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Chapter

1General Introduction

1.1 Impinging flame jets

The heat transfer of laminar impinging oxy-fuel flame jets will
be analyzed in

detail. A generalized picture of a single circular flame jet is
shown schemati-cally in figure 1.1. Four characteristic regions can
be distinguished in the flow

structure of an impinging axisymmetric flame jet on a flat
plate: the flame jet

region, the free jet region, the stagnation flow region and the
wall jet region.

When an unburnt gas mixture exits the burner nozzle, it enters
the flame jetregion. Consequently, it experiences a sudden
expansion as the gases react in

the flame front. The resulting burnt gas mixture now enters the
free jet region,

where the velocity remains constant for the laminar case if the
plate has no

perceptible influence on the flow. In the stagnation region the
velocity of the

mixture decreases in the axial direction as a result of the
influence of the plateon the flow. Near the plate a viscous
boundary layer will develop which has

approximately a constant thickness in the impingement zone [41].
When the

jet turns in radial direction and the gases enter the wall jet
region, the viscous

boundary layer thickness will increase. Since the different time
scales in eachregion differ significantly, the regions can be
decoupled, treated separately, and

coupled again afterwards. Using this approach, we will show how
the heat-flux

distribution of an impinging laminar oxy-fuel flame jet to a
glass product can

be determined.

Impinging flame jets are commonly approximated by hot inert
jets, sincethe flow behavior of both types of jets is comparable.
According to Viskanta

[66], the aerodynamics of a single flame jet is very similar to
the aerodynamics

of a single isothermal jet. Experiments by Van der Meer [43]
showed that the

1
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Wall jet region

Viscous boundary layer

Stagnation region

Free jet region

Flame jet region

Burner

Impingementsurface

x, u

r, v

FIGURE 1.1: Flow regions of a stagnation flame impinging on a
plane surface.

radial velocity gradients at the stagnation point are found to
be equal. The

main difference between these jets is the presence of a reaction
zone in the

stagnation region and viscous boundary layer.

In practice, for applications which utilize impinging flame
jets, a premixed

fuel-oxidizer mixture is employed. This is because short
processing times arepreferred to ensure the quality of the
products. Since the energy consumption

of the process is relatively high, high heat-transfer rates are
needed as well. In

most combustion processes, air is used as the oxidant. In many
cases, however,

an oxidant is used which contains a higher portion of oxygen
than that in air, oreven pure oxygen is used as an oxidizer. The
use of pure oxygen as an oxidant

is usually referred to as oxy-fuel combustion. With the
application of premixed

oxy-fuel flame jets, even higher heat fluxes can be
obtained.

1.2 Background

Flame-impingement heating is often used for domestic purposes
(cooking) aswell as industrial applications to achieve intense
heating. Flame jets are also

used in materials processing and manufacturing such as metal
heating and

metal cutting. For the production of synthetic diamond coatings
by chemical
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vapor deposition, premixed impinging flame jets have been used
as well [13].

Impinging flames can also be found in the glass industry. Glass
products aremelted, cut, formed, annealed, softened and shaped
using flame jets in many

aspects of the glass fabrication processes.

In conventional industrial furnaces, the predominant
heat-transfer mech-

anism is radiation, while convection accounts for a relatively
smaller fraction[65]. In modern rapid heating furnaces, the flames
impinge directly on the tar-

get. This way, the role of radiation is smaller and convection
gains the upper

hand. Furthermore, higher heat fluxes are achieved. In the case
that the target

is not placed inside a furnace enclosure, the role of radiation
can be neglected.

The use of directly impinging flame jets with high velocity
burners insteadof furnaces has a lot of advantages. First of all,
the heat transfer is enlarged.

Furthermore, energy can be saved by switching on the burners
only when heat

is demanded [43]. Also, to prevent the material from melting,
the burners can

be turned off. Finally, the heat can be applied locally.

The advantage of being able to heat a product locally, can be a
major dis-advantage as well. The heat-flux distribution is
nonuniform, particularly on a

large target surface [65]. As a result, however, hot spots can
be created at the

stagnation point and overheating at such spots can occur. For
this reason, the

rapid heating technology of flame-impingement heating raises the
need for theknowledge of the heat-flux distribution of a flame jet
impinging on a product.

This way, the optimum firing strategy for a given material can
be determined.

1.3 Heat transfer from impinging flame jets: state-of-the-

art

Originally, heat-transfer relations applicable for impinging
flame jets were taken

from aerospace technology. Heat-transfer correlations concerning
flame jet im-pingement show a lot of resemblances with aerospace
applications [6]. High

temperatures at the stagnation point of aerospace vehicles are
produced as

these vehicles travel through the atmosphere. Consequently, the
atmospheric

gases will dissociate into many chemical species. Therefore,
very high heat

fluxes arise in that region. Research on quantifying that heat
flux have resultedin several semi-analytical solutions. In the
aerospace applications, the vehicle

moves through the atmosphere where the gases are relatively
stagnant. In the

case of impinging flame jets, the burnt gases move around a
stationary target.
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Therefore, the relative motion is similar in both cases and the
solutions found

for the heat transfer in aerospace situations are used for
flame-impingementheating studies as well.

Flame jet impingement studies identify four heat-transfer
mechanisms:

convection, radiation, thermochemical heat release (TCHR) and
condensation

[5, 6, 64, 66]. The thermal and flow conditions determine the
relative impor-tance of each mechanism. For example, forced
convection will be the most

important mechanism in the absence of an enclosure. It the
target is placed

inside a hot furnace, however, radiation from the furnace walls
will predom-

inate over convection. Condensation can also contribute to the
heat flux at a

cool target [25], but this process usually is only important
when the target hasa temperature below 100◦C.

In the following subsections we will discuss the several
heat-transfer mech-

anisms more extensively. Some correlations concerning the heat
transfer will

be presented. Let us first consider some nondimensional numbers
that are

commonly used in heat-transfer analysis.The Reynolds number (Re)
determines the ratio of the inertial forces to the

viscous forces in a flow:

Re = ρUlµ

= Ulν

, (1.1)

with ρ the fluid density [kg/m3], U the fluid velocity, l the
characteristic lengthscale (usually the diameter of the jet), µ the
dynamic viscosity [kg/(m·s)] and νthe kinematic velocity [m2/s].
For laminar flows, the Reynolds number will below. The Reynolds
number will be high for turbulent flows, while a transition

flow exists in between. Up to a Reynolds number of Re = 2500, an
imping-ing jet is considered to be laminar [51]. The ratio of
momentum diffusivity to

thermal diffusivity is expressed by the Prandtl number (Pr):

Pr = να

, (1.2)

where α = λ/(ρ · cp) is the thermal diffusivity [m2/s], with λ
the thermal con-ductivity [W/(m·K)] and cp the specific heat at
constant pressure [J/(kg·K)]. Formany gases, the Prandtl number is
typically equal to Pr = 0.7. The Nusseltnumber (Nu) is defined as
the ratio of the convective to the conductive heat-transfer
rates:

Nu = hlλ

, (1.3)
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with h the heat-transfer coefficient [W/(m2·K)]. The Nusselt
number is typicallya function of Re and Pr for forced convection
flows and is used to determinethe convective heat-transfer
rate.

1.3.1 Convection

Convective heat transfer is dependent of several factors like
the aerodynam-

ics of the jet, the turbulence intensity, the separation
distance between burner

and target surface, the shape of the target, the fuel-oxidizer
combination, the

stoichiometry, recombination of radicals at the target and
whether the jet is apremixed or diffusion flame [66]. The effect of
the equivalence ratio was stud-

ied by Hargrave et al. [25]. The results show that variations in
equivalence

ratio away from approximately stoichiometric conditions lead to
a shifting of

the flame reaction zone downstream and to a decrease in the
maximum rate of

heat transfer from the flame. Experimental results [25, 63] show
that the equiv-alence ratio also affects the local heat-flux
distribution, since it effects the entire

combustion process. Rigby and Webb [57] found that the heat flux
to a disk is

relatively constant for natural gas-air diffusion flames for
larger nozzle-to-plate

spacings. Mizuno [45] experimentally found that the heat flux
increases withdecreasing separation distance for premixed
methane-air flames. This result

was explained by the fact that the smaller separation distance
allowed less en-

trainment of cold ambient air into the flame, resulting in a
higher burnt gas

temperature and thus a higher heat flux.

Forced convection is the dominant mechanism for flames with
tempera-tures up to 1700 K [28]. Burner exit velocities typically
are high enough, sobuoyancy effects can be neglected. For such a
low temperature flame im-

pingement with no furnace enclosure, the share of forced
convection may be

70 − 90% [11, 44]. Therefore, for these flames forced convection
has generallybeen the only mechanism considered. The heat release
from flame chemical

reactions at or near the target is not taken into account for
this case and there-

fore this mechanism is sometimes referred to as frozen flow
[6].

The heat transfer from impinging flows to objects with different
geometries

have been studied extensively. Semi-analytical relations have
been derived forthe heat transfer to the stagnation point. In these
relations the so-called velocity

gradient comes into play. From potential flow theory, the axial
velocity decrease

due to stagnation near the stagnation point and the radial
velocity increase just
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outside the boundary layer for the axisymmetric case may be
given by:

u = −2βx and v = βr, (1.4)

where the directions of x, u, r and v are shown in figure 1.1
and where β isdefined as the velocity gradient just outside the
boundary layer [1/s]:

β =(

∂v

∂r

)

r=0. (1.5)

The value of this velocity gradient depends on the shape and
size of the body

of impingement and of the uniform flow velocity. The value for
the velocitygradient of a circular disc immersed in a uniform flow
is found from potential

flow solutions [30, 36]:

β = 4Uπd

, (1.6)

with d diameter of the disc [m] and U the uniform flow velocity
[m/s]. Thevelocity gradient for this configuration has been
determined experimentally aswell bymeasuring the radial pressure
distribution on the impingement surface.

If viscous effects are negligible, Bernoulli’s theorem can be
used to determine

β:

β =(

d

dr

√

2(pw − p(r))ρ

)

r=0

, (1.7)

where the pressure at the stagnation point is given by pw
[N/m2]. The value forthe velocity gradient was experimentally found
to be equal to β = U/d [36, 34].From experimental results it
appeared that this value for the velocity gradientβ also applies
for a uniform jet with diameter d impinging on a flat plate
[43].

Sibulkin [61] derived a theoretical solution for the heat
transfer near the for-

ward stagnation point of a body of revolution. He assumed the
flow to be lam-

inar, incompressible and of low speed. His solution has been
regarded as the

basis of all other theoretical and experimental results. Using
the axisymmet-ric boundary layer equations, he found the following
relation for the Nusselt

number at the stagnation point:

Nud = 0.763d(

β

ν∞

)0.5

Pr0.4∞ , (1.8)
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where the Nusselt number is based on the diameter of the body of
revolution

d. The subscript ∞ signifies the value of the corresponding
parameter in theuniform flow. Furthermore, the constant 0.763 was
determined numerically.The rate of heat transfer can now be
expressed as follows:

q = Nudλ(Tw − T∞)d

= 0.763 (βρ∞µ∞)0.5 Pr−0.6∞ cp,∞(T∞ − Tw), (1.9)

with q the heat flux [W/m2] and Tw the temperature at the
stagnation point ofthe body of revolution [K].

Turbulence can enhance the heat transfer. Horsley et al. [26]
found that

the stagnation point heat transfer for impinging natural gas-air
flames can be

a factor of 1.2 − 1.8 higher than predicted for laminar flows by
Sibulkin [61].Van der Meer [43] showed that the heat transfer is
only enhanced if the target

surface is placed outside of the potential core of the free jet.
He used linear

regression to correlate the experimental heat-flux data as:

q = (1 + γ )0.763 (βρ∞µ∞)0.5 Pr−0.6∞ (hS∞ − hSw), (1.10)

where γ is a turbulence-enhancement factor and hS =∫

cpdT the sensibleenthalpy [J/kg].

1.3.2 Thermochemical Heat Release

Flame jets can be operated with an increase of the amount of
oxygen in theoxidizer stream, which leads to a higher burning
velocity of the flame. There-

fore, the flame jet can be operated with higher gas velocities.
Furthermore,

the removal of nitrogen in the burnt gases, which acts as a heat
sink, causes

a much higher flame temperature. For instance, stoichiometric
methane-airflames have a temperature of about 2200 K, while
stoichiometric methane-oxygen flames reach temperatures of about
3000 K. The higher unburnt gasvelocity as well as the increased
flame temperature cause the effect that higher

heat-transfer rates are obtained.

The products of many combustion processes contain dissociated
species.The degree of dissociation increases as the flame
temperature increases. Since

oxygen enriched flames reach high temperatures, their products
contain a lot

of free radicals due to dissociation. As the gases cool down due
to impingement
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near the cold surface, they exothermically recombine to more
stable products.

The radical recombination causes an additional heat release.
This mechanismis called Thermochemical Heat Release (TCHR). TCHR
can be of the same

order of magnitude as forced convection at high
temperatures.

Two chemical mechanisms are identified which initiate
Thermochemical

Heat Release, namely equilibrium TCHR and catalytic TCHR [24].
If the chem-ical reaction time scale is smaller than the diffusion
time scale, equilibrium

TCHR comes into play. The chemical reactions take place in the
boundary

layer. In the case of catalytic TCHR, that is if the radicals
have insufficient time

to react before they reach the surface, recombination may take
place at the sur-

face. Nawaz [46] showed that a combination of equilibrium TCHR
and catalyticTCHR can occur as well. In this case, the chemical
reaction time scale is of the

same order of magnitude as the diffusion time scale. Some of the
dissociated

species react in the boundary layer, others react catalytically
at the surface.

Thermochemical Heat Release has commonly been combined with
forced

convection into one heat-transfer correlation [21, 58, 15, 33].
The main reason isthat it is difficult to experimentally separate
these mechanisms. Connoly and

Davis [15] expressed the stagnation point heat flux from
amixture of dissociated

gases as:

q = 0.763 (βρ∞µ∞)0.5 Pr−0.6eq 1hT, (1.11)

where the total enthalpy difference 1hT driving the convective
heat transferis equal to the sum of the sensible enthalpy
difference 1hS and the chemicalenthalpy difference 1hC. The Prandtl
number at equilibrium conditions isgiven by:

Preq = Pr[

1 + (Le − 1)(

1hC

1hT

)]−1

, (1.12)

where the Lewis number defines the ratio of the heat diffusion
to the speciesdiffusion. The Lewis number is defined as Le = λ/(ρcp
D), with D the speciesdiffusivity coefficient [m2/s]. Stutzenberger
[63] performed measurements of

the heat transfer from pure gas-oxygen impinging on metal
surfaces. The re-

sults of the measured stagnation point heat fluxes for C2H2-O2,
H2-O2, C3H8-

O2 and CH4-O2 flames showed good agreement with the relation
derived byConnoly and Davis, equation (1.11). Recently Cremers [17]
showed that the heat

flux including the heat release from the recombination of
radicals can be cal-

culated by multiplying the convectional heat flux by a so-called
TCHR factor,
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which is a function of the type of fuel, temperature of the
surface and the

boundary velocity gradient.

1.3.3 Radiation

The influence of radiation on the heating process is highly
dependent on wheth-er the target is isolated or placed in an
enclosure. Two components contribute

to the thermal radiation heat transfer at the target surface, if
the target is iso-

lated: nonluminous radiation and luminous radiation. In the
presence of a

confinement such as a furnace, surface radiation will contribute
a significant

part of the total heat flux. Comprehensive studies about thermal
radiation heattransfer are lacking, however, since it is regarded
as unimportant, compared

to convection. Other reasons are that a lot of computational and
experimental

difficulties arise when taking radiation into account.
Correlations which have

been developed predicting the radiative heat transfer are
empirical and have no

theoretical basis. They are appropriate only for the particular
systems studied.Nonluminous radiation is produced by gaseous
combustion products such

as carbon dioxide and water vapor. The amount of radiation
produced by the

gases depends on the gas temperature, partial pressures of the
emitting species,

concentration of each emitting species and the optical path
length through thegas. Although some studies indicate that
nonluminous radiation amounts to a

significant part of the total heat flux to the target [27, 57],
most studies consider

radiative heat transfer in nonluminous flames negligible [52,
66, 5, 28, 35]. Van

der Meer [43] stated that nonluminous radiation is negligible
because of the

very low emissivity of a hot gas layer of small thickness.If a
flame produces a lot of soot, luminous radiation can be a
significant

component of the radiation heat transfer. The soot particles
will radiate approx-

imately as a black body. This mechanism is especially important
when solid

and liquid fuels are used. It is not commonly significant if
gaseous fuels arecombusted, except when the flames are very fuel
rich or if diffusion flames are

applied, which have a tendency to produce soot.

Surface radiation contributes significantly to the total heat
transfer if the

target is heated inside an oven or furnace. Beer and Chigier
[11] examined the

radiation contribution to the total heat transfer for a
stoichiometric air-cokeoven gas flames impinging on the hearth of a
furnace. The measured radiation

was at least 10% of the total heat flux. Ivernel and Vernotte
[27] calculatedthat radiation from furnace walls accounted for up
to 42% of the total heat
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flux. From these results it is clear that radiation from the
surrounding surfaces

becomes very important in high-temperature furnaces.

1.4 Problem description

1.4.1 Industrial problems

In the glass industry, many types of lamps are produced with all
kinds of shapes

and sizes. The applications are manifold: from large lamps used
for stadium

lighting to very small halogen lamps which can be found in
headlights of cars.

For these small lamps, the distance between the tungsten wires
and the en-

veloping lamp glass is very small. Since the tungsten wires
reach temperaturesof up to 3000 K, quartz glass is chosen as the
solid material. This is becausequartz glass has a much higher
melting temperature compared to other glass

types.

The quartz glass needs, amongst other processes, to be melted,
cut andformed during the lamp-making process, using impinging flame
jets. Since

the quartz glass has a very high melting temperature, very high
heat-transfer

rates from these flame jets to the target are needed. These high
heat-transfer

rates are in most cases obtained by supplying the burners with a
premixed

fuel-oxygen mixture. The heat transfer from the impinging flame
jet will beincreased if the burner is operated with an oxy-fuel
mixture, as explained in the

previous section. In other cases non-premixed or partially
premixed burners

are used. These different types of burners are tuned by hand
based on the prac-

tical experience of glass technicians to optimize the efficiency
of the productionprocess.

This operating procedure brings along some drawbacks. The type
of fuel

gas, the diameter of the burner, the distance between the burner
nozzle and the

target, and the gas velocity are all chosen on a subjective
basis. Therefore, long

cycle times are the result if new lamp making processes are
developed. Thechange-over times are long as well, if the production
line is adapted for another

product. Furthermore, it is not known whether the chosen set-up
is optimal

and further optimization can not be verified.
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FIGURE 1.2: Schematic overview of a stagnation flame impinging
on a plane surface.

1.4.2 Scientific problems

Flame impingement is a very complex process where fluid
dynamics, thermo-

dynamics and chemical kinetics all play an important role. These
phenomenaneed understanding before the process can be analyzed.

Several research areas can therefore be distinguished: the flow
behavior

of the gases in the flame jet region, in the free jet region and
in the viscous

boundary layer, chemistry in the flame front and in the viscous
boundary layer,and gas and glass radiation. Each of these phenomena
needs to be modeled,

quantified and validated to determine its importance and
influence on the total

heat-transfer process. Recently, Cremers presented his results
on chemistry

and radiation [17]. This thesis will treat the different flow
phenomena and their

influence on the heat transfer from the impinging flame to the
target.Figure 1.2 shows an impinging flame jet heating a plate in
more detail. The

heat transfer from an impinging flame jet to a product is mainly
dependent on

the configuration. The velocity of the burnt gases U , the
radius of the burnt
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gas flow jet Rj and the distance from the flame tip to the plate
H are importantparameters when the heat transfer needs to be
calculated. No simple analyticalequations have been known yet,
however, which relate the burner radius Rband the unburnt gas
parameters such as the unburnt gas velocity on one hand

to the resulting burnt gas velocity U and burnt gas jet radius
Rj on the other.Semi-analytical relations to predict the convective
heat transfer have been

studied in the past, see section 1.3.1. These relations,
however, are only appli-

cable for relatively large distances between the burner nozzle
and the product.

On the other hand, from practical experience it turns out that
the heat transfer

from the impinging flame to the target increases if the target
is placed closer to

the flame jet. For this configuration, which is thus interesting
from a practicalpoint of view, no relations are known. Furthermore,
unrealistic results for the

heat transfer are obtained with existing relations for flows
with low viscosity.

The effect of Thermochemical Heat Release was included in the
existing

semi-analytical relations, such as in equation (1.11), by taking
enthalpy differ-

ences into account. Flame calculations were usually not
performed. If complexchemistry was taken into account, only
mixtures of fuel and air were used. Cre-

mers [17] performed full chemical calculations for different
fuels to determine

the influence of TCHR on the heat transfer of oxy-fuel
stagnation flames to an

object. He found that the total heat transfer can be calculated,
if the convectiveheat transfer is multiplied by a so-called
TCHR-factor, to account for the contri-

bution of TCHR. This TCHR-factor is mainly a function of the
choice of fuel,

plate temperature and the strain rate of the burnt gases.

1.5 Objectives

A research project has started in the year 2002 which is carried
out as a cooper-ation between Philips Lighting B.V. and Eindhoven
University of Technology.

The main objective of the research is formulated as follows:

To gain scientific knowledge of oxy-fuel combustion in order to
op-

timize the heat transfer to quartz and glass products and to
transferthis knowledge to a practical application.

This objective can be divided in a part which is primarily of
interest from a

scientific point of view (Eindhoven University of Technology)
and a part which

is primarily of interest from a practical point of view
(Philips). The research has
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mainly been conducted within two Ph.D. projects. Cremers treated
in his Ph.D.

project the problems which arise concerning radiation and
chemistry. From thescientific point of view, the main objectives of
the part of the research presented

in this thesis lead to the following questions which need to be
answered:

How are the velocity and the jet width of the burnt gases after
ex-

pansion over the flame front related to the unburnt gas velocity
and

burner radius?

Can existing relations for the heat transfer of impinging flame
jets,

which are applicable to situations where the target is placed
rela-

tively far from the flame, be extended or reformulated so that
they

are applicable for small distances between the flame and target
as

well?

This research will lead to the development of burner design
rules, which

can be used to relate fuel, burner and configuration properties
to the heat flux.

As a result these relations can be used to reduce the process
development cycle

time and the number of burner types. Furthermore, the
controllability andefficiency of the lamp making production process
will be increased.

1.6 Approach

As we have seen, the use of premixed impinging flame jets in the
several stages

of the production of glass products often involves the use of
pure oxygen in the

oxidizer stream. As a result, the temperature of the burnt gases
is approxi-mately 3000 K, while the velocity of the burnt gases are
of the order of mag-nitude of 50 − 80 m/s. Since the flame jet
usually is placed close to the glassproduct to increase the heat
transfer (typically a few millimeters between the

flame tip and the target), we will neglect buoyancy effects. The
neglect of buoy-

ancy effects is often supported by the Richardson number. The
Richardsonnumber Ri gives the ratio of natural convection to forced
convection:

Ri = gα1T lU 2

, (1.13)

with g the gravitational acceleration [m/s2], l the typical
length scale and α =−1/ρ(∂ρ/∂T )p the thermal expansion coefficient
[1/K]. Since the value of the
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Richardson number Ri is of the order of 10−5 in our case,
buoyancy effects canbe neglected.

Because of the high temperature, the burnt gas flow is highly
viscous: the

dynamic viscosity µ is typically of the order of magnitude of
10−4 kg/(m·s).Therefore the Reynolds number based on the burnt gas
jet width is of the order

102 and the flow after the expansion over the flame front can be
treated aslaminar. Since the burnt gas flow is laminar and the
glass product is put close

to the flame tip, mixing with the ambient air causing a
temperature decrease is

suppressed.

Cremers [17] has shown that the typical time scales which apply
to the char-

acteristic regions of the flow structure (see figure 1.1) are
different. The timescale of the flame chemistry is of the order of
10−5 s, while the time scale ofthe viscous boundary layer of the
stagnation flow is of the order of 10−4 s. Thetime scale of the
heating of the plate is dependent on the plate thickness. Since

the typical plate thickness is of the order of millimeters, the
time scale is of

the order of 1 − 10 s. Because of these different time scales,
the characteris-tic regions can be decoupled. After treating each
zone separately, they can be

coupled again afterwards.

The distance between the flame tip and the plate H is chosen as
an inde-pendent input parameter for the determination of the heat
flux to the target,see figure 1.2. This is not custom for the
heat-flux relations found in litera-

ture. In literature, the distance from the burner nozzle exit to
the target is

used as an input parameter. The usage of different fuels,
however, results in

different flame heights because of the different burning
velocities. Therefore,

different distances from the flame tip to the plate will be
obtained. Especiallyfor close spacings, this has significant
consequences. The viscous boundary

layer thicknesses will be different and therefore the different
situations are not

comparable anymore. This is the reason we have chosen the
distance from the

flame tip to the target as an independent parameter.Since we
will focus on round jets, the problem is a two-dimensional ax-

isymmetric one. The use of a premixed oxy-fuel gas mixture
results in a profile

of the burnt gases after expansion in the flame front, which can
be approxi-

mated by a plug flow. At the edge of the stream tube, the
velocity rapidly drops.

Therefore, the system can be reduced to a steady one-dimensional
problem.We have shown earlier in section 1.3.1 that variations of
equivalence ratio

away from approximately stoichiometric conditions lead to a
decrease of the

heat transfer from the flame to the target. Therefore, we will
focus on stoichio-
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metric oxy-fuel mixtures.

Finally, the glass product is approximated by a plate, as shown
in figures1.1 and 1.2. This is plausible, because the typical
radius of the lamp tubes (or-

der 10−2 m) is usually larger than the shell thickness (order
10−4 − 10−3 m).Furthermore, the width of the burnt gas jet is of
the order of a few millime-

ters. Therefore, the temperature profile in the plate will be
approximately one-dimensional.

1.7 Outline

In chapter 2 an analysis will be given about the expansion of
unburnt gases over

the flame front. Using the global conservation equations of
mass, momentum

and energy, a relation will be presented which relates the
burner radius and theunburnt gas velocity on one hand to the burnt
gas jet radius and the burnt gas

velocity on the other. These parameters are important since they
serve as input

parameters for the calculation of the heat transfer from
impinging flame jets to

glass products. Experimental validation using Particle Image
Velocimetry willbe presented as well.

Existing semi-analytical relations predicting the convective
heat transfer

from impinging flame jets the hot spot of a target are only
applicable for rela-

tive large distances between the flame tip and the target. A new
analytical rela-

tion for the convective heat transfer will be presented in
chapter 3. Not only isthis relation applicable for relative large
flame tip-to-plate distances, heat fluxes

from impinging flames situated closer to the target can be
calculated as well.

Chapter 4 deals with the extension of the heat-flux relation so
not only the

heat flux to the hot spot of the target can be calculated, but
also the heat flux

for larger radial distances from the hot spot. Using the
heat-flux relations, thetemperature distribution and therefore the
thermal stresses in the product can

be calculated without solving the flow field of the burnt gas
jet. Temperature

measurements based on phosphor thermometry will be presented
with which

the heat-flux relations will be validated.Using the gathered
knowledge on the heat transfer of impinging flame

jets, chapter 5 compares the heating of glass products using
hydrogen-oxygen

flames on one hand and using methane-oxygen flames on the other.
Some

problems encountered in practice will be treated as well.
Finally, summarizing

conclusions will be given in chapter 6.
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Chapter

2Flame Jet Properties ofBunsen-Type Flames

2.1 Introduction

From practical experience it is known that in order to optimize
the heat transferfrom an impinging flame jet to a target, the
object to be heated should be placed

above the burner in such a way, that the flame front is not
distorted, see figure

1.2. If a plate is positioned far enough above the burner
accordingly, the flame

region and burnt gas region can be decoupled, treated separately
and coupledafterwards again [16]. In this case the resulting burnt
gas velocity and width of

the jet in the burnt gas region after expansion of the gases
over the flame front

are very important parameters if the heat flux from the flame
jet to the glass

product has to be determined.

For a flat flame, the resulting burnt gas velocity is equal to
the unburnt gasvelocity multiplied by the expansion factor of the
gas. This is not the case for

Bunsen-type flames. The resulting velocity of the burnt gases
after the flame

front would be equal to the unburnt gas velocity for a
Bunsen-type flame in the

other extreme case, if the flow tube of burnt gases could expand
maximally. Itis generally known that for fuel-air flames the burnt
gases experience a velocity

jump and therefore the expansion of the gases is not enough to
keep the velocity

constant. For practical purposes, it is interesting to know what
the relation is

between the expansion of the flow tube and the velocity of the
burnt gases

on one hand and the expansion factor, the burning velocity, the
burner radiusand unburnt gas velocity on the other. However, a
simple expression or theory

to calculate the resulting velocity and jet width after
expansion over the flame

front is lacking, although these are important parameters to
determine the heat

17
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transfer of impinging jets.

Although a lot of work is done concerning the heat transfer of
flame jets toproducts, the properties of the flame jet itself have
been underexposed. Lewis

and Von Elbe treated the structure of laminar premixed flames
[40], while Pe-

ters treated the movement of the flame front using expressions
with the burn-

ing velocity [49]. These studies, however, are focussed on the
structure of theflame front itself. The characteristics of the
burnt gas flow after expansion of

the unburnt gases over the flame front are underexposed, whereas
these are

very important parameters when the heat transfer to objects is
considered.

This chapter shows how a simple relation between the known
burner radius

and velocity in the unburnt mixture of Bunsen-type flames on one
hand andthe jet radius and velocity in the resulting flame jet on
the other can be derived.

The results of this relation make it possible to characterize
the heat transfer in

a simple manner, when the flame is impinging on a flat product.
This work,

however, has to be considered as a first initiative in this
direction, since only

simple flow configurations are considered and since important
phenomenalike flame stretch and flame curvature have not been taken
into account yet.

Nonetheless, conservation of mass, momentum and energy is used
to derive

the relation. The next section shows how the relation has been
derived using

the conservation equations. Particle Image Velocimetry
experiments have beenperformed to validate the theoretical results.
Section 2.3 describes how these

experiments were performed and shows a comparison with the
model. The

deviations are discussed in the subsequent section, followed by
conclusions in

the last section.

2.2 Expansion of an unburnt gas plug flow over the flame

front

A schematic view of the cylindrical Bunsen flame considered is
shown in figure

2.1. We will use this figure to derive the equations with which
the velocity u2,pressure p2 and jet radius Rj of the burnt gases
can be calculated. Therefore itis assumed that the velocity (u1) of
the unburnt gases, the burner radius (Rb),the burning velocity (sL)
and the temperatures in the unburnt (Tu) and burnt(Tb) gases are
known. The model, however, is subject to some restrictions.The
velocity profile at the burner exit is taken to be flat.
Furthermore, the

burning velocity sL is constant over the entire flame front. As
a result, the flame
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FIGURE 2.1: Schematic of the gas velocity increase over the
flame front.

front forms a straight cone with a sharp tip and the velocities
directly after theflame front are uniform as well. It is further
assumed that the burnt gas flow

develops in a plug flow after the flame tip. Therefore, this
indicates that the

associated pressures will be uniform as well in the model. The
flow behavior at

the flame tip and at the burner edge where the flame stabilizes
on the nozzleis significantly different. In reality this influence,
however, is assumed to be

small. Furthermore, shear effects between the jet and the
surroundings are

neglected and the burnt gas flow is assumed to be
isentropic.

Zooming into the flame front, it is shown that the gases
experience a ve-

locity jump normal to the flame front. Peters [49] has shown
that for the thinflame approximation this velocity jump equals

n · (u1 − u3) = (τ − 1)sL, (2.1)

with τ = ρu/ρb, ρu being the density of the unburnt mixture
[kg/m3], ρb thedensity of the burnt mixture, u1 the gas velocity
vector before the flame front[m/s], u3 the gas velocity vector
after the flame front and n the unity vector
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normal to the front and directed to the unburnt gases. The
equations for con-

servation of mass and momentum over the flame front become

ρu(n · u1) = ρb(n · u3), (2.2)p1 + ρu(n · u1)2 = p3 + ρb(n ·
u3)2. (2.3)

We define a control volume in figure 2.1, which is formed by the
outlet of

the burner nozzle (denoted by the number ’1’ in the figure), the
symmetry axis,the plug flow of burnt gases with radius Rj formed
above the burner (’2’ in thefigure), and the two dashed lines.
Since there is no pressure drop over either

boundary of the control volume but only over the flame front,
the pressure at

the outlet of the burner nozzle equals p1 and the pressure at
the top side ofthe control volume equals p2, which is assumed to be
equal to the ambientpressure. The equations for conservation of
mass and momentum for this

control volume become:

ρuπ R2bu1 = ρbπ R2j u2, (2.4)

(p1 + ρuu21)π R2b + p2π(R2j − R2b) = (p2 + ρbu22)π R2j ,
(2.5)

where the buoyancy term in the momentum equation is assumed to
be small

and therefore negligible. This can be shown as follows. If the
buoyancy termin the momentum equation is integrated over the
control volume, it can be ap-

proximated by ρugπ R2j H , where H is the height of the control
volume. Com-

pared to the term ρuu21π R2b , it can be seen that the effect of
acceleration of the

burnt gases as a result of gravity is not considerable as long
as H < u21 R2b/(gR

2j ).

This means that for a methane-air flame, with a typical unburnt
gas velocity of

1 m/s, H < u21/g ≃ 10−1 m. The effect for methane-oxygen
flames will even beless, where the typical unburnt gas velocity is
102 m/s, so H < u21/g ≃ 103 m.With this assumption, the equation
for conservation of mechanical energy after

the flame front becomes:

p3 +1

2ρbu

23 = p2 +

1

2ρbu

22. (2.6)

Since we assume that the unburnt gas velocity u1 at the exit of
the burnernozzle, the expansion term τ and burning velocity sL are
known, the pressurep2, velocity u2 and jet radius of the burnt
gases Rj can be calculated. Usingequation (2.2) and equation (2.3)
results in a relation for the pressure jump
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over the flame front. Combining conservation of mass, equation
(2.4), and

momentum, equation (2.5), results in a relation between the
pressure at theburner nozzle p1 and the pressure of the plug flow
of burnt gases p2. Therelation between the pressure after the flame
front p3 and the pressure in theburnt gases p2 can be found by
implementing u23 = u21 + (τ 2 − 1)s2L (see figure2.1) in the
equation for conservation of energy, equation (2.6):

p1 − p3 = ρus2L(τ − 1), (2.7)p1 − p2 = ρuu1(u2 − u1), (2.8)

p3 − p2 =ρu

2τ

(

τ 2u21R4bR4j

− u21 − (τ 2 − 1)s2L

)

, (2.9)

where the only unknowns are the pressures p2 and p3 and the
width of theresulting plug flow of unburnt gases Rj.

The equation for the width of the resulting plug flow of unburnt
gases Rjas a function of the known parameters can now be found by
combining the

pressure relations equations (2.7) - (2.9). The resulting
polynomial has the

following form:

(

R2bR2j

)2

− 2R2bR2j

+ 2τ − 1τ 2

+(

sLu1

)2τ 2 − 2τ + 1

τ 2= 0, (2.10)

with solution x = 1 ± (1 − C)1/2, where x = R2b/R2j and C = (2τ
− 1)/τ 2 +(sL/u1)2(τ 2−2τ+1)/τ 2. The solution with the plus sign
describes a solution foran idealized V-flame, in which the radius
of the flow of burnt gases is smaller

than the radius of the burner, Rj < Rb. This solution will
not be treated here,instead we will focus on the solution with the
minus sign.

From equation (2.10), the solution of R2b/R2j is a function of
the indepen-

dent dimensionless parameters τ and sL/u1. We now consider the
solution forcertain limiting values of these parameters. In
practice sL ≤ u1, since other-wise flash back would occur. If the
flame is not ignited, i.e. τ = 1, the term Cequals 1 and therefore
x = 1. In other words, Rb = Rj, as expected. For a flatflame, the
burning velocity sL equals the unburnt gas velocity u1.
SubstitutingsL = u1 in equation (2.10) leads to the same relation
as for the case where theflame was not ignited, Rb = Rj as
expected. Finally, for τ ≫ 1 and sL ≪ u1,C = 2/τ and the solution
approaches x = 1 − (1 − 2/τ )1/2. A Taylor expansion
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FIGURE 2.2: The behavior of (Rb/Rj)2 (left) and u2/u1 (right) as
a function of sL/u1for τ = 5, 6, 7, 8, 9, 10. The direction of the
arrow indicates an increasing value ofτ .

around 2/τ results in R2b/R2j ≃ 1/τ , or Rj ≃ Rbτ 1/2. Combining
this result

with the mass balance relation equation (2.4), u2/u1 = τ R2b/R2j
, shows that theresulting velocity of the burnt gases will equal
the velocity of the unburnt gases,

u2 = u1.Figure 2.2 shows the solution for x = 1 − (1 − C)1/2 for
τ ranging from 5

to 10, where the direction of the arrow indicates an increasing
value of τ (leftfigure). The figure shows that for an increasing
expansion coefficient τ and a

constant sL/u1, the resulting burnt gas flow width Rj will
increase, as expected.The right figure shows u2/u1 as a function of
sL/u1 for τ ranging from 5 to10. The figure shows that in general
the resulting velocity of the burnt gases isaccelerated in relation
to the velocity of the unburnt gases. However, for small

values of sL/u1 the resulting velocity is almost equal to the
initial velocity.

2.3 Experimental validation

Particle Image Velocimetry (PIV) measurements are performed to
validate the

analysis. The velocity profiles of methane-air flames, pure
methane-oxygen

flames and oxygen enriched methane flames (40% oxygen, 60%
nitrogen) areanalyzed. These flames were obtained by varying the
amount of oxygen in the

oxidizer stream. This way the expansion term τ was varied
between 7 and 12.6.A range between 0.05 and 0.35 was obtained for
sL/u1. Additional variations
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FIGURE 2.3: Schematic PIV set-up consisting of a Nd:YAG laser,
CCD camera, opticsand burner.

for both terms were accomplished by varying the equivalence
ratio φ and the

unburnt gas velocity u1.Figure 2.3 shows a schematic of the PIV
set-up. A laser beam with a wave-

length of 532 nm from a double Quantel-Brio Nd:YAG laser with a
pulse du-ration of 5 ns, a repetition rate of 10 Hz and an energy
of 60 mJ per pulseilluminated the seeding particles carried along
with the gas flow. A Roper Sci-

entific ES 1.0 CCD camera was used to record the movement of the
particles.The premixed gas mixture was supplied to the burner using
a mixing panelwith Mass Flow Controllers (MFCs), which were set and
monitored using an

interface to a PC. For the methane-air flame, a conical nozzle
with a top diame-

ter of 12.5 mmwas used in order to ensure a plug flow of unburnt
gases exitingthe burner, see figure 2.3. A pilot burner with an
exit diameter of 1.7 mm wasused for the experiments with the
methane-oxygen flame.

The equivalence ratio of themethane-air flame was varied between
0.90 and1.30. With the one-dimensional numerical flame code Chem1D
[14] the valuesof the expansion term τ and burning velocity sL were
calculated using the GRI-mech 3.0 mechanism, see table 2.1.
Measurements with the methane-oxygenflame were only performed for a
stoichiometric mixture. The expansion term

and burning velocity for this flame were calculated with Chem1D
as well. Thevalues are equal to 12.6 and 3.09 m/s, respectively.
Aluminum-oxide particles
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TABLE 2.1: Expansion term τ and burning velocity sL for
different equivalence ratiosfor a methane-air flame.O2 = 0.21 φ
[-]

0.90 0.95 1.00 1.10 1.20 1.30τ [-] 7.1 7.3 7.5 7.4 7.1 6.8

sL [m/s] 0.325 0.358 0.367 0.367 0.333 0.250
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FIGURE 2.4: Measured velocity field of a methane-air flame with
u1 = 1.1 m/s, Rb =12.5 mm and φ = 0.90. For illustrative purposes,
arrays of arrows of the velocities ofthe unburnt and burnt gases
are highlighted.

were used as seeding for the PIV measurements with the
methane-air flames.

Different velocities of the unburnt gases of 1.1, 1.6 and 2.1
m/s were set tovary the ratio between the burning velocity and the
unburnt gas velocity sL/u1.Magnesium-oxide particles were used for
the methane-oxygen flames and the

velocities were set to 35, 40, 45, 50 and 55 m/s. The velocity
fields were analyzedusing PIVview2C [50].
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FIGURE 2.5: Measured velocity field of a methane-oxygen flame
with u1 = 40 m/s,Rb = 1.7 mm and φ = 1.00. For illustrative
purposes, arrays of arrows of the velocitiesof the unburnt and
burnt gases are highlighted. The flame front is highlighted as
well.

Figure 2.4 and 2.5 show typical velocity fields of a methane-air
flame and

a methane-oxygen flame measured with PIV. Both pictures show a
flow of un-

burnt gases exiting the burner nozzle which approaches a plug
flow with asmall viscous boundary layer at the edges. Figure 2.4
shows that because of

the acceleration of the velocity component normal to the flame
front after ex-

pansion, the gases flow sideways causing a dip in the velocity
field above the

flame tip. The resulting flow of burnt gases therefore is not a
perfect plug flow.The velocity of the burnt gases u2 is averaged
over the flame tube. The edgeof the flame tube width is defined as
the half-maximum velocity points of the

downstream jet. Comparison between the measurements and
theoretical re-

sults for the methane-air flame (τ ≃ 7.0 − 7.4) are shown in
figure 2.6 (left).The error bars have been obtained by using the
velocity data of one extra datapoint compared with the chosen flame
tube width, i.e. effectively increasing

the flame tube width, and by using the velocity data of one data
point less, i.e.

decreasing the flame tube width. The figure shows a good
agreement between
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FIGURE 2.6: The ratio of the burnt and unburnt gas velocity
u2/u1 as a functionof sL/u1 for the methane-air flames (left) and
the methane-oxygen flames (right).Theoretical results are depicted
by the asterisks, the measurements by the circles.Theoretical
results for the complete range for τ = 7.0, τ = 7.4 and τ = 12.6
arerepresented by the continuous lines.

the theoretical and experimental results.

As the burning velocity sL of a methane-oxygen flame is very
small com-pared to the unburnt gas flow u1, the burnt gases only
just diverge sidewaysafter the expansion, see figure 2.5. Therefore
the dip in the velocity field above

the flame tip is a lot smaller and the resulting flow is closer
to a perfect plug

flow. The values of the measured u2 are compared with the
theoretical resultfor u2 in figure 2.6 (right, τ ≃ 12.6). It is
interesting to note that, althoughmost gases experience a sudden
velocity jump over the flame front, this is not

so intense for the methane-oxygen flame. This is because, as
already stated, the

burning velocity sL is very small compared to the unburnt gas
flow u1. There-fore the parallel velocity component to the flame
front, which remains constantafter the flame front, dominates the
resulting total velocity after the flame front.

Again, theoretical and experimental results show good
agreement.

The results of the PIVmeasurements with themethane-air flame
andmeth-

ane-oxygen flame seem to confirm the theory presented in section
2.2. How-

ever, it is expected that deviations occur if the flame part in
the tip responsiblefor the velocity dip becomes relatively large
compared to the length of the flame

front. This is shown by the following measurements where the
velocities of an

oxygen enriched methane-air flame are analyzed.
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TABLE 2.2: Expansion term τ and burning velocity sL for
different equivalence ratiosfor an oxygen enriched methane-air
flame (40% oxygen in oxidizer stream).O2 = 0.40 φ [-]

0.70 0.80 0.90 1.00 1.10 1.20 1.30τ [-] 8.6 9.0 9.3 9.6 9.8 10.0
10.0

sL [m/s] 0.971 1.113 1.203 1.242 1.230 1.167 1.054

The same conical burner was used as for the methane-air flame,
but now an

extra nozzle with an inner diameter of 5 mm was placed on top to
stabilize theflame. The amount of oxygen in the oxidizer stream was
set to 40%, causing anincrease of the burning velocity sL and the
expansion term τ . The equivalenceratio was varied between 0.7 and
1.3. The corresponding burning velocitiesand flame temperatures
were calculated with Chem1D using the GRI-mech3.0 mechanism, see
table 2.2. Aluminum-oxide particles were used as seedingand the
velocities of the unburnt gases were set to 7.2, 8.4 and 9.5
m/s.

Figure 2.7 shows a typical velocity field of the oxygen enriched
methane-air flame. A clear plug flow of unburnt gases exits the
burner nozzle. The

burnt gases flow sideways after the expansion over the flame
front just like for

the case of the methane-oxygen flame, only the effect is
considerably stronger.

This is resulting in a larger velocity dip above the flame tip.
The difference

with the model is still only 10%. However, since the influence
of this velocitydip causes a decrease in the averaged velocity of
burnt gases, this leads to a

systematic deviation from the theoretical results, see figure
2.8. In fact, the

averaged velocity of the burnt gases is smaller than the
velocity of the unburnt

gases for most measurements. The trend of the experimental
results howeverseems to be in accordance with the theoretical
results. To validate the PIV

results, we checked and verified mass conservation for the three
flame types.

2.4 Discussion

It was shown in figure 2.5 that the burnt gases of the
methane-oxygen flameonly slightly diverge after expansion over the
flame front. Therefore, the dip

in the velocity field above the flame tip is small. The dip of
the velocity field

above the flame tip of the methane-air flame is also small,
although there is a
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FIGURE 2.7: Measured velocity field of the oxygen enriched
methane-air flame withu1 = 7.2 m/s, Rb = 5.0 mm and φ = 1.00. For
illustrative purposes, arrays of arrowsof the velocities of the
unburnt and burnt gases are highlighted.

strong divergence of the burnt gases after the flame front,
shown in figure 2.4.

The relatively large surface area of the flame front and
therefore the amount

of burnt gases along the flame front, however, diminishes the
influence of thedivergence of the burnt gases at the flame tip.

The divergence of the burnt gases of the oxygen
enrichedmethane-air flame,

shown in figure 2.7, is approximately the same as the divergence
of the burnt

gases of the methane-air flame. However, the burning velocity sL
of the oxygenenriched methane-air flame is much higher. Although it
seems that this flame

is an intermediate between the methane-air flame and the
methane-oxygen

flame, it actually is very different realizing that the amount
of flame surface

in the tip region has a significant contribution to the overall
flame area. The

flame front surface can not compensate the effect of the strong
divergence ofthe burnt gases at the flame tip in this case. This
leads to the systematic error

observed. A solution to this problem could be to stabilize the
oxygen enriched

methane-air flame on a burner with a larger nozzle diameter,
resulting in a
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FIGURE 2.8: The ratio of the burnt and unburnt gas velocity
u2/u1 as a function ofsL/u1 for the oxygen enhanced methane-air
flames. Theoretical results are depictedby the asterisks, the
measurements by the circles. Theoretical results for the
completerange for τ = 9 are represented by the continuous line.

larger flame front area. However, this is not easy for these
flames which aresensitive to flash-back in case of larger
burners.

Inaccuracies may also occur because boundary layer effects are
not taken

into account. The different flow behavior of the burnt gases at
the edge of the

burner nozzle may cause deviations from themodel. The same
argument holds

for the flame tip, where the influence of the flame curvature
was not taken intoaccount.

2.5 Conclusions

In this chapter a simple relation is presented which predicts
the parametersof the burnt gas flow of a flame jet of a Bunsen type
flame after expansion

over the flame front. These parameters of the burnt gas flow,
namely the jet

velocity and jet width, are important to calculate or estimate
the heat transfer
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from flame jets to products. This model is based on an idealized
representation

of the flame and flow characteristics. Only the global
conservation equations ofmass, momentum and energy are taken into
account. Effects like flame stretch

and flame curvature are not considered in the derivation.
Therefore this work

should be considered as a first step in this area. Here we
investigate the range of

applicability of this simple model and which modifications are
to be expected.PIVmeasurements have been performed on flames with
different amounts

of oxygen in the oxidizer stream, equivalence ratios and unburnt
gas velocities,

in order to validate the results of the model for a wide range
of parameter set-

tings. Measurements on a methane-air and a methane-oxygen flame
show a

good agreement with the model. It is striking to see, that
although unburntgases experience a velocity jump over the flame
front, this is not the case for

the methane-oxygen flame. However, deviations from the
predictions based on

the theoretical model occur, when the amount of flame area in
the tip region

becomes relatively large compared to the overall dimensions of
the flame. This

was the case for an oxygen enhanced methane-air flame, where the
resultingvelocity of the flame jet showed a systematic deviation
from the results of the

model. This effect could be minimized by performing the
experiments for this

flame type with a burner with a larger burner nozzle diameter.
This way the

tip area is smaller compared to the overall dimensions of the
flame and thedivergence of the burnt gases at the flame tip will
have a smaller effect on the

total flow behavior of the burnt gases after the flame front.
Further experiments

have to be performed to investigate this effect.


	
Chapter

3Heat transfer from animpinging laminar flame jet toa flat
plate

3.1 Introduction

Flame-impingement heating is a frequently employed method to
enhance the

heat transfer to a surface. Often the burners are supplied with
a pure fuel andoxygen mixture to enhance the heat transfer. When
the convective heat flux has

to be determined, these flames can be treated as hot inert jets.
This approach

is plausible because the flow behavior of flame jets and hot
isothermal jets

is comparable, as explained in chapter 1. The main difference
between the

oxy-fuel flames and the hot inert jets is that the flames
contain a lot of freeradicals as a result of dissociation of stable
molecules like H2O and CO2 at

high temperatures. These free radicals recombine in the cold
boundary layer

releasing extra heat. A correction which takes these chemical
reactions and the

resulting extra heat input into account has to be performed
afterwards to obtainthe total heat transfer.

Simple analytical expressions for the heat transfer of inert
jets are very use-

ful from an engineering point of view when the heat transfer
needs to be esti-

mated. Sibulkin derived a semi-analytical relation for the
laminar heat transfer

of an impinging flow to a body of revolution [61]. This relation
has been the ba-sis of most other experimental and theoretical
results since [60, 30, 36, 9, 34].

An important limitation of this relation, however, is that it is
only applicable

for large nozzle-to-plate spacings. Nevertheless, a smaller
spacing becomes

31
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very interesting when the heat flux needs to be increased.
Furthermore, for the

limit of non-viscous flows an unrealistic heat transfer is
predicted using thismodel.

In this chapter we present an analytical solution for the
convective heat

transfer of an impinging flame jet to the hot spot of a flat
plate. In the first

section we will concentrate on the solution for the case that
the plate is placedclose to the flame tip. The solution consists of
two parts. A solution is obtained

for the small viscous boundary layer close to the plate. The
other solution ap-

plies for the region further away from the plate where viscosity
is not dominant

anymore. The two solutions will be linked together at the edge
of the boundary

layer. The result will be validated with numerical calculations
in the subse-quent section. Using the results of the numerical
calculations, an extension of

the analytical solution of the heat flux can be made, so it will
be applicable for

larger distances between the flame tip and the plate as well.
This will be shown

in section 3.4, followed by some conclusions in section 3.5.

3.2 Analytical solution for the heat transfer for small
spac-

ings

Figure 3.1 shows a schematic overview of a premixed stagnation
flame imping-

ing normal to a plane surface. From this figure, we can
distinguish the flame

region, the free jet region, the stagnation region and the
impingement surface.

Cremers [16] has shown that since the typical time scales of the
regions are

different, the regions can be decoupled, treated separately and
coupled after-wards again. If the plate is placed close to the
flame, the flame front and the

stagnation boundary layer will interact and decoupling of the
regions is not al-

lowed anymore; the resulting error of the predicted heat flux,
however, is only

10% at most [18]. In this chapter, we will focus on the free jet
region and thestagnation region to calculate the heat flux from the
flame to the hot spot of

the plate, which has a width of 2Rj. For a flame where pure
oxygen is suppliedto the oxidizer stream, it was shown in chapter 2
that the burnt gases form a

flow profile very close to a plug flow after the flame front.
The velocity of the

burnt gases rapidly drops at the edges of the stream tube. The
resulting plugflow velocity U [m/s] and plug flow jet radius Rj
[m], which can be calculatedusing the unburnt gas parameters [55],
will be used as input parameters for the

model.
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FIGURE 3.1: Schematic overview of a stagnation flame impinging
to a plane surface.

In literature often the distance from the burner to the
impingement surface

is used as an independent parameter. However, using different
fuels while

keeping the unburnt gas velocity constant results in different
flame heights

because of the different burning velocities. Therefore, if the
distance from theburner to the plate is kept constant, the distance
from the flame tip to the plate

H [m] will vary for the different fuels. For this reason, we
choose the distancefrom the flame tip to the plate H as an input
parameter, instead of the distancefrom the burner to the plate.

First we will consider the case where the plate is positioned
close to the

flame tip, H ≤ Rj. A hot inert plug flow with velocityU and
burnt gas jet radiusRj, which is formed after the flame front,
impinges on the plate. The systemnow is reduced to a steady
one-dimensional problem and behaves as a potential

flow far from the surface. A thin boundary layer of thickness xδ
is formed closeto the surface. The heat-transfer processes induce a
fast temperature change

in the boundary layer. We will analyze the system by studying
the transport

equations in both regions and coupling the solutions at the edge
of the regions.
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The conservation equations of mass and momentum are given
by:

∂ρ

∂ t+ ∇ · (ρv) = 0, (3.1)

∂(ρv)∂ t

+ ∇ · (ρvv) = −∇ · P + ρg, (3.2)

where g is the gravitational vector [m/s2] and the tensor P is a
short-hand nota-tion for P = pI + τ . Furthermore, p is the
hydrostatic pressure [Pa], I the unittensor and τ the stress tensor
[kg/(m·s2)].

Often the Richardson number Ri is used to determine the
importance ofbuoyancy in the flow. The Richardson number is a
dimensionless number that

expresses the ratio of potential to kinetic energy. Since Ri =
O(10−5) in thiscase, the effect of buoyancy is neglected. The jet
is inert, since we approximate

the flame jet by a hot isothermal jet and take no chemical
recombination into

account. To calculate the total heat flux, the convective heat
flux can simply be

multiplied by a factor which takes the thermochemical heat
release into account[16]. Since the core region of the jet flow is
essentially one-dimensional, the

temperature is a function of the spatial coordinate x only, so T
= T (x) andtherefore ρ = ρ(x). Assuming an incompressible flow and
using the ideal gaslaw p = ρRT , ρT is a constant. Since the
velocity profile is a plug flow, thevelocity component u is a
function of x only. Using ṁ = ρu and v = r · v̂(x),the continuity
equation now yields

dṁ

dx= −ρK , (3.3)

where K , the strain rate of the mixture [1/s], is a function of
x only and equalto K = 2v̂ = 2∂v/∂r .

If p = p(x, r) and µ = µ(x), the equations for x - and r
-momentum be-come [32, 62]:

−ṁ dudx

+ ddx

[

2

3µ

(

2du

dx− K

)]

+ µ2

dK

dx= ∂p

∂x, (3.4)

ṁdK

dx+ 1

2ρK 2 − d

dx

(

µdK

dx

)

= −2r

∂p

∂r, (3.5)

with µ the dynamic viscosity [kg/(m·s)]. It can be seen from
equation (3.4),that the pressure derivative ∂p/∂x is a function of
x only. Differentiation of
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equation (3.4) with respect to r and changing the order of
differentiation thengives that ∂p/∂r is a function of r only. From
equation (3.5) it then follows that−2∂p/(r∂r) is a constant,
i.e.

ṁdK

dx− d

dx

(

µdK

dx

)

= J − 12ρK 2, (3.6)

with J = −2∂p/(r∂r). The strain rate K increases as the flow
approaches theplate to a maximum at the plate for non-viscous
flows. For viscous flows the

maximum strain rate is a bit smaller due to the viscous boundary
layer than

for non-viscous flows. Now the maximum strain rate can be found
just beforethe plate. At the plate, the strain rate will be equal
to zero. If we define the

maximum strain rate a = Kmax [1/s], for non-viscous flows J
becomes equal toρba2/2, with ρb the density of the burnt gases. For
viscous flows J will not beequal to ρba2/2, but the difference is
assumed to be small.

Equation (3.6) can not be solved analytically for the whole
domain −H <x < 0, where x = −H is the position of the flame
tip and x = 0 is the hot sideof the plate. An analytical solution
can be obtained, however, if we decouple

the domain in a region far from the plate to the viscous
boundary layer, −H <x < −xδ, and a region consisting of the
viscous boundary layer, −xδ < x < 0.The resulting solutions
for the velocity profiles in both regions will be linked at

x = −xδ, where K = a.The order of magnitude for the terms of
equation (3.6) far from the plate

can be estimated using O(x) = H and O(K ) = U/H :

O

(

ρU 2

H 2

)

+ O(

µU

H 3

)

= O(

ρa2)

+ O(

ρU 2

H 2

)

. (3.7)

Since O(a) = U/H , it is easy to see that the viscous term is
not relevant farfrom the plate if H ≫ √ν/a, where ν = µ/ρb is the
kinematic viscosity [m2/s].

Far from the plate the density is constant. Using the continuity
equation

(3.3), the relation between the strain rate K and the velocity u
becomes:

K = −dudx

. (3.8)

Using equation (3.8), equation (3.6) is now reduced to:

−uu′′ = 12

a2 − 12

u′2. (3.9)
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The solution for this equation can be obtained analytically. The
boundary con-

ditions at x = −H are u = U and K = −du/dx = 0. Using these
boundaryconditions, the following solutions for the velocity
profile and strain profile can

be found:

u(x) = − a2

4U(x + xref)2 − a(x + xref), (3.10)

K (x) = a2

2U(x + xref) + a, (3.11)

where a = 2U/H and the value of xref is determined by the
boundary layerthickness xδ. Equations (3.10) and (3.11) are valid
for −H < x < −xδ, but alsofor the whole domain if the flow is
non-viscous (xref = 0).

Close to the plate ṁ and K become zero and equation (3.6) is
reduced for−xδ < x < 0 to

− ddx

(

µdK

dx

)

= 12ρba

2, (3.12)

indicating a quadratic behavior as function of x for K in the
viscous bound-ary layer. In this region, the density and velocity
of the burnt gas flow can be

approximated by

ρ ∼ ρ0 + ρ ′x, u ∼ bx2,with ρ0 the density of the burnt gas flow
at the hot side of the plate and b aconstant. Equation (3.8) still
holds, since

ρdu

dx∼ 2bρ0x, u

dρ

dx∼ bρ ′x2,

and therefore ρdu/dx ≫ udρ/dx . Now, using K (0) = 0 and K (−xδ)
= a ≃2U/H , the solution for the velocity profile in the viscous
boundary layer be-comes

u(x) = axδ(

x3

3x3δ+ x

2

x2δ

)

, (3.13)

with xδ = 2√

ν/a. The velocity profile far from the plate (3.10) will be
coupledto the velocity profile in the viscous boundary layer (3.13)
at x = −xδ, whereK = a = 2U/H . Equation (3.10) for −H < x <
−xδ now becomes:

u(x) = − a2

4U(x + xδ/3)2 − a(x + xδ/3). (3.14)
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Convection and Thermochemical Heat Release are the main
heat-transfer

mechanisms for impinging oxy-fuel flame jets. To calculate the
convective con-tribution, the conservation equation of energy for
the burnt gasses close to the

heated side of the plate is reduced to a balance of conduction
and convection:

ρucpdT

dx= d

dx

(

λdT

dx

)

, (3.15)

where cp is the heat capacity of the burnt gas flow [J/(kg·K)]
and λ the conduc-tivity coefficient [W/(m·K)]. Substituting the
equations for the velocity u (3.13)and (3.14) results in relations
for the heat transfer from the burnt gas flow tothe glass
product.

First we determine the heat transfer for a non-viscous gas flow
(xδ = 0).We assume both λ and the thermal diffusivity α = λ/(ρcp)
[m2/s] to be con-stant. Numerical calculations have shown that this
assumption is valid. After

substituting q = λdT/dx , the conservation equation of energy
(3.15) changesto:

0∫

s

dq

q= 1

α

0∫

s

udx, (3.16)

which after integration results in the following equation for
q:

q(s) = q0 exp

− 1α

0∫

s

udx

. (3.17)

Now we introduce the Peclet number, a dimensionless parameter
giving the ra-tio of heat transfer by convection and conduction.
The Peclet number is defined

as:

Pe = U Hα

. (3.18)

Equation (3.17) can be made dimensionless using x ′ = x/H .
After integrationover the whole domain −H < x < 0 and
substituting equation (3.14) for thevelocity profile u, the
solution for the non-viscous heat transfer from the burnt


	
38 Chapter 3. Heat transfer from a laminar flame jet to a flat
plate

gases to the plate q0 is given by

q0 = λdT

dx

∣

∣

∣

0= λ(T0 − Tflame)

0∫

−Hexp

[

− 1α

0∫

sudx

]

ds

(3.19)

= λ(T0 − Tflame)

H0∫

−1exp

[

−Pe(

13 x

′3 + x ′2)]

ds ′. (3.20)

If we take viscosity into account to calculate the heat flux q0,
we have tomake the distinction between the burnt gas flow region
and the viscous bound-

ary layer again to calculate the denominator of equation (3.19).
The denomina-

tor of equation (3.19) now becomes equal to

0∫

−H

exp

− 1α

0∫

s

udx

ds =0∫

−xδ

exp

− 1α

0∫

s

u2dx

ds+

−xδ∫

−H

exp

− 1α

−xδ∫

s

u1dx +0∫

−xδ

u2dx

ds, (3.21)

where the velocity profile in the burnt gas flow region u1 is
given by equation(3.14) and the velocity profile in the viscous
boundary layer u2 by equation (3.13).Implementing these velocity
profiles in equation (3.21) and making this equa-tion
dimensionless, results in the following denominator for equation
(3.19) for

the viscous situation:0∫

−H

exp

− 1α

0∫

s

udx

ds =H0∫

−xδ/H

exp

1

12

Pe2

Prx ′4 +

√

4

18

Pe3

Prx ′3

ds ′+

H

−xδ/H∫

−1

exp

[

−Pr − Pe(

1

3x ′3 + 1

3

√

2Pr

Pex ′2+

1

9

2Pr

Pex ′ + 1

9

√

2Pr

Pe

3

+ x ′2+

2

3

√

2Pr

Pex ′ − 1

3

2Pr

Pe

)]

ds ′, (3.22)
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FIGURE 3.2: Schematic overview of the Fluent model. The
different grayscales repre-sent the streamlines.

with Pr = ν/α the Prandtl number [-].

3.3 Numerical validation

The previous section showed the analytical solution for the
convective heat

transfer of a hot inert flame jet to the hot spot of a plate, if
the jet is positioned

close to the plate, H ≤ Rj. Some assumptions had to be made, in
order to beable to perform the analytical derivation. In this
section we will check whether

these assumptions hold and validate the results of the
analytical solutions by

comparing them with numerical solutions. The numerical solutions
are ob-

tained using Fluent [22]. Fluent is a CFD (Computational Fluid
Dynamics)

package with which it is possible to carry out a numerical
analysis and gener-ate solutions of flow and heat-transfer
problems. Fluent uses a finite volume

method and the flow calculations are based on the solution of
the Navier-Stokes

equations.

Figure 3.2 shows the model we used in Fluent to perform the
calculations.A hot inert plug flow with a temperature of T = 3000
K, a velocity of U =75 m/s and a radius Rj enters the domain. The
plate is modeled as a wall,which has a fixed temperature of T = 300
K and a width of 10Rj, in order tominimize the effect of the
pressure boundary at the right side of the domain on

the plug flow. The left side of the domain is modeled as a
symmetry axis. Boththe flow and temperature fields are solved.

The simplifications used for the transport coefficients in the
analytical model

are also used in the numerical solution. The parameters of the
burnt gases
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FIGURE 3.3: The terms −ρ ∂u∂x (solid line) and u

∂ρ∂x (dashed line) plotted against the

distance to the plate x , with U = 75 m/s, T = 3000 K, H = 4 mm
and Rj = 20 mm.

are chosen to be constant with ρ = ρb = 0.083 kg/m3, cp = 2000
J/(kg·K),µ = 5.6 · 10−5 kg/(m·s) and λ = 0.16 W/(m·K). The values
for cp, λ andµ are chosen at a temperature of 1500 K using the
transport data documentedby Kee and Miller [31] and the
thermodynamic data from the GRI-mech 3.0mechanism.

First we check whether the strain rate K , defined by equation
(3.3), canbe simplified according to equation (3.8). Therefore
u∂ρ/∂x should be signifi-cantly smaller than ρ∂u/∂x . Figure 3.3
shows both terms as a function of thedistance to the plate. For
this particular calculation a temperature dependent

density was used, namely ρ = 1.1 · (T/298)−1.06 [14]. The figure
shows that farfrom the plate u ∂ρ

∂x = 0. Closer to the plate u∂ρ

∂x is not negligible anymore, but

ρ ∂u∂x still is the leading term. Therefore, the assumption
seems to hold.

The analytical solution for the velocity of the burnt gases was
obtained bysolving the momentum equation in r -direction. Therefore
a distinction wasmade between the burnt gas region far from the
plate where the diffusivity

term was neglected and the viscous boundary layer where the
convection term
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FIGURE 3.4: The separate terms of equation (3.6). The solid line
represents the con-

vection term ṁ dKdx , the dotted line the diffusion termddx

(

µ dKdx

)

, the dashed line the

source term ρK 2 and the dashed-dotted line the constant term
ρba2, with U = 75 m/s,T = 3000 K, H = 4 mm and Rj = 20 mm.

and the source term were assumed to approach zero. In figure 3.4
the separate

terms of equation (3.6) are plotted against x . Far from the
wall, the viscous termindeed is not relevant and therefore there is
a balance between the convection

term, the source term and the constant ρba2. Very close to the
wall, the con-vection term and the source term become zero and the
negative diffusion term

equals the constant ρba2. The solutions for the velocity
profiles far from thewall and in the viscous boundary layer close
to the plate were linked together at

x = −xδ, which is approximately at x = −0.2 mm. At x = −xδ there
is a bal-ance between the four terms, which is not taken into
account in the derivation

of the analytical solution. The results of the numerical
calculations will show

whether this approximation has a big influence on the velocity
profile.Equations (3.13) and (3.14) represent the analytical
solution for the veloc-

ity profile from the symmetry axis up to close to the edge of
the stream tube

when H < Rj. Figure 3.5 shows a comparison between this
analytical solution
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FIGURE 3.5: Velocity profile over the symmetry boundary, with U
= 75 m/s, T =3000 K, H = 2 mm and Rj = 20 mm. The dashed line
represents the analyticalcalculation, the solid line represents the
numerical results.

(dashed line) and the numerical results obtained with Fluent
(solid line). The

analytical equations for the velocity profile correspond very
well to the numeri-cal calculations.

Equation (3.20) represents the convective heat flux from the
inert flame jet

to the hot spot for the non-viscous case. The heat flux for the
viscous case can

be calculated using equations (3.19) and (3.22). The temperature
profile over

the symmetry axis is calculated with Fluent. The resulting heat
flux to the hot

spot, using q = λ ∂T∂x

∣

∣

∣

0, can be compared with the analytical solution. The heat

transfer is calculated for different Prandtl numbers Pr, ranging
from 0 (non-viscous flow) to 1.

The ratio of the analytically calculated heat flux and the
non-viscous heat

flux as a function of Pr is depicted using dots in figure 3.6.
The asterisks repre-sent the ratio of the numerically calculated
heat flux and the non-viscous heat

flux as a function of Pr. Therefore a distance to the plate of H
= 2 mm and aplug width of Rj = 20 mm are chosen. For a Prandtl
number of 0, the ratio be-





			
LOAD MORE        

            

    

    
    
        
        
        

                

        
                                                
                                    
                        
                            
                                                            
                                                        
                        

                        C’est quoi ça un «QR code · Flashcode UPC (CUP) (Data Matrix) QR code RFID Radio Frequency Identification Inventé en 1948 Identification via transpondeurs : 1) d’o jets 2)

                    

                                                                
                        
                            
                                                            
                                                        
                        

                        Farmertronics | a fossil fuel free agtech company...Created Date 1/28/2016 1:27:15 PM

                    

                                    

                                                                
                                    
                        
                            
                                                            
                                                        
                        

                        Landelijk gebied in ontwikkeling. Drijvende krachten: Profit  Wereldwijd stijgende vraag food-feed-fuel; stijgende wereldmarktprijzen  West-europese.

                    

                                                                
                        
                            
                                                            
                                                        
                        

                        Grenswaarden van mengsels - Home | NVvAthe critical impact mentioned by e.g. Health Council/TLV Doc ... In a single mixture, 𝐶𝑖‘s are determined by their partial vapour pressures

                    

                                    

                                                                
                                    
                        
                            
                                                            
                                                        
                        

                        LNG in Dual  Fuel  trucks

                    

                                                                
                        
                            
                                                            
                                                        
                        

                        Fuel Pump FP 165 Datasheet - Home | Bosch …...Fuel lines screwed The FP 165 is an inline roller cell pump for the in-stallation outside the fuel tank. It is capable of providing

                    

                                    

                                                                
                                    
                        
                            
                                                            
                                                        
                        

                        BEER the healthy fuel That keeps men going…. BIERPROEVEN Agenda : Inleiding De grondstoffen Het brouwproces Het proeven.

                    

                                                                
                        
                            
                                                            
                                                        
                        

                        climate risk assessment in museums - TU/e · climate risk assessment in museums degradation risks determined from temperature and relative humidity data PROEFSCHRIFT ter verkrijging

                    

                                    

                                                                
                                    
                        
                            
                                                            
                                                        
                        

                        FUEL INJECTORS - POR T · FUEL INJECTORS - PORT YEAR ENGINE MODEL OE # CONNECTOR PART # 320 *Number stamped on Original Injector A complete cross reference from O.E.M. part numbers

                    

                                                                
                        
                            
                                                            
                                                        
                        

                        FUEL INJECTOR-TBI - Tomco Inc

                    

                                    

                                                                
                                    
                        
                            
                                                            

                                                        
                        

                        Dubai Spa - vitaliaspas.com.mx · Dubai Spa Premium Spa Dubái con Faldón Spa con Faldón, Pérgola y escalera (opcional) Componentes: 25 Jets dirigibles 2 Controles de aire 1 Luz

                    

                                                                
                        
                            
                                                            

                                                        
                        

                        Relativistic jets from stellar black holes - UCSB Physicsweb.physics.ucsb.edu/~elena/Site/Homepage_files/GALLO.thesis.pdf · Relativistic jets from stellar black holes ... A mia mamma,

                    

                                    

                                                                
                                    
                        
                            
                                                            

                                                        
                        

                        COMMERCIAL-STYLE DUAL FUEL CONVECTION RANGES USE …pdf.lowes.com/useandcareguides/883049443119_use.pdf · •Immediately call your gas supplier from a neighbor's phone. Follow the

                    

                                                                
                        
                            
                                                            

                                                        
                        

                        La Bibliothèque électronique du Québec - Le Robinson suisse 2 · Web viewElle en avale d’immenses quantités noyées dans beaucoup d’eau de mer ; mais cette eau sort en jets

                    

                                    

                                                                
                                    
                        
                            
                                                            

                                                        
                        

                        Implementatie en doelmatigheid van de Deltamethode ... · Implementatie en doelmatigheid van de Deltamethode Gezinsvoogdij II order is determined primarily by client characteristics,

                    

                                                                
                        
                            
                                                            

                                                        
                        

                        Innovative  High  Temperature  Fuel  Cell Systems

                    

                                    

                                                                
                                    
                        
                            
                                                            

                                                        
                        

                        Food-Fuel debat Samenvatting resultaten. Food - Fuel, concurrentie of synergie?  Leidt het gebruik van biomassa voor biofuels tot aantasting van de voedselvoorziening?

                    

                                                                
                        
                            
                                                            

                                                        
                        

                        NO FUEL NO FLIGHT NO BUSINESS AIRCRAFT FUEL SUPPLY B.V. Klaas Winters, AFS / GM dd. 15 mei 2014.

                    

                                    

                                                                
                                    
                        
                            
                                                            

                                                        
                        

                        H→ττ at the LHC · Ztautau is important for all channels Electro-weak backgrounds including W+jets, diboson, and top-quark are significant for lepton+tau channel and lepton lepton

                    

                                                                
                        
                            
                                                            

                                                        
                        

                        Grate Furnace Combustion: A Model for the Solid Fuel Layer

                    

                                    

                                    

        

        
    


















    
        
            
                Talen

                	English
	Français
	Español
	Deutsch
	Portuguese
	Indonesian


            

            
                	Italian
	Romanian
	Malaysian
	Greek
	Dutch
	Polish


            

            
                Pages

                	Categorieën
	Over ons
	Neem contact met ons op


            

            
                Wettelijk

                	Gebruiksvoorwaarden
	DMCA
	Cookie beleid
	Privacy Policy


            

        


        


        
            Copyright © 2022 FDOCUMENTS

        

            











    

