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Abstract

Many industrial applications use flame impingement to obtain high heat-transfer rates. An analytical expression for the convective
part of the heat transfer of a flame jet to a plate is derived. Therefore, the flame jet is approximated by a hot inert jet. In contradiction
with existing convective heat-transfer relations, our analytical solution is applicable not only for large distances between the jet and the
plate, but also for close spacings. Multiplying the convective heat transfer by a factor which takes chemical recombination in the cold
boundary layer into account, results in an expression for the heat flux from a flame jet to the hot spot of a heated plate. Numerical and
experimental validation show good agreement.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Flame-impingement heating is a frequently employed
method to enhance the heat transfer to a surface. Applica-
tions can for instance be found in the glass industry, where
glass products are melted, cut and formed using impinging
flame jets. It is well reckoned that these jets yield very high
heat-transfer coefficients [1–4]. Experiments have been per-
formed concerning the heat-transfer characteristics of
impinging flame jets as well [5–10].

The flame jets are operated in a laminar as well as a tur-
bulent configuration. Turbulent flame jets can particularly
be found in glass furnaces. When the jets are used in smal-
ler geometries to apply the heat locally, however, the flames
will be laminar. These flows are highly viscous because of
their high temperatures. Since these flames are laminar,
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mixing of ambient air causing a temperature decrease of
the flame is suppressed.

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 [11,1,12]. In the last few decades it
became more accepted to increase the amount of oxygen
in the oxidizer stream. Enhancing the amount of oxygen
in the flame jet results in a higher flame temperature and
a higher burning velocity. Not only the convective heat
transfer will now be increased, another heat-transfer mech-
anism called Thermochemical Heat Release (TCHR) will
start to play an important role as well [12]. The oxygen-
enhanced flames contain a lot of free radicals such as O,
H and OH. When the flame impinges on the cold surface
of the heated glass product, the radicals will recombine in
the boundary layer resulting in an increased heat transfer.
Cremers [13–15] found that the heat transfer coefficient
of a methane–oxygen and a hydrogen–oxygen flame can
be as much as doubled compared to a chemically frozen
mixture. Baukal and Gebhart [16] experimentally found
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Nomenclature

Roman characters

a applied strain rate (1/s)
cp specific heat at constant pressure (J/(kg K))
g gravitational acceleration (m/(s2))
H flame tip-to-plate distance (m)
H* critical distance (m)
h heat-transfer coefficient (W/(m2 K))
K strain rate of the burnt gases (1/s)
_m mass flux (kg/(m2 s))
m mass (kg)
Nu Nusselt number (–)
Pe Peclet number (–)
Pr Prandtl number (–)
P pressure tensor (N/m2)
p pressure (N/m2)
q heat flux (W/m2)
R burnt gas jet radius (m)
Re Reynolds number (–)
Ri Richardson number (–)
sL laminar burning velocity (m/s)
T temperature (K)
TCHR TCHR factor (–)
t time (s)

U uniform flow velocity (m/s)
u, v velocity components (m/s)
u velocity field (m/s)
v velocity field (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)
s expansion coefficient (–)
s stress tensor (kg/(m s2))

Abbreviations
CFD computational fluid dynamics
ICCD intensified charge-coupled device
MFC mass flow controller
PMT photomultiplier tube
TCHR thermochemical heat release
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this result as well. Furthermore, they concluded that the
peak heat flux for these flames occurs at the stagnation
point. This is in contrast with fuel-air flames, where the
peak heat flux is shifted away from the stagnation point.

The flow behaviour of flame jets and hot isothermal jets
is comparable. According to Viskanta [1], the aerodynam-
ics of a single flame jet is very similar to the aerodynamics
of a single isothermal jet. Experiments by van der Meer [11]
showed that the axial velocity decays slightly faster for the
flame jets than for the isothermal jets, due to the axial tem-
perature decay. The radial velocity gradients at the stagna-
tion point are found to be equal.

Simple analytical expressions for the heat transfer of
inert jets are very useful from an engineering point of view
when the heat transfer needs to be estimated. Sibulkin
derived a semi-analytical relation for the laminar heat
transfer of an impinging flow to a body of revolution
[17]. This relation has been the basis of most other experi-
mental and theoretical results since [18–22]. An important
limitation of this relation, however, is that it is only appli-
cable for large nozzle-to-plate spacing. Nevertheless, smal-
ler spacing becomes 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
this model. In an earlier study [23] we presented an analyt-
ically derived expression for the convective heat flux of a
hot inert jet. With this expression it is possible to predict
a realistic heat flux for the limit of non-viscous flows. On
the other hand, it is only applicable for small nozzle-to-
plate spacing. In this paper we will present an extension
of the analytical expression, which will be valid for small
as well as large nozzle-to-plate spacing. Because of the
resemblance in flow behaviour between flame jets and hot
isothermal jets, we will focus on hot inert flame jets in
the rest of the paper.

First we will show how the analytical expression for the
heat flux of a hot inert flame jet, applicable for small noz-
zle-to-plate distances, is derived. With this expression the
local heat flux to the hot spot of the plate can be calculated.
The solution is also applicable for a closely staggered array
of jets. The derivation is performed for an axi-symmetrical
case by solving the conservation equations taking only
the most important contributions into account. Since it is
not possible to find the full analytical solution, the results
will be validated by numerical calculations. Using the
numerical results, an extension of the analytically derived
expression can be derived to make it valid for large noz-
zle-to-plate spacing as well. Finally we will show the results
of temperature measurements of a quartz plate which was
heated by a methane–oxygen as well as a hydrogen–oxygen
flame. The experiments were carried out to validate the
analytically and numerically obtained heat-transfer
expressions.

2. Analytical solution for the heat transfer

Fig. 1 shows a schematic overview of a premixed stagna-
tion flame impinging normal to a plane surface. From this
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Fig. 1. Schematic overview of a stagnation flame impinging to a plane
surface.
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figure, we can distinguish the flame region, the free jet
region, the stagnation region and the impingement surface.
Cremers [13] has shown that since the typical time scales of
the regions are different, the regions can be decoupled, trea-
ted separately and coupled afterwards again. We will focus
on the free jet region and the stagnation region to calculate
the heat flux from the flame to the hot spot of the plate,
which has a width of 2R. For a flame where pure oxygen
is supplied to the oxidizer stream, Remie [24] has shown
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
plug flow velocity U [m/s] and plug flow jet radius R [m],
which can be calculated using the unburnt gas parameters
[24], will be used as input parameters for the model.

In literature often the distance from the burner to the
impingement surface h [m] 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. There-
fore, if the distance from the burner to the plate h 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 distance from the flame tip to the plate H as
an input parameter, instead of the distance from the burner
to the plate h.

First we will consider the case where the plate is posi-
tioned close to the flame tip, H 6 R. A hot inert plug flow
with velocity U and burnt gas jet radius R, which is formed
after the flame front, impinges on the plate. The system
now is reduced to a steady one-dimensional problem and
behaves as a potential flow far from the surface. A thin
boundary layer of thickness xd is formed close to the sur-
face. The heat-transfer processes induce a fast temperature
change in the boundary layer. We will analyse the system
by studying the transport equations in both regions and
coupling the solutions at the edge of the regions.

The conservation equations of mass and momentum are
given by
oq
ot
þr � ðqvÞ ¼ 0; ð1Þ

oðqvÞ
ot
þr � ðqvvÞ ¼ �r �Pþ qg; ð2Þ
where g is the gravitational vector [m/s2] and the tensor P
is a short-hand notation for P ¼ pIþ s. Furthermore, p is
the hydrostatic pressure [Pa], I the unit tensor and s the
stress tensor [kg/(m s2)].

Often the Richardson number Ri is used to determine
the importance of buoyancy in the flow. The Richardson
number is a dimensionless number that expresses the ratio
of potential to kinetic energy. Since Ri ¼ Oð10�5Þ in this
case, 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 thermo-
chemical heat release into account [13]. 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) and therefore q = q(x). Assuming an incom-
pressible flow and using the ideal gas law p = qRT, qT is
a constant. Since the velocity profile is a plug flow, the
velocity component u is a function of x only. Using
_m ¼ qu and v ¼ r � v̂ðxÞ, the continuity equation now yields

d _m
dx
¼ �qK; ð3Þ

where K, the strain rate of the mixture [1/s], is a function of
x only and equal to K ¼ 2v̂ ¼ 2ov=or.

If p = p(x, r) and l = l(x), the equations for x- and r-
momentum become [25,26]:

� _m
du
dx
þ d

dx
2

3
l 2

du
dx
� K

� �� �
þ l

2

dK
dx
¼ op

ox
; ð4Þ

_m
dK
dx
þ 1

2
qK2 � d

dx
l

dK
dx

� �
¼ � 2

r
op
or
; ð5Þ

with l the dynamic viscosity [kg/(m s)]. It can be seen from
Eq. (4), that the pressure derivative op/ox is a function of x
only. Differentiation of equation (4) with respect to r and
changing the order of differentiation then gives that op/or

is a function of r only. From Eq. (5) it then follows that
�2o p/(ror) is a constant, i.e.

_m
dK
dx
� d

dx
l

dK
dx

� �
¼ J � 1

2
qK2 ð6Þ

with J = �2op/(ror). The strain rate K increases as the flow
approaches the plate 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 not at the plate but, due to the viscous boundary
layer, close to the 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 to
qba2/2, with qb the density of the burnt gases. For viscous
flows J will not be equal to qba2/2, but the difference is as-
sumed to be small.

Eq. (6) cannot be solved analytically for the whole
domain �H < x < 0, where x = �H is the position of the
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flame tip and x = 0 is the flame side of the plate. An ana-
lytical solution can be obtained, however, if we decouple
the domain in a region far from the plate to the viscous
boundary layer, �H < x < �xd, and a region consisting
of the viscous boundary layer, �xd < x < 0. The resulting
solutions for the velocity profiles in both regions will be
linked at x = �xd, where K = a.

The order of magnitude for the terms of equation (6) far
from the plate can be estimated using OðxÞ ¼ H and
OðKÞ ¼ U=H :

O q
U 2

H 2

� �
þ O l

U

H 3

� �
¼ O qa2

� �
þ O q

U 2

H 2

� �
: ð7Þ

Since OðaÞ ¼ U=H , it is easy to see that the viscous term is
not relevant far from the plate if H �

ffiffiffiffiffiffiffi
m=a

p
, where m = l/

qb is the kinematic viscosity [m2/s].
Far from the plate the density is constant. Using the

continuity equation (3), the relation between the strain rate
K and the velocity u becomes:

K ¼ � du
dx
: ð8Þ

Using Eq. (8), Eq. (6) is now reduced to:

�uu00 ¼ 1

2
a2 � 1

2
u02: ð9Þ

The solution for this equation can be obtained analytically.
The boundary conditions at x = �H are u = U and
K = �du/dx = 0. Using these boundary conditions, the fol-
lowing solutions for the velocity profile and strain profile
can be found:

uðxÞ ¼ � a2

4U
ðxþ xrefÞ2 � aðxþ xrefÞ; ð10Þ

KðxÞ ¼ a2

2U
ðxþ xrefÞ þ a; ð11Þ

where a = 2U/H and the value of xref is determined by the
boundary layer thickness xd. Eqs. (10) and (11) are valid
for �H < x < �xd, but also for the whole domain if the
flow is non-viscous (xref = 0).

Close to the plate _m and K become zero and Eq. (6) is
reduced for �xd < x < 0 to

� d

dx
l

dK
dx

� �
¼ 1

2
qba2 ð12Þ

indicating a quadratic behaviour as function of x for K in
the viscous boundary layer. In this region, the density and
velocity of the burnt gas flow can be approximated by

q � q0 þ q0x; u � bx2

with q0 the density of the burnt gas flow at the flame side of
the plate and b a constant. Eq. (8) still holds, since

q
du
dx
� 2bq0x; u

dq
dx
� bq0x2;
and therefore qdu/dx� udq/dx. Now, using K(0) = 0 and
K(�xd) = a ’ 2U/H, the solution for the velocity profile in
the viscous boundary layer becomes

uðxÞ ¼ axd
x3

3x3
d

þ x2

x2
d

� �
ð13Þ

with xd ¼ 2
ffiffiffiffiffiffiffi
m=a

p
. The velocity profile far from the plate

(10) will be coupled to the velocity profile in the viscous
boundary layer (13) at x = �xd, where K = a = 2U/H.
Eq. (10) for �H < x < �xd now becomes:

uðxÞ ¼ � a2

4U
ðxþ xd=3Þ2 � aðxþ xd=3Þ: ð14Þ

Convection and thermochemical heat release are the main
heat-transfer mechanisms for impinging oxy-fuel flame jets.
To calculate the convective contribution, 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:

qucp
dT
dx
¼ d

dx
k

dT
dx

� �
: ð15Þ

where cp is the heat capacity of the burnt gas flow [J/
(kg K)] and k the conductivity coefficient [W/(m K)].
Substituting the equations for the velocity u (13) and (14)
results in relations for the heat transfer from the burnt
gas flow to the wall.

First we determine the heat transfer for a non-viscous
gas flow (xd = 0). We assume both k and the thermal diffu-
sivity a = k/(qcp) [m2/s] to be constant. Numerical calcula-
tions have shown that this assumption is valid. After
substituting q = kdT/dx, the conservation equation of
energy (15) changes to:Z 0

s

dq
q
¼ 1

a

Z 0

s
udx; ð16Þ

which after integration results in the following equation for
q:

qðsÞ ¼ q0 exp � 1

a

Z 0

s
udx

� �
: ð17Þ

Now we introduce the Peclet number, a dimensionless
parameter giving the ratio of heat transfer by convection
and conduction. The Peclet number is defined as Pe =
UH/a. Eq. (17) can be made dimensionless using x0 = x/
H. After integration over the whole domain �H < x < 0
and substituting Eq. (14) for the velocity profile u, the solu-
tion for the non-viscous heat transfer from the burnt gases
to the plate q0 is given by

q0 ¼ k
dT
dx
j0 ¼

kðT 0 � T flameÞR 0

�H exp � 1
a

R 0

s udx
h i

ds
ð18Þ

¼ kðT 0 � T flameÞ
H
R 0

�1
exp �Pe 1

3
x03 þ x02

� �	 

ds0

: ð19Þ
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Fig. 2. Schematic overview of the Fluent model. The different grayscales
represent the streamlines.
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If we take viscosity into account to calculate the heat flux
q0, we have to make the distinction between the burnt
gas flow region and the viscous boundary layer again to
calculate the denominator of equation (18). The denomina-
tor of equation (18) now becomes equal toZ 0

�H
exp � 1

a

Z 0

s
udx

� �
ds

¼
Z 0

�xd

exp � 1

a

Z 0

s
u2 dx

� �
ds

þ
Z �xd

�H
exp � 1

a

Z �xd

s
u1dxþ

Z 0

�xd

u2 dx
� �� �

ds; ð20Þ

where the velocity profile in the burnt gas flow region u1 is
given by Eq. (14) and the velocity profile in the viscous
boundary layer u2 by Eq. (13). Implementing these velocity
profiles in Eq. (20) and making this equation dimension-
less, results in the following denominator for Eq. (18) for
the viscous situation:Z 0

�H
exp � 1

a

Z 0

s
udx

� �
ds

¼ H
Z 0

�xd=H
exp

1

12

Pe2

Pr
x04 þ

ffiffiffiffiffiffiffiffiffiffiffiffiffi
4

18

Pe3

Pr

s
x03

2
4

3
5ds0

þ H
Z �xd=H

�1

exp �Pr � Pe
1

3
x03 þ 1

3

ffiffiffiffiffiffiffi
2Pr
Pe

r
x02þ

 "
1

9

2Pr
Pe

x0

þ 1

9

ffiffiffiffiffiffiffi
2Pr
Pe

r 3

þx02 þ 2

3

ffiffiffiffiffiffiffi
2Pr
Pe

r
x0 � 1

3

2Pr
Pe

!#
ds0: ð21Þ

With this equation, the convective heat flux for a hot
(flame) jet to a target can be calculated, if the jet is placed
close to the target.
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3. Numerical results

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 6 R. Some assumptions had to be made, in order to be
able to perform the analytical derivation. In this paragraph
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
obtained using Fluent [27]. Fluent is a CFD (Computa-
tional Fluid Dynamics) package with which it is possible
to carry out a numerical analysis and generate solutions
of flow and heat-transfer problems. Fluent uses a finite vol-
ume method and the flow calculations are based on the
solution of the Navier–Stokes equations.

Fig. 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 R enters
the domain. The plate is modelled as a wall, which has a
fixed temperature of T = 300 K and a width of 10R, in
order to minimize the effect of the pressure outflow bound-
ary at the right side of the domain on the plug flow. The left
side of the domain is modelled as a symmetry axis. At both
pressure boundaries, the derivatives of velocity and tem-
perature are equal to zero. Both the flow and temperature
fields are solved.

The simplifications used for the transport coefficients in
the analytical model are also used in the numerical solu-
tion. The parameters of the burnt gases 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 temperature of 1500 K using
Chem1D [28] and the thermodynamic data from the GRI-
mech 3.0 mechanism.

First we check whether the strain rate K, defined by Eq.
(3), can be simplified according to Eq. (8). Therefore uoq/
ox should be significantly smaller than qou/ox. Fig. 3
shows both terms as a function of the distance to the plate.
For this particular calculation a temperature dependent
density was used, namely q = 1.1 (T/298)�1.06 [28]. The fig-
ure shows that far from the plate u oq

ox ¼ 0. Closer to the
plate u oq

ox is not negligible anymore, but q ou
ox still is the lead-

ing term. Therefore, the assumption seems to hold.
The analytical solution for the velocity of the burnt

gases was obtained by solving the momentum equation in
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r-direction. Therefore a distinction was made between the
burnt gas region far from the plate where the diffusivity
term was neglected and the viscous boundary layer where
the convection term and the source term were assumed to
approach zero. In Fig. 4 the separate terms of equation
(6) are plotted against x. Far from the wall, the viscous
term indeed is not relevant and therefore there is a balance
between the convection term, the source term and the con-
stant qba2. Very close to the wall, the convection term and
the source term become zero and the negative diffusion
term equals the constant qba2. The solutions for the veloc-
ity profiles far from the wall and in the viscous boundary
layer close to the plate were linked together at x = �xd,
which is approximately at x = �0.2 mm. At x = �xd there
is a balance 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.

Eqs. (13) and (14) represent the analytical solution for
the velocity profile from the symmetry axis up to close to
the edge of the stream tube when H < R. Fig. 5 shows a
comparison between this analytical solution (dashed line)
and the numerical results obtained with Fluent (solid line).
The analytical equations for the velocity profile correspond
very well to the numerical calculations.

Eq. (19) 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
Eqs. (18) and (21). The temperature profile over the sym-
metry axis is calculated with Fluent. The resulting heat flux
to the hot spot, using q ¼ k oT

ox j0, can be compared with the
analytical solution. The heat transfer is calculated for dif-
ferent 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
−4 −3 −2 −1 0
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dots in Fig. 6. The asterisks represent 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 a plug width of R = 20 mm are chosen.
For a Prandtl number of 0, the ratio between the viscous
heat transfer and non-viscous heat transfer should be equal
to 1. A small deviation can be observed for the numerical
results. For increasing Prandtl number, the heat trans-
fer should decrease due to an increasing viscous bound-
ary layer thickness. A good agreement can be observed
between the analytical and numerical results.

It is expected that the heat transfer to the plate shows a
fast decay outside the hot spot, which is defined as the part
of the surface at the wall from r = 0 to r = 2R. Also, the
heat flux within the hot spot will decrease with increasing
distance from the symmetry plane due to the gases which
flow radially outwards. To check the validity range of the
analytical equations for the heat flux (18) and (21), the
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local heat flux over the entire plate is calculated using
Fluent.

Fig. 7 shows the ratio of the numerically calculated local
heat flux as a function of the normalized distance to the
symmetry axis r/R, and the constant analytical heat flux
at the hot spot, given by Eq. (18). The ratio of the numer-
ical and analytical heat flux is equal to 1 at the symmetry
axis. A small decrease can be observed with increasing dis-
tance from the symmetry plane to the edge of the hot spot
at a normalized distance of r/R = 1. The heat transfer
decreases fast outside the hot spot. Therefore, the analyti-
cal solutions for the heat flux seem to hold for the hot spot
region.
0
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Fig. 9. Relation between aH/(2U) and H/R; the dots represent the
numerical calculations, the solid lines the functions aH/(2U) = 1 and aH/
(2U) = 18H/(30R).
4. Solution for H > R

So far we derived the convective heat flux from a hot
inert jet to the hot spot of the plate if the plate is positioned
close to the jet, H < R. It was observed that the maximum
strain rate a = Kmax just before the plate determines the
heat flux. For small flame tip to plate distances, the 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. This
effect is visualized in Fig. 8. This figure shows the velocity
profiles over the symmetry plane for a plug flow with
radius R = 0.5 mm and an increasing flame tip to plate dis-
tance from 1 to 4 mm. Increasing the distance from H = 1
(dotted line) to 2 mm (dashed-dotted line) results in a
thicker boundary layer and therefore a smaller strain rate.
Increasing the distance to H = 3 mm only has little effect
on the velocity profile, while increasing the distance from
H = 3 to 4 mm has no effect at all. Therefore, increasing
the distance to the plate has no effect on the velocity pro-
files for high H/R ratios and the strain rate will remain con-
stant. We will show in this section how the strain rate and
therefore the heat flux alters for the case that H > R using
the results of Fluent calculations.

The numerical effect of the ratio H/R on the maximum
strain rate a is shown in Fig. 9. The factor aH/(2U) is plot-
ted as a function of H/R. This factor is equal to 1 for small
values of H/R; this is in agreement with the analytical solu-
tion. Keeping the distance to the plate H and the burnt gas
velocity U constant and decreasing the plug flow radius R

results in an increase of the effective strain rate a. Further-
more, for a H/R ratio of 4 and higher and a constant plug
flow radius R and burnt gas velocity U, the distance to the
plate H has no influence on the strain rate a. The strain rate
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a now is a constant, represented by the straight line indicat-
ing that aH/(2U) � H/R or a = 6U/(5R) independent of H.

We can now adjust Eq. (21) to make it valid not only for
H/R < 1 but for the complete H/R range. The two straight
lines in Fig. 9 intersect at H/R = 5/3. Since the strain rate is
independent of the distance H for a ratio of H/R larger
than 5/3, 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. (21) now can be written as:Z 0
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and Pe = U H*/a.
Fig. 10 shows the results 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). The fig-
ure shows that for values of the distance H < 5R/3, the plug
flow radius has no influence on the heat flux. For values of
the distance H P 5R/3, however, the heat flux is no longer
dependent of the distance H but becomes dependent of the
plug flow radius R. Numerical validations for R = 1, 2 and
3 mm (asterisks) show very good agreement.
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Fig. 10. 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 circles the results found according to
Sibulkin.
Let us now compare the presented results with the well-
known reference work of Sibulkin [17]. Sibulkin solved the
boundary layer equations for laminar heat transfer to a
body of revolution near the forward 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; ð24Þ

where the Nusselt number is the ratio of convective to con-
ductive heat transfer Nu = h2R/k, with h the heat-transfer
coefficient [W/(m K)]. The velocity gradient just outside
the boundary layer is defined here as b = (ov/or)r=0, see
Fig. 1. This solution is independent of the flame tip-to-plate
spacing. Furthermore, it is only applicable for larger spac-
ing (H/R > 8) [18]. 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.

The heat flux according to Sibulkin can be calculated,
using Eq. (24), with [21]:

q0 ¼ 0:763ðbqlÞ0:5Pr�0:6cpðT flame � T 0Þ: ð25Þ

The values of the gas parameters are chosen the same way
as shown in the previous paragraph, so 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 temperature of the hot gases is set to
3000 K, while the temperature of the plate is fixed at
300 K. From potential flow solutions a value for the veloc-
ity gradient b for a circular disc is found [19,20] to be equal
to b = 2U/(pR). This velocity gradient is found for an infi-
nite stream around a circular disc with radius R. Experi-
ments show that the velocity gradient b for a disc with
radius R in a uniform cross flow is the same as for a uni-
form jet with radius R impinging on a flat plate [11]. Since
in our case a jet with finite width is impinging on an infinite
plate, we use the radius of the jet to calculate the velocity
gradient.

A comparison with our analytical model is shown in
Fig. 10, 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, looking at Eqs. (18) and (21), that with our relation
for the heat transfer, a realistic heat flux can be calculated
for low viscosity flows.
5. Experimental validation

The previous section showed that the analytical solution
we derived for the convective heat flux from an inert jet to a
plate shows good agreement with numerical calculations
for small H/R ratios as well as large H/R ratios. Cremers
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[15] has shown that the total heat flux, where the effect of
TCHR is incorporated, can be calculated by multiplying
the convective heat flux by a so-called TCHR-factor. This
TCHR-factor mostly depends on the fuel of the flame, the
temperature of the plate and the strain rate. Since measure-
ments at the heated side of the plate are difficult to make
due to the high temperature and velocity of oxy-fuel flames,
experimental validations of the temperature have been per-
formed on the other side of the plate. The quartz plate used
for these experiments was heated by a methane–oxygen as
well as a hydrogen–oxygen flame. The temperature increase
inside a flat quartz plate is also calculated numerically by
solving the instationary conduction equation with a con-
vective heat flux multiplied by a TCHR-factor as a bound-
ary condition. In this section the results of the calculations
are compared with the experimentally obtained tempera-
ture increase as function of time of the back side of the
plate to validate the model.

The measurement technique used for the measurements
is based on phosphor thermometry. For a more detailed
description of this technique, we refer the reader to Omra-
ne [29], while a review article about phosphor thermometry
written by Allison [30] is useful as well. In recent years this
phosphorescence technique has been developed for remote
measurements of surface temperature. It is based on mea-
suring temperatures by seeding the material with a temper-
ature-sensitive thermographic phosphor. Thermographic
phosphors are ceramic materials doped with rare earth ele-
ments from which light is emitted. When the phosphor is
excited by an appropriate light source, it becomes highly
phosphorescent. The emission is typically in the visible
region and has a lifetime of the order 10�3 s. This lifetime
is temperature sensitive; therefore, measuring the decay of
the phosphorescence is a measure for the temperature at
any given time. As the phosphor coating thickness is usu-
ally less than 100 lm, the particles are assumed to reach
thermal equilibrium with the investigated surface
instantaneously.

A large number of phosphors is produced covering a
large band of temperatures from cryogenic up to 2200 K.
Each selected phosphor is very sensitive in a specific range,
where an accuracy of the order 1–5 K is obtained. A big
advantage is that the method is non-intrusive, therefore
allowing the gas to move non-disturbed close to the sur-
face. Furthermore, the phosphor has a fast response to
thermal changes. Since the phosphor can survive in very
harsh conditions, the technique has found use in different
combustion related applications.

The thermographic phosphor Mg3FGeO4:Mn, Mn4+

being the activator, was used for the experiments. The
Mn activator emits light originating only from electronic
transition between the excited state 4F2 and the ground
state 4A2, resulting in emission at 631 and 657 nm. The
excitation lifetime is strongly temperature dependant as
reported by Omrane [29]. Fig. 11 shows a schematic of
the experimental set-up. The phosphor was coated to the
surface using the non-fluorescent binder HPC found to
be suitable for harsh conditions [31]. 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
8 mJ was used to obtain phosphorescence. The laser light
was focused on the top side of a quartz plate directly above
the hot spot, where the radius of the hot spot was equal
to R, which is the radius of the burnt gas flow tube. The
dimensions of the quartz plate were equal to 100 �
100 � 5 mm. The part of the top side of the plate directly
above the hot spot was coated with the phosphor. The sub-
sequent emission was collected by a PhotoMultiplier Tube
(PMT). A 3 GHz oscilloscope, triggered by the laser, was
used to digitize the signal from the PMT. The measured
emission decay was fitted to the theoretical model I =
I0 � exp[�t/s] and compared to a calibration curve. Both
a methane–oxygen and hydrogen–oxygen flame were used
to heat the quartz plate. 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. The burner nozzle diameter
was equal to d = 1.7 mm. Remie [24] has shown that the
resulting radius of the burnt gas jet will be equal to
R = s0.5 � d/2, with s the expansion coefficient. The different
parameters for both flames are shown in Table 1. Since
s = 12.6 for the methane–oxygen flames, R = 3.0 mm.
For the hydrogen–oxygen flames with s = 8.3, R =
2.4 mm. The measurements were performed for an unburnt
gas velocity of 70 m/s and flame tip-to-plate distances of
H = 2, 5, 10 and 20 mm.

Fig. 12 shows a typical result of a temperature measure-
ment of the quartz plate heated by a flame. For this mea-
surement, a methane–oxygen flame was used with a gas
velocity of U = 70 m/s and a flame tip-to-plate distance
of H = 10 mm was set. After each measurement, the plate
was cooled down to approximately 400 K before the next
measurement was performed.

To calculate the heating curves numerically, the PDEPE
solver of MATLAB [32] was used. This solver solves the
instationary one-dimensional conduction equation for
the heat transfer in the plate. Since quartz is a bad heat
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Fig. 13. Convective heat flux as a function of the flame tip-to-plate
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represents the analytical solutions, the circles with errorbars the measure-
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Table 1
Values of different parameters of methane–oxygen and hydrogen–oxygen flames

qb (kg/(m3 s)) k (W/(m K)) cp (J/(kg K)) l (kg/(m s)) s (–) TCHR (–)

CH4–O2 0.083 0.16 2000 5.6 � 10�5 12.6 2.0
H2–O2 0.059 0.30 2500 5.6 � 10�5 8.3 2.0

The values are chosen at a temperature of 1500 K, with exception of the density of the burnt gases qb and the expansion factor s.
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conductor and the width of the burnt gas jet is approxi-
mately the same (hydrogen–oxygen flame) as or larger
(methane–oxygen flame) than the thickness of the quartz
plate (5 mm), the one-dimensional approach is assumed
to suffice for at least the initial part of the heating process.
The boundary condition at the front side is equal to a con-
vective heat flux multiplied with a TCHR-factor to take the
heat release into account which is released after the recom-
bination of radicals at the cold plate surface. A value of 2.0
is chosen for the TCHR-factor for both flames, chosen at a
temperature of 1500 K [15]. The values of the gas parame-
ters are also chosen at a temperature of 1500 K, as was
done in the previous section, see Table 1. An adiabatic
boundary condition was set at the top side of the plate.
Since only the initial part of the heating process is consid-
ered, radiation does not have to be taken into account.
Remie [33] has shown that the heating of the quartz plate
with temperature dependent k, q and cp is almost the same
as the heating with temperature independent parameters, if
the temperature independent k is multiplied by a factor of
0.75. Therefore, the parameters of the quartz plate are cho-
sen to be equal to q = 2250 kg/m3, cp = 780 J/(kg K) and
k = 0.75 � 1.4 W/(m K) [34].

To be able to compare the numerically obtained heating
curves with the experimentally obtained heating curves, a
non-linear least squares fitting procedure is used. A good
fitting requires that as few as possible parameters are var-
ied. In this case, the most obvious choice is to vary the total
heat-transfer coefficient h, the initial temperature and the
point of time where the flame is ignited. A typical result
of such a fit is shown in Fig. 12, where the numerical results
of the heating of the cold side of the quartz plate are rep-
resented by the dashed line. Initially, a good agreement
can be observed. After about 8 seconds, a deviation can
be observed. At that time, the hot side of the plate got very
hot resulting in a strong Planck radiation visible as a red
glow. Therefore, thermal radiation leading to a too high
DC level on the PMT could have interfered with the mea-
surements, resulting in a non-linear response and thus too
low temperatures in the evaluation. To minimize this affect,
only a fit for the initial part of the heating was performed.

Using the fitting procedure, for every measurement a
convective heat flux can be determined. It is also possible
to calculate an analytical convective heat flux for each mea-
sured situation using (18) and (22). Let us now compare the
analytically and experimentally obtained heat fluxes using
a heat flux figure similar to Fig. 10.

Figs. 13 and 14 show the comparisons between the
analytically obtained convective heat fluxes and the exper-
imentally obtained convective heat fluxes for the methane–
oxygen flame and the hydrogen–oxygen flame, respectively.
The solid lines represent the analytical solutions for the
heat flux, the circles the experimentally determined heat
fluxes. The horizontal error bars are obtained by taking
into account the inaccuracy 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% confidence interval (2r error) of the variance
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of the heat-transfer coefficient h. The figures show a good
comparison between the analytical model and the experi-
ments. Although the measurement with the hydrogen–oxy-
gen flame at a distance of H = 2 mm does not precisely
coincide with the analytical model, the figures clearly show
that for large flame tip-to-plate distances, the heat flux
remains constant. For small flame tip-to-plate distances,
however, the heat flux will be very sensitive to small shifts
in distance. The heat flux will increase rapidly if the plate is
put closer to the plate.
6. Conclusions

In this paper we have shown how a relation for the con-
vective heat flux from a hot inert jet to the hot spot of a
plate can be derived analytically. In contradiction with
existing relations for the convective heat flux, our solution
is not only applicable for relative large distances from the
jet to the plate, but also for the case that the jet is placed
close to the plate. Furthermore, it is possible to obtain real-
istic solutions for low viscous flows.

The analytical expression is obtained by taking only the
dominant terms of the conservation equation into account.
Therefore, the flow is divided into two regions. The region
far from the plate is treated as a potential flow where viscos-
ity is neglected. In the region close to the plate, viscosity
becomes a leading term. The solutions of the velocity profiles
for both regions are coupled to each other at the edge of the
viscous boundary layer. The energy equation is given by a
balance between conduction and convection. The derived
equations for the velocity profiles are inserted in the energy
equation. After integration over the whole domain, the heat
flux to the hot spot of the plate can be found.

Comparison with the existing relations for the convec-
tive heat transfer showed good agreement. The presented
numerical calculations also proved the validity of the ana-
lytical model. The heat transfer from impinging flame jets
to a plate can be calculated by multiplying the convective
heat transfer from a hot inert jet to a plate with a Thermo-
chemical Heat Release factor. This TCHR-factor accounts
for the contribution of chemical recombination of radi-
cals in the cold boundary layer. Phosphor thermometry
measurements have been performed on a quartz plate
heated by a methane–oxygen and a hydrogen–oxygen
flame to validate the analytical model experimentally.
The experimentally obtained convective heat fluxes show
good agreement with the analytical model. The experi-
ments clearly show that for large distances the heat flux
is constant, while for short distances the heat flux becomes
very sensitive for small shifts in distance.
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