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Abstract

Axial and radial profiles of time-averaged local heat fluxes of methane–air jet flames impinging normal to a cooled

plate are reported, as functions of equivalence ratio, Reynolds number, and nozzle-plate spacing. Time-resolved behav-

ior for these conditions is examined in the companion paper, Part II. Flame structure was studied visually and photo-

graphed. Both premixed and diffusion flame behavior was observed. Nozzle-stabilized flames revealed a stable,

axisymmetric flame structure at nozzle-plate spacings less than 14 diameters. At greater nozzle-plate spacings, buoy-

ancy-induced instabilities caused the flame to oscillate visibly. Lifted flames exhibited varied flame structures dependent

upon the Reynolds number, equivalence ratio, and nozzle-plate spacing, stabilizing in the free jet, at the stagnation

zone, or downstream in the wall jet. Local heat flux measurements made in the stagnation zone and along the plate

adjacent to the wall jet flame revealed correlation of the local heat flux to the flame structure. Negative heat fluxes

resulted from cool gases impinging on the hotter plate. The magnitude of positive heat fluxes depended on the proximity

of the flame to the sensor surface, the rate of heat release, and the local molecular and turbulent transport.

� 2004 Elsevier Ltd. All rights reserved.
1. Introduction

Flame impingement heat transfer has been studied

extensively due to its practical application in the heating

or drying of material in industrial and domestic pro-

cesses. This method is being increasingly used in heating

processes rather than more expensive radiant heating

techniques. The greater heat fluxes obtained with flame

impingement have been found to reduce the processing
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time and costs while increasing product quality [1]. It

also has the advantage of being a quick, localized meth-

od that allows more precise heating control over a spe-

cific area than radiant heating methods.

Only recently have variations in local wall heat flux

from impinging flame jets begun to be explored and

understood, although there is substantial information

collected for various flow conditions and fuels. This is

perhaps due to the instrumentation used to date having

measured the heat flux over large areas and/or large

thermal capacitance due to the mass of the sensor [2].

Developments in thermopile construction have pro-

duced small sensors that can be used to make localized

measurements of heat flux. The localized time-averaged

measurements that have been made possible with this

instrumentation have provided insight into how the
ed.
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Nomenclature

d nozzle diameter

h nozzle-plate spacing

H dimensionless nozzle-plate spacing, h/d

q00 local time-mean heat flux

r radial distance from stagnation point

R dimensionless radial distance from stagna-

tion point, r/d

Re nozzle Reynolds number, based on nozzle

diameter and physical properties of the

unburned methane–air mixture at the nozzle

exit, qVd/l

V Average fluid velocity at nozzle exit

fs Sampling frequency

Greek symbols

U equivalence ratio, the ratio of the stoichio-

metric to actual air-to-fuel ratio, U =

(A/F)stoich/(A/F)act

l gas mixture dynamic viscosity

q gas mixture density
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local heat flux behavior reflects the flame structure at the

plate surface.

There has already been a great deal of research done

in this area. Early work by Hargrave et al. was among

the first to explore the physics of flame structure and

corresponding heat transfer for impinging flame jets

[5,6]. Relatively recent reviews by Viskanta [1,3,4] and

Baukal and Gebhart [2,7–9] summarize the results of

studies prior to their publication date, and call attention

to areas that have yet to be explored. Since these com-

prehensive reviews, there has been additional work

addressing the fundamentals of flame jet impingement

heat transfer under a variety of configurations. Some

studies have focused more on the combustion character-

istics of impinging flames [10–14]. However, a consider-

able body of recent literature has focused on heat

transfer behavior of impinging jet flames. A number of

careful investigations have explored heat transfer under

single circular or slot jet flames [15–19]. Additionally,

several recent studies have characterized the heat trans-

fer in a multiple-jet configuration [20–25].

Despite a growing body of literature related to flame

jet impingement heat transfer, the unsteady characteris-

tics of the impingement heat transfer have gone unex-

plored. These two papers, Parts I and II, seek to

document the local heat flux behavior for an impinging,

partially premixed circular methane jet over a broad

range of Reynolds number, equivalence ratio, nozzle-

plate spacing, and radial location along the impingement

plate. Part I focuses on observed flow structure for the

experimental conditions studied and corresponding local

measured time-mean heat transfer along the impinge-

ment plate, while time-resolved measurements are re-

ported and discussed in Part II. While the heat

transfer phenomena are linked in a complex way to

the combustion process, the focus here is on local wall

flux characteristics. However, the heat transfer is corre-

lated to observed flame structure, which is documented

photographically. It is hoped that this work will not only
serve as a reference for design engineers, but also pro-

vide insight into the unsteady flame impingement heat

transfer for various flow conditions. Further, the infor-

mation reported here provides benchmark data against

which modeling results may be compared.
2. Experimental method

Fig. 1 illustrates schematically the experimental

apparatus used for visually observing the flame struc-

ture, and measuring the instantaneous local flame

impingement heat flux. The details of the cooled

impingement plate, heat flux sensors, flame jet, and flow

control of the methane and air are described below.

The impingement plate, measuring 71 cm square, was

fabricated of two layers of aluminum plate separated by

a rubber seal. The bottom plate, exposed to the imping-

ing flame, was 1.27 cm thick 7075-T6 aluminum with

milled parallel grooves through which cooling water

flows. This square plate was divided into three rectangu-

lar zones, through each of which a separate cooling

channel was milled. A hole was drilled and tapped in

the center for mounting the heat flux sensor. The top

plate was 0.635 cm thick 6065-T5 with holes for attach-

ing it to the structure over the burn chamber and access-

ing the sensor. The flow of the cooling water was

regulated with three calibrated variable area flow meters.

Thermocouples measured the temperature of the water

flowing in and out of the plate to maintain the plate at

a near-constant temperature. Heated water, at tempera-

tures in the range 40–50 �C, was used as the plate cool-

ant to prevent moisture in the combustion products

from condensing on the impingement plate. The approx-

imate 10 �C variation in plate temperature was assumed

negligible in comparison to the impinging flame temper-

ature at the plate. The surface of the impingement plate

was polished smooth in its fabrication, and was un-

coated. The experimental conditions selected for study



Fig. 1. Experimental apparatus used in the study.
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avoided soot formation, so there were no soot deposits

on the surface. Thus, the flame impinged against pol-

ished aluminum during all tests. Nevertheless, as a pre-

caution the surface was periodically cleaned.

A Vatell HFM-7-E/L heat flux sensor was placed at

the center of the impingement plate to measure the local

heat flux and plate temperature. It was comprised of a

differential thermopile to measure heat flux and a resis-

tive temperature sensor embedded in aluminum nitride

surrounded by a copper casing. The uncoated (low-emis-

sivity), active region of the heat flux gage is a circle

approximately 3 mm in diameter. The thermopiles were

of composition 90% Nickel–10% Chromium/Constan-

tan, and the resistive temperature sensor was platinum.

The thermopile, embedded in the face of the sensor, pro-

duced a voltage that varied with the temperature gradi-

ent in the aluminum nitride at the face of the sensor [26].

According to the manufacturer�s specifications, these un-

coated sensors have a response time of 2–6 ls. The sen-

sor was inserted in the water-cooled aluminum

impingement plate such that the face of the sensor was

exactly flush with the impingement surface. Due to their

small size and copper casing, it may be safely assumed

that the sensor does not introduce a thermal discontinu-
ity in the plate. The sensor was connected to a Vatell

AMP-6 amplifier by shielded, grounded wire to reduce

ambient noise. The amplified voltages were connected

to a Sheldon Instruments DB1 I/O card, linked to a cou-

pled SI-DSP6400-R1 daughter card and a SI-C31DSP

PCI card for 16-bit A/D conversion in a Hewlett-Pack-

ard Vectra VL personal computer. Local, time-average

heat fluxes were calculated by averaging 218 data points

in each location where measurements were made. The

calculation details of the time-resolved measurements

are presented in the companion paper (Part II).

The nozzle was a stainless steel tube with an inner

diameter d = 6.6 mm, wall thickness 0.8 mm, and length

l = 600 mm (l/d = 91). It was attached to a carriage that

permitted travel across a track, controlled by the hori-

zontal positioner, to change the radial position of the

flame jet with respect to the fixed sensor location. The

carriage was also translated vertically by vertical posi-

tioners (four threaded rods) to change its height with re-

spect to the plate. The vertical and horizontal movement

served not only to translate the flame with respect to the

sensor, but also as an aid in registering the distance from

the stagnation point to prominent structures observed

visually in the flame. The flame chamber was 88 cm high
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and 102 cm square and enclosed on all four sides by

4.8 mm-thick Plexiglass. Below the carriage were two

layers of wire mesh screens to minimize the influence

of air currents present in the laboratory on the flow

behavior of the flame.

Flames were photographed using a 35 mm SLR

Kodak Max 400, with the aperture set at 5.6 and the

f-stop set between 15 and 20, depending on the size

and brightness of the flame. While photographing the

flames, two of the Plexiglass panels were removed from

the combustion enclosure to eliminate multiple reflec-

tions. Care was taken during the photographic docu-

mentation that removal of the panels caused no

disturbance to the flame structure.

The air and methane flow rates were controlled with

variable-area flow meters, calibrated for laboratory

ambient pressure and temperature. Thermocouples were

placed in fittings upstream of the flow meters to measure

the temperature of the methane and air. The calibration

accuracy for the flow meters was 5.8%. Both the air and

methane were fed into a mixing chamber/flame arrestor,

traveling through a tube to the nozzle in the burn cham-

ber. The flame arrestor was a 16 cm-long, 4 cm-diameter

cylinder filled with 4.5 mm steel ball bearings to serve as

a mixing chamber and to quench any possible flame

flashback from the nozzle exit.
3. Experimental uncertainty

The uncertainty for the Reynolds number, equiva-

lence ratio, and heat flux were determined using methods

described by Moffat [27]. The uncertainties for the Rey-

nolds number and equivalence ratio were both deter-

mined to be in the range of 6%. For the mean heat

flux measurements, the uncertainty due to the instru-

mentation was ±3.4 kW/m2 [28].
4. Experimental conditions

Local, time-resolved heat flux measurements and

photographs were collected for Reynolds numbers in

the range 1500–6000, based on nozzle exit conditions.

For this study of flame impingement normal to a flat

plate there are two dimensionless parameters used,

H = h/d, and R = r/d, to specify nozzle-plate spacing

and radial location, respectively [7]. Radial heat flux

profiles were gathered only at locations along the plate

from the stagnation point to the visible tip of the flame.

Flame symmetry about the nozzle axis was verified visu-

ally, and by limited heat flux measurements along a ra-

dial line on both sides of the stagnation point [28].

Equivalence ratios were limited to eliminate the forma-

tion of soot in any of the flames which would result in

deposits on the sensor surface. For flames at nozzle Rey-
nolds numbers of 1500, the equivalence ratio was varied

between unity (premixed) and seven (diffusion). For a

Reynolds number of 2800, the equivalence ratio was var-

ied from 3.7 to 8.9. For flames at a nozzle Reynolds

number of 5600, the equivalence ratio was varied be-

tween 3.7 and 7.4. Given the non-sooting (non-lumi-

nous) flame conditions studied, the net radiation flux

to the plate was estimated to be no greater than

1.8 kW/m2, which is less than the experimental error in

mean flux. Consequently, no correction to the measure-

ments has been made, and the data reported herein may

be viewed as convective flux.
5. Results and discussion

The time-averaged heat flux data will be presented

and discussed in this section. Due to the dependence

of the heat flux on flame structure and stabilization re-

gime, the observed flame behavior will be discussed first

to facilitate the understanding of the heat flux results

presented later. Only a subset of the heat flux data col-

lected in this investigation is presented here to illustrate

the phenomena due to space limitations. For all of the

results, the reader is referred to Tuttle [28].

The results will be presented in the following se-

quence: A base-case flame structure will be described

and analyzed. This will be followed by comparisons of

structure and behavior changes that occurred when the

normalized nozzle-plate spacing (H), equivalence ratio

(U), or nozzle Reynolds number (Re) were indepen-

dently varied; as one parameter was changed, the others

were maintained constant to observe the effect of the

varied parameter on the flame structure and the local

time-averaged heat flux. The discussion of the local heat

flux will follow, with the same organization as the flame

behavior discussion.

5.1. Flame behavior

The combustion regime (premixed or diffusion-con-

trolled) and the location of the flame stabilization point

characterized the different flame behavior observed in

this investigation. Premixed combustion stabilizes where

the local flow velocity is equal to the local laminar flame

velocity, which is controlled mainly by thermal diffusiv-

ity and reaction rate. In a laminar flow, a fuel-rich pre-

mixed flame will have inner and outer cones of

combustion; the inner cone is the location at which com-

bustion will initially stabilize forming a bright blue

flame. Secondary, diffusion-controlled combustion oc-

curs at the outer cone. It is also known that in turbulent

flows the location where the flame stabilizes will fluctu-

ate as turbulence in the flow changes the local velocities

over time. Consequently, the flame may appear, to the

eye, thicker or more voluminous than it actually is as
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it moves and/or spreads within a region where the local

flow velocity is equal to the laminar flame speed [29].

Diffusion flames, in addition to being affected by the

local velocity flow field, are controlled by the molecular

or turbulent transport of the fuel and oxidizer. The

flame stabilizes where the local fuel and oxidizer concen-

trations are stoichiometric. This results in a thin, lumi-

nescent flame surface at the interface between the fuel

and oxidizer [29,30].

The nomenclature of the flow field structures and re-

gions, used to describe the location of the flame stabil-

ization point and the flame structure, are shown in

Fig. 2a and b (adapted from [1]). Generally, the struc-

ture of the impinging jet of a mixture of fuel and air,

in Fig. 2a, has three principle regions: the free jet, the

stagnation zone, and the wall jet. In the free jet, the

shear layer between the exiting jet and the ambient air

drives the transport of momentum, energy, and mass.

With an increase in the axial distance from the nozzle

exit, the diameter of the free jet increases, the tempera-

ture of the jet changes, the entrained ambient air in-

creases the overall mass flow rate impinging the plate,

and the average velocity decreases. If there is a sufficient

decrease in the local velocity and either (i) the local

equivalence ratio reaches a stoichiometry for a diffusion

flame, or (ii) the overall stoichiometry is within flamma-

bility limits for a premixed flame, due to the shear layer

between the jet and the surrounding air, the flame will

stabilize in the free jet. In the stagnation zone, the flow

impinges on the plate and begins to flow radially along

the plate. Here, there is little entrainment in comparison

to what occurs in the free jet, but the change in direction

can decrease the velocity enough to allow the flame to

stabilize in that region. The wall jet region is character-

ized by radial flow along the face of the impingement
h
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Fig. 2. Schematic diagram of an impinging jet flow illustrating

the structure and traditional nomenclature of (a) an impinging

jet and (b) a free jet (adapted from [4]).
plate that decreases in velocity with distance from the

stagnation point [4]. If the flame has not stabilized in

the free jet and the stagnation zone, the flame will stabi-

lize in the wall jet if the entrained air has not decreased

the fuel concentration below the flammability limit.

The pre-impingement jet itself, in Fig. 2b, also has

three characteristic regions: a potential core, a develop-

ing region, and a fully developed region. A central re-

gion, where the gases have the same temperature,

species concentration, and velocity as those found at

the nozzle exit, characterizes the potential core. Unless

the initial fuel and oxidizer proportions are within flam-

mability limits and flow rate conditions are within flash-

back and blow-off limits, the flame will not stabilize in

the core. It is in the regions surrounding the core, where

mass, momentum, and energy transport to and from the

surrounding air penetrates the core, reducing the local

velocities and changing the local concentrations suffi-

ciently to allow the flame to stabilize. In the developing

region, the shear stress between the jet and the ambient

air causes the axial velocity to continue to decay. The

large shear stresses in that region also drive the genera-

tion of turbulence and create regions where the jet en-

trains and mixes with the ambient air, again creating

another region where the local velocities and concentra-

tions may allow combustion to stabilize. Beyond the

developing region, velocity and concentration profiles

are fully developed, the local jet diameter continues to

increase and the local average velocity at a given radial

location decreases with increasing axial distance from

the jet exit. This provides, with sufficient distance, a

flame stabilization point, if the local methane concentra-

tion has not decreased below the flammability limit. All

three of the regions of the free jet are characterized by an

increasing jet diameter with axial distance from the noz-

zle as the jet entrains ambient air [4].

A qualitative map of the different flame structures

visually observed in this investigation is shown in Fig.

3 as a function of equivalence ratio and Reynolds num-
Re

Φ

Nozzle-stabilized flame

No flame

Lifted flame
Wall jet-stabilized

Lifted flame
Stagnation zone-

stabilized

Lifted flame
Free jet-stabilized

Fig. 3. Flame structure map as a function of equivalence ratio

and Reynolds number.
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ber for all of the nozzle-plate spacings studied. The

flames discussed herein are either nozzle-stabilized or

lifted flames, as customarily described in the literature

[29–32]. Lifted flames were further observed to stabilize

in the free (pre-impingement) jet, stagnation zone, or

wall jet. Fig. 3 will serve as a reference in understanding

the mechanism for transitions that will be described in

the discussion of the flame structure. The dashed line

delineating the different lifted flame structures denote

gradual transitions from one regime to the other. Be-

cause this investigation is concerned principally with

heat transfer, the physics of flame stabilization mecha-

nisms are outside its scope and will not be discussed.

The reader is referred elsewhere for recent investigations

into the stabilization mechanisms of laminar and turbu-

lent flames [33–35].

For all nozzle-plate spacings and equivalence ratios

studied, the most prominent flame stabilization transi-

tion occurred when the flame changed from a nozzle-sta-

bilized to a lifted flame as the nozzle Reynolds number

increased above 2600. Below Re = 2600 nozzle-stabilized

flames prevailed, while lifted flames were observed for

Re > 2600. Nozzle-stabilized flames with equivalence ra-

tios below U = 3 were observed to lift off at Reynolds

numbers less than 2600. The lifted flames mapped in

Fig. 3 are further differentiated by the location of the

flame stabilization point (see Fig. 2a). In general,

increasing the Reynolds number for lifted flames pushes

the location of the flame stabilization point away from

the nozzle exit in the free jet, stagnation zone, or wall

jet. Furthermore, varying the equivalence ratio changes

the location where the methane and air are locally at

stoichiometric proportions, and determines whether

the combustion at the flame stabilization point is pre-

mixed or diffusion-controlled.

For most of the ranges of nozzle-plate spacing and

equivalence ratio studied, the flame transitioned gradu-

ally from a nozzle-stabilized to a lifted, free jet-stabilized

flame. Only for small nozzle-plate spacing, when the

nozzle was in close proximity to the impingement plate,

was the flame stabilization location a function of H.

Otherwise, the flame stabilization was generally a func-

tion only of Re and U. The transition from free jet-sta-

bilized flames to stagnation zone-stabilized flames

results from increasing the Reynolds number or decreas-

ing the equivalence ratio (see Fig. 3). There, the change

in flow direction slows the local flow velocity, allowing

the flame to stabilize. The flame shift downstream with

decreasing equivalence ratio may suggest that the flame

stabilization is more velocity-dependent as the flame

transitions to premixed behavior. Decreasing the noz-

zle-plate spacing also forces the flame to stabilize in

the stagnation zone, where the local velocity decreases

enough to allow the flame to stabilize. As increases in

Reynolds number or decreases in nozzle-plate spacing

push the flame stabilization point past the stagnation
zone into the wall jet, the flame abruptly stabilizes in

the slower moving gases of the wall jet.

In the following sections, the aforementioned flame

structures are discussed in detail and illustrated photo-

graphically. Nozzle-stabilized flames will be discussed

first by describing a base case flame condition, followed

by explorations of how the flame behavior is affected by

changes in nozzle-plate spacing and equivalence ratio.

Lifted flame behavior will then be discussed, also by

describing a base case flame, followed by explanations

of changes in flame structure as nozzle-plate spacing,

equivalence ratio, and Reynolds number are varied.

The observed flame structure will then be subsequently

correlated to local, time-mean heat flux behavior.

5.2. Nozzle-stabilized flame

Fig. 4 shows nozzle-stabilized diffusion flame struc-

tures at Re = 1500 for varying U and H. These images

are representative of all flame behavior observed for

Re < 2600. Photographs proceeding from left to right

in the figure indicate changes in flame structure due to

increasing U, while changes due to increasing H are indi-

cated by the photograph sequences from bottom to top.

The experimental condition U = 4.0 and H = 15 (Fig. 4a)

is taken here as the base-case experimental condition. (It

should be noted that the reflection of the flame in the

polished aluminum impingement plate is visible for

many of the flame photographs.) A thin layer of cool,

unreacted gases separates the flame surface from the

plate. Visual observations of the flame reveals that the

flame surface in Fig. 4a was generally smooth and steady

as H is increased up to a nozzle-plate spacing of 10

diameters, beyond which the flame began to flicker

along the rest of the length of the free jet and the wall

jet flame. At this low Reynolds number, buoyancy-in-

duced vortices are observed to form between the ambi-

ent air and the region of hot gases surrounding the

flame in the free jet. The vortices travel upward toward

the plate with the hot buoyant gases, following the free

jet, causing the flame to alternately bulge and shrink.

These vortices have been documented and studied previ-

ously in several investigations of free jet flames [36–41].

It has been confirmed that a buoyancy-driven shear

layer between the hot gases and the ambient air pro-

duces the outer vortical structures with characteristic

frequencies between 5 and 20 Hz.

The flame in Fig. 4a impinges against the plate, nego-

tiates the change in direction, then proceeds radially out-

ward in the wall jet region where a visible flame

separation from the wall is observed to increase with ra-

dial distance from the stagnation point. At a position

R � 3, the flame is closest to the plate. It is speculated

that as the combustion heats and expands the gases be-

tween the flame and the plate, the visible flame surface is

pushed away from the plate as it flows radially outward



Fig. 4. Photographs of nozzle-stabilized flames with Re = 1500 at (a) U = 4.0, H = 15; (b) U = 4.0, H = 5; (c) U = 4.0, H = 25;

(d) U = 1.0, H = 15; (e) U = 1.5, H = 15; and (f) U = 7.0, H = 15.
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in the wall jet. This diffusion flame structure in Fig. 4a

just described was observed with minor variation for

all equivalence ratios greater than 2. Descriptions of

the changes in the flame structure with height, equiva-

lence ratio, and Reynolds number will follow.

The flame illustrated in Fig. 4b, at Re = 1500, U = 4,

and H = 5, shows changes in the observed flame struc-

ture that occur with a decrease in nozzle-plate spacing

(relative to the base case). The diameter of the free jet

at the stagnation zone is relatively smaller, and the min-

imum flame-plate spacing occurs at a smaller radial loca-

tion. The most apparent difference between these two

flames is the curvature of the wall jet flame from the

impingement plate due to the rapidly expanding gases

and the change in diameter of the wall jet flame. With

a decrease in nozzle-plate spacing, there is less diffusion

from the flame to the unreacted jet center. Consequently,

the unburned gases are cooler and more fuel-rich when

they reach the plate, and expand more in the process

of heating and combustion. With the increase in the size

of the wall jet flame, due the availability of fuel in the

wall jet, Fig. 4b reveals that the flame curves back to-

ward the plate at radial distances beyond approximately

six diameters from the stagnation point. The flame
curvature suggests that (i) buoyancy lifts the flame sur-

face closer to the plate as the gases flow radially, and/

or (ii) the location in the wall jet where the fuel–oxidizer

proportions are stoichiometric is closer to the plate.

Nozzle-stabilized flames at the same nozzle-plate spac-

ing (H = 5) as the flame in Fig. 4b did not exhibit any

visible oscillations in the free jet or the wall jet. Visible

oscillations in both the free jet and the wall jet were de-

tected only at nozzle-plate spacings greater than 10

diameters. At nozzle-plate spacings less than 10 diame-

ters, the buoyancy-induced shear at the interface of the

hot gases surrounding the flame and the ambient air

are not sufficient for the development of vortices.

Fig. 4c shows a nozzle-stabilized flame at an in-

creased nozzle-plate spacing, with Re = 1500, U = 4,

and H = 25. The most visible differences between Fig.

4a and c are the decrease radial extent of the visible wall

jet flame and the decrease in the separation of the flame

surface from the plate. The smaller wall jet flame is a re-

sult of more fuel being consumed in the free jet. The de-

crease in the separation of the flame surface from the

plate may be a result of less expansion of the unburned

gases at the plate as more combustion occurs in the pre-

impingement jet than in the wall jet. As the nozzle-plate
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distance is increased, more heat release occurs in the free

jet and there is more time for the diffusion of hot prod-

ucts from the flame to the heart of the pre-impingement

jet, such that the temperature of the unburned mixture

increases. For this higher H, there was also an observed

increase in the magnitude of the oscillations in the free

jet flame with axial distance from the nozzle due to the

buoyancy-driven vortices at the flame edge. These vorti-

ces were observed to grow in intensity with axial dis-

tance from the nozzle, causing the visible oscillations

in the flame to be larger than those at smaller nozzle-

plate spacings.

Fig. 4d and e show premixed flames at the same

height and Reynolds number as the base case flame

shown in Fig. 4a, but with reduced equivalence ratios

of 1.0 and 1.5, respectively. The wall jet flame extends

only a few diameters from the stagnation point for lower

U: R = 2 for U = 1.0 and R = 3.5 for U = 1.5. Premixed

flame characteristics for these nozzle-stabilized flames

are observed at the same Reynolds numbers and equiv-

alence ratio (for U < 2) regardless of nozzle-plate spac-

ing. An inner, premixed flame cone and an outer

diffusion flame characterize the structure of these rich

premixed flames. The transition from premixed to diffu-

sion flame structure is apparent when comparing the

flames of Fig. 4d and e: as the equivalence ratio is in-

creased, the inner cone extends further upward and out-

ward until it merges into the outer diffusion flame. For

the premixed flames shown in Fig. 4d and e, there were

no visible oscillations in the flow, suggesting the

attenuation of the buoyancy-driven shear layer that

can form vortices between the hot gases surrounding

the flame and the ambient air. This is a result of the

localized combustion in the premixed flame, in contrast

to the spatially distributed combustion in the diffusion

flame.

The effect of increased equivalence ratio is shown in

Fig. 4f. Compared to Fig. 4a, there are no visible differ-

ences in the structure of the flame at the free jet and the

stagnation zone. Comparing the curvature of the wall jet

flame in Fig. 4a and f, it can be seen that the correspond-

ing regions of both appear the same, except that the wall

jet flame extends further radially and curves toward the

plate for the flame with a higher equivalence ratio. The

increase in the overall diameter of the wall jet flame is

believed to be a result of the increase in the proportion

of fuel in the unburned mixture. The increasing diameter

of the wall jet flame with increased U was observed for

equivalence ratios between 2 and 12.

5.3. Lifted flame

Generally speaking, lifted flames were observed for

flames with Re > 2600 and U > 3. Fig. 5 documents ob-

served flame structures for lifted flames with a Reynolds

number of 2800. The flame in Fig. 5a corresponding to
H = 15 was observed to stabilize somewhat erratically

approximately six diameters from the plate in the free

jet. The radial extent of the wall jet flame is approxi-

mately 18 nozzle diameters. Despite the large equiva-

lence ratio at the nozzle exit, the expected decrease in

local equivalence ratio by the entrainment of ambient

air, the brightness of the combustion at the flame stabil-

ization point, and the localized deceleration of the flow

field caused by the flow turn suggest premixed combus-

tion occurs at the flame stabilization point in a distrib-

uted fashion. The apparent thickness of the

combusting region at the flame stabilization point may

also suggest the possibility of the formation of a multi-

flame structure, as observed by Chen and Bilger [34]

and Lyons and Watson [35]. In the wall jet, the flame

transitions to a thin, irregular flame surface that exhibits

more diffusion-controlled than premixed combustion

characteristics. Although the flame does separate slightly

from the plate along the wall jet, the separation is not as

apparent as with the nozzle-stabilized flame. This sug-

gests higher temperatures in the unburned mixture and

products between the wall and the wall jet flame because

of the distributed region of premixed combustion near

the stagnation point upstream of the flame stabilization

location. Fig. 5a also illustrates that the fluctuations in

the flame structure in the wall jet are asymmetric. They

were also observed to be unsteady.

The variation in the lifted flame structure with noz-

zle-plate spacing was influenced both by the free jet

impingement on the plate and air entrainment. A flame

with a Reynolds number of 2800 and an equivalence

ratio of 5.2 was stabilized either in the stagnation zone

(5 6 H 6 8) or the free jet (H P 10). For a flame with

Re = 5600, there were two transitions that occurred with

increasing height. For H < 16.5, the flame was observed

to stabilize at the plate, downstream from the stagnation

point. For 16.5 6 H 6 18, the flame could not be stabi-

lized at any point in the flow field without a pilot flame.

ForH P 18, the flame stabilized in the stagnation zone.

Fig. 5b shows the visible flame with the same equiv-

alence ratio and Reynolds number as the flame shown

in Fig. 5a (Re = 2800, U = 5.2), but for a nozzle-plate

spacing of five diameters. This condition results in a

stagnation-zone-stabilized flame (see Fig. 3). This flame

stabilizes at R = 2, and then spreads across the plate

forming a single, thin, irregular flame surface extending

radially along the plate out to R � 23. At the flame sta-

bilization point, the flame appears to be diffusion-con-

trolled. For an increase in nozzle-plate spacing to

H = 25 (Fig. 5c) the flame may be classified as free-jet

stabilized. Similar to the flame of Fig. 5a at H = 15,

there is a region of premixed combustion where the

flame stabilizes. With an increase in H, the flame stabil-

ization point remains at the same general axial distance

from the nozzle exit, but the length of the free jet flame

increases. However, as evidenced by a brighter flame, the



Fig. 5. Photographs of lifted flames with Re = 2800 at (a) U = 5.2, H = 15; (b) U = 5.2, H = 5; (c) U = 5.2, H = 25; (d) U = 3.7, H = 15;

and (e) U = 8.9, H = 15.
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combustion appears to be more intense in the stagnation

zone for H = 15 than 25.

The effect of decreasing the equivalence ratio (for the

same Re and H) is illustrated in Fig. 5d, where U = 3.7.

In contrast to Fig. 5a (U = 5.2), this flame is character-

ized by a localized region of apparent intense premixed

combustion around the stagnation zone with a much

smaller diffusion-controlled wall jet flame. The decrease

in equivalence ratio, coupled with entrainment of ambi-

ent air in the free jet, appears to produce a large region

of distributed premixed combustion as the jet impinges

on the plate and transitions to a radial flow. This flame

structure may be classified as stagnation-zone stabilized

in the flame structure map of Fig. 3. Increasing the

equivalence ratio to U = 8.9 (Fig. 5e) relative to the base

case condition reveals a transition to a more defined dif-

fusion-controlled flame that stabilizes closer to the noz-

zle exit. A thin, irregular sheet of combusting gases

extending from the free jet to the wall jet characterizes

this flame. The flame stabilization point in the free jet

tended to fluctuate vertically. Similar to flames discussed

previously, the curvature of the wall jet flame produced

by the heating and expansion of cool reactants is appar-

ent in Fig. 5e. In the flame structure map shown in Fig.

3, the flame of Fig. 5e is classified as a free-jet stabilized

flame.

In general, increasing the Reynolds number for lifted

flames pushes the location of the flame stabilization

point downstream from the nozzle exit in the free-jet,

stagnation zone, or wall jet. Fig. 6 shows the flame struc-

ture with an increased Reynolds number Re = 5600 for

U = 5.2 and two nozzle-plate spacings, H = 5 and 15.

The flame of Fig. 6a stabilizes at R = 4, and then extends
radially outward to R = 27. As the nozzle-plate spacing

is increased from 5 to 10, the flame stabilizes further

from the stagnation point, and becomes brighter at the

stabilization point, presumably due to the combined ef-

fect of increased entrainment and reduction in local flow

velocity. Except for the bright ring where these flames

stabilize, they appear much like other wall jet flames

with a thin, irregular, diffusion-controlled flame surface.

Fig. 6 also illustrates slight curvature in the flames away

from, then back to the plate caused by expanding un-

burned gases. Wall jet-stabilized flames were observed

over a wide range of equivalence ratios, generally occur-

ring at higher Reynolds numbers (see Fig. 3).
6. Time-averaged heat transfer

The local time-mean heat flux is influenced signifi-

cantly by all of the parameters varied in this study

(Re, U, and H) because of their significant impact

on flame structure as previously observed. The local

heat flux depends on the proximity of the flame to

the plate surface, the local or upstream combustion

regime (predominantly diffusion or premixed condi-

tions), and the local transport of heat, mass, and

momentum. Generally speaking, these depend on the

parameters Re, U, and H. Local, time-averaged heat

flux measurements will be presented in the following

sections. The data will focus first on nozzle-stabilized

flame behavior, followed by lifted flame heat transfer

characteristics. Finally, Reynolds number effects are

detailed, spanning both the nozzle-stabilized and lifted

flame regimes.
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The local rate of heat release and molecular/turbulent

transport of momentum, heat, and mass were not mea-

sured directly in this study. However, they have been in-

ferred and compared from photographs of the flame

structure discussed in the foregoing section. Thus, local

heat flux is correlated qualitatively to the flame structure

regime.

6.1. Nozzle-stabilized flame

Radial profiles of time-averaged measurements are

shown in Fig. 7, illustrating (a) a typical profile for a

nozzle-stabilized flame at Re = 1500, H = 15, and

U = 4.0, (b) the effect of nozzle-plate spacing for

Re = 1500 and U = 4.0, and (c) the effect of equivalence

ratio for Re = 1500 and H = 15. Error bars (95% confi-

dence) are also shown with the mean flux data. Corre-

sponding flame structures have been discussed relative

to the photographs of Fig. 4. Also shown in Fig. 7 is a

variable termed the Heating Value Fraction, defined as

the local fraction of the fuel (lower) heating value which

has been dissipated convectively at the impingement

plate between the stagnation point and a given radial

location. The local heating value fraction is determined

by integration of the local time-mean heat flux q00(r) over

the plate area for the radial location in question

Heating Value Fraction ¼
R r

0
q00ðr0Þ2pr0 dr0

_mfuelLHV
ð1Þ

where _mfuel and LHV are the fuel mass flow rate and

lower heating value, respectively. This parameter repre-

sents, in a sense, a local measure of the combined com-

bustion/heat transfer efficiency. Increases in combustion

efficiency (conversion of fuel to products + heat) and/or

convective heat transfer effectiveness result in an atten-

dant increase in the local heating value fraction.

The radial mean heat flux profile shown in Fig. 7a is

for a flame with Re = 1500, U = 4.0, and H = 15 (see cor-

responding flame photograph in Fig. 4a). At these exper-

imental conditions the mean heat flux is negative at the

stagnation point, indicating that the impinging un-

burned gases in the pre-impingement jet core cools the

hotter plate. Downstream (radially) of the stagnation

point, the heat flux increases sharply and reaches a max-

imum value of about 25 kW/m2 in the region where the
Fig. 6. Photographs of flames stabilized in the wall jet a
wall-jet flame is closest to the plate (R � 3). As the flame

begins to curve away from the plate (R > 5), the mean

heat flux decreases, as the remaining methane is burned

and the flame separation distance from the plate further

decrease in the radial direction. The tip of the visible

wall jet flame was at R � 10. Beyond R = 11, there is a

sharp decrease in heat flux resulting from both the ab-

sence of combustion and the decrease in the temperature

and velocity of the gases as they flow radially outward in

the wall jet. The radial variation of the flame�s heating

value fraction dissipated convectively begins at zero at

the stagnation point, then rises monotonically to a peak

magnitude of 25% at R = 15.

Fig. 7b shows radial mean heat flux profiles at

Re = 1500 and U = 4.0 for flames at normalized noz-

zle-plate spacings of 5, 15, and 25 (see corresponding

flame structure photographs in Fig. 4b, a, and c, respec-

tively). The last radial positions for which measurements

were made indicate where the visible flame ends. The

stagnation heat fluxes in Fig. 7b reveal negative fluxes

at the stagnation point for nozzle-plate spacings of 5

and 15 nozzle diameters, again corresponding to the

cool potential core impinging on the plate. At H = 25,

the cool core no longer exists because the radially in-

ward diffusion of hot combustion products in the free

jet reaches the jet centerline, resulting in higher gas tem-

peratures. In general, Fig. 7b shows an increase in local

mean heat flux with nozzle-plate spacing at all radial

locations. This observation is also related to the gradual

elimination of the potential core along the jet axial direc-

tion due to the diffusion of hot combustion products to-

ward the jet centerline, causing the average temperature

between the jet and the plate to increase, thus resulting

in higher mean heat fluxes. For the same initial fuel

quantity (same Re and U), smaller amounts of fuel re-

main to be burned after the flow impinges against the

plate and turns for increasing H, resulting in wall-jet

flames of decreasing diameter and corresponding de-

crease in the effective plate heating surface area as shown

in Fig. 7b. The variation of heating value fraction dissi-

pated convectively follows the same trend as the local

mean heat flux for these conditions. For a given radial

location, the flame with higher nozzle-plate spacing

exhibits more effective transfer of the fuel�s heating value

to the impingement plate. As explained previously, this
t Re = 5600, U = 5.2 and (a) H = 5 or (b) H = 10.
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Fig. 7. Radial profiles of local mean heat flux and fraction of

fuel heating value dissipated convectively for flames with

Re = 1500, illustrating (a) a typical profile for a flame with

U = 4.0, and H = 15; (b) the effect of various nozzle-plate

spacings at U = 4.0; and (c) the effect of various equivalence

ratios at H = 15.
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is likely due to the increased diffusion of oxygen to the

unreacted central flow in the pre-impingement jet. Inter-

estingly, the heating value fraction never exceeds

approximately 20% for a radius of 15 jet diameters, indi-

cating that the majority of the impinging flame�s chemi-

cal/thermal energy remains in the radial flow. It is

further noted that even for cases where peak heat fluxes

occur in the stagnation zone (e.g., H = 25), very little of

the flame jet�s available energy is transferred to the plate

in the stagnation zone due to the small area.

The effect of a transition from premixed to diffusion-

controlled burning on the radial mean heat flux is illus-

trated Fig. 7c, which shows radial profiles of heat flux

and heating value fraction for flames with a Reynolds

number of 1500, nozzle-plate spacing of 15 diameters,

and equivalence ratios ranging from 1.0 to 7.0. Corre-

sponding photographs of flame structure are shown in

Fig. 4d, e, a, and f, respectively, for U = 1.0, 1.5, 4.0,
and 7.0. For U = 1.0, the maximum heat flux occurs at

the stagnation point. As U is increased, the peak heat

flux moves radially away from the stagnation point as

the unburned core of the premixed flame lengthens

and impinges against the plate. Once the premixed flame

transitions to a diffusion flame (U P 2.0), the radial

mean heat flux profiles are similar because the flame

structure in the pre-impingement jet and around the

stagnation zone changes little for the diffusion flame

structure (compare Fig. 4a and f). The stagnation heat

flux magnitude and the radial location of the maximum

heat flux are nearly the same for U > 2.0. Heat flux max-

ima for all of the diffusion flames are located at R � 3,

where the flame was closest to the impingement plate.

The only significant difference is the increase in the effec-

tive plate heating surface area associated with the in-

crease in the wall-jet flame diameter as the equivalence

ratio increases from 4.0 to 7.0, since it requires longer

to burn a richer mixture for a given Reynolds number

and nozzle-plate spacing.

The fraction of the impinging flame�s heating value

dissipated convectively at a given radial location in-

creases for greater premixing of the flame jet (decreasing

U). It is not surprising that premixed flames are more

effective at transferring available flame energy to the

plate, since the energy release is not limited by oxygen

diffusion to the fuel. The radial gradient (rate) of heating

value energy transfer is also observed to be significantly

higher for lower values of the equivalence ratio U. It is

again noted that the fraction of the flame�s heating value

transferred to the plate never exceeds 20%.

6.2. Lifted flame

Radial mean heat flux profiles for lifted flames are

shown in Fig. 8, illustrating in the respective panels (a)

the effect of nozzle-plate spacing for Re = 2800 and

U = 5.2, (b) the effect of equivalence ratio for

Re = 2800 and H = 15, and (c) the effect of nozzle-plate

spacing for Re = 5600 and U = 5.2. Corresponding pho-

tographs of the flame structure have been shown and

discussed in Figs. 5 and 6.

Fig. 8a illustrates heat flux and heating value fraction

profiles for lifted flames at an equivalence ratio of 5.2, a

Reynolds number of 2800, and nozzle-plate spacings of

5, 15, and 25 nozzle diameters. Photographs of these

three flames are shown in Fig. 5b, a, and c, respectively.

The trends are similar for all nozzle-plate spacings. The

mean flux increases from the jet centerline to a maxi-

mum value at a radial location R � 6–8, then decreases

radially toward the edge of the flame in the wall jet re-

gion. By comparison with the nozzle-stabilized flame

data of Fig. 7, the maximum heat flux occurs further

from the stagnation point for lifted flames. The profile

for the flame at H = 5 in Fig. 8a reveals negative heat

fluxes in the stagnation region, again resulting from
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impingement of the cool, unreacted jet. The region of

highest heat flux, 4 6 R 6 8, corresponds to the region

of flame proximity to the impingement plate. Beyond a

radial location of eight diameters, the flame is pushed

away from the plate by expanding gases, and the result-

ing heat flux gradually decreases with radial distance.

Correlating the observed flame structures for H = 5

and 15 in Fig. 5b and a, respectively, with the corre-

sponding heat flux profiles in Fig. 8a suggests a slower

heat release along the wall for smaller nozzle-plate spac-

ings, resulting in lower heat fluxes and associated lower

variation in mean flux with radial distance from the stag-

nation point.

Comparing the heat flux profiles for the flames at

nozzle-plate spacings of H = 15 and 25 in Fig. 8a shows

that the increase in nozzle-plate spacing yields higher

heat fluxes at all radial locations along the impingement

plate up to a location of 12 diameters from the stagna-
tion point. The higher mean flux for the flame with a

nozzle-plate spacing of 25 diameters is a result of the

greater diffusion (molecular or turbulent transport) that

occurs in the free jet prior to its impingement against the

plate. Recall from the discussion of observed flame

structure for these cases that the difference in the com-

bustion at the flame stabilization point suggested greater

interaction between the impinging jet and the plate for

H = 15, slowing the local flow velocity and increasing

the combustion intensity at the plate. Fig. 8a also reveals

higher heating value fraction at a given radial location

for increased nozzle-plate spacing.

Fig. 8b illustrates the radial heat flux and combus-

tion/heat transfer efficiency behavior for flame jets with

nozzle-plate spacing of 15 diameters, Reynolds number

of 2800, and varying equivalence ratios of 3.7, 5.2, and

8.9 (see the flame photographs in Fig. 5d, a, and e,

respectively). The mean heat flux profile for the stagna-

tion zone-stabilized flame (U = 3.7) reveals a rapid heat

flux increase with radial distance from the stagnation

point, a peak at R = 4, followed by a gradual decrease.

The peak corresponds to the brightest region of the

flame, where the maximum heat release occurs. Beyond

R = 4, the flame is controlled by diffusion as the remain-

ing fuel is reacted, and the heat flux decreases rapidly

with distance from the stagnation point. The heat flux

profile for U = 8.9 (see the photograph of Fig. 5e) re-

veals an increased stagnation heat flux compared to

the U = 5.2 condition. However, the heat flux along

the wall jet is lower for most of the radial distance

along the plate than for flames at U = 3.7 and U = 5.2.

Comparing the corresponding flame structures shown

in Fig. 5d with Fig. 5a, the flame stabilization point

and the wall jet flame suggest more diffusion-controlled

combustion than what was observed for lower equiva-

lence ratios. This would have the effect of delaying the

heat release, resulting in lower heat fluxes as observed.

As with the nozzle-stabilized flame jets, increasing the

level of premixing in the flame increases the heating va-

lue fraction. Fig. 8b shows, as expected, that the fraction

of fuel heating value that is transported to the wall is

considerably higher for greater premixing (lower U).

The effect of equivalence ratio on the heating value frac-

tion is much stronger than either Reynolds number or

nozzle-plate spacing.

The radial heat flux profiles in Fig. 8c are for Rey-

nolds number of 5600 (lifted flame), equivalence ratio

of 5.2, and nozzle-plate spacings of 5 and 10 diameters

(see the flame photographs in Fig. 6a and b). Recall

from the previous discussion on flame structure that at

these conditions, the flame is stabilized in the wall jet re-

gion 3–6 diameters downstream from the stagnation

point. In Fig. 8c, the flame at H = 5 exhibits negative

wall heat flux radially out to the flame stabilization point

at R = 4, after which the heat flux increases rapidly with

radius. The points of maximum heat flux do not
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correspond to the region where the flame is closest to the

plate. Rather, there is a wide radial band of increasing

heat flux up to R = 12, and then beyond R = 15 the heat

flux gradually decreases. The heat flux in the wall jet of

this flame is higher than other wall jet heat fluxes, as

shown in Fig. 8a and b. This is a result of both the heat

release occurring entirely in the wall jet, as well as hav-

ing twice the mass flow rate of fuel and air in the jet mix-

ture. The heat flux profile for the flame with H = 10

shows similar behavior along the surface of the plate,

with the exception of a more rapid increase in mean flux

in the radial region 5 6 R 6 7. Negative wall heat fluxes

prevail radially out to the flame stabilization point, and

then a sharp increase occurs at R = 5. The much higher

heat fluxes for the flame at H = 10, in comparison to

that at H = 5, may be attributed to the premixed com-

bustion at the flame stabilization point, which results

from the greater quantity of air entrained in the free

jet, lowering the local equivalence ratio. As observed

in Fig. 8a, increasing the nozzle-plate spacing increases

the fraction of flame energy dissipated convectively at

a given radial location.

6.3. Reynolds number dependence

Nozzle-stabilized flame (low-Re) and lifted flame

(high-Re) behavior has been presented in the foregoing

sections. As a bridge between these two different flame

structure scenarios, Fig. 9 is presented, illustrating the

effect of nozzle-plate spacing and equivalence ratio on

the mean stagnation heat flux for nozzle Reynolds num-

bers spanning both the nozzle-stabilized and lifted flame

regimes (see Fig. 3).

Fig. 9a shows the change in mean stagnation heat

flux with nozzle-plate spacing for diffusion flames (high

U) with Reynolds numbers of 1500 (nozzle-stabilized

flame), and 2800 and 5600 (lifted flames). Examination

of the heat flux for the nozzle-stabilized flame

(Re = 1500) reveals that up to a nozzle-plate spacing of

H � 20, the heat flux is negative and nearly independent

of H. At nozzle-plate spacings greater than 20 diameters,

the stagnation heat flux increases slowly with height. As

explained previously, this gradual increase in stagnation

heat flux is caused by the elimination of the unreacted

core by radially inward thermal and mass diffusion in

the pre-impingement flame. Further increases in noz-

zle-plate spacing provides greater distance for diffusion

to raise the temperature of the core, increasing the tem-

perature gradient between the hot gases and the cooled

plate and thus increasing the mean stagnation heat flux.

For the lifted flame conditions of Fig. 9a (Re = 2800

and 5600), the stagnation zone-stabilized flame yields a

gradual decrease in heat flux as the increasing domi-

nance of diffusion for equivalence ratio in the range

3 6 U 6 5 slowed the rate of heat release. Recall from

the discussion of flame structure that the behavior of
these flames suggests premixed combustion due to the

rapid heat release at the flame stabilization point and

the entrainment of air between the nozzle and plate.

At U P 6, the flame transitions to free jet-stabilized

combustion, and there is a gradual increase in heat flux

as the flame stabilizes further upstream in the pre-

impingement jet, increasing the thermal transport to

the unburned gases in the jet. For the wall jet-stabilized

flame (6 6 U 6 6.5) and the stagnation zone-stabilized

flame (7 6 U 6 12) at Re = 5600, cool unburned gases

impinge against the plate, producing a negative heat flux

that changes only moderately with the equivalence ratio.

Fig. 9b illustrates the change in mean stagnation heat

flux as a function of equivalence ratio for flames with

Reynolds numbers of 1500 (nozzle-stabilized flame),

and 2800 and 5600 (lifted flame) for a nozzle-plate spac-
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ing of H = 15. The three Reynolds numbers illustrate the

full range of flame stabilization location behavior. For

an equivalence ratio of U = 1.0 at Re = 1500, the pre-

mixed flame reaction is nearly complete prior to its

impingement on the plate (as illustrated in the flame

photograph of Fig. 4d), resulting in the maximum heat

flux at the stagnation point (see Fig. 9b). The stagnation

flux behavior for 1.0 6 U 6 3.0 is illustrative of the tran-

sition from a premixed conical flame reacting in the

heart of the free jet and burning completely prior to

impingement, to a diffusion flame combusting at the

interface between the core and the ambient air and per-

sisting radially beyond the stagnation point. As the inner

cone of the premixed flame stretches upward and out-

ward with increasing equivalence ratio, the stagnation

heat flux decreases dramatically from approximately

85 kW/m2 at U = 1.0 to 1.1 kW/m2 at U = 3.0. At higher

equivalence ratios, all of the stagnation heat fluxes are

observed to be negative and nearly independent of

equivalence ratio.

Fig. 9c shows the variation of stagnation heat flux

with increasing nozzle Reynolds number for an equiva-

lence ratio of 7.0 and a nozzle-plate spacing of 15 nozzle

diameters. In the nozzle-stabilized diffusion flame regime

(U > 3.0) the behavior is similar regardless of the equiv-

alence ratio. Premixed flames (1.0 6 U 6 2.0) were not

observed for Re > 2400. The stagnation heat flux varia-

tion with Reynolds number for nozzle-stabilized flames

is related to the axial length of the potential core. While

the potential core extends up to or past the plate loca-

tion, an unreacted, low-temperature mixture at inlet

conditions reaches the stagnation area, cooling the plate

and resulting in negative stagnation heat fluxes. This

trend is evident up to a Reynolds number near 1800,

where the stagnation heat flux begins to increase with

Reynolds number (see Fig. 9c). As the Reynolds number

is increased, the length of the potential core is reduced

by the increased radial transport of hot combustion

products from the flame to the jet core, increasing the

temperature of the unburned mixture along the jet cen-

terline. The net result is an increase in the heat flux to

the plate at the stagnation point with increasing Re. This

trend of increasing stagnation heat flux continues up to

a Reynolds number of 2600, after which the flame expe-

riences a transition from a nozzle-stabilized to a lifted

flame. The transition from nozzle-stabilized to lifted

flame behavior was found to occur over a range in Rey-

nolds number (Re = 2600 ± 100 at the conditions

shown). Thus, although shown as occurring simulta-

neously in Fig. 9c, the mean stagnation flux at the tran-

sition Reynolds number is either that characteristic of

the nozzle-stabilized or lifted flame in this region, but

not both. With further increases in Reynolds number,

the flame stabilization point is pushed further down-

stream in the wall jet. This decreases the transport of

hot combustion products with the free jet relative to that
which occurs for nozzle-stabilized flames for

2100 6 Re 6 2600. Consequently, there is a general de-

crease in heat flux as the Reynolds number increased

and the flame stabilization point transitions from the

free jet-stabilized to the stagnation zone-stabilized re-

gimes (Re � 4000), and then to wall jet-stabilized

behavior (Re � 5700).
7. Conclusions

Flame behavior and time-averaged local heat flux

were observed and measured, respectively, for impinging

methane–air jet flames with nozzle Reynolds numbers in

the range between 1500 and 6000, equivalence ratios be-

tween 1 and 9, and non-dimensional nozzle-plate spac-

ings between 5 and 35 nozzle diameters. At Reynolds

numbers of 1500, flame photographs and observation re-

veal symmetric, laminar flame surfaces. At nozzle-plate

spacings greater than ten diameters, vortices in the free

jet and the wall jet begin to produce oscillations in the

flame surface. The laminar flames with equivalence ra-

tios less than two exhibit classic premixed flame behav-

ior. At higher equivalence ratios, a diffusion flame

structure was observed. With increasing equivalence

ratio, the wall jet flame increases in size while the flame

at the free jet and stagnation zone remains unchanged.

Lifted flames result for Reynolds numbers greater than

2600. Lifted flames were observed to stabilize in the free

jet, at the stagnation zone, and in the wall jet. The flame

stabilization point was pushed downstream by increases

in Reynolds number, and were observed to remain in the

same downstream location, with respect to the nozzle, as

the nozzle-plate spacing was increased. Varying the

equivalence ratio was seen to change the location where

the methane and air were at stoichiometric proportions

and whether the combustion at the flame stabilization

point was premixed or diffusion-controlled.

Generally speaking, premixed flames are observed to

yield the highest heat fluxes measured in this study,

exhibiting substantially higher heat fluxes than diffusion

flames due to the more rapid and localized heat release.

Conversely, diffusion-stabilized flame structures yield

slower heat release and larger overall flame structures,

resulting in lower heat fluxes over larger areas. Heat

fluxes are also seen to increase as the rate of molecular

or turbulent transport increase at, or upstream, of any

radial location on the impingement plate. Increased

transport rates also affect the local heat flux by the in-

creased rates of heat release caused by a decrease in local

equivalence ratios due to air entrainment. Increased

transport rates result from increases in Reynolds num-

ber and/or the axial length of the pre-impingement jet,

which allow greater distance for transport to occur

and the development of transitional and turbulent mix-

ing structures.
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