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Abstract

This is the second of a two-part paper on heat transfer from an impinging flame jet reporting time-resolved results.

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

are reported, including the root mean square (RMS), probability distribution function (PDF), and the power spectral

density (PSD) of the heat flux fluctuations as a function of equivalence ratio, Reynolds number, and nozzle-plate spac-

ing. The RMS, PDF, and PSD of the heat flux signal from the stagnation point and along the plate revealed correlation

of the local heat flux to the flame structure. Impingement heat flux from premixed nozzle-stabilized flames was char-

acterized by small RMS fluctuations and frequency behavior indicating the formation of weak, buoyancy-driven vortex

structures at the shear layer between the hot gases surrounding the flame and the ambient air. Conversely, diffusion

flames were characterized by much larger RMS fluctuations and PSD�s indicating the development of much larger vor-

tex structures. Time-resolved heat flux for lifted flames varied according to flame structure and combustion intensity.

PSD magnitudes were related to the range of temperatures in the flow; greater temperature ranges produced larger heat

flux variations. The contributing frequencies were related to the duration of the heat flux fluctuation; more rapid

changes in heat flux produced higher frequency content.

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

A summary of experimental work focusing on heat

transfer characteristics of impinging flame jets was pre-

sented in Part I of this work. Part I documented visually

observed flame structure for partially premixed flames

impinging on a cooled plate. The dependence of local,
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time-mean heat flux along the impingement plate on

nozzle Reynolds number, nozzle-plate spacing, and

equivalence ratio was presented. Little is known about

the fluctuations in local heat flux for such impinging

flame jets, although there is substantial time-mean infor-

mation collected for various flow conditions and fuels.

This may be due to inadequate instrumentation avail-

able in prior studies, with poor spatial and/or temporal

resolution [1]. Developments in thermopile construction

have produced small sensors that can respond to rapid

fluctuations in heat flux. This allows observation of

the fluctuating heat flux in laminar, transitional, and tur-

bulent flames and the prevalent frequency behavior that

dominate these flow structures in the shear layers of
ed.
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Nomenclature

d nozzle diameter

h nozzle-plate spacing

H dimensionless nozzle-plate spacing, h/d

q00 local 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 stoi-

chiometric 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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flames [2–4]. Baukal and Gebhart noted the lack of suit-

able instrumentation in early studies [1]. The steady-

state measurement methods are insufficient to observe

the rapid fluctuations of the heat flux at the plate face

that occur in turbulent flow.

Studies have been conducted to observe the influence

of turbulent flame behavior on heat transfer and flame

structures. The rapid mixing found in turbulent flows in-

creases the heat and mass diffusion and the resulting rate

of combustion and wall heat flux. In order to understand

and characterize the influence of turbulence on heat flux

and the flame structure, a number of studies have been

conducted (see, for example, [5–12]). Temperature and

velocity oscillations in flames have also been explored

experimentally. Oscillation frequencies have been found

to be a function of Reynolds number, equivalence ratio,

and the dimensionless nozzle-plate spacingH [2,3,13–15].

Part I of this work summarized investigations focus-

ing on the time-mean heat transfer characteristics of

impinging flame jets. To the authors� knowledge, there
are no prior studies that document the corresponding

time-resolved heat transfer behavior. This second part

of a two-part study seeks to fill this void in understand-

ing by exploring the time-resolved characteristics of

impinging, partially premixed impinging flame jets for

a range of Reynolds number, equivalence ratio, nozzle-

plate spacing, and radial location along the impingement

plate. It is again stated here that although the heat/mass

transfer phenomena for this problem are a complex

interplay of flow structure, diffusion of species and en-

ergy, chemical reaction and associated heat release,

etc., the focus here is on heat transfer to the impinge-

ment plate. Where appropriate, the time-resolved behav-

ior is correlated with the time-average characteristics

observed in Part I of the study.

2. Experimental method

Significant details about the experimental method,

procedure, uncertainty, and conditions have already
been presented in Part I. Attention is focused here on

the details of the time-resolved measurements. The

instrumentation and subsequent data processing were

carried out on a PC-based system. A total of 218 data

points were collected in a contiguous temporal data

set for each experimental condition and measurement

location. The number of measurements used in deter-

mining the fluctuation statistics was determined by

sequentially increasing the number of data points in a

set to calculate the statistics until the mean and RMS

flux ceased to change by more than two percent. Preli-

minary sampling was also performed for a given exper-

imental condition over a range of sampling frequencies

from fs = 10–30 kHz to determine the appropriate data

acquisition rate and the approximate frequency content

of the fluctuating heat flux signal. The mean value and

the RMS were found to be independent of the sampling

frequency in this range. Therefore, the sampling fre-

quency was determined such that the Nyquist fre-

quency, fN (=0.5fs), would be greater than any

significant anticipated signals, as observed in prelimin-

ary studies. Thus, any signal must decay to the noise

floor at a frequency less than fN. The noise floor was

characterized by recording data without imposed heat

flux or temperature input. Several contiguous data sets

were collected at various sampling frequencies (as high

as 30 kHz) at the same experimental conditions and

measurement location (Re = 5500, U = 6.7, R = 6, and

H = 20). This radial location was selected because it

exhibited the largest RMS at this fuel flow rate, mixture

stoichiometry, and nozzle-plate spacing. It was discov-

ered that the magnitude of the component frequencies

fell to that of the baseline noise at approximately 1–

2 kHz, and remained at the noise floor out to 30 kHz.

Therefore, the sampling frequency was chosen to be

10 kHz, allowing any significant behavior in the fre-

quency domain to be represented accurately up to the

Nyquist frequency, 5 kHz. All time-resolved data were

thus collected at 10 kHz and stored for later retrieval

and analysis.



1254 S.G. Tuttle et al. / International Journal of Heat and Mass Transfer 48 (2005) 1252–1266
The post-processing procedure converted the stored

voltages from their binary format to double precision

ASCII format. These voltages were used to calculate

the instantaneous temperatures and heat fluxes using

the calibration provided by the manufacturer. The

mean, standard deviation, skewness, and kurtosis were

then calculated for the heat flux. Further, in order to cal-

culate the frequency content of the time-resolved heat

flux fluctuations, the contiguous data sets of 218 data

points were first divided into 32 blocks of 213 elements

and filtered by a Hanning window. The power spectral

density function (PSD), a measure of the power in the

fluctuating heat flux signal at each frequency, was calcu-

lated for each block with a frequency resolution of

1.22 Hz. This was done by performing a fast Fourier

transform of the signal to determine the component fre-

quencies and respective amplitudes. The PSD magni-

tudes were calculated using established methods [16].

The magnitudes at the frequencies of each block were

then averaged. The number of blocks employed was se-

lected as a compromise between maximum frequency

resolution and minimum noise in the PSD. Each time

an experiment was run, a data set was gathered without

a flame to provide a noise-floor PSD for that condition.

All of the noise-floor PSD�s were averaged to determine

a mean noise floor. High frequencies were filtered from

the PSD�s with a signal-to-noise ratio cut-off of 2. The

probability density function (PDF), reflective of the

magnitude the fluctuating heat flux may assume with

its respective probability, was also determined [17].

The difference between measured minimum and maxi-

mum heat flux was divided into 500 increments in the

calculation of the PDF. The experimental method and

data reduction for the time-resolved measurements are

explained in greater detail elsewhere [18].
3. Results and discussion

The time-resolved heat flux data, comprising the

RMS, PSD, and PDF, will be presented in this section.

The qualitative flame structure and corresponding

time-mean local wall heat flux, with their dependence

on the parameters varied in this study were reported in

Part I.

The RMS, PSD, and the PDF of a particular heat

flux signal may be correlated to the local thermal struc-

ture of the gases. The RMS indicates the variation of the

fluctuations about the mean in the heat flux signal. The

PSD plots the frequencies and the respective intensity at

each that make up the fluctuations in the heat flux sig-

nal. Rapid fluctuations, indicated by larger frequencies

in the PSD, suggest small structures rapidly changing

the temperature gradient in the local boundary layer at

the impingement plate. The PSD magnitudes, graphed

as a function of frequency, indicate the heat flux vari-
ance that occurs at a particular frequency. Thus, the

area under a PSD curve represents the RMS. In this

study, the PDF of a heat flux signal reflects the fraction

of time the sensor was exposed to a particular heat flux,

revealing the prominent heat fluxes and indicating their

statistical distribution. The skewness coefficient, which

reflects the asymmetry of PDF relative to a normal dis-

tribution, was also calculated.

The discussion of time-resolved heat flux behavior

will follow the same sequence used in Part I of this

study. The characteristics of nozzle-stabilized flames will

first be discussed, followed by the behavior of lifted

flames. Although somewhat awkward, the exploration

of time-resolved behavior presented here will necessarily

refer to the documented flame structure and mean heat

flux discussion of Part I.

3.1. Nozzle-stabilized flame

The local mean, RMS, PSD, and PDF heat flux pro-

files, measured radially from the stagnation point of a

nozzle-stabilized flame at Re = 1500, U = 4, and

H = 15, are shown in Fig. 1a–c, respectively. A photo-

graph of the flame for this experimental condition is

shown in Fig. 4a of Part I. In Fig. 1a the vertical dashed

line represents the radial location where the visible tip of

the flame was observed. The RMS heat flux in Fig. 1a

reveals a gradual increase in the heat flux RMS with dis-

tance from the stagnation point out to R = 5, followed

by a gradual decrease and a slight inflection at the flame

tip (R � 10). From the discussion of the flame structure

in Part I it may be observed that the distance between

the flame surface and the plate begins to increase at

the same radial location as the RMS peak (R = 5). This

indicates that the temperature in the hot products were

increasing, suggesting that the heating and expansion

of the gases cause the flame surface to separate from

the plate. The subsequent decrease in the RMS and

mean with distance from the stagnation point may be

interpreted as a result of the narrowing in the tempera-

ture range in the boundary layer as the cool unburned

gases were heated by the combustion products.

The PSD (Fig. 1b) at the stagnation point (R = 0) re-

veals two preferred frequencies: a harmonic frequency at

12 Hz and its sub-harmonic at 24 Hz. The frequency

peaks are a result of the vortices formed by the buoy-

ancy-driven shear layer that lie at the interface between

the hot gases surrounding the flame and ambient air in

the pre-impingement jet. As the vortex rotates and trans-

lates along the free jet and the wall jet, it causes the flame

to bulge and contract. The primary harmonic suggests

that the bulging and contraction in the flame structure

causes the temperature in the boundary layer to oscillate

as the gases flow past the impingement plate. A study of

Yule [19] documented the formation and behavior of

vortices in the outer mixing layer of a non-reacting



Fig. 1. Heat flux radial variations of (a) mean and RMS; (b) PSD�s; and (c) PDF�s for a flame with Re = 1500, U = 4.0, and H = 15.
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round jet. These vortices, formed at the interface of the

hot products and ambient air, have also been docu-

mented and studied for free flame jets [15,20–24]. It

has been confirmed that a buoyancy-driven shear layer

between the hot gases and the ambient air produces out-

er structures with characteristic frequencies between 5

and 20 Hz. These structures develop in size with increas-

ing axial distance from the nozzle exit. The sub-har-

monic at 24 Hz suggests that as the vortices develop

with axial distance from the nozzle exit, a fold in the lay-

ers of hot and cool gases is formed. This produces an-

other fluctuation in the heat flux at twice the

frequency of the harmonic. Downstream of the stagna-

tion zone, the number of frequency peaks in Fig. 1b in-

creases to four, indicating that as the vortices impinge

against the plate, more folds in the layer of hot and cool

gases are produced, with preferred frequencies appear-

ing in the PSD at multiples of the harmonic frequency.

The magnitude of the preferred frequency peaks in-

creases, then decreases with distance from the stagnation

point, with a maximum approximately five diameters

from the stagnation point. Recall from the discussion

on flame structure in Part I that, at a radial location four

diameters from the stagnation point, the flame is nearest

the plate. Immediately downstream, the flame begins to
separate from the plate with increasing distance from the

stagnation zone. The radial location of the flame separa-

tion (R = 5) corresponds roughly to the location of max-

imum magnitude of the dominant frequency, or the

location where the temperature fluctuations in the flow

were the largest. Here, the heat flux fluctuations have

the greatest magnitude as the wall jet flame surfaces,

and the unburned gases and hot combustion products

are mixed by the vortex structures. Beyond R = 5, the

magnitudes of all of the frequency peaks diminish with

distance from the stagnation zone, confirming that the

separation of the flame from the plate and the reduction

in both the heat release and wall jet velocity result in a

decrease in the amplitude of the heat flux fluctuations.

At the flame tip, at R = 11, visual flickering of the flame

increases the magnitude of the heat flux fluctuations.

The PDF�s in Fig. 1c reveal further insight into the

flame behavior as it impinges against the plate. The

PDF at the stagnation point is relatively narrow, and

PDF�s widen at locations farther from the stagnation

point until R = 5, beyond which there is a gradual nar-

rowing of the distributions. Additionally, the distribu-

tions exhibit two relatively weak peaks between two

and eight diameters from the stagnation point. The bi-

modal distributions suggest that the impingement plate
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was exposed to gases which alternated between two pre-

dominant temperature ranges, confirming the existence

of vortices mixing hot products near the flame. Beyond

eight diameters from the stagnation point, the PDF�s ex-
hibit a single peak. Again, the flickering at the flame tip

resulted on an increase in the distribution range at

R = 11.

Fig. 2 shows the variation in the RMS, PSD, and

PDF radial heat flux profiles with changes in nozzle-

plate spacing for nozzle-stabilized flames at an experi-

mental condition Re = 1500 and U = 4. The radial

RMS heat flux profiles for flames at nozzle-plate spac-

ings of 5, 15, and 25 diameters are shown in Fig. 2a

(see flames in Fig. 4b, a, and c, respectively, in Part I).

It is observed generally that the RMS heat flux increases

with increasing nozzle-plate spacing. Indeed, fluctua-

tions in wall flux are very low for H = 5, but exhibit a

dramatic increase at the H = 15 and 25 experimental

conditions. Interestingly, the RMS heat flux for the

intermediate nozzle-plate spacing (H = 15) is generally

the highest. It may be speculated that the nozzle-plate

spacingH = 15 is a transition condition between the case

of little heat/mass diffusion with corresponding reaction

and heat release in the pre-impingement jet for H = 5,

and significant, developed diffusion and reaction for

the greater nozzle-plate spacing H = 25. The initial gen-
Fig. 2. Heat flux radial variations for a flame with Re = 1500, and U =

mean and RMS heat flux; (b) PSD�s and (c) PDF�s for H = 5.
eral increase in RMS heat flux with radial position for

all three nozzle-plate spacings may be a result of two

contributing factors. The first relates to the narrower

separation between the wall jet flame and the plate, pro-

ducing a general increase in the temperature oscillations

with increasing distance from the stagnation point as the

remaining unburned gases were consumed. The peak

RMS heat flux occurs downstream of observed maxima

in the time-mean local heat flux, seen in Part I, Fig. 7b.

As the reaction ceases, fluctuations also cease resulting

in decreases in RMS heat flux with radius. A second fac-

tor may be associated with the development of buoy-

ancy-driven vortices in the longer pre-impingement jet

for H = 15 and 25 (but which are non-existent for

H = 5), which prevail in the early wall jet region.

Fig. 2b and c illustrate radial profiles of PSD�s and

PDF�s, respectively, for the flame with Re = 1500,

U = 4, and H = 5, corresponding to the flame photo-

graph of Fig. 4b in Part I. There is no indication of vor-

tex-induced heat flux fluctuations, evidenced by the

absence of preferred frequencies in the PSD of Fig. 2b.

In comparison to the PDF�s in Fig. 1c for H = 15, the

probability density function for H = 5 in Fig. 2c reveals

considerably narrower fluctuations in the heat flux

about the mean, again indicating reduced oscillations

in temperature gradient.
4.0, illustrating (a) the effect of various nozzle-plate spacings on
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The variation in time-resolved stagnation heat flux

with equivalence ratio for nozzle-stabilized flames is

shown in the RMS profile and the PSD profile of Fig.

3a and b, respectively, for a Reynolds number of 1500

and a nozzle-plate spacing of 15 diameters. The curve

for the time-mean heat flux in Fig. 3a reflects the

changes in the flame structure with increasing equiva-

lence ratio. Recall from the discussion on flame struc-

tures from Part I that combustion in the premixed

flame is nearly complete prior to impingement against

the plate for U = 1.0, resulting in the maximum heat flux

at U = 1.0 evident in Fig. 3a. As the inner cone of the

premixed flame stretches upward and outward with

increasing equivalence ratio, the stagnation heat flux de-

creases, until at U = 2.0, the heat flux has decreased to

1.1 kW/m2. At greater equivalence ratios, all of the

time-mean stagnation heat fluxes are negative, charac-

teristic of a cool, unreacted core in the free jet. The

RMS profile in Fig. 3a shows a slight increase in heat

flux fluctuation as the equivalence ratio increases from

1.0 to 1.5, as the premixed flame becomes richer and
Fig. 3. The effect of equivalence ratio on (a) mean and RMS;

and (b) PSD�s of stagnation heat flux for a flame with Re = 1500

and H = 15.
the inner flame cone stretches upward to the plate. The

inner cone impinges against the plate for the flame with

U = 1.5, while that of the flame at U = 1.0 burns short of

the plate. Therefore, as the flame fluctuates, the temper-

ature excursions in the gases near the plate are expected

to be larger for the flame with U = 1.5, varying between

the temperature limits of the unburned gases and the hot

combustion products. As the equivalence ratio is in-

creased beyond 2, the flame transitions to diffusion-con-

trolled combustion and the cool potential core impinges

at the stagnation point, changing little with further in-

creases in U.

The clearest trend in the heat flux PSD�s of Fig. 3b is

the appearance of preferred frequencies as the equiva-

lence ratio increases and the flame transitions from pre-

mixed to diffusion-controlled combustion. A 12-Hz peak

emerges at U = 2.5 and grows in magnitude with increas-

ing U. Visible flickering of the flame was only observed

for equivalence ratios greater than two. For equivalence

ratios greater than U = 2.5, there is a significant increase

in the strength of the harmonic. This may suggest that

for U < 2.5, buoyancy-driven vortices do not develop

in the pre-impingement flame jet. As the equivalence

ratio was increased beyond 3.5 (not shown), there were

no significant changes in the time-resolved heat flux

behavior. The decrease in the development of the buoy-

ancy-driven vortex structures at low equivalence ratios

may be attributed to the differences between premixed

(localized) and diffusion-controlled (distributed) com-

bustion. For premixed flames, the bulk of the heat

release occurs within the free jet where the local velocity

is equal to the laminar flame speed. Conversely, a diffu-

sion flame with the same Reynolds number will yield a

longer, distributed region of combustion surrounding

the unburned free jet. This creates a region of hot, buoy-

ant gases surrounding the flame and a long shear layer

for vortex development.

Differences in radial profiles of time-resolved heat

flux behavior with changes in equivalence ratio for noz-

zle-stabilized flames are shown in Fig. 4. Radial RMS

heat flux measurements for flames with Re = 1500,

H = 15, and U = 1.0, 1.5, 4.0, and 7.0 are shown in

Fig. 4a. The flames with U = 1.0 and 1.5, described

and shown in Part I Fig. 4d and c, exhibited premixed

behavior, while the remaining two (U = 4.0 and 7.0, Part

I Fig. 4a and f, respectively) were diffusion-controlled.

From these RMS profiles, characteristic differences in

RMS heat flux between premixed and diffusion flames

can be seen. Premixed flames (U = 1.0 and 1.5) exhibit

higher heat flux RMS fluctuations near the stagnation

point than their diffusion flame counterparts (U = 4.0

and 7.0). For these premixed flames the heat flux RMS

rises to a maximum near R = 1.5, then decreases as the

gas velocity decreases and the flame dwindles in the wall

jet. Diffusion flames (U = 4.0 and 7.0) exhibit a dramatic

increase in RMS heat flux with radius, believed to be due



Fig. 4. For a flame with Re = 1500 and H = 15, (a) the effect of

various equivalence ratios on radial RMS heat flux; and (b)

radial PSD profile for U = 1.0.
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to the transport of hot gas and perhaps cool ambient air

to the boundary layer by buoyancy-driven vortex

motion.

The radial variation of PSD�s for a flame with

Re = 1500, U = 1.0, and H = 15 is illustrated in Fig.

4b. A broad preferred frequency peak centered near

10 Hz emerges at a radial location R = 0.5 and begins

to grow with increasing radial distance from the stagna-

tion point. This suggests the formation of buoyancy-

and/or shear-driven vortices in the wall jet downstream

of the visible flame zone. However, the frequency peaks

have smaller magnitudes and wider frequency contribu-

tion than those found in Fig. 1b for U = 4 and the same

Reynolds number and nozzle-plate spacing. Given the

smaller RMS magnitudes in Fig. 4a compared to Fig.

1a, the small magnitude of the PSD peaks suggests smal-

ler temperature excursions found in the boundary layer

of the premixed flame (U = 1.0), producing smaller ex-

tremes in the heat flux. The broader frequency contribu-

tion to the PSD maximum suggests greater irregularity

in the fluctuations of wall heat flux.
3.2. Lifted flame

The radial RMS, PSD, and PDF profiles for a lifted

flame with a nozzle Reynolds number of 2800, equiva-

lence ratio of 5.2, and a nozzle-plate spacing of 15 diam-

eters are shown in Fig. 5a–c, respectively. This flame, as

shown in the photograph Fig. 5a of Part I, is a lifted,

free jet-stabilized flame. The RMS profile in Fig. 5a re-

veals RMS heat fluxes at the stagnation point of magni-

tude comparable to the mean. The RMS value changes

little with increasing radius until R = 2, where it begins

to rise. As revealed by the flame structure photos in Part

I, the lifted flame at this experimental condition was ob-

served to stabilize in the free jet in a region of apparent

distributed, premixed combustion. The associated tur-

bulence and rapid heat release result in large tempera-

ture fluctuations at the impingement plate. The

corresponding PSD in the stagnation zone reveals large,

rapid heat flux fluctuations, with significant frequency

content beyond 1300 Hz. This is indicative of the heat

release in the free jet and the formation of intense tem-

perature fluctuations in the stagnation zone. The stagna-

tion point PDF in Fig. 5c peaks near zero, but is skewed

positive by the upstream mixing of hot products and

cool unburned gases.

From R = 3 to R = 5, the RMS values peak in Fig.

5a, indicating a region in the boundary layer with the

widest range of temperature fluctuations. This results

from the mixing of hot combustion products and cool

unburned gases in the free jet. From R = 0 to R = 6,

the PSD�s (Fig. 5b) show a substantial increase in the

magnitude, but a slight decrease in contributing frequen-

cies. At the same radial locations, the PDF�s in Fig. 5c

broaden. The greater temperature ranges in the bound-

ary layer implied by the PSD�s and PDF�s suggest a re-

gion of rapid heat release. Correlating this observation

to the flame photograph in Fig. 5a of Part I reveals that

the increase in the fluctuation magnitude seen in the

RMS and PSD profiles is near the same radial location

(R � 6) as the location of the flame stabilization region

in the free jet.

Beyond R = 6, the RMS profile of Fig. 5a indicates a

gradual, continuous decrease in the heat flux RMS fluc-

tuation range in the wall jet. The corresponding PSD�s
decrease in magnitude out to R = 14. Beyond R = 14,

the magnitude of the low frequencies increase again.

This may be attributed to buoyancy-driven structures

discussed previously. These structures are indicated by

a 12-Hz preferred frequency that first appears in the

PSD�s at a radial location eight diameters from the stag-

nation zone.

Radial heat flux RMS profiles are shown in Fig. 6a

for lifted, free jet-stabilized flames at conditions

Re = 2800, U = 5.2, and nozzle-plate spacings of 5, 15,

and 25 diameters. All three profiles exhibit a small re-

gion of near-constant RMS heat flux extending outward
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from the stagnation zone. The radial extent of this zone

of constant RMS heat flux increases with nozzle-plate

spacing, indicative of the growing diameter of the pre-

impingement jet with axial distance from the nozzle exit.

The RMS heat flux increases with R to a maximum, then

decreases for all three nozzle-plate spacings. Similar

behavior was observed and explained in the nozzle-sta-

bilized flame characteristics of Fig. 2a.

Fig. 6b and c illustrate the radial heat flux PSD�s and
PDF�s, respectively, for the lifted, free jet-stabilized

flame conditions of Fig. 6a (Re = 2800 and U = 5.2)

for a nozzle-plate spacing of 25 diameters. The high

RMS values in the stagnation zone are reflected in the

magnitude of the PSD�s and range of the PDF�s, a result

of the mixing of the hot combustion products with the

cool unburned gases in the free jet. The PSD�s for

R > 6 reveal a weak preferred frequency near 10 Hz,

suggesting again the influence of buoyancy- and/or

shear-driven vortex structures on the wall jet, as ob-

served in the PSD�s of Fig. 5b for the flame at H = 15.

A comparison of the PSD�s for the flames at H = 15

(Fig. 5b) and 25 (Fig. 6b) reveals that the range of con-

tributing frequencies in the stagnation zone is smaller at

the greater nozzle-plate spacing, but there is a more

gradual decrease in the contribution at higher frequen-

cies with R at a nozzle-plate spacing of 25 diameters
than at 15 diameters. These differences may suggest lar-

ger thermal variations but slower dissipation in the wall

jet at higher nozzle-plate spacings.

The changes in the time-resolved stagnation heat flux

with equivalence ratio for lifted flames is illustrated by

the RMS, PSD, and PDF dependence on U shown in

Fig. 7a–c for Re = 2800 and H = 15. Part I describes

the transition of flame structure from a stagnation

zone-stabilized regime with distributed, premixed com-

bustion throughout most of the flame at U = 3.0, to a

free jet-stabilized regime with premixed combustion at

the flame stabilization point and diffusion-controlled

combustion throughout the rest of the flame at

U = 5.0. This is reflected in the decreasing RMS heat flux

illustrated in Fig. 7a from U = 3.0 to U = 5.0. As the rate

of heat release at the flame front decreases with increas-

ing equivalence ratio, the temperature excursions in the

flow decrease as well. Therefore, the resulting fluctua-

tions in the heat flux signal decrease, as seen in the

decreasing magnitudes of the PSD in Fig. 7b. The PSD�s
also reveal high magnitudes at higher frequencies for

U = 3.0, suggesting that the smaller structures of the

premixed flames yield larger temperature extremes

than those found in diffusion-controlled combustion.

The PDF�s of Fig. 7c reveal peaked, rather narrow

distributions at low U, and lower magnitude, broader



Fig. 6. Heat flux radial variations for a flame with Re = 2800, and U = 5.2, illustrating (a) the effect of various nozzle-plate spacings on

mean and RMS; (b) PSD�s and (c) PDF�s for H = 25.

1260 S.G. Tuttle et al. / International Journal of Heat and Mass Transfer 48 (2005) 1252–1266
distributions at higher U. For U > 5.0, the RMS, PSD,

and PDF behavior reveal a gradual increase in the heat

flux fluctuation with increasing equivalence ratio. Recall

from the discussion of the flame structure in Part I that

with increasing equivalence ratio, the flame stabilized

closer to the nozzle exit and exhibited more diffusion-

controlled combustion. As a result, the length of the

flame in the free jet increased, as well as the resulting

temperature ranges of the unburned gases within the free

jet, resulting in the gradual increase of fluctuation ampli-

tudes of the heat flux seen in Fig. 7a–c.

Fig. 8 illustrates the dependence of time-resolved heat

flux on radial position for Re = 2800, H = 15, and a

range of equivalence ratios. Fig. 8a compares the radial

RMS heat flux profiles for U = 3.7, 5.2, and 8.9. The

flame for U = 3.7 (corresponding to the flame photo-

graph shown in Part I, Fig. 5d) exhibits significantly

higher RMS values than is seen for the two higher equiv-

alence ratios for R < 6. As explained in Part I, this is per-

haps due to the premixed combustion that occurs in a

region near the stagnation zone for increasingly pre-

mixed conditions. The higher temperatures associated

with premixed combustion and the entrainment of ambi-

ent air produce wide fluctuations in heat flux at the
impingement plate. The PSD�s for this experimental con-

dition at corresponding radial locations shown in Fig.

8b reveal that the magnitude and range of contributing

frequencies of the heat flux signal were greater than that

of the U = 5.2 (and otherwise identical conditions) case

shown in Fig. 5b. From the stagnation zone to a radial

location of three diameters, the frequency content ex-

tends to about 2500 Hz, revealing rapid changes in the

heat flux signal. At R = 4, the content begins to decrease

at higher frequencies with distance from the stagnation

zone as the smaller structures produced by the rapid

combustion around the stagnation zone begin to dissi-

pate. The corresponding PDF�s in Fig. 8c reveal that a

weak bimodal distribution develops. At the stagnation

point, there is a single peak with a negative heat flux

from cool gases impinging the plate. With increasing dis-

tance from the stagnation point, a second peak emerges

and becomes apparent at R = 5. Here, one peak is pre-

sumed to be associated with heat transfer from relatively

cool gases and a second, higher peak from the hot com-

bustion products. Beyond R = 5, the bimodal PDF dis-

tribution vanishes, and RMS, PSD�s, and PDF�s reveal
a decrease in the fluctuations that correspond with the

relative stability of the wall jet flame. As observed in



Fig. 7. The effect of equivalence ratio on (a) heat flux mean and RMS; (b) PSD�s; and (c) PDF�s for a flame with Re = 2800 andH = 15.
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the heat flux PSD�s of other wall jet flames, there are

weak peaks near 10–20 Hz, again suggesting the forma-

tion of buoyancy-driven vortices in the shear layer be-

tween the gases surrounding the flame and the ambient

air in the free jet.

The RMS, PSD�s, and PDF�s shown in Fig. 8a, d,

and e, respectively, show smaller fluctuations in the wall

jet for a flame with U = 8.9 (Re = 2800, H = 15, flame

photograph in Fig. 5e of Part I) than those for U = 5.2

at otherwise identical conditions (Fig. 5). The RMS

measurements along the wall jet boundary layer revealed

in Fig. 8a for U = 8.9 are slightly smaller at all locations

except for R > 11. Part I of this investigation revealed

that the combustion appears to be diffusion-controlled

over the entire surface of the flame for these experimen-

tal conditions. This implies slower heat release, resulting

in smaller heat flux fluctuations in the wall jet, as seen in

the RMS profile. By comparing the magnitudes of the

PSD�s in Fig. 8d (U = 8.9) with those of Fig. 8b

(U = 3.7) and the ranges of the corresponding PDF�s
in Fig. 8e with those of Fig. 8c, it may be observed that

the heat flux fluctuations are again smaller at higher U.
There is a reduction in frequency contribution and mag-

nitude at most radial locations along the plate for the

richer flame. The PSD�s in Fig. 8d again suggest the for-

mation of buoyancy- and/or shear-driven structures in

the wall jet by weak preferred frequencies at R = 12,

but these disappear beyond R = 22.

Time-resolved heat flux data for Re = 5600 and U = 5

are presented in Fig. 9 for nozzle-plate spacings H = 5

and 10. A lifted, wall jet-stabilized flame prevailed at

these experimental conditions, as illustrated in Part I,

Fig. 6. As mentioned in Part I, a flame would not stabilize

for H = 15 at this Reynolds number and equivalence

ratio. Radial profiles of RMS heat flux are shown in

Fig. 9a for H = 5 and 10, and corresponding PSD�s and
PDF�s for these two nozzle-plate spacings are shown in

Fig. 9b–e, respectively. The RMS heat flux in Fig. 9a

exhibits near-zero values in the stagnation zone, followed

by a rapid rise to a maximum and a subsequent decrease

at greater radial locations. The point of peak RMS heat

flux corresponds to the point at which the flame was sta-

bilized in the wall jet. This may be explained by random

movement of the flame stabilization point, periodically



Fig. 8. Radial heat flux profiles for a flame with Re = 2800 and H = 15, illustrating (a) mean and RMS for various equivalence ratio;

(b,d) PSD�s; and (c,e) PDF�s for U = 3.7 and U = 8.9.
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exposing the plate to hot combustion products and

increasing the range of heat fluxes at this location. The

corresponding PDF�s of Fig. 9c and e are reflective of

the radial trends in RMS heat flux shown in Fig. 9a.

The fluctuations in heat flux are characterized by peaked,

narrow distributions at low R, transitioning to broad dis-

tributions at radial locations where the corresponding

RMS is high, then a return to narrow peaks at higher

R. The broad PDF distributions result from random fluc-
tuation of the flame stabilization within the radial region

4 < R < 12. PSD�s for both nozzle-plate spacings reveal

low-magnitude fluctuations with rather broad frequency

content for the region R < 3 where no flame is seen. Con-

tributing frequencies of the heat flux signal in this radial

region extend to 2000 Hz, indicating that the impinge-

ment of the cool jet core close to the plate produced very

rapid heat flux fluctuations. The broad frequency contri-

bution decreased with radial distance, suggesting dissipa-



Fig. 9. Radial heat flux profiles for a flame with Re = 5600 and U = 5.2, illustrating (a) mean and RMS for various two nozzle-plate

spacings; (b,d) PSD�s; and (c,e) PDF�s for H = 5 and H = 10.
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tion of the smaller structures in the flow. A weak but dis-

tinguishable preferred frequency at 12 Hz is also ob-

served in the PSD�s for both H = 5 and 10 beyond

R = 10, again due to vortex formation in the wall jet.

The PDF�s for these two nozzle-plate spacings are quite

similar, revealing narrow, strongly peaked heat flux dis-

tributions early in the wall jet, more broad (bimodal

for H = 10) distributions for 4 6 R 6 10, and finally,

more narrow distributions for R > 10.
3.3. Reynolds number dependence

Following the sequence of discussion in Part I of this

work, time-resolved flame impingement heat flux behav-

ior for nozzle-stabilized flame (low-Re) and lifted flame

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

tions. These two flame structure regimes are now

bridged with Fig. 10, in which the RMS, PSD, and

PDF�s for flames with U = 7.0, H = 15 are presented



Fig. 10. The effect of Reynolds number on stagnation heat flux: (a) mean and RMS; (b) PSD; and (c) PDF for a flame with U = 7.0 and

H = 15.
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for Reynolds numbers between 1400 and 6000. This

Reynolds number range spans both nozzle-stabilized

and lifted flame regimes. Fig. 10a includes the time-mean

heat flux values (which were presented in Part I, Fig. 9c)

for comparison. As the Reynolds number is increased,

stagnation RMS heat flux magnitudes are observed to

rise with an accompanying rise in mean flux, reaching

a maximum RMS heat flux near Re = 2000. While the

mean flux continues to rise with increasing Re, the

RMS flux falls to an intermediate value just prior to

flame lift-off at Re = 2600, the Reynolds number corre-

sponding to transition from nozzle-stabilized to lifted

flame combustion. In the lifted flame regime the mean

flux decreases gradually while the RMS fluctuations re-
main nearly independent of Reynolds number. PSD�s
at low Reynolds number (Re < 1400) reveal preferred

frequencies characteristic of the buoyancy-induced vor-

tex development in the pre-impingement jet. Such pre-

ferred frequencies are not seen at higher Reynolds

numbers where jet momentum is dominant. There is sig-

nificant expansion of contributing frequencies and in-

crease in PSD magnitude as Re is increased above

1600, corresponding to the increase in stagnation RMS

heat flux seen in Fig. 10a. As the Reynolds number is

further increased the PSD magnitudes also increase,

then decrease, until the stabilization regime changes

from nozzle-stabilized to lifted flame combustion. Final-

ly, there is gradual decrease in PSD magnitude for Rey-
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nolds numbers above 2600. The PDF�s in Fig. 10c reveal

narrow peaks in heat flux distribution at low Reynolds

numbers with negative magnitude, reflective of impinge-

ment of cooler gases at the stagnation point. The peaks

broaden and decrease in magnitude as Re is increased

until Re = 2000, where heat fluxes of a wide range of

magnitudes contribute to the peak RMS heat flux seen

in Fig. 10a. Again, the bimodal distribution seen for

Re = 2100 may be due to fluctuation of heat fluxes from

those characteristic of relatively cool, unburned gases to

those of hot combustion products. Once the flame tran-

sitions to the lifted regime, the PDF exhibits increasing

peak with more narrow heat flux excursions.
4. Conclusions

The time-resolved local heat flux characteristics were

measured for impinging methane-air jet flames, with

nozzle Reynolds numbers in the range of 1500–6000

(based on nozzle exit conditions), equivalence ratios

between 1 and 9, and nozzle-plate spacings varying

between 5 and 35 nozzle diameters.

Local time-resolved heat flux measurements at the

stagnation point and the boundary layer of the wall jet

flame reveal close dependence of the local heat flux on

the flame structure. Heat flux from premixed, nozzle-sta-

bilized flames was characterized by small RMS values

and frequency behavior indicating the formation of

weak, buoyancy-driven vortex structures at the shear

layer between the hot gases surrounding the flame and

the ambient air. Conversely, diffusion flames were char-

acterized by much larger RMS values and PSD�s indicat-
ing the development of much larger vortex structures.

For some conditions, this yielded bimodal PDF�s due

to alternating temperatures at the plate surface. Such

vortices attenuated and were barely detectable at noz-

zle-plate spacings less than 10 nozzle diameters. As the

Reynolds number was increased past 1600, periodic heat

flux oscillations disappeared.

Time-resolved heat flux for lifted flames varied

according to flame structure and intensity. PSD magni-

tudes were related to range of temperatures in the flow;

wider temperature ranges produced larger heat flux vari-

ations. The frequency contributions were related to the

size of the structures in the flow, smaller structures pro-

ducing faster fluctuations and higher frequency content.

The presence of mixing of hot combusting gases with

cool products or cooler unburned gases resulted in

PDF�s that were sometimes bimodal. Regions of diffu-

sion-controlled combustion produce heat flux variations

with frequency content characterized by both small

magnitudes and narrow frequency content. Small PSD

magnitudes corresponded to a peaked PDF from the

narrow range of heat flux fluctuations. PSD�s of the wall
jets for lifted flames again revealed the development of
shear-driven vortex development. Finally, PSD�s from

flames stabilized strictly in the wall jet also showed the

development of buoyancy-driven vortex structures, sug-

gesting that their development is not limited to the free

jet.
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