/J’VETENSKAP
OCH g

é@ KONST ]
Sy
KTH

Laboratory Notes

Laminar and turbulent flame combustion
(approx. 2-3 hours laboratory exercise)

By
Jeevan Jayasuriya
Institute for Heat and Power Technology

STOCKHOLM
6-Aug-03

Laboratory Notes

Avdelningen for Kraft- och Varmeteknologi
Kungliga Tekniska Hogskolan

100 44 STOCKHOLM



Preface

Mr Kambiz Ahamadi has developed this laboratory exercise as partial fulfilment of his
Master of Science degrre at KTH in 1994. Since then the lab exercise was offered in
Combustion Theory course given by the Heat and Power Division. Mr. Ahamadi was
the first author of the laboratory instructions this exercise.

During past years this lab was handled by Mr. Anders Nordstand, Mr. Jan
Fredriksson, Ms. Catharin Erlich and Mr. Jurgen Jacoby as instructors and
contributed to the developments of the lab exercise and the instructions.

At present Mr Jeevan Jayasuriya is serving as the instructor and lab is being offered
in Combustion Theory and Air Breathing Propulsion Courses.
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1 Introduction

This laboratory exercise corresponds to the undergraduate course
“Combustion Theory” delivered at HPT. Through this exercise, the students
are expected to familiarise with the nature of diffusion and pre-mixed flames
and acquire clear understanding and knowledge of it

Few measurements of flames will be done during the course of this exercise.

Variable area flow (VAF) meters are used to determine the volumetric flow
rates of combustion gas and the air mass flows.

Pressure gauges are used to measure the pressure of the gases passing
through the VAF. With the help of calibration curves, the actual mass flow can
be found.

2 Background

2.1 Diffusion Flames

In the flames formed by burning jets of fuel in the atmosphere, the combustion
process is strongly coupled to the process of mixing. This process, rather than
the rate of chemical reaction controls the rate of combustion. Two types of
mixing can be distinguished.

1. Molecular mixing in a laminar flow. This mixing process results from
molecular diffusion and is a rather slow process. Diffusion velocities
are typically in the range of 10-100 cm/s. Very few combustion
applications rely solely on molecular diffusion, a candle is one of the
few well-known cases.

2. Molecular mixing in a turbulent flow. Mixing is enhanced by the motion
of the turbulent eddies which entrain the surrounding airstream.
These turbulent eddies provide a much higher area at which the
mixing can take place. Hence turbulent mixing is a much faster
process.

Diffusion flames have a wider region over which the composition changes and
chemical reactions can take place than premixed flames do. However, even
with a finite reaction rate, the reaction zone is thin, less than 5 mm. The flame
surface corresponds in essence to the surface where the fuel and air are in
stochiometric ratio, as depicted in Figure 1 below [Glassman, 1996]. This
figure shows the species variations in a laminar concentric gaseous Hz-air
diffusion flame at a fixed position above the fuel jet tube. Figure 2 shows
species variations, which have been measured experimentally.
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Figure 1: Species variations in a laminar concentric gaseous diffusion flame.
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Figure 2: Experimental results of species variation through a CHg-air diffusion
flame [Smyth et al., 1985].

The flame surface closes in towards the axis as the diffusion process
progresses. The length of the flame L is determined by the condition that at
the height L above the burner rim, enough air has reached the jet axis to burn
the fuel completely. Above this point, no further combustion takes place, but
the mixing process between the combustion product and the surrounding air
continues. Also due to the relatively quick chemical reaction, the flame
temperature (FT) approaches the adiabatic stochiometric FT. The actual FT is
lower (approx. 90% of the adiabatic FT) due to finite reaction rates.

When a fuel jet discharges at velocities lower than a critical value from a
nozzle into a large amount of quiet air at rest, the flow is laminar and the
mixing of fuel and air occurs by molecular diffusion. A thin flame develops
which is fixed in space. If the fuel jet is exhausting into still air, friction



between the stream of combustion products and the stagnant air causes a
series of eddies to form. The vortex of combustion products blankets the fuel
stream from the surrounding air, which slows down the diffusion of oxygen
and unburned fuel. This results in an increased flame length. When the eddy
breaks away, oxygen diffusion into the reaction zone is increased and the
flame length is shortened. In this way, the series of eddies causes the flame
to flicker.

As the fuel gas velocity is increased, the laminar diffusion flame increases in
length until a critical velocity is reached and the tip of the flame becomes
unsteady and starts to flicker. By increasing the velocity of the jet further (i.e.
increasing the mass flow) further the point at which the flame break-up occurs
moves sharply toward the burner rim while the flame length decreases. With
further velocity increase the break-up point maintains at a constant distance
above the burner rim and the flame length changes little. This is illustrated in
Figure 3.

_ Laminar diffusion

|
~==—Transition region ——~———Fully developed turbulent flamasg
1

flames
\
\’4 (“)
\ Envelope of O
— { flame
g \ length
: RS
T ‘l
\‘ /? 1
(RSN
. Envelope
\ oﬁ, )? <
\.\g -~ breakpolnt
\ --._ S SRR ———3
0 —]
0 INCREASING JET VELOCITY

Figure 3: Progressive change of flame shape with increasing jet velocity.

Noise created by the flame increases clearly in the turbulent region (noise
intensity is proportional to the square of pressure fluctuations). As the velocity
of the jet is further increased, the flame lifts off the burner rim and is blown off
if the jet velocity continues to rise.

The yellow color of a hydrocarbon-air flame is caused by the formation of
small carbon particles, also called soot. These soot particles are less than
0.3 um in size. Soot formation takes place in the fuel-rich part of the
combustion zone. The soot particles flow through the reaction zone where
they usually reach the flame temperature and are burned. Soot that is not



burnt in the process appears as black smoke. It can be measured that the
luminous flame height is somewhat longer than the flame height in which
chemical reactions occur. This is caused by soot particles, which radiate after
they have passed through the flame zone. At the base of the luminous
diffusion flames is a bluish-green region that is caused by the light emission of
excited CH (at 423 nm) and C, (at 474, 517 and 564 nm) radicals. While the
visible radiation from the flame is more obvious, the larger amount of emission
lies in the infrared region.

2.2 Pre-mixed Flames

As the name already suggests, in a premixed flame, mixing of the combustion
air and the fuel takes place before the chemical reactions. This technology
provides a possibility for soot-free combustion with a homogeneous
temperature distribution through the flame because of an even concentration
profile of the oxidant in the flame. The laminar flame speed for hydrocarbon
fuels in air is typically less than 60 cm/s [Glassman, 1996]. In practical
devices in which high volumetric heat release rate are necessary, means for
stabilizing the flame are necessary. Flame stabilization is usually
accomplished by causing some of the combustion products to recirculate and
hence to continually ignite the fuel mixture. The hot recirculating gases
transfer heat to the colder, unburned gases, ignite those and initiate flame
spread. The burnt gases transfer heat to the recirculation zone to balance the
heat lost in igniting the combustible gas. Sufficient energy must be fed to the
stabilization region to continuously ignite the following gas flow. Various types
of flame holders that are commonly used include V-shaped plates (called V-
gutters), rods, steps and bluff bodies. Basically every object that causes a
recirculation zone can be used for flame stabilizing purposes. The dynamics
of the flame stabilization behind a bluff body is illustrated in Figure 4.

The design of the burner influences strongly the efficiency of the flame. A
well-designed burner should be able to produce an almost complete
combustion without soot formation. When used in gas turbine application, the
burner should be insensitive to large excess air as the power output is
regulated by the fuel mass flow.
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Figure 4: Flame stabilization zone behind a bluff body [William, 1966].



3 The Test Facility

The exercise will be done using a small combustion test facility in the
laboratory of the Chair of Heat and Power Technology. The test facility
consists of a combustion system with changeable burner geometries or
nozzles, two gas tanks for acetylene and propane as well as a supply system
for pressurized air.

A schematic diagram of the test facility is shown in Figure 5. The various
burner assemblies using three different mouthpieces are shown in Figure 6.
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Figure 5: Schematic diagram of the test facility.



Description of Figure 5

Acetylene tank

Propane tank

Air supply system

Main valve

Pressure regulator

Flame arrest, i.e. safety valve to prevent flashback into the tank

Cut-off valve

Distribution valve

VAF flow meter, max. fuel flow 0.1112 m*h (=100%) at 3 bar and 20C

(App. E)

10.VAF flow meter, max. fuel flow 0.0537 m*h (=100%) at 3 bar and 20C
(App. B)

11.VAF flow meter, max. air flow 1.237 m*h (=100%) at 4 bar and 20C (App.
A)

12.VAF flow meter, max. air flow 0.607 m*/h (=100%) at 4 bar and 20C (App.
C)

13.VAF flow meter, max. air flow 0.1417 mh (=100%) at 4 bar and 20C
(App. D)

14.Non-return safety valve

15.Regulating valve

16.Burner holding fixation

17.Pressure regulator and manometer

18.Manometer

©CoOoNOORWN =

The available nozzle are:

1. Nozzle 1A, port diameter of 0.7 mm
2. Nozzle 2A, port diameter of 1.0 mm
3. Nozzle 4A, port diameter of 1.7 mm
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Burner I Burner II Burner III Bur_nerIV

Figure 6: Burner configurations, which are to be used in the exercise.



4 Diffusion Flames: Laminar Flame Jet Height

The height of a laminar flame can be theoretically be derived to be
proportional to the volumetric flow rate. Note that it is independent of the tube
diameter. This result can be suggested by equating the characteristic time tp
for the air to diffuse to the centerline of the burner tube and the characteristic
time tc for the fuel to convect from the exit of the burner tube to the flame tip.
This is:

tbocr?/D = tc=Lu

with
— r being the tube radius
— D the molecular diffusion coefficient
— L the flame height
— uthe jet velocity
So, one gets:

L oc ud?D

with d being the tube diameter. This result however neglects the change in the
diffusion coefficient and the average gas velocity through the flame. Both will
increase with increasing height due to the increasing temperature. However
the molecular diffusion coefficient will increase more rapidly the jet velocity u.
Representing the effect of increasing temperature on D (and also on u) by
expressing the average value of D as being proportional to the flame length L,
one gets

ng\/ﬁ (Ea. 1)

Note that g is the proportionality factor in the above equation. Wohl [1949]
lists data on butane flames for tube diameters ranging from 4.5 to 50.8 mm
which follow the above equation closely. The value for g in units of cm-s was
nearly independent of the tube diameter and was in the range from 8.3 to
10.4.
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4.1 Exercise

Use propane fuel to test the validity of the Eq. 1. Calculate the value of g for
two different flow rates using nozzle 4A and for one flow rate using nozzle
1A.
Nozzle Volumetric flow rate Flame height g
4A
4A
1A

5 Diffusion Flames: Turbulent Flame Jet Height

The Reynolds number determines the transition from laminar to turbulent flow.
In a round pipe the transition occurs (assuming conventional surface
roughness of the pipe) at a value of about 2300. When a fuel stream issues
into a zone of hot combustion products, the kinematic viscosity increases
because of the change in chemical composition and the increase of
temperature. The former may account approximately for a factor of 2 and the
latter for a factor of 8, yielding a combined increase in the kinematic viscosity
in the combustion region by a factor of 15 to 20. Hence, the Reynolds number
may drop steeply above the burner rim, preventing the development of
turbulent mixing of the inner fuel jet and the development of a fully turbulent
flame.

The turbulent form of Eq. 1 is accomplished by simply replacing the molecular
diffusivity D with the turbulent eddy diffusivity €. Consequently, the turbulent
form of this equation becomes

L~ud®/e (Eq. 2)

But € ~ ltv’, where l;is the scale of turbulence which itself is proportional to the
tube diameter and Vv’ is the turbulence intensity which is approximately
proportional to the mean flow velocity at the axis. Hence, one gets but as
(e o« du) and substituting the expression for the eddy diffusivity in to Eq. 2, L
becomes proportional to the tube diameter d.

The height of a turbulent flame has been observed experimentally to be
independent of the fuel volumetric flow feed rate and mainly dependent on the
nozzle diameter and the fuel type.

A semi-empirical equation has been found by Gunther [1966] to be:
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L (@) [Pl (Eq. 3)
Pflame

with L being the flame height, ® the stochiometric air/fuel ratio, pse being the
fuel density and prame being the mean density of the flame. The question now
arises how to evaluate the density of the gases in the flame. This must be
done using some rough approximations in two steps:

[oN

1. Make an adequate assumption about the species of gases in the
flame (i.e. which reaction products?).
2. Make an assumption concerning the flame temperature.

Using these two approximations and the ideal gas law, the flame density can
be calculated. The stochiometric air/fuel ratio and the respective densities of
the raw fuels can be taken from the data sheet.

5.1 Exercise
Use the smallest nozzle (1A) and measure the turbulent flame length using
acetylene as fuel. Evaluate the ratio L/d using Eq. 3 and the measured flame

length

Nozzle L/d (experiment) L/d (equation)
1A

6 Blow-off of a Jet Flame

If the gas flow to a flame is steadily increased, the base of the flame will move
away from the burner rim, following the main flow direction. At a certain point,
the blow-off limit is reached and the flame is extinguished. During this time,
the flame changes to a steady state of maximum turbulence and becomes
therefore shorter. Just before the blow-off point, the flame is almost soot free.
The maximum gas velocity at the flame base, without blowing the flame away
is called the blow-off velocity.
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6.1 Exercise

When studying flame blow-off in the test facility, use propane fuel and nozzles
1A and 2A. Calculate the Reynolds number referred to the nozzle diameter
when the flame lifts off and when the flame is blown off.

Lifted flame Blow-off flame
Nozzle Volumetric Re Volumetric Re Blow-off
flow rate flow rate velocity
1A
2A

7 Premixed flames

Premixing the fuel gas with the combustion air provides a more efficient
combustion than in the case of diffusion flames. Furthermore, it is much
simpler to operate without the production of soot than in diffusion flames. In
this exercise, propane shall be used in four different burner designs using the
additional mouthpieces:

Burner design I: nozzle 4A

Burner design II: nozzle 4A with extra mouthpiece 1
Burner design I1I: nozzle 4A with extra mouthpiece 2
Burner design IV: nozzle 4A with extra mouthpiece 3

In all four cases, two different mass flows shall be used. The purpose is to find
the minimum and maximum air flow when a stable flame and soot-free
combustion is achieved. An indication of soot-free combustion is the flame
color, if soot-free, the flame should be blue without any yellow streaks.

The stabilization point along the flame axis can — in the case of burner design
II, Il and IV - be either the burner muzzle or at the burner bottom (i.e. the
bottom of the big cylindrical hole). The flame having the best performance can
produce a certain noise due to the turbulence. The frequency of this noise
changes as the flame stabilization point moves.

7.1 Exercise
Find out the lowest and highest air mass flow for the premixing in the cases
when burning as soot-free as possible. Indicate the stabilization area (muzzle

of bottom) for the burners 11, III and IV. If a burner fails to function, indicate
this with the word “fail” in the “performance” column.
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Burner Volumetric Minimum air | Maximum air | Performance | Stabilization
design fuel flow flow flow area

1

1

2

2

3

3

4

4
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9 Appendices

The following appendices contain the calibration curves for the VAF’s.
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