitting curves in the corresponding data ranges are shown in our data

figures. For the curve fitting in the present study, the coefficient of determination is

evaluated by R* =1—I;TS§, where RSS is the sum of squares of residuals and 7SS is
the total sum of squares.

As shown in Fig.9(a), the flame length shows an increase trend with the nozzle exit
velocity. It can be seen that when the flame is in the buoyancy-controlled region, as
reported by Ref. [38], the flame length increases dramatically when the velocity starts
to increase from a relatively small value. The increasing rate is decreasing with the
increase of the velocity, which tends to a constant when the velocity increases to 30

m/s-40 m/s. The velocity range tested in Ref. [38] has involved the transition from
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laminar to turbulent. The nonlinear trend indicates that with the increasing of nozzle
exit velocity, momentum has a more significant effect on the flame length. For the test
cases in current study, the linear trend has continued. The data sets of two nozzle
diameters at 4 mm and 6 mm have collapsed to a single curve, which indicates the

dominant role of momentum in this region.

Previous studies have shown that Froude number (Fr) is a key parameter for
controlling jet flames. As shown in Table 2, almost all of the current test cases are in
the momentum-controlled region (Fr>1x103), while the data points reported in Ref. [38]
were mainly in the buoyancy-controlled region (Fr<1X103). A. L. Suris et al. [48] have

proposed an equation that relates horizontal flame length and the Froude number, as
L,/d=AFr", (1)

where L,is the flame horizontally length; d is the nozzle diameter; and the parameter A
is related to fuel type, nozzle shape and diameter. As shown in Fig.9(b), the data sets in
the present study are roughly follow a linear increasing trend, while some divergence
can be observed for two nozzle diameters. The results for =4 mm nozzle have shown
a better coincidence with the linear fitting curve in Ref. [38]. Although the linear
relationship exists in a wide range of flow conditions, the curves have shown deviations
from each other. Meanwhile, the data of vertical flame length in Ref. [30] have been
plotted for comparison, which also adopted Froude number as an independent variable.
As can be seen from Fig.9(b), the length of horizontal flame shows roughly the same
variation trend as the vertical flame, while the slope of vertical flame data is slightly
lower than that of horizontal flame. The difference is mainly due to the buoyancy effect

is more significant in the vertical flames.

The heat release rate is also adopted to relate with the non-dimensional horizontal

flame length [49]. From their definition, the non-dimensional heat release rate O * is the

square root of Froude number. Meanwhile, (1- y. )% is used to consider the radiation

effect, while y, = 0.3 is the radiative fraction [38]. As shown in Fig.9(c), it can be seen
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that the data sets in the present study have collapsed to one linear line. For the data sets

with lower velocities, a nonlinear trend was observed by Zhou et. al [38].

An equation has been proposed by Hu et. al [50] and Zhou et. al [38] to predict the

horizontal flame length, which is listed below

(5&*)* Qi +250°0" ) —2w¢
50° (2)

L /d=

i1 whichx = 0.0059(Ahc/1//
/4 ¢ T,

p.®

Y A=), 0=4C°k, ¢ =4Cxk, and C is the

phenomenological constant which is about 0.38 in circle nozzle. In the equation, Ah, =

46,000 kJ/kg is the fuel combustion heat and yw=15.6 is the air to fuel mass

stoichiometric ratio. The air specific heat ¢, is 1.01 kJ/kg at 7, =298K . The

equation can predict the flame length well in a wide range of conditions regardless the
fuel type, jet direction and nozzle shape. This equation has worked well for the data
sets of Zhou et. al [38]. However, as shown in Fig.9(d), for the data sets in an extended
velocity range in the current study, an obvious deviation can be observed. The data
sets still collapse to a single line, which has a steeper slope than the one of Eq.2. The

comparison also indicates that the flow conditions should be involved for flame length

prediction.
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Fig.9 Plots of horizontal flame length
3.2.2 Flame height

For horizontal jet flames, the central line of the flame will go upward due to the
buoyancy effect. The flame height versus jet exit velocity has been plotted in Fig.10(a),
while the curve fit in Ref. [38] is also presented. It can be seen that the flame height is
increasing with the jet velocity first and then a slightly decreasing trend can be observed
for both data sets. The flame height reaches the maximum height at around 32 m/s in
the buoyancy-controlled region, while the second maximum height appears around 138
m/s in the momentum-controlled region. If we look at the two data sets together in the
whole velocity range, the flame height is decreasing during the transition from
buoyancy to momentum-controlled region. This reflects the dual effects of buoyancy
and momentum in horizontal jet flames. At low velocities, the buoyancy effect is more
dominant. Thus the flame height is increasing along with the flame length at higher
velocities. After a critical value, the momentum effect plays a more important role,
which will suppress the flame height to a lower value. With the further increase of
velocity, the flame height increases along with the whole flame being larger.

The horizontal flame shape can be quantitatively evaluated by the inclination angle
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0, which can be calculated by

tand=H/L,. 3)

In Eq.(3), H and Ly are the flame height and length respectively. The relative weight
between buoyancy and moment effect can be depicted by Richardson number (Ri) [51],

as:

H3
Ri Pu8

puSul @)
where #==1.29 kg/m3 for ambient air; Pe is the fuel gas density at the exit; g is the
acceleration of gravity; u, is the exit velocity of the fuel and S is the nozzle exit area.
When Ri is approaching infinitely large, the flame is totally vertical (4=90 degree). If
Ri is zero, then the flame will be horizontal (6=0 degree). Zhou et. al [38] has related
the inclination angle and Richardson number using the following equation,

— ) 0.26
H/Lf =0.25( Ri) - (5)

The data sets in the present study has also roughly collapsed to a single line as shown

in Fig.10 (b), with a small deviation with Eq. (5), which is,

H/L,=0.27( Ri) 026

/ (6)
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Fig.10 (a) Flame height at different velocities; (b) Relationship between flame
inclination angle and Richardson number

3.2.3 Lift-off distance

The lift-off distance of the horizontal propane jet flame has been measured using
the visible flame contour statistics. Previous experimental studies on propane vertical
jet flame have shown that the lift-off distance varies linearly with the jet exit velocity
and is independent of the burner diameter [11, 28, 52]. The lift-off distance measured
in current investigation has also been plotted against the exit jet velocity, as shown in
Fig.11(a). It can be seen that the lift-off height of horizontal jet flame in the test region
also shows a roughly linear trend with the exit velocity, indicating weak relevance with
the nozzle exit dimension. The fitting line is in good consistency with the further
extension of the linear fitting reported in Ref. [38]. In previous studies, M.S. Cha et al.
[28] studied the lifted flame characteristics of vertically non-premixed turbulent
propane jets by experiments. Putting historical data fitting curve in the same figure, it
can be seen that the lift-off distance of horizontal and vertical flame has shown very

similar trend in a relatively wide range of velocities.

Recently, Bradly et al. [6] has proposed a dimensionless parameter U* to fit the
lift-off distance, which has shown a good linear trend for both vertical and horizontal

jet flames. The definition of U* is
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U =G,/ ,)(S,d1v)** )

where S; is the maximum laminar burning velocity of fuel-air mixture; v, is the fuel
gas kinematic viscosity; and d is the nozzle diameter. The lift-off distance is also

nondimensionalized as H* = h/d, where # is the lift-off distance.

The linear fit by Zhou et. al [38] for the horizontal flame in the buoyancy region is

h/d=3.02U" —5.38. (8)

The data sets obtained in the present study have been plotted in Fig.11(b). It can be
seen that the data collected for =4 mm have shown good consistency with Eq.8 in the
extended velocity region. The cases with =6 mm and 8 mm have collapsed to another

line, which has an obvious deviation from Eq.8. The fitting curve equation is
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Fig.11 Variation of lift-off height with exit velocity

4 Conclusions

In this paper, horizontal lifted jet flames under relatively high velocity conditions have
been investigated experimentally. Comprehensive analysis has been conducted to
reveal the flame and flow dynamics, including frequency information, flame size and
lift-off distance statistics. The DMD and POD analysis indicates that there are two
distinct frequency signals in the lift-off jet region, which are independent of the nozzle
diameter and Reynolds number. However, no obvious coherent structures can be
observed on the spatial energy distribution. The frequency identified might come from
the test bench vibration. The flame shape and lift-off distance statistics have been
evaluated in both dimensional and dimensionless ways, while the low speed test data
reported in the literature were also presented for comparison. Both flame length and
height variations with velocity have shown deviations in low speed region (buoyancy-
controlled) and high speed region (momentum-controlled), while some of the
differences are quite dramatic. For the lift-off distance, the simple linear trend shows to
be roughly correlated with the nozzle exit velocity, regardless of the nozzle diameter
effect. However, two distinct linear lines have to be used to fit the data with different

nozzle diameters in the plot with a specific dimensionless grouping. The results indicate
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that the horizontal jet flame have shown dramatic differences in the buoyancy and
momentum-controlled regions. Some of the scaling analysis has to be done separately
at the present stage. The experimental data reported in this paper has enriched the data
bank of horizontal jet flame in a wider velocity range, which are of great importance

for deeper understanding of the complex flame and flow interactions.
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Highlights

. Horizontal flame jets in momentum-controlled region are studied experimentally.

. The lift-off distance, flame length and height statistics are measured and discussed.
. The observed flame characteristics is quite different with low velocity conditions.

. The high velocity conditions have enriched the horizontal jet flame data bank.
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