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NOMENCLATURE

speed of sound, ft/sec.
area, ft.2
constants in temperature integration
constants in frequency derivation
constants in conveetive equation
constants in frequency derivation

heat capacity of species S, Btu/lb. °F.
mean heat capacity of mixture, Btu/lb. °F.
diameter, ft.

sound level, decibels

combustion efficiency, fraction of available heat released
by chemical reaction.

sound frequency, cycles/sec.

real constant in conformal transformation

drag of flame holder and tube walls, 1lb. force

conversion factor, ft (1b. mass)/(1b. force) sec.Z2

mass velocity, lbs/hr. ££.2

heat transfer coefficient, Btu/hr. £t.2 °F,

thermal conductivity, Btu/hr. ft. °F.

integer in frequency equation for radial modes of oscillation
length, ft.

burning length between flame holder and test object exit, ft.

total tube length between plenum chamber and test obJject exit, ft.

mean beam length, ft.

X~



m = integer in frequeney equation for tangential modes of oscillation.

M = average molecular weight of mixture, lbs/lb. mol.

n = integer in frequency equation for axial modes of oscillation

N = I1b. mols.

Nu = Nusselt number, hD/k, dimensionless

P = absolute pressure, psia

P = pressure amplitude of sound wave, psia.

PD = pressure drop due to drag, of flame holder and tube walls, psia.
Pr = Prandtl number, Cp u/k, dimensionless

a = heat transfer rate, Btu/hr.

(q/A)g= heat transfer rate at inside surface of tube, Btu/hr. ££.2

Q. = heat transfer to tube wall, Btu/1b.

QT(To)= heat released due to chemical reaction at reference temperature,
Ty, Btu/lb.

QR(T0)= heat released by complete combustion at reference temperature
To, Btu/lb.

r = radius, ft.

Ro = gas law constant

Re = Reynolds' number, DG/u dimensionless

] = complex constant in eonformal transformation

t = time, hr.

t = temperature (when used with subscribt), °F

T = absolute temperature, °R

u = linear velocity, ft/ar.

U = overall heat transfer coeffieient, Btu/hr.ft.2 °F.

U,U',U" = ordinates of points in W, W', and WY planes, respectively
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av

]

particle velocity, ft./sec.

maximum particle veloeity, ft./sec.

abscissas of points in W, W', and W" planes, respectively
weight rate of flow, lbs./hr.

points in transformed complex plane.

longitudinal coordinate of cylinder, ft.

particle displacement in x direction

absorptivity of gas, dimensionless

ratio of speeific heat at constant pressure to specific heat
at constant volume

emissivity of gas, dimensionless
effective emissivity of surface, dimensionless
angular coordinate, radians

actual fuel to air ratio in inlet mixture divided by the
stoichiometric fuel to air ratio

coefficient of viscosity, 1b./ft. hr.
second eoefficient of viscosity, lb./ft.hr.
ratio of circumference to diameter of circle, dimensionless

density, lbs/ft.5

Subscripts
average
bulk of fluid
convection
gas
outside surface of test object

radiation
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] = inside surface of test object

W = water

X = distanee from flame holder, in.

1,2 = arbitrary states or positions
Abbreviations

Db = decibels

gpm = gallons per minute

lb = pound

log = common logarithm (base = 10)

In = natural logarithm (base = e)

mil = 0.001 inch

psia = absolute pressure, lb./in.2
psig = gauge pressure, lb/in.2
SCFM = standard cubic feet per minute (at 70°F and 1 atm.)
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INTRODUCTION

Heat transfer from flames has been investigated extensively
for specific applications, such as furnaces and ramjet combustors.
General studies of heat transfer from flemes, however, are scarce. In
particular, very few data are available on the rate of heat transfer
from burning gases to the walls of a eylindrical enclosure,

In addition to the experimental difficulties involved in high
temperature studies, basic investigations in chambers are hampered by
the multiplicity of variables required to define the system, and the
lack of adequate understanding of the combustion process itself. In
a ramjet, for example, a flame generally burns from some type of
bluff body inserted in the path of the air flow. A partial list of
variables involved in the burning process includes mass flow rate,
inlet air temperature, inlet velocity distribution of air and fuel,
inlet turbulence conditions, proportion of fuel to air, combustor
operating pressure, flame holder type and geometry, and chamber length
and geometry. Important dependent variables frequently encountered in
combustion systems are the nature and amplitude of flame generated
oscillations which, in some cases, considerably influence the burning
rate and heat transfer. The phenomenon of screeching combustion, for
example, is reported to greatly increase the heat transfer rate.

The complexity and unsolved problems of turbulent combustion
processes made theoretical analysis difficult. The structure of tur-
bulent flames is incompletely understood. The mechanism by which a

flame is anchored on a bluff body flame holder is unresolved. The



chemical kinetics of combustion reactions at high temperatures are
virtually unknown. These and many other problems often combine to
hinder the generalization of experimental results through application
of theoretical considerations.

Convective and radiant heat transfer usually constitute the
most significant portion of the total heat transfer from flames and high
temperature combustion products. Some studies have been made which
separate the convective and radiant heat transfer. Timofeev and Uspen-
skii(7o) investigaced heat transfer from hot combustion products to the
water cooled walls of a 4-inch diameter chamber. Gas temperature and
radiant heat transfer were measured at positions along the length of
the tube, The radiant contribution gave only fair agreement with a
theoretical expression. The convective heat transfer coefficients were
scattered about an empirical curve for low temperature heat transfer.
Tailby and Saleh(69) studied local heat transfer rates from a laminar,
luminous diffusion flame burning in the inlet of a water cooled tube of
2 inch diameter. The convective and radiant transfer were determined as
a function of tube length, gas pressure in the jet, diameter of the gas
Jet, and distance separating the gas jet from the lower end of the tube.
No comparison was made with empirical literature values for heat transfer
from unburned gas.

Other investigations of the effect of operating variables and
geometry on the rate of heat transfer from flames in a tube are of less

general significance,



Kilham(jl)

investigated heat transfer to a rotating cylinder
immersed in a carbon monoxide-air flame and stated that his experimental
heat transfer coefficients agreed closely with values predicted for non-
burning gases. Differences between experimental and predicted results,
however, were noted with a hydrogen-air flame.

Many types of flame-generated oscillations have been identified
in combustion systems. When burning a homogeneous mixture of fuel and
air from a suitable flameholder. in a cylindrical enclosure, resonance of
the complex gases can be related to the geometry of the burner. By solv-
ing the classical wave equation, these oscillations can be shown to
occur in axial, radial, or transverse modes. The axial, or "organ-pipe"
mode, and transverse or "screeching" mode are frequently encountered in
tubular burners. The characteristies of flame-generated oscillations
have been studied by many investigators. The effeet of these oscilla-
tions on burning rate and heat transfer, however, has been largely
neglected.

It is apparent that many aspects of heat transfer from flames
are insufficiently understood and require experimental investigation.

No fundamental studies appear to have been conducted on heat transfer
between flames, propagating from a bluff body flame holder, and the
cooled walls of an enclosing circular tube. With certain geometries
and flow conditions, flame-generated oscillations would be produced,
which would be expected to influence the rate of heat transfer. An

experimental investigation of this problem seemed warranted.
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The objectives of the experimental study were defined as:

l) To design an apparatus suitable for studying heat transfer rates
from bluff body stabilized flames within a cooled tube.

2) To determine the effect of some of the important process variables
on local rates of heat transfer.

3) To determine the effect on heat transfer of any acoustical oscilla-
tions generated in the tube by the burning process.

Because of the large number of independent variables involved
in the combustion process, it was necessary to specify many variables,
including some that are expectedto exert an important influence on
rates of heat transfer. For example, the studies were limited to one
type of fuel and a single tube diameter.

The present investigation considers the effect of flow rate,
fuel to air ratio, inlet air temperature, flame holder blockage and
length of tube upstream and downstream of the flame holder. The fre-
quencies and relative amplitudes of any flame-generated oscillations
are measured. The measurement of local gas temperatures in the burning
mixture, and the resolution of total heat transfer into the radaiant and
convective contributions are considered beyond the scope of this study.

Experimentel data are presented for local heat transfer rates
downstream from the flume holder, both in the presence and .bsec
downstreum from the flame holder, both in the presence wnd absence of

flume-driven acoustical oscillations.



LITERATURE SURVEY

The rate of heat transfer from flames has received extensive
study for specific applications. Considerable infofmation, for example,
is available on heat transfer within industrial furnaces. Some data are
also available in the declassified literature on heat transfer from rocket
chambers. Fundamental investigations of the effect of process variables
on rates of heat transfer in cylindrical chambers, however, are scarce.
In particular the effect of flame generated oscillations on heat transfer
in an enclosure is relatively unknown.

The literature survey will review topically the experimental
and theoretical aspects of direct interest in this study. A brief re-
view of the theories on the structure and mechanism of turbulent flames
is included to illustrate the complexity and lack of understanding of a

combustion process.

Mechanisms of Heat Transfer

The important mechanisms of heat transfer from flame gases to

a solid wall are forced convection and radiation. Other mechanisms which
are usually of minor importance include catalytic combination of free
radicals and atoms on the surface of the solid, catalytic combustion on
the surface of the solid, transference of excess energy by collision of
high energy gas molecules with the solid, and exothermic displacement of
cnemical equilibria. With cold walls and flame temperatures below 3000°F,
only heat transfer by forced convection and radiation are usually con-

sidered.



In many compustion echampers, the combustion gases are highly
turbulent, and heat is partly transferred by the movemeut of eddies of
gases. The rate of tuis convective process can often be expressed as
a function of Reynolds' and Prandtl's numbers. Under some situations,
it may be possible to estimate the convective heat transfer coefficient
from tne flame to the wall from one of the familiar relations developed
for fluids flowing in a pipe.

Summerfield(éé) reviews recent theories of turbulent neat
transfer by convection with special reference to nigh temperature com-
bustion chambers. Zellnik(8u) found that local rates of convective heat
transfer from a high temperature air stream to a cold tube wall could

be correlated in the form of
0.8 _.1/3 -
Nu = 0.023Re”*° Pr / <?b/TS> (1)

where m is zero or 0.33, depending upon whether physical properties are
evaluated at bulk or surface temperatures. For gas f£ilm convective heat
transfer coefficients in rocket motor combustioen chambers and nozzles,

Greenfield(l6) recommends the expression

0.8
h, = 0.029 & C, w02 (2)
g D0.2

Superimposed on the convective process is that of thermal
radiation. ©Since radiation increases rapidly with increase in temper-
ature level, thermal radiation may account for a large part of the total
energy transfer from flames. The radiation from hydrocarbon flames can

be classified as luminous or non-luminous. The non-luminous radiation



consists of emission in certain regions of the infrared spectrum as
well as some visible and ultraviolet radiation. Non-luminous radiation
1s due principally to carbon dioxide and water vapor. The luminous

radiation is a continuous emission from such molecules as CH, C,, and OH,

and from incandescent soot particles.

The thermsl radiation from non-luminous flames can be esti-
mated from the methods and data presented by Hottel in McAdams<A2).
Radiation from luminous flames can range up to several times the value
of non-luminous radiation. Topper(72) found that the intensity of lu-
minous radiation increased rapidly with an increase in combustor inlet
pressure and was affected to a lesser degree by variations in fuel to
air ratio and air mass flow. In his experiments, the flame emissivity
varied from 0.)09 to 0.79.

Kilham(Bl) devised an interesting teehnique to study heat trans-
fer from flames to a solid. He exposed a rotating refractory tube to
carbon-monoxide-air and hydrogen-air flames, and measured the radiant
heat flux from the tube to the surroundings. He assumed that at equilib-
rium the rate of heat transfer from flame gases fo solid by forced con-
vection and by radiation was equal to the heat loss by radiation. Exper-
imental heat transfer coefficients for the carbon-monoxide air flame
agreed closely with values predicted from McAdams(ug) for pure convection.
The lack of agreement with the hydrogen-air flame was attributed to re-
combination of radiecals at the surface of the tube.

In a continuation of the above studies, Jackson and Kilham(eu)
investigated heat transfer by foreed convection from the combustion pro-

ducts of a hydrogen-air flame. With the ecylinder removed from the flame
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cone, the experimental and predicted heat transfer coefficients agreed.

Experimental Studies in Chambers

Although of great practical significance, experimental data
on heat transfer rates in rocket combustion chambers are scarce.

Sutton(68) presents a general discussion of some of the more
significant applications of heat transfer theory in the field of rocketry.
Boden(7) discusses the distribution of heat transfer in rocket motors and
a number of factors which influence it. Gordon(lS) states that the exper-
mental convective heat exchange for radically different propellants and
rocket-type combustion chambers fall consistently higher than the values
predicted from low temperature empirical expressions. From experiments
on heat transfer in small scale rocket combustion chambers, Ziebland<85)
also indicated average experimental heat transfer coefficients up to 2.9
of the computed value. The difference between experimental and computed
values was attributed mainly to the unestablished flow pattern near the
inlet of the combustor. He also noted that extrapolation of low pressure
emissivity data to high pressures and temperatures yield low results for
the emissivity.

Winter(82) studied the heat transfer conditions at the air cooled
tube walls of a 6-inch diameter gas turbine combustion chamber. By assum-
ing a flame temperature and gas emissivity, he approximated the radiant
and convective heat transfer. For a kerosene fuel, he found that 50 to
80 percent of the heat was transferred by radiation.

Shorin and Pravoverov(65) measured local heat transfer rates

from a laminar diffusion flame in a sectionally water coocled combustion



chamber. The location and nature of radiating objects placed in the gas
stream strongly influenced the rate of heat transfer. The highest heat
transfer rates were achieved with a ceramic flame stabilizer and radiating
mantle in the chamber. The correlation of data in terms of a "furnace
criterion" indicated that radiant heat transfer predominated.

Hammaker and Hampel(l8) studied heat transfer from gas flames
burning inside several feet of straight 1/2 inch and 1 ineh outside dia-
meter tubes immersed in still air and running water. The burner was
removed from the immediate tube entrance to minimize oscillations and
to reduce secondary air velocity past the burner head. The tube surface
quickly approached & maximum temperature within a few inches of the inlet.
Temperatures then remained fairly constant near the maximum up to about
43 inches from the inlet of the one inch diameter tube. Tube surface
temperatures then decreased with tube length. No attempt was made to
estimate inside flame temperatures and internal heat transfer coefficients.

Timofeev and Uspenskii(70) investigated heat transfer from hot
gases to water cooled walls in a chamber of 100 mm. diameter and 800 mm.
length at Reynolds' numbers up to 9000. Products of combustion entered
the chamber with an established velocity and temperature field. Gas
temperatures and radiant heat transfer were determined by a pyrometer
at positions along the length of the tube. The radiant contribution
gave fair agreement with a theoretical expression which was derived for
the case of a flowing gas with radial temperature gradients. The eon-
vective heat transfer coefficients, obtained from the difference between
overall and radiant heat transfer rates, were scattered about an empiri-

cal curve from the literature. A linear plot of total heat transfer
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coefficient against Reynolds' number gave excellent correlation. This
result indicated that the dominant factor is the hydrodynamic properties
of the flow.

Tailby and Saleh(69) studied local heat transfer rates from
a luminous diffusion flame burning in a sectioned, water-cooled tube
of 2 inch inside diameter. The variables studied were tube length, gas
pressure in the jet, diameter of the gas Jet, and distance separating
the gas jet from the lower end of the tube. The effect of these four
variables on air entrainment, visible flame length, total radiant and
convective heat ttansfer, thermal efficieney, flame temperature, and
emissivity was investigated and linear empirical equations formulated.

They found that radiation was the most important factor in the
heat transfer from the lower portion of the tube, but that convective
heat transfer increased in the upper sections. Luminous radiation from
the flame constituted a significant portion of the total radiation. The
results were not compared with any of the usual empirical heat transfer

expressions.

Effect of Pulsations on Heat Transfer

When pulsations are imposed on a fluid, heat transfer from the
fluid might be expected to change due tc an altered thickness of the
boundary layer. In the laminar region, Richardson(SS) showed that the
velocity profile for pulsating flow is steeper near the wall than for
smooth flow. The heat transfer would be expected to increase under such
conditions. A similar process might occur for turbulent flow also, but

the equations are too cumberscme for analytical solution.
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The experimental information is meager and often conflicting.
Working with water in the turbulent region and at low frequenecies,
Martinelli et al.(ul) reported no difference in heat transfer between
steady unidirectional flow and pulsating flow whereas West and Taylor(77)
found that heat transfer could be increased up to 70% by increasing the
amplitude of pulsation. Linke(55) found an inerease in heat {ransfer
from oil of up to 4 times in the laminar region and up to 1.35 times in
the turbulent region. Havemann and Rao(ao) investigated the effect of
frequency, wave amplitude, Reynolds' number and wave form on heat transfer
to air. In general, the change in heat transfer was negative below a
certain frequency and positive above it. Only a negative change could
be detected when the amplitude of the pulsation was very low.

In all of the investigations mentioned above, pulsations have
been produced mechanically and have frequencies below 50 cycles per second.
Considerably less heat transfer information is available for higher fre-
quencies.

Havemann(l9) studied heat transfer from rapidly compressed
and oscillating gases in a cylinder. He found that the increase in heat
transfer over a gas at rest was dependent on the amplitude of the pres-
sure fluctuations and to a lesser extent, on the frequency of oscillation.
Lemlich(ju) measured the effect of vibration on natural eonvective heat
transfer from a wire and observed an increase in heat transfer with an
increase in amplitude or frequency. Kubanskii(53) applied acoustie waves
to cylinders in still and moving air and observed an increase in heat

transfer in both cases. He reported increases in heat transfer up to
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50% for sound waves with mean vibration velocities exceeding the
veloeity of air flow past the tube.
Summarizing the available informetion, the effect of pulsation

on heat transfer from fluids is dependent on the amplitude of the oscilla-

tion, and, to a lesser extent, on the frequency. Heat transfer appears
to increase with both increasing amplitude and frequenecy.

Quantitative experimental data on heat transfer from oscilla-
ting flames appears to be completely lacking. Berman and Cheney(u)
conducted a study of combustion instability in a three inch rocket chamber.
They observed no abnormal heat transfer rates from flame generated sin-
usoidal-type oscillations with amplitudes up to 100 psi peak to peak.
Shock-type instability, with peak to peak amplitudes up to 500 psi, was
accompanied by heat transfer rates up to 2.5 of the normal values. Tis-
chler and Male(Tl) state that the combustion-driven oscillation known
as screeching can cause abnormally high heat transfer rates. They
mention an engine which had as much as l/h inch of solid stainless
steel metal eroded from the chamber in runs of less than one second
total duration. Screeching at frequencies from 200 to 16,000 cycles

per second has been reported in the literature.

Flame-Generated Instabilities

Several types of flame-generated instabilities have been iso-
lated and identified in a variety of combustion devices. Resonance of
the gases in a ramjet burner, for example, are usually of three general
(13),

types (1) oscillations associated with failure of the flames to

stabilize properly on the ignitor (2) oscillations depending on the
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existence of a time lag between the injection of propellants into the
burner and their transformation into high temperature gases and (3)
oscillations, initiated or amplified by the combustion process, having
frequencies corresponding to the resonant frequencies of the gas in the
burner. By burning a homogeneous fuel-air mixture from a suitable flame
holder, the oscillations due to ignitor and injection system can be

eliminated.

Theory of Acoustical Oscillations

The classical wave equation applies to acoustical oscillations
of small amplitude in a fluid medium. Although oscillations related to
combustion instability are frequently of very large amplitude, experi-
mental observations have often been found to be adequately described by
classical acoustics.

Rayleigh(su)

has determined the most general solution of the
wave equation in a cylindrical cavity. Each possible acoustic mode has
a particular frequency, which is usually different from that of any

other mode. Morse(“u) shows that the frequency of any particular mode

may be computed from the formula

a3 G ()

Any choice of the wave numbers m, 1, n,, as positive integers

or zero corresponds to a possible natural mode of acousticel oscilla-
tion within the cylinder. When two of these are zero, the remaining
mode is called pure. Pure modes withm =1 = O are the axial or organ

pipe modes. The waves with m =n, = O are called radial modes; those
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with 1 = n, = 0 are called tangential or "sloshing" modes. Combination

acoustic modes result when there are more than one non-zero wave number.

Organ-Pipe Oscillations

The organ pipe is usually considered as a long tube, in
relation to its dismeter, open at either one or both ends. For small
amplitudes of oscillatien, wherein the thermodynamic equations can be
linearized, the mode of oscillation is sinusoidel, both in time, and
along the tube in space. Pressure and gas particle velocity are sinu-
soidal functions of distance and time inside the tube. For the funda-
mental mode inside a tube open at both ends, the standing pressure wave
has a node at each end and an antinode at the center. The standing
velocity wave has a node at the center and an antinode at each end.

By adding sections of tube to obtain higher modes of oscillation, and
realizing that any of these modes is possible in any length of tube, a

genersl equation relating possible frequency to tube length is obtained:

f = B&8 n=1,2, 3,..0.0... (4)

An intermittent source of energy is required to drive the
oscillation and overcome the ever present damping- forces in the system.
In the case of a self-sustaining flame driven oscillation, Rayleigh's(Sq)
hypothesis states that the period of energy release must be in phase with
the pressure fluctuations at the point of heat release. Putnam and
Dennis(49) have justified experimentally the validity of this criterion.
They found further that the energy must be released near a point of maxi-
mum effectiveness. Energy in the form of a pressure disturbance, for

example, must be added near a velocity antinode. In the case of flame
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generated oscillations, energy is added in the form of periodic velocity
disturbances. The maximum effect is obtained in the region of maximum
amplitude of the oscillating pressure (as is the case with vibrating
reed type instruments).

Dunlap(le)(lj) studied resonance of a propane-air flame in a
1"x1"x12" square cross section combustion ehamber, acoustieally open at
both ends. Agreement was obtained between experimentally observed fre-
quencies and frequencies predicted by assuming an organ-pipe type of
resonance of hot and cold gases. Resonance was found to be most severe
in slightly rich mixtures. The flame was not prone to resonate at ex-
treme rich or lean mixtures. The first overtone was occasionally cbserved
in riech mixtures.

Dunlap noted that the oseillations of any particular mode
occurred when the flame holder was in the region of a pressure antinode
for that mode. He postulated the following driving mechanism which
satisfies Rayleigh's hypothesis. §Standing socund waves in the combustion
chamber produce & variation in pressure and temperature at the flame front
with time. The dependence of flame speed on temperature and pressure re-
sults in a cyclic variation of burning rate, which is in phase with the
pressure fluctuations.

Kaskan(29) measured the position and shape of a flame in a tube
with time and concluded that there was no over-all change in flame speed
due to oscillations. On the other hand, the area of the flame front varied
by extension of the edges, in phase with pressure, as required by Rayleigh's
hypothesis. He postulated a driving mechanism based on a periodic change

in the area of the flame.
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0
Putnam and Dennis 2 investigated a system consisting of

a 0.3 in. diameter disc flame holder in a 7/8 in. diameter tube. 1In
agreement with Dunlap, they found that oscillations were most likely
to occur when the flame-holder was near a pressure antinode.

With longer downstream sections on the tube, Putnam and
Dennis(sg) encountered a low frequency flame-driven oscillation. The
observed frequency was far lower than the calculated organ pipe fre-
quency of the tube and higher than the corresponding Helmholtz fre-
quency. The low frequency was directly associated with a large, periodic
variation in flame shape, which resulted from a periodic blowoff of the
flame, and reignition from the central core behind the holder. The
driving energy is supplied by the large variations in flame shape, with
consequent variations in flame area and burning rate.

Continuing their studies of flame generated oscillations,
Putnam and Dennis(55) investigated the stability limits of a flame
holding baffle in a 7/8 inch diameter tube. Increases in length of
the combustor downstream of the flame holder resulted in decreases
in the stability range (the range of fuel to air ratios over which
a flame will burn for a given inlet velocity). The stability limits
were found to be unaffected by organ-pipe oscillations generated at
high combustor velocity. A low frequency oscillation observed at low
velocity was concluded to be the cause of premature blowoff. This
oscillation occurred whenever it was possible for the flame front tc
touch the wall. The sound pressure level data for the low frequency
oscillation was much higher than would be predicted from an extrapola-

tion of their sound pressure levels for the organ pipe oscillations.
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Acoustical Damping

Organ-pipe oscillations can be energetically damped by means
of a quarter wave length tube. A pressure pulse fed into the quarter
wave tube is reflected back from the end of the tube to the main chamber
a half cycle later. At this time, the oscillating chamber pressure is
in opposite phase to the reflected pulse, so that a rarefaction now
exists at the tube entrance. When the reflected pressure pulse
meets the rarefaction, attenuation of the oscillating component of the
chamber pressure is obtained.

Putnam and Dennis(Sl) eonducted tests on the suppression of
burner oscillations by quarter wave tubes, by drilled holes, and by
Helmholtz resonators. The effectiveness of a quarter wave tube was
found to be critically dependent on length, but relatively insensitive
to location, as long as the tube was placed in the region of a pressure
antinode. The quarter wave tube did not have to be placed near the
particular antinode where energy was fed into the oscillation. The
degree of suppression was approximately proportional to the cross section-

al area of the tube.

Screech Combustion

An intense high frequency acoustic disturbance known as "screech"
is often encountered in ramjets and afterburners. Screech combustion is
accompanied by a marked shortening of the flame zone and an increase in
efficiency and heat transfer rates. Truman and Newton(75) showed that
the frequencies of screeching combustion observed in burners of various

sizes correspond to some simple mode of transverse oscillation. Moore



-18-

and Maslen(us) made a theoretical study of transverse oscillations,
assuming that the ecombustion chamber resonance results from amplifi-
cation of an initially weak wave of transverse type coupled with a
pressure-dependent rate of energy release in the combustor. Black-

shear, et al.<6) found that the acoustic oscillations accompanying
screech in their 6 inch burner consisted of the first transverse mode

in the hot gases downstream of the flame holder. Screech was noted

to increase combustion efficiency about 35 percent. Kaskan and Noreen(5o)
studied high frequency oscillations by Schlieren photographs in a 2 in.

X 4 in. duct with & v-gutter flameholder. They postulate that the
transverse oscillations are driven by a variation in flame area with
time. Using a 1" x 4" combustion chamber, Rogers and Marble(SY) meas-
ured the limits of stable screech, and the amplitude and frequency of
pressure oscillations over a range of mixture ratios, inlet air temper-
atures, and combustor flow rates. From Schlierenphotographs and high
speed motion pictures of the combustion process, they concluded that the
high frequency oscillation is accompanied by a periodic shedding of
vortices from the flame holder lip with the same frequency as the oscilla-
tion. They suggest that the driving mechanism is a periodic transport of

combustible material into the hot wake of the flame holder.

Effect of Flame-Generated Oscillations

Some experimental information is available on the effect of
flame generated oscillations in a combustion process.
Loshaek, Fein, and Olsen<40) applied a sound wave with a

frequency of 12,700 cycles per second to a laminar propane-air burner
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flame. The sound altered the flashback 1limit so that the flame became
more stable, and the blowoff limit so that the flame became less stable.
The burning velocity and flow velocity profiles were unchanged.

Kippenham and Croft(32) noted that high frequency sound did
not change the magnitude of the normal flame velocity of laminar or
turbulent flames burning from tubes. The configuration changed from a
cone to & flattened bowl shape for laminar flames, and to a suspended
violently agitated zone in the case of turbulent flames. Hahnemenn and
Ehret(l7) observed similar configuration changes in a stationary propane-
air flame issuing from a nozzle. They report an increase in the maximum
flame speed of about 20 percent.

(19)

Havemann studied the effeet of oscillations on flames burn-
ing inside tubes. He found that the apparent flame velocity increased
with emplitude and frequency cf oscillation. Schmidt et al.(él) also

noted an increase of flame velocity with amplitude for a eombustion wave

propagating in a tube.

Theory of Flame Propagation

A flame front is a region in the flow field where rapid change
in the chemical composition of the fluid occurs with consequent release
of chemical energy in the form of heat. In the majority of cases the
phenomenon is very complex, involving heat transfer, diffusion, and
chemical reaction. The problem of steady state propagation of a laminar
one-dimensional deflagration flame through a gas is amenable to mathemati-
cal treatment. Boys and Corner(8), and Hirschfelder and Curtiss(ZB) have

shown that the characteristic velocity of propagation of such a flame,
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called the burning velocity, corresponds to an eigenvalue of the set
of differential equations and boundary conditions describing the system.
Even for the simplest kinetic systems, exact solutions can be obtained
only by numerical integrations, Hirschfelder(ge) has extended the
theoretical analysis of laminar flames to the problem of heat transfer
in chemically reacting gas mixtures.

The first attempt to predict the turbulent burning velocity
in terms of the laminar burning velocity and the characteristics of
turbulence was made by Damkohler(lo). For. large scale turbulence, he
postulated that the turbulence merely causes a wrinkling of the flame
front and that the individual sections of the wrinkled flame continue
to propagate at the laminar flame speed. When the scale of fluctuations
is small compared to the thickness of the reaction zone, he assumed that
the flame front is not distorted, but that the detailed processes of heat
transfer and diffusion are increased. Karlovitz et al.(28) found agree-
ment between experimental values of turbulent burning velocity and theo-
retical values based on the concept of a wrinkled laminar flame.

Longwell, et al.(38) suggested that within a given volume, an
insufficient number of laminar flame sheets can be obtained to yield the
probable local heat release rates that have been observed in a 1 7/8 inch
ramjet by Mullen et al.(us). The application of the wrinkled laminar
flame theory appears to be limited.

Summerfield et al.(67) postulate that a turbulent flame is a
zone of reaction distributed in depth, having smooth spatial variations
in the time average values of temperature and concentration. The trans-

port properties within the combustion zone are controlled by the stream
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turbulence. The treatment suggests a close analogy between a turbulent
and a laminar flame. In order to compute a turbulent flame velocity
from this theory, a knowledge of the approach stream turbulent diff-
usivity, and the thickness of the turbulent reaction zone is required.

In the case of intense mixing, the concept of discrete flame
fronts is abandoned, and the reaction is assumed to take place homo-
geneously. Under such conditions, reaction kinetics, rather than mix-
ing, control the rate of the burning process. Avery and Hart(l) made
a theoretical analysis for instantanecus homogeneous mixing and heat
transfer for a combustor in which the controlling rate process is a
reaction kinetic rate.

Application of homogeneous reactor theory requires a knowledge
of the kinetie constants of the combustion reaction at usual combustion
temperatures. Such data is almost completely lacking. Weiss and Long-
well<59) investigated lean mixture blowout data from insulated spherical
reactors under eonditions of homogeneous burning. The results indicate
that the high temperature combustion of hydrocarbons in air can be empiri-
cally described by a second order rate equation with an activation energy
of about 40,000 cal per mole. Heat losses from the combustion zone reduce

the rate of reaction by reducing the reaction temperature.

Mechanism of Flame Stabilization

In order for a mixture of fuel and air to react rapidly, the
mixture must be raised to a high temperature or come in contact with
active particles from a nearby reaction zone. Bluff body flame stebili-

zation depends on the existence of a sheltered wake behind the body in
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which hot gas recirculates. If conditions are properly selected, a
flame will exist in the wake of the baffle and will eventually spread
throughout the total inflammable mixture. The hot gas in the wake, act-
ing as a pilot burner, ignites fresh combustible mixture flowing past

in the external stream. Flame stabilization by small scale bluff
bodies of various geometries has been studied by many investigators,
including De Zubay(ll) on discs, Longwell(56) on parallel cylinders,

(62) on normal cylinders, and Weir et al.(75)

gutters and eones, Scurlock
on spheres.

A number of flow models have been proposed as an aid in inter-
preting stability data. Longwell(BB) suggested that the region behind
a baffle is a zone of intense stirring and can be treated with the homo-
geneous reactor theory of Avery and Hart(l). Another model divides the
wake into a precombustion zone, in which the reaction rate is negligible
and heat conduction predominates, and a combustion zone in which heat
cenduction is small compared to the chemical heat release. Spalding(és)
has postulated three models: recirculation of a part of the reacting mix-
ture, stabilization by two standing vortices, and mixing of hot and cold
jets of gas. Using simple chemieal reaction laws, all models predict
the effect of stability parameters in qualitative agreement with experi-
mental results.

Detailed measurements of the conditions existing in the wake
of a baffle are scarce. From tracer studies, Nicholson and Field<46)
noted a low ratio of mixing time to residence time in the baffle wake.

(38)

Longwell made detailed efficiency traverses which indicated a zone
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of high efficiency in the wake of the baffle, and a lack of complete
mixing. The existence of a recirculating flow towards the baffle was
established with a salt probe.

(78)

Westenberg et al. made helium tracer and combustion effi-
ciency measurements in the wake of a conical one inch flameholder. The
data is interpreted as showing the lack of violent mixing existing in

the recirculation zone. Instead, there exists a relative calm with s
definite reverse flow of hot gas directed upstream. They suggest that
the stabilizing mechanism is one of interchange of fresh combustible

and hot gases by turbulent and molecular diffusion across the wake bound-
ary. This is similar to the Jet mixing model of Spalding. Zukoski and
Marble(86) and Williams et al.(8l) also conclude that combustion is re-

stricted mainly to the narrow shear layer between the free stream and

the recirculation zone.

Flame-~-Generated Turbulence

Confinement of a bluff body-stabilized flame in a tube produces
velocity gradients between burned and unburned gases due to the accelera-

(62)

tion from expansion of burning gases. Scurlock calculated flame pro-
pagation rates downstream of a flame holder. Since the effective flame
velocity was increased over the laminar flame velocity, he concluded

that turbulence was generated by velocity gradients across the flame
front. The effect of approach stream turbulence intensity on flame

velocity was found in most cases to be smaller than the effect due to

internally generated disturbances.
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Jenson(25) attributes velocity fluctuations in the reactant
region upstream of a stabilizer to acoustic phenomena resulting from
shear generated turbulence in the flame zone. He concludes that the
combustion process, through its effect on the velocity distribution,
provides a means leading to better mixing and combustion.

Karlovitz(EY) postulates that the high intensity turbulence
created by the turbulent flame has a large influence on every mixing
and heat transport phenomenon behind the flame front. From mixing
length theory he concludes that, immediately behind the turbulent flame,
the heat transfer rate should be increased several times above the value

that would be expected from approach flow turbulence.

Flame Spreading From Baffles

The burned material in the wake region of a baffle serves as
a nucleus from which the flame propagates downstream through the unburned
mixture. Combustion efficiency depends on the rate at which the stabil-
ized flame spreads through the remainder of the air and fuel passing
through the combustor. In contrast to the fairly extensive studies on
the stability of baffles, there is little quantitative information avail-
able on the rate of flame spreading from baffles.

Scurlock(62) and Tsien(Yu) have theoretically examined the effect
of heat release on velocity distribution and flame width. They assumed a
line flame source in a two-dimensional duct, no momentum transfer in a
radial direction, an initially uniform velocity distribution, and constant
static pressure at any cross section. By employing one-dimensional con-

servation equations, they calculated velocity profiles in the duct as a
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function of fraction burned. The assumptions of a line source and no
radial momentum transfer limit the usefulness of the analysis. Also,
the correlations give no information as to the variation of combustion
efficiency with downstream distance.

Wilkerson and Fenn(79) studied flame spreading in a 1 7/8 in.
ramjet, the effectiveness of flame spreading being represented by the
combustion efficiency at the burner outlet. An increase in efficiency
occurred with an increase in pilot heat input from an independent pilot
flame. For each flameholder configuration, a mixing factor was obtained,
which measured the rate of mixing of the pilot heat with the main stream.
A simple correlation between the mixing factor and the combustion effi-
ciency was presented. Evaluation of the self-piloting effect of a baffle
would be one of the major problems encountered in extending the results.

Mullen et al.(QS) determined combustion efficiencies for
hydrocarbon fuel burning in a 2 inch diameter tube. They studied the
effect of combustion chamber length, ignitor geometry, fuel-to-air ratio,
air velocity, and air temperature. Combustion efficiencies increased
with increased length, increased inlet air temperature, and decreased
air velocity. A fuel-air mixture near stoichiometric proportions gave
maximum combustion efficiency. Most of the data was taken at air rates
sufficiently high to cause choking at the exit.

Scurloek et al§80) studied flame widths downstream of a variety
of stabilizers in a 1 in. x 3 in. rectangular combustion chamber. For
the range of variables studied, they concluded that inlet turbulence
level, stabilizer diameter, and stabilizer shape had a negligible effect

on flame width. As inlet velocity was increased, flame width decreased



-26-

and a longer combustion chamber was required to reach a given combustion
efficiency.

Longwell et al.(u8) measured cambustion efficiencies down-
stream of baffles in & 9 in. x 5 in. duet. There was no consistent
effect of baffle size or blockage on efficiency in the range tested.
The influence of fuel to air ratio was small, the fastest burning rates
occurring at a stoichiometric mixture. A general conclusion about the
effect of velocity could not be drawn. Increased tailpipe length in-
creased the initial flame spreading due to more severe pressure and
velocity fluctuations in the duct. No satisfactory flame theory could
be formulated to explain the data.

Zelinski et al.(83)

studied the burning efficiency of & con-
fined, pre-mixed, rim-stabilized flame Jet. They reported that burning
efficiency increased with increased pressure, inlet temperature, equiv-
alence ratio, and jet length, and decreased with increased jet velocity,
hole diameter, and mass throughput rate. Turbulence inducing screens

upstream of the flameholder did not increase the burning rate above that

for fully developed pipe turbulence.

Measurement of Loeal Heat Transfer Rates

The local rates of heat transfer through a tube wall can be
determined by 1) measuring the temperature difference between thermo-
couples inserted in the tube wall and 2) measuring the increase in
enthalpy of a fluid flowing through annular sections.

For gas flow outside and transverse to a circular tube, Churc-

hill(9) developed a method of measuring local heat transfer rates at high
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gas temperatures and high heat fluxes. He inserted thermocouples at
three different radial distances in a thermally insulated annular sector
of the tube wall. From the difference in thermocouple readings, the
average heat flux through the sector was readily computed. Zellnik(eu)
applied this technique to the measurement of local heat transfer rates
from flowing gases inside a circular tube. He installed flux measuring
stations at several points along the length of the tube, thus permitting
calculation of the longitudinal heat transfer profile. Since measure-
ments were made for a single tube position, any dissymmetry in the radial
temperature distribution could cause an error in the observed local rate.
By measuring the flow rate and temperature rise of a fluid
passing through an annulus of the tube, an average heat transfer rate
can be computed for the annular section. The length of the annular
sections are selected within practical limits to give the desired detail
in the longitudinal heat transfer profile. The disadvantages of this
method usually result from inaccuracies in measuring small temperature
changes and from difficulty in adequately insulating the sections.
Neither method actually gives a true local heat transfer rate.
The thermocouple technique gives an average rate over the insulated
sector and the annulus method results in an average rate over the length

of the external annulus.

Methods of Efficiency Measurement

The heat released by a combustion process within a chamber can
be determined by 1) measuring the thrust across the combustion chamber

2) measuring the gas temperature rise in the chamber and 3) chemical
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analysis of the combustion ehamber exhaust gases.

In the combustion chamber thrust method, the aerodynamic
efficiency is determined by comparing the actual thrust, under the
given chamber operating conditions, with the theoretical maximum
thrust, calculated from fuel and air supply rates, and calorific
value of the fuel. The actual thrust is caleulated from pressure
drop measurements across the combustion chamber. By determining the
pressure loss characteristics of the combustion system during cold flow,
the combustion efficiency (fraction of fuel burned) can be separated
from the aerodynamic efficiency. The advantage of this method is its
simplicity. The main disadvantage is the difficulty of estimating the
aerodynamic drag of the system from cold flow measurements.

A mean value of the outlet gas temperature, weighted accord-
ing to velocity distribution, can be obtained by a traverse with a suit-
able thermocouple and pitot-static instrument. The combustion efficiency
is calculated by comparing the actual gas temperature rise to the theo-
retical rise for eomplete combustion. The disadvantages of this method
result from the difficulty in estimating thermocouple corrections for
high temperature gas streeams, and from the time required to obtain accurate
temperature and pressure traverses.

The heat actually released and the maximum heat available in the
combustion chamber can be calculated from chemical analysis of the com-
bustion chamber exhaust gases. When properly applied, this method is
capable of giving the greatest accuracy. Since the gas composition at

the outlet is usually not uniform, a sampling traverse is required. The
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sampling probe should be small to minimize disturbance of the
flow pattern. Rapid quenching of the sample is also necessary to pre-
vent additional chemical reaction. The time consumed in accurate

analysis of the samples from each traverse 1s generally considerable.






APPARATUS

The apparatus was designed for the measurement of local heat
transfer rates from a stream of burning gas inside a circular tube. Air
and propane can be supplied at rates up to 100 SCFM and 5 SCFM, respect-
ively.

The equipment essentially consists of a fuel supply system, an
air supply system, a cooling water supply system, and a heat transfer test
unit with appropriate instrumentation. The fuel, air, and water supply
systems have greater operating ranges than required for the present
study. General views of the apparatus are shown in Figures 1 and 2
and a schematic diagram is given in Figure 3. A detailed description
of individual equipment items is presented in subsequent sections.

The functional relationship between the major sections of
the apparatus follows. Compressed air from a 95 psig building supply
system flows through a cleaner and dehumidifier, and then continues
through & pressure regulator and rotameter. OSimultaneously, a stream
of propane vapor is withdrawn from a 400 pound tank, and passed through
a surge tank, a pressure regulator, and a rotameter for gas flow meas-
urement. The fuel and air streams are combined and sent through a
plenum chamber containing screens to promote mixing. After flowing
through a straight length of pipe, the fuel-air mixture enters the
heat transfer unit, which has thermocouples imbedded in the wall for
measurement of the radial temperature profiles inside six thermally
isolated annular sectors. The flame propagates from a bluff body flame

holder, which can be located at any position along the length of the
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Photograph of Control Panel

Figure 1
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Figure 2. Photograph of Heat Transfer Unit and Plenum Chamber
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heat transfer unit. The combustion products from the tube are exhausted
through a suction system.

Cooling water is supplied at a constant rate to the annulus of
the test unit by the building water system. All thermocouples are connect-
ed to a rotary selector switch, and all voltages are measured on a semi-

precision portable potentiometer.

Air and Fuel Supply System

The air was furnished by the building supply system at 95 psig.
Since humidity of the air is known to affect the rate of combustion, a
cleaner and dehumidifier was installed in the line before the metering
section and test unit. The cleaner was a metal box made of 1/4 inch
steel plate, 1 foot square, and 1 1/2 feet high. The air entered through
two diametrically opposed holes near the bottom of the box. A metal plate
and a central hole was inserted above the inlet holes to reduce channeling
along the sides of the container. About six inches of 3/16 inch diameter
ring packing was placed on this plate. On top of the rings was a 1 inch
layer of steel wool. The packing and glass served the purpose of filter-
ing out entrained oil and dirt particles from the compressor. Above the
steel wool was 8 inches of anhydrous 4 mesh calcium chloride to remove
moisture from the air. The air from the compressor at the high pressure
possessed a low moisture content, and the dessicant served to reduce it
even further. No attempt was made to control the humidity at a specified
level. Although the maximum air velocity through the box was less than 1/2
foot per second, the air tended to channel through the calcium chloride.

Regular inspection and frequent replacement of the dessicant minimized the
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undesirable channeling.

After the air cleaner, the air was reduced in pressure to 35.3
psig (50 psia) by means of a bleed-type pressure regulator with capacity
up to 123 SCFM. The outlet pressure was essentially unaffected by small
fluctuations in the inlet air supply line. The air from the regulator
passed through one of two rotameters in parallel. The low flow rate
meter had a range from 2 to 25 SCFM and the high range meter from 10
to 100 SCFM (at 50 psia and TO°F). A needle valve downstream from the
rotameter controlled the flow rate. Bourdon-type pressure gages were
inserted in the air line before and after the pressure regulator to meas-
ure supply pressure and inlet rotameter pressure, respectively. The air
temperature was measured by means of a thermometer in the line prior to
the rotameter. The air supply system was mainly constructed of 5/4 inch
pipe.

The air from the rotameter passed through a 1500 watt electrical
heating unit. The outlet temperature from the air heater was controlled
by a thermostat with a range of 50 - 250°F.

Commerical propane, consisting of about 97 percent propane and
the remainder propylene, was stored in a 400 pound tank. The tank was
equipped with a liquid level indicator and a pressure gage. Three Chrom-
alox electric heating elements were inserted near the bottom of the tank.
Each heater had a capacity of 750 watts at 115 volts and a surface area of
about 100 square inches. Without the heating elements the latent heat of
vaporization for the propane would be supplied from the sensible heat of

the liquid and heat transfer from the surroundings to the tank. During
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rapid and prolonged withdrawal of propane vapor, calculations indicated that
heat transfer from the surroundings would only partially supply the latent
heal requirements. Hence, the temperature and vapor pressure of the liquid
propane would decrease. The heating elements allowed a relatively con-
stant pressure to be maintained during a run. The supply of electriec
current to each of the heaters was controlled by individual variacs.

The vapor pressure of propane in the tank is mainly dependent
upon outside temperature and varied from about 90 to 140 psia during the
course of the investigation. The vaporized propane was passed through a
4 inch by 12 inch cylindrical surge tank to a pressure regulator of 37
SCFM capacity. After its pressure was reduced to 50 psia, the propane
was sent through one of two rotemeters in parallel. The low capacity
meter had a range of 0.1 to 1.1 SCFM and the other a range of 0.5 to 5
SCFM (at 50 psia and 70°F). The flow rate was controlled by a needle
valve downstream of the rotameter. The supply pressure and rotameter
pressure were measured by bourdon-type gages. Rotameter inlet temperature
was indicated by a liquid thermometer.

The rotameter calibration curves specified by the manufacturer,
together with a few check points obtained with a critical flow prover,
appear in Figures 46 to 49 of Appendix D. The rotameter inlet pressure
was maintained at the calibration pressure (50 psia) and the inlet temp-

eratures had a maximum deviation of 3°F from the calibration temperature

(70°F).

Cooling Water System

Preliminary tests indicated that the building water supply system

provided water of reasonably constant pressure and temperature. For this
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reason, no controlled water circulation system was installed. During

& run, temperature variations usually did not exceed 0.5°F and pressure
fluctuations were such that flow did not vary more than 4 percent. The
cooling water was metered through one of two rotameters in parallel.
The smaller capacity meter had a range of 0.8 to 8 GPM while the larger

meter had a capacity up to 60 GPM.

Plenum Chamber

The separate streams of air and propane vapor were combined
at a 3/4 inch pipe cross. The fuel and air entered at diametrically
opposite ends of the cross. A 3/L4 inch union type blowout disc was
attached to another outlet of the cross. The union contained a thin
aluminum disc designed to rupture at a pressure of 150 psia. The
combined stream passed through the opening opposite the blowout assembly
to a plenum chamber which was designed to fulfill the following functions:
(1) to aid in the mixing of propane and air, (2) to furnish a flame trap
and blow-out disc assembly and (3) to provide a suffieient volume to
ensure that the exit tube is acoustically "open". This means that a
standing sound wave oscillating in the length of tube between plenum
chamber and test section exit would have a pressure node at the plenum
chamber end of the tube.

The plenum chamber was constructed from a 12 inch length of
4 ineh diameter pipe. A 5 inch flange assembly was attached near the
exit end. A 0.001 inch piece of brass shim stock inserted between the
flanges as a blowout disc was found to rupture at about 50 psia. The

flame trap consisted of a 4 inch diameter sintered stainless steel dise
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fastened by screws to a 1/2 inch thick stainless steel support plate.
The support plate, containing a multiplicity of l/h inch holes to allow
passage of the gas, was welded in place near the entrance of the plenum
chamber. The sintered stainless steel serves to quench any deflagration
reaching the plenum chamber, while the blowout assembly relieves any
abnormal pressure increase through rupture of the shim stock. Mixing

of the gases in the plenum chamber was promoted by a series of three

50 mesh screens. The chamber was closed at either end by a 4 inch cap.

A schematic.sketch of the plenum chamber appears in Figure L.

Heat Transfer Unit

The heat transfer test unit was, functionally, a counter-
current heat exchanger. High temperature burning gases on the inside
transferred heat to cooling water in the annulus. Details of the test
object are provided in Figure 5.

The test object was constructed from a 20 inch length of type
304 stainless steel. The outside diameter was 1.940 + 0.004 inches
while the inside diameter varied in an uneven fashion from 0.970 inches
at one end to 0.975 at the other. The internal fluctuations are in part
due to variations in surface roughness. Six isolated sectors were pro-
vided along the length of the tube by cutting thirty mil longitudinal
grooves and chordal slots to within 25 mils of the inside surface. At
each sector, the longitudinal grooves were 60° apart whereas the chordal
slots were 1 inch from each other. The midpoints of these sectors were

located at 2, 4, 6, 8, 10 and 12 inches from the front of the tube. The
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stations at 2, 6, and 10 inches were diametrically opposed to the
stations at 4, 8, and 12 inches. The 20 inch tube could be turned
around so that the stations would then be located at 2 inches inter-
vals starting at 8 inches from the front of the tube. Three 42 mil
holes were drilled in each sector to be on a radial line through the
midpoint of the sector. The holes were drilled to radial positions
of about 0.58, 0.75, and 0.92 inches. The holes to the top and middle
started from opposite sides of the sector, while the bottom hole was
drilled from the rear. The details can be best seen by examining
Figure 5.

The thermocouples were made from 36 gage Chromel-Alumel
wires enclosed in a stainless steel sheath of 40 mil outside dismeter.
Insulation of the wires from the sheath was provided by pure magnesium
Oxide, which is a good electrical insulator up to 3000°F. The wires
were exposed at both ends of a 3 inch sheath length by removing about
1/4 inch of the sheath in a lathe. The thermocouple junctions were
carefully made to approximate a point Junction centralized at the end
of the stainless steel sheath. The exposed wires at one end were twisted
together close to the sheath so that lateral motion of the Junction was
minimized. After silver soldering the junction, the excess wire and
solder was cut and filed away. The junction was examined under a
microscope to see if a small centralized junction was present. If the
Junction was excessively large, or if the wires did not appear well
connected, the junction was reconstructed. Each satisfactory junction

was then checked aga.nst a calibrated thermometer in a steam bath.
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To install the thermocouples, small silver solder chips were
dropped into each hole in the test object. The solder was melted by
careful heating with a torch, and the thermocouple pushed to the bottom
of the hole, where it became fastened upon cooling.

After insertion of the thermocouples, the grooves were filled
with thin strips of mica fastened together with a water resistant, high
temperature insulating resin. The whole test object was baked at 300°F
to cure the resin. The low thermal conductivity of the mica and resin
effectively insulate each sector from the remainder of the unit.

Onto each end of the test unit was welded a stainless steel
flange, 6 inches in diameter and 1/4 inch thick. A stainless steel
annular tube, 2.5 inches in outside diameter and 1/8 inch thick was
put on the test object in two halves. The ends of the annulus were
welded to the flange pieces and the seam closed with silver solder.

The holes where the steel thermocouple sheaths protruded through the
annular shell were soldered tight. Water inlet and outlet nipples were
welded on to diametrically opposite sides of the annulus at both ends.
Two thermocouples wells were placed in the inlet water line and one in
the outlet line, each thermocouple well containing a 26 gauge copper-
constantan thermocouple. The outlet and one inlet thermocouple were
connected to provide the differential change in water {temperature.

Since the test section was designed to assume a heorizontal
position, provision was made for removal of gases from the annular shell.
A hole was drilled into the top piece of the annular shell at both ends.

A 1/4 inch pipe nipple and stop cock was attached. Gases were removed
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from the annulus by allowing water to run through the stopcocks for
a few moments.

The thermocouple leads from the steel sheaths were carefully
soldered to insulated 16 geuge chromel and alumel leads. The junctions
were insulated with a plastic resin. From the Jjunctions the wires ran
to a low-resistance rotary selector switch, from which one couple &t =
time could be routed on a single pair of insulated leads to a potentio-
meter. The cold junction temperature was measured by & thermometer
with 0.1°F graduations, placed on the top of the potentiometer.

In determining the hot junction temperature, the emf correspond-
ing to the cold Jjunction thermometer reading is taken from standard teables.
An arbitrary reference temperature of 32°F was selected for convenience in
using the tables. The cold junct.on emf is added to the emf indicated on
the potentiometer. The actual hot junction temperature corresponds to
the total emf and is read from the tables. ©Since temperature different-
ials are used in calculated rates of heat transfer, any errors in the
cold junction temperatures are reduced in significance.

During construction and installation of the test object, three
thermocouples became inoperable. Two of them were located at the 12
inch station and one at the 10 inch station. Since two satisfactory
thermocouples remained at the 10 inch position, the rate of heat transfer
at this location could be obtained.

The fifteen operable thermocouples were tested after completion
of the runs in a constant temperature water bath. No measurable differ-
ence was found between the different thermocouples. The standard cell

of the potentiometer was checked against another standard cell recently

calibrated by the National Bureau of Standards.
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The galvanometer sensitivity of the potentiometer allowed
readings within 2 microvolts. The reproducibility of thermocouple
readings during runs varied from 2 to 20 microvolts and depended upon

the flame-generated oscillations.

Extension Section

An extension piece for the test object was provided by a ten
inch length of the stainless steel tubing used in constructing the test
object. A 6 inch flange was attached to one end of the extension and a
one inch pipe thread was cut on the other. Since the flanges on the
extension section and the test object had identical hole geometries,
the extension could be attached to either end of the test object. The
extension piece also aided in developing the velocity profile of the
mixture entering the test object. The inlet mixture temperature to the
test object was measured by an asbestos insulated, 26 gauge copper-con-
stantan thermocouple. The thermocouple extended into the gas stream
through a 1/4 inch polyethylene seal, located in the extension sect.on
one inch from the flange.

The plenum chamber was connected to the threaded end of the
extension section by a length of one inch pipe. The immediate exit of
the plenum chamber consisted of a 3 inch length of 0.97 inch inside

diameter stainless tubing.

Flame Holder Assembly

The flame propagated within the tube from a flame holder. Pre-

liminary experiments indicated a central plate or cone was satisfactory.
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The flame holder was welded to the end of a l/h inch dismeter stainless
steel rod which extended back through the inlet piping. To keep the
rod and flame holder carefully centered in the heat transfer unit,
annular rings were attached to the rod at two positions. The annular
rings were constructed of 1/52 inch thick steel and were connected to
the central rod by four 1/16 inch diameter steel struts. A close fit
between the annular rings and the test unit wall aided in insuring a
centralized flame holder. Movement of the flame holder in the tube was
provided by a wire attached to the upstream end of the rod. The wire
extended back toward the plenum chamber and protruded from the side of
the tube through a polyethylene seal. By pulling on the wire, the flame
holder was moved upstream into the tube. Final positioning was achieved
by inserting a thin stainless steel rule from the open end of the test
object. The flame holder was pushed to the desired position by the rule.
The accuracy of this positioning method was about 0.03 inches.

The bluff body flame holders were constructed from stainless
steel. Runs were made using three flame holders.
1) a flat plate with a diameter of 0.70 inches and a thickness of 1/4 inch.
2) a flat plate with a diameter of 0.53 inches and a thickness of 3/16 inch.

3) a cone with a diameter of 0.70 inches and a 45° apex angle.

Pressure Drop Measurement

The efficiency of combustion was caelculated from the pressure
drop across the test unit during combustion. A pressure tap was located
1/2 inch from the plenum chamber in the exit pipe. Since a pressure node

existed at the plenum chamber exit, the pressure at this point was unaffected



-47-

by the presence of any flame-generated longitudinal oscillations. A
1/16 inch hole was drilled through the pipe and the inside surface care-
fully filed to remove any protrusions. A 1/4 inch inside diameter steel
tube was welded over the hole, and rubber tubing extended to the mano-
meters. Since expected pressure differentials ranged from 0.05 to 10
inches of water, two manometers were used., For measurements between 2
and 10 inches, a vertical water in glass manometer was employed. The
pressure difference could be read within 0.06 inches, giving a minimum
accuracy of 3 percent. For low pressure drops, & micromanometer was
utilized. A sketch is shown in Figure 6. A water reservoir is connected
by rubber tubing to a piece of glass tubing, inclined slightly from the
horizontal. The glass tube is attached to a screw thread assembly. The
water meniscus in the glass tube 1s maintained approximately vertical

by surface tension. In operation, the water meniscus is first positioned
at a zero mark. After applying the pressure differential, the water men-
iscus is returned to the zero mark by raising or lowering the glass tube.
The screw thread has 48 turns per inch. Since the reading can usually be
determined within l/h of a turn, the manometer is accurate to about 0.005

inches,

Exit Probe Measurements

A thermocouple and pitot-static tube traverse were performed
at the exit of the tube for a few runs. The thermocouple was constructed
of butt welded 16 gage chromel-alumel wires. A 30° angle was formed by
the two wires at the junction. The large diameter wire was used in order

to extend the life of the thermocouple in the high temperature gas stream.
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No shielding was applied to the junction.

The total pressure probe consisted of a stainless steel tube
with an outside diameter of 1/8 inch and an opening of 1/16 inch dia-
meter. The tip was tapered slightly to reduce flow interference. The
static pressure probe was also constructed from the 1/8 inch diameter
tubing. Two 0.02 inch holes were drilled into the tube at a distance

of 1/2 inch from a closed end to provide the static opening.

Ignition System

The wiring diagram of the ignition system appears in Figure 7.
Functionally, the system was similar to an automotive ignition system,
A repeating spark was produced by a 12 volt automotive coil connected
to a vibrator tube and appropriate condensors. The spark plug fired
about 100 times per second. Energy was supplied by a 12 volt storage

battery.

Sound System

The relative amplitudes of the sonic frequencies generated by
the combustion process were measured by a General Radio sound meter and
sound analyzer. The diaphragm of the sound meter microphone was position-
ed four inches below the exit of the heat transfer test object. The
sound analyzer was used to measure the amplitudes of the components of
the frequency spectra relative to the overall sound amplitude. An abso-

lute measurement of the intensity of sound within the tube was not attempted.

Acoustical Dampers

Organ pipe oscillations can be energetically damped by a quarter

wave length tube placed in the region of a pressure antinode<51). The



-50-

mo48Ag UOFATUBT JO weaBelg BUuTITM °) 2anITd

ANNOYS —_
2 2
D -
| |
_
L~ (pi7520) _ _ (L70A 21I) ==
et X —
- 904 ¥3SN3ANOD _ _ uwwwwmm ——
» MHVdS _ _
_ _
_ _
t—3 _
€ \J _
L__T ]
\ -
@
Z, -
(LT0A 21) HOLSIS3N HOLVHEIA HOLIMS
10D MHVdS 4V 3ANIT-NON I0ZI AHOTIVI

JAILOWOLNY



-51-

theory of a quarter wave length tube has been outlined in the literature
survey.

For a total tube length of 9 ft. between plenum chamber and
test object exit, the major frequencies observed were around 210, 280,
and 350 cycles per second, corresponding to pressure antinodes near 15,
12, and 9 inches from the plenum chamber, respectively. At each of
these positions, a l/u inch hole was drilled through the pipe. A 1/2
inch length of a 1/4 inch pipe bushing was welded over each hole. A
length of l/h inch pipe, capped at one end, could now be inserted in
the bushing as a quarter wave length tube. The length of pipe required
to damp an oscillation effectively depended on the frequency. Several
lengths of l/h inch pipe were prepared as quarter wave length tubes.

When damping of the flame-generated oscillations was not de-
sired, the 1/4 inch holes in the main pipe were sealed with polyethylene

plugs.

Mixture Approach Conditions

At least two feet of one inch pipe was present between the
plenum chamber and flame holder, allowing the inlet mixture to approach
fully developed pipe flow. In order to determine whether the upstream
velocity profile and turbulence level had any substantial effect on the
rates of heat transfer, screens were installed upstream of the flame
holder for a few runs.

Baines and Peterson<2) obtained correlations for the effect
of screens on turbulence level and velocity profile over a wide range

of variables. For screens of solidity ratios less than 0.5 and screen
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Reynolds numbers greater than 100, they report a turbulence intensity
less than 4 percent after 100 bar lengths. In order to obtain a rela-
tively flat velocity profile, they recommend a few screens of moderate
solidity placed in series.

Three 30 mesh brass screens with a bar width of 0.007 inches
and a solidity ratio of 0.38 were used in the experiments. The screens
were made to fit the inside diameter of the tube closely. The screens
were placed at distances of 1, 1 1/2, and 2 inches upstream of the flame
holder. They tend to produce an approach stream with a fairly flat

velocity profile and a low turbulence level.



MATERIAIS

The selection and source of some of the materials pertinent
to the investigation are discussed below. A list of the major items used
in the construetion of the remainder of the equipment is listed in Appendix

Eo

Propane
Commercial propane was selected as a fuel due to its ready
availability, reasonable cost, safe handling characteristics, and vapor
pressure level for easy metering. The propane, containing about 97.5
percent propane, and the remainder propylene, was supplied by the Gallup-

Silkworth Company.

Test Cylinder

Stainless steel was selected for the test cylinder because of
its resistance to oxidation at high temperatures. The thermal conductivity
of type 304 stainless steel is listed in Figure 45 of Appendix D. The tube

was supplied by the Babcock-Wilcox Company.

Thermocouples

The 36 gauge chromel and alumel wires, insulated by magnesium
oxide and enclcsed in a stainless steel sheath, were supplied by the Aero

Research Corporation.
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VARIABLES OF THE PROCESS

A large number of process varisbles are involved in a study
of heat transfer rates from bluff body stabilized flames within a cooled
tube. The independent variables can be associated with the fuel, the
inlet conditions, and the geometry of the system.

Fuel: nature of the fuel, such as reactivity and heat of
combustion.

Inlet conditions: proportions of fuel and air, velocity,
temperature, velocity distribution, scale and intensity of turbulence,
homogeneity of the mixture, humidity.

Geometry: diameter of the tube, surface roughness, flame
holder type and shape, flame holder blockage, total length of tube,
length in which burning is conducted.

An important dependent variable, inside surface temperature,
depends on the thermal resistance of the wall and external eooling con-
dtions as well as the variables listed above.

Since a systematic study of all the independent variables is
beyond the scope of a single investigation, a number of varisbles were
held constant or nearly so. The remaining varisbles were examined with
varying degrees of emphasis. A brief discussion of each variable follows.
More detailed consideration of most of the variables is presented in other
sections.

Fuel: Commercial propane was burned throughout the investigation.

Tube diameter: A single diameter of about 0.97 inches was used.

54~
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Tube roughness: Pressure drop measurements indicate that the
roughness is approximately equivalent to commercial pipe.

Combustor pressure: Since the gases discharge to the open
atmosphere and pressure losses in the combustor are small, the combustor
operates at essentially atmospheric pressure.

Homogeneity of the inlet mixture: Unknown. Turbulence inducing
screens in the plenum chamber and diffusion in the entrance piping promote
mixing of the propane and air.

Inlet turbulence level: Unknown. A majority of the runs were
conducted with developed pipe flow. A few runs were made with screens
upstream of the flameholder, which produced a predicted turbulence in-
tensity of about 5 percent at the flame holder.

Inlet velocity distribution: Unknown. The presence of turbu-
lence promoting screens tends to flatten the velocity profile at the flame
holder.

Inlet humidity: Maintained roughly constant at 0.001 lbs. water
per 1b. of dry air. Variations were due to lack of control on dehumidifier.

Inlet air temperature: Most runs were taken at about TO°F.

A few measurements were made at 120°F.

Flame holder type and shape: The studies were conducted with
centralized flat plates and cones.

Flame holder blockage: Extensive measurements were made on a
flat plate of 52 percent blockage. More restricted studies were conducted
using a flat plate of 30 percent blockage and a L45° cone of 52 percent
blockage.

Total length of tube: Most data were taken with 9 feet between

plenum chamber and discharge end of heat transfer unit. Some studies were
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made on 3, 3.5, and 8 foot lengths.

Burning length: The flame holder was positioned at distances
of 7, 9, and 11 inches from the exit of tube. In this manner, the first
heat transfer station was always located 1 inch downstream of the flame
holder.

Inlet mixture velocity: The approximate inlet values studied
were 10, 20, and 30 feet per second, corresponding to inlet Reynolds'
numbers of about 5,000, 10,000, and 20,000 respectively.

Inlet fuel-air ratio: Most runs were made with mixtures
containing stoichiometric proportions, 10 percent excess propane (rich)

and 10 percent excess air (lean). Some data were taken near the rich

and lean blowoff limits.



EXPERTMENTAL PROCEDURE

Preliminary investigations, preparations for a run, operating
procedures, and location of thermocouples are discussed in the follow-

ing sections.

Preliminary Experimental Work

Prior to construction of the heat transfer test object, experi-
ments were conducted to determine the feasibility of burning from a flame
holder within a small diameter tube. In order to allow a wide range of
mass flow rates within the capacity of the air supply (80 SCFM), a one
inch diameter tube was selected for evaluation. The preliminary test
object was a double pipe heat exchanger, 3 feet long, consisting of a
one inch diameter pipe enclosed in a 2 inch pipe. Water was circulated
through the annulus during tests. No provision was made for measurement
of heat transfer rates. Experiments were conducted with a variety of
flame holders to determine the length of tube in which combustion was
possible. In general, there were two reasons for rejection of a flame
holder (1) blowoff from the flame holder at low flow rates and (2)
premature blowoff caused by flame generated oscillations. The oscilla-
tions were noted to become more severe as burning was conducted in longer
lengths of tube. Both grid and low blockage bluff body type flame holders
were rejected because of blowoff of the flame at low flow rates. An annular
type flame holder gave apparent premature blowoff due to oscillatory combus-
tion while burning in a 6 inch length of tube. Later experiments, however,

indicated that cooling of the flame holder by the wall contributed to the

-57-
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decreased stability. Centralized flat plate and cone type flame holders
with blockage above 30 percent appeared to give satisfactory combustion
in burning lengths up to 12 inches and over moderate flow ranges. The
amplitude of the flame-generated oscillation was noted to increase with
higher flow rates.

On the basis of the preliminary experiments, the heat transfer
test object was constructed with six measuring stations spaced at two
inch intervals along its length. Before taking any experimental data,
the whole apparatus was checked for the proper operation of its component

parts.

Preparations for a Run

To start operation, the desired water rate of about 5 gallons
per minute was established through the annulus of the test object. The
bleed ports at the top of the annulus were opened for a few moments to
allow removal of any trapped air. The flow of air and propane vapor
were adjusted to give the desired flow rate and fuel-to-air proportions.
The thermostat on the electrical air heater was adjusted to provide the
desired inlet mixture temperature to the heat transfer unit. Since maxi-
mum propane consumption rate was generally much lower than anticipated
during design, it was found that use of the heating elements in the propane
tank was unnecessary. The spark plug was placed immediately in front of
the flame holder at the exit of the tube, and the fuel-air mixture ignited.
The flame holder was then moved into the tube and carefully positioned at

the desired depth.
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When suppression of burner oscillations was wanted, a quarter
wave tube was inserted into one of the locations provided in the main
pipe. Since one frequency generally predominated, only one quarter
wave tube was usually required to obtain adequate damping. Although
theory was used as a guide, the length and position of the quarter
wave tube was decided by trial and error.

Steady state conditions were generally reached within ten

minutes.

Experimental Measurements

When the wall temperatures reached steady state, readings
were obtained with the potentiometer for the fifteen operable chromel-
alumel thermocouples imbedded in the wall of the test object. Two or
more readings were obtained for the thermocouples at each of the five
measuring stations to be certain that steady-state conditions had been
attained.

At the beginning and end of each run, readings were recorded
for propane and air flow rates, inlet rotameter pressures, inlet ro-
tameter temperatures, pressure drop across the heat transfer unit, in-
let gas temperature to the heat transfer unit, water flow rate, inlet
water temperature, and differential water temperature across the annulus.
If any significant variation in these variables was noted, the run was
repeated. The overall noise level at the tube exit was read from the
sound meter for each run. The frequencies and sound levels of any
outstanding components in the overall noise level were obtained with

the sound analyzer.



-60-

After a few runs, the fuel and air flow was stopped complete-
ly, and the temperature rise of the water in the annulus due to con-
duction from the room was recorded. This reading supplied a correction
to the total temperature drop to give the net effect of heat transfer
from the gas alone. In addition, the drag due to the flame holder and
tube walls in the absence of combustion was determined for each run.
The flow rate of air alone was adjusted to the total flow rate of air
and propane used in each run and the pressure drop recorded.

The inside surface of the tube was inspected frequently. If
any foreign matter appeared, the surface was cleaned with a mixture of
methanol and acetone. Since the inside surface temperature did not
exceed 400°F, there was no apparent oxidation of the stainless steel

during the investigation.

Location of Thermocouples

Due to machining inaccuracies during drilling of the thermo-
couple holes in the test object, the locations of the bottom of the
holes were not known with the desired precision. In addition, the
presence of a small chip or burr in a hole could prevent the thermo-
couple junction from reaching the bottom of the hole. Each thermo-
couple junction was carefully formed so as to approximate a point
Junction at the end of the stainless steel sheath. The small junction
also minimized the possibility of radial displacement of a junction to-
ward the enclosing sheath. Thus, the thermocouple junction was located
directly at the tip of the sheath and close to the center of the sheath.

Preliminary tests indicated that the maximum possible displacement of
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a Jjunction was about 10 mils. By locating the tip of the sheath, then,
the position of a junction can be estimated within 10 mils.

Following the conclusion of experimental runs, the test object
was sliced transverse to the axis of the tube near each of the thermo-
couple stations. Each slice was cut down in a lathe until the centers
of the ends of the sheaths were approached. Cuts were then removed 1
mil at a time and the region of a sheath tip inspected with a *toolmakers
microscope after each cut, In some cases the thermocouple junction could
be seen with the toolmeker's microscope. A depth gauge was then used in
conjunction with the microscope to measure the position of the junection.
In other instances, however, the junction was destroyed in the grinding
process. The location of the center of the sheath tip was then measured
and used in evaluating the heat transfer data.

In cases when the junction was visible, the center of the
Junction could be measured within 5 mils. When the junction was destroy-
ed, the location could be estimated within 15 mils.

For each thermally-isolated sector, Equation 6 indicates
that a semi-log plot of measured temperature versus thermocouple
position should be linear. The expected linear relation was observed
for essentially &ll the data.

The maximum error in heat flux due to inaccuracy of thermo-

couple location is estimated to be 6 percent.






EXPERIMENTAL THECRY

In this section, a description of the theoretical considera-
tions employed in evaluating the test results is presented. The theory
is briefly outlined and important assumptions noted. Details of the

derivations are found in Appendix C.

Measurement of Rate of Heat Transfer

For the conduction of heat in an isotropic solid, the follow-

ing equation can be written

p Cp AL - aiv (k grad T) (5)
ot
By assuming
o -
x 0 x 0 » 0

and using an average thermal conductivity, kg, the radial flux at the

inside surface of a cylinder is

T. - T

k
A s —= = ° 6
(Cl/ )s rs 1n r, ( )

Ts
The inside and outside surface temperatures are obtained by extra-
polation of the internally measured temperatures.
The total heat transfer in the test section can be obtained
by an integration of heat fluxes and by the increase in enthalpy of the
cooling water

A tota
Q = WCAY = f (%)s aA (7)

net
o
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where Aty is the net increase in water temperature due to transfer of
heat through the internal wall alone.

The assumptions of the analysis are not expected to cause a
significant error. Since all experimental conditions were maintained
as constant as possible during a run, the steady state assumption that
OT/dt = O appears valid. The effect of longitudinal and angular grad-
ients (OT/0x and OT/d8) are made negligible by the installation of low
thermal conductivity insulation in the longitudinal and chordal slots.
The use of an average thermal conductivity has been examined by Chur-
chill(9), who shows, for a similar case, that the heat transfer rate
calculated with the assumptionof a constant average thermal conductivity
differs negligibly from the result obtained by a more involved rigorous
procedure. The presence of thermocouple holes introduces an anisotropic
region in the cylinder wall. By application of conformal mapping, the
maximum error in flux measurement caused by the presence of these holes
is estimated as less than 5 percent. The derivation and calculations
are found in Appendix C.

A more thorough discussion of the above assumptions are pre-

sented by Churchill(®) and zellnik(84)

Combustion Efficiency

For a thin discontinuity in flow, the general mass, momentum,
and energy relations can be reduced to the following approximate one-
dimensional equations

Mass: u. A

P Uy A = ey up Ay (8)

2 2

Pl U1 P2 up

Momentum: (Pp + ) Ay = (P +

) Ay + ) (9)
c 8c
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2

2
uy - u
2o (T) g - C,, (To-T) + 552 (10)

Energy: Epl (Tl-TO) + 2,
If no steep gradients exist at stations 1 or 2, the equations can be applied
to a deflagration with negligible error.

By combining the sbove equations with the ideal gas law and
making suitable approximations based on experimental conditions, the
following expression is obtained

— — [P, M, A, gT A u
=C, (T,-T))+ @ =C [_2 2280 <Pl-1>2 £ - P+ F1 12>
Pp" < P2l Py My Az Py A g

(To)

L

- T } +Q (11)

where QT(TO) is the heat released due to chemical reactions at a temper-
ature, T, = Ty, and Q is the heat transferred through the wall. For any
run, the inlet conditions denoted by subsecript 1 are known. The average
molecular weight of exit products, ﬁg, depends on outlet concentration,
but does not change significantly from ﬂl' By measuring the mean static
pressure at the outlet, P2, and estimating the drag of the stabilizer
and walls, PD, the outlet temperature, TE’ can be computed. The mean
heat capacity of the combustion products between T, and T2 can now be
estimated. By integrating heat fluxes along the wall, Qy is obtained.
All terms in equation 11 are now known or closely approximated, and
the heat released can be calculated.

Combustion efficiency is defined as the ratio of heat released
due to chemical reaction to the heat which would be released if reaction
were complete., The maximum chemical heat release is calculated from the

inlet feed composition and is based on the limiting reactant, propane in
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a lean mixture and oxygen in a rich mixture. From the combustion effic-

iency, the fraction of fuel burned and outlet composition can be calcu-
lated. The original estimates of composition used in evaluating ﬁg and Efg
can then be improved and a better value of Qr(To) obtained.

The estimation of the PD term is difficult. The drag of the
stabilizer was assumed equal to the pressure drop measured without com-
bustion at the same flow rate employed in the run. The drag of the walls
during combustion was approximated from an average combustion chamber

temperature. A more complete treatment of this problem is reported in

the discussion section.

Resonant Frequency

The flame-generated oscillations produced in the caombustion
chamber were thought to be caused by resonance of the hot (burned)and
cold (unburned)gases in the chamber. By solving the one-dimensional
wave equation for fixed boundary conditions (both ends acoustically open),
an expression relating the resonant frequency, f, to the length of column

of burned gases, I, is obtained

2nfly &y 2af (L - Ly) (12)

& & 75 85

tan

Subscripts 1 and 2 refer to unburned and burned gases, respectively. The
derivation assumes a one dimensional sinusoidal wave with a normal inter-
face between hot and cold gases.

The frequency can be determined either by trial and error or

by plotting the tangent functions and hoting the intersections. The first
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intersection corresponds to the fundamental, the second to the first

harmonic, and so forth.






EXPERIMENTAL RESULTS

The structure and stabilizing mechanism of turbulent flames
propagating from a flame holder are inadequately understood. Thus, any
theories postulated to explain the actual combustion process would be
of limited validity. In addition, no measurements of local gas temper-
atures and local combustion efficiencies within the tube were made. The
lack of adequate theory and local gas phase measurements combine to pre-
vent generalization of the results.

The general features of the experimental data are best represent-
ed on plots of local heat transfer rates against distance downstream from
the flame holder. In this manner, the effect of each variable studied
can be shown graphically with all other variables held constant or nearly
so. The theory of the heat transfer calculations has been discussed. A
sample calculation is presented in Appendix B. The measured rates of heat
transfer are local average values over the thermally isolated sectors of
one-inch length. In the plots, then, the rates are designated by a hori-
zontal line at each measuring station. Since more than one run is usually
represented on a given figure, the ends of each line are keyed to disting-
uish the data for individual runs.

In drawing a smooth curve through the data, the curve should in-
tersect each horizontal line so as to leave equal areas above and below
the line. An illustrative graph is presented in Figure 8. For purposes
of clarity, the shaded area under each horizontal line is omitted in

subsequent figures.
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Under many conditions of burning, flame-generated oscillations
are produced by the combustion process. The amplitude and frequency of
the oscillations influence the rates of heat transfer. Generally, one
frequency was largely responsible for the observed sound level. In runs
where flame-generated oscillations were present, the amplitude of the
major frequency is noted on the plot. If the oscillations were effective-
ly eliminated by a quarter wave tube, the term "oscillations damped" is
placed on the plot.

Unless otherwise specified on the graphs, the data were taken
on the flat plate flame holder of 52 percent blockage, with an inlet
temperature of 70°F, and without screens upstream of the flame holder.
Since plotting of all the runé would result in considerable duplication,
only representative runs are plotted to illustrate the effect of the
process varisbles. All significant features of the data are presented
in the figures. The curves, in most cases, are extrapolated from the
measuring station at 2 inches to the exit of the tube. A dotted line
signifies the extrapolated portion of the curve. At the flame holder,
there is a small but finite rate of heat transfer due to radiation and
convection. The magnitude of this rate is unknown, but is normally in-
significant on the scale of the figures. For convenience, then, the
curves have been drawn to zero heat flux density at the flame holder.

A tebulation of all runs is given in Appendix A.

Flame-Generated Oscillations

The frequencies and relative amplitudes of the flame-generated

oscillat.ons were measured on a sound level meter and a sound analyzer.
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The theoretical resonant frequency of a column composed of hot and cold
gases is given by equation (12). This equation can be solved for the
resonant frequency, f, either by plotting the two functions or by trial
and error.

A plot of these functions for Lt =9 ft., Lb = 9 in., 8, =
1120 ft. per sec., and a, = 2660 ft. per sec. (T, = 3000°R) is shown
in Figure 9. The first intersection of the curves gives the fundamental
frequency, the second intersection yields the first harmonic, etc. Sev-
eral strong harmonics were generated by the combustion process. For a
given overtone, the frequency was observed to vary with fuel-to-air
ratio. In the following table, the experimental frequencies for a
Reynolds' number of 10,000 are compared with the theoretical frequencies

from Figure 9.

Harmonic Theoretical Observed
Number Frequency Frequency Range
2 200 212 - 214
3 267 282 - 291
4 33k 346 - 350

The agreement between theory and measurement confirmed the assumption
that the mode of oscillation was longitudinal.

The theoretical and observed frequencies also gave satisfac-
tory agreement for other total tube lengths. For example, at a total
tube length of 3.5 feet, the calculated fundamental frequency of 194
cycles per second is in reasonable accord with the observed frequency

range of 192 to 210.
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Effect of Downstream Tube Length

The effect of tube length downstream of the flame holder is
shown in Figures 10 to 13. The downstream tube lengths studied were
7, 9, and 11 inches. For lengths less than 7 inches, insufficient dis-
tance was present to indicate the characteristics of the heat transfer
curve. At lengths greater than 11 inches, flame-generated pulsations
frequently became severe enough to blow the flame off the stabilizer.
Although pulsation of an undamped flame increased with increased burn-
ing length, no significant change in amplitude or frequency of oscilla-
tion was observed.

The effect of burning length on local rates of heat transfer
does not appear to be important. The burning length is of more signifi-

cance in its effect on stability.

Effect of Inlet Flow Rate

In Figures 14 and 15, the effect of inlet flow rate is present-
ed. The Reynolds' number ranges from 5,000 to 20,000. The lower flow
rate limit was selected to avoid the transition region between laminar
and turbulent flames, and to maintain a level of flow in which flash-
back was unlikely. The upper flow rate limit was imposed in order to
allow the flames to spread to the tube wall within the minimum burning
length studied. At higher flow rates, negligible heat transfer to the
tube walls was observed.

The effect of increased flow rate is t0 increase the pesk in
the heat transfer curve and to shift the peak downstream toward the tube

exit.



The total heat transfer to the tube wall along the burning
length was obtained by an integration of heat fluxes for each run in
Figures 14 and 15. The results, presented in Figure 16, show an in-
crease in total heat transfer with inereasing Reynolds' number.

Each value of total heat transfer was then expressed as a
fraction of the heat which would be released by complete combustion of
the inlet mixture. In Figure 17, the fraction of entering chemical
energy transferred to the wall is observed to decrease with an increase
in Reynolds' number.

Over the range of Reynolds' numbers investigated, the total
heat transfer to the wall is higher for oscillating eombustion than

it is for damped combustion.

Effect of Fuel-to-Air Ratio

The proportions of fuel and air were generally varied between
10 percent excess propane and 10 percent excess air. For this range of
fuel-to-air ratios, typical heat transfer curves are shown in Figures
18 and 19.

Ror a Reynolds ' number of about 10,000 and a burning length
of 9 inches, the fuel-to-air ratio was varied between the rich and lean
blowoff limits. Some of the results are presented in Figures 20 to 22.
No strong longitudinal oscillations were detected in very lean mixtures.
A high frequency oscillation was observed near the rich limit.

As expected from kinetic considerations, the maximum heat
transfer is obtained near a stoichiometric mixture. When the equivalence

ratio is changed to richer or leaner mixtures, the rates of heat transfer
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are reduced and the peak is shifted toward the exit of the tube.

The total heat transfer to the tube wall and the fraction of
chemical energy in the entering stream transferred to the tube wall are
plotted against the dimensionless fuel to air ratio in Figures 23 and
2k, respectively. A maximum in heat transfer occurs near a stoichio-
metric mixture on both figures. For all fuel to air ratios studied,
oscillating combustion is observed to give higher total heat transfer

rates than damped combustion.

Effect of Inlet Te@perature

Due to limited capacity of the air heater, the effect of inlet
mixture temperature was studied at only two levels, 7O0°F and 120°F. The
results are shown in Figure 25. A slight increase in heat transfer is

observed with increased temperature.

Effect of Flame-Generated Oscillations

The influence of flame-generated longitudinal oscillations on
the rates of heat transfer is shown in Figures 26 to 28. In these figures,
a base curve for damped oscillations is plotted to permit comparison. The
longitudinal resonance flattens the peak of the damped curve and shifts
the peak closer to the flame holder. The flattening of the heat transfer
profile by the oscillations is more pronounced at higher flow rates. The
net result of the change in the heat transfer distribution accompanying
longitudinal resonance is & small increase in the total heat transfer to
the tube wall,

For the series of runs made at a Reynolds' number of 10,000 and

a burning length of 9 inches, the frequency of the predominant oscillation
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shifted to higher harmonies as the fuel to air ratio was increased.
The measured frequencies are plotted against fuel-to-air ratie in
Figure 29. Due to a hysterisis effect, however, each frequency is
not uniquely associated with a given fuel to air ratio. By increasing
the fuel to air ratio at a frequency discontinuity, a higher harmonic
is excited. If the fuel-to-air ratio is now decreased slightly into
the region of the lower harmonic, the higher harmonic often remains.
Under certain conditions, then, the hysterisis effeet can be used to
study two harmonics with all other variables unchanged. Examples of
the hysterisis effeet are given in Figure 30. The rates of heat transfer
are slightly increased by the higher harmonic. A smell error in resetting
the fuel-air ratio to its original value could be responsible for some of
the difference between the curves.

A hysterisis effect with respect to flame holder position pre-
sented another means of determining the influence of oscillations on
heat transfer. Since a pressure node exists near the tube exit, oscilla-
tions are not exeited in this region. If the flame holder is inserted
until oscillations are produced and then withdrawn a small distance, the
oscillations will persist a small distance into the original unexcited
region. This technique was not utilized since damping presented a more

versatile and controllable method of removing flame-generated oscillations.

Effect of Total Tube Length

By decreasing the length of tube between the plenum chamber
and test object exit, the fundemental frequency of the system is incresased.

The effect of total tube lengths of 9, 8, and 3.5 feet on rates of heat
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transfer is shown in Figure 31. The observed frequencies correspond

to the third harmonic for the 9 and 8 foot lengths and to the fundament-
al for the 3.5 foot length. A small increase in peak heat transfer rates
appears to occur with an increase in frequency.

For total tube lengths of 3 and 3.5 feet, an unusual effect
was observed at the lowest flow rate studied (Re = 5,000). The inten-
sity of oscillation was substantially increased over that observed at
the same flow conditions in the longer tube lengths. In addition, the
flame became highly luminous. The rates of heat transfer at a position
one inch downstream of the flame holder were abnormelly high as shown
in Figure 32. A measurable rate of heat transfer was also noted one
inch upstream of the flame holder. A possible explanation for the ab-

normal behavior is presented in the discussion section.

Effect of Flame Holder

The results thus far discussed were taken on the flat plate
flame holder of 52 percent blockage. To determine the effect of flame
holder blockage, some data were observed for a flat plate with a block-
age of 30 percent. Typical results with damped oscillations are shown
in Figure 35. In general, the lower blockage shifts the peak of the
curve toward the exit. The maximum rate of heat transfer and the total
heat transfer are approximately the same for both blockages.

When no damping was provided, the lower blockage flame holder
was very susceptible to premature blowoff. Flame-generated pulsations
were frequently of sufficient magnitude to extinguish the flsme. For

example, flames of fuel-air mixtures near stoichiometric consistently
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blew off at burning lengths greater than about 9 inches. The flame-
generated oscillations caused the flame to pulsate considerably with
subsequent extinction. Even in cases where the flame persisted, the
pulsations often resulted in unsteady temperature readings. For these
reasons, only data with damped oscillations were taken with the 30 per-
cent blockage flame holder.

A few runs were made with a 45° conical flame holder of 52
percent blockage in order to determine the effect of flame holder shape.
There was essentially no difference between the rates of heat transfer

for the flat plate and conical flame holder of identical blockage.

Effect of Upstream Screens

All previous data were measured with no obstructions between
plenum chamber and flame holder. Three 50 mesh screens were installed
upstream of the flame holder to alter the velocity distribution and tur-
bulence level. The screens tend to produce a flat velocity profile of
low turbulence intensity et the flame holder. No effect of the screens
on rates of heat transfer was observed. Turbulence generated by the

combustion process probably overshadows the inlet turbulence level(62)(85).

Total Heat Transfer

The total heat transferred to the wall along the burning length
can be calculated by a water side heat balance and by integration of the
local thermal fluxes. A comparison between the two methods is presented
in Figure 34. The mean deviations of the water side values from those

calculated by a rigorous integration of fluxes is about 4 percent. The
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agreement is satisfactory considering the experimental error of the
water side balance and the necessary extrapolation of the curve for

local heat transfer rates.

Surface Temperature

No attempt was made to control the inside surface temperature
at a constant level. Conditions in the annulus, however, were fairly
steady during the investigation. The water flow rate was maintained
at 5 gallons per minute for most runs, and the water temperature varied
between 60 and 68°F. The rate of heat transfer between the inside sur-

face of the tube and the water in the annulus can be expressed as

(a/A)g =Ug (g - ). (13)

where Ug is the overall coefficient for the tube wall and the water film.
Over the moderate temperature ranges encountered in the study, the re-
sistance of the wall and the water films did not vary greatly. With both
Us and tw reasonably constant, a plot of (q/A)S against ts is expected to
be almost linear.
The locel rates of heat transfer are plotted versus local sur-

face temperatures in Figure 35 and a straight line drawn through the data.
The local surface temperatures are found to be predicted within 8°F by

the equation

by = -2-% (a/A), + 65 (14)

A theoretical evaluation of an average overall heat transfer coefficient

for the wall and water film yielded a value of 279, thus confirming the

experimental result. Since local surface temperatures are of little
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significance in the interpretation of the results of this study, they

are not included in the detailed data of Appendix A.

Screech Combustion

Screech combustion i1s generally considered a high frequency
transverse oscillation. Since it is usually accompanied by substantial
increases in combustion efficiency and rates of heat transfer(Yl), an
attempt was made to induce screech combustion. Rogers(sé) suggested
that screech is more likely to occur with high blockage flame holders, an
insulated burning region, rich fuel-to-air mixtures, and with the flame
holder near the exit of the tube.

A2 1/2 inch length of ceramic tubing was inserted near the
exit of the test object, and a flat plate flame holder of 75 percent
blockage placed inside the liner. The ceramic liner had an outside
diameter of 0.96 inches and a thickness of 0.10 inch. The liner served
to insulate the flame zone near the stabilizer. To reduce heat extraction
further, the cooling water flow rate in the annulus was reduced to 1 gpm.
The fuel-to-air ratio of the burning mixture was varied over a wide range
of values. To measure any high frequency oscillations, an Altec microphone
was connected to an oscilloscope through a power source and band filter.
No strong high frequency oscillations were observed. Since screech is
generally observed in larger chambers, there may be some geometry effect
which hinders a transverse oscillation in a tube of one inch diameter.

With the ceramic liner around the flut plcte flame holder, an
increase in the rate of heuat transfer was frequently measured. A com-
parison between Figure 36 and Figure 11 indicates the improvement in heat

flux with the ceramic liner. When viewed from the exit of the test object,



-108-

o Re =10,000;, ¢ = 1|
FLAME HOLDER BLOCKAGE = 50%
70,0001
60,000}
Vv
('
& 50,000}
N
-
}_
m =
[
0
<<
340,000
o
|-__— -
(7))
2
W
© 30,000}
X
- |
-
w —
| -
o
T20000F 2 _
5 2
(@] -
QA
QO
W3
I0000F 9 &
Ly 6 W
< ()] gg
g 5 2
0 | | | I 1 | | | { | | | | | | |
8 7 6 5 4 3 2 | 0

DISTANCE FROM EXIT OF TUBE — INCHES

Figure 36. Local Rates of Heat Transfer
with Ceramic Liner.



-109-

the downstream end of the ceramic liner was red. The increased heat
transfer, then, appears to be caused by stabilization of the flame on

both the ceramic liner and the central bluff body.

Heat Transfer Without Combustion

A brief study was made to determine the effect of u flat plate
on heat transfer from a stream of heated air. The rates of heat transfer
downstream from the flat plate of 52 percent blockage were measured for
inlet Reynolds' numbers of 5,000, 10,000 and 20,000, and for inlet air
temperatures of 100° and 130°F. From a knowledge of the local thermal
flux and bulk gas temperatures, the local heat transfer coefficients were
computed. The results obtained at 12 tube diameters from the flat plate
were essentially the same as for fully developed flow. In an attempt to
generalize the data, each local heat transfer coefficient was divided by
the coefficient at 12 tube diameters downstream. The results correspond
closely to the ratio cx/clg, where Ci1o has a value of 0.023. A plot of
the ratio cx/cl2 against distance downstream of the flat plate, with
Reynolds' number as a parameter, is presented in Figure 37. Since each
curve is based on only two runs at low temperatures, the accuracy of the

plot is limited.

Efficiency Measurements

The derivation of the one dimensional equation employed in
calculating combustion efficiencies is presented in Appendix C. Except
for the pressure drop due to the drag of the walls, the data required

are known or can be closely approximated. The drag of the walls depends
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upon the velocity and temperature distribution along the length of the
tube, both of which are unknown.

An aspproximate procedure was used to estimate the drag of
the walls during combustion. The heat transfer was assumed to be
given by an expression of the form

Nu = ¢y Re0‘8 Prl/5
Using the values of Cy determined for low temperature air flow, the
gas temperatures required to produce the observed heat fluxes were
calculated. The ideal gas law was then applied to calculate the
velocity profile from the temperature profile. From empirical cold
flow data relating the drag of the walls to tube velocity, an average
pressure drop due to wall friction was estimated. The many approxi-
mations are apparent. A critical review of the procedure is presented
in the discussion.

In Figures 38A and 38B, typical data relating combustion effi-
ciency to fuel-air ratio, flow rate, and tube length are plotted. Be-
cause of the scatter of the data, no attempt was made to separate the
combustion efficiencies for damped and oscillating combustion.

The combustion efficiency decreases rapidly near the lean and
rich blowoff limits. Between fuel to air ratios of 0.8 and 1.2, however,
the fraction of limiting reactant burned remains fairly constant. At
burning lengths of 11 inches, flow rate does not éppear to have & signi-
ficant effect on combustion efficiency. An increase in combustion effi-
ciency occurs with increasing burning length. The increase is more pro-

nounced at the higher flow rate where less reaction time is available.



E— PER CENT

E — PER CENT

-112-

90
— 00
i F—0 Iy
= o~ B O C>(3 Q S
=l
80 || =
T L
Q Re = 10,000 m
Bt Lo ;
@ A
z ®
70 — Lj é
R |
60 ] | ] ] | ] ] ]
06 08 1.0 ¢ 1.2 1.4
Figure 38A. Effect of Fuel to Air Ratio
on Combustion Efficiency.
90 |

70 A_ SYMBOL Re
X 5,000
- O——10,000
A———20,000
60 | | | | | | |
7 8 9 10 H

Lp — INCHES

Figure 38B. Effect of Burning Tength
on Combustion Efficiency.




-113-

For a few runs, thermocouple and pitot-static tube traverses
were made at the tube exit. The thermocouple readings were corrected
for convection and radiation errors by the procedure outlined by Scadron
and Warshawsky 60). The average exit temperature, weighted according to
mass flow, was used in a heat balance to compute the combustion efficiency.
The efficiencies calculated from the thermocouple traverses average about
3 percent higher than the mean efficiency curves based on total pressure
drop data.

The results of the traverse method indicate that flame-generated
oscillations cause a small decrease in combustion efficiency. On the

average, the efficiency for damped burning is about 2 percent higher than

the efficiency when oscillations are present.






DISCUSSION

Effect of Process Variables

In the absence of flame-generated oscillations, changes in
process variables produce no unexpected effects on the characteristics
of the heat transfer profile curves.

An increase in inlet flow rate increases the peak rate in the
heat transfer profile and shifts the peak toward the exit. The increase
in peak heat flux mainly results from an increase in the heat transfer
coefficient at the higher flow rate. The shift of the maximum toward
the exit is probably a consequence of the higher flow rate transporting
the burning particles further downstream before they spread to the wall.

The rates of heat transfer are expected to depend on chemical
reaction rates, with greater heat transfer resulting from the higher heat
release in faster burning mixtures. The reaction rate of propane-air
flames is at a maximum near stoichiometric proportions. As expected from
the kinetic considerations, the maximum rates of heat transfer are ob-
served in the region of a stoichiometric mixture. As the inlet mixture
is made rich or lean, the peak in the heat transfer curve decreases and
shifts toward the exit. The decrease in the rate of flame spreading is
caused by the lowering of the chemical reaction rate. The increase in
the heat transfer curve at the higher inlet temperature can also be

attributed to enhanced chemical kinetics.

-115-
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Effect of Oscillations

The general effect of flame-generated longitudinal oscillations
is to flatten the peak in the damped curve and to shift the peak of the
damped curve toward the flame holder.

Ross(sa) photographed flames propagating from an annular flame
holder in a 1 inch diameter tube. With non-oscillating eombustion, the
central jet was sharply outlined. When fleame-driven longitudinal oscilla-
tions were present, the recirculation zone was no longer definable. The
central jet was now obscured, and the whole flame was pushed up against
the face of the annular flame holder.

The shift of the experimental heat transfer peaks toward the
flame holder for oscillating combustion, then, is in aeccord with the
Observations of Ross. The motion of the gas particles provides & possi-
ble éxplanation for the results. A longitudinal oscillation is a back-
ahd-forth movement of gas particles at the frequency of the observed
sound. The motion of the particles would be expected to create addition-
al turbulence and to improve the mixing of the gases. Thus, hot burned
gases are mixed with cold unburned gases, resulting in a lowering of the
maximum temperature and a broadening of the temperature profile. Since
the heat transfer curve depends on the temperature level, it likewise
assumes a more flattened appearance. The particle motion would also
promote back mixing of the gases, which tends to shift the position of
peak heat transfer toward the flame holder. The observed results, then,
are in accord with the hypothesized mixing model.

Although the heat transfer profiles are different during damped

and oscillating combustion, the general magnitudes of the rates of heat
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transfer do not differ appreciably. The maximum pressure cmplitude of
the oscillations encountered in this study is estimated as less than 0.5
psi. Berman and Cheney(u), studying instabilities in a 3 inch burner,
noted no abnormal heat transfer effects resulting from longitudinal oscilla-
tions with amplitudes up to 100 psi. More definitive studies are required,
however, in order to reach a general conclusmon regarding the effect of
flame-generated longitudinal oscillations on rates of heat transfer,

The cause of the premature blowoff from the low blockage flat
plate stabilizer is not completely understood. Putnam and Dennis(SB)
found that stability limits of a flat plate flame holder were essentially
unaffected by organ pipe oscillations. When the flame was able to spread
to the walls before reaching the exit of the tube, however, they frequently
noted premature blowoff due to a low frequency oscillation. The low fre-
quency was directly associated with a large periodic variation in flame
shape, which results from a periodic blowoff of the flame, and reignition
from the central core behind the holder.

The observations of Putnam and Dennis regarding stability limits
were confirmed in the present study. Near the rich blowoff limit there
was a high frequency oscillation (above 1000 cps) which did not affect the
stability limits of the low blockage flame holder. In the region of a
stoichiometric mixture, however, organ pipe oscillations with frequencies
around 200 cycles per second, frequently extinguished the flame. Consider-

able pulsation of the flame was observed prior to blowoff. In no instance



was a low frequency component detected. The low frequency oscilla tion
described by Putnam and Dennis was not observed in this study.

The explanation for the premature blowoff may involve the
dimensions of the flame holder. For a given flow velocity, there is a
minimum flame holder size which will satisfactorily stabilize the flame.
In the presence of certain flame-generated pulsations, a larger size flame
holder might be required to maintain a stable flame. Thus, a flame holder
giving satisfactory performance under damped conditions might be subject

to premature blowoff with oscillating combustion.

Combustion Efficiency

The many approximations made in the evaluation of combustion
efficiency from total pressure drop data limit the accuracy of the re-
sults. The majority of assumptions involved in the derivation of the
simplified thecretical expression are reasonable. The most important
errors in the theory are introduced with the assumptions of one-dimen-
sional flow, and of no gradients at the exit end of the tube. A more
rigorous derivation including the effect of gradients gave essentially
the same results.

The most significant error in the application of the theory is
probably incurred in estimating the drag of the flame holder and tube
walls during combustion. The drag of the flame holder was taken directly
from cold flow measurements. Barrere(j) indicates that the drag of a
flat plate stabilizer is less with combustion. Lacking more precise
measurements, the cold flow data was used. The complex procedure used

to calculate the drag of the tube walls during combustion is of quite
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limited accuracy. Since over 25 percent of the combustion chamber
pressure loss was due to the drag of the walls, a significant error can
result from the approximate method. For example, an error of 10 percent
in the estimated drag of the walls can cause an average error of about

3 percent in the combustion efficiency. The scatter of the combustion
efficiency data, then, is not surprising.

The combustion efficiencies based on the thermocouple, pitot
tube traverses are also of limited accuracy. At the high temperatures
measured, the thermocouple corrections are appreciesble, ranging from
200° to 900°F. Although corrections were carefully applied, significant
errors in temperature could result. The combustion efficiencies from
the temperature traverse average about 3 percent higher than the effi-
ciencies based on pressure drop data.

The trends of combustion efficiency with respect to process
variables are genersally expected. The rapid drop of efficiency in very
lean and very rich mixtures folliows from kinetic considerations. The
increase in efficiency with increased burning length was expected, since
flames were usually observed to fill the entire tube. For burning lengths
greater than 9 inches, only a small difference existed between the com-
bustion efficiencies at the three flow rates. The maximum at the inter-
mediate flow rate was not anticipated and may be due to inaccuracies in
the method of meaéuring efficiency. The cooling of the tube also provides
a possible explanation. In an uncooled tube, combustion efficiency
usually decreases with increased flow rate because of a decrease in

residence time. With extraction of heat from the tube, however, the
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rate of reaction is reduced. Since reaction rate depends exponentially
on temperature, cooling of the tube can significantly lower the volumet-
ric conversion rate. The measured heat extraction per unit mass of gas
flow was found to increase with decreasing mass flow rate. The opposing
effects of residence time and heat extraction, then, could conceivably

result in a maximum combustion efficiency as flow rate was varied.

Resonant Frequencies

The agreement between observed and calculated frequencies
indicate that the oscillations correspond to the longitudinal (organ
pipe) mode of resonance. Several factors could contribute to the dis-
crepancies between the experimental and theoretical values. The theo-
retical values are based on the assumption of an average burning temp-
erature, from which the speed of sound, ap, is estimated. The actual
burning temperature depends upon the process variables, particularly
upon the inlet fuel-to-air ratio. The derivation also assumed a normal
interface between burned and unburned gases. Since the veloecity around
the baffle was large compared to the flame speed, the flame front was
not normal to the walls of the burner. The effect of this error is
difficult to evaluate. Another minor source of error results from the
end effects of the doubly open pipe, which are not accounted for in
the calculations.

At a Reynolds' number of 10,000 and a total tube length of 9
feet, a shift to higher overtones was observed with increasing fuel-to-
air ratio. Each transition was also accompanied by an increase in the
pressure amplitude. The jumps in frequenecy, shown in Figure 29, are in-

completely understood. The explanation is probably related to the energy
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of the system. As fuel-to-air ratio is increased up to the region of
a stoichiometric mixture, the energy released by the burning process
increases. It is possible that the additional available energy is
capable of exciting a higher, more energetic overtone.

For all major frequencies except the highest (1000 cps) the
pressure antinodes were well upstream of the flame holder. At the high-
est overtone, the calculated location of the pressure antinode was be-
tween the flame holder and the point of flame contact with the tube walls.
According to Putnam and Dennis<50), oscillations are best promoted when
the heat source is at the maximum pressure point. Since heat is released
along the whole length of the flame from flame holder to point of wall
contact, a hypothetical point of heat release can be postulated a slight
distance upstream from the wall contact point. In this case, then, the
point of heat release is near a pressure antinode. The strong 1000 cycle
per second overtone was observed in a very rich mixture near the blowoff
limits, where oscillations might be expected to be weak. The location of
the pressure antinode near a heat source provides an explanation for the

intense oscillation.

Sound Pressure lLevel

Unusual results were noted for rich mixtures burning at low
velocity in total tube length of 3 and 3.5 feet. The flame was a
luminescent yellow, as opposed to the usual pale blue. The heat trans-
fer one inch downstream of the flameholder and the sound pressure level
at the exit of the tube were considerably higher than with the longer

burning lengths. Even more unusual was the transfer of heat at a rate
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of about 5000 BTU per hr. per ft.2 one inch upstream of the flame holder.
While studying orgen pipe oscillations, Dunlap(l5) noted that
the flame burned upstream of the flame holder for low velocity runs.
In such cases, he showed that the velocity amplitude due to the standing
wave exceeded the average mixture velocity at the flame holder. The ex-
perimental observations indicate that a similar situation exists for the
runs described above. The minimum pressure amplitude required to pro-
duce a particle velocity exceeding the flow velocity at the flume holder
can be calculated. The theory and calculations are presented in Appendix
C. The caleulated sound pressure level at the flame holder is compared

to the measured external sound level in the following table.

Tube Length Observed Externsl Calculated Internal
Ft. Sound Level, db Sound Level, db
5.0 127 159
3.5 122.5 148

No measured internal sound levels are available for comparison. The

calculated values, however, are of reasonable magnitude.

Theoretical Considerations

The difficulties involved in theoretically describing a confined
combustion process have been described. The work of Longwell et al.(u8),
previously reviewed in the literature survey, deserves particular mention.
They studied experimentally flame spreading from V-gutter baffles in a two
dimensional duct. Local combustion efficiencies were determined by probe
traverses at several downstream cross sections. They applied several

theoretical models in an attempt to interpret their data. The results

are summarized in the following paragraphs.
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If flame spreading occurred as a laminar flame front, the
pressure would have little effect on the fleme velocity. With extreme-
ly turbulent flow and violent mixing, the pressure would have an im-
portant effect. For complete homogeneous combustion, the flame veloecity
has been found to vary with pressure raised to the 0.8 power. The pres-
sure exponents observed by Longwell ranged from 0.1 to 0.6 and are in-
termediate between the extremes of laminar and homogeneous combustion.

Experimental flame velocities were also intermediate between
the two limits. If burning occurred as a laminar flame front under the
experimental conditions, the flame velocity would be 2 ft/sec., and if
it occurred as optimum homogeneous combustion(l), the flame velocity
would range up to 340 ft/sec. The actual data indicated flame speeds
of 5 to 50 ft/sec.

By assuming homogeneous combustion in local regions across a
profile, an average flame velocity at each station could be calculated.
The overall flame velocities computed from local homogeneous reaction
rates were much greater than experimental values. OStarting with one
efficiency profile, they then calculated how effective turbulent flame
velocities and efficiency profiles changed while moving downstream. The
calculated flame velocities decreased, whereas the observed flame veloc-
ities inecreased. The concept of locul homogeneous burning thus failed
to predict both the overall effective flame velocities and the general
shape of the efficiency profiles.

They concluded that no satisfactory general mechanism for flime
sprezding has been suggested. In general K reaction rates and pressure

dependence for experimental flame spreading may have any values between
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the extremes predicted by luminer flame front theory and by homogeneous
reaction theory.

For the present investigation, it would be desirable to have a
theoretical combustion model which would predict the longitudinal varia-
tion of efficiency. On the basis of Longwell's study, however, the appli-
cation of theoretical models to yield an efficiency profile does not seem
Justified.

Calculated Heat Transfer Profile

In the absence of oscillations, the combustion process is consider-
ed as a gradual spreading of the burning mixture from the wake of the baffle
to the wall of the tube. Burning then continues throughout the mixture in
the remaining length of tube. The peak in the heat transfer profile pro-
bably occurs near the point where flames first contact the tube wall, Until
the rapid rise near the peak of the curve, the rate of heat transfer is small.
The cold unburned gases flowing near the wall reduce convective heat transfer
until hot gases are able to propagate from the central core to the wall.
After the peak rate is reached, heat transfer decreases rapidly with down-
stream tube length. Sensible heat energy is apparently removed by cooling
at a faster rate than it is supplied by additional chemical reaction.

The local rates of heat transfer depend upon fluid dynamic and
chemical kinetic considerations, which are interrelated in a complex manner.
Local conditions are a result of the combined effects of the complicated
flow and reaction phenomena. Measurements of local conditions, however,
provide valuable information for theoretical analysis. For example, if
local combustion efficiencies were known along the length of the tube an
average gas temperature could be assigned to each cross section. Radiant

and convective heat transfer could then be estimated from existing empirical
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expressions, and compared with experimental values.

Local gas phase measurements were considered beyond the scope
of this study. The installation of static pressure taps along the length
of the test object would have permitted an approximate measurement of
average local efficiencies. The results would be subject to most of the
limitations that applied to the calculation of overall efficiency.

Lacking average local efficiencies, only a crude theoretical
estimate of the heat transfer profile was possible. The flames were
considered to first touch the wall near the peak of the experimental
heat transfer curve. In order to compute theoretical heat transfer
curves, the combustion efficiency at the peak of the experimental profile
was assumed equal to the efficiency at the exit of the tube. An average
bulk temperature at the peak was then calculated from the efficiency.

The convective heat transfer coefficient was evaluated from the correla-
tion of Zellnik(Bu) and corrected for the effect of the flame holder from
Figure 37. Knowing the bulk temperature, the convective coefficient, and
the relation of surface temperature to heat transfer rate (from equation
(12)), the local rate of eonvective heat transfer at the peak was calcula-
ted. Radiation was evaluated from the data of MbAdamscug). A stepwise
procedure was now used to calculate the local rates of heat transfer
downstream from the experimental peaks. The results of the calculations
are presented in Figures 39 to 41. 1In each figure, the experimental curve
for damped combustion is drawn for comparison.

At the peaks, the calculated values are slightly higher than

the measured results. The calculated rates then decrease rapidly and
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tend to follow the experimental curves. The apparent agreement of ex-
perimental and theoretical curves, however, is not entirely expected.
Since flames were oObserved along the entire length of tube, combustion
efficiency did not reach its final value at the peak of the experimental
curve, as was assumed in the calculations. In particular, the data for
a Reynolds' number of 20,000 indicate a large increase in efficiency
downstream of the experimental peak. If the assumed efficiency at the peak
is greater than the actual value, the calculated rate of heat transfer
would be expected to be higher than the experimental rate. In addition,
the extraction of heat upstream of the experimental peak lowers the
temperature level at the peak. This would also tend to increase the
predicted rate at the peak above the experimental. The differences be-
tween theoretical and experimental rates at the peak are considerably
less than expected.

The heat released by the chemical reaction is the sum of the
heat transferred to the walls and the sensible heat content of the exit
gas above the datum temperature. Since the predicted and experimental
sensible heat contents at the exit are about the same, total heat trans-
ferred should also be roughly equal in both cases. The total heat trans-
fer area under the theoretical curve, however, is smaller. The difference
is due largely to the heat transferred upstream of the peak in the experi-
ments.

Several reasons can be postulated to explain the discrepancies
between calculated and observed curves. The limited accuracy of combustion

efficiencies has been discussed. Any error in efficiency is reflected in
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the results. The effect of the combustion process on heat transfer co-
efficients is unknown. The variation of heat transfer coefficients down-
stream of the baffle was based on limited data using low temperature

air. The burning process may alter the distribution and magnitude of
this curve. Considering the many doubtful factors, extension of the
calculated profiles to other runs did not appear warranted.

In the absence of flame-generated oscillations, both Timofeev(YO)
and Kilham(Bl) found that convective heat transfer from hot combustion
products can be approximated from existing empirical expressionf for
non-burning gases. In the present experiments, it is estimated that
convective heat transfer contributed more than 90 percent of the total
heat transfer. Although the predicted curves involve many approxima-
tions and are limited in accuracy, they give reasonable agreement with
the observed data. The results, then, agree with the conclusions of
Timofeev and Kilham that convective heat transfer from hot combustion
products can be approximated from empirical data for non-burning gases.

The measured combustion efficiencies indicated that a large
part of the burning occurred between the flame holder and the peaks in
the heat transfer profiles. No satisfactory method could be devised
to predict rates of heat transfer in this region of rapidly changing
combustion efficiency. More definitive studies are required in order
to determine the effect of a combustion process on heat transfer co-

efficients.

Future Work
Screech combustion is considered undesirable in rocket chambers

due to the severe heat transfer effects. The emphasis in research has been
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on methods and designs which will eliminate or minimize screech

combustion. The control and spplication of screech combustion, however,
has been largely neglected. Controlled screech combustion would have
potential application in processes requiring a high heat flux. A study

of the effect of screech combustion on rates of heat transfer would

appear warranted. the investigation would include the design of a heat
transfer unit in whieh a stable transverse oscillation could be maintained.

Blackshear(s) suggested another method for inereasing rates of
heat release through the application of acoustie disturbances. A flame
is anchored on a V-gutter flame holder which is supported by a hollow
blade that extends upstream to a lowdspeaker. Standing sound waves are
excited in the hollow blade and the sound is permitted to issue through
slots in the flame holder. The disturbances result in transverse vel-
ocity components in the fleme zone. Both theory and experiment indjicate
that the rate of heat release in a duct can be improved by supplying
acoustic disturbances that a flame zone can amplify. The sound level
at the plane of the exhaust was considerably less with excitation at
the flame holder than with execitation of the flame by duct resonance.
Blaeckshear's study suggests the possibility of increasing rates of heat
transfer with low amplitude sound waves.

In the present investigation the effect of longitudinal oscilla-
tions on rates of heat transfer was attributed to improved mixing through
particle motion. In any extension of the study, photographs of the flame
zone would be helpful in clarifying the effect of longitudinal oscilla-

tions on the degree of mixing.(sg) It is also recommended that further
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studies be conducted in & larger diameter tube. In addition to aiding
in defining the effect of diameter, the larger diameter would permit the
use of more effective flame holders such as the perforated can type.

The possibility of increasing heat transfer by means of an annular

ceramic flame holder was suggested in the present study.



CONCLUSIONS

The inadequacy of turbulent flame theories and the lack
of local gas phase measurements prevented generalization of the
results.

The effect oif process variables and flame-generated longi-
tudinal oscillations on the rates of heat transfer are summarized

below:

1) An increase in the inlet flow rate increased the peak in the
heat transfer profile and shifted the peak toward the exit of
the tube.

2) The maximum rates of heat transfer were observed near stoichio-
metric inlet mixtures. When the inlet mixture was richer or
leaner in fuel, the peak rate of heat transfer was reduced and
the peak shifted toward the exit of the tube. The changes with
fuel to air ratio are due to both chemical kinetic and available
energy considerations.

3) Local rates of heat transfer increased slightly at the higher
inlet temperature.

L) The flame holder blockage, the downstream burning length, and the
total tube length did not, in general, exert a significant in-
fluence on local rates of heat transfer.

5) Flame-generated longitudinal oscillations tended to flatten the
peak in the heat transfer curve for damped combustion, and to shift

the peak of the damped curve toward the flame holder. Oscillating
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combustion resulted in slightly higher values of totzl heat

transfer to the wall than damped combustion.

For comparison with experimental data, heat transfer profiles
were calculated using three major assumptions: (l) that the measured
combustion efficiency at the tube exit was equal to the combustion
efficiency at the peak of the experimental curve. (2) That the vari-
ation of heat transfer coefficient downstream from the flat plate flame
holder, measured for air at low temperatures, was valid at high temper-
atures during combustion and (3) that the heat transfer equation of
Zellnik(8u) was applicable. Downstream from the experimental peaks,
the predicted and experimental rates gave reasonable agreement. The
results, then, agree with the conclusions of other investigators(jl)(7o)
that convective heat transfer from high temperature combustion products
can be approximated from empirical data for non-burning gases.

The data of this investigation are specific to a single fuel
and geometry. The reliability of the results for the prediction of

heat transfer for other fuels and geometries is uncertain.



APPENDIX A

ORIGINAL AND PROCESSED DATA

Runs 1 through 97 were made with the flat plate flame holder
of 52% blockage.

Runs 100 through 103 were made with the flat plate flame
holder of 30% blockage.

Runs 110 through 112 were made with the conical flame holder
of 52% blockage.

The inlet mixture temperature was 120°F for runs 50 through
53. The inlet mixture temperature was 70 + 2°F for all other runs.

f major is the predominant frequency in the overall sound
level. Dy major is the sound level in decibels for the predominant
frequency.

The subscripts on the (q/A) data represent the distances
downstream from the flame holder at which the measurements were taken.
Units are Btu/hr.ft.2

A + sign after a ¢ value indicates that the specified fuel-
to-alr ratio was approached from a richer mixture. A - sign after a @

value signifies an approach from a leaner mixture.
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APPENDIX B

DATA PROCESSING

The calculations for Run 11 are outlined below to illustrate
the procedures used in processing the data. Original data for run 11:
Air flow rate = 5.66 SCFM
Propene flow rate = 0.238 SCFM
Inlet temperature = T0°F
Water flow rate = 5GPM
Inlet water temperature = 63.3°F
Net water temperature rise = 2.8°F
Pressure drop with combustion = 1.64 in. water
Pressure drop due to inlet tube and fleame holder = 0.49 in. water
Burning length = 9 inches
Total tube length = 9 ft.
Flame holder blockage = 52 percent
Major frequency = 286 cycles/second
Sound level of major frequency = 116 decibels
Overall sound level = 117 decibels
For the measuring station 3 inches downstream from the flame

holder the temperatures and thermocouple locations were as follows:

Temperature, °F Rudius, mils
196.0 587
149.5 Thl
105.5 917
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Local Rates of Heat Transfer

Since the method of calculation is identical for all measuring
stations, only the station at 3 inches downstream from the flame holder
is treated in detail.

The surface temperatures are determined by extrapolating a
straight line plot of temperature versus log r. From the graph in
Figure 42A, the outside surface temperature ty is 95.5°F and the inside
surface temperature tg is 236.0°F. Thus the average temperature of the
wall is 165.7°F, at which temperature the thermal conductivity of 304
stainless steel is 9.23 BTU/hr. ft. °F.

The heat flux is calculated from equation (6).

(a/A). = Koy (8s7%)  9.25 (236.0 - 95.5)
sy T, 0.485 0.968
o= 12 * I8 s

S

= 146,400 BIU/hr. ft.°

By a similar procedure, the rates or heat transfer are calcula-

ted at the other measuring stations. The results of the calculations are

Ly, in. Flux, BTU/nr. ft.°
1 43,100
3 L6, 400
> 39,900
7 34,300

These heat flux are plotted against length in Figure 42B. Since the

heat flux represents the average rate over a one inch length of tube,
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the curve through the data intersects each flux line so as to leave

equal areas above and below the line,

Total Heat Transfer

The total heat transferred through the wall can be determined
from a water side heat balance and from graphical integration of the
heat fluxes.

Graphical integration of Figures L42B gives:

gt = n Dg ljﬁg(q/A)s dL = 7240 BTU/hr.
0

The increase in the temperature of water flowing through
the annulus is 2.9°F. Since 0.1°F is due to conduction from the room,
the net rise in water temperature is 2.8°F. The flow rate of water is
3500 gallons/hr. Applying a heat balance to the water side results in

g, =W C, At =300 x 8.34 x1.0x 2.8 = 7010 BTU/hr.

Y

The difference between the two methods is about 3.3 percent.

Fuel to Air Ratio

For a stoichiometric mixture of 97 percent propane and 3 percent
propylene burning to completion, 23.74 mols of air are required for each
mole of fuel. The theoretical fuel to air ratio for a stoichiometric
mixture is

Fuel _ 1.0
Air - 25.7I‘ = 0.0421

The actual fuel to air ratio for this run is

Fuel _ 0.238 _
ir = '5——6'6— = 0.0421

Dividing the actual fuel to air ratio by the fuel to air ratio for com-

plete combustion of a stoichiometric mixture gives



-147-

o = Q0K _ g

0.0421

Inlet Reynolds' Number

The total inlet flow rate is 5.90 SCFM, which is equivalent

to W =_.7.01bs/hr. The mass velocity is

¢ = 4 - 210 . 5260 1bs/hr. £t.°
A 0.00513

The bulk viscosity for the inlet mixture is 0.0425 lb/ft. hr., and the
tube diameter is 0.97/12 foot. Subsituting into the expression for

Reynolds' number gives

Re = _129_ = (0'97/12)(5260) = 10,000
N 0.0k25

Combustion Efficiency

The combustion efficiency (percent of limiting reactant con-
sumed) is calculated from equations (L4) and (48).
(Ty)

Qr D
E = 5;‘(@17 x 100 = % (Tl)

_— 2
T, By My Ay g Ay Py
T, T B WK pudl iU P T
1 1 1 1 Pt 1 &c

where subscripts 1 and 2 refer to conditions at the inlet and outlet,

respectively.

The tube areas at the inlet and outlet measuring stations were

essentially equal.
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For the propane-propylene fuel, the heat of combustion is
879,000 BTU.1b. mol. at T0°F. The weight ratio of mixture to fuel in
the inlet stream is 729.1 lbs. mixture/lb. mol. fuel. Hence, the maxi-

mum heat release due to chemical react.on is

QR(70°F) ) §%§§9% = 1205 BTU/1b. mixture

By integration of heat fluxes, g, = 7240 BTU/hr.
Thus

Q = =& - 124 . 266 BTU/ID.
W 27.0

For the evaluation of TE’ the conditions at station 1 are

readily calculated.

Ml = 29.5
- 2
ppu; = 1.475 lby/sec. ft.
up = 19.3 ft./sec.
2
p.u
11
= 0.884 2
g, 0.884 1b./ft

In order to determine ﬁé and Eé » the outlet composition is
required. As a first trial, the efficiency is assumed to be 80 percent.

Assuming oxidation is complete, the products of combustion are 002 and H.O.

2
The following table illustrates the calculation of ﬁg and Eﬁg-

Basis: 1 1lb. mol propane fuel

_ _ C5(60-2540°F)

Products N x M MX BTU/ft> °F C, x
co 2.4 0.094 Lk L 0.0318 0.0030
Hgg 3.2 0.125 18 2.25 0.0260 0.0032
N, 18.75 o0.73% 28 20.55 0.0199 0.0146
05 1.0 0.039 32 1.25 0.0199 0.0008

CzHg 0.20 0.008 441 0.35 0.080 0.0006
25.55 1.000 28.5% 0.0222
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The heat capacity data from Perry(h7) represent the average values
between 60°F and an assumed outlet temperature of 2540°F. The units

are B‘I‘U’/ft3 °F, with volume measured at 60°F. Converting to mass units,
the mean heat capacity of the mixture is 0.295 BTU/lb. °F.

The total pressure drop between plemum chamber and tube exit
during combustion is 1.64 in. water. From cold flow measurement with
air, the drag of the flame holder and inlet piping is found to be 0.49
in. water. The drag due to the burning length during combustion, however,
is unknown. To estimate this term the following procedure is used. From
the heat transfer profile curve, the rates of heat transfer are read at
each one inch increment. The non-luminous radiant contributions to total
rates of heat transfer are estimated from the procedures and data pre-

sented in McAdams<u2).
T 4 Ty 4
(/A), = 0.173 eé[ e6(75) - oglies }

Since gas temperature is required to evaluate radiation, a temperature
distribution is assumed.

The convective rate of heat transfer is found by subtracting
the radiant heat transfer from the total rate. By dividing the convective
rates by the appropriate cx/clg from Figure 37, the effect of the baffle
on heat transfer is eliminated. The results correspond to the convective

(84)

rates for fully developed pipe flow. The equation of Zellnik for

heat transfer from high temperature gases can now be applied

w o o _ {4/ D 0.8 pri/3 14,07
- B - G

—_— 0.023 R
T - Tk 3 Re (TS)
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where properties are evaluated at the surface temperature. The local
surface temperatures are read from Figure 35, using the actual experimental
rates of heat transfer, The above equation can now be solved for local

gas temperatures. If the assumed temperature distribution for radiant

heat transfer is in error, the procedure is repeated.

An approximete temperature profile is now available. Appli-
cation of the continuity and ideal gas equations permits calculation of
the velocity profile from the temperature distribution. An average vel-
ocity is assigned to each one inch increment. The pressure drop corres-
ponding to each average velocity is read from the cold flow data of Fig-
ure 43, The sum of the pressure drops over the increments gives the
total drag of the walls due to burning.

As an illustration of the procedure, the caleculations are
outlined for the measuring station 5 inches from the flame holder.

To determine radiant contribution, assume E = 80 percent and
T(5 in.) = 2980°R. Since the tube approximates an infinite cylinder
the mean beam length L' = 0.9 D = 0.0728 ft. The partial pressures
are 0,094 atm for €0, ahd 0.125 atm for H,0. Using Figures 4-13 through
4-17 in McAdams(uz), € = 0.016 and 0y = 0.03. The surface emissivity
is estimated as 0.80 from Perry(47). The surface temperature corres-
ponding to the total heat transfer rate of 39,900 BTU/hr. ft.2 is read

as 210°F from Figure 35. Hence, the radiant heat transfer is

(a/A),

]

} y
0.1 QEEXLJLQ:Q.F 0.016(29%0)* _ o.03(6T0 }
& 2 L ( 100) 5(J.oo)

I

1900 BTU/hr £t.°

The convective heat transfer, then, is 39,900 - 1900 = 38,000 BTU/hr. ft.g.
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From Figure 37, the value of cx/c12 at 5 inches is 1.50.
The convective heat transfer for fully developed pipe flow then, is
58,000/1.50 = 25,300 BIU/hr. £t.°, The properties of the mixture at
the local surface temperature are estimated from reference (21). The

results are:

pe =1.30 x 1077 1b/ft.sec., ko = 1.7k x 1072 BTU/hr. ft. °F, and
Fr = 0.705. Substituting in equation (1)

25,300 (0.0809) - 0.023(0:0809 x 1. 475) ‘o. 705)%/5( 0.33
(Tg - 670)(0.017L) 1.30 x 10-5 670

Solving by trial and error, T, = 2980°R. The velocity is given by

Uy = ug L. 19.3 x %g = 19.3 x EE%Q = 108.7 ft./sec.
P 0
2 1

The average velocity between 4 and 5 inches is 105.8 ft/sec. Referring
to Figure 43, the pressure drop due to wall drag over this increment is
0.042 in. H0.

The above procedure is applied to one inch increments over the
burning length of 9 inches., The sum of the pressure drop increments is
found to be 0.33 in. H;0. The total pressure drop due to drag of flame
holder and tube walls is 0.33 + 0.49 = 0.82 in. water.

All data required for a first estimate of T2 are now availsble.

Substituting into equations (44) and (48),

T, = 5% 28.5 . [ 2 (1.64 - 0.82) + 0. 884] = 2980°F
2 =2 29.5 88u 5.2 ) 9
g = 0:295 (2980 - 530) + 266 , 155 - 824,
1205

In estimating terms for the efficiency calculation, the

efficiency and outlet temperature were assumed as 80 percent and 3000°R,
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respectively. OSince the calculated and assumed values differ only

slightly, the calculations need not be repeated.






APPENDIX C

DERIVATIONS

Heat Flux Derivation

For the conduction of heat in an isotropic solid, the follow-

ing general equation applies

oT  _
p Cp vl div (k grad. T) (15)

or, expressed in cylindrical coordinates,

AN - 1| & (s O (B XYy Q(ur L
P Cp dt r [ (iex ar) ¥ 06 <; oY) ¥ ax(kr ai% (16)

For the geometry used in this experiment, the following

assumptions can be made.

dT T _ of _

By also assuming an isotropic solid and a constant, average thermal

conductivity, a reduced equation is obtained

2
T 1 oT _
The general solution,
T = by Inr+b, (18)

can be expressed in terms of known temperatures at any two points

(T, ry) and (Tp, rp) as

r
T -1,
- - (19)
T, -T in -2
2 71 -
1

-155-



-156-

The flux at any point in the wall is given by

q K <@> __kav To - Ty (20)
A e T I1n (rp/ry)

The flux at the inside surface is most easily evaluated from

the data using extrapolated inside and outside surface temperatures. The

final expression becomes

k., Tg-T
(o/8)g = ;:x iﬁ_Z;;7;g7 (21)

Resonant Frequency

The following derivation for the resonant frequency of a gas
column is adapted from Jost(26).

Consider a gas column in a doubly open tube with an interface
separating regions of hot and cold gases.

The one-dimensional wave equatiens describing the motion in

the two gases are

2 2 2 2
I R R - R - (22)
3t2 ax® 3t e

in which the subscripts 1 and 2 refer to the unburned and burned gases
respectively, and y is the particle displacement in the x direction.
If y varies as cos (2rft) , the above equations become

3y bxPrly; Pyp bty
+

S ale =0, 7 + a22 = 0 (23)

The solutions for these equations are
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2nf 2nf
v = <bl cos Z X 4 B, sin g X > cos (2xft) (2k)
. 1 1
y, = <§2 cos gﬂfiélzl + B, sin gﬁgié:ﬁg)bos (enft) (25)
2 2

where (L-x) is the distance in the x direction for the burned gas.
For a doubly open pipe, a velocity antinode exists at both

ends giving the boundary conditions

EZL =0 when x = O, 9!2

ox ox

=0 whenx = L

Applying the boundary conditions, Bl = B2 =0

The wave equations now become

y, = Cy cos ggfx cos (2nft) (26)
¥, =C, cosgﬂéﬁlﬁz)cos(ant) (27)
a
2

At the intersection of these twQ waves, displacement com-
ponents and intensity components are assumed to be equal for both media.

This yields

v, =¥,
P171 EZL = PoYp ng (see referenece 26)
X X

Applying these conditions to the two wave equations gives

Gy cos 2nfx o C, cos 2nf(L-x) (28)
gl &2

o 4 2nfx P~7 2nf(L-x
-C Ll sin C a2 sin ( )

1 2
% & &5 85

(29)
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The difference between Py and o is very small in most flames
and can be neglected. Dividing the above equations yields the equation

for vibration frequency

-a(7; tan enf(L-X) = apyp tantfx (30)
a a
2 1

Pressure Amplitude

In the derivation of tube frequency, it was shown that the
theoretical particle movement due to standing sound waves in a tube is

given by
onfx
&1

The particle velocity, v, and the maximum particle velocity

1) y =0 eos eos 2nft (31)

amplitude, lv[, can then be expressed as

2) v = %% = 2nf Cp cos Efo sin 2nft (32)
1
3) |v|= 2nf C; cos 2xfx (33)

1 a1

The pressure amplitude of the wave at any point, P, is

found from thermodynamic considerations(uh)
5 Pa=p-p =py X 3L
) o =Ey % (34)

Substituting for ay/ax gives

5) P = P,y 2l gy 2MEX g 2nft (35)
a a
1 1
and the maximum pressure amplitude is
= enf
6) |P| =P,y O in 21EX (36)
81 8

Dividing the expressions for maximum pressure and maximum

velocity amplitude results in
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|| _ Po¥  sin (onfx/ay) _ Po? 2nfx

v a cos (2nfx/ay) a) tan aq (37)

<

To explain the unusual rates of heat transfer in Runs 75 and
76, it was postulated that the maximum pressure amplitude was suffic-
ient to produce a maximum particle velocity which was equal to or
exceeded the flow velocity past the flame holder.

The calnulations are summarized below.

2l = vl 22 wan (38)
Flow rate = 2.95 SCFM
Flow area at flame holder = 0.00246 ft.2
vl = &5 x25230246 = 20.0 ft/sec.
a1 = 1120 ft/sec. (at 70°F)
P, = 14.7 psia = 2115 1bs/ft.2
y = 1.k
For Run 75:
Ly = 36 in, Ly, = 9 in.

x =1L - L, =27 in. = 2.25 f%.

f = 1450 cycles /sec.
.|P| = e0.0 25 (L.4) .. 2x (450)(2.25)

1120 1120
36.4 1b/ft? = 159 decibels

]

For Run 76:
Ly = 42 in, I, = 9 in
x = 33 in. = 2.75 ft.
f =395 cycles/sec.
~|P| = 20.0 ﬂ—llzolﬂ tan 21 (395)(2.75)

1120
= 10.2 1b/ft® = 148 decibels
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Combustion Efficiency

The general mass, momentum, and energy relations can be reduced

by reasonable assumptions to the following one-dimensional form

Mass: P Uy Al = P, Y, A2 (39)
2 2
P u +pou |
8. &c
2 ( 2
. = u To) _ 7 (T.-T o2
Energy: Cpl (Tl - To) + El_ + Q. Q = CPg( 2™%0) + 280 (41)
c

A detailed derivation of these equations is presented by
Adamson(76).

The assumptions made in deriving these equations are
1) The flow is steady
2) Thermal diffusion is negleeted
3) u' is negligible compared to p
L) Cps = constant
5) There are no gradients in velocity, temperature, or pressure at either

stations 1 or 2.

Assumptions 1, 2, and 3 are quite valid. By evaluating Cps at
a mean temperature between T, and Tl or T,, the error introduced through
assumption 4 is minimized. In the experiments, stations 1 and 2 are lo-
cated upstream of the flame-holder and at the exit of the tube, respectively.
Upstream at the flame holder, conditions are uniform, but gradients do exist
at the tube exit. Since reaction rates are decreasing at the exit, the
gradients are not severe. The equations were also solved without assump-
tion 5. Calculations indicated that the results of the more rigorous

procedure differed negligibly from the approximation.
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At atmospheric pressure and high temperature, the ideal gas
law can be applied in the form

pR, T o
P = — or T = PM
M P Rg

From this it follows that

T B M
The mass and momentum equations can be combined to give
o} u A g A A F p. u 2
1l _ 22 _ ‘c 2 2 D 1l 1 ‘
- - s |BicB oot («3)
e N R | 1 1 &
Substituting in the expression for temperature ratio gives
T P WM. g A A F 0, u, 2
__2_.._2_2c_2_TP_P_a_.2+11] (1)
B v 2 1 2
T, P My oew? A L A 4 &

The energy equation can be solved for the heat released due

to chemical reaction:
2 we
(To) = & g b
Q.0 = Cp, (Tp - T,) - Cp (Ty - T)+ 2g, " 2g, t % (45)
In the experiments, Tl was maintained at about 7O°F. The
reference temperature, To’ is then conveniently chosen as T0°F. The
kinetic energy terms are also much smaller than the exit sensible heat

and heat transfer terms. The above expression can then be reduced with

negligible error to
o To) = T, (z-1) +a (46)

Substituting for T2 yields
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(47)
(To) = ( P, M )( _h p ul%) ]
=C T. 2 _2 P, - P T. |+
4 P2 (N1 P M py w? 1 e Al Ay g o]" %

The combustion efficiency is defined as the ratio of the heat
released by chemical reaction to the heat which would be released if

combustion were complete.
T -
. Qr( o) _ Cpy (Tp - T,) + @ (18)
QR (TOT QR (TO)

Effect of Thermocouple Holes

The effect of the thermocouple holes on the heat flux through
the isolated sector can be estimated from conformal mapping techniques.
The approximate conditions of the problem are

1) T = Tgat r =485 mils

2) T = T, at r = 970 mils
3) g% = 0Oat L=+ % inch
3) -%g = 0at g = t'% radians

5) 42 mil diameter anisotropic holes extending to radial depths of
570, 750, and 920 mils
The mapping procedure is illustrated in Figure 44. A longitudinal
hole at a radius of 580 mils will have the greatest effect on the heat flux.
The middle and upper holes will be neglected in the analysis. The follow-
ing summary of the derivation has been adapted from Churchill(9).
Under steady state conditions, the heat conduction equation

in cylindrical coordinates is
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2 2 2
_é__’]_-‘ + !: ..a_g,. + .a_'g =0 (49)
dre r ° 3x?

The conformal transformation W = 1n Z transforms the above equation to

fr  Fr

e * V2 ¥ oxe

]
(@]

(50)

where u = lnr and V = 6.
This transformation converts the annular sector into a rectangular box.
Assuming longitudinal conduction is negligible, the problem is reduced
to two dimensions.

Application of the transformation W' = F(W + S) results in an
expansion of every point in the W plane by the factor F, followed by a
horizontal translation through the distance S. With F = 13.45 and

S = 6.35, the hole is enlarged to unit radius and is centered at the

origin.
The conformal transformation
W' = W' + %ﬁ
collapses the unit circle into the u" axis from u" = -2 to u" = +2, and

changes the boundary of the rectangular region into the approximately-
rectangular region shown in Figure 44. A dotted image of the W' plane
is superimposed for comparison. The curvature of the W" plane is ex-
aggerated for purposes of illustratiocn.

If the region in the W" plane is approximated by a rectangle

with the same average coordinates, the solution for the maximum flux is

n

=

2k V" (Ig - %)

1"

- u
L'LS u o

(51)



-165-

1"t J
where u u,", and V," are the average coordinates. A similar sz fution
Sy Yo 1

can be formulated for the W' plane under the assumption that no hole is

present., In this case, the flux becomes

2k Vy' (Tg - T)

q‘ = S - a - (52)
S o]
Dividing the heat flux equations give
g" _ g holes _ (ug' - uy") (53)
q' 4 no holes Ve o (u" - u")
S o]

The relation between points in the various planes are

u' =F (In r + 8)

V' = Fo
1
W = (14—
( u‘2+V'2)
V"=V (L - —
( u12+'v12 )

Applying these relationships to the coordinates of important points gives

the following table

e r u' \'A u" V"
0 485 -2.29 0 -2.73 0
0 910 7.13 0 7.27 0
n/6 485 -2.29 7.0k -2.33 6.91
/6 570 0 7.04 0 6.89
/6 970 7.13 7.0k 7.19 6.96

The coordinates of the approximate rectangle in the W" plane
will be taken at the average of the maximum and minimum values in the

above table. Thus, the average coordinates are uS” = -2.53, uo" = T.24,
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and V1" = 6.93. Substituting these values into the heat flux expression

results in

4 holes _ 6.95 (-2.29 - 7.13)
4 no holes 7.0h  (-2.53 - 7.24)

0.95

Hence the maximum reduction in heat flux is 5 percent when the holes
are filled with perfect insulation. Since the deepest thermocouple
slopes upward and the thermocouple assembly is not a perfect insulator,
the actual reduction in flux should be considerably less than the maxi-

mum of 5 percent.
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SOURCES OF EQUIPMENT AND MATERIALS

Item

Supply Systems:

Propane
Air

Calcium Chloride

Pressure Regulators
Roteameters

Thermometers

Pressure Gauges

Rupture Disc.

Heat Transfer Test Unit:

Stainless steel tube

Special thermocouples

Thermocouple wire

Silicone resin

Rotary thermocouple
selector switch

Precision potentiometer

Manometer

APPENDIX E

Source (Company)

Gallup-Silkworth Co.

Building Service System

Mallinkrodt Chemical Co.

Moore Products Co.
Fischer and Porter Co.

Consolidated Ashcroft
Hancock Co.

Champion Gauge Co.

Frangible Discs, Inc.

Babcock-Wilcox Co.

Aero Research

Thermo-Electric Co.

Dow-Corning Co.

Minneapolis-Honeywell
Regulator Co.

Leeds and Northrup Co.

Meriam Instrument Co.
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Commercial

95 psig

4 mesh dessicant
quality

L2-50, L2-100

Figure 735

Liquid
Bourdon

Union

304
Chromel-alumel,

36 gage, Mgo
insulation

Chromel-alumel,
16 gage; Copper-
constantan, 2u
gage.

Type 994

#FI11A1A-36

Portable type 8662

U type






10.

12.

13.

1k,

15.
16.

17.
18.

19.

BIBLIOGRAPHY

Avery, W. H., and R. W. Hart, Ind. Eng. Chem. 45, 1634 (1953)
Baines, W. D., and E. G. Peterson, Trans. A.S.M.E. 73, 467 (1951)

Barrere, M., and A. Mestre, "Selected Combustion Problems,"
(Butterworth, London, 1954) p. 426.

Berman, Kurt, and S. H. Cheney, Jr., J. Am. Rocket Soc. 23 89 (1953).

Blackshear, P. L. Jr., Sixth Symposium (International) on Combustion
(Reinhold, New York, 1956) p. 512.

Blackshear, P. L., Jr., W. D. Rayle, and L. K. Tower, NACA TN 3567
(1955).

Boden, R. H., Trans. ASME 73, 385 (1951).

Boys, S. F., and J. Corner, Proc. Roy Soc. (London) A 197, 90 (1949)
Churchill, S. W. "Convective Heat Transfer from a Gas Stream at High
Temperature to a Cylinder Normel to the Flow," Ph.D. Thesis, Univer-
sity of Michigen 1953.

Damkohler, G., Z. Electrochem 46, 601 (1940)

DeZubay, A. E., Aero Digest 61, 54 (1950)

Dunlap, R. A., "Resonance of a Flame in a Parallel Walled Combustion
Chember," University of Michigen, Rept. No. UMM-43, March 1950.

Dunlap, R. A., "An Investigation Into Resonance in Ramjet-Type
Burners," AF Technical Report 6588, University of Michigan, October
1950.

Fenn, J. B., H. B. Forney,, and R. C. Garmon, Ind. Eng. Chem.
43, 1663 (1951).

Gordon, R., J. Am. Rocket Soc. 22, 65 (1950).
Greenfield, S., J. Aero Sci. 18, 512 (1951).
Hehnemann, H., and L. Ehret, NACA TM 1271 (1950).

Hammaker, F. G. Jr., and T. E. Hampel, Am. Gas Assoc. Labs., Research
Rept. No. 1255 (1956).

Havemann, H. A., J. Indian Inst. Sci. 37B, 58, 121, (1955).

-175-



20.

2l.

22,

23.

2k,

25.
26.

27.

28.

29.

31.

32.
33.
34,
25.
36.

37,

-176-

Havemann, H. A., and N. N. Nerayan Reo, Nature (London) 17k, 41
(1954).

Hilsenrath, J., et al. National Bureau of Standards Circular

564 (1955).

Hirschfelder, J. 0., "Heat Transfer in Chemically Reacting Gas
Mixtures," WIS-ONR-18, Naval Research Lab., University of Wisconsin
(1956) .

Hirschfelder, J. 0., and C. F. Curtiss, Third Symposium on Com-
bustion, Flame, and Explosion Phenomena (Williams and Wilkins Co.,
Baltimore, 1949) p. 121.

Jackson, E. G., and J. K. Kilham, Ind. Eng. Chem. 48, 2077 (1956)
Jenson, W. P., Jet Propulsion 26, 499 (1956).

Jost, W., "Explosion and Combustion Proeesses in Gases,"
(McGraw-Hill, New York, 1946).

Karlcvitz, B., National Bureau of Standards Ciruclar No. 523

(1954) p. 523.

Karlovitz, B., D. W. Denniston, Jr., and F. E. Wells, J. Chem.
Phys. 19, 541 (1951).

Kaskan, W. E., Fourth Symposium (International) on Combustion
(Williems and Wilkins, Baltimore, 1953) p. 575.

Kaskan, W. E., and A. E. Noreen, Trans, ASME 77, 885 (1955).

Kilhem, J. K., Third Symposium on Combustion, Flame, and Explosion
Phenomena, (Williams and Wilkins, Baltimore, 1949) p. 733.

Kippenham, C. J., and H. 0. Croft, Trans. ASME 74, 1151 (1952).
Kubanskii, P. N., Zh. Tekh. Fiz. 22, 585, 593 (No. 4, 1952).
Lemlich, R., Ind. Eng. Chem. 47, 1175 (1955).

Linke, W., Zetschrift V. D. I. 95, 1179 (1953).

Longwell, J. P., Fourth Symposium (International) on Combustion
(Williams and Wilkins, Baltimore, 1953) p. 90.

Longwell, J. P., Combustion Researches and Reviews (Butterworth,
London, 1955), p. 58.



8.

59.

L1.

Lo,

L3,
L.,
45.

L6,

L7.

48,

49.

50.

51.
52.
53.

54,

55.

56.
5’?‘

-177-

Longwell, J. P., E. E. Frost, and M. A. Weiss, Ind. Eng. Chem.
45, 1629 (1953).

Longwell, J. P., and M. A. Weiss, Ind. Eng. Chem. 47, 163k (1955).

Loshaek, S., R. S. Fein, and H. L. Olsen, J. Acoust. Soc. Am. 21,
605 (1949).

Martinelli, R. C., Trans. ASME 65, 789 (1943).

McAdams, W. H., "Heat Trensmission" (McGraw-Hill, New York, 1954).
Moore, F. K., and S. H. Maslen, NACA TN 3152 (1354).

Morse, P. M., Vibration and Sound, (McGraw-Hill, New York, 1948).

Mullen, J. W., J. B. Fenn, and R. C. Garmon, Ind. Eng. Chem. 43,
195 (1951).

Nicholson, H. M., and J. P. Fields, Third Symposium on Combustion,
Flame, and Explosion Phenomena (Williems and Wilkins, Baltimore,

1949) p. Lk,

Perry, J. H., "Chemical Engineers Handbook", (McGraw-Hill, New
York, 1950).

Petrein, R. J., J. P. Longwell, and M. A. Weiss, Jet Propulsion
26, 81 (1959).

Putnam, A. A., and W. R. Dennis, Trans. ASME 75, 15 (1953).

Putnam, A. A. and W. R. Dennis, Fourth Symposium (International)
on Combustion (Williams and Wilkins, 1953) p. 566

Putnam, A. A., and W. R. Dennis, Trans. ASME 77, 875 (1955).
Putnam, A. A., and W. R. Dennis, ASME Paper No. 55-5A-48 (1955).

Putnam, A. A., and W. R. Dennis, Sixth Symposium (International)
on Combustion (Reinhold, N. Y., 1957) p. 493.

Rayleigh, Lord, "The Theory of Sound," Vol II (Dover Publ., 1945).

Richardson, E. G., "Dynamics of Resl Fluids" (Arnold, London, 1950)
p. 39.

Rogers, D. E., Personal Communication, University of Michigan, 1957.

Rogers, D. E., and F. E. Marble, Jet Propulsion 26, 456 (1956).



58.

9.

61.

62,

63.

6k.

65.
66.

67.

68.
69.

0.

T1.

72.

3.
4.

75.

76.

-178-

Ross, P. A., Jet Propulsion 28, 123 (1958).
Rossini, F. D., et al., National Bureau of Standards Circular 500.
Scadron, M. D., and I. Warshawsky, NACA TN 2599 (1952).

Schmidt, E., H. Steinicke, and U. Neubert, Fourth Symposium
(International) on Combustion (Williams and Wilkins, 1953) p. 658.

Scurlock, A. €., Meteor Report No. 19, Massachusetts Institute
of Technology, May 1948.

Shorin, 8. N., and K. N. Pravoverov, Izvest. Akad. Nauk. S.S.S.R.,
Otdel. Tekh. Nauk. 1953, 1122,

Smith, R. P., and D. F. Sprenger, Fourth Symposium (International)
on Gombustion, (Williams and Wilkins, 1953) p. 893.

Spalding, D. B., Aircraft Eng. 25, 264 (1953).

Summerfield, M., "Heat Transfer Symposium," University of Michigan,
1952, p. 151.

Summerfield, M., S. H. Reiter, V. Kebely, and R. W. Mascolo,
Jet Propulsion 25, 377 (1955).

Sutton, G. P., J. British Interplanetary Soc. 15, 192 (1956).

Tailby, S. R., and M. A. Saleh, Trans. Inst. Chem. Eng. (London)
31, 36 (1953).

Timofeev, V. N., and V. A. Uspenskii, Izvest. Akad. Nauk. S.S.S.R.,
Otdel. Tekh. Nauk. 1956, No. 9, p. 1l1.

Tischler, A. Q. and T. Male, Proceedings of the Gas Dynamics
Symposium on Aerothermochemistry, Northwestern University (1956)
p. T1.

Topper, L., Ind. Eng. Chem., 46, 2551 (1954).

Trumen, J. C., and R. T. Newton, Ind. Eng. Chem. 47, 1183 (1955).
Tsien, H. S., J. Applied Mechaniecs 73, 188 (1951).

Weir, Alex Jr., D. E. Rogers, and R. E. Cullen, University of
Michigan Report UMM-74 (Sept. 1950).

Weir, Alex Jr., T. C. Ademson, and R. B. Morrison, "Combustion,"
Notes for a summer session course, University of Michigan, 1955.



7.
T8.

79.

80.

81.

82.

85.
86.

-179 -

West, F., B., and A. T. Taylor, Chem. Eng. Prog. 48, 39 (1952).

Westenberg, A, A., W. G, Berl, and J. L. Rice, Proceedings of
the Gas Dynamics Symposium on Aerothermochemistry, Northwestern
University (1956) p. 211.

Wilkerson, E. C., and J. B. Fenn, Fourth Symposium (International)
on Combustion, (Williams and Wilkins, 1953) p. T49.

williams, G. C.,, H. C. Hottel, and A. C. Scurlock, Third
Symposium on Combustion, Flame, and Explosion Phenomena (Williams
and Wilkins, 1949) p. 21.

Williams, G. C., P. T. Woo, and C. W, Shipman, Sixth Symposium

(International) on Combustion (Reinhold, 1957) p. 427.

Winter, E. F., Fuel 34, 409 (1955).

Zelinski, J. J., W, T. Baker, L. J. Matthews III, and E, C.
Bagnell, Proceedings of the Gas Dynamics Symposium on Aerothermo-
chemistry, Northwestern University (1956) p. 179.

Zellnik, H. E., "Heat Transfer from Hot Gases Inside Circular
Tubes," Ph.D. Thesis, University of Michigan, 1956.

Ziebland, H., J. Brit. Interplan. Soc. 14, 249 (1955).
Zukoski, E., E., and F, E. Marble, Proceedings of the Gas Dynamics

Symposium on Aerothermochemistry, Northwestern University (1956),
p. 205.



