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ABSTRACT

A comprehensive study of rod-stabilized butane / air flames has been carried out to
provide more information on flammability limits, thermal characteristics of free-jet

flames and heat transfer of impinging flames. An experimental setup, consisting of
round flame jet with axially mounted solid rod had been designed and there were
two non-dimensional parameters proposed to represent the variation of geometrical

configurations of the nozzle: rod protrusiop dhd rod-to-tube ratioB

Primarily, regions of flame stability had been obtained experimentally for low
Reynolds numbers (<3600). Equivalence ratio ranged between 0.4 - 3.0, variable rod
protrusionBr (0 — 2) and rod-to-tube ratiBr (0.51 to 0.8) have been applied.
Inverted, partially-inverted and regular (Bunsen) flames were fundamental flame
types identified across the stable regions. Inter-regions were characterized by the
existence of more than one stable flame type, primarily depended on the axial and
radial distances of the ignition source from the burner port. Size of the unstable
region extended with increasingzs Band the effect oBr showed a similar trend.
Smaller rod diameters extended the flashback region. Blow-off limits were found to
be less dependent on the geometrical parameters. It has been also shown that the
rod-stabilized method enabled the premixed flame to operate at very fuel-lean

mixtures.

Structure and temperature profiles of free-jet inverted and partially-inverted flames
have been further studied separately. Inverted flames at equivalence ratio equals to

0.9 and partially-inverted flames equivalent to 1.4 were chosen representatives from



respective regions. Temperature profiles, obtained experimentale at 2000,

demonstrate very uniform distribution over the central area with increasing height.
Partially-inverted flames, characterized by occurrence of inner and outer reaction
zone, further widen the area with uniform temperature distribution, in comparison

with inverted flames with single reaction zone.

An experimental investigation was conducted to deal with the inverted flame
impinging vertically onto a flat water-cooled plate. Local and area-averaged
distributions of heat flux anbu for variousReand geometrical configurations were
obtained together with flame temperature profiles for better understanding of
impinging process. It has been proved that for nozzle-to-plate ratio equal to 3 and
higher, heat flux distribution is nearly uniform over a large area around the
stagnation and impingement region. This is predominately due to the convex shape
of inverted flame that creates central core of burned gas with high temperatures. For
very smallH (1.0 to 2.5), the maximum local heat flux increased. DecreasiRg of
lowered these maximums and shifted them slightly away from the stagnation point.

Increasing of Bshowed opposite trend. Impact gf Bas negligible.

Similarly, identical experiments were carried out to understand the heat transfer
characteristics of impinging partially-inverted flames. Local and area-averaged
distributions of heat flux anblu for various geometrical configurations a@rdand
temperature profiles have been obtained. The presence of outer reaction zone is
more significant in further nozzle-to-plate distances as it further elongates plateaus
with high heat flux andNu. Increasing oRe shifted the peaks slightly inwards for

higher Hvalues, while for small khe trend was opposite.



Thermal efficiency is generally lower in partially-inverted flames than in inverted
flames and is in the range of 36 - 63 % for inverted flames and 30 - 51 % for

partially-inverted flames.

Comparison of both inverted and partially-inverted flames with regular Bunsen
flame and Bunsen flame with induced swirl, confirmed the major advantage of rod-
stabilized flames, i.e. very uniform heat transfer characteristics over large area of the

impinging plate.

Semi-analytical approach has been used to predict convective heat transfer without
TCHR from impinging inverted flames onto a target plate using extensive
experimental data. Based on boundary layer theory, empirical correlations had been
derived for local and area-averadeéd as a function of Reynolds number, nozzle-to-

plate ratio and non-dimensional geometrical parameters of the jet.

Vi
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Chapter 1 - Introduction

1. INTRODUCTION

1.1.Background and literature review

1.1.1.Flame impingement and its major disadvantage

Flame impingement is more used in comparison with radiative burners due to much
higher efficiency of heat transfer distribution. According to Viskanta (1996), forced
convection produces up to 98% of total heat transfer; Beer and Chigier (1968)
reported that convection contributed 80% to the total heat transferred. It also occurs
very rapidly so heat losses are effectively minimized. Moreover, in case of premixed
burners, emissions are assumed to be environment friendly. Recently, researchers
focus to optimize impinging flame jet design and operating range to achieve the
most uniform heat transfer distribution while still using very high efficiency of

forced convection to provide rapid heating.

The radiative burners, in which the whole combustion process occurs inside the
porous media have a steady, nearly homogenous combustion in quasi-thermal
equilibrium. The reaction zone is elongated (internal feedback of the heat occurs),
which leads to higher burning velocities and leaner flammability limits. Emission

results of NQ, and partially also CQare characteristically low and burner produces
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radiative heat that results in uniform heat fluxes along the target surface (Trimis et

al., 1999).

In comparison, flame impinging heating can not produce such uniform heat flux and
temperature distributions over a large target surface (i.e. flat plate). This turns to be

its major disadvantage (Viskanta, 1996).

Uniform heat transfer is significant characteristics in applications where the uniform
heating distribution over a large area is required and the efficiency of flame

impingement is not the major concern.

The source of this disadvantage might be partly due to negative curvature of regular
(Bunsen) type of flame. Hydrodynamic parameters (i.e. velocity and pressure

profiles) of round or slot flame jets are similar to isothermal jet. The air / fuel, which

exits from the nozzle, creates conically shaped combustion wave in the free jet
beyond the tube rim. The conical shape is due to the thermal expansion to the
ambient atmosphere that causes a deflection of the gas flow (Lewis and von Elbe,
1987). As the distance from tube rim increases, momentum exchange between the
jet flow and the ambient atmosphere causes enlargement of free boundary at the
expense of potential core, where hydrodynamic parameters remain the same.
Isotherms are convergent and reaction zones merge to create tip of the flame. By

summarizing, two main points might be observed as a result:

* Regular flame (i.e. flame stabilized on the rim) has large negative curvature

of the reaction zone.
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Figure 1.1. a) flow regions for an impinging free-surface jet; b) flow zohadree jet (Viskant:
1993).

» Topography to the unburned mixture is concave.

The flame, which impinges on a flat plate, follows free jet dynamics as shown in
Figure 1.1. Fully developed free jet flow is established in a short transition zone and
is deflected in the stagnation zone while impinging onto the surface. Radial flow is
accelerated due to negative gradients of surface pressure. After the pressure
gradients disappear, wall-jet region is formed downstream as it has been observed by
Kataoka et al. (1984). Due to the presence of reaction zone (in free, stagnation and

wall-jet zones), heat transfer occurs between the deflected flow and the surface of

the flat plate.
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Assuming that type of the burner is the premixed one, target surface is a large flat
plate and the specific air / fuel (e.g. LPG / air) is used, impinging heat transfer

distribution will strongly depend on the following parameters:

Reaction zone curvature (defined by nozzle geometry)

Reynolds number Re

Equivalence ratio ¢

Separation distance (nozzle-to-plate-distance h

Influence of last three parameters on heat transfer and their reciprocal dependence
has been experimentally and numerically investigated in many previous studies.
However, fundamental research of an impact of the combustion wave curvature to
the stagnation and radial heat flux distribution, temperature distribution and flame

structure has been limited only to regular (Bunsen) flames with negative curvature.

Maximum average heat transfer to the flat plate occurs for:

» Small values of separation distance, ifdeeves as a reference parameter.

» High values of Reif H/d is a reference parameter.

Apparently both cases lack from non-uniformity of heat flux due to existence of a

cool central core. This core is directly linked to the potential core.

As investigated by Milson and Chigier (1973) and Baukal and Gebhard (1995), for

small values oM, nozzle-to-plate distance is smaller than the length of potential
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Figure 1.2. Regions of an impinging methane/air flamdrfex 7000,H = 10 and® = 2 (Milson and
Chigier, 1973.

core, so the hydrodynamic parameters remain unchanged until it is deflected by the
impingement plate. Deflection of gas flow is more significant along the entire
nozzle-to-plate distance and isotherms tend to be less convergent (parallel) and for
very smallH they diverge from the streamline. Therefore inner reaction zone is
being shifted away from the stagnation point and central cool core is widened
(Figure 1.1). This has a negative impact on uniformity of heat distribution on the
plate. The region around the stagnation point is not burning and maximum heat flux

occurs at some distance away from the point. (Figure 1.2).

Increase or decrease of equivalence ratio towards flammability limits of the air / fuel

slightly widens the central inner core of cool temperatures by delaying complete
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reaction process until positions at larger valuegRf as observed by Posillico and

Lederman, (1989). In fact there is negligible influence to the nature of flame.

As previously observed (e.g. Dong, et al. 2001), variations of separation distance
H/d andRe produce either slight improvement or even negative influence to the
uniformity of impinging heat transfer. An approach to improve the heat flux
distribution has been made by Mohr et al. (1997). Specially designed radial jet, i.e.
Radial Reattachment Combustion (RJRC) nozzle, has been used to generate highly
turbulent recirculation region between the nozzle and the impinging surface. Such
nozzle produces so called reattachment flame. Relatively better results in terms of

temperature distribution have been reported.

1.1.2.Rod stabilized flames

Feasible solution to this problem is based on transformation of reaction zone
curvature. Promising results in terms of heat flux distribution might be achieved if
flame curvature would be changed from negative (concave shape) to positive
(convex shape). An axially-mounted solid rod or wire, introduced into a flow,
creates such flame. The reaction zone stabilizes above the tip of the rod where
burning velocity finds equilibrium with flow velocity, which is reduced by frictional
drug inside the boundary layer. Such flame type is often called inverted flame or V-
flame. In case the reaction zone stabilizes on the tip as well as on the flame holder
rim, flame becomes partially-inverted. Stabilizing rod makes the exit cross-sectional

area to be an annulus and instead of a cold central zone of unburned mixture, the
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Figure 1.3. Flow system for flow in the wake of a bluff body (Beer and Chigier, 1974).

positively curved and convex inverted or partially-inverted flame creates a zone of

burned gas with high temperatures.

Inverted and partially-inverted flames, stabilized on axially mounted rod, are special
cases of flames stabilized by bluff bodies. Flow system for the wake of a bluff body
inserted into a uniform air is shown in Figure 1.3. It is characterized by the presence
of torodial vortex, which is formed within the recirculation zone. The vortex is
considered to be a closed loop and its center is the point where static pressure has its
minimum. The reaction zone attaches itself to an obstruction (i.e. bluff-body) in the
stream, where a decrease of stagnation pressure occurs as a result of pressure drop
across the zone. The stagnation pressure is highly reduced and stable vortex pair is

formed (Lewis and von Elbe, 1987), as shown in Figure 1.4. The reduction of vortex
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size might be also affected by increased viscosity of air / fuel, which helps to

transfer the momentum from external flow to the boundary layer.

The most comprehensive source on topic of inverted flames comes from Lewis and
von Elbe (1942, 1987). They dealt with boundary velocity gradient theory of flame
stability for both inverted and regular flames and carried out experimentally
flashback and blow-off limits of inverted flames stabilized above centrally-mounted
thin wires (0.643 - 5.36 mm). It has been reported that critical velocity gradients for

blow-off are independent of the diameter of wire. They also experimented with flow
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(a) (b) )

Figure 1.5. Air streams with smoke from tubes with centrally mountessyshowing annular vort
above wires ((Lewis and von Elbe, 1987).

visualization and reported that the torodial vortices remains stagnant for low
Reynolds numbers above the wires as shown in Figures 1.5 and 1.6a. Comparison of
ignited and unignited air / fuel flow revealed that torodial eddies in the recirculation
zone become very small after reaction zone stabilizes above the wire, as shown in
Figure 1.6b. The velocity profile of an air jet with annulus exit area is presented in

Figure 1.8.

The concept of flame stretch to describe flame quenching had been introduced by

Karlovitz et al. (1953). The flame stretehdescribes flame quenching by strong
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velocity gradients. The stretch is represented as the fractional rate change of a

Lagrangian flame surface element A

(a) unignited (b) ignited

Combustion
zone

%

Y

&

&5

al

'

X0

s

A

9

Figure 1.6. a) inverted flame cone with particle tracks; b) streamlines above wire with flat end
showing vortex (Lewis and von Elbe, 1987).

o= LpA (1.1)

The stretch effects are burner dependent and it can be addressed as the regular flame
has a negative curvature and negative flame stretch, the positive curvature of

inverted flame shows positive stretch rate.
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Figure 1.7. Comparison of the centerline temperatures and velocities for methane/air a) regular
flame established & = 1.7 and b) inverted flame with 10% nitrogen dilutioat 1.7 (Choi ani
Puri, 2003).
Recent studies of Choi and Puri (2003) compared flame velocites of positively
curved and negatively curved flames burning methane / air and propane / air
mixtures. It has been reported that positive curvature of inverted flames is found to
induce positive stretch rate, which reduces flame propagation speed by lowering

local reaction and generation rates. They also observed that curved inverted flame

behaves as a lens that defocuses heat from the burned to the unburned side, but
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focuses concentration of the deficient reactant (i.e. fuel or air) from the unburned
side into the premixed reaction zone. In contrast with regular (Bunsen) flame, which
shows opposite behavior: the focusing of heat in the unburned side of negatively
curved regular flames raises local temperature in the unburned region and increases

upstream flame velocity as seen in Figure 1.7.

Among other studies that focused on investigation of inverted premixed flames,
there is a notable study of blow-off limits of inverted flames conducted by
Edmondson and Heap (1970). They found out in correlation with Lewis and von

Elbe (1987) that the blow-off limits are undependable on diameters of the rod. In
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another study, Coghe et al. (2002) experimentally characterized multiple adjacent

inverted flames for different equivalence ratios.

1.1.3.Pros and cons of rod-stabilized flames

Convex shape and presence of recirculation zone in inverted flames seem to meet
the requirements for heat flux uniformity. Using impinging heat transfer reference

parameters (i.e. Rend®) it might be suggested that:

* For small values of nozzle-to-plate distance h, positive curvature of the flame
should create nearly uniform heat flux distribution, mainly due to the fact
that the space between the reaction zone and the impinging plate is filled
with burned gas. That also means the central cool core does not occur and

instead the recirculation zone may affect the impinging heat transfer.

« Same effect of increase and decrease of the equivalence ratio towards

flammability limits might be observed.

Assuming the pros and cons, impinging flame jet using rod-stabilized configuration

may benefit from:

» Nearly uniform heat flux distribution over large area of a target surface.

* Nearly uniform heat flux distribution for small ¥alues.

* Optimization of heat flux distribution with accordance to maximum average

heat transfer to the flat plate (and vice-versa) by changing geometrical
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parameters of the stabilizing rod while keeping valuesHpfRe and ¢

unchanged.

» Better flame stabilization due to deceleration of flame speed caused by

positive flame curvature.

Hence the configuration might cause following potential problems:

* Lower overall efficiency of the burner due to higher minimum value of

nozzle-to-plate distance, i.e. in case the rod protrudes over the tube rim.

* Design problems — highét,, rod asymmetry relative to the tube rim that

can cause asymmetrical flow field and flame.

According to the extensive reviews conducted by Baukal & Gebhart (1995) and
Viskanta (1993), a study of inverted or partially-inverted flame impinging has not
been reported. Hence the study of an impinging air jet, whose exit area is annular
has not been reported. Thus this research study is the first one to initiate the

investigation in this area.

In recent years, premixed butane / air impinging flame jets, round and slot one, have
been extensively studied by Dong et al. (2001, 2002 and 2003) and Kwok et al.
(2003). Both studies proved the above mentioned heat transfer dependence on
various parameters (i.e. Reynolds numbers, equivalence ratio and nozzle-to-plate
distance). These reports can be used to compare experimentally obtained

distributions of heat flux, Nusselt number and flame temperature of the rod-

1.14



Chapter 1 - Introduction

stabilized flame jets with round and slot flame jets as the experiments had been

performed using the identical laboratory setup and similar air / fuel mixture.

1.2.Summary

Fundamentals of impinging heat transfer characteristics of round and slot premixed
flame jets has been extensively documented by many researchers and these types of
burners are widely used in the industry. Flame impingement is very effective but the
major drawback is the non-uniformity over the target surface. The reattachment
nozzle is one of the attempts to solve this problem. The other one is to use a nozzle
with an axially-mounted stabilizing rod, which can produce inverted and partially-
inverted flames. However, a few publications about inverted and partially-inverted
rod-stabilized premixed flames, which have been published, dealt only with the
fundamental research of the free-jet flames and no research studies concerning the
impinging rod-stabilized premixed flames has been reported. The present

investigation is carried out to fill this gap.

Table 1.1 summarizes main features of rod-stabilized flames that should be able to
produce uniform heat transfer distribution when impinged onto a flat plate.

Comparison with regular Bunsen type is included.
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Inverted / Partially-inverted flames

Regular (Bunsen) flames

Axially-mounted rod in the tube — the

exit area of the nozzle is annulus.

The tube only - the exit area is circular

Convex topography — the flame fron
stabilizes itself above the rod tip (a
above the tube rim), creating the sh:
that is convex and opens up towards
impingement plate, avoiding shifting

the reaction zone from the central core

tConcave topography — the flame fron

ndtabilizes itself above the tube rif
apeeating concave shape. The tip faces
timpingement plate. At small nozzle-t
pplate distances, the tip interferes with
.plate and the reaction zone is shiff

away.

Positive curvature of reaction zone—
the products of combustion of hig
temperature faces the impingement p

along the entire radial distance.

Negative curvature of reaction zone-
jthe reactants are situated in the cen
atection. At small nozzle to pla
distances, it creates so called cool cen

core of unburned gas.

1.

Table 1.1. Comparison of main features of rod-stabilized and Bunsen flames.
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1.3.Objectives

The aim of the present investigation is to find out the solution of major drawback of
flame impingement, i.e. the non-uniformity of heat flux and temperature
distributions over a target surface, especially for small nozzle-to-plate distances,
where the presence of cool central core is the key negative factor. Thus rod-
stabilized flames, whose convex shape, positive flame stretch and positive curvature
might provide clear impact on the uniformity of impinging heat transfer distribution,

will be used in the present study.

The thesis will provide a comprehensive investigation of rod-stabilized flames. A
flame jet with replaceable and exchangeable stabilizing rods will be designed and
various geometrical configurations will be used to fully understand flame stability

and thermal characteristics. Two principal tasks will be conducted:

Free-jet flames investigation

Flammable and stability characteristics of free-jet flames will be determined and
regions of stability will be classified as the function of Reynolds number and
equivalence ratio. Effects of the geometrical parameters of the nozzle will be
investigated. An analysis of structure and flame shape of rod-stabilized flames will

be also performed.
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Impinging flames investigation

Study of thermal and flame characteristics of impinging rod-stabilized flames will
be carried out. Quantitative effect of impinging parameters (i.e. nozzle-to-plate
distance, equivalence, ratio, Reynolds number and geometrical parameters of the
nozzle) on stability and uniformity of heat transfer characteristics will be
investigated experimentally. Prediction models for impingement heat transfer of rod-
stabilized flames that include local and area-averaged characteristics will be

developed.
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1.4.Thesis organization

The thesis is divided into eight chapters.

Introduction on the topic of rod-stabilized premixed flame is presented in Chapter 1,
which contains relevant literature sources on inverted flames and provides

background materials for the present study.

Chapter 2 describes experimental setups and instrumentation and procedures for
both free-jet and impinging flames. Calculation procedures and analysis of

experimental uncertainty are also presented.

Investigation on flammability characteristics of rod-stabilized flames is presented in
Chapter 3. Core flame types of rod-stabilized flames are identified, stability
characteristics are determined and the effects of various geometrical configurations

are investigated.

Chapter 4 provides deeper understanding of flame structure for both inverted and
partially-inverted flames, including driving forces of flame stabilization and analysis

of flame temperature profiles.

Chapter 5 and 6 deal with heat transfer characteristics of impinging flames. Chapter
5 covers inverted flames and partially-inverted flames are presented in Chapter 6.
Obtained experimental data are analyzed and the effects of various parameters on

heat transfer are evaluated.
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Empirical correlations of impinging heat transfer for inverted and partially-inverted

flames are presented in Chapter 7.

Overall discussion and conclusions of the current work are presented in Chapter 8.

Ideas and recommendation for future research are provided.
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2. EXPERIMENTAL APPARATUSAND PROCEDURES

An experimental apparatus is described individually for both free-jet flame and
impinging flame experiments together with detailed overview of burner geometry.
Measurement procedures of flammability characteristics, flame temperature profiles
of free-jet flames as well as local heat flux and surface temperature measurements of
impinging flame are presented. Calculation procedures of local heat transfer and
area-averaged heat transfer are determined and correlations have been derived for
non-dimensional geometrical parameters. The results of uncertainty analysis confirm

practical usability of obtained experimental data.

2.1. Apparatusoverview

2.1.1. Freejet flame setup

Figure 2.1 shows schematically the burner setup used to obtain the regions of flame
stability of a free-jet flame. Both fuel, which is supplied from a pressurized fuel
tank, and compressed air are metered before mixing. The fuel was a liquefied
petroleum gas (LPG), containing 70% of propangHgrof butane (GH10) and 30%

of butane (GH1p). The measuring system consists of two pressure gauges, and two

rotameters, which are calibrated by a piston calibrator to an accuracy of £ 2%. The
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1. Compressed air line 6. Premixed chamber

2. Fuel tank 7. Equalization chamber
3. Valves 8. Vertical positioner

4. Flowmeter 9. Flame holder

5. Pressure gauge 10. Stabilizing rod

Figure 2.1. Schematic of the setup used for the study of the flammable characteristics.

premixed and equalization chambers are filled with stainless steel mesh, enabling

more uniform flow and arresting the flashback.

The flame holder is made up from a tube and an exchangeable and adjustable
stabilizing rod. The tube is 30 mm long with a bore diameter of 19.55 mm and a

thickness of 1.5 mm thickness. A vertical positioner enables the attached tube to
change its height relative to the rod. Solid rods are of 9.55, 8.00, 6.45 and 4.00 mm

in diameter.
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Figure 2.2. Assembly drawing of the burner.

A special designed core is axially-mounted and attached to the bottom of the tube

for the insertion of a rod. The tolerance of concentricity, measured at the tip of the
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rod, is within £ 0.5 mm. Concentricity of the rod has been measured and adjusted
prior to every set of experiments in order to assure the accuracy of the data. Both
tube and rods are made of selected brass with very smooth surface to achieve more

uniform velocity profile. The assembly drawing of the burner is shown in Figure 2.2.

Temperature profiles have been obtained by measuring flame temperatures with a
bare wire B-type thermocouple with Pt - 30% / Rh as the positive lead and Pt - 6% /
Rh as the negative lead. It was calibrated by OMEGA company that provided

voltage-to-temperature conversion chart.

A gas-fired micro-torch with maximum flame temperature of 280@as employed

as an ignition source.

2.1.2.Impinging flame setup

The laboratory burner setup for the impinging heat transfer study is schematically
shown in Figure 2.3. A 3-D positioner enables the burner to change its horizontal
(radial) position relative to stagnation point and its height towards the impinging

plate.

The impingement surface is a flat square plate with a side of 500 mm and thickness
of 8 mm. The tested area is circular, located within the square plate. It is made of
copper, thus ensuring good thermal conductivity. A stainless steel frame supports the
plate and maintains its horizontal position relative to the burner. Top of the plate is

cooled by water, which is heated up to constant temperature’@ft88avoid the

condensation of moisture in the combustion products on the impingement plate.
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A Vatell HFM-6 D/H microsensor with rapid response time (6+2 ps), has been used
as a heat flux transducer and to measure the surface temperature. The effective
sensor face (of 3 mm in diameter) is embedded into the plate, centered and leveled
symmetrically with the impinging surface. It consist of an inner thermopile heat flux
sensor (HFS) that is responsible for heat flux measurement and the surrounding
resistance temperature sensing element (RTS), made of thin platinum film. The
output voltages are amplified using a battery-powered Vatel AMP-6 amplifier. A/D
conversion is carried out by I0tech Personal Dag, an USB Data acquisition module.
Time-averaged data has been recorded for each data point consecutively for period

of 30 s at a frequency of 3 Hz.

The same bare wire B-type thermocouple with Pt-30% / Rh as the positive lead and
Pt-6% / Rh as the negative lead has been used to measure flame temperatures of

impinging flames.

Both heat flux sensor and B-type thermocouple were calibrated by respective
manufactures. Heat flux sensor was calibrated by Vatell Corporation that provided a
calibration certificate valid with specified validity that provided all the information

necessary to convert the signals from the sensor to their heat flux values with
accuracy +-3%. B-type thermocouple was calibrated by OMEGA company that

provided voltage-to-temperature conversion chart.

The ambient temperature in the air-conditioned laboratory was maintained constant

at 19.5 + 0.8C during the experimental investigation.
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Photographs were made with 35 mm Nikon F60 analog camera, using Nikkor AF

lens 50 mm with a constant aperture of 5.6 and shutter speed at 1/250 and 1/15.
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1. Compressed air line 10. Tube
2.  Fuel tank 11. Stabilizing rod
3. Valves 12. Flame jet
4. Flowmeter 13. Impinging plate
5. Pressure gauge 14. Heat flux sensor
6. 3D positioner 15. Thermostat
7. Premixed chamber 16. Water-cooling system
8. Equalization chamber 17. Amplifier
9. Vertical positioner 18. A/D converter

19. B-type thermocouple
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2.2.Experimental procedures

2.2.1.Flammable characteristics measurement

In order to cover the operating range of the experimental setup, the measurements
were performed for the equivalence ratio ranging from 0.1 to 3.0, with a step of 0.1.
Reynolds number was varied from 100 to 3600 at moderate low pressure. Flames
remain predominantly laminar up Re~ 2000, for higheRe noticeable flickering

characteristics of a turbulent flame appears.

For the present investigation there were three rod protrusions us&g,+.6, 1 and
2, whereas the rod-to-tube ratio varied from 0.51 to 0.80. In the first investigation,
diameters of tube and rod were maintained constant. However the rod diameter was

varied at constant tube diameter in the second investigation.

Blow-off data were obtained at seleciRdby progressively decreasing the fuel flow
rate until the blow-off occurred. For the data points obtained nearby the flashback
region, the flame holder had been cooled in between measurements for sufficient

time by applying only the air flow at high pressure.

To observe the effect of ignition position on the flame characteristics, the flame
ignition had been subsequently conducted from two vertical distances about 10 mm
and 50 mm from the burner rim as shown in Figure 2.4. For each vertical distance,
two radial directions (tangential and secant) of the ignition source (i.e. flame torch)

relative to the flow had been investigated.
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Positions of the
ignition source
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2.2.2.Flame temperature measurements

Temperature profiles of free-jet flames and flame temperatures of impinging flames
have been obtained by shifting the burner in radial direction and axial direction with
a resolution of 2 mm and only half-plane has been measured due to the flame
symmetry. Measurements of temperature profiles were condudies=a2000 with
equivalence ratio of 0.9 and 1.4 for inverted and partially-inverted flames
respectively. Flame temperatures of impinging flames have been obtained at axial

distance of 1 mm from the impingement plate.

2.8



Chapter 2 — Experimental apparatus and procedures

\

A
Y

O

A
Y

Figure. 2.5. Geometrical dimensions of the impinging fl.

2.2.3. Local heat flux and surface temperature measurements

Radial heat flux distributions have been obtained by shifting the burner in radial
direction from the stagnation point (where the microsensor is situated) with
resolution of 2 mm for = 0 — 20 mm and 4 mm far > 20 mm. The flame

symmetry allows measurements at one specific radial direction only. Surface
temperature measurement, utilizing identical microsensor, has been obtained

simultaneously.

Values of equivalence ratio and Reynolds number for each type of the flame have
been selected in accordance with Figure 3.1 and are with specific regions (Region |

for inverted flames and Region Il for partially-inverted flames). Constant
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equivalence ratio of 0.9 and 1.4 has been set for inverted and partially-inverted

flames respectively.

The effect of Reynolds number had been investigated for both types of the flame for
identical values oRe = 1600, 1800, 2000, 2200, 2400 and 2600 at two specific
values ofH = 1.0 and 3.0. The influence of nozzle-to-plate ratio has also been
carried out for both types at const&e= 2000, with values dfl ranging from 0.5

to 4.0 with a step of 0.5.

Measurements of effects of rod protrusion and rod-to-tube ratio have been obtained
at constanRe = 2000 for each type of the flame. Rod protrusion varied from 0 to 2
and has been investigated fér= 1.0 and 3.0, while rod-to-tube ratio investigation

has been carried out at344.0.

2.3.Calculation procedures

2.3.1.Effective nozzle diameter calculation

With reference to Figure 2.5, effective diameter for the annulus cross-sectional area
of the burner nozzle is defined as:

d.=D-d (mm) (2.1)

Hence, nozzle-to-plate ratid and non-dimensional radial distance from stagnation

point R are expressed as:

H =€ (2.2)
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re T (2.3)

Consequently, Reynolds number is calculated from:

Re= Uexit[ de

(2.4)
v

2.3.2.Rod protrusion calculation

Two additional non-dimensional parameters have been introduced to facilitate the
definition of geometrical configurations as shown in Figure 2.5. The rod protrusion
Br denotes the non-dimensional height of the rod tip above the tube rim, defined as a

ratio of &ial distance between rod tip and tube rim relative to the effective diameter

L (2.5)

2.3.3.Rod-to-tube ratio calculation

Likewise, a non-dimensional parameBar(rod-to-tube ratio) represents a variability
of the flow area and is defined as a ratio of the effective diameter relative to the tube

bore diameter:

de
B =-—¢ 2.6
S (2.6)
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2.3.4.Flame temperature correction

Bradley and Matthews (1968) suggested that conduction losses can be neglected for
fine wires longer then 1 mm. Hence the measured values of flame temperature have
been corrected for radiation heat losses only, according to the method suggested by
Friedman (1953). Corrected flame temperature has been derived from heat balance

for an unshielded spherical thermocouple in a hot gas stream:

# £ S (e 12y o) @7)

Te=T Nu A

ForReranged from 0.01 to 10 OORu is determined from:
Nu= 0421P¥+ O0571Pr¥Re* (2.8)
With bead diameter equal to 0.254 mm and assumed emissivity of 0.1, the maximum

correction was less then 70 K.

2.3.5.Area-averaged heat flux calculation

With axisymmetric distribution of local heat flux, the area-averaged heat flux is

calculated as function of non-dimensional radial dist&ce

- 2qu G RER

g=—2 — [kW/m?] (2.9)
2
R
The total heat transfer from the flame jet to the impinging plate could be determined

by measuring the cooling water’s flow rate and its temperature rise when passing

through the water jacket.
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However, in the case of the present experimental setup, it is more complicated as the
heat flux sensor couldn’t be immersed into water and there is a significant space

between the transducer and the water tank that makes up large amount of tested area.
The water cooling has been installed due to following reasons:

* Not to overheat the impinging plate and more importantly not to overheat the

heat flux sensor that operates only at certain temperatures)
e To avoid condensation

In the present experiments, the cooling water temperature has been maintained
constant at 3& and flow rate has been kept constant due to already enough variable

parameters at the study.

In order to achieve repeatability, measurements were only made when steady-state

conditions had been achieved.

Recent studies have been investigating the effects of different cooling temperatures
and flow rates on the total heat transfer rate. It includes the quenching effect. This
effect has been also observed when the flame was ignited before steady-state

conditions were met.

2.3.6.Nusselt number calculation

Local heat transfer coefficient is expressed from:

__ 9 :
h=——"-— kW/m“K 2.10
S [kwim?K] (2.10)
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where T; is flame temperature,Tg; is impingement surface temperature.

Consequently, in non-dimensional formh, can be calculated as local Nusselt

number:
Nu = hﬁ_ﬂie (2.11)
k(T)

Wherek is thermal conductivity of hot gas as a function of temperaﬁjreBy

substituting Equation 2.10 into Equation 2.li,can be expressed as:

__ gld, (2.12)
(T, -T KD '

Nu
Area-averaged Nusselt number can be expressed by substituting Equation 2.9 into

Equation 2.12:

2] {RER d
Nu = —=° ¢
k(T)

: (2.13)
R HTf —TS)

2.3.7.Thermal efficiency calculation

To facilitate overall thermal performance of the impinging flame, thermal efficiency
can be calculated from:

g rli?
n= q

) % 2.14
2|:(Dfuel @fuel DLHV [ ] ( )
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Figure. 2.t. Determination of stagnation cirt.

where Q,,,,is flow rate of fuel (M/ s), pel is fuel density (kg / M and LHV stands
for Low Heating Value (kJ / kg) of the fuel. The fuel was a liquefied petroleum gas

(LPG), containing 70% of butane 4d10) and 30% of propane (8s).

It is assumed that heat loss to the surrounding is constant and input energy is the

chemical energy of the fuel.

2.3.8.Stagnation circle determination

In addition to stagnation point, a stagnation circle is introduced to facilitate the

surface impingement of a jet, which exit area has a shape of an annulus.
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Analogically, stagnation circle theoretically determines the points where the flow is
fully arrested. Envelope of stagnations points forms a circle (Figure 2.6). Position of

stagnation circle on the impingement plate can be calculated from:

D+d

r.stagcircle = 4

[mm] (2.15)

2.4.Experimental uncertainty analysis and repeatability

2.4.1.Uncertainty due to calculation

The total uncertainty in calculated values was estimated using root-sum-square
(RMS) method, suggested by Moffat (1998) and Figueroa et al. (2005). It was
assumed that the uncertainties were known to 95% confidence. Assuming that the
measured parametexs and their absolute uncertaintigg are independent of one

another, the total uncertainty for any calculated quantity:

u
Ty=\/z(>; g) & (2.16)

Where U is the absolute uncertainty in calculated quantity, Y is maximum value of

the quantity.

The parameters with their corresponding uncertainty percentages are given in Table
2.1. The total uncertainty fd@g, Br, H andR was 2.2% at 95% confidence level. For
both equivalence ratio aride the total uncertainty was 6.2% at 95% confidence

level.
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Parameter Uncertainty percentage
Effective diameter of the burner exit arda, 2%
Distance between rod tip and tube rhm, 1%
Distance between the nozzle and the plate, 1%
Radial distance from stagnation point, 1%
Dynamic viscosity of aifyq; 4%
Dynamic viscosity of fuelys,e 4%
Density of airp,; 1%
Density of fuel pe 1%

Table 2.1. Parameters and their uncertainty percentage.

2.4.2.Uncertainty due to instrumentation

Table 2.2 summarizes accuracy of instruments used during experimental
investigation. The overall uncertainty of heat flux measurement due to
instrumentation was 5.1%, while for the surface and flame temperature it was 4.5%

and 0.3% respectively.

Instrument Accuracy

Heat flux microsensor 3%

Amplifier gain - temperature channel 1.5% (for gain = 500)
Amplifier gain - heat flux channel 2.1% (for gain =1000)
B-thermocouple 0.25%

Air flowmeter (603) 2%

Fuel flowmeter (605) 2%

Pressure gauge 2%

Personal Daq 0.015% (of reading)

Table 2.2. Instrumentation accuracy.
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2.4.3.Repeatability

Experimental sets have been repeated accordingly, using the identical operational

conditions, in order to ensure the repeatability.

As for heat flux and surface temperature measurement, each set of experiments has
been repeated three times, and the results were then averaged. Maximum standard
deviations of the local heat flux were less than 6% of the mean value, while for

surface temperature it was less than 2%.

Temperature profiles set has been taken three times, with maximum standard

deviation of less then 2% of the mean value.

For the flammable characteristics, the process has also been repeated three times,
with exception of data points nearby blow-off curve and inter-regions, where more
than a single flame type can be induced. Here the flame stabilization has had been

repeated ten times in order to provide 90% confidence level of the measurement.
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3. FLAMMABILITY CHARACTERISTICS OF FREE-
JET FLAMES

The present investigation was performed to determine quantitetively the operating
range and the characteristic regions of flame stability of a rod-stabilized premixed
free-jet flame. Various geometrical configurations had been tested and the influences
in changing the rod protrusion and rod-to-tube ratio had been reported. The
influence of the position of the ignition source in producing a flame in the inter-

regions had also been studied.

3.1. Classification of regionswith stable flame

Collected data points at various Reynolds numbers and equivalence ratios are plotted
and presented in Figure 3.1. As mentioned above, the rod-stabilized flames present
complex characteristics and are very sensitive to variations of Reynolds number and
equivalence ratio. As a result, three different types of stable flame can be identified:
inverted flame for lean mixtures, partially-inverted flame for stoichiometric and rich
mixtures and regular (Bunsen) flame for very rich mixtures. These regions, however,
overlap with each other, creating so called inter-regions, where more than a single
flame type can be induced. As shown from the diagrams, regions I, |1l and V are

those with the occurrence of only a single flame type, while areas Il and IV
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Figure 3.1. Diagram of the characteristic regions of flame stabilitgt £08.55 mmpBg = 0.

represent inter-regions. Concerning the location of stabilization, the reaction zone

can be stabilized either on the rod tip (an inverted flame) or at the tube rim (a regular

flame), or even both (partially-inverted flame). The shape of partially-inverted

flames is affected byRe as described in the later section. Particular regions and

inter-regions of stable and unstable flames are classified, summarized and further

discussed in the following sections.
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3.1.1.Effect of position of ignition source

It has been observed that for the inter-regions Il and IV, which exist between those
with only a single flame type, i.e. Regions |, lll and V, different flame types may
occur due to different positions of the ignition source: axial distance from the rod tip
and radial distance from the axis (Figure 2.4). As shown in the Region II, if the
ignition source is in a close axial distance to the rod tip and its radial distance is
close to zero (the ignition flame intersects the z-axis), a very high chance for the
flame to be stabilized at the rod tip to create only an inverted flame. However, when
the ignition source is positioned at a certain radial distance away from the z-axis and
the direction of the flame torch is secant or tangent, the reaction zone tends to
stabilize itself also at the tube rim to create a partially-inverted flame. As shown in
the Region IV, a similar behavior can be observed. An intersectional ignition creates
both reaction zones and hence a partially-inverted flame, whereas the tangential
ignition produces only one reaction zone stabilized at the tube rim giving a regular
flame. Their interpretations are described below in separate paragraphs as there are
several driving forces behind the common one: the flow velocity distribution.
Moreover, experimental uncertainties of these observations may be decreased if a

point ignition source, such as a hot wire, is used instead of a flame torch.

3.1.2.Region | — Inverted flame

The area, where only the inverted flame can exist, is limited by the steep blow-off
curve. Its size has been observed to be the widest (betivee.55 — 1.1) for the

most stable geometrical configuratioBg(= 0 andd = 9.55 mm). The ability to
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operate at such lean mixtures is mainly due to the absence of the diluent effect of
ambient atmosphere (Lewis & von Elbe, 1987). It is also affected by the cross-
sectional shape of the jet and the convex shape of the flame: the rod tip is
surrounded by the air / fuel mixture with a flow field of large velocities, which
prevents the surrounding air to enter and dilute the air / fuel mixture. It extends the
blow-off region down to the value at which the flame stabilized at the tube rim will

already be blown off. Such a flame is shown in Figure 3.2a.

3.1.3.Region Il — Inverted and partially-inverted flames

With an increased percentage of gaseous fuel in the mixture, the fuel-rich flame
meets the conditions that the reaction zone can be stabilized at both the rod tip and
the tube rim. For low Reynolds numbers and equivalence ratios, the flame is
attached only partially to the rim but not for the entire rim perimeter. As mentioned
earlier, the effect of the position of ignition source is significant on the flame type.
Closer axial and radial distances of the source to the rod tip means that the flame is
stabilized at the rod only. Besides, placing the source at the tangential direction and
an axial distance further away from the tube rim creates a partially-inverted flame.
This phenomenon seems to be more complex. It is primarily due to distribution of
the flow velocities and consequently dilution of the air/fuel mixture by the
surrounding air. As mentioned earlier, due to the annulus shape of the jet, the rate of
dilution above the rod tip remains relatively small in comparison with that at the
burner rim. At constant Reynolds number but variable equivalence ratios, the

reaction zone blows off at the burner rim first. In fact, the borderline between

3.4



Chapter 3 — Flammability characteristics of free-jet flames

Figure 3.2. Photographs of three fundamental flamBeat2000,d = 9.55 mmpBg = 0; a) inverted
flame @ = 0.9); b) partially-inverted flame(= 1.4); c) regular (Bunsen) flame E 1.9).

Regions | and Il can be assumed as the “partial” blow-off curve as its data points are

the critical values for blow-off to occur at the rim. Thus in case of the intersectional
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ignition within a certain axial distance, high dilution of the air/fuel mixture nearby
the rim does not allow upstream propagation of the burning zone towards the rim
and therefore only the inner reaction zone is stabilized. It may also be taken into
account that the separation of inner and outer reaction zones at higher Reynolds
numbers as shown in Figure 3.3a, which is due to the turbulent nature of the air /
fuel flow. Another factor to be considered is the differences in flame shape and
flame stretch: the inner reaction zone is an inverted flame, which is positively
curved and is of a convex shape, whereas the outer reaction zone (a regular flame) is

negatively curved and is of a concave shape.

3.1.4.Region Il — Partially-inverted flame

It represents the conditions, in which both the inner and outer reaction zones can be
stabilized, creating a partially-inverted flame. The flame shape is highly affected by
the Reynolds number: at high&®e the flames start to flicker and eventually
separate due to the enhanced turbulence. The region is limited by a peak Waue of

= 2900 to 3400Data points close to the intersection of Regionsllliand IV give

the values oReand@®, at which all three main types of the flame carstadbilized.

Figure 3.2b presents the partially-inverted flame with both reaction zones connected,
while the inner and outer waves are partially-separated on the right hand side as

shown in Figure 3.3a.

3.1.5.Region IV — Patrtially-inverted and regular flames

For fuel-rich mixtures of equivalence ratio between 1.5 and 2.5, it is possible to

generate either the partially-inverted or regular (Bunsen) flame. Effect of the
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Figure 3.3. Photographs of flames at consten®9.55 mm; a) separation of combustion waves in
partially-inverted flameRe= 2000,® = 1.6,Br = 1); b) upstream propagation of inverted flalRe £
2000,9 = 1.3,Bg = 2); c) upstream propagation of tilted flame with an asymmetric distoRien (
1100, = 1.3,Bg = 0).

position of the ignition source is similar to those in the case of Region Il: locating
the source at the tangential direction and an axial distance further away from the rim

helps stabilizing only the outer reaction zone to create a regular flame, while putting
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the source at a closer axial distance and the intersectional direction enables
generating the partially-inverted flame. Similar to the Region II, the high flow
velocity field prevents the surrounding air to enter the inner part, thus, resulting in a
deficiency of air in the air/fuel mixture. For the tangential ignition at further
distance, both factors suppress the upstream propagation of burning zone towards
the rod tip, so the conditions for stabilizing the inner reaction zone are not
established. For the intersectional ignition at closer distance, the deficiency of air is
easily observable as the inner zone is distinctly less luminous. The outer and inner
reaction zones are separated and with an increased equivalence ratio, the inner wave

becomes narrower and thinner due to the further reduction of air.

3.1.6.Region V — Regular (Bunsen) flame

For very high® from 2.2 to 2.8, only a regular (Bunsen) flame wtlowish tip

can exist as shown in Figure 3.2c. For very fuel-rich mixtures there is not enough
surrounding air to penetrate into the central region. Under such conditions, the inner
reaction zone does not occur and the flame is stabilized at the burner rim only. Low
flow velocities Re < 1000) shift the border line of Region V towards lower values

of @ and a similar but slighter effect can be obserwcigher Reynolds numbers

for all geometrical configurations okEnd B.

3.2.Classification of regions with unstable flame

Apart from the blow-off curve and flashback areas, the unstable region VI is
characterized by time-delayed and relatively slow upstream propagation of the

flame, resulting in flashback.
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3.2.1.Region VI — Inverted flames, partially-inverted flames and flashback

The area above flashback, with an occurrence of the “tilted” flames, can be observed
in round or slot jets (Lewis and von Elbe, 1987). However, in the case of rod-
stabilized flames this region appears to be more profound. When the flow rate
becomes sufficiently small, the inner reaction zone occurs much closer to the rod tip.
With increased temperature of the rod, preheating of the unburned air/fuel mixture
takes place inside the burner tube. Quenching effect of the rod and the tube wall is
reduced and the flame starts to propagate upstream and consequently heats the rod
and the tube wall, and eventually develops into flashback. Heating of the rod is very
rapid, because of the enormous heat transfer directly from the surrounding flame.
Thus, it is highly recommended to avoid this unstable area by applying higher flow
rates. It is possible to partly eliminate this region by cooling the stabilizing rod and
the tube wall sufficiently. Occurrence of this region is at an equivalence ratio in the
range from 0.7 to 1.7 for all geometrical configurations, with the peak values
occurred around® = 1.1 to 1.4. For higher values db, the region reduces
significantly and becomes negligible, and flashback develops almost immediately at
the critical value ofRe It should be taken into account that for higher Reynolds
numbers Re > 2000), due to the high flow velocities, the upstream flame

propagation is sufficiently delayed.

3.2.2.Flashback

The flashback curves have been plotted to include the data points at which the flame

starts to penetrate into the tube immediately after ignitiongFerl.7, the curve is
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assumed to be identical with the boundary line of the Region VI. The upper limits

generally occur at & 1.2 to 1.5 for all geometrical configurations.

3.2.3.Blow-off curve

The blow-off curve is very steep and it occurs within a narrow range of equivalence
ratio ranging from 0.55 to 0.83. In relation to the blow-off aspect, the inverted
flames show significant advantage: they can operate with very fuel-lean mixtures.
Such advantage has also been suggested in other studies (Edmondson and Heap,
1970; Coghe et al., 2002). It has been suggested by Lewis & von Elbe (1942), that a
larger rod diameter retains the flame better due to the appreciable reduction in gas

velocity.

Flame oscillation phenomenon can be observed near the blow-off region. One of the
explanations is that it may be caused by a slight fluctuation of the pressure to which

the blow-off is very sensitive.

3.2.4.Area of extinction

The butan/air mixture ab from 0.55 to 0.83 produces no flame. Data poiniReat
500 for fuel-lean and stoichiometric mixturé®e < 400 for fuel-rich mixtures, and
Re < 100 for very fuel-rich mixtures have not been recorded by using the present

experimental setup.
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Figure 3.4. Diagram of the characteristic regions of flame stabilitgt £08.55 mmpBg = 1.

3.3.Effect of rod protrusion

Size and shape of the regions vary as function of the rod protrusion as shown in

Figures 3.4 — 3.5. Influence on Regions |, IV and V was observed to be negligible.

Considerable effects on other regions are summarized below:

* If Bris increased, part of the Region Il becomes unstable and these data points

are included in Region VI. Thus in caseBy= 1 (as shown in Figure 3.4), the

region is split into two parts. Whddg = 2 (as shown in Figure 3.5), part A even

vanishes entirely. The lowest peak valuerat= 1200 denotes the most stable
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configuration Bg = 0,d = 9.55 mm). The upper limit of equivalence ratio (@e.
=1.4), which is in fact the maximum value for the inverted flame to be stabilized

is lowest at R= 0 and increases up to=.7 at & = 2.

Lower limits of the Region Il are considerably dependableBanWhen Bg
increases, there is a size reduction of the region and it is simultaneously shifted

towards the higher values of (@p to 2.2).
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» The smallest size of the unstable Region VI is obtain&k at 0 with the upper
limit of Reat about 1200 as it is seen from Figures 3.4 and 3.5. With increased
value of Bg and for higher Reynolds numbers, it extends at the expense of the
Region Il as the upper limits &te are occurred beyond the operating range of
the present setup. The decrease of flow velocity with further distance away from
the tube rim is the reason behind. The originally stabilized flame can be either
partially-inverted or inverted, however, it turns into an inverted flame just before
entering the tube rim during the heating-up process. Figures 3.3b and 3.3c show
the photographs of flames which propagate upstream for diffgenbverted
flame atBr = 2 and the tilted flame with an asymmetric distortiorBat= 0,

respectively.

* At Br =1 and 2, value oRe at which flashback occurs will be increased to
higher values in comparison with thatBat= 0 (Rg, = 1100 aBr = 1 and 2, and

Reg = 700 at R = 0), as in Figure 3.6.

» Effects ofBgr on blow-off are demonstrated in Figure 3.7. Bar= 1 and 2, the
blow-off curves are steeper in comparison with thoseBfpe= 0. For higher
values ofBg, the flames will be affected more due to a dilution of the air/fuel
mixture by the surrounding air and also the reduced gas velocity at an axial

distance further away from the tube rim.
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Figure 3.8. Diagram of the characteristic regions of flame stabilitgt £08.00 mmpBg = 0.

3.4.Effect of rod-to-tube ratio

Similarly, characteristic regions of flame stability with variation of rod-to-tube ratio
are shown in Figures 3.8 — 3.10. Regions IV and V are assumed to be unchanged and
as shown in Figure 3.11, for the conditions at which the blow-off occurs, the effect
of Bt is almost negligible. Summary of considerable effects on other regions is

presented below:

* An increase of Breduces the Region | slightly to the range witéhir= 0.6 to

0.9.
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The effect of B on the Region Il is slightly similar to the influence of. Bhe
difference is that the stable area is split only for the smallest rod diameter (4.0
mm), as shown in Figure 3.10. The borderline convergence indicates the peak
values will be obtained somewhere beyond the operating range of the setup. The
upper limit of equivalence ratio (i.& = 1.4) is lowest at smaller diameters, and

increases up to 1.7 at bigger diameters.

Similarly with an effect of R, the lower limits of the Region Il are dependable
on Br. With Br increases, data points for lower flow rate exhibit unstable

behavior and consequently become part of the Region VI, reducing significantly
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the area of the partially-inverted flames to a narrow strip as shown in Figures 3.9

and 3.10. However there is no shift of the region towards the higher valdes of

as in the case of the effect og.B

With the Region VI, larger cross-sectional areas (smaller rod diameters at the

constant tube diameter - highBf) shift the upper limits towards the higher

values ofRe which will be beyond the present operation range. Also, the heat

conduction for thinner rods is higher, which speeds up the upstream propagation

of the flame.
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* At the same time, with an increase af Be upper limits of flashback are shifted
towards the higher values Be They generally occur a = 1.2 to 1.5 for and
vary from minimumRe= 700 (obtained at = 9.55 mm) to maximurRe= 2400

(obtained at d = 4.00 mm) as in Figure 3.12.

3.5.Summary

1) Experimentally determined stability data indicates three fundamental types of
premixed butane/air flame which can be stabilized by using an axially-mounted
stabilizing rod: inverted, partially-inverted, and regular (Bunsen) flames. In
dependence of equivalence radhp data points obtained from a stable flame are
divided into five stable regions: inverted flames (Region 1) exist predominantly
in fuel-lean mixtures, while partially-inverted flames (Region IIl) and regular
flames (Region V) appear in fuel-rich and very fuel-rich mixtures, respectively.
Between the overlapping areas, inter-regions (Regions II and V) are

characterized by the availability of more than one stabilized flame.

2) As for the inter-regions, it is shown that the explicitness of whether the reaction
zone can be stabilized at the burner rim (regular flame), at the rod tip (inverted
flame) or at both positions (partially-inverted flame), is certainly affected by the
axial and radial positions of the ignition source. The situation becomes more
complex when there are other parameters involved. In the Region IV, cross-
sectional ignition at closer distance creates both reaction zones, while tangential
ignition at a further distance can only stabilize the flame at the burner rim and a

deficiency of air in the air/fuel mixture is the main reason. Certainly, disturbance
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3)

4)

from the high velocity distribution across the flame jet is another major cause. In
the Region II, apart from radial distance and axial direction of the ignition
source, the high rate of dilution with surrounding air, the steep flow velocity
distribution across the flame jet, the different shapes of flame and the separation

of reaction zones at high Reynolds numbers should also be considered.

There is an elongated unstable area (Region VI) above the flashback curve, at
which lower flow velocity causes the inner reaction zone of the originally
partially-inverted flame to heat up the rod tip, thus reducing the quenching
effect. Consequently, it propagates upstream to induce a slow motion flashback.
The size of this region is strongly affected by the height of the rod tip above the
tube rim, expressed by the non-dimensional rod protrusgh Increase oBg

results in widening of the region at the expense of the stable regions, as the flow

velocity decreases and the rod tip is more exposed to the surrounding air.

Similarly, a negative impact on the size of the stable regions has been observed
for another non-dimensional parameter, rod-to-tube r&iyy (vhich represents

the variation of rod diameter for a constant tube bore diameter. With an increase
of Br (use of a smaller rod diameter), a bigger cross-sectional area is obtained,
which increases the size of the Region VI and the occurrence of a higher rate of
heat conduction makes the flame propagating upstream faster. Flashback limits
are also shifted up. Hence the default configuration of the largest diameter (
9.55 mm) andBr = 0 appears to be the most stable condition among all tested

configurations.
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5) The influences of botBg andBt on blow-off limits appear to be less significant.
Variation of Br shows negligible effect while higher valuesBy tend to move
the blow-off curve towards high@r because of the higher rate of dilution of the
air/fuel mixture by the surrounding air. However, the accuracy may also be
affected by a low resolution of the flowmeters, which should be avoided. In
comparison with the round and slot flame jets, a rod-stabilized burner can
operate with very fuel-lean mixtures (up #® = 0.55), which is a definite
advantage in terms of emissions, since the generation QfaN® CO emissions

can be reduced.

3.21



Chapter 4 - Structure and temperature profiles of free-jet flames

4. STRUCTURE AND TEMPERATURE PROFILES OF
FREE-JET FLAMES

Out of the three characteristic flames identified in Chapter 3, inverted flames
(Region | &ll) and partially-inverted flames (Region Ill) have been further studied

as they present significant types that can be used in the practical solutions.

Prior to the study of impinging flames, it is essential to understand the structure and
flame shape of each flame type, which is the goal of this chapter. The eff&gs of

@, Bz and B on flame shape are also described.

Temperature distributions of both flame types were recorded as a function of radial
distance and temperature profiles were plotted for selected heights. These were used
to identify the structure of each flame type in relation to geometrical design of the
flame jet. Based on that, the regions of free-jet flame for each particular flame type

are determined.
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Fiaure 4.1. Scheme of flame stabilization of inverted premixed laminar

4.1. Structure and temperature profiles of inverted flames

4.1.1.Structure of inverted flames

The gas-air mixtures are in a state of flow and in contact with solid surfaces. It
means that there are various interactions between the flame reaction zone, the gas-air

flow and heat sinks (e.g. tube rim and rod).

As discussed in Chapter 3, inverted flames are characterized by the presence of inner

reaction zone only, which is established above the rod tip. The outer zone (above the
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tube rim) will not form due to diluent effect of surrounding atmosphere as the burner
operates in very lean mixtures (updo= 0.55). On the other hand, the rod tip is
surrounded by the air / fuel mixture with a flow field of large velocities, which
prevents the surrounding air to enter and dilute the air / fuel mixture, thus enabling
creation of inner reaction zone above the rod tip (Figure 4.1). Due to the convex
shape of the flame, the tip of the flame cone rests above the rod tip and the flame

base lies in the boundary layer diluted with surrounding atmosphere.

Burning velocity can be determined from Figure 4.2, which shows schematic of the
inverted flame. Similarly to the calculation of burning velocity for Bunsen flames,

the relationship between the burning velocitya8d the flow velocity U is:

S=Usina (4.1)

where a is the angle between the reaction zone and theflgasdirection. It is

assumed that the flow is parallel and the flow lines are equally refracted.

The actual flame cone is deformed from its theoretical shape. Figure 4.3 shows such
flame. Assuming that th§, remains constant over the entire reaction zone, the main

deformations can be found at the tip of the flame cone and the flame cone base.
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The base of the flame cone

Due to the thermal expansion of the air / fuel mixture passing the reaction zone, the
streamlines diverge outwards to the surrounding atmosphere. As the distance from
the burner increases, so increases the distance between such diverged streamlines
and decreases the flow velocity. If the burning velocity remains constant, the
reaction zone within the diluted boundary layer rounds and becomes parallel to the

diverged streamlines of the unburned gas-air mixture.
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It has been observed for lowBe that the base of the flame cone might appear

inclined and horizontally uneven. The shape of rod-stabilized flames is highly
affected by the geometrical centricity of the rod in the tube. For a very long rod, it is
very difficult to keep it perfectly centric inside the tube. The results are uneven

velocity profiles at the nozzle exit that subsequently affect the flame shape.

The tip of the flame cone

Analog to the case of burner rim of Bunsen flame, the rod acts as a heat sink. Thus

the quenching effect of the rod reduces the burning velocity to zero at the rod tip.
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The burning velocity is also decreasing somewhere nearby the rod as there is a
significant loss of heat and active radicals to the rod, causing the tip of the flame

cone to round. The reaction zone becomes parallel with the air / fuel flow and

stabilizes at some distance above the rod tip, where the burning v&otitgs its

equilibrium with flow velocity, decelerated by frictional drag along the rod.

As mentioned in Chapter 1, Lewis and von Elbe (1987) reported the presence of
stagnant eddies or even a vortex street above the solid body (e.g. wire), introduced
into the air / fuel stream. Once the air / fuel mixture is ignited, these vortexes reduce
their size and the reaction zone is stabilized just above them. However in the present
experiments, the Reynolds numbers are in the laminar and partly in the transient
region. In such case it is assumed that the vortexes do not occur and the flow is

perfectly laminar.

Figure 4.3 also shows schematic of flow streamlines. It can be assumed that the
thermal expansion causes the streamlines in the unburned gas to diverge while in the

burned gas the streamlines become substantially parallel.

4.1.2 Effect of Re, @, Bgr and Bt on flame shape

The flame shape can be affected by changing the variable parameters, such as

Reynolds number, equivalence ratio, rod protrusion and rod-to-tube ratio.

Increasing the Reynolds number iReans that the axial distance between the rod tip
and the tip of the flame cone increases as the point, where burning velocity equals

flow velocity, shifts upper. Consequently, the flame cone becomes more elongated
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at its entire length. Also, ondeereaches the transient region, the appearance of the

vortexes above the rod tip might be taken into account.

The effect of equivalence ratib to the flame shape is assumed to be negligible, a

fact which is not surprising since the regions are within very narrow range of @

The influence of geometrical parameters on flame shape varies. While in case of rod
protrusionBg, the effect is negligible, variations of rod-to-tube rd&iohas bigger
impact. With increase®r (e.g. larger cross-sectional area, smaller rod diameters),
the tip of the cone becomes more narrow and tapered, as in fact the area, where the
burning velocity found its equilibrium with flow velocity above the rod tip,

diminishes.

4.1.3.Temperature profile of inverted flame

Temperature distribution of free-jet flame is one of the major indicators of heat flux
distribution of impinged flame. Temperature contour diagram of collected data
points at various radial and axial distances is presented in Figure 4.4. The flame

shape is assumed to be symmetrical, thus only half plane of the flame is shown.

Figure 4.5 shows temperature profiles for selected heights, ranged between 1 — 50
mm at the axial direction. A2 = 1 mm, measured just below the tip of the flame
cone, the temperature maximum reaches maximum ofG0Uhis clearly confirms
existence of a preheat zone ahead of the reaction zone. The preheat zone can also be
observed all the way along the luminous reaction zone until it reaches the flame

cone base.
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Figure 4.5. Radial temperature profiles of inverted flanfReat 2000,& = 0.9,B+ = 0.51,Bx = 0, for
selected heights.

The maximum flame temperature recorded was about @QQust above the
luminous reaction zone. The area of burned gas with the maximum temperature
creates a large central core, which has a cone shape similar to the shape of the
reaction zone. Also, the maximum flame temperature in the central core prevails up
to double of height of the reaction zone. This is demonstrated in Figure 4.5, where
temperature profiles of heights above the flame cone base,%.80, 40 and 50

mm, show very wide plateau of maximum temperature before it steadily decreases.
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Fiaure 4.6. Fre-iet flame reaions of inverted flan

The two main characteristics of the central core, i.e. its large radial and axial
proportions, give us perfect condition for uniform heat flux and temperature
distributions over target surface (i.e. flat plate). The effective height for the
impingement could be just above the flame cone base, where the radial size of the
central core is the largest. The outer zone of burned gas, where the temperature
constantly drops, has similar radial size as the central core. Isotherms in this zone

are substantially parallel with the axis.
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Fiaure 4.7 Scheme of flame stabilization of parti-inverted premixed lamin:

Based on the temperature distribution (Figure 4.4), the structure of free-jet inverted
flame with all identified regions (e.g. preheat zone, luminous reaction zone, central
core of burned gas and outer zone of burned gas) is schematically represented in

Figure 4.6.
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4.2.Structure and temperature profiles of partially-inverted flames

4.2.1.Structure of partially-inverted flames

Partially-inverted flames represent more complex and sophisticated structure when
compared to the inverted flames. As it has been found out in the Chapter 3, partially-
inverted flames are characterized by presence of both inner and outer reaction zone.
Partially-inverted flames operate mostly at stoichiometric and fuel-rich mixtures (up
to @ = 2.00) and it is the increased percentage of gaséeel in the mixture that
creates the conditions, where the reaction zone is stabilized at both the rod tip and

the tube rim (Figure 4.7).

These two reaction zones are different in terms of the flame shape. Inner reaction
zone has a convex shape, while the outer reaction zone is of concave shape of the
flame. The tip of the inner reaction zone rests above the rod (the same as in the case
of inverted flames). The base of the outer reaction zone rests above the tube rim.
The base of the inner reaction zone might or might not be connected with the tip of

the outer reaction zone. This is discussed further in the chapter.

In the case of burning velocity determination, it is clear from the schematic in Figure
4.8 that simplified model applies only to inner reaction zone, where it is assumed
that the flow velocity is substantially parallel with the axis and the flow lines are

equally refracted. The correlation between the burning vel&itand the flow

velocity U is:
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Fiaure 4.8. Schematic of ideal parti-inverted flame and aeomet

S =Usin o (4.2)

wherea is the angle between the reaction zone and thefa@l flow direction and
U; is a flow velocity in the inner reaction zone. It is assumed thats

approximately equal to flow velocity at the muzzle of the burner.

As of the outer reaction zone, such simplified model can not be applied. The angle
between the burning velocify, and the flow velocityJ is much smaller. There is a
strong divergence of the flow and the proximity of inner reaction zone may indicate

preheating. Also, the flow lines here are not equally refracted. Measurement of
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burning velocity in this case is subject to sophisticated methods that are beyond the

scope of this work.

Figure 4.9 shows the actual shape of the partially-inverted flame. Based on the
terminology of reaction zones and flame shape (concave / convex), the actual flame
shape can be consequently divided into inner flame cone and outer flame cone. The
main deformations from the theoretical shape are represented by the tip of the inner
flame cone, the base of the outer flame cone and the flame top (e.g. the tip of the

inner flame cone or the base of the inner flame cone).

The tip of the inner flame cone

The mechanism is the same as in the case of inverted flame. The rod acts like a heat
sink and its quenching effect reduces the burning velocity nearby the rod tip where
the flow velocity is also decelerated by frictional drag. The reaction zone stabilizes
at some distance above the rod tip, where the burning velocity finds its equilibrium
with flow velocity. The tip of the inner flame cone is flat due to significant loss of

heat and active radicals to the rod.
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The base of the outer flame cone

The situation at the base of the outer flame cone is similar to the Bunsen flame. The
tube rim is a heat sink, nearby which the flow of unburned air / fuel into the outer

reaction zone decreases and eventually becomes zero. Thus the burning velocity
decreases to zero near the tube rim. The reaction zone stabilizes at quenching

distance from the tube rim, where burning velocity and the flow velocity are equal.

The flame top (the tip of the outer flame cone / the base of the inner flame cone)

The conditions at the flame top, where the inner reaction zone meets with the outer
reaction zone, are more complex. It is a place with strong heat flow convergence and
at the same time with diffusion flow of reactants from burned to unburned air / fuel

mixture being divergent. Such situation creates two eventualities of flame top end:

* Closed end — due to strong heat flow convergence, the isotherms tend to bend

downstream and the inner and outer reaction zones are connected.

* Open end — due to the significant loss of the reactants, the burning velocity is
decreased and eventually drops to zero and the not inflamed air / fuel mixture

passes through.

It has been observed that both cases of flame top may occur independently or may
occur together for the same input parameters. Figure 4.10 shows the top view of the

burner with three possible cases of flame top appearance.
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Figure 4.10. Three observed cases of the pariiaigrted flame top appearance. Vi
from the top of the burner. a) inner and outer reaction zones are fully attached,
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There are also other factors that determine whether the flame top is closed-ended or
open-ended. It is the geometrical centricity of the rod in the tube that might play the
major role. Since the tube and the rod are substantially long to ensure the fully
developed flow, it is very difficult to keep the rod perfectly centric inside the tube.
Thus the flow profile might not be circumferencially the same. This may result in
the situation where the outer and inner reaction zones are partially-attached (Figure

4.10b).

Another factor is the presence of turbulence in transient flow. It has been observed

that for higher Rethe flame top is predominantly open-ended (Figure 4.10c).
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4.2.2 Effect of Re, @, Bgr and By on flame shape

Likewise the inverted flames, partially-inverted flames are also affected by variable
parameters, such as Reynolds number, equivalence ratio, rod protrusion and rod-to-

tube ratio.

Similarly to the inverted flames, with increased Reynolds nuniteerthe axial
distance between the rod tip and the tip of the inner flame cone increases as the
equilibrium point of burning velocity and flow velocity is shifted upper. Inner flame
cone becomes more elongated. Analogously, the axial distance between the tube rim
and the base of the outer flame cone increases and consequently, the outer flame

cone also elongates.

For low Re the inner and outer flame cones appear to be mostly attachedR@&nce
starts to reach the transient region, the presence of turbulent flow patterns might
break open the flame top, thus partially or fully detaching inner and outer flame

cones.

The increase of equivalence ratéb causes the inner reaction zone to become
narrower and thinner due to the further reduction of air inside the stream. Also the

outer and inner reaction zones are likely to be separated.

The influence of rod protrusidBg is mainly on the outer flame cone. Higher values
of Bg cause the outer flame cone to elongate, such that its tip matches with the base

of the inner flame cone, which is positioned above. There is a negligible impact on
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the inner flame cone. Moreover, increasgdaBo increases the chance that the outer

and inner zones would be partially or fully detached from each other.

On the other hand, the effect of rod-to-tube r&das predominantly impact on the
inner reaction zone. Decreasiig (e.g. smaller cross-sectional area, bigger rod
diameters) causes the tip of the inner flame cone to be wider and more flattened. The
proximity of inner flame cone causes slight outwards shifting of the outer flame

cone.

4.2.3. Temperature profile of partially-inverted flame

Temperature contour diagram of collected data points of partially-inverted flame at

various radial and axial distances is presented in Figure 4.11. The flame shape is
assumed to be symmetrical, thus only half plane of the flame is shown. Figure 4.12
shows temperature profiles for selected heights, ranged between 1 — 50 mm at the

axial direction.

It is evident from Figure 4.11, that the preheat zone is clearly large and does not
follow the flame cones pattern. &t= 1 mm, the temperature maximum varies from
900 °C above the rod tip to 15T above the tube rim. It shows that the preheat
zone is rather flattened. It also means that the tip of the inner flame cone is
positioned slightly higher above the rod tip than the base of the outer flame cone is

above the tube rim.

The maximum flame temperature recorded was about ¥B@®the area around the

flame top, where inner reaction zone meets the outer reaction zone (in the case the
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zones are attached) or comes very close to the outer reaction zone (in the case the
zones are detached). Very large central core has slightly lower temperature of 1500
°C. This area extends beyond the luminous reaction zones to the unburned gas. That
might suggest that there is an enormous heat flow to the unburned gas, especially in

the area with strong convergence of reaction zones.

The limits of applied measurement method, e.g. the use of thermocouple, should
also be taken into account. In such conditions, where the radial distance between
inner and outer reaction zone is very small, the data points at this area might be

affected by the presence of thermocouple wires.

The central core of burned gas of partially-inverted flames with approximately
maximum flame temperature is much larger and wider than the central core of
inverted flames, due to the presence of outer reaction zone. This is demonstrated in
Figure 4.12, where the very wide plateau of maximum temperature, that reaches up
to 1.6 times of tube perimeter, can be observed even at lower heighiss .g.or

20 mm. Also the maximum flame temperature prevails mostly more than the double

height of the flame.
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Figure 4.11. Radial temperature distribution of partially-inverted flarRReat2000,® = 1.4,
BT = 051,BR =0.
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Figure 4.12. Radial temperature profiles of partially-inverted flankeat2000,& = 1.4,B; = 0.51,
Br = 0, for selected heights.

As previously stated in Chapter 4.1.3., a wide central core of burned gas gives very
good precondition for uniform heat flux and temperature distributions over the target
surface. It makes partially-inverted flame type to be the perfect candidate for such
requirements. The effective height for the impingement starts around the flame top,
within the area of maximum temperature, and goes up to twice of the flame height,

where the radial size of the central core is the largest.
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Fiaure 4.13. Fre-iet flame reaions of partial-inverted flame

The size of outer zone of burned gas is narrower than in the case of inverted flames.
It stretches up to approximately 0.7 — 0.8 of a radial size of central core. Isotherms

of constantly dropping temperature are substantially parallel with the axis.

Figure 4.13 shows schematically the structure of free-jet partially-inverted flames
with all identified regions (e.g. preheat zone, outer and inner reaction zones, central

core of burned gas and outer zone of burned gas).
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4.3.Summary

1)

2)

3)

4)

Inverted flame is characterized by the presence of one (the inner) reaction zone
stabilized above the rod tip as the conditions of lean mixtures does not allow

creation of outer reaction zone above the tube rim. The flame has a convex shape
with the flame cone tip situated above the rod tip and the flame cone base resting

in diluted boundary layer.

The effect of variable parameters on inverted flame shape varies. As of Reynolds
numberRe with increased value, the flame cone tip is shifted upwards from the
rod tip and the flame cone becomes more elongated at its entire length. The
effect of equivalence rati@ has been found to be negligible and variation df ro
protrusionBg shows only minor effect. Rod—to-tube ratiBp affects the flame

cone in the way that either narrows its tip (for larBer or widens (for smaller

By).

Temperature distribution and radial profiles of inverted flame reveal wide and
large central core of burner gas with maximum temperature that is situated above
the luminous reaction zone. The presence of such zone is a favorable indication
of uniform heat flux distribution of impinged flame. Outer zone of burned gas
with gradually decreasing temperature has approximately the same radial size as
the central core. Preheat zone is follows the pattern of flame cone of the

luminous reaction zone.

Partially-inverted flame is a more complex type. Both inner and outer reaction

zones are present due to increased percentage of gaseous fuel in the mixture.
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5)

6)

Inner reaction zone has a convex shape and the outer reaction zone is of concave
shape. The tip of the inner reaction zone rests above the rod and the base of the
outer reaction zone rests above the tube rim. The base of the inner reaction zone
might be fully attached, partially-detached or fully detached from the tip of the
outer reaction zone. Equivalence rat® Reynolds numberRe and rod
protrusionBg. are the factors, that affect the flame cone tip appearance includes

centricity of the rod in the tube.

Similarly to the inverted flames, with an increase of Reynolds nuibethe

inner flame cone tip is shifted upwards from the rod tip and the flame cone is
more elongated at its entire length. Also, for higher valué¥othe presence of
turbulent flow patterns might partially or fully detach the inner and outer flame
cones. Increase of equivalence radfocauses the inner reaction zone to be
narrower and thinner due to the further reduction of air inside the stream. Also
the outer and inner reaction zones are likely to be separated. Higher values of rod
protrusionBg elongate the outer flame cone to match with the inner flame cone,
which is positioned above. IncreasBgl causes the outer and inner zones more
likely to be detached. Variation of rod—to-tube rat®naffects the inner flame

cone in the way that higher valuesBsfnarrow its tip.

Very large central core of burner gas with approximately maximum temperature
IS a main characteristic that has been observed from temperature distribution
diagrams of partially-inverted flame. The central core is wider in comparison

with its counterpart in inverted flames, due to the presence of outer reaction
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zone. As in the case of inverted flames, the central core of burned gas with
maximum temperature is a preferred flame type to achieve uniform heat flux
distribution of impinged flame. Outer zone of burned gas with gradually
decreasing temperature has narrower radial size in comparison with central core.
Preheat zone is rather flattened and does not follow the cone pattern of luminous
reaction zone. It indicates high heat flow to the unburned air / flow mixture due

to proximity of two reaction zones.
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5. HEAT TRANSFER CHARACTERISTICS OF
IMPINGING INVERTED FLAMES

As mentioned in Chapter 1, main drawback of impinging isothermal and flame jets
is that the distribution of heat flux and temperature on the surface is not uniform.
This applies to both round and slot jets configurations that have been extensively
studied over several decades. The non-uniformity disadvantage has been confirmed
by several reviews by Viskanta (1993, 1996) and Baukal and Gebhart (1994). A
study by Mohr et al. (1997) addressed this issue by changing the aerodynamics of
the impinging flame; their specially designed Radial Jet Reattachment Combustion
(RJIRC) nozzle produced a diffusion flame with high convective heat transfer to the
impinging surface. Concerning the premixed flames, no such study has been

reported.

The prime objective of the present study is to explore and investigate possibilities of
uniform heat transfer distribution of impinging premixed flame along the flat

surface. Completely novel approach to solve this problem for premixed flame is to
introduce a solid body into the air / fuel stream that radically changes flame shape
and its structure. Such concept has been applied in design of burner with axially-

mounted rod that produces rod-stabilized flames. Preliminary investigation revealed
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that such flames might be ideal candidates. It can be suggested from observation of
temperature profiles of free-jet inverted and partially-inverted flames that the convex
shape and positive curvature of the (inner) reaction zone of inverted and patrtially-
inverted flames are the main factors behind presumably non-existent central cold

core.

Not known experimental study has been reported about the local and average heat
transfer distributions of rod-stabilized premixed flame, impinging on the flat surface.
Thus the following joint study of inverted and partially-inverted impinging premixed
flames is the very first of its kind and its results should be used as pilot study for
these flames types. Various parameters have been tested in order to figure out the
optimal values with regard to the uniform distribution. Chapter 5 covers inverted
flames, while the results of investigation of partially-inverted flames are presented in

Chapter 6.

The effects of various parameters are presented in local and area-averaged variables.
The local variables include radial, stagnation point, stagnation circle and maximum
values of local heat flux] and local Nusselt numb&tu. Area-averaged variables,

i.e. heat fluxg, Nusselt numbeNu, are determined for stagnation, impingement

and wall-jet region, and for the entire impingement region. Thermal efficigncy

represents the entire impinging region. Related equations are defined in Chapter 2.
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Figure 5.1. Range selection of Reynolds humber and equivalence ratio for impinging inverted flames.

5.1.Parameters range selection

Investigation of flammability characteristics of the rod-stabilized flames for various

geometrical configurations (Chapter 3) revealed that the occurrence of inverted

flames is in the range @ = 0.55 to 1.1, for the most stable configuratiBa € O,

Br = 0.51), and covers both Region | and Il. However, with an increase of rod

protrusionBg and rod-to-tube rati®r, Region | narrows down and Region Il even

diminishes at the expense of unstable Region VI. Considering all geometrical
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configurations, the range @ shortens to 0.6 to 1.0. Available range of Reynolds
numberRefor inverted flames is limited by the presence of unstable Region VI at
the bottom and by the blow-off curve at top. The investigation predominantly
focuses on laminar premixed flames, thus the randgeedbr inverted flames has
been set to 1600 — 2600, well within the laminar a transient region. Consequently,
the representative value of equivalence rdtibas been set to constaht= 0.9, as

presented in Figure 5.1.

No significant difference in stability diagrams for free-jet flames and impinging
flames has been observed for inverted flames, in contrast to partially-inverted flames

(Chapter 6.1).

Geometrical parameters of the burner, i.e. rod protrusianB rod-to-tube B have
been kept same as in the experimental study of free-jet flames. Rod proBrsion
varies from 0 to 2, while rod-to-tube values are in the range of 0.51 — 0.80. Both

parameters are calculated using equations in Chapter 2.

Preliminary study demonstrated that the effective range of nozzle-to-platél ratio
between 0 to 4. With further distances from the impinging plate, the local heat flux
values decreases steadily. This is primarily due to the length of the inverted flames
that is considerable shorter in comparison with regular Bunsen flame. Similarly,
non-dimensional radial distance from stagnation p&ritas been selected in the

range from 0O to 4.
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Figure 5.2. Radial flame temperature distribution for variveatH = 3, = 0.9,Br = 0.51,B; = 0.

5.2.Flame structure and temperature

To fully understand the impinging process of the inverted flames, temperature
distributions were recorded as a function of radial distance and temperature profiles
were plotted for two nozzle-to-plate ratios that represent two different vertical cases:
1) impingement plate is situated above the flame reaction zone height; 2)
impingement plate is situated within the flame reaction zone height. These were
used to identify the structure of impinging inverted flames in relation to nozzle-to-

plate ratio H. Based on that, the horizontal regions of impinging flame are also

determined.
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Figure 5.3. Radial flame temperature distribution for variveatH = 1,¢ = 0.9,Br = 0.51,B; = 0.

5.2.1.Flame temperature

Flame temperature distribution fbr = 3, where impingement plate is situated just
above the flame reaction zone height, is presented in Figure 5.2. It can be observed
that flame temperature is relatively low around the stagnation point and up to
stagnation circleR = 0.725). It inclines with further radial distance and peaks
aroundR = 2 — 2.5, follow by steady decline. Peak values were obtained at radial
position just above the base of the flame cone, where the reaction zone’s position is
the closest to the impingement plate. VariationRefhas impact on temperature

increase / decrease; however the radial distribution patterns remain the same. With

5.6



Chapter 5 - Heat Transfer Characteristics of Impinging Inverted Flames

further radial distance there is an increased divergence in temperature profiles for

different Re.

Figure 5.3 shows temperature profiles for closer nozzle-to-plate distdned:. In

this case, the impingement plate is well within the height of flame reaction zone.
Due to closer proximity to the impingement plate, recorded peaks of flame
temperatures are generally higher, while flame temperature values at and around the
stagnation point / circle remain the same as in the previous case. The peaks are
slightly shifted inwards and occur arouRd= 1.5 — 2. Consequently, the decline

with further radial distance displays divergence in temperature profiles for different

Re

The maximum recorded temperatures were higher than those of free-jet flames, i.e.
1560°C for impingement flames against 15%7 for free-jet flames. It corresponds

well with a study by Milson and Chigier (1973), who concluded that impingement
flames are associated with higher temperatures due to improved combustion,
enhanced by better mixing due to increased turbulence, caused by the proximity of
impingement plate. However it has to be taken into account that for impingement
purposes (i.e. calculation of heat transfer coefficient), flame temperatures have been
obtained just below the impingement surface. Thus the actual maximum

temperatures in the reaction zone might be higher.
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5.2.2.Flame structure

In accordance with previous studies, e.g. Milson and Chigier (1973) and Kwok at al.
(2003), and based on the preliminary heat flux measurements and data from flame
temperature distributions, the impinging plate can be divided into specific regions
that represent and reflect different mechanisms of impinging flame jet. For rod-

stabilized flames, these regions are defined as follows:

» Stagnation region (& R < 1). An area of central core of burned gas

impinging onto the plate, high temperatures.

* Impingement region (X R < 2). An area with intense combustion and

maximum temperatures, where flame reaction zone interacts with the plate.

* Wall-jet region (2< R < 4), an area with lower temperatures, where
combustion products start to diffuse outwards into the surrounding

atmosphere.

Figure 5.4 represents case with an impingement plate situated above the flame
reaction zone (Case 1). The turbulence caused by the presence of impingement
plate has small impact and does not affect shape of the reaction zone. Central
core of burner gas with high temperature covers both stagnation and impinging

region, thus diminishing the difference between them.

Photographs of inverted impingement flames for such case are shown in Figures
5.6a and 5.6b. The reaction zone of the flame remains intact and it can be assumed

to be identical as in free-jet flame. The flame cone base might appear horizontally
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Figure 5.4. Structure of impinging inverted flame: impingement plate is situated above

the flame reactinn 70r

uneven and inclined, a phenomenon that has been observed for Rewés

described in Chapter 4, the factor behind is related to geometrical centricity of the

rod in the tube as it is very difficult to keep very long rod perfectly centric inside the

tube.

The second case (Case 2) is featured in Figure 5.5. The impingement plate is

situated within the height of reaction zone. This causes the reaction zone to stretch

out as it impinges with a wider angle. Increased turbulence causes increased mixing,

hence the temperature. Consequently, reaction zone becomes more settled and its tip

is drawn nearer to the rod tip. The base of the reaction zone is drawn towards the
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Figure 5.5. Structure of impinging inverted flame: impingement plate is situated within
the flame reacrtinn 7ane heir

impingement plate and its base shows extensive flickering, denoting presence of an

extensive turbulence in the region.

Photographs in Figure 5.6¢ and 5.6d show inverted flames of Case 2. The base of the
flame cone might appear thicker; however it is a result of long exposure as flickering

Ooccurs.

In comparison with Case 1, all three regions, i.e. stagnation, impingement and wall-

jet, are clearly identified by steep differences in their respective temperature profiles.
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d)

Figure 5.6. Photographs of impinging inverted flamea3est 2000, = 0.9,B; = 0.51,Bx=0;

a)and b) aH = 3;c)and d) atl = 1.
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5.3.Effect of Nozzle-to-plate ratio

Experiments at different nozzle-to-plate rakip as defined in Equation 2.2, have
been performed as first, due to its significance in determination of testing range of
other parameters, notably rod protrusiBa and also to determine the optimal
nozzle-to-plate ratidop: in terms of uniformity of heat transfer to the plate. The
values ofH have been set in the range from 0.5 to 4.0, with a step of 0.5. In
comparison with experiments carried with round or slot burners producing regular
Bunsen type of the flame, the valuedbare comparably small. Length of the flame

is the major factor here, as explained above.

5.3.1.Local heat flux and Nusselt number distribution

Distributions of local heat flux and local Nusselt number have been obtained for
stagnation point and stagnation circle, as well as a function of non-dimensional

radial distance R. Maximum values have also been determined.

5.3.1.1.Radial distribution

Figure 5.7 shows radial distribution of heat flux for various nozzle-to-plate ratios. It

is evident that nozzle-to-plate ratio significantly affects the heat transfer rates.
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220

Heat flux (kW/square m)

Figure 5.7. Effect oH on radial heat flux distribution @& = 0.9, Re= 2000,B; = 0,B; = 0.51.

Figure 5.8. Effect oH on radialNu distribution at® = 0.9, Re= 2000,B; = 0,B; = 0.51.
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It has been observed thattt= 0.5, which is the closest selected distance to the
impingement plate, the flame exhibits very unstable behavior. Due to the extreme
turbulence in the stagnation region, the flame might not cover the entire perimeter of
the nozzle, and it has very high potential to blow-off. In some cases, the flame
reduces its shape to very intense reaction zone with high temperature, without a
presence of outer envelope of burner gas. Such case is demonstrated in Figure 5.9.
The heat transfer rate is the highest at the impingement region, at the point, where
reaction zone interacts with the impingement plate. At the stagnation region, it
exhibits the biggest drop in heat flux. Absence of outer envelope of burned gas
implies sharp drop in heat flux beyond its peaRat 1. Since there is a significant
change in flame shape and the flame is unstable at this nozzle-to-plate ratio, values

at H= 0.5 were excluded from further experiments and computational processes.

Such phenomenon can be explained by the quenching effect of the cold
impingement plate. Extreme proximity of impingement at bhe= 0.5 inhibits
chemical reactions at the stagnation and wall-jet region. Impingement region

remains unaffected due to very high temperatures inside the reaction zone.

With H ranging from 1.0 to 2.5, heat transfer rate shows analogous patterns. Slight
drop in stagnation region is compensated by steep increase that peaks in the range of
R=1.2 - 1.4, that is in the impingement region. Heat transfer rate steadily decreases

in wall-jet region R > 2) and the decrease is constant and not affected by
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Figure 5.9. Structure of impinging inverted flame: appearance of very intense flame
reactinn 7one at verv emall nnz-tn-nlate ratin

Nusselt number distribution follows similar patterns as heat flux distribution, with
an exception in stagnation region, where the values remain very constant in the
range with those of impingement region. This fact is associated with high flame
temperatures of burned gas in the central core that have positive impact on uniform

Nusselt number distribution.

With further distance from the impingement plaké X 3), radial distributions of
heat flux and Nu happen to be very uniform with steady peak values extending up to
R = 2. In terms of uniformity, it can be determined from Figure 5.7Hpgat= 3. As
H increases, the difference between peak values at differémtmore negligible.
This is associated with the fact that the flame is not stretched out as in the case of
close distance to the impingement plate. Thus the central core of burned gas with

high temperatures extends beyond the stagnation region and covers very wide area.
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5.3.1.2.Stagnation point, stagnation circle and maximum heat flux and Nu

Corresponding heat transfer rate and Nusselt number values are represented by
Figures 5.10 and 5.11. It compares heat transfer at stagnation point and stagnation
circle with peak values of heat flux ahll as a function of nozzle-to-plate rakio

The difference between the commonly used stagnation point and newly introduced

stagnation circle is explained in Chapter 2.3.8, Figure 2.6 respectively.

Stagnation point heat transfer is the lowest at the closest distance to the impingement

plate, slightly increases with further distance and becomes steady a5

Theoretically, maximum heat transfer should occur at the stagnation circle. However
it is evident, that the maximums are shifted further, especially at very low nozzle-to-
plate ratios. Again, this is due to the impingement flame shape of Case 2 that
stretches out the reaction zone. The biggest difference between stagnation circle heat

flux and maximum heat flux is circa 15% at=HL.

All three curves converge and frobh = 3, there is negligible difference, i.e. the
maximum heat transfer rate occurs at both stagnation point and stagnation circle.
This means that starting frobt = 3, heat transfer characteristics are very uniform

along wide impingement region.

Figure 5.11 shows stagnation poiti to be equal tdlunax for the entire range of
nozzle-to-plate ratio. That means stagnation point is the peak spdtufomhe

reasons are explained in Chapter 5.3.1.1.
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Figure 5.10. Effect ofl on stagnation point, stagnation circle and maximum heat fléx=a0.9,
Re= 2000,B; = 0,Br = 0.51.
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Figure 5.11. Effect ofl on stagnation point, stagnation circle and maxinNuat® = 0.9,
Re= 2000,B; = 0,Br = 0.51.
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Obtained values of heat flux ahtll atH = 0.5 are shown for the reference only and

they are not further analyzed.

5.3.2.Area-averaged heat flux and Nusselt number distribution

Area-averaged distributions of heat flux aNd has been obtained by integrating
local values over the impingement surface as defined by equations 2.9 and 2.13. The
integrating area has been divided into three parts that correspond with regions
defined in Chapter 5.2.2., i.e. stagnation, impingement and wall-jet region. Total

heat flux and Nu for the entire regions has been obtained as well.

Figures 5.12 and 5.13 compare area-averaged distributions at each region as a
function of nozzle-to-plate distanée Again, values of heat flux aridu atH = 0.5

are shown for reference only.

As expected, the lowest averaged values were recorded at wall-jet region, where
heat transfer rate remains constant and it can be assumed that it is not affected by the

distance from the impingement plate.

Both average heat flux andu for stagnation and impingement regions decrease
with increased nozzle-to-plate ratio up kb = 2.5, from where they remains

approximately constant.
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Figure 5.12. Variation of average heat flux whttat different impingement regions &t= 0.9,
Re= 2000,B; = 0,Br = 0.51.
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Figure 5.13. Variation of averadé with H at different impingement regions ét= 0.9,Re= 2000,
Br=0,Br=0.51.
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Maximum values for heat flux have been recorded for impingement region. The
presence of intense reaction zone with maximum flame temperatures is the factor
here. Overall, the total average heat flux and avekagdecrease constantly with
increased nozzle-to-plate ratio at rate of approximately 5% per unit. Such constant
decrease is not surprising as the decrease of heat transfer rate at the stagnation

region is compensated by its peak values at the impingement region.

In the contrast, maximum values fdu are situated in the stagnation region. It has
been previously explained that constant distribution of flame temperature over
stagnation and impingement region is the factor that affects the uniform distribution

of Nu, despite there is a decrease of heat flux in the stagnation region.

5.3.3.Thermal efficiency

Overall thermal performance for the burner setup is specified by thermal efficiency

n. Its definition and assumptions are presented i@ 2.3.7.

Figure 5.14 shows thermal efficiengyas the function of nozzle-to-platé. The
difference between maximum and minimum values is within 15%Hfeanging
from 1 to 4. Again, the drop is constant and modest and corresponds with total area-
averaged values of heat flux aNd. Maximum efficiency was 47.6% Ht= 1. For

the reference only, the thermal efficiency at 9.5 was low, only about 10%.
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Figure 5.14. Thermal efficiency for varioksat @ = 0.9,Re= 2000,B; = 0,B; = 0.51.

5.4.Effect of Reynolds number

Second set of experiments has been carried out in order to investigate the effect of
Reynolds numbeRe Many previous studies of premixed impinging flames (e.g.
Dong, 2002) suggested that the effectRd& on heat transfer characteristics is
significant. The values are ranging from 1600 to 2600, with a step of 200. Range
selection is defined in Chapter 5.1. Data were recorded at two different nozzle-to-

plate ratios: H= 1 and 3, denoting Case 2 and Case 1 respectively.

5.4.1.Local heat flux and Nusselt number distribution

Local heat flux and Nusselt number distributions were obtained as a function of non-

dimensional radial distancBR for various Reynolds numbers. Stagnation point,
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stagnation circle and maximum heat transfer rates and Nusselt numbers as a function

of Reare also determined.

5.4.1.1.Radial distribution

Figures 5.15 and 5.16 show radial heat flux and Nu distributions for various
Reynolds number & = 1 (Case 2). It is clear that variationsRéhave significant

impact, especially if the nozzle is in close proximity to the impingement plate.

Similarly to the experiments with variations Idf radial distributions exhibit lower
values around the stagnation point with steep increase Rp-tb.0 — 1.2, followed

by steady decrease. Technically, there is no drop in the stagnation region. It is the
peak that becomes more profound with incred®edrhis can be explained as there

is increased turbulence in the region that adds to better mixing, thus causing flame
temperatures in the reaction zone to increase. Consequently, heat transfer rate

increases in the impingement region.

This confirms that the inverted flame is valuable asset for application purposes,
since there is no presence of central core zone of cold unburned gas, marked by a
steep drop of heat transfer rate. The non-uniform gain of heat flux due to increased

Reis in the positive range, Figure 5.15.

Nusselt number identically increases with increaBedalong the entire region,
predominately in the impingement region. In the stagnation region, however, the
patterns of are more diverged than those of heat flux. Constantly high temperatures

in the central core keep the values in the range with impingement region, however
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certain fluctuations can be observed. Increased turbulence in the region associated

with increased Res probably the factor behind.

At Re> 2200, a flow noise has been reported due to theased turbulence that
causes the local pressure and flow velocity to fluctuate. The base of the reaction

zone exhibits severe flickering.

Case 1K = 3) is demonstrated in Figures 5.17 and 5.18. Here, at the further
distance from the impingement plate, the impact of increRead less significant.
While in Case 2, the maximum difference for between stagnation point heat flux and
its peak value for the sanf®e was almost 100%, in Case 1, it accounts only 15%.

Maximum values for Re 2200 are shifted outwards and peak arourd1Fs.

The maximums foRe< 2200 create a plateau in the stagnation region, followed by

steady drops that start aroundR.3.

Nusselt number steadily decreases with increased radial distance as there are no
peak values of the heat flux at the impingement region and flame temperatures
remain constant in the stagnation region and steadily decreases in the impingement

and wall-jet regions.

In terms of heat transfer uniformity, the optimal valueRe§ for inverted flames
can be observed from Figures 5.17. Rty = 3, the most uniform heat flux

distribution is at Rg: = 2000.
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Figure 5.15. Effect oReon radial heat flux distribution @& = 0.9,H = 1,Bg = 0,B; = 0.51.
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Figure 5.16. Effect oReon radial Nusselt number distributioné@t= 0.9,H = 1,Br = 0,Br = 0.51.
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Figure 5.17. Effect oReon radial heat flux distribution @& = 0.9,H = 3,Bx = 0,B; = 0.51.
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Figure 5.18. Effect oReon radial Nusselt number distributionét= 0.9,H = 3,Br = 0,B; = 0.51.
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5.4.1.2.Stagnation point, stagnation circle and maximum heat flux and Nu

Relevant data are presented in Figures 5.19 — 5.20 that cover GaseD and in

Figures 5.21 — 5.22 that represent Cagd £ B).

The stagnation point heat transfer in both cases is very steady and there is no sharp
drop reported. In Case 2, it remains almost constant with negligible variation (3%).
Thus it can be assumed that effect of Reynolds number at for small nozzle-to-plate

ratio is negligible. In Case 1, there is slight and steady increase with increased Re

An increase in flame temperatures and heat transfer rates in the impingement region
is due to increased turbulence associated with increased Re. Increased turbulence
enhances mixing of combustion reactants, consequently the flame temperature in the

reaction zone increases.

Stagnation poinNuis very close to maximum values in the rangdRef= 1600 —
2400 for Case 2. In Case 1, the maximum valud$uwére those of stagnation point

for the entire range of Re

Heat transfer characteristics at stagnation circle are defined by increase of heat
transfer rate with increasee Values of Nu remain constant. In Case 2, the
increase is more profound, the overall increase is 29%. In Case 2, it can be assumed
constant up t&ke= 2000, then it starts to increase steadily and reaches its peak at

= 2600.

5.26



Chapter 5 - Heat Transfer Characteristics of Impinging Inverted Flames

250
240
230
220
210
200
190 4
180 A
170 4
160 1
150 -
140 -
130 -
120
110 ~
100 A
90 A
80 -
28 1 —>— Stagnation point
?18 i —B— Stagnation circle
30 A
20 A —A— Maximum
10 -
0 :

1600 1700 1800 1900 2000 2100 2200 2300 2400 2500 2600
Re

Heat flux (kW/square m)

Figure 5.19. Effect odReon stagnation point, stagnation circle and maximum heat fldx=a0.9,
H=1,Bx=0,Br=0.51.
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Values ofNu remain constant for stagnation circle for both cases, slight increase can
be observed aRe = 2600 in Case 2H = 1), where it is equal witiNu value at

stagnation point.

Higher values oReconsequently increase the maximum values of heat fluNand
Such increase is more significant-ht 1, the difference betwedte= 1600 anRe

= 2600 is approximately 26%. A = 3, the difference between saie values is
21%. Maximum values at the range Ré = 1600 — 2200 are equal to those of
stagnation point and stagnation circle. Again, this confirms very uniform heat

transfer of impinging inverted flames.

5.4.2.Area-averaged heat flux and Nusselt number distribution

Area-averaged distributions of heat flux add are presented in Figures 5.23 — 26.
The regions, i.e. stagnation, impingement and wall-jet region, have exact sizes as
those in Chapter 5.3. Total values of heat flux Bndor the entire region have been

obtained as well.

Heat transfer characteristics at stagnation region show similar behavior as those for
stagnation point. With an increasBa the heat transfer rate steadily increases for
both Case 1 and Case 2. The difference between heat flux valRes &@t600 and

Re= 2600 is 21% for Case 2 and 15% for Case 1. Nusselt number slightly increases

by approximately 16% in Case 2, and remains relatively constant in Case 1.

Impingement region heat transfer also increases with an incrBasetbwever, as

seen in Figure 5.23, the increase is halteRat 2200, where it peaks. Re =
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2400, it shares the same value with averaged heat flux of stagnation region. Further,
it decreases even below values of stagnation regiBe=at2600. This can explained

by the fact observed from figure 5.15. Starting fr&ka = 2200, the peaks are
gradually shifted inwards, but still within the impingement region. But there is
steeper decrease afterwards that decreases the overall heat transfer rate in the

impingement region.

Average Nusselt number for the impingement region reflects the inward shift of heat
flux peaks associated with highee It increases up tBe= 2400 and drops down at

Re= 2600.

In contrast to Case 2, the heat flux values of stagnation region are slightly below of
those of impingement region in CaseH £ 3). Turning point iRe = 2200, from

where the maximum recorded heat transfer rates are in the impingement region.

Total averaged heat flux modestly increases with increased Re for the entire range of
Rein Case 1. AveragBlu remains relatively constant. In Case 2, the turReat
2200 for heat flux andRe = 2400 forNu reflexes the decrease in impingement

region, as demonstrated in Figures 5.23 and 5.24.
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Figure 5.27. Thermal efficiency for varioReat® = 0.9,H = 1 and 3Bz = 0,By = 0.51.

5.4.3.Thermal efficiency

Figure 5.27 shows thermal efficiengyas the function of Reynolds number fbr=

1 (Case 2) anH = 3 (Case 1). For obvious reasons, at closer distance to the
impingement plate, the thermal efficiency is generally higher and decreases with
further distance. Maximum efficiency is 62.9%Hat 1 andRe= 1600, while at H-

3, it is only 49.1%. In both cases, the efficiency drops with increBeedt Re =

2600 the values are almost the same in both cases. The difference between

maximum and minimum values is within 61% fér= 1 and 21% for H 3.
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5.5. Effect of Rod protrusion

Third set of experiments covers the effect of rod protrusignwhich is one of
newly defined non-dimensional geometrical parameters, introduced for the burner
with axially-mounted rod. Related definition is in Chapter 2.3.2. The valu8g of

are ranging from 0 to 2, with a step of 0.5. Data were recorded at the largest nozzle-

to-plate ratio [ = 4) in order to facilitate the protruding rod.

5.5.1.Local heat flux and Nusselt number distribution

Similarly to the previous sets of experiments, local heat flux and Nusselt humber
distributions have been obtained as a function of non-dimensional radial diBtance
for various values of rod protrusion. Stagnation point, stagnation circle and

maximum heat transfer rates as a functionéfg also included.

5.5.1.1.Radial distribution

Radial heat flux and Nu distributions are shown in Figures 5.28 and 5.29. It can be
observed that the patterns are somewhat similar to those with variation of nozzle-to-
plate ratio. The incline from stagnation point and the pealkRat 1.5 with
consequent decline are characteristic By at 1.5 and 2.0. For smaller rod
protrusion values, the heat transfer rate remains constant over a large area, with a
decline, starting fronR = 1.5. Nusselt number steadily decreases with further radial

distance.
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By comparing radial heat flux data obtained at different nozzle-to-plate ratios
(Figure 5.7) with those obtained at different rod protrusions (Figure 5.28), it can be
assumed that there is negligible difference (within 5%) among the set of data
obtained at e.dd = 4 andBr = 1 andH = 3 withBg = 0. That means there is almost

no difference between the heat transfer rate of an inverted flame at certain nozzle-to-
plate distance with no rod protrusion and an inverted flame at wider nozzle-to-plate
distance but with a rod that protrudes to the level of the nozzle-to-plate distance of

the former inverted flame. It means that:

q(H- B;,B;)=q(H,B; =0) (5.1)

This can be explained by the fact that the nozzle-to-plate distaisogefined as the

axial distance from the tube rim to the impingement plate and not from the rod tip.
So the variation of the length of rod protrusimmaffects heat transfer rates as if the
distance would be from the rod tip to the impingement plate. Such distance, nozzle-

to-rod distance, can be defined as:

h=h-b (5.2)

Related geometry is presented in Figure 5.30. Consequently, nozzle-to-rod ratio can

be defined as:

H =H-Bg (5.3)

Thus the heat flux distribution for inverted flames can be rewritten in the form:
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q(H',B;)=a(H,B; =0) (5.4)

It denotes, which level dfi with no protrusion is required to achieve the same heat

transfer distribution for a given rod protrusion B

Since Nusselt numbétu is a function of heat flux, Equation 5.4 can be written also

in the following form:

Nu(H’, Bg) = Nu(H, Bz = 0) (5.5)
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5.5.1.2.Stagnation point, stagnation circle and maximum heat flux and Nu

Heat flux and Nusselt number distributions at stagnation point and stagnation circle
as a function oBg are represented by Figures 5.31 and 5.32 respectively. Maximum

heat flux and Nu values are also plotted.

Both stagnation point heat flux ahtl appear to be constant upBg= 1, denoting
there is no effect of rod protrusion on heat transfer characteristid®®; Atl — 2,

both heat transfer characteristics slightly increases.

Stagnation circle heat flux has the same values as at the stagnation point for the
entire range oBg, while stagnation circl®&u remains constant and well below its

maximum at stagnation point.

Maximum heat flux occurs at stagnation point, exceptBior= 2. Nunax is paired
with stagnation pointNu for the entire range @g. As for heat flux, it is shifted
further from stagnation point, starting froBx = 1. Overall increase in maximum

heat flux is approximately 13.5%, Nutis increased by 12.5%.

5.5.2.Area-averaged heat flux and Nusselt number distribution

Area-averaged distributions of heat flux aNd for corresponding regions, i.e.
stagnation, impingement and wall-jet region and total heat fluNanfr the entire
region are presented in this chapter. Figures 5.33 and 5.34 show area-averaged

distributions for each region as a function @f B
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Figure 5.31. Effect oBg on stagnation point, stagnation circle and maximum heat flux
at® =0.9,Re=2000H = 4,B; = 0.51.
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Figure 5.32. Effect oBg on stagnation point, stagnation circle and maximum Nusselt number
at® = 0.9,Re=2000H = 4,B; = 0.51.
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Figure 5.33. Variation of average heat flux wihat different impingement regions@t= 0.9,
Re=2000,H = 4,B; = 0.51.
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Figure 5.34. Variation of averadé with By at different impingement regions @&t= 0.9,
Re=2000,H = 4,B; = 0.51.
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Figure 5.35. Thermal efficiency for varioBg at® = 0.9,Re= 2000,H = 4,B; = 0.51.

Heat transfer rates at both stagnation and impingement regions are the highest and
slightly increases fronBg = 1. Stagnation region is the area with the maximum
values up toBr = 1.3, from there, the maximum values shift to the impingement
region. Nusselt number at stagnation region is the highest and is impaired from

values at impingement region.

Overall, as the flame cone is drawn closer to the impingement plate with an
increasedBR, heat transfer increases. Specifically, total heat flux increase accounts

for 9 %, while total Nu increase is by 11%.
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Likewise the effect of nozzle-to-plate ratid, the effect of rod protrusioBgr on
wall-jet region is minimal and heat transfer rate remains constant over the entire

range of B.

5.5.3.Thermal efficiency

Thermal efficiency, plotted againsBr is presented in Figure 5.35. It appears to be
considerably constant over the entire range. Maximum and minimum values are
within 6%. This again confirms the fact that the effect of rod protrusion on

impinging heat transfer characteristics is negligible.

5.6. Effect of Rod-to-tube ratio

The fourth set deals with the effect of rod-to-tube r&io which is the second
newly defined non-dimensional geometrical parameter, introduced for the burner
with axially-mounted rod. It facilitates the effect of variation of rod diameters, i.e.
variation in nozzle exit area, on impingement heat transfer characteristics. Related
definition is in Chapter 2.3.2. There were four rods of different diameters used in the
experiments: 9.55 mm, 8.00 mm, 6.45 mm and 4.00 mm, with corresponding values
of Br: 0.51, 0.59, 0.67 and 0.80. The tube inner diameter was kept constant at 19.55
mm. Data were recorded at two different nozzle-to-plate ratibss 1 and 3,

denoting Case 2 and 1 respectively.

5.42



Chapter 5 - Heat Transfer Characteristics of Impinging Inverted Flames

5.6.1.Local heat flux and Nusselt number distribution

For specified rod-to-tube ratios, local heat flux and Nusselt number distributions are
presented in this chapter. In order to compare different rod-tube-ratios (i.e. different
rod diameters), the distributions are plotted against radial distginua) instead of
non-dimensional distandg, since the effective diameter varies with different rod
diameters. Stagnation point, stagnation circle and maximum heat transfer rates as a

function of By are also determined.

5.6.1.1.Radial distribution

Radial heat flux andNu distributions are presented in Figures 5.36 and 5.37 for the

Case 2K = 1) and in Figures 5.39 and 5.40 for Cask £ Q).

The distributions in Case 2 follow typical patterns of inverted flames, described in
previous chapters. That means there is constant increase from the stagnation point to
the peak that occurs aroumc= 12 — 14 mm, followed by steady decrease with

further distance.

The largest rod diameteB{ = 0.51) has the highest peak in heat flux and a plateau
with the highestNu. With decreased diameter (i.e. increaBgd peaks are slightly
shifted outwards. Contrary to the expectations, peaks are least steep for the smallest
diameter Br = 0.80), while distribution of Nu is observed to be relatively constant.
This can be explained by the difference in spread andkgure 5.38 defines the
spread angle as the angle between reaction zone of impinging inverted flames and

vertical axis of the burner.
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Figure 5.36. Effect oBr on radial heat flux distribution @ = 0.9,Re= 2000H = 1,Bg = 0. Comparison
with Bunsen flames from round nozzké € 1.0,Re= 1500H = 1).
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Figure 5.37. Effect oBr on radial Nusselt number distributiondat= 0.9,Re= 2000,H = 1,Bx = 0.
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Reaction zor

The spread angle is a function Bf and increases with increasiBg / decreasing

rod diameter. In case of highBf, as in Figure 5.38b, the cross-sectional area of the
nozzle is bigger due to smaller rod diameter (while inner tube diameter is kept
constant). Obviously, this affects the flame shape. The tip of the flame cone is much

smaller due to smaller rod diameter, thus the flame cone spread out at wider angle.
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Figure 5.39. Effect oB; on radial heat flux distribution @& = 0.9,Re= 2000,H = 3,Br = 0. Comparison
with Bunsen flames from round nozzk € 0.9,Re= 1500H = 5).
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Figure 5.40. Effect oBr on radial Nusselt number distributioné@t= 0.9,Re= 2000,H = 3,Bx = 0.
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It also means that it is more flat, in the impingement region, thus creating a plateau
with maximum values rather than a steep peak. In cabki @fistribution it means
that the values remain relatively constant over the entire investigated region due to

more uniform distribution of flame temperatures.

With further distance from the impingement plate, the spread angle factor is less
significant as it can be observed fér= 3 (Case 1), Figures 5.39 and 5.40. While it
still keeps heat flux distributions constant over a large radial distdhcsteadily

decreases.

Data for boundary value of{B= 1 (e.g. no rod) could not be obtained as it was not
possible to stabilize the flame. Such flame would be classified as Bunsen flame as
reaction zones could stabilize only at the tube rim. Comparison with such flame is in
Figures 5.36 and 5.39. It is clear that the absence of the rod creates a sharp drop of
the heat flux in the central core, a phenomenon that the variation with no rod highly

non-uniform . Further comparison is in Chapter 5.7.

5.6.1.2.Stagnation point, stagnation circle and maximum heat flux and Nu

Relevant data are presented in Figures 5.41 — 5.42 that cover GaseD and in

Figures 5.43 — 5.44 that represent Casd £ B).
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Figure 5.41. Effect oBr on stagnation point, stagnation circle and maximum heat flux

at® =0.9,Re=2000H =1,Bgx=0.
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Figure 5.42. Effect oBr on stagnation point, stagnation circle and maximum Nusselt number

at® =0.9,Re=2000H =1,Bg=0.
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For closer nozzle-to-plate distance (Case 2), stagnation point heat flux remains
constant for all variations oBr, while stagnation poinfNu decreases from its
maximum atBr = 0.50 and is identical witiNuywax At further nozzle-to-plate
distance (Case 1), both heat flux aNd at stagnation point are identical with
respective maximum values and are marginally higher for the two largest rod

diameters (i.e. B= 0.51 and 0.59).

Heat flux at stagnation circle is higher in Case 2 than in the stagnation point and
decreases with increas®;. However the maximum heat flux is much higher,
implying that peaks occur in further distance from stagnation cMcleat stagnation

point exhibits similar pattern.

As for Case 1, heat flux at stagnation point is identical with stagnation point and
maximum heat transfer rate, with an exceptioBrat 0.59. It confirms the presence
of a plateau with maximum heat flux. In contrast, stagnation dialés way below

Numnax Obtained at the stagnation point.

5.6.2.Area-averaged heat flux and Nusselt number distribution

Area-averaged distributions of heat flux and Nu for stagnation region, impingement
region and wall-jet region are compared with respective total values for the entire

region and presented in Figures 5.45 — 5.48.
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Figure 5.45. Variation of average heat flux withat different impingement regions@t= 0.9,

Re=2000H =1,Bz=0.
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Figure 5.46. Variation of averaddu with By at different impingement regions@t= 0.9,

Re=2000,H =1,Bg=0.
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Figure 5.48. Variation of averadd with By at different impingement regions&t= 0.9,

Re=2000,H = 3,Br = 0.51.
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At H = 1 (Case 2), Figures 5.45 and 5.46, the highest averaged heat flux is at the
impinging region, where peaks occur. Values at stagnation region are lower,
approximately 6% less in average. Both values are declining with incrBasel
slightly converge towards high&;. Such convergence is more significantNo
distribution. With consequent decline in flame temperatNtepecomes constant at

all regions atBr = 0.80. It means that in terms of uniformity, the rod with the
smallest diameterd(= 4.00 mm) displays the optimal (constant) valuesNaf

distribution.

Thus it can be concluded that for small nozzle-to-plate distances$] e.d, and for
given Re smaller the rod diameter is, more optimal heat transfer characteristics

occur.

There is no such big difference with variationByfwith further distances from the
impingement plate H = 3, Case 1). Average heat flux at stagnation and
impingement region is slightly bigger for the largest rod diamd&er=(0.51) and
remains relatively constant with a constant gap between stagnation region heat flux
and impingement region heat fluNu distribution slightly varies, however in
general, the highest averajl is in stagnation region followed by impingement

region with an average 14% decrease.

It is evident that there is a correlation between nozzle-to-plate ratio and rod-to-tube
ratio. With increased nozzle-to-plate ratio, the rod-to-tube ratio should be
decreasing. In other words, it can be assumed that for dieerthe optimal

distribution of heat flux an8ilu over an impingement plate in terms of its uniformity
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Figure 5.49. Thermal efficiency for varioBs at® = 0.9,Re= 2000,H = 1 and 3Bz = 0.

is a function of nozzle-to-plate distance and rod diameter. To achieve uniform heat
transfer characteristics, the designer should choose smaller rod diameters for close
nozzle-to-plate distances and larger rod diameters for further distances from

impingement plate.

5.6.3.Thermal efficiency

Figure 5.49 shows thermal efficiengyas the function of rod-to-tube ratio fldr= 1
(Case 2) anH = 3 (Case 1). In correspondence with previous thermal efficiency
dependences, the thermal efficiency is higher for closer nozzle-to-plate diskance
Thermal efficiency slightly decreases with increaBgdaccounting 13.7% for Case

1 (H=3) and 15.5% for Case &l € 1).
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—A— Bunsen flame (Dong 2002)

—B— Bunsen flame w ith induced sw irl (Huang 2006)
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Figure 5.50. Comparison of radial heat flux distribution of inverted flathes @.9,Re= 1600,H = 1,
Br = 0,By = 0.51) with Bunsen flames from round nozate£ 1.0,Re= 1500,H = 1) and Bunsen
flames with induced swirl = 1.0,Re= 1500,H = 1,S= 2.53).

5.7.Comparison with other premixed impinging flames

The results, related to impinging inverted flames and presented so far in this chapter,
are compared with previous studies that dealt with premixed impinging flames using
similar configuration and similar input parameters, i.e. equivalence ratidrgnd

fuel, etc.

Dong (2002), studied regular (Bunsen) flames generated by single round jet using
butane / air. Huang (2006) studied swirl induced Bunsen flames generated also by

single round jet. Both studies used flat plate as an impingement surface.

5.55



Chapter 5 - Heat Transfer Characteristics of Impinging Inverted Flames

Since the geometrical parameters of the nozzle, especially nozzle diameter, are not
the same, comparison is made with intention to observe the impact of each flame

type on uniform heat transfer characteristics along the impingement plate.

At first, the comparison is made for small nozzle-to-plate ratioH.e. 1. Figure
5.50 shows radial heat flux distributions of inverted flames &t0.9,Re = 1600,H
=1,Br = 0,Br = 0.51, regular Bunsen flames from round nozzlé at 1.0,Re =
1500,H = 1 and Bunsen flames with induced swirtfet 1.0,Re= 1500H = 1,S =

2.53).

It is evident that inverted flames have the highest average heat flux distribution over
the entire region as there is no significant drop in heat flux. In comparison to the
regular Bunsen flame, the peak is shifted outwards, thus further delaying decline in
wall-jet region. Swirl induced flame exhibits similar peak, however in comparison

with inverted flame, there is a sharp drop at stagnation region.

Second comparison presents data at further nozzle-to-plate ratid, #.& and 5.
Figure 5.51 shows radial heat flux distributions of inverted flam&s at0.9,Re =
1600,H = 3,Br = 0,Bt = 0.51, regular Bunsen flames from round nozzi@ at0.9,
Re = 1500,H = 1 and Bunsen flames with induced swirlZat 1.0,Re = 1200,H =

3, S =2.53).
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Figure 5.51. Comparison of radial heat flux distribution of inverted flamhes .9,Re= 1600,H = 3,
Br = 0,By = 0.51) with Bunsen flames from round nozate£ 0.9,Re= 1500,H = 5) and Bunsen flam
with induced swirl ¢ = 1.0,Re=1200,H = 3,S= 2.53).

In this case, both inverted flames and Bunsen flames with induced swirl perform
similarly. Radial heat flux values remain relatively constant up to approxinfately

1.5, followed by moderate decline. Regular Bunsen flame, despite further nozzle-to
plate distanceH = 5) than the other flames, is still associated with sharp drop in the

central core, where there is unburned gas with low temperature. Followed by the
sharp peak, the heat flux pattern for the rest of the investigated region is similar to

that of inverted flame.
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5.8.Summary

1)

2)

3)

Complete investigation of heat transfer characteristics of rod-stabilized
impinging premixed inverted flames, generated by nozzle with axially-
mounted rod has been performed. For reference purposes, all results are
presented in three output parameters: heat transfer rate (kW/mz2), non-
dimensional heat transfer coefficient (Nusselt numbe) and thermal
efficiencys. Heat transfer rate aridu are presented as a local values (those
includes radial distribution, stagnation point and maximum values) as well as
area-averaged values for the entire region and specific sub-regions (i.e.
stagnation, impingement and wall-jet region). Thermal efficiency is

calculated for the entire investigated region.

Flame structure reflects proximity of the nozzle to the impinging plate. For

close nozzle-to-plate distance the flame is characterized by stretched out
reaction zone, causing peak values of heat flux to be shifted outwards. With
further distance, this effect diminishes and heat transfer distribution is more
constant with no sharp peaks. Flame temperatures remain very high in the
central core due to the presence of burned gas and positively affect the

uniformity of heat flux and Nu distributions.

The effect of nozzle-to-plate ratd is significant. Increasingl is associated
with slight drop of heat flux in stagnation region followed by sharp peak
with subsequent decline. Nusselt number remains constant in the stagnation

and impingement region. On the other side, further incread¢ ofeates
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4)

5)

6)

more constant heat flux distribution over large area with Nusselt number
steadily decreasing. For very smidll the flame becomes unstable due to the
guenching effect of impingement plate. It terms of optimal uniform heat
transfer characteristics, nozzle-to-plate ratio is strongly related to the selected

rod diameter (rod-to-tube ratio).

Variations of Reynolds number have major impact of heat flux and Nusselt
number distributions. Increasiri@e increases turbulence in the stagnation
region, especially for smallagd, and better mixing enhances combustion,
consequently the temperature arises, so the heat transfer rate. Increased

turbulence however causes slight fluctuation in Nusselt number distributions.

It has been found that variation of rod protrusipaffects the heat transfer
rate as if the distance would be from the rod tip to the impingement plate.
The impact of rod protrusion variations on heat transfer characteristics is not
significant and together with the fact that with increased rod protrusion there
is an arising issue of flame stability, the use of rod protrusion is not

recommended for laminar / transient flames.

With increased rod-to-tube ratiBy and for smallH, heat flux andNu
distributions show constant patterns, a fact that is related to the newly
defined spread angleof the reaction zone. Spread angle is a functioBrof

and increases with increasiig. Smaller rod diameters have wider spread

angle, thus more uniform distribution in the stagnation and impingement
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7)

8)

region. To achieve optimal uniform distributidB; must be correlated with

H, e.g. for small HHsmaller rod diameter (higher)Bshould be chosen.

Thermal efficiency of the inverted flames varies with input parameters. In
general, it is in the range of 36 — 63 % and is generally higher for small
nozzle-to-plate ratios and smallRe Rod protrusion has negligible effect,

while increased rod-to-tube ratio decreases thermal efficiency.

Compelling comparison with regular Bunsen flames and Bunsen flames with
induced swirl denotes that inverted flames present uniform heat flux
distributions with no associated drops in stagnation region, in contrast with

regular Bunsen flames.
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6. HEAT TRANSFER CHARACTERISTICS OF
IMPINGING PARTIALLY-INVERTED FLAMES

Second part of joint study that deals with impingement heat transfer characteristics
of flames generated by the burner with axialy-mounted rod that produces rod-

stabilized flames is presented in this chapter.

As there is not known experimental study that has been reported (e.g. by major
reviews by Viskanta (1993, 1996) and Baukal and Gebhart (1994)) about local and
average heat transfer distributions of the rod-stabilized premixed flame impinging
on the flat surface, this study is the first of its kind to cover inverted and partially-
inverted impinging premixed flames. Inverted flames have been covered in Chapter

5; this chapter presents the results of investigation of partially-inverted flames.

It aims the same objectives, i.e. to explore and investigate the possibility of uniform

heat transfer distribution of impinging premixed flame along the flat surface.

Various parameters have been tested in order to figure out the optimal values with
regard to the uniform distribution and the results are presented as both loca and

area-averaged variables.
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Figure 6.1. Range selection of Reynolds number and equivalence ratio for impinging partially-inverted
flames.

The local variables include radial, stagnation point, stagnation circle and maximum

values of local heat flux] and local Nusselt numb&tu. Area-averaged variables,

i.e. heat fluxq, Nusselt numbeNu, are determined for stagnation, impingement

and wall-jet region, and for the entire impingement region. Thermal efficigney

determined for the entire impinging region. Related equations are defined in Chapter

2.
6.1.Parameters range selection
Based on the investigation of flammability characteristics of the rod-stabilized

flames for various geometrical configurations in Chapter 3, the occurrence of
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partially-inverted flames is in the range @f= 0.7 up to 2.1, for the most stable
configuration Br = 0, By = 0.51), and covers Region Il, Ill and IV. Out of these
regions, Region lll is the only region with sole appearance of partially-inverted
flames. The other two mentioned regions are cross-areas with occurrence of more
than one type of the flame, as described in details in Chapter 3. Equivalene® ratio

for the Region Il is approximately in the range 0£.0 - 1.6.

The effective range of Reynolds number was to be set the same as in the case of
impinging inverted flames. However, a preliminary study revealed that there is a
significant difference in stability diagrams for free-jet flames and impinging flames,
particularly in the area of flashback area and unstable Region VI, which situated
above the flashback curve. As described in Figure 6.1, size of Region VI increases at
the expense of Region Ill. It can be explained by the fact that the proximity of
impingement plate increases turbulence in the space between the nozzle and the
plate. This enhances mixing that promotes better combustion, which in turn
increases temperatures in the area above the nozzle. As the flame temperatures
increase, both inner and outer reaction zones of partially-inverted flames are drawn
closer to the rod tip and tube rim respectively and heat up the rod and tube rim. With
increased temperature of the rod and the tube, preheating of unburned air/fuel
mixture takes place inside the burner tube. Quenching effect of the rod and the tube
wall is reduced and the flame starts to propagate upstream and consequently heats
the rod and the tube wall, and eventually develops into flashback. Heating of the rod
is very rapid, because of the enormous heat transfer directly from the surrounding

flame. In order to avoid such effect, flow rates were adjusted higher and the range of
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Refor partially-inverted flames was set between 1800 and 2600. Consequently, for
the desiredRerange, the equivalence ratis set to 1.4 that is well within Region

Moreover, the above mentioned increase of unstable Region VI has a negative
impact on the geometrical configurations that involve rod protrusicemnd rod-to-

tube ratioBy. With variations of these parameters at free-jet flames, Region Il is
heavily affected, scaled down and shifted towards highewhere flame shape
changes considerably. Fdr> 1.6, the outer reaction zone is more profound, evhil
inner reaction zone diminishes as there is not enough surrounding air to penetrate

into the central region.

For variations of rodBg and Bt at impinging flames, the Region Il is almost non-
existent and flames show the same unstable behavior as described in the above
paragraph. It means that for partially-inverted flames, the effects of geometrical
parameters of the burner, i.e. variations of rod protruBjpand rod-to-tubdr can

not be investigated and were excluded from the study.

The effective range of nozzle-to-plate ratichas been kept in the same range as in

the case of impinging inverted flames, i.e. from 0 to 4. Such close nozzle-to-plate
distances were set due to relatively short length of partially-inverted flames, much
shorter in comparison with regular Bunsen flame. Non-dimensional radial distance

from stagnation point Ras been selected in the range from 0 to 4.
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6.2.Flame structure and temperature

Similarly to the study of impinging inverted flames, temperature distribution were
recorded as a function of radial distance and temperature profiles were plotted for
two nozzle-to-plate ratios that represent two different vertical cases: 1) impingement
plate is situated above the height flame reaction zones (i.e. above the flame top); 2)
impingement plate is situated within height of reaction zones of the flame. These
were used to identify the structure of impinging partially-inverted flames in relation
to nozzle-to-plate ratidd. Horizontal regions of impinging flame were kept the

same.

6.2.1.Flame temperature

Figure 6.2 presents flame temperature distributiorHfer 3, i.e. impingement plate

is situated just above the height of flame reaction zones (above the flame top). It can
be stated that flame temperatures remain relatively constant, starting from stagnation
point to approximatelyR = 2, then there is a slight decline. Peak values correspond
with these constant values. Variation Bfe increases / decreases the flame
temperature while the radial distribution patterns remain the same. It is evident that
the presence of outer reaction zone positively contributes to the uniform distribution
of flame temperatures and delays their decline to further distance. Temperatures are

within the range of 1100 — 146G.

Figure 6.3 shows temperature profiles for closer nozzle-to-plate distan¢e=.&.
In this case, the impingement plate is situated within the height of reaction zones of

the flame. Flame temperatures around stagnation point and in the further distance
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Figure 6.2. Radial flame temperature distribution for varieeatH = 3,® = 1.4,B: = 0.51,By = 0.

(i.e. R > 2) are within the above mentioned range, i.e. above 3a0There is a
gradual increase of flame temperature aroRrel 1 due to closer proximity of the
flame tip to the impingement plate. Peaks are rather flat, a credit of the presence of

both reaction zones in partially-inverted flames.

The maximum recorded temperatures were lower than those of free-jet flames, i.e.
1546'C for impingement flames against 18C7for free-jet flames. However the
maximum temperature of free-jet flames corresponds to the reaction zone, while in
case of or impingement purposes (i.e. calculation of heat transfer coefficient), flame
temperatures have been obtained just below the impingement surface. Actual
maximum temperatures in the reaction zone of impinging partially-inverted flames

thus might be higher.
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Figure 6.3. Radial flame temperature distribution for varieeatH = 1,® = 1.4,Br =0.51,By = 0.

6.2.2.Flame structure

Impingement plate has been divided into same areas as in the case of impinging
inverted flames. These regions represent and reflect different mechanisms of

impinging flame jet:

e Stagnation region (& R < 1). An area of central core of burned gas

impinging onto the plate, high temperatures.

* Impingement region (X R < 2). An area with intense combustion and

maximum temperatures, where flame reaction zone interacts with the plate.
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Figure 6.4. Structure of impinging partiallyverted flame: impingement plate is situe
ahnve the flame reactinn 7one hei

* Wall-jet region (2< R < 4), an area with lower temperature, where
combustion products start to diffuse outwards into the surrounding

atmosphere.

Figure 6.4 represents case with an impingement plate situated above the flame
reaction zone (Case 1). Shape of both reaction zones is not affected by turbulence,
caused by the proximity of the impingement plate. Central core of burner gas with

high temperature is very wide due to the presence of outer reaction zone and covers

both stagnation and impinging region and partially wall-jet region.
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Figure 6.5. Structure of impinging partially-inverted flame, where impingement plate is
citiiated within the flame artinn 7one heink

Figures 6.7a and 6.7b show photographs of partially-inverted impingement flames
for such case. Reaction zones are visibly intact and their shape is assumed to be
identical with free-jet flame. Also clearly visible is the wide outer envelope of

burned gas.

Figure 6.5 features the second case (Case 2) with impingement plate situated within
the height of reaction zones. Both reaction zones stretch out as well as the outer
envelope of burned gas. The process, caused by increased turbulence (as described
in Chapter 6.1), draws both reaction zones towards the nozzle and the flame appears
to be more settled. Partially-inverted flames, impingingHat 1 are shown in

photographs in Figures 6.7c and 6.7d. Height of the reaction zones appears to be
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Figure 6.6. Three observed flame shape cases of partially-inverted impinging flame; a) inner
and outer reaction zones are attached)fgri and outer reaction zones are detached, ¢)
reaction zone merged with inner reaction zone.

smaller in comparison with Case H € 3), due to the fact that both zones are

stretched out.

Three different flame shapes of partially-inverted flames have been observed and are
presented in Figure 6.6. The mechanism of occurrence of first two cases (Figure 6.6a

ad 6.6b) is identical to those cases in free-jet flames as described in Chapter 4.2.1.
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d)

Figure 6.7. Photographs of impinging partially-inverted flamd®eat 2000, = 1.4,By = 0.51,Bx = 0;
a)and b) aH = 3;c)and d) atl = 1.
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In the first case, both inner and outer reaction zones are attached. This case has been
observed predominantly for lower Re, where the flow is within laminar conditions.
The second case represents the occurrence of open end, in which the outer and inner
reaction zones are detached. This has been observed mainly at higher nozzle-to-plate
ratios and Re, where there is presence of flickering of the flame due to increased
turbulence. Third case (Figure 6.6c) is associated with very small nozzle-to-plate
ratios. Originally, the flame is ignited with both reaction zones, however after some
time, outer reaction zone shifts inwards and merges with inner reaction zone. Such
phenomenon can described as there is an increase in temperature in the preheat zone
just at the nozzle exit. As seen from the Figure 4.11, temperatures at this area are
already very high. With further temperature increase, caused by increased
turbulence, both reaction zones are drawn near to the point where they merge.

Another factor to consider can be a stretch of the outer reaction zone.

6.3. Effect of Nozzle-to-plate ratio

First set of experiments covers variations of nozzle-to-plate katior given Re
Optimal nozzle-to-plate ratiodgt has been determined in terms of uniformity of heat
transfer to the plate. Values dfhave been set in the range from 0.5 to 4.0, with a
step of 0.5. That is identical range as in case of the study of impinging inverted

flames.

6.12



Chapter 6 - Heat Transfer Characteristics of Impinging Partially-Inverted Flames

6.3.1.Local heat flux and Nusselt number distribution

Distributions of local heat flux and local Nusselt number have been obtained for
stagnation point and stagnation circle, as well as a function of non-dimensional

radial distance R. Maximum values have also been determined.

6.3.1.1.Radial distribution

Figure 6.8 shows radial distribution of heat flux for various nozzle-to-plate ratios.
Distributions show similar patterns, characterized by increase of heat flux from the
stagnation point up to its peak in the rang®ef 1.0 — 1.5, followed by decline that

becomes constant at larger radial distances.

Heat flux distribution at the closest distand¢ € 0.5) is characterized by the
steepest peak that marks the highest heat flux recorded for both partially-inverted
and inverted impinging flames. However, due to stability issues, such close
distances should be rather avoided. The pe&k=atl is much lower, approximately

30% less. It seems that the quenching effect of impingement plate (as described in
Chapter 5.3.1.1) has lesser impact on partially-inverted flames than it has on
inverted flames. It might be due to higher equivalence ratio and also due to the
presence of the outer reaction zone coupled with extensive outer envelope of burned

gas that prevents steep decrease of heat flux with further radial distance.

With further increase dfl, peaks appear to be more flattened, yet not constant. Heat
transfer rate steadily decreases in wall-jet regR (2). The decrease is constant

and not affected by HtR = 4.
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Figure 6.9. Effect oH on radialNu distribution at® = 1.4, Re= 2000,B; = 0,B; = 0.51.
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Nusselt number distribution (Figure 6.9) also shares similar patterns, characterized
by slight increase from stagnation point to the peak that occurs aRund.5,
followed by partial decline with further radial distance. With an exceptioidfer

0.5, Nu remains within a narrow range, denoting that variatiorHohas less
significant effect orNu than on heat flux. This fact is associated with high constant
flame temperature of burned gas that keeps being constant for a very widduarea.

at H = 0.5 exhibits very steep incline at stagnation region with the peak that is

considerably higher than the rest.

6.3.1.2.Stagnation point, stagnation circle and maximum heat flux and Nu

Corresponding heat transfer rate and Nusselt number values are represented by
Figures 6.10 and 6.11. Heat transfer at stagnation point and stagnation circle is
compared with maximum values of heat flux &hdas a function of nozzle-to-plate

ratio H.

The stagnation point heat flux remains relatively constant wkhin1 — 4 and is
way below the heat flux at stagnation circle. Heat flux at stagnation circle decreases

with increasedH.

Maximum heat flux occurs approximately at the stagnation circle for higher
starting fromH = 2. For closer nozzle-to-plate distance, the maximum heat flux is
shifted away from stagnation circle. Again, this is due to the impingement flame
shape at Case 2 that stretches out both reaction zones. The highest difference

between stagnation circle heat flux and maximum heat flux is circa 15.5% at H
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Nu at stagnation point and stagnation circle is in the same rahiye at For closer
nozzle-to-plate distances, stagnation pdintprevails.Nuyax iS not associated with
either stagnation point or stagnation circle. That confirms that Nu peaks in much

further distance.

Obtained values of heat flux ahli at H = 0.5 are shown for the reference only, and

are not considered in further analysis.

6.3.2.Area-averaged heat flux and Nusselt number distribution

Identically with Chapter 5, area-averaged distributions of heat fluxNartfths been
obtained by integrating local values over the impingement surface. Integrating area
has been divided into three parts that correspond with regions defined in Chapter
6.2.2., i.e. stagnation, impingement and wall-jet region. Total heat fluNaridr

the entire regions has also been obtained. Figures 6.12 and 6.13 compares the area-
averaged distributions at each region as function of nozzle-to-plate didtance

Values of heat flux and Nu at#0.5 are shown for reference only.

Average heat flux for stagnation and impingement regions decreases with increased
H. Values at stagnation point are almost identical to those at stagnation circle, with
an exception atl = 1. AverageNu at impingement region is marginally higher than

at stagnation region, however this difference is negligible at3-and 3.5.
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Figure 6.14. Thermal efficiency for variobsat @ = 1.4,Re= 2000,B; = 0,B; = 0.51.

Overall, total average heat flux decreases constantly with increlaSemtal average
Nu could be assumed to be constant despite small fluctuatiér=&. It has been
previously explained that constant distribution of flame temperature over stagnation
and impingement region is the factor that affect the uniform distributioNupf

despite the fact there is a decrease of heat flux.

The lowest averaged values for both heat flux Bladwere recorded at wall-jet
region, where heat transfer remains constant and it can be assumed that it is not

affected by the distance from the impingement plate.
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6.3.3.Thermal efficiency

Figure 6.14 shows thermal efficiengyas the function of nozzle-to-platé. As
expected, it decreases with increased nozzle-to-plate distance. The difference
between maximum and minimum values is within 22.7%Hoanging from 1 to 4.
Maximum efficiency was 47.6% &t = 1. AtH = 0.5 (that is not included in further

analysis) the efficiency was 50.8%.

6.4. Effect of Reynolds number

Second set of experiments has been carried out in order to investigate the effect of
Reynolds numbeRe Range selection is covered in details in Chapter 5.1. Values
are ranging from 1800 to 2600, with a step of 200. Data were recorded at two

different nozzle-to-plate ratios: #l1 and 3, denoting Case 2 and 1 respectively.

6.4.1.Local heat flux and Nusselt number distribution

Local heat flux and Nusselt number distributions have been obtained as a function of
non-dimensional radial distanée for various Reynolds numbers at two different
nozzle-to-plate distances. Stagnation point, stagnation circle and maximum heat

transfer rates and Nusselt numbers as a function afd&also determined.

6.4.1.1.Radial distribution

Figures 6.15 and 6.16 present radial heat flux Biaddistributions for various
Reynolds number atl = 1 (Case 2). Similarly to the previous experiments with

variations ofH, radial distributions exhibit lower values around the stagnation point
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with steep increase up 8 = 1.1 — 1.3 and steady decrease afterwards. Peaks
become more profound with increaded however the effect is more significant in
inverted flames. It seems that increased turbulence that causes temperatures to arise
has less impact due to higher equivalence ratio and presence of outer reaction zone;
temperatures in the region are already at very high levels. Comparing the values at
stagnation point with those in further distance, it can be assumed that non-uniform

gain of heat flux due to increased iRén the positive range.

Nusselt number distribution at Figure 6.16 increases similarly with incréaech

the stagnation point. There are peaks at diffeRathat appear to be flat and are
scattered betwedR = 1.0 up t 2.0. Despite some fluctuations it can be assumed that
Nu slightly increases with increasB& However, the patterns are more diverged at
stagnation and wall-jet region than those of heat flux. Increased turbulence in the
regions associated with increasd is probably the factor behind fluctuations in

flame temperatures that consequently affect Nu.

Similarly to the experiments with impinging inverted flamesRkRat 2200, a flow
noise is present due to the increased turbulence that causes the local pressure and

flow velocity to fluctuate.
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Case 1l = 3) is demonstrated in Figures 6.17 and 6.18. With further distance from
the impingement plate, the impact of increagsglon both characteristics is less
significant. Heat flux distributions appear to be more flat as they are shifted towards
higher values at stagnation point. Maximum values are gradually shifted inwards
and peaks occur in the rangeRE 0.7 — 1.1. Nusselt number distributions follow

the patterns of flame temperatures, i.e. increase from stagnation point and peak
aroundR = 1. With further distancd)u remains within relatively close range and

drops only by 10% from its stagnation point value.

For partially-inverted flames, the optimal valueRw,,; can be observed from Figure
6.17. ForH = 3, the most uniform heat flux distribution is Ré&, = 2400 that is

higher than in the case of inverted flamRs g = 2000).

6.4.1.2.Stagnation point, stagnation circle and maximum heat flux and Nu

Relevant data are presented in Figures 6.19 — 6.20 that cover GaseD and in

Figures 6.21 — 6.22 that represent Cagd £ B).

Stagnation point heat flux appears to be constant over the entire raRgamd its

range is way below the maximum values. In Case 2, there is slight and steady
increase with increaselle In Case 1, on the other hand, it is slightly declining. In
Case 2, stagnation point values are in a close range with stagnation circle values and
increase with highelRe In Case 1Nu is marginally declining over the entire range

of Re

6.24



Chapter 6 - Heat Transfer Characteristics of Impinging Partially-Inverted Flames

250
240 1
230 1 X I — A
220 |

210 4 L
200f = - 5
190 {

180 1
170 |
160 1
150 1
140 |
130 |

120 4
110 ]
100 1

90 -
80 A
gg 1 —— Stagnation point
50 - . .
40 | —B— Stagnation circle
30 A
20 —A— Maximum
10 A

0

1800 1900 2000 2100 2200 2300 2400 2500 2600

\

m

Heat flux (kW/square m)

Re

Figure 6.19. Effect oReon stagnation point, stagnation circle and maximum heat fldx=afl.4,H = 1,
Br=0,Br=0.51.

[y
~

=
[e]
!

B
A~ O
>

e
P N W

|

5 9 i
Z g/

7 1

6 4

51 . .

4 —>— Stagnation point

3 1 —B— Stagnation circle

2 1

1] —A— Maximum

1800 1900 2000 2100 2200 2300 2400 2500 2600

Re

Figure 6.20. Effect odReon stagnation point, stagnation circle and maximum Nusselt numéer at4,
H=1,Bz=0,B;=0.51.

6.25



Chapter 6 - Heat Transfer Characteristics of Impinging Partially-Inverted Flames

250
240
230
220
210
200
190
180

170 4 /m
160 4
150 9— . —

140 -
130 | e — 7
120
110
100 -
90 A
80 4
gg 1 —— Stagnation point
50 . .
40 | —B— Stagnation circle
30 4
20 - —A— Maximum
10 |
0

1800 1900 2000 2100 2200 2300 2400 2500 2600

o
1 4

Heat flux (kW/square m)

Re

Figure 6.21. Effect oReon stagnation point, stagnation circle and maximum heat fldx=af..4,H = 3,
Br=0,Br=0.51.

17
16
15
14 |
137 M
12 A A
11 R
10 ;* Q’,\EL B H
S 91
Z g/
7 4
6 4
51 . .
4 —>— Stagnation point
3 1 —B— Stagnation circle
2 4
1] —A— Maximum
1800 1900 2000 2100 2200 2300 2400 2500 2600
Re

Figure 6.22. Effect odReon stagnation point, stagnation circle and maximum Nusselt numéer at4,
H= 3,BR = O,BT =0.51.
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At stagnation circle, heat transfer characteristics are defined by an increase of heat
transfer rate with an increasBein Case 1 (12.3%), while in Case 2, the rate can be
assumed to be constant as the increase accounts only for 6%. M, ibremains
constant for both cases. In CaseH2< 1), there are negligible variations (within
5%). Stagnation circleNu is in the range witiNu at stagnation point, certain
divergence is visible only &e = 2600, whereNu at stagnation point is higher in

Case 1 and lower in Case 2.

Maximum values of heat flux in Case 1 are assumed to be identical with values at
stagnation circle for the entire rangeRé In Case 2, maximum values are above,
denoting that peaks are shifted from stagnation point at closer nozzle-to-plate
distances. In both cases, there is a certain increase of maximum heat flux with
increased ReB% in Case 2 and 7% in Case 1,\us not related to stagnation point

or stagnation circle, slightly decreases in Caseél E (3) and slightly increases in

Case 2K =1).

6.4.2.Area-averaged heat flux and Nusselt number distribution

Area-averaged distributions of heat flux and Nu are presented in Figures 6.23 — 26
for specified regions, i.e. stagnation, impingement and wall-jet region, and as total

values for the entire region.

At H =1 (Case 1), Figures 6.23 and 6.24, the highest averaged heat flux and average
Nu are at impinging region and both increases with incrdaeebhis not surprising

as steep peaks are situated within this region. Values at stagnation region are lower.
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Figure 6.23. Variation of average heat flux withat different impingement regions @t= 1.4,
H=1,Bx=0,Br=0.51.
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Figure 6.24. Variation of averadd with Reat different impingement regions@t=1.4,H =1,Bgx =0,
Br=0.51.
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Figure 6.25. Variation of average heat flux withat different impingement regions @t= 1.4,
H=3,Br=0,Br=0.51.

e
=N
B—3

Average Nu
o]

4 —B— Stagnation region
3 —A— Impingment region
2 ] —o— Wall-jet region

14 —m— Total

1800 1900 2000 2100 2200 2300 2400 2500 2600
Re

Figure 6.26. Variation of averadd with Reat different impingement regions@t=1.4,H = 3,Bx = 0,
Br=0.51.
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Figure 6.27. Thermal efficiency for varioBeat® = 1.4,H =1 and 3Bg = 0,B; = 0.51.

Nu at stagnation region declines with further increas&eahd atRe= 2600. It has
the same value ddu at wall-jet region. Both total average heat flux Bldslightly
increase with increaseéfle As mentioned before, the effect R&is not significant
as flame temperatures of partially-inverted flames in the stagnation and

impingement region are very high.

With further distances from the impingement plaiex3, Case 1), Figures 6.25 and
6.26, the difference between heat flux &hdat stagnation and impingement region
becomes much smaller. That means there are uniform heat fliXuaddtributions

over these regions. There is one exceptioRat 2600, where the gap in both

6.30



Chapter 6 - Heat Transfer Characteristics of Impinging Partially-Inverted Flames

characteristics is wider. Overall, total averaged heat flux slightly increasefRevith

while average Nu slightly decreases.

6.4.3.Thermal efficiency

Thermal efficiency sas the function of Reynolds number foeH (Case 2) and H

3 (Case 1) is in Figure 6.27. Values are generally higher for closer distance to the
impingement plate. Thermal efficiency decreases with incre@seddr bothH = 1

and 3. FoH = 1, maximum efficiency is 45.2% Re= 1800, forH = 3, it is 39.2%,

also atRe = 1800. The difference between maximum and the minimum values is

within 32% for H= 1 and 30% for H: 3.

6.5. Comparison with impinging inverted flames

Partially-inverted flames and inverted flames are both generated by the same burner
with axially-mounted rod. Both flames are classified as rod-stabilized premixed
flames. In terms of parameters, the only difference is in equivalence datio
impinging inverted flames in this study hage= 0.9, while impinging partially-
inverted flames have = 1.4. Both flame types are compared in terms @it he

transfer uniformity and thermal efficiency.

Figures 6.28 and 6.29 display comparison of radial heat flux distributions and
Nusselt number for both flames at close nozzle-to-plate distance{ ie.l, at
constaniRe= 2000. It can be observed that both flames exhibit very similar patterns
with almost identical peaks at arouRd= 1.25. Due to higher equivalence ratio,

presence of outer reaction zone and wider outer envelope of burned gas, partially-
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inverted flames have higher heat flux than inverted flame. The presence of outer
reaction zone in partially-inverted flames is more visible at Nu distribution as it still
peaks aroundR = 1.6, whileNu of inverted flames drops. However the gap is much
smaller in stagnation region, since both flames feature central core of burned gas
with high temperatures. Nusselt number is even higher for inverted flames at

stagnation point.

With an increased nozzle-to-plate distance (Figures 6.29), the significance of two
reaction zones in partially-inverted flames becomes more profound as there is
presence of the peak arouRd= 1.1, while at the same distance, inverted flames
show uniform distributionHop: for inverted flames is equal to 3, for partially-
inverted flames the distance is highét € 4 or 5), for the same giveRe Nu
distribution shows increase in partially-inverted flames, while at the same distance,

Nu of inverted flames is steadily decreasing.

Thus it can be concluded that for optimal uniform heat fluxndlistributions, the
nozzle-to-plate ratio for giveReshould be higher for partially-inverted flames than

for inverted flames.

Comparison of total average heat fluxes and Nu for both impinging flames is
presented in Figures 6.32 - 6.35. In both cases (i.e. H =1 and H = 3), total averaged
heat flux of partially-inverted flames is higher then of inverted flames. The same is
valid for total averaged Nu. Such 10-20% increase is associated with the presence of

outer reaction zone.
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This might be due to the close proximity of both reaction zones. The outer zone is
mostly suppressed by the inner reaction zone and the heat dissipation is more to the
sides rather than upwards. The preheat zone is also large that signalizes heat losses
to the tube and the rod. Despite higher equivalence ratio, some heat might be lost in

this way, resulting in lower efficiency.

Based on this, and together with the stability issues of partially-inverted flames,

inverted flames is more suitable for practical applications.

Figures 6.36 and 6.37 show thermal efficiency for both impinging flames for various
nozzle-to-plate ratios as a function R& It is evident that inverted flames have

higher thermal efficiency than partially-inverted flames.

6.6. Comparison with other premixed impinging flames

Results of impinging partially-inverted flames are compared with previous studies
that deal with premixed impinging flames using similar configuration and similar
input parameters, i.e. equivalence ratio Redfuel, etc. Those studies include Dong
(2002) that studied regular (Bunsen) flames generated by single round jet using
butane / air, and Huang (2006) that studied swirl induced Bunsen flames generated

also by single round jet. Both studies used flat plate as an impingement surface.

Comparison is made with intention to observe the impact of each flame type on

uniform heat transfer characteristics along the impingement plate.
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Figure 6.28. Comparison of radial heat flux distribution of partially-inverted flathes(.4) with
inverted flames¢ = 0.9) atRe= 2000,H = 1,Bz = 0,B; = 0.51.

20

18 | —— Partially-inverted flame at H= 1

—A— Inverted flame atH=1

16

14 4

12 3

10

Nu

Figure 6.29. Comparison of radidu distribution of partially-inverted flames(= 1.4) with inverted
flames @ = 0.9) atRe= 2000, H = 1Bg = 0,B; = 0.51.
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Figure 6.30. Comparison of radial heat flux distribution of partially-inverted flaghes1(.4) with
inverted flames¢ = 0.9) atRe= 2000H = 3,Bx = 0,By = 0.51.
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Figure 6.31. Comparison of radidu distribution of partially-inverted flames(= 1.4) with inverted
flames @ = 0.9) atRe= 2000H = 3,Bg = 0,B; = 0.51.
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Figure 6.32. Comparison of total averaged heat flux of partially-inverted flabned (4) with inverted
flames @ = 0.9) atRe= 2000H = 1,Bg = 0,B; = 0.51.
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Figure 6.33 Comparison of total averaged Nu of partially-inverted flaesl(4) with inverted flame
(@ =0.9) atRe= 2000,H = 3,By = 0,Br = 0.51.
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Figure 6.34. Comparison of total averaged heat flux of partially-inverted flabredl(4) with inverted
flames @ = 0.9) atRe= 2000H = 1,Bgx = 0,B; = 0.51.
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Figure 6.35. Comparison of total averaged Nu of partially-inverted flaghesl(4) with inverted flame
(@ =0.9) atRe= 2000H = 3,Bg = 0,Br = 0.51.
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Figure 6.36. Comparison of thermal efficiency of partially-inverted flamdes 1.4) with inverted
flames @ = 0.9) atRe= 2000H = 1,Bx = 0,B; = 0.51.
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Figure 6.37. Comparison of thermal efficiency of partially-inverted flardes {.4) with inverted
flames @ = 0.9) atRe= 2000H = 3,Bx = 0,B; = 0.51.
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Figure 6.38. Comparison of radial heat flux distribution of partially-inverted fladesy.4,Re= 1800
H = 3,Bg = 0,Br = 0.51) with Bunsen flames from round nozafe< 1.1,Re= 1500,H = 5) and
Bunsen flames with induced swib(= 1.4,Re= 1200,H = 2,S= 2.53).
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Figure 6.39. Comparison of radial heat flux distribution of partially-inverted fladesy.4,Re= 1800
H = 1,Bg = 0,Br = 0.51) with Bunsen flames from round nozafe< 1.0,Re= 1500,H = 1) and
Bunsen flames with induced swib(= 1.0,Re= 1500,H = 2,S= 2.53).
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Figure 6.38 shows radial heat flux distributions of partially-inverted flamds at
1.4,Re= 1800,H = 3,Bg = 0,Br = 0.51, regular Bunsen flames from round nozzle
at® = 1.1,Re = 1500,H = 5 and Bunsen flames with induced swirtZat 1.4,Re =

1200, H=2, S = 2.53).

Evidently, partially-inverted flames have the highest average heat flux distribution
over the entire region and there is no significant drop. On the other side, regular
Bunsen flame, despite impinged at further nozzle-to-plate distahce %), still
displays sharp drop in stagnation region followed by a steep peak. Swirl induced
flame appears have significantly lower heat flux values for the entire region. It can
be assumed that partially-inverted flame aids heat transfer characteristics in terms of

uniformity as its values remain relatively constant over large impingement surface.

Figure 6.39 compares radial heat flux distributions at small nozzle-to-plate
distances. The swirl-induced flame has the highest stagnation point heat transfer,
however it constantly declines with increased R. While both partially-inverted and
Bunsen flames exhibit peaks (subjects of heat transfer from reaction zones),

partially-inverted flames are not associated with a drop around stagnation zone.

6.7.Summary

1) Second part of investigation of heat transfer characteristics of rod-stabilized
impinging premixed flames covers partially-inverted flames. For reference
purposes, all results are presented in three output parameters: heat transfer

rate (kW/m2), non-dimensional heat transfer coefficient (Nusselt nuNwer
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2)

3)

4)

and thermal efficiency;. Heat transfer rate andu are presented as local
values (those includes radial distribution, stagnation point and maximum
values) as well as area-averaged values for the entire region and specific sub-
regions (stagnation, impingement and wall-jet region). Thermal efficiency is

calculated for the entire investigated region.

Flame structure is dependable on proximity of the nozzle to the impinging

plate. In close nozzle-to-plate distance, both reaction zones are stretched out,
while in the further distance they appear not to be affected by the presence of
impingement plate. Outer reaction zone can be attached to the inner reaction
zone or detached. At very small nozzle-to-plate distance, the outer reaction
zone might merge with inner reaction zone due to increased temperature in
the preheat zone. Flame temperature remains constantly high in wide area
due to the presence of burned gas and positively affects the uniformity of

heat flux and Nu distribution.

Increase in nozzle-to-plate rattd increases maximum values of heat flux
and Nu. With further distances from the impingement plate, these peaks
flatten thus create more constant heat flux Blddistribution over large
area. For very smali, the heat flux andNu distributions show significant
increase, however due to stability issue, such small nozzle-to-plate distances

should be avoided for partially-inverted flames.

Reynolds number has less significant impact of heat flux and Nusselt number

distributions than it has on inverted flames. Increasingexdhifts values of
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5)

6)

7)

higher, due to increased turbulence that causes temperatures, however the
gain is marginal due to temperatures in the region that are already at very

high levels.

Thermal efficiency of partially-inverted flames is in the range of 30 — 51%. It
increases with smaller nozzle-to-plate ratios and decreases with higher values
of Re Thermal efficiency is generally lower in partially-inverted flames than

in inverted flames.

Comparison of partially-inverted flames with inverted flames reveals that the
presence of outer reaction zone is more significant in further nozzle-to-plate
distances as it further elongates plateaus with high heat fluXNandror
optimal uniform heat flux andNu distribution, the nozzle-to-plate ratio is
higher for partially-inverted flames than for inverted flames. Thermal

efficiency is generally higher in inverted flames.

In comparison with regular Bunsen flame and Bunsen flame with induced
swirl, partially-inverted flame presents very uniform heat flux distribution, in
contrast with regular Bunsen flames, whose drawback is marked by a

significant drop in heat flux at stagnation region.
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7. EMPIRICAL HEAT TRANSFER CORRELATIONS OF
IMPINGING ROD-STABILIZED FLAMES

For purposes of design, it is useful to define prediction models from experimental
data of heat transfer characteristics presented and discussed in Chapter 5 and 6,
assuming that no such models exist for impinging premixed rod-stabilized flames.
However, numerical models including those using commercial software such as
Fluent are inconsistent with experimentally obtained data as detailed heat transfer
mechanisms of flame impingement are not well understood and implemented.
Moreover, comprehensive solution of a flow that is deflected from its axial direction

to radial by the presence of impingement plate is yet to be fully understood. Also,
nozzle with axially-mounted rod has even more complex flow characteristics than a
single round jet. Turbulence and the presence of vortex eddies above the rod tip will

have to be taken into account.

However, it is feasible to use empirical correlations to determine heat transfer rates
that will provide simple yet effective prediction. Based on extensive experimental
results from Chapter 5 and 6, multiple regression method was used to deduce
empirical correlations for convective heat transfer for impinging inverted and

partially-inverted flames.

7.1



Chapter 7 - Empirical heat transfer correlations of impinging rod-stabilized flames

7.1.Heat transfer prediction of impinging flames

There are four different heat transfer mechanisms identified in the flame
impingement: convection, radiation, condensation and thermochemical heat release
(TCHR). Due to the nature of experimental conditions at which the data were
obtained, i.e. impinging flame onto a large plane surface, radiation is assumed to be
negligible. Chemical dissociation was not taken into account, as well as process of
condensation. Forced convection is assumed to be the predominant mechanism in
this study. According to Viskanta (1996), the forced convection produces up to 98%
of the total heat transfer and Beer and Chigier (1968) reported that convection

contributed 80% to the total heat transferred.

Convective heat transfer is commonly expressed in terms of non-dimensional heat
transfer coefficient, i.e. Nusselt Numb&lu. For impingement flames, it is a
function of Prandtl NumbePr, Reynolds NumbeRe nozzle-to-plate ratiéd and

equivalence ratio:¢
Nu = Nu(Pr, Re, H, ¥ (7.1)
Nu=a[PrRe‘H ¢ i (7.2)

where a, b, cd and eare constants. In terms of heat transfer rate characteristics, heat

flux can be calculated from Equation 2.12 as:

g=Nu dﬁi) qT, -T.) [kW/m?] (7.3)
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wherek is thermal conductivity of burned gas as a function of weighed average
temperaturef, de is effective diameter of the nozzlg,is flame temperature arnd

is surface temperature of the impingement plate.
7.2.Inverted flames heat transfer correlations

Firstly, heat transfer predictions are determined for inverted flames for both local
and area-averaged values . The equivalence ratio is constant ¢at= 0.9.
Furthermore, it is assumed that Prandtl Nunitreis also constant &r = 0.4. Rod-
stabilized flames are characterized by two non-dimensional parameters, rod
protrusionBg and rod-to-tube rati®t. Thus the commonly used formula (Equation

7.2) can be altered to:
Nu= alRe’[H° B} [B¢ (7.4)

wherea, b, ¢, d ande are constants. Ranges of input parameters are kept same for all
prediction models, i.ed = 1.0 — 4.0Re= 1600 — 2600Br = 0 — 2 andBr = 0.51 —

0.80.

7.2.1.Local Nusselt Number correlations

Following empirical correlations have been obtained for maximum Nu and its local
values at stagnation point and stagnation circle for inverted flames. Location of
stagnation point is & = 0, stagnation circle is locatedRt 0.725. Figures B.1 —
B.12 show correlations, fractioned for each independent input parametBe it.

Br and Br.
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For maximum Npax
Nu, = 072ZRe%°[H" %o[B % [B-097s (7.5)
For stagnation poirtlustagpoini

N u - OA8QReO.43lD_| - 0184EBR0035 EB]? 0941 (7 . 6)

stagpant

Stagnation circléNUsagcircie

NU — 5203:|Re0108|j_|— 0031|:BR0004|3_F0.754 (77)

stagcircle —

R-squared values for these models varied between 0.747 — 0.971, denoting moderate

reliability.

It is evident thaRehas positive effect oNu for both stagnation locations as well as
on maximum values with the similar magnitude. Power indexé$ afe negative,
indicating negative effect omMNu. This is comprehensible, sinddu generally
declines with increaseti. However the effect is less significant as the power

indexes oH are low.

Effect of rod-to-tube ratidBr is also negative, i.eNunax and Nu at stagnation
locations generally decline with smaller diameters. Significand&;a$é similar to

that ofRe

With power indexes of rod protrusion being in thousandths, the effect of rod
protrusionBg can be assumed to be negligible, which is well with the conclusion of

experimental work. Thus Equations 7.5 - 7.7 can be rewritten as:
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Nu_ . = 0722Re **fH™ **[B-*"™ (7.8)
NUgagpom = 0489Re 043 H ~ 8B % (7.9)
NUygee = 5203Re 010p |- 0031 0754 (7.10)

7.2.2.Area-averaged Nusselt Number correlations

Predictions of area-averaged Nu are calculated for the entire impingement region
and separately for its parts defined in Chapter 5.2.2 as a function of non-dimensional

radial distancé&:
e Stagnation region: 8 R<1
* Impingement region: ¥ R<2
+ Wall-jet region: XR<4

Correlations for independent input parametersRee.H, &k andBr are presented in

Figures B.13 — B.28. Resulting equations for each region are following:

Total area-averagdduoar:

Nu,, = 41269Re ®%H" “e9p0%eg " (7.12)
Stagnation region area-averag@@agregion

Nu = 099GRe “PH™ "R ISR 103 (7.12)

stagregion —

Impingement region area-averagetmpgregion
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NUpgregion = 2133 Re P~ 0B B %0 (7.13)
Wall-jet region area-averaged Muegion
Nulvallregion = 223Re— OAAEH_ 012%:8'20030D3T0060 (714)

R-squared values for these models varied between 0.220 — 0.980, denoting moderate

reliability.

Power indexes oRe are positive in stagnation and impingement regions Nite.
increases with increasék However its effect in wall-jet region is opposite. Since
wall-jet region has the largest area, the impadR®bn Nuyty IS negative as well.
Impact ofH remains negative for the entire region, however low values of its power

indexes denote that Nu is influenced marginally.

The effect of rod-to-tube rati®r is in the opposite of the effect &te It has
negative power indexes in stagnation and impingement regions and positive in wall-
jet region. It means that smaller diameters perform better in these regions.

Analogously, the impact ofiBon Nuog IS also negative.

Similarly to local Nu correlations, power indexes of rod protrusiBa are
considerably small, thus the effect of rod protrusi®ncan be assumed to be
negligible and the parameter can be excluded from correlations. Thus Equations 7.11

- 7.14 are rewritten into new formulas:

qual = 41269:|Re_ OZOG_l - OlGQBFOl?S (7. 15)
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Nustagregion — 0996 Re ®“H- 0265EBF 1032 (7.16)
NUppgregion= 2133 Re FH ™ 020 B; 6 (7.17)
NuNa”,egion = 223Re” “fH" OlZSEBTO%O (7.18)

7.3. Partially-inverted flames heat transfer correlations

Second part covers heat transfer predictions for partially-inverted flames for local
and area-averaged valuesNi. Equivalence ratio is constant¢gat 1.4 andPr is

also constant ar = 0.4. For partially-inverted flames, geometrical parameters of
the nozzle, i.e. rod protrusidk and rod-to-tube ratiBr, are maintained constant at

Br = 0 andBr = 0.51 due to stability issues, as explained in Chapter 6.1. Thus

Equation 7.2 is reduced to:

Nu=alRe’[H° (7.19)

wherea, b andc are constants. Ranges of input parameters are kept same for all

prediction models, i.dd = 1.0 — 4.0 an&Re= 1800 — 2600.

7.3.1.Local Nusselt Number correlations

Correlations have been obtained for maximum Nu and its local values at stagnation
point and stagnation circle for partially-inverted flames. Locations of stagnation
point and stagnation circle are the same as in case of inverted flamRs; Deand

R = 0.725 respectively. Correlations for each input parameterReandH) are

presented in Figures 7.29 — 7.34.
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For maximum Npiax
NU, . = 2815 Re *qH %! (7.20)
For stagnation poirtlustagpoini

Nu

stagpadnt

= 3203Re *°TH *™ (7.22)
Stagnation circléNUstagcircie
Nustagcircle = 93Re— Ozgq:H ~oet (722)

R-squared values for these models varied between 0.44 — 0.87, denoting moderate

reliability.

It can be observed th&e has positive effect oNu at its maximum values,
otherwise the effect is negative. The effectHois negative for the entire region as
power indexes OoH are negative. As already explain®tlj generally declines with
increasedH. In comparison with models of inverted flames, the power indexeis of
are even lower. It indicates thalu distribution remains quite constant over the

investigated range ¢, i.e. 1.0 — 4.0.

7.3.2.Area-averaged Nusselt Number correlations

Predictions of area-averag®&tl are calculated for the entire impingement region
and separately for its parts, i.e. stagnation, impingement and wall-jet regions. Their

size is the same as in case of models of inverted flames. Correlations for both input
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parameters, i.eReand Hare presented in Figures B.35 — B.42. Resulting equations

for each region are following:
Total area-averaged Ny

Nu,., = 0777Re%*TH *% (7.23)

total

Stagnation region area-averad€lagregion

Nu = 85Re 2{H " (7.24)

stagregion —

Impingement region area-averag@tmpgregion

NUppgregion = 4239 Re ?51H =12 (7.25)
Wall-jet region area-averag@&tlyairegion

NUyairegon = 029TRe *TH 7 (7.26)

R-squared values for these models varied between 0.37 — 0.95, denoting moderate

reliability.

Power indexes foH are negative except wall-jet region, which means that an
increase negatively influences average Nu distribution. ImpaRe o negative and

more profound at stagnation region, whilas influencing impingement region. All
power indexes are also generally low, which means that there is lesser impact of
both Re and H on average Nu. This also indicates very steady and unifdum

distribution over the entire impingement region.
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7.4.Summary

1)

2)

3)

Empirical heat transfer correlations for impinging inverted and partially-
inverted flames have been determined by multiple regression method, using
experimental data from Chapter 5 and 6. Correlations are presented in the
form of non-dimensional parameterlu = Nu(Pr, Re, H,$). Total 14
correlations have been deduced, representing local and area-averaged
distributions. All presented models have decent reliability with 95%

confidence and can be used for future design purposes.

Correlations for impinging inverted flames us& H, Br and Br as
independent input parameters. The effect of rod protrusidras been found

to be negligible thus the parameter was excluded from correlations. The
effect ofH has generally negative effect bl distributions. BotiReandBr

are more significant thaH. All parameters have less significant impact on

area-averaged Nu.

Correlations for impinging partially-inverted flames usé&k H as
independent input parameters. In comparison with inverted flames, effect of
H is less profound. Effect dReis more significant thamd. The positive

effect of Reon Nu is at stagnation point, impingement and wall-jet regions.
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8. CONCLUSIONSAND RECOMMENDATIONS

The prime objective of the present study, i.e. to investigate feasible approach to
improve heat transfer characteristics of impinging premixed flames, has been

accomplished.

Based on the literature overview and the study of background materials, it was
decided to alter the aerodynamics of regular (Bunsen) flame jet by introducing a
solid body into a flow in order to achieve the objective. An axially-mounted rod has
been selected that produces rod-stabilized flames. Several burners were designed

before optimal geometrical parameters were found.

However, preliminary experiments with free-jets revealed that such flames exhibit
unstable behaviors, thus the stability characteristics had to be investigated prior to
the study of impinging flames. It was found that rod-stabilized flames can be
stabilized as three different types: inverted, partially-inverted and as regular

(Bunsen) flame.

Once the study of stability characteristic was completed, the investigation of
structure, incl. temperature profiles was performed that gave a deeper understanding

of both inverted and partially-inverted flames.
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Studies of impinging inverted and partially-inverted flames had been performed.
Both studies independently confirmed prediction that rod-stabilized flames produce

uniform heat transfer distribution over the impingement surface.

Furthermore, for design purposes, empirical correlations to predict convective heat

transfer had been determined.

It has to be said that the study of rod-stabilized flames is the very first one,
especially in the area of impinging flames. Inverted and partially-inverted flames are
very complex. Several new non-dimensional parameters had to be introduced to
facilitate their complexity. There is scarce information on this topic in the literature

and literally no report on impinging rod-stabilized flames existed before this study.

Following chapter breaks down the conclusion into details related to each part of the

study.

8.1. Conclusions

8.1.1. Freejet flames

Stability and flammability characteristics

Experimentally determined stability data indicates three fundamental types of
premixed butane/air flame which can be stabilized by using an axially-mounted
stabilizing rod: inverted, partially-inverted, and regular (Bunsen) flames. In
dependence of equivalence ratlg data points obtained from a stable flame are

divided into five stable regions: inverted flames (Region 1) exist predominantly in
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fuel-lean mixtures, while partially-inverted flames (Region 1ll) and regular flames
(Region V) appear in fuel-rich and very fuel-rich mixtures, respectively. Between
the overlapping areas, inter-regions (Regions Il and IV) are characterized by the

availability of more than one stabilized flame.

As for the inter-regions, it is shown that the explicitness of whether the reaction zone
can be stabilized at the burner rim (regular flame), at the rod tip (inverted flame) or
at both positions (partially-inverted flame), is certainly affected by the axial and
radial positions of the ignition source. The situation becomes more complex when
there are other parameters involved. In the Region IV, cross-sectional ignition at
closer distance creates both reaction zones, while tangential ignition at a further
distance can only stabilize the flame at the burner rim and a deficiency of air in the
air/fuel mixture is the main reason. Certainly, disturbance from the high velocity
distribution across the flame jet is another major cause. In the Region II, apart from
radial distance and axial direction of the ignition source, the high rate of dilution
with surrounding air, the steep flow velocity distribution across the flame jet, the
different shapes of flame and the separation of reaction zones at high Reynolds

numbers should also be considered.

There is an elongated unstable area (Region VI) above the flashback curve, at which
lower flow velocity causes the inner reaction zone of the originally partially-inverted

flame to heat up the rod tip, thus reducing the quenching effect. Consequently, it
propagates upstream to induce a slow motion flashback. The size of this region is

strongly affected by the height of the rod tip above the tube rim, expressed by the
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non-dimensional rod protrusioBg). Increase of Bresults in widening of the region
at the expense of the stable regions, as the flow velocity decreases and the rod tip is

more exposed to the surrounding air.

Similarly, a negative impact on the size of the stable regions has been observed for
another non-dimensional parameter, rod-to-tube rdif), (which represents the
variation of rod diameter for a constant tube bore diameter. With an increBse of
(use of a smaller rod diameter), a bigger cross-sectional area is obtained, which
increases the size of the Region VI and the occurrence of a higher rate of heat
conduction makes the flame propagating upstream faster. Flashback limits are also
shifted up. Hence the default configuration of the largest diameterq.55 mm)

and B = 0 appears to be the most stable condition among all tested configurations.

The influences of botBr and Bt on blow-off limits appear to be less significant.
Variation of Br shows negligible effect while higher valuesB tend to move the
blow-off curve towards highep because of the higher rate of dilution of the ae¥f
mixture by the surrounding air. However, the accuracy may also be affected by a
low resolution of the flowmeters, which should be avoided. In comparison with the
round and slot flame jets, a rod-stabilized burner can operate with very fuel-lean
mixtures (up to? = 0.55), which is a definite advantage in termgmissions, since

the generation of NQand CO emissions can be reduced.

Inverted flame is characterized by the presence of one (the inner) reaction zone
stabilized above the rod tip as the conditions of lean mixtures does not allow

creation of outer reaction zone above the tube rim. The flame has a convex shape
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with the flame cone tip situated above the rod tip and the flame cone base resting in

diluted boundary layer.

The effect of variable parameters on inverted flame shape varies. As of Reynolds
numberRe, with increased value, the flame cone tip is shifted upwards from the rod
tip and the flame cone becomes more elongated at its entire length. The effect of
equivalence rati@ has been found to be negligible and variation df pmtrusion

Br shows only minor effect. Rod—to-tube ratiBnaffects the flame cone in the way

that either narrows its tip (for largef)Bor widens (for smaller B.

Flame structure and temperature profiles

Temperature distribution and radial profiles of inverted flame reveal wide and large
central core of burner gas with maximum temperature that is situated above the
luminous reaction zone. The presence of such zone is a favorable indication of
uniform heat flux distribution of impinged flame. Outer zone of burned gas with
gradually decreasing temperature has approximately the same radial size as the
central core. Preheat zone follows the pattern of flame cone of the luminous reaction

zone.

Partially-inverted flame is more complex type. Both inner and outer reaction zones

are present due to increased percentage of gaseous fuel in the mixture. Inner reaction
zone has a convex shape and the outer reaction zone is of concave shape. The tip of
the inner reaction zone rests above the rod and the base of the outer reaction zone

rests above the tube rim. The base of the inner reaction zone might be fully attached,
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partially-detached or fully detached from the tip of the outer reaction zone.
Equivalence ratio ¢Reynolds numberdand rod protrusion 8 are the factors, that

affect the flame cone tip appearance includes centricity of the rod in the tube.

Similarly to the inverted flames, with an increase of Reynolds nuRdgehe inner

flame cone tip is shifted upwards from the rod tip and the flame cone is more
elongated at its entire length. Also, for higher valueRepfthe presence of turbulent
flow patterns might partially or fully detach the inner and outer flame cones.
Increase of equivalence rat® causes the inner reaction zone to be narrower and
thinner due to the further reduction of air inside the stream. Also the outer and inner
reaction zones are likely to be separated. Higher values of rod protrysttonBate

the outer flame cone to match with the inner flame cone, which is positioned above.
Increasedr causes the outer and inner zones more likely to be detached. Variation
of rod—to-tube ratioBr affects the inner flame cone in the way that higher values of

Bt narrow its tip.

Very large central core of burner gas with approximately maximum temperature is
the main characteristic that has been observed from temperature distribution
diagrams of partially-inverted flame. The central core is wider in comparison with
its counterpart in inverted flames, due to the presence of outer reaction zone. As in
the case of inverted flames, the central core of burned gas with maximum
temperature is the preferred flame type to achieve uniform heat flux distribution of
impinged flame. Outer zone of burned gas with gradually decreasing temperature

has narrower radial size in comparison with central core. Preheat zone is rather
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flattened and does not follow the cone pattern of luminous reaction zone. It indicates
high heat flow to the unburned air / flow mixture due to proximity of two reaction

Zones.

8.1.2. Impinging flames

Impinging inverted flames

Flame structure reflects proximity of the nozzle to the impinging plate. For close
nozzle-to-plate distance, the flame is characterized by the stretched out reaction
zone, causing peak values of heat flux to be shifted outwards. With further distance,
this effect diminishes and heat transfer distribution is more constant with no sharp
peaks. Flame temperature remains very high in the central core due to the presence

of burned gas and positively affects the uniformity of heat flux and Nu distributions.

The effect of nozzle-to-plate ratld is significant. Increasing is associated with

slight drop of heat flux in stagnation region followed by sharp peak with subsequent
decline. Nusselt number remains constant in the stagnation and impingement region.
On the other side, further increasetbtreates more constant heat flux distribution
over large area with Nusselt number steadily decreasing. For very lpitdime
becomes unstable due to the quenching effect of impingement plate. It terms of
optimal uniform heat transfer characteristics, nozzle-to-plate ratio is strongly related

to the selected rod diameter (rod-to-tube ratio).

Variations of Reynolds number have also significant impact of heat flux and Nusselt

number distributions. Increasirige increases turbulence in the stagnation region,
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especially for smalleH, and better mixing enhances combustion, consequently the
temperature arises, thus heat transfer rate. Increased turbulence however causes

slight fluctuation in Nusselt number distribution.

It has been found that variation of rod protrusinaffects the heat transfer rate as

if the distance would be from the rod tip to the impingement plate. The impact of rod
protrusion variations on heat transfer characteristics is not significant and together
with the fact that with increased rod protrusion there is an arising issue of flame

stability, the use of rod protrusion is not recommended for laminar / transient flames.

With increased rod-to-tube rat®: and for smalH, heat flux andNu distributions
show constant patterns, a fact that is related to the newly defined spreag aihgle
the reaction zone. Spread angle is a functioBraind increases with increasiBg.
Smaller rod diameters have wider spread angle, thus more uniform distribution in
the stagnation and impingement region. To achieve optimal uniform distribBtion,
must be correlated witH, e.g. for smalH, smaller rod diameter (high&;) should

be chosen.

Thermal efficiency of inverted flames varies with input parameters. In general, it is
in the range of 36 — 63 % and is generally higher at small nozzle-to-plate ratios and
smallerRe. Rod protrusion has negligible effect, while increased rod-to-tube ratio

decreases thermal efficiency.
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Comparison with regular Bunsen flames and Bunsen flames with induced swirl
denotes that inverted flames present uniform heat flux distributions with no

associated drops in stagnation region, in contrast with regular Bunsen flames.

I mpinging partially-inverted flames

Flame structure is dependable on proximity of the nozzle to the impinging plate. For
close nozzle-to-plate distances both reaction zones are stretched out, while in further
distances they appear not to be affected by the presence of impingement plate. Outer
reaction zone can be attached to the inner reaction zone or detached. At very small
nozzle-to-plate distances, the outer reaction zone might merge with inner reaction
zone due to increased temperature in the preheat zone. Flame temperatures remain
constantly high in wide area due to the presence of burned gas and positively affect

the uniformity of heat flux and Nu distributions.

An increase in nozzle-to-plate ratib increases maximum values of heat flux and
Nu. With further distances from the impingement plate, these peaks flatten thus
creating more constant heat flux add distributions over large area. For very small
H, the heat flux andNu distributions show significant increase. However due to
stability issue, partially-inverted flame for small nozzle to plate distance should be

avoided.

Reynolds number has less significant impact of heat flux and Nusselt number

distributions than it has on inverted flames. Increasingeoshifts values higher,
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due to increased turbulence that causes temperatures, however the gain is marginal

due to temperatures in the region that are already at very high levels.

Thermal efficiency of partially-inverted flames is in the range of 30 — 51%. It
increases with smaller nozzle-to-plate ratios and decreases with higher vaRees of
Thermal efficiency is generally lower in partially-inverted flames than in inverted

flames.

Comparison of partially-inverted flames with inverted flames reveals that the
presence of outer reaction zone is more significant in further nozzle-to-plate
distances as it further elongates plateaus with high heat flutNan&or optimal
uniform heat flux andNu distribution, nozzle-to-plate ratio is higher for partially-

inverted flames than for inverted flames.

In comparison with regular Bunsen flame and Bunsen flame with induced swirl,
partially-inverted flames present very uniform heat flux distribution, in contrast with
regular Bunsen flames, which drawback is significant drop in heat flux at stagnation

region.

Empirical correlations

Empirical heat transfer correlations for impinging inverted and partially-inverted
flames have been determined by multiple regression method. Correlations are
presented in form of non-dimensional parameters: Nu PNWRe, H, ¢). Total 14

correlations have been deduced, representing local and area-averaged distributions.
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All presented models have a good reliability with 95% confidence and can be used

for future design purposes.

Correlations for impinging inverted flames useg H, Bg andBr as independent

input parameters. The effect of rod protrusBhas been found to be negligible
thus the parameter was excluded from correlations. The effddthas generally

negative effect oNu distributions. BotRe andBt are more significant thad. All

parameters have less significant impact on area-averaged Nu.

Correlations for impinging partially-inverted flames us&lH as independent input
parameters. In comparison with inverted flames, the effeét o less profound.
The effect ofRe is more significant thail. The positive effect oRe on Nu is at

stagnation point, impingement and wall-jet regions.

8.2. Recommendations

The presented research study is the first of its kind in the field of impinging
premixed rod-stabilized flames. Such fact implies that there are many possible
research topics arising. Looking at the extensive research that has been done for
regular (Bunsen) impinging flames, clearly, several similar topics can be selected.
There could be two fundamental approaches in further research: innovative and
conservative approach. Despite wording, both of them could significantly contribute

the research area.

Conservative approach would include:
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Figure 8.1. Inverted flame impinging onto the cylindrical body.

1) Further investigation of the effects of basic geometrical parameters defined

in this study, e.g. rod protrusion, rod-to-tube ratio, etc.

2) Investigation of fundamental heat transfer mechanisms associated with rod-
stabilized flames, e.g. determination of radiation fraction, or investigation of

thermochemical heat release, etc.

3) Numerical study of impinging rod-stabilized flames or isothermal jets.

Innovative approach would deal with:
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! Impingement plat
|
|

|

S

Figure 8.2. Array of two nozzles with asymmetrically mounted rods.

1) Investigation of impinging rod-stabilized flames onto cylindrical body.

2) Study of multiple jets with asymmetrically arranged rods.

adl) due to convex shape of the inverted and premixed flames and presence of wide
central core of burned gas with high temperatures, rapid forced convection heat
transfer to the cylindrical body might produce promising results in terms of heat
transfer uniformity. Figure 8.1 shows an example of inverted flame, impinging onto

cylindrical body.
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ad2) the rod can be mounted asymmetrically, producing asymmetric flow and flame
shape. While such setup can be investigated on a single jet, it might be very useful in
the array of two or more jets, where nozzles on the sides would be with
asymmetrically mounted rod, while the inside one would be with axially-mounted
rod. Such concept could increase the overall efficiency of an array by decreasing the
inside spacing while at the same time extending heat transfer distribution on the
sides. In fact there is an analogy with variation of rod-to-tube ratio (rod diameters),
where smaller rod diameter is associated with wider spread piagie better heat
transfer over a large area. Figure 8.2 shows an array of two nozzles with
asymmetrically mounted rods, producing inverted flames. The rods are mounted in
the way that inner sides of the nozzles produce steeper flame cones (narrow spread

angley), while at the outer space is filled with widerfla cones (wide spread angle

7).

Other feasible research topics include investigation of impingement heat transfer of
combination of slot tube with round rod, or slot rod with round tube, etc.

Possibilities are infinite.
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When a combustion process is assumed to be an adiabatic, e.g. heat losses to the
surroundings are zero and combustion is complete, the flame temperature could be
referred to as the adiabatic flame temperature. It is the maximum temperature that

can be achieved for given air / mixture. It occurs at stoichiometric ratio.

It might be possible to use the constant adiabatic flame temperature for given
equivalence ratio to calculate Nu instead of local flame temperatures that were

obtained experimentally.

For example, inverted flames are lean flames, with equivalence ratio being less than
unity. Assuming only propane as the main component in LPG / air mixture, the

chemical reaction is:
bCsHg + 5(0 + a N)) => 3¢CO;, + 4¢H,0 + 2(1- §O; + 5aN (A.1)
Where ¢=b.

The enthalpy of reactants;Hnust be equal to the enthalpy of products By
integrating and assuming that constant heat capacities are constant, it can be
obtained:

(MZL ECQ * 4@0[@31 [(Hzo)"' 5@@& uNz )+20-¢9) E(I:p moz)) mTz _To) =

(A.2)
((0[(]:;1 [C:H; )+ SEQ:;L moz)'*'&_’@-mg:( [INL) T, —To) + Q)

Where @, is molar heat of reaction (J),,@ heat capacity (J/moleK),oTs the

reference temperature {F 298.15 K), T is reactant temperature (K) and iB
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flame temperature. A = 3.76 moles of fdr one mole of @in air. Consequently,

adiabatic flame temperature can be calculated from Eg. A.2 as:

T, = ©0p+683 (T, -Ty) +Q, Ly (A.3)
2070p+ 683

In our casep = 0.9, for T, = 300 K and Q = 2073 kJ, adiabatic flame temperature
T, = 2148 K (= 1856C). By modifying equation for Nusselt number calculation

(Eq. 2.12), it can be written as:

o - atde (A.4)
adb (T, - T )k(T)

Figures A.1 — A.3 compare Nusselt number distributions at adiabatic flame
temperature, with Nusselt numbers obtained from experimental data. It is evident
that the use of adiabatic flame temperature (as the reference flame temperature)

shifts the whole range of Nu numbers by a factor %.

In case of radial Nu distributions, the adiabatic Nusselt numbers are more flattened
in comparison with the experimental values at both ends. Adiabatic Nu distributions
at stagnation point, stagnation circle and maximum values show similar patterns as
the experimental Nu distributions. The same applies to area-averaged Nu

distributions.



Appendix A — Adiabatic flame temperature

22
—+8— H=1.0 (adiabatic)
201 —— H=2.0 (adiabatic)
18 | ——6— H=3.0 (adiabatic)
— =X~ - H= 4.0 (adiabatic)
161 ---d- - - H= 1.0 (experimental)
14g---8---3-+-@---g--"8--.5. ---&---H=2.0 (experimental)
H. ---0---H=3.0 (experimental
T 4 (experimenta)
E SE'::Q"‘ON O--e o ---X- - - H=4.0 (experimental)
nga( B,

Figure A.1. Comparison of radiblu distributions with experimental and adiabatic flame temperatures for
variousH at® = 0.9, Re=2000,B; = 0,Br = 0.51.
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Figure A.2. Comparison oNu distributions with experimental and adiabatic flame temperatures for
variousH at stagnation point, stagnation circle and maxinNwnat @ = 0.9,Re = 2000,B; = 0,B; = 0.51.
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Figure A.3. Comparison of averale distributions with experimental and adiabatic flame temperatures
for variousH at different impingement regions @t= 0.9,Re = 2000,B; = 0,B = 0.51.
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Figure 7.1. Maximum Nu prediction for inverted flames: correlation of H.
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Figure 7.2. Maximum Nu prediction for inverted flames:. correlation of Re.
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Figure 7.4. Maximum Nu prediction for inverted flames: correlation of B.
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Figure 7.5. Stagnation point Nu prediction for inverted flames: correlation of H.
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Figure 7.6. . Stagnation point Nu prediction for inverted flames:. correlation of Re.
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Figure 7.7. Stagnation point Nu prediction for inverted flames: correlation of Bg.
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Figure 7.8. Stagnation point Nu prediction for inverted flames:. correlation of Br.
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Figure 7.9. Stagnation circle Nu prediction for inverted flames: corréelation of H.
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Figure 7.10. Stagnation circle Nu prediction for inverted flames: correlation of Re.
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Figure 7.12. Stagnation circle Nu prediction for inverted flames: correlation of Br.
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Figure 7.13. Total area-averaged Nu prediction for inverted flames: correlation of H.
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Figure 7.14. Total area-averaged Nu prediction for inverted flames: correlation of Re.
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Figure 7.16. Total area-averaged Nu prediction for inverted flames: correlation of Br.
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Figure 7.19. Stagnation region area-averaged Nu prediction for inverted flames: correlation of Bg.
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Figure 7.20. Stagnation region area-averaged Nu prediction for inverted flames: correlation of B+.
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Figure 7.21. Impingement region area-averaged Nu prediction for inverted flames: correlation of H.
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Figure 7.22. Impingement region area-averaged Nu prediction for inverted flames: correlation of Re.
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Figure 7.23. Impingement region area-averaged Nu prediction for inverted flames:. correlation of Bg.
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Figure 7.24. Impingement region area-averaged Nu prediction for inverted flames: correlation of Br.
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Figure 7.25. Wall-jet region area-averaged Nu prediction for inverted flames: correlation of H.
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Figure 7.26. Wall-jet region area-averaged Nu prediction for inverted flames: correlation of Re.

14



Appendix B — Empirical heat transfer correlations figures

log Nu

log Nu

ol
b
R

0.9

0.89

0.88

o)
o
(%)

¢ Experimental data
& Predicted data
—— Correlation

-1.2 -1

-0.8

-0.4

Log Br

0.2 0.4

Figure 7.27. Wall-jet region area-averaged Nu prediction for inverted flames: correlation of Bg.
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Figure 7.28. Wall-jet region area-averaged Nu prediction for inverted flames: correlation of Br.
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Figure 7.29. Maximum Nu prediction for partially-inverted flames: correlation of H.
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Figure 7.30. Maximum Nu prediction for partially-inverted flames: correlation of Re.
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Figure 7.31. Stagnation point Nu prediction for partially-inverted flames: correlation of H.
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Figure 7.32. Stagnation point Nu prediction for partially-inverted flames:. correlation of Re.
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Figure 7.33. Stagnation circle Nu prediction for partially-inverted flames:. correlation of H.
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Figure 7.34. Stagnation circle Nu prediction for partially-inverted flames:. correlation of Re.
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Figure 7.35. Total area-averaged Nu prediction for partially-inverted flames: correlation of H.
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Figure 7.36. Total area-averaged Nu prediction for partially-inverted flames:. correlation of Re.
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Figure 7.39. Impingement region area-averaged Nu prediction for partialy-inverted flames:
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Figure 7.40. Impingement region area-averaged Nu prediction for partialy-inverted flames:
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