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Abstract

Impinging flame jets are widely used in applications where high heat-transfer rates are needed, for instance in the glass industry. Dur-
ing the heating process of glass products, internal thermal stresses develop in the material due to temperature gradients. In order to avoid
excessive thermal gradients as well as overheating of the hot spots, it is important to know and control the temperature distribution
inside a heated glass product. Therefore, it is advantageous to know the relation describing the convective heat–flux distribution at
the heated side of a glass product. In a previous work, we presented a heat–flux relation applicable for the hot spot of the target
[M.J. Remie, G. Särner, M.F.G. Cremers, A. Omrane, K.R.A.M. Schreel, M. Aldén, L.P.H. de Goey, Extended heat-transfer relation
for an impinging laminar flame jet to a flat plate, Int. J. Heat Mass Transfer, in press]. In this paper, we present an extension of this
relation, which is applicable for larger radial distances from the hot spot.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Impinging laminar flame jets are often used to improve
the heat-transfer to a surface. Applications can for instance
be found in the glass industry. Glass products are melted,
cut, formed, annealed, softened and shaped using flame jets
in many aspects of the glass fabrication processes. It is well
reckoned that these jets yield very high heat-transfer coef-
ficients [1–4]. Examples of experiments quantifying the
heat-transfer characteristics of impinging flame jets can
be found in references [5–11].

The main heat-transfer mechanism for impinging flame
jets is forced convection. Radiation from the flame is neg-
ligible because of the very low emissivity of a hot gas layer
of small thickness [1,12,13]. Often the burners are supplied
with a pure fuel and oxygen mixture to enhance the heat-
0017-9310/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.
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transfer. When the convective heat flux has to be deter-
mined, 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 [1,12]. The main
difference between the oxy-fuel flames and the hot inert jets
is that the flames contain a lot of free radicals 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 mechanism often
indicated as thermochemical heat release (TCHR). A cor-
rection which takes these chemical reactions and the result-
ing extra heat input into account has to be performed
afterwards to obtain the total heat transfer.

When the heat-transfer of inert jets needs to be esti-
mated, it is very useful from an engineering point of view
to have simple analytical expressions for this heat-transfer
at one’s disposal. In previous publications [14,15], we pre-
sented an analytical relation to calculate the heat-transfer
from stoichiometric laminar impinging flame jets to the
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Nomenclature

a applied strain rate (1/s)
cp specific heat at constant pressure (J/(kg K))
H flame tip-to-plate distance (m)
H* critical distance (m)
Hflame flame height (m)
Htot burner-to-plate distance (m)
h heat-transfer coefficient (W/(m2 K))
K strain rate of the burnt gases (1/s)
L thickness of the glass plate (m)
Nu Nusselt number (–)
Pe Peclet number (–)
Pr Prandtl number (–)
q heat flux (W/m2)
R burnt gas jet radius (m)
Re Reynolds number (–)
T temperature (K)
TCHR TCHR factor (–)
t time (s)
U uniform flow velocity (m/s)

u, v velocity components (m/s)
xd viscous boundary layer thickness (m)
x, r cylindrical coordinates (m)

Greek symbols

a thermal diffusivity (m2/s)
b velocity gradient (1/s)
k thermal conductivity (W/(m K))
l dynamic viscosity (kg/(m s))
m kinematic viscosity (m2/s)
q density (kg/m3)

Abbreviations

CFD computational fluid dynamics
ICCD intensified charge-coupled device
MFC mass flow controller
TCHR thermochemical heat release
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Fig. 1. Schematic overview of a stagnation flame impinging to a plane
surface.
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hot spot on a target. Validation of this expression has been
performed successfully by comparing it to the semi-analyt-
ical relation derived by Sibulkin [16], which has been the
basis of most other experimental and theoretical results
for the laminar heat transfer of an impinging flow to a
body of revolution [17–21]. Furthermore, experimental val-
idation using phosphor thermometry measurements has
been presented as well [15].

In this paper, we will present an extension of the above
mentioned heat-transfer relation for stoichiometric flame
jets. With this extension, not only the heat-transfer to the
hot spot of the target can be calculated, but the complete
heat-transfer distribution to a flat target can be predicted
as well. To that purpose, in the following section we will
start by reviewing shortly how the analytical relation for
the convective heat flux to the hot spot was derived. For
an extensive derivation, the reader is referred to our previ-
ous publication [15]. Subsequently, the extension of the
derived relation will be treated, in order to be able to cal-
culate the heat-transfer distribution close to the hot spot.
Finally, we will present results of temperature measure-
ments of a quartz plate which was heated by a methane-
oxygen as well as a hydrogen–oxygen flame, carried out
to validate the analytically and numerically obtained
heat-transfer distribution expressions.
2. Analytical solution for the heat-transfer

Fig. 1 shows a generalized picture of a single circular
premixed flame jet impinging normal to a flat surface. Four
characteristic regions can be distinguished in the flow struc-
ture: the flame jet region, the free jet region, the stagnation
flow region and the impingement surface. Cremers et al.
[22] have shown that the typical time scales of the regions
are different. Consequently, the regions can be decoupled,
treated and solved separately and coupled again after-
wards. 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 allowed anymore; the
resulting error of the predicted heat flux, however, is only
10% at most [23]. In order to derive the relation for the heat
flux to the hot spot of the plate, which has a width of 2R,
we will focus on the free jet region and the stagnation
region. In previous work [24], we have shown that for a
flame where pure oxygen is supplied to the oxidizer stream,
the burnt gases form a flow profile very close to a plug flow
after the flame front. At the edges of the stream tube, the
velocity of the burnt gases rapidly drops. Input parameters
for the model will be the resulting plug flow velocity U (m/
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Fig. 2. Convective heat flux as a function of the flame top-to-plate
distance H for burnt gas flow tube radii of R = 1, 2, 3, 4 and 6 mm. The
solid lines represent the analytical solutions, the asterisks the numerical
solutions from Fluent and the open circles the results found according to
Sibulkin [16].
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s) and plug flow jet radius R (m), which can be calculated
using the unburnt gas parameters [24], as well as the dis-
tance from the flame front to the plate H (m).

In [14,15], we have shown that if we have no free jet
region, so if the plate is positioned close to the flame tip,
H 6 R, the solution for the heat-transfer from the burnt
gases to the plate q0 (W/m2) is given by

q0 ¼ k
dT
dx

����
0

¼ kðT 0 � T flameÞR 0

�H exp � 1
a

R 0

s udx
h i

ds
; ð1Þ

with k the conductivity coefficient (W/(m K)), T the tem-
perature (K), a = k/(qcp) the thermal diffusivity (m2/s), q
the density (kg/m3), cp the heat capacity of the burnt gas
flow (J/(kg K)) and u the velocity of the burnt gases (m/
s). By decoupling the domain in a region consisting of
the viscous boundary layer, �xd < x < 0, and a region far
from the plate to the viscous boundary layer,
�H < x < �xd, two relations for the velocity profiles were
found which could be linked at x = �xd [15]:

u1ðxÞ ¼ axd
x3

3x3
d

þ x2

x2
d

� �
for � xd < x < 0; ð2Þ

u2ðxÞ ¼ �
a2

4U
ðxþ xd=3Þ2 � aðxþ xd=3Þ

for � H < x < �xd; ð3Þ

respectively, with xd ¼ 2
ffiffiffiffiffiffiffi
m=a

p
the thickness of the bound-

ary layer (m), a = 2U/H the maximum strain rate (1/s),
m = l/qb the kinematic viscosity (m2/s) and l the dynamic
viscosity (kg/(m s)). Implementing the velocity relations
u1 (2) and u2 (3) in the relation describing the heat flux
(1) results in a relation for the heat flux, which can be
found in Ref. [15].

Numerical validation of this relation describing the con-
vective heat transfer of an impinging flame to the hot spot
of a flat object for H 6 R was performed using Fluent [25].
Using Fluent, it is also possible to extend this relation for
H > R. It was observed that the maximum strain rate
a = Kmax just before the plate determines the heat flux
[15]. For small flame tip-to-plate distances, the maximum
strain rate is given by a = 2U/H. Increasing the gas velocity
U or decreasing the distance from the flame tip to the plate
H will result in a larger strain rate. Because of the increased
strain rate, the boundary layer will be thinner and therefore
the heat flux will be increased.

Increasing the distance from the flame tip to the plate H
while keeping the gas velocity U constant will have the
opposite effect. The strain rate decreases and therefore
the heat flux will decrease as well. From a certain distance
from the flame tip to the plate, however, the boundary
layer will reach its maximum thickness and the maximum
strain rate will remain constant. The maximum strain rate
is no longer equal to a = 2U/H from this point on. Since
the strain rate is independent of the distance H for a ratio
of H/R larger than 5/3 [15], the strain rate for large H/R
ratios can be defined as a = 6U/(5R) = 2U/H*. The critical
distance H* is defined here as H* = 5R/3. Eq. (1) now can
be written as

q0 ¼ k
dT
dx

����
0

¼ kðT 0 � T flameÞR 0

�H� exp � 1
a

R 0

s udx
h i

ds
: ð4Þ

with

H � ¼
H for H < 5R=3

5R=3 for H P 5R=3

�
: ð5Þ

Fig. 2 shows the results according to Eqs. (4) and (5) for the
heat flux q as a function of the distance from the flame tip
to the plate H for a plug flow radius of R = 1, 2, 3, 4 and
6 mm (solid lines). For values of the distance H < 5R/3, the
plug flow radius R has no influence on the heat flux. For
values of the distance H P 5R/3, however, the heat flux
is no longer dependent on the distance H but becomes
dependent on the plug flow radius R. Numerical valida-
tions for R = 1, 2 and 3 mm (asterisks) show very good
agreement.

In our previous work [15], we have compared the pre-
sented results with the well-known reference work of Sibul-
kin [16]. Sibulkin solved the boundary layer equations for
laminar heat-transfer to a body of revolution near the for-
ward stagnation point. The body of revolution is assumed
to be immersed in an infinite, laminar, incompressible, low-
speed stream. For the Nusselt number in the stagnation
point he found:

Nu ¼ 0:763
b
m

� �0:5

2RPr0:4; ð6Þ

where the Nusselt number is the ratio of convective to con-
ductive heat transfer Nu = h2R/k, with h the heat-transfer
coefficient (W/(m2 K)). Also, b = (ov/or)r=0 = 2U/(p R) is
defined here as the velocity gradient just outside the bound-
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Fig. 3. Schematic of the numerical model used to calculate the heat–flux
distribution near the hot side of the plate.
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ary layer [12,18], see Fig. 1. This solution is independent of
the flame tip-to-plate spacing and therefore only applicable
for larger spacings (H/R > 8) [17]. Another characteristic of
that solution is that for the limit of a non-viscous situation,
an infinite Nusselt number and therefore an infinite heat
transfer is predicted.

A comparison with our analytical model is shown in
Fig. 2, where the results from Sibulkin are depicted with
the circles. The results of the relation according to Sibulkin
show very good agreement with the results of our analytical
relation for large H/R spacings. The curve in the left part of
the figure, representing the convective heat flux for small
H/R spacings, is not found by Sibulkin. It can also be
noted that with our relation for the convective heat-trans-
fer, a realistic convective heat flux can be calculated for low
viscosity flows.

Kleijn [10] investigated the heat-transfer from laminar,
round, atmospheric pressure, premixed methane-air flames,
impinging perpendicularly on a flat surface. He found the
following relation for the heat-transfer to the hot spot for
close H/R spacings:

q0 ¼ C

ffiffiffiffi
1

H

r
ðT 0 � T flameÞ; ð7Þ

where C is a constant (W/(m3/2 K)). In this relation, the
heat flux is inversely proportional with the square root of
the flame tip-to-surface distance H. In our derived relation
for the heat flux, Eq. (4), we cannot indicate such a depen-
dence at first sight. In a previous work [14], however, we
have derived the heat flux of an impinging flame jet for a
two-dimensional configuration in a similar manner as
shown in this work for the axi-symmetrical configuration.
The following heat-transfer relation was derived:

q0 ¼ kðT 0 � T flameÞ
1

H

ffiffiffiffiffi
Pe
p

� exp½�0:28Pe0:40�: ð8Þ

Realizing that Pe = UH/a, a similar inversely proportional
dependence on the square root of the flame tip-to-surface
distance H can be revealed. A significant difference, how-
ever, can be pointed out as well. Eq. (7) shows that the heat
flux is not a function of the Reynolds number, since C is a
constant. Eq. (8) indicates that the heat-transfer actually is
a function of the Reynolds number. Since higher gas veloc-
ities cause a decrease in the viscous boundary layer thick-
ness at the surface and therefore a higher heat flux from
the flame to the target, it is easy to understand that the heat
flux should be a function of the Reynolds number.

3. Heat–flux distribution

In the previous section we have shown how the heat flux
from an oxy-fuel flame to a glass product can be calculated.
Therefore, the distance from the flame tip to the plate H

and the burnt gas jet radius R together with the burnt
gas velocity U, burnt gas temperature Tflame and burnt
gas properties need to be known. This predicted heat flux,
however, is only valid near the hot spot of the product,
from r = 0 to r = R [15]. Further away from the hot spot
a decay of the heat flux takes place. Since this part of the
heat flux only has a small influence on the total heat trans-
port from the flame to the product, we will model the heat-
transfer numerically and show how this part of the heat
flux can be approximated by an exponential function of
r/R.

Fig. 3 represents the model we used to perform the cal-
culations. Flow and heat-transfer calculations have been
performed using the CFD package Fluent for a plug flow
of burnt gases with different jet radii R heating a flat quartz
plate. In practice, the typical radius of glass tubes is of the
order 10�2 m, while the shell thickness is of the order 10�4–
10�3 m. Therefore, the glass product is visualized as a flat
plate with thickness L. Variations of the distance between
the flame tip and the plate H have been considered as well.
Since the configuration is axisymmetric, the left boundary
of the domain is a symmetry axis. All four boundaries of
the plate are walls. At the right part of the domain as well
as at the remaining bottom part, the burnt gases flow away
through pressure boundaries.

For the numerical calculations, the gas parameters are
chosen to be constant with q = qb = 0.083 kg/m3, cp =
2000 J/(kg K), l = 5.6 � 10�5 kg/(m s) and k = 0.16 W/
(m K). The values for cp, k and l are chosen at a tempera-
ture of 1500 K using the transport data documented by
Kee and Miller [26] and the thermodynamic data from
the GRI-mech 3.0 mechanism. Remie [27] has shown that
the heating of the quartz plate with temperature dependent
k, q and cp is almost the same as the heating with temper-
ature independent parameters, if the temperature indepen-
dent k is chosen equal to 0.75 times the value at 300 K.
Therefore, the parameters of the quartz plate are chosen
to be equal to q = 2250 kg/m3, cp = 780 J/(kg K) and
k = 0.75 � 1.4 W/(m K) [28].

For the first part of the calculation, the temperature of
the glass was fixed at a temperature of T = 300 K; a steady
solution was obtained for the flow field. After the steady
solution was obtained, the temperature of the glass was
not fixed anymore and the heating of the plate was calcu-
lated using an unsteady segregated implicit solver using
time steps of Dt = 0.01 s. This method of working is possi-
ble because the time scale of the flow is much smaller than
the time scale of the heating of the plate.
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Fig. 4 shows the time history of the temperature T (left)
and heat flux q (right) at the hot side of the plate as a func-
tion of the radial distance r to the symmetry axis. For these
calculations a value of H = 6 mm for the distance between
the inlet and the plate was chosen, while the burnt gas
velocity was set to U = 75 m/s and the burnt gas tempera-
ture to Tflame = 3000 K. The burnt gas jet radius was equal
to R = 6 mm and the thickness of the plate to L = 1 mm.
Initially, the plate is at a temperature of T0 = 300 K, where
the subscript 0 refers to the position at the hot side of the
plate. As these figures show, the temperature as well as the
heat flux are nearly constant within the hot spot between
r = 0 and r = R at the different time instants. Outside the
hot spot, a decay of the temperature as well as the heat flux
can be observed. Moreover, the shape of the temperature
curves as well as the heat–flux curves remains approxi-
mately the same in time. Consequently, the temperature
profiles and heat–flux profiles over the hot side of the plate
seem to be close to self-similar.

To check the self-similarity, the numerically calculated
heat flux will be made dimensionless by dividing it by the
analytically calculated heat flux (at the hot spot) and will
be plotted as a function of the dimensionless radial distance
r/R. The analytical heat flux can be expressed as follows:

q ¼ hðT 0 � T flameÞ; ð9Þ
where h [W/(m2 K)] is the analytically calculated convective
heat-transfer coefficient to the hot spot and T0 the local tem-
perature at the hot side of the plate, obtained by the numer-
ical calculations. Using Eq. (1), the analytically calculated
convective heat-transfer coefficient h will be equal to:

h ¼ kR 0

�H exp � 1
a

R 0

s udx
h i

ds
: ð10Þ

Fig. 5 shows the ratio of the numerical heat flux to the
analytical heat flux as a function of the dimensionless
radial distance r/R. For all times the dimensionless heat–
flux profile is almost equal to one in the hot spot, with a
small deviation as r becomes equal to R. In time, the
decrease of the dimensionless heat flux further away from
the hot spot remains almost the same. This implies, that
the shape of the dimensionless heat flux as function of time
is as good as independent of the temperature distribution at
the hot side of the plate.
To validate this statement also for another initial tem-
perature, Fig. 6 shows the results of the same calculations
again, but now the initial temperature distribution at the
hot side of the plate was changed to T0 = 300 +
(1000 � 300)r/0.06. Plotting the dimensionless heat flux as
a function of the dimensionless radial distance to the sym-
metry axis r/R again indicates the global self-similarity of
the heat–flux profiles, as long as the temperature gradient
at t = 0 s near the hot side of the plate is not too high,
see Fig. 7.

Finally, for an initial temperature of T0 = 300 K the
same calculations have been performed, but now with dif-
ferent distances between the inlet and the plate H and dif-
ferent burnt gas radii R. Calculations have been performed
for different combinations of H = 2, 3 or 6 mm with R = 2,
3 or 6 mm, see Fig. 8 for the results at t = 0 s. The results
are represented by the dotted lines. All calculations show
that the dimensionless heat flux is nearly equal to one
within the hot spot. Further away from the hot spot, an
‘exponential’ decrease can be observed which is more or
less the same for all cases. Since the contribution of the
heat flux outside the hot spot to the heating of the glass
product is less than the contribution of the heat flux inside
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the hot spot, we have chosen to approximate the dimen-
sionless heat flux by an exponential function, instead of
performing a full analysis for this region. This approxima-
tion is purely made on the basis of numerical computation.

The relation for the convective heat flux from the
impinging flame jet to the plate can be divided in a relation
applicable at the hot spot from r = 0 to r = R and a rela-
tion applicable further away from the symmetry axis
r > R. The convective heat–flux distribution can be
expressed as follows (see the thick line in Fig. 8):

q ¼ hðT 0 � T flameÞ 0 < r=R < 1; ð11Þ
q ¼ hðT 0 � T flameÞ exp½�0:45ðr=R� 1Þ� r=R P 1: ð12Þ
4. Experimental validation

In this section some two-dimensional temperature mea-
surements will be presented with which Eq. (12) can be val-
idated. Like for the single-spot temperature measurements
[15], the measurement technique is based on phosphor ther-
mometry. A Nd:YAG laser was used to excite the phos-
phor. The lifetime of the phosphorescence decay and the
emission line intensities are temperature sensitive. For the
single-spot temperature measurements, the lifetime of the
decay of the phosphorescence was extracted, in order to
obtain the plate temperature. For the two-dimensional
temperature measurements, however, a spectral method
was used instead of a temporal method. Now the intensity
of two different emission lines is imaged. Since the ratio of
these two apparent peak intensities of the phosphor is only
dependent on temperature, this technique is suitable for
measuring the temperature distribution of the cold site of
the quartz plate heated by an impinging flame jet. Spectral
profiles of different phosphors are reported by Omrane
[29], while a more detailed analysis of the measurement
method can be found in refs. [29–32].

Fig. 9 shows a schematic overview of the experimental
set-up. For these two-dimensional temperature measure-
ments, the thermographic phosphor YAG:Dy was used.
Excitation of the phosphor was conducted using the third
harmonic at 355 nm of an Nd:YAG laser with a pulse
duration of 8 ns and a repetition rate of 10 Hz. A laser
intensity of 130 mJ was used to obtain phosphorescence.
The laser light was directed to the top side of the quartz
plate. To split the measured image into two identical
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images, one for each of the emission lines, a stereoscopic
device with an interference filter of 458 nm and an interfer-
ence filter of 493 nm was adapted to the objective of an
intensified charge-coupled device (ICCD) camera. For the
experiment, a quartz plate with dimensions 100 mm �
100 mm � 5 mm and a burner with nozzle-exit diameter
of d = 1.7 mm were used. Measurements were performed
for a methane-oxygen as well as a hydrogen–oxygen flame
with an unburnt gas velocity of 70 m/s and different flame
tip-to-plate distances H. The premixed gas mixture was
supplied to the burner using a mixing panel with mass flow
controllers (MFCs), which were set and monitored using
an interface to a PC.
Fig. 10. Temperature distribution of the cold site of the plate after 8 s
visualized with a grayscaling (left) and isothermal contours (right); the
center of the hot spot is indicated by the asterisk in the right figure. The
plate was heated by a hydrogen–oxygen flame; U = 70 m/s, R = 2.4 mm,
and H = 20 mm.
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Fig. 11. Convective heat flux q as a function of the flame tip-to-plate distance
(right). The solid lines represent the analytical solutions, the circles with err
Hflame = 15 mm) for R = 3.0 mm (left) and with the hydrogen–oxygen flame (fl
2, 10 and 20 mm (left) and H = 1, 2, 5, 10 and 20 mm (right).
Fig. 10 shows a typical result of a temperature distribu-
tion measurement of the top side of the plate after t = 8 s.
The plate was heated by a hydrogen–oxygen flame with
U = 70 m/s and H = 20 mm. After each measurement,
the plate was cooled down to approximately 400 K before
the next measurement was performed. In the right figure,
the center of the hot spot is visualized by the asterisk. Its
position was determined as the center of ‘mass’ of the tem-
perature distribution.

The heating curves of the hot spot at the cold side of the
plate were determined using the PDEPE solver of MAT-
LAB [33], in which the one-dimensional instationary con-
duction equation is solved. Radiative losses were not
taken into account, since only the initial part of the heating
process is considered. A non-linear least squares fitting
procedure was used to compare the numerically obtained
heating curves of the hot spot at the cold side of the plate
with the experimentally obtained heating curves of the hot
spot at the cold side of the plate. For every measurement, a
convective heat flux can be determined experimentally as
well as analytically. Fig. 11 shows the comparison between
the analytically and the experimentally obtained convective
heat fluxes for the methane-oxygen flame (left) and the
hydrogen–oxygen flame (right). The analytical solutions
are represented by the solid lines, the circles represent the
experimentally determined heat fluxes. The horizontal
error bars are obtained by taking into account the inaccu-
racy of the manual set flame tip-to-plate distance H

(0.2 mm, which is approximately the flame thickness).
The vertical error bars are obtained by using a 95% confi-
dence interval (2r error) of the variance of the heat-transfer
coefficient h. For large flame tip-to-plate distances the con-
vective heat flux is constant, while the convective heat flux
at small flame tip-to-plate distances becomes very sensitive
for small shifts in distance H. It has to be stated that the
results are sensitive to measurement errors and input
parameters. The purpose of Fig. 11, however, is to show
the qualitative behaviour of the heat flux, i.e. to show the
distance H from where on the convective heat flux is
constant.

Using the results of Fig. 10, a scatter plot of the temper-
ature at the cold side of the plate as a function of the radial
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H for a burnt gas flow tube radius of R = 3.0 mm (left) and R = 2.4 mm
or bars the measurements with the methane-oxygen flame (flame height
ame height Hflame = 5 mm) for R = 2.4 mm (right); U = 70 m/s and H = 1,
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Fig. 12. Typical temperature distribution of the cold side of the quartz
plat as a function of the radial distance to the center of the hot spot at
t = 8 s. The plate was heated by a methane-oxygen flame, with U = 70 m/s
and H = 10 mm. The small dots represent the measurement results, the big
dots the averaged measurement results and the solid line the numerically
obtained results. The thin solid lines show the difference in the numerically
and experimentally obtained half maximum – half width values.

Table 1
Values of the half maximum – half width value differences between the
experiments and the numerical calculations

H = 1 mm H = 2 mm H = 5 mm H = 10 mm H = 20 mm

CH4–O2 1.0 mm 2.0 mm – 1.5 mm 2.0 mm
H2–O2 4.0 mm 1.0 mm 1.0 mm 0.5 mm 2.0 mm
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distance to the center of the hot spot can be obtained. Such
a scatter plot is shown in Fig. 12. A methane-oxygen flame
was used to heat the plate, with U = 70 m/s and
H = 10 mm. The big dots represent the averaged measure-
ment results. To obtain such a temperature distribution
curve numerically, the same calculations were performed
as explained in the previous section. A plate with thickness
L = 5 mm was heated using the heat–flux boundary Eqs.
(11) and (12). For the velocity U and the flame tip-to-plate
distance H, the same values were used as in the experimen-
tal configuration. In Fig. 12, the numerical result is repre-
sented by the solid line.

To validate the heat–flux distribution relation given by
Eq. (12), Fig. 12 shows the half maximum – half width val-
ues of the numerically and experimentally obtained temper-
ature distribution. For this situation, the difference is only
1.5 mm and therefore Eq. (12) seems to hold. Table 1
shows the results of all the measurements. Only for the
measurements with the hydrogen–oxygen flame with
H = 1 mm, a considerable difference was observed.

5. Conclusions

In the glass heating process, it is important to know
what the temperature distribution inside the product is,
considering internal thermal stresses. Therefore, the heat–
flux distribution of an impinging flame jet to a glass prod-
uct is essential. In a previous work [15] a relation was
already presented for the convective heat flux of an imping-
ing flame jet to the hot spot of the product. In this paper an
additional part of the convective heat–flux relation is stud-
ied at larger radial distances from the hot spot. At the edge
of the hot spot at r = R, the two heat–flux relations are
linked to each other.

Experimental validations have been performed for the
analytical convective heat–flux relations. For that purpose,
phosphor thermometry techniques have been applied. For
the validation of the convective heat–flux relation applica-
ble at the hot spot, single-point temperature measurements
have been carried out and presented in a previous work
[15]. In this work, two-dimensional temperature measure-
ments have been carried out as well. The results clearly
show that the heat flux is constant for large flame tip-to-
plate distances and increases rapidly for shorter distances,
which is in agreement with the analytical heat–flux rela-
tions. Moreover, the temperature measurements show
good agreement with the heat–flux relations applicable at
radial distances away from the hot spot.
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ortlichen und mittleren Stoffübergangs an stumpf angestromten
Kreisscheiben bei unterschiedlicher Turbulenz, Wärme und Stoffü-
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