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Abstract: The objective of the current research is the
experimental investigation of the pulsating flow effects on the
combustion performance in terms of the flame temperature
distribution, the heat transfer rate, the combustion efficiency and
the exhaust gas analysis. The flow pulsation provided through a
rotary ball valve in accordance with a variable speed motor
arrangement increased the flame temperature fluctuation and the
magnitude of heat release. The flow pulsation provides a highly
turbulent flame wherein the vortices are enlarged. Increasing
Strouhal number [St] of the LPG fuel and air flow increases the
time-averaged flame temperature of the pulsating flame up to a
saturation level that is dictated by the heat transfer rate
enhancement. The maximum average flame temperature is
1263°C at St= 0.041, r= 0 mm and 100 mm from the burner inlet.
In addition, increasing the pulsating flow amplitude increases the
convection and radiation heat fluxes from the pulsating flame.
While increasing the pulsation decreases the exhaust UHC due to
increasing the turbulent kinetic energy acrossthe pulsating flame,
the exhaust NOx dlightly increases due to increasing the heat
release rate and the flame temperatures. Pulsation thus enhances
the combustion efficiency insidetheindustrial combustors.

Keywords. External pulsation, pulsating flame, Inlet flame
port, Diffusion flame, Pulsation frequency, pulsator combustor.

I. INTRODUCTION

Pulwtingflames acquire the features of turbulent

combustion which is industrially attractive. In this respect,
the pulsation process enhances the combustion performance
in terms of the combustion efficiency and heat transfer. Some
research works were devoted to measure the flame
temperature fluctuations, while other experimental tests were
carried out to quantify the heat transfer characteristics for
turbulent confined flames (with and without pulsation). The
effect of the pulsation freguency, Reynolds number and the
firing rate on Nusselt number in cases of upstream and
downstream  pulsation  effects was  experimentally
investigated. A ball valve that is driven by a variable speed
motor provides a flexible mechanism of pulsation. The
pulsating flow improves the convection heat transfer rate
inside the combustor. Increasing the pul sation frequency and
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Reynolds number increases the average heat transfer
coefficient [1-9]. At the pulsation frequency of 3.3 Hz, the
maximum enhancement was obtained where the heat transfer
coefficient increased by 17.68 and 44.4%, respectively in the
upstream and downstream regions. Upon increasing the
firing rate, the enhancement in the mean Nusselt number is
more prominent in case of the flame downstream regions.
The experimental results on forced convection heat transfer
showed that the values of Nusselt number increase upon
increasing Reynolds number for both pulsating and
non-pulsating flows in the range of Reynolds number, Re
between 100 and 2000. It was found that Nusselt number for
laminar pulsating flow decreases by an average value of
about 22% bel ow what corresponds to the non-pul sating flow
when the pulsation amplitude was increased. An empirical
formula was derived for Nusselt number as a function of
Reynolds number and the pulsation amplitude. Additional
experiments were stated to be till necessary for the other
flow regimes, pulsating frequencies and flow configurations
to explore whether the heat transfer rates increase or decrease
upon introducing the pulsating flow effects [10-15].

The vortex shedding and the corresponding heat transfer
around a cylinder in a cross flow with free-stream pul sations
was studied experimentally in the range of Strouhal number,
St=0-1.76 and relative amplitude from O to 0.85. While the
free-stream velocity followed a nearly harmonic law, the
flow visualization analysis of the cylinder wake zone
classified the flow patterns around the cylinder into four main
groups in which the large-scal e vortices behave differently as
afunction of the dimensionlessfrequency, St, and the relative
amplitude of pulsation. It was revealed that depending on the
free-stream pulsation amplitude, different flow patterns can
occur at afixed Strouhal number. Thisis dependent on anew
dimensionless number which was introduced as the ratio of
the inertial force due to the flow acceleration in its global
unsteady motion to the inertial force due to the streamline
curvature around the cylinder. It was demonstrated that the
heat transfer from the cylinder in the cross-flow could be
enhanced by forced flow pulsations. The heat transfer
enhancement by the pulsating cross-flow was testified by two
symmetric vortices that were shown to be shed from the
opposite sides of the cylinder during each period of pulsation.
Flow visualization was performed at the blockage ratio of
0.29 and 0.13, where the corresponding aspect ratios were
respectively 3.45 and 7.6. More results are required to fully
represent al flow structures and modes of heat transfer
[16-24].It is noted that in the previous studies, the pulsating
flow effect characteristics of the diffusion flame have not
been fully addressed.
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Effects of Jet Flow Pulsation on Diffusion Flame Performance

Therefore, the objective of the present research is to
experimentally investigate the effect of Strouhal number of
flow pulsation (via the spinning of a ball valve) on the
performance of the diffusion flame. The flame temperature
fluctuations are recorded at the non-pul sating flame condition
(St=0) and the pulsating flame conditions (at different

Strouhal number values including St= 0.005, 0.026, 0.041,
0.056, 0.066).
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Fig.l.a. Testrig and layout of pulsating combustion system
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Fig.1.b. Test rig section

I[I. TEST RIGAND EXPERIMENTAL WORK

The construction details of the test rig employed to
investigate the combustion pulsating system via rotary ball
valve (pulsator) are show in the following figure, (see Fig.
l.a-b).From Figs.1.a-b, it can be noted that pulsating process
of the flow is completed through a pulley and rotary valve
(pulsator) which rotate viathe DC motor by V-belt. By using
of the inverter, speed of the pulsating flow has been changed
viathe DC motor and thus there is different strouhal number
of the pulsating flow. The mixture flow of fuel (LPG) and
oxidizer enters the combustion chamber through diameter
nozzle tip equals 12.25 mm in partially premixed case while
the air flows through inner diameter nozzle tip equals 12.25
mm and fuel flows through outer diameter equals 21 mm.The
flow rate of fuel and air has been measured by using four
rotameters.

The S-type thermocouple (Platinum/Rhodium (90%Pt,
10%Rh)), which has diameter probe equals 0.25 mm, it has
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been used to measure flame temperature fluctuation,
instantaneously. Max 31856 module and an Arduino Uno
card have been used via an Arduino circuit to display
temperatures data on the computer screen.

1. RESULTSAND DISCUSSION

In the current research, by using S- Type thermocouple,
Arduino Uno circuit and Arduino program, the
time-averaged flame temperature has been measured at
different longitudinal distances (x=40, 70, 100 burner inlet.
At each value of [x], the temperature is measured at, 130 and
160 mm) from the different radii (r=0, 10, 20, 30 and 40 mm).
The measurement procedure is completed at different values
of Strouha number (St=0, 0.005, 0.026, 0.041, 0.056 and
0.066) when the overall excessair is 20% and the burner inlet
diameter is 127 mm. The
analysis of the resultsis shown as
follows:
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A. Effect of Different Strouhal Number on the Flame
Temperature

In thispart, the time- averaged flame temperature has been
determined at five planes and each plane has five radii. The
effect of different strouhal number will be show as follows;
1. Effect of Strouhal Number on the Flame
Temperaturesin Longitudinal Direction

In this part, there is distribution of the time averaged flame
temperature at five planes and each plane have five radii and
at different strouhal number; thiswill be show as follows;

= Time- Averaged Flame Temperatures Distributions at
40 mm from the Burner Inlet

The variation of the time-averaged flame temperatures with
Strouhal number is recorded a x=40 mm from the burner
inlet for the radial positions, r=0, 10, 20, 30 and 40 mm
receptivity from center of the combustion chamber, this is
shown in Fig. 2.
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Figure 2: Distribution of the time-aver aged flame
temperatures at x=40 mm

From Fig.2,in general, an increasing strouhal number of the
pulsating flow (fuel) increases the time averaged flame
temperature due to the pulsationgenerates shearing
phenomena between the flame layers. Thisshearing produces
vortices and eddies of the flameand turbulent flame and thus
increasing the time average flame temperature.

From the previous figure, the time average flame temperature
exists inside center of the flame is larger than the time
averaged flame temperature at surface of the flame beside the
wall of the combustor.For example, at center of the flame and
strouhal number equals zero, the time averaged flame
temperature equals 862.45°C.The rate of heat transfer at
center of the flame islow, on the other hand, at surface of the
flame and strouha number equals zero, and the time
averaged flame temperature equals 235.11 °C.Therate of heat
transfer at surface of the flame beside the wall of the
combustor is high. Fig.3 reflects the overall trend of the time
averaged flame temperatures at different strouhal
number.Asincreasing strouhal number increases the time
averaged flame temperature.[ 25]
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Figure 3: Variation of the overall aver age of
time-aver aged temper atures at x=40 mm

» Time- Averaged Flame Temperatures Distributions at
70 mm from the Burner Inlet

The variation of the time-averaged flame temperatures with
Strouhal number is recorded at x=70 mm from the burner
inlet for the radial positions, r=0, 10, 20, 30 and 40 mm
receptivity from center of the combustion chamber, this is
shown in Fig. 4.
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Figure 4: Distribution of the time-averaged
flame temperatures at x=70 mm

From Fig.4, the same as the previous plane, an increasing
strouhal number of the pulsating flow (fuel) increases the
time averaged flame temperature. At the most planes, the
time averaged flame temperatures decrease at St= 0.051 and
0.066 due to exist of large eddies and thus low of flame
density.Thetime averaged flame temperatures at the present
plane are higherthan the time averaged flame temperatures at
the previous plane due to increasing shearing rate in this
region at the present plane. Fig.5 reflects the overall trend of
the time averaged flame temperatures at different strouhal
number.Also, a this plane the time averaged flame
temperature increases by increasing strouhal number directly.
At the current plane, the overall average time averaged flame
temperatures are higher than like it at the previous plane.
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Figure5: Variation of the overall average of
time-aver aged temperatures at x=70 mm

= Time- Averaged Flame Temperatures Distributions at
100 mm from the Burner Inlet

The variation of the time-averaged flame temperatures with
Strouhal number is recorded at x= 100 mm from the burner
inlet for the radial positions, r=0, 10, 20, 30 and 40 mm
receptivity from center of the combustion chamber, this is
shown in Fig. 6.
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Figure 6: Distribution of the time-aver aged flame
temperaturesat x=100 mm

From Fig.6, aso, an increasing strouhal number of the
pulsating flow (fuel) increases the time averaged flame
temperature at the current plane. The time averaged flame
temperatures at the present plane are higher than the time
averaged flame temperatures at the two previous planes due
to increasing shearing rate in this region. Fig.7 reflects the
overall trend of the time averaged flame temperatures at
different strouhal number.In addition to the overall average
time averaged flame temperatures are higher than likeit at the
previous planes.
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Figure7: Variation of the overall average of
time-aver aged temperatures at x=100 mm
= Time- Averaged Flame Temperatures Distributions at
130 mm from the Burner Inlet

The variation of the time-averaged flame temperatures with
Strouhal number is recorded at x= 130 mm from the burner
inlet for the radial positions, r=0, 10, 20, 30 and 40 mm
receptivity from center of the combustion chamber, this is
shown in Fig. 8.
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Figure 8: Distribution of the time-averaged flame
temperatures at x=130 mm

From Fig.8, like as the previous planes, in general, an
increasing strouhal number of the pulsating flow (fuel)
increases the time averaged flame temperature. The time
averaged flame temperatures at center of the flame are lower
than likeit at R= 10, 20 and 30 mm due to exist of an integral
scale which has the large eddies in a turbulent flow; that
eddies with low density and thus lowertemperature.
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Figure 9: Variation of the overall average of
time-averaged temperatures at x=130 mm

From Fig.9, the overal time averaged flame temperature
increases directly by increasing strouhal number.Theoverall
average of time averaged flame temperatures are lower than
likeit at the previous plane, due to decreasing velocity of the
layers.

= Time- Averaged Flame Temperatures Distributions at
160 mm from the Burner Inlet

The variation of the time-averaged flame temperatures with
Strouhal number is recorded at x= 160 mm from the burner
inlet for the radial positions, r=0, 10, 20, 30 and 40 mm
receptivity from center of the combustion chamber.This is
shown in Fig. 10.
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Figure 10: Distribution of the time-aver agedflame
temperatures at x=160 mm

Also, from Fig.10, like as the previous planes, in general, an
increasing strouhal number of the pulsating flow (fuel)
increases the time averaged flame temperature. The time
averaged flame temperatures at center of the flame are lower
than like it at R= 10 and 20 mm due to exist of an integral
scale which has the large eddies in a turbulent flow; as low
density and thus lowertemperature.
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Figure 11: Variation of the overall average of
time-averaged temperatures at x=160 mm

From Fig.11, the overall time averaged flame temperature
increases directly by increasing strouha number. Here, the
overal average of time averaged flame temperatures are
higher than like it at the previous plane.Thisis due to exist of
Kolmogorov micro-scale that is the smallest eddies in
turbulent flow with high density turbulent flame more than
likeit at the previous plane.

2. Effect of the Pulsating Flow on the Overall Average of
the Time-Averaged Flame Temperatures

It is interesting to note the effect of Strouhal number on the
maximum value of the overall average temperature. Such
peak occurs at St=0.041, radius(R) = 0 mm and plane (Pl)
=10 mm.
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Figure 11: Distribution of the maximum time- aver aged
flame temperaturesinner the combustion chamber

3. Effect of Strouhal Number on the Flame
Temperaturesin Radial Direction

The distribution of the average flame temperatures at five
planes of the combustion chamber as x= 40, 70, 100, 130 and
160 mm receptively from the burner inlet will be show as
follows,

» Time-Averaged Flame Temperature Distribution at r=0
mm

In addition, the time- averaged flame temperature will be
illustrated in the following figure;
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Figure 12: Distribution of the time-aver agedflame

temperaturesat r=0mm
Itisclear from Fig. 12 that increasing the pul sation frequency
enhances the heat release and increases the time-averaged
flame temperature and additionaly displaces the peak
temperature upward, thus reducing the flame length (at r=0).
Increasing strouhal number decreases the Kolmogorov length
scale at which the higher dissipation rate of the turbulent
kinetic energy increases the rates of reaction at the molecular
level.

» Time-Averaged Flame Temperatures Distribution at
r=10 mm

The time- averaged flame temperatures will be illustrated in
the following figure;
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Figure 13: Distribution of the time-averaged flame
temperaturesat r=10 mm

From Fig. 13, also, increasing strouhal number increases
shearing rate between flame layers and more heat releases
and thusmore thetime averaged flame temperatures. The
pulsation increases eddies and vortices and thus the flame
length reduce.The time averaged flame temperatures at the
present radius are lower than like it at the previous radius as
convection heat transferincreases because of the high
shearing rates in the vicinity of the combustor wall, thus
reducing the thermal boundary layer thickness.

On the other hand, radiation heat transfer increases because
of the enlargement in the heat release rates.

= Time-Averaged Flame Temperatures Distribution at
r=20 mm

The time- averaged flame temperatures will be illustrated in
the following figure;
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Figure 14: Distribution of the time-averaged flame

temperaturesat r=20 mm
From Fig. 14, the same as the previous plane, increasing
Strouhal number increases shearing rate between flame
layers and more heat releases and thus more the time
averaged flame temperatures. It increases eddies and vortices
and thus the flame length reduce. Also, the time averaged
flame temperatures at the present radius are lower than like it
at the previous radius as convection rates increases in radial
direction.

= Time-Averaged Flame Temperatures Distribution at
r=30 mm

The time- averaged flame temperatures will be illustrated in
the following figure;
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Figure 15: Distribution of the time-averaged flame
temperaturesat r=30 mm

From Fig. 15, in addition, the same as the previous plane,
increasing Strouha number increases shearing rate between
flame layers and more heat releases and thus more the time
averaged flame temperatures. The pulsation increases eddies
and vortices and thus the flame length reduce.

Also, the time averaged flame temperatures at the present
radius are lower than like it at the previous radius as
convection rates increasesin radial direction.

= Time-Averaged Flame Temperatures Distribution at
r=40 mm

The time- averaged flame temperatures will be illustrated in
the following figure;
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Figure 16: Distribution of the time-aver agedflame
temperaturesat r=40 mm

From Fig. 16, the same as the previous plane, increasing
Strouhal number increases shearing rate between flame
layers and more heat releases and thus more the time
averaged flame temperatures. The pulsation increases eddies
and vortices and thus the flame length reduce. Also, thetime
averaged flame temperatures at the present radius are lower
than like it at the previous radius as convection rates
increasesin radial direction.

4. Effect of the Pulsating Flow on the Flame Convection
and Radiation Heat Transfer Rates

Here, it is noted that the relation between convection,
radiation and total heat and different Strouhal number inside
the combustion chamber; this will be shown in the following
figure;
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Figure 17: Variation of the convection, radiation and
total heat transfer rateswith strouhal number

As noticed from Fig. 17, the convection heat transfer rate
increases with Strouhal number since the temperature
gradients within the combustor wall thermal boundary layer
become steeper upon increasing the pulsation frequency. As
the vortices are thus enlarged, the resultant corrugations
enlarge the inner diffuson flame and consequently
theradiation heat transfer rate from the inner reaction zone
increases. Furthermore, the increase in the heat release rates
yields higher rates of radiation from the outer non-premixed
flame. It follows that the total rate of heat transfer increases
with Strouhal number.

IV. EXHAUST GASANALYSIS

Inthisthe part, there is gases analysis which emitted from the
flame such as; UHC and NOy, this will be shown in the
following figure;
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Figure 18: Variation of the UHC and NOx
Concentrationswith Strouhal number

Figure 18 shows that the UHC exhaust concentration
decreases due to pulsation which improves the mixing
between the excess fuel and the co-flowing air.

On the other hand, the exhaust NOx (mg/mm?) concentration
first increases when the mixing and combustion rates become
enhanced such that the consequent increase in the
temperatures across the reaction zone yields higher rates of
NOx formation viathe thermal route. By the further increase
in Strouhal number, the resultant higher heat transfer rates
and the corresponding higher levels of uniformity within the
flame eddies decrease the peak flame temperature and thus
reduce the NOx exhaust concentrations.

5. Effect of the Pulsating Flow on the Combustion
Efficiency
In this the part, the efficiency of combustion has been
calculated from the following equation; I]compustion= 1- UHC%
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and effect of the pulsating flow on different strouhal number,
thiswill be shown in the following figure;
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&8 8 8 & 8 B8

Figure 19: Variation of the Combustion efficiency with
Strouhal number
From Fig. 19, it is noted that the maximum combustion
efficiency is99.52%. Increasing the flow pul sation frequency
increases the combustion efficiency since the turbulence
intensity increases, thus increasing the mixing and reaction
rates towards more complete combustion.

V. CONCLUSIONS

The obtained results showed that:

=  Pulsation of the flow mixture (fuedd LPG and air)
generates eddies and vortices and thus turbulent flame
occurred in diffusion flame case.

= Increasing the pulsating flow frequency increases the
convection and radiation heat transfer rates from the
flame viaincreasing the eddy transport and the turbulent
kinetic energy cascade.

= Increasing Strouhal number of the pulsating flow
shrinks the pulsating flame length.

= Increasing the flow pulsation frequency increases the
combustion efficiency since the turbulence intensity
increases.
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