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Heat transfer from premixed propane-air flames to the cooled wall of a 5-in. I.D. ramjet type of 27 in. long, with a honed inside surface 
burner was studied with and without flame-generated, sonic oscillations. Frequency and amplitude 4.920 f 0.003 in. in diameter. A muzzle 
measurements revealed that both transverse and longitudinal waves were resonant. The heat flux consisting of a 10-mesh, stainless steel 
to the wall was increased significantly by the oscillations, but the gas temperature profile was screen, cooled by a spray of water, ex- 
changed very little. The local heat transfer coefficient was found to be a linear function of the tended 3 in. beyond the combustion 
sound pressure amplitude and independent of the mode and freauencv of the resonant oscillations. chamber when attached. All locations in 

Heat transfer from vibrating fluids 
and from flames has recently received 
considerable attention. The increased 
rates of heat transfer are a serious 
problem in the more powerfuI jet en- 
gines but are of possible utility in other 
applications. The nature, cause, and 
mechanism of flame-generated oscilla- 
tions have been studied by a number 
of investigators ( 3 ,  14, 16, 17). In 
ramjet type of burners, properly de- 
signed to isolate the fuel and oxidant 
supplies from instabilities in the com- 
bustion chamber, the flame-generated 
oscillations have been shown to be 
acoustically resonating waves with the 
mechanism of generation related to the 
periodic fonnation of vortices at the 
flame holder. Screeching combustion, 
which has been shown to be due to 
transverse waves, is particularly inter- 
esting and important because it has 
been reported to have caused burner 
walls to erode rapidly (21 ) . 

Heat transfer measurements in the 
presence of flame-generated oscillations 
are very limited. In an early study Ber- 
man and Cheney ( 2 )  measured over- 
all rates of heat transfer to a small 
rocket chamber in the presence of shock 
and sinusoidal combustion instabilities. 
More recently Sundstrom and Church- 
ill ( I  9)  measured local heat flux densi- 
ties along a combustion tube with and 
without longitudinal (organ-pipe) os- 
cillations but did not determine heat 
transfer coefficients. 

Some related work has been done 
with externally imposed sonic oscilla- 
tions. The effect of oscillations on heat 
transfer from diffusion flames was 
studied by Tailby and Berkovitch (20) , 
on heat transfer from combustion gases 
in a closed bomb by Havemann ( 7 ) ,  
on natural convection by Kubanskii 
(11) and others, on natural and forced 
convection in a pipe by Jackson, Har- 
rison, and Boteler ( 8 ) ,  and on forced 
convection in a pipe by Harrje (6).  

The object of this investigation was 
to determine the quantitative effects 
of flame-generated oscillations on the 
local rates and coefficients of heat 

. I  

transfer. Preliminary studies revealed 
that (1) intense longitudinal and 
transverse waves could both be attained 
over a reasonable range of flows in a 
cooled tube, 4 in. or more in diameter, 
with bluff body stabilizers and pre- 
mixed propane-air flames, (2)  that the 
transverse oscillations could be varied 
in intensity by the use of different 
flameholders and propane-to-air ratios, 
and (3)  that the longitudinal oscilla- 
tions could be  damped with a muzzle 
on the exit of the burner. The equip- 
ment was designed accordingly. A ver- 
tical cylinder was chosen for reasons 
of symmetry. 

APPARATUS 
The equipment included air, propane 

and water supply, and metering systems. 
The metered propane and air were joined 
upstream of a packed bed followed by 
an open mixing chamber consisting of a 
5-in. I.D. by 3 ft. long tube connected 
directly to the combustion chamber as 
shown in Figure 1. The rotameters for 
the propane and air streams were isolated 
from the sonic oscillations in the com- 
bustion chamber by an orifice, ordinarily 
located between the flanges connecting 
the mixing and combustion chambers. The 
combustion chamber was a water-jacketed, 
% in. thick, low-alloy, stainless steel tube, 

TABLE 1. FLAME HOLDERS 

Desig- Blockage, Length, 
nation % in. 

F-1 
F-2 
F-3 
F-4 
F-5 
F-6Ra 
s-1 
s-2 
S-3R" 
S-4Rt 
S-5Raa 

90.8 
90.8 
92.7 
95.0 
94.6 
95.3 
96.5 
96.5 
98.3 
98.3 
97.1 

1/8 
5/8 
1 / 8  
1/8 
5/16 
5/16 
1/8 

1/8 
1/8 
1/4 

1-3/8 

* A  1/32 in. thick asbestos liner was ce- 
mented to the tube wall from the 12%-in. level 
to the 22%-in. level. + A 1/32 in. thick asbestos liner was ce- 
mented to the tube wall from the 17%-in. level 
to the 22%-in. level. 

0 0 A % in. thick asbestos ring was cemented 
to the tube wall from the 17%-in. level to the 
15-in. levd. 

the following description, as in Figure 1, 
are measured from the exit from the 
combustion chamber, exclusive of the 
muzzle. The burning length is defined 
as the distance from the flame holder to 
the exit from the combustion chamber, 
exclusive of the muzzle. 

The identification and characteristics 
of the various flame holders are indicated 
in Table 1. Three general types were 
used: (1) %-in. metal disks with several 
loops of 3/16-in. copper tubing soldered 
on the back side, (2) the same disks with 
the addition of a 10-mesh screen of 
0.047-in. wire in the annulus between 
the disk and the tube, and (3) the same 
disks with a 1 in. high ring of copper 
sheet metal of the same diameter as the 
disk soldered to the back of the disk. 
F designates an open annulus and S a 
screen type of flame holder. The given 
blockage includes that of the screen. R 
indicates the use of a ring of asbestos on 
the tube wall opposite and upstream from 
the flame holder. 

The flame holders were movable 
longitudinally and were supported by a 
%-in. tube containing the water lines 
to the cooling coil. Sodium bicarbonate 
powder was injected into the flame for 
temperature measurement by sending a 
small stream of air across a layer of the 
powder, down a small tube inside the 
%-in. tube, and through a 1/32-in. hole 
in the center of the flame holder. 

The radial temperature gradient in 
thermally isolated sectors of the com- 
bustion chamber wall at distances of 
4, 10, 14, 15, and 17 in. from the exit 
was measured with three thermocouples 
located on the same radial line. The loca- 
tion of the tips of the thermocouples 
was determined to the nearest 1/64-in. 
by cutting up and X-raying the tube wall 
after completion of the experimental work. 

The temperature of the hot gas at the 
core of the combustion chamber was de- 
termined by sodium line reversal (SLR) 
measurements through pairs of windows 
% in. in diameter at 4, 10, and 15 in. 
from the exit. Thermocouple and pitot- 
tube traverses of the flame gases were 
made 4 in. from the exit with a low 
propane-to-air ratio. The temperatures of 
the mixed propane and air ahead of the 
combustion chamber and of the inlet and 
exit streams of water to the combustion 
chamber jacket and flame holder coil 
were also measured. The water flow rates 
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Fig. 1. Detail of mixing chamber, combustion 
muzzle. 

were measured with rotameters. The 
pressure drop between taps 25 and 2 in. 
from the exit was measured within 0.02 
in. water with a set of manometers. 

The flame-generated oscillations were 
measured with a microphone mounted 
flush with the inside tube surface, 22 in. 
from the exit. A sound level meter and 
sound analyzer were connected to the 
microphone. Selected events were re- 
corded with a tape recorder. 

The commercial grade propane used in 
the experiments was found by analysis 
to be 98 propane and 2% propylene. 

EXPERIMENTAL CONDITIONS 
Seventy-four runs were made over 

a range of flow rates corresponding to 
N , ,  from 35,000 to 48,000 and pro- 
pane-to-air ratios corresponding to d 
from 0.57 to 1.03. The flame holders 
were located at 17% in. from the exit 
and in some cases at 13% and 8 in. The 
holders with a free annulus were used 
to study longitudinal oscillations. The 
intensity of the oscillations was in- 
creased by using holders with greater 
blockage and hence greater reflectivity. 
The muzzle was used to damp out the 
longitudinal oscillations completely, 
the water droplets absorbing the acous- 
tical energy. The flame holders with a 
screen in the annulus were used to 
study transverse oscillations. The 
screen stabilizes the flame closer to the 
wall and thus results in a greater re- 
lease of energy near the circumference 
of the tube where the amplitude of the 
transverse waves is greatest and the 
energy is utilized most effectively to 
drive the oscillation. The transverse 

3,000 

1.0001 IRUN SYMBOL FH Re ' 9  Db fcps 0 BTWHR I G '  

, 
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Fig. 2. Effect of transverse oscillations on heat flux density and gas 
temperature. 

oscillations were damped by using the 
type 3 (extended) flame holders which 
cause the unburned gases to jet 
through the annulus and sweep the 
region near the tube wall free of active 
combustion. The transverse oscillations 
were kept free of interaction with Iongi- 
tudinal oscillations by the use of the 
muzzle. 

Sodium bicarbonate was injected only 
during the SLR measurement. Satis- 
factory SLR measurements were pos- 
sible at the 4 and 10-in. levels with a 
17% in. burning length but only at 
the 4-in. level with a 13% in. burning 
length and not at all with an 8 in. 
burning length. The powder had no 
observable effect on the oscillations or 
the heat transfer to the walls. 

In order to determine the drag of the 
flame holder and tube wall the pres- 
sure drop was measured with cold air 
flowing at  the same inlet Nn.  as that of 
each run. The radial temperature gra- 
dients in the tube wall and the gas 
temperature were also measured with 
air entering the combustion chamber 
at 170°F. and flow rates corresponding 
to the average N,, of the burned gases. 

Runs were made with the sonic or- 
ifice at  various locations in the mixing 
chamber, but this did not prove to be 
a significant variable. The combustion 
chamber wall temperature was raised 
for a few runs by reducing the water 
rate to the cooling jacket. 

INTERPRETATION OF DATA 

The heat flux through the five ther- 
mally isolated sectors of the combus- 
tion chamber wall and the surface tem- 
perature were calculated from the 
measured radial temperatures with the 
following equation: 

The maximum error in the computed 
heat flux due to distortion of the heat 
flux by the thermocouples was esti- 
mated from the analyses of Churchill 
(4) and Beck and Hurwicz (1) to be 
less than 4%. The effect of the pos- 
sible mislocation of the thermocouple 
tips was negligible. The area under 
an equal area plot of the incremental 
heat-flux densities vs. wall area gives 
the total heat flux to the combustion 
chamber wall. This value checked 
within 4% with the energy picked up 
by the cooling water streams. 

The accuracy of the SLR measure- 
ments depends on the lamp calibration, 
the accuracy of the current reading, the 
scatter of light by the lamp-side lens, 
the sensitivity of the reversal point, and 
absorption by cool gas next to the tube 
wall. The total net limits of uncer- 
tainty are estimated to be -50" to 
+90"F., which is better than can be 
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achieved for a burning gas at 3,300”F. 
by most other methods (12) .  

Conduction and radiation for the 
corrections for the 16-gauge, bare ther- 
mocouples used for the gas tempera- 
ture measurement were made with the 
charts of Scadron and Warshawsky 
(18) .  The velocity and temperature 
distributions were found to agree 
closely with the predicted distributions 
for fully developed thermal and mo- 
mentum boundary layers, giving su - 
port to the following relationship o 1 - 
tained between the bulk and SLR 
temperatures : 

T o  = 0.82 T,,,, + 0.18 T ,  ( 2 )  

The combustion efficiencies were 
computed from the bulk temperature 
and the heat flux through the wall. 
The gas temperature and the combus- 
tion efficiency were also calculated 
from the pressure-drop measurements 
for the hot and cold flows, with one- 
dimensional mass, energy, and mo- 
mentum balances. The details of the 
derivations, assumptions, and calcula- 
tions are given in reference 23. For 
quiet combustion the average difference 
between the computed efficiencies was 
less than 2% with a 17% in. burning 
length. With a 13% in. burning length 
the efficiencies obtained from the pres- 
sure-drop measurements averaged about 
6% higher than from the temperature 
measurements. With reasonating oscil- 
lations the efficiencies obtained from 
the pressure-drop measiirements were 
meaningless, presumably owing to the 
invalidity of some of the assumptions 
in the above balances and to the in- 
correct response of the manometers 
under oscillating conditions. 

The temperature profile between the 
flame holder and the measured tem- 
perature at 10 in. from the exit was 
computed from the heat flux by as- 
suming the ratio of the heat transfer 
coefficients for the burning gases and 
cold air was the same as the measured 
ratio at the 4- and 10-in. levels. This 
method is inaccurate but gives some 
indication of the gas temperature in 
the precombustion and initial-com- 
bustion zones where it cannot be 
measured by thermocouples owing to 
stabilization of the flame on the thermo- 
couple or by the SLR method because 
of insufficient radiation. 

The local heat transfer coefficient 
was caIcuIated only at the stations 
where the heat fiux and the gas tem- 
perature were measured. The radiant 
transfer from the gas was estimated by 
the method described in McAdams 
(13)  and subtracted from the meas- 
ured heat flux to obtain the convective 
coefficient. The computed contribution 
of radiation to the local heat flux den- 
sity had a maximum valne of 15% and 
R mean vaIue of 10 % . 
Page 590 
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Fig. 3. Effect of propane-to-air ratio on heat flux density. 

The acoustically resonant frequencies The measured frequency for the 
screeching combustion of 4,000 2 250 
cycles/sec. agreed well with the com- 
puted frequency for a primary mode of 
transverse oscillation and excluded the 
possibility of radial oscillation. The 
frequency difference between a pure, 
primary, transverse mode and a pri- 
mary, transverse mode resonating also 
in the londudinal direction is less than 

in the combustion chamber were pre- 
dicted from the solution to the wave 
equation for a cylinder with one open 
and one closed end: 

P = c cos m8 cos ( n*;1’2 ) T X  

(3)  

where n, n,, and m = 1,2,3 . . . are the 
wave numbers. Values of am,, which sat- 
isfy the condition that dJ,/dr = 0 at 
r = R are given by Morse (15). The 
frequency f is 

f = ;d( + 1’2 y + ( F)2 
L 

(4) 
The measured frequency for the or- 
gan-pipe oscillations of about 350 
cycles/sec. agreed closely with the 
computed frequency obtained from 
Equation (4) for a primary mode of 
longitudinal oscillation. The frequency 
calculated for resonance between the 
exit and the sonic plate rather than 
the flame holder, with the method of 
Jost (9) for the columns of hot and 
cold gas in series, did not agree with 
the measured frequency, clearly in- 
dicating that the flame holder acted as 
an acoustically closed end. 

- D  

the change observed with propane-to- 
air ratio, and the latter mode cannot 
be excluded as a possibility. However 
the detailed probings of screeching 
flames by previous investigators (5, 
22) and the fact that the frequency 
did not change significantly as the 
burning length was shortened from 
17% to 8 in. is persuasive evidence 
against this possibility. 

RESULTS 

Typical profiles of the heat flux den- 
sity along the combustion chamber for a 
screeching and a quiet flame are illus- 
trated by the upper two solid curves in 
the lower portion of Figure 2. The 
screeching flame produced a sound level 
of 151 decibels with a dominant fre- 
quency of 4,150 cycles/sec. as com- 
pared to 130 decibels with no domi- 
nant frequency for the quiet flame. The 

i I -4 
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Fig. 4. Effect of longitudinal oscillations on heat flux density. 
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Fig. 5. Normalized local heat transfer coefficients for air. 

heat flux density is observed to be about 
60% greater in the presence of the 
resonant oscillation. This change was 
produced by the use of different flame 
holders. However in the two dashed 
curves the heat flux profile is illustrated 
for the same two flame holders at a 
lower propane-to-air ratio such that 
screeching did not occur for either, and 
it is observed that the difference in the 
heat transfer rate which can be attrib- 
uted to the flame holders themselves 
is less than 8 % . 

The temperature profile is shown in 
the upper portion of Figure 4 for two 
of the same runs. The curves are dashed 
from 0 to 4 in. to indicate a greater un- 
certainty than in the heat flux density. 
Since the effect of the resonant oscil- 
lation on the gas temperature profile is 
apparently very small, the previously 
observed increase in the heat flux den- 
sity must be almost wholly attributable 
to an increase in the heat transfer co- 
efficient. 

The effect of propane-to-air ratio on 
the heat flux density profile is illustrated 
in Figure 3. As the equivalence ratio 
was increased from 0.648 to 0.735, the 
resonant frequency of 3,850 cycles/sec. 
disappeared and the sound level 
dropped from 148 to 133 decibels. This 
was accompanied by a drop of about 
9% in the heat flux. As the equivalence 
ratio was further increased to 0.814, a 
dominant frequency of 4,125 appeared 
with an accompanying increase in deci- 
bels to 150% and an increase in the 
heat flux as shown. With further in- 

creases in the equivalence ratio the 
resonant frequency shifted slightly up- 
ward and the intensity and heat flux in- 
creased. The change in the resonant 
frequency from 3,850 to 4,175 cycles/ 
sec. as the propane-to-air ratio was in- 
creased can be accounted for by the in- 
crease in the gas temperature and hence 
in the sonic velocity. 

The effect of longitudinal oscillations 
on the heat flux density is illustrated by 
the solid curve in Figure 4. The increase 
in sound level from 130 to 155 decibels 
and the 73% increase in the heat flux 
resulted from the removal of the screen 
in the muzzle only and is wholly at- 
tributable to the resonance. The peak in 
the heat flux density is observed to be 
shifted toward the flame holder by the 
resonance. 

Heat flux profiles for transverse oscil- 
lations and quiet combustion with the 
same pair of flame holders at  the same 
rate of flow and intensity of sound are 
represented by the dashed curves in 
Figure 4. The similarity between the 
curves for transverse and longitudinal 
resonance is striking. The heat transfer 
rate is obviously more a function of the 
intensity of sound than of frequency. 
The different intensities and modes of 
oscillation were obtained by using dif- 
ferent flame holders and fuel/air ratios. 
The effects of the flame holders and 
fuel/air ratio, apart from their effect on 
the oscillations, was shown in previous 
figures to be relatively small. 

The local heat transfer coefficients 
measured with heated a k  at N S s  = 

~~ 

& t Z T Y P €  OF OSCILLATION 

1 4  a F SERIES LONGITUDINAL 

I 2  0 s-2 NONE 

1 0  F-6R.S-3R NONE 

A s-I TRANSVERSE 

S-4R,S-5R TRANSVERSE 

1 F-5,s-I BOTH 

3 5 7 9 II 13 15 17 19 21 23 25 27 2 9  31 33 
RATIO OF SOUND PRESSURE AMPLITUDE. P/Po 

Fig. 6. Normalized local heat transfer coefficients for combustion with 
resonant oscillations. Burning length = 171%. in. 
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14,000 are shown in Figure 5. These co- 
efficients are normalized by dividing by 
the coefficient for fully developed flow 
in a pipe at the same iVBe and Npr as 
obtained from the Dittus-Boelter equa- 
tion (13 ) .  The curves thus indicate the 
effect of the flame holders themselves 
on the heat transfer rate. 

The local heat transfer coefficients 
for the flame were normalized by divid- 
ing by the coefficients measured for air 
at  the same N x e  and position but cor- 
rected for physical properties and tem- 
perature level as indicated by Zellnik 
and Churchill ( 2 4 ) .  The normalized 
coefficients would thus be unity for a 
nonreacting gas stream in the combus- 
tion tube. Coefficients for 4 in. from the 
exit are plotted in Figure 6 vs. the 
sound pressure amplitude divided by 
the sound pressure amplitude for a 
quiet flame in the same equipment, 
that is 130 decibels. A linear correlation 
is evident. The equation of the line 
sketched through the data is 

h P 
hi P o  
- = 0.044 - + 1.08 (5) 

The variation in the normalized heat 
transfer coefficient for quiet combus- 
tion is undoubtedly due to changes in 
the burning gas stream which cannot 
be accounted for by the cold flow co- 
efficient and the bulk temperature alone. 
This variation occurs for resonant com- 
bustion as well and contributes to the 
scatter in the correlation but is over- 
shadowed by the effect of the oscilla- 
tions. 

Increasing the wall temperature 
200°F. to about 450°F. increased the 
intensity of the transverse oscillations 
from 153 to 157 decibels and the heat 
.ransfer coefficient correspondingly. An 
asbestos liner extending approximately 
5 in. into the combustion chamber be- 
yond the flame holder was found to 
dampen screeching. An asbestos Ting 
in the flame holder annulus had httle 
effect on the acoustical phenomena. 

All of the above results are for a 17% 
in. burning length. Similar results were 
obtained with other flame holder posi- 
tions. The principal effect of shortening 
the burning length is an increase in the 
intensity of the transverse oscillations 
with a corresponding increase in the 
heat transfer coefficients. These addi- 
tional data and other details concem- 
ing the work are available in reference 
23. 

DISCUSSION 

Several significant conclusions can 
be drawn from the results of this investi- 
gation. The coefficient for forced con- 
vective heat transfer from a premixed 
flame to the wall of the combustion 
chamber is shown to be a linear func- 
tion of the sound pressure level above 
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the sound pressure level of a quiet 
flame with no resonant frequencies. The 
coefficient increased as much as 100% 
under the conditions of this investiga- 
tion, and an even greater increase ap- 
pears to be attainable with other con- 
ditions and burners. The coefficient ap- 
pears to be independent of the resonant 
frequency; that is longitudinal (organ- 
pipe) oscillations are just as effective as 
transverse (screeching) oscillations. It 
is further shown that the mode and 
hence the frequency of the resonant 
oscillations can be controlled by minor 
variations in the flame holder as well 
as by changing the dimensions of the 
combustion chamber or adding acous- 
tical dampers, and that the sound pres- 
sure level of resonant oscillations can be 
controlled by minor variations in the 
flame holder, the fuel-to-air ratio, the 
wall temperature, the dimensions of the 
combustion chamber, and acoustical 
dampers. 

The resonant oscillations may pro- 
duce the observed changes in the heat 
transfer coefficient by either or both of 
two mechanisms: changes in the com- 
bustion process, for example in flame 
shape, flame speed, and combustion 
efficiency; changes in the dynamics of 
the hot gas stream downstream from 
the flame, for example in boundary-layer 
thickness and intensity of turbulence. 
The similarity in the temperature pro- 
files and the relative invariance of the 
combustion efficiency suggest that fluid- 
dynamic effects rather than combustion 
and thermal effects are primarily re- 
sponsible for the changes in heat flux. 

The results should be useful in the 
design and operation of jet engines and 
industrial heating devices. For example 
the work indicates that a small increase 
in the wall temperature of combustion 
chamber due to any change in operat- 
ing conditions may result in more in- 
tense transverse oscillations, leading to 
a higher rate of heat transfer to the 
wall, an even higher wall temperature, 
etc. This may explain the observed 
failures of burner walls in jet engines 
under conditions of screeching com- 
bustion. It should be noted that the in- 
vestigation was limited to a single tube 
diameter, and hence the results cannot 
be generalized quantitatively for com- 
bustion in chambers of other dimen- 
sions. 

The results are generally consistent 
with those of .the previously mentioned 
investigators with imposed oscillations. 
Harrje (6) also observed a linear in- 
crease in forced convective heat transfer 
with the amplitude of the oscillations, 
although the maximum increase he  en- 
countered was only 10%. Jackson, Har- 
rison, and Boteler (8) and Havemann 
(7) also found that frequency effects 
were minor compared with the sound 
pressure level. The exception is Tailby 
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(20) who found a 600 cycle/sec. note 
more effective than a 1,700 cycle/sec. 
note in promoting mixing and heat 
transfer. The critical level of the sound 
pressure for the promotion of heat 
transfer was found by Jackson, et  al. 
to be 118 decibels as contrasted with 
130 ‘decibels in this work, suggesting 
that the critical level is the normal 
level for any process and apparatus in 
the absence of resonance. 

ACKNOWLEDGMENT 

The advice and suggestions of Profes- 
sor D. E. Rogers and Dr. D. W. Sund- 
strom are gratefully acknowledged. Fel- 
lowships were provided W. N. Zartman 
by the Dow Chemical Company and 
the Horace H. Rackham School of Gradu- 
ate Studies. 

NOTATION 

U 
A = area, sq. ft. 
C = proportionality constant 
Db 
f = frequency, cycles/sec. 
h = local coefficient for convec- 

tive heat transfer, B.t.u./ (hr.) 
(sq. ft.) ( O F )  

Jm = cylindrical Bessel function 
k = average thermal conductivity 

of tube wall, B.t.u./ (hr.) (ft.) 
( O F )  

L = length of cylinder of oscillat- 
ing gas, ft. 

rn = wave numbers for transverse 
oscillations 

n = wave numbers for radial os- 
cillations 

n, = wave numbers for longitudi- 
nal oscillations 

N,.  = Reynolds number based on 
tube diameter and cold, inlet 
gas 

= speed of sound, ft./sec. 

= intensity of sound, decibels 

__ 
i = d-1 

N,, = Prandtlnumber 
P = pressure, Ib.,/sq. ft. 
Q = heat flux, B.t.u./hr. 
q 

(sq. ft.) 
R 

ing gas, ft. 
r = radial distance, ft. 
T = temperature, O F .  

t = time, sec. 
X = longitudinal distance, ft.  
a,, = eigenvalues 
9 = equivalence ratio, propane-to- 

air ratio in inlet mixture 
divided by the stoichiometric 
propane-to-air ratio 

= heat flux density, (B.t.u./hr.) 

= radius of cylinder of oscillat- 

Subscripts 
b = bulk 
i,j = any positions 
F = tube surface 
1 = nonreacting gas 
0 = reference 
rx, 
SLR = sodium line reversal 

= for fully developed flow 

LITERATURE CITED 

1. Beck, J. V., and H. Hurwicz, Trans. 
Am. SOC. Mech. Engrs., 82, Ser. C., 
27 ( 1960). 

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

3. Blackshear, P. L., W. D. Rayle, and 
L. K. Tower, Natl. Advisory Comm. 
Aeronaut. Tech. Note 3567 (October, 
1953). 

4. Churchill, S. W., Ph.D. thesis, Univ. 
Michigan, Ann Arbor, Michigan 
( 1952). 

5. Harp, J. L., Jr., W. W. Velie, and 
L. Bryant, Natl. Advisory Comm. 
Aeronaut. Research Memo. E53L24b 
(March, 1954). 

6. Harrje, D. T., Calif. Inst. Technol., Jet 
Propulsion Lab., Progr. Rep. 20-362 
(Aug. 27, 1958). 

7. Havemann, H. A., J .  Indian Inst. Sci., 
37B, 58, 102 (1955). 

8. Jackson, T. W., W. B. Harrison, and 
W. C. Boteler, Trans. Am. SOC. Mech. 
Engrs., 81, Ser. C., 68 (1959). 

9. Jost, W., “Explosion and Combustion 
Processes in Gases,” McGraw-Hill, 
New York ( 1946 ) . 

10. Kaskan, W. E., and A. E. Noreen, 
Trans. Am. SOC. Mech. Engrs., 77, 
885 (1955). 

11. Kubanskii, P. N., Akust. Zh., 5, 51 
(1959). 

12. Ladenburg, R. W., B. Lewis, R. N. 
Pease, and H. S. Taylor, “Physical 
Measurements in Gas Dynamics and 
Combustion,’’ Princeton Univ. Press, 
Princeton, New Jersey ( 1956). 

13. McAdams, W. H., “Heat Transmis- 
sion,” 3 ed., McGraw-Hill, New York 
( 1954). 

14. Moore, F. K., and S. H. Maslen, Natl. 
Advisory Comm. Aeronaut. Tech. Note 
3152 (May, 1954). 

15. Morse, P. M., “Vibratbn and Sound,” 
McGraw-Hill, New York ( 1948). 

16. Putnam, A. A., and W. R. Dennis, J .  
Acous. SOC. Am., 28, 246 ( 1956). 

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

18. Scadron, M. D., and I. Warshawsky, 
Natl. Advisory Comm. Aeronaut. Tech. 
Note 2599 ( 1952). 

19. Sundstrom, D. W., and S. W .  Church- 
ill, Chem. Eng. Progr. Symposium Ser. 
No. 30, 56, p. 65 (1960). 

20. Tailby, S. R., and I. Berkovitch, Trans. 
Inst. Chem. Engrs., 36, 13 (1958). 

21. Tischler, A. O., and T. Male, “Proceed- 
ings of the Gas Dynamics Symposium 
on Aerothermochemistry,” p. 71, North- 
western Univ., Evanston, Illinois 
(1956). 

22. Usow, K. A., C .  L. Meyer, and F. W .  
Schulze, Natl. Advisory Comm. Aero- 
naut. Research Memo. E53101 (De- 
cember, 1953). 

23. Zartman, W. M., Ph.D. thesis, Univ. 
Michigan, Ann Arbor, Michigan 
( 1960). 

24. Zellnik, H. E., and S. W .  Churchill, 
A.1.Ch.E. Journal, 4, 37 (1958). 

Manuscript received Novmnber 29, 1960; revi- 
sion received April 24,  1961; paper accepted April 
26, 1961. Paper presented at A.1.Ch.E. Washing- 
ton meeting. 

A.1.Ch.E. Journal December, 1961 


