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It is proposed that measurements of reaction rate as a function of position within turbulent 
flames be the basis of an approach to the problem of turbulent-flame propagation. As a 
test of the method, measurements of static pressure, impact pressure, and chemical com- 
position were made at several positions within the burning zones of two simulated ramjet 
combustion chambers. From these measurements a complete mapping of compositions, 
velocity components, densities, and static pressures could be carried out. By calculation 
of the appropriate derivatives of the latter quantities, the differential form of the equation 
of continuity for the species desired could be solved for net reaction rate as  a function of 
position, turbulent diffusion being neglected. By a similar technique the equation of momen- 
tum was used to obtain eddy viscosities. The latter results were used to estimate the effect 
of turbulent diffusion by assuming a turbulent Schmidt number of unity. 

It is concluded that the method of attack used is a reasonable approach to the problem 
of turbulent flame propagation, having a special advantage in that it can be used to discover 
relationships between the rate of reaction and the patterns of the mean flow. 

The development of the high-output 
combustion chamber for jet power plants 
has aroused considerable interest in 
turbulent flame propagation in conse- 
quence of the joint requirements of 
high heat-relcase rate, (British thermal 
units per hour per cubic foot), and small 
frontal area for such engines. These 
requirements mean efficient use of 
combustion-chamber volume a t  high feed 
velocities; the unavoidable result is 
turbulent flow. 

The laminar flame and thc well-stirred 
reactor (8, 14) are two cases of flame 
propagation sufficiently well understood 
for quantitative treatment by the engineer. 
As long as the region of interest is not 
far removcd from these eitremes, ade- 
quate treatments for engineering use can 
be devcloped by modification of the 
quantitative descriptions of the cxtremes 
(7, 9, 11, 20, 29, 32, 36, 38, 39). 

Theoretical discussion of turbulent 
flame propagation has to a large extent 
been based on relationships between 
the character of the flame front and 
the turbulence parameters of the unburned 
mixture (3, 10, 11, 19, 24, 26, 37, 38). 
Scurlock (2’4, 25, $3) has pointed out 
however that velocity gradients caused 
by combustion of part of the feed can 
generate turbulence in an initially laminar 
stream. Such turbulence can affect the 
combustion of the remainder of the 
feed, and his data on confined flames 
(25, 33) indicate that it can have a 
stronger effect on the flame than 
turbulence produced by flame holders 
or turbulence of the feed mixture. 

Some measurements of over-all reaction 
rate of both confined and open turbulent 
flames have been madc (4, 28, do),  
and Petrein et al. (18) have reported 
measurements of combustion efficiency 
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as a function of longitudinal position 
for Confined flames. Calculations of 
burning vclocity and reaction time a t  
several positions within confined flames 
have been made by Archer (l’l), Jacobi 
( IB) ,  and Schilly (21A) [see also $71 
from measurements of composition, im- 
pact and static pressures, and flame 
luminosity. Their results indicate a 
complex interplay of flame and flow. 

The complexities shown by the work 
cited indicate that a more detailed 
treatment of the turbulent burning 
zone thanattempted heretofore is requircd. 
I t  was the purpose of the work described 
herein to attempt determniation of 
reaction rates as a function of position 
within the flame by means of sufficiently 
detailed mapping of the composition 
and velocity patterns. 

For purposes of the present discussion 
the rate of production of any species, j, 
will be defined as the net efflux of j 
from any elemental volume of the system 
when the efflux is considered in terms 
of the time-mean variables of the system 
only. Thus the equation of continuity 
for species j may be written 

where the first term on the left is the 
mass flux, the second term is the diffusive 
flux, and all quantities are time-mean 
values. It has been assumed in writing 
Equation (1) that the coefficient of 

turbulent diffusion is independent of 
direction and that molecular diffusion 
is negligible. Neglect of molecular diffusion 
allows one to use mass fraction as the 
composition variable, eliminating the 
necessity for treatment of mass linear 
velocity and mole linear velocity i’n the 
same expression; xi is the mass fraction 
of j. 

If one assumes for the moment that 
the eddy diffusivity is a known quantity, 
the quantities required for calculation of 
Q j  are the velocity components, the 
density, and the mass fraction of the 
component in question as functions of 
position within the flame. The simplest 
measurements from which to obtain 
these data are impact pressure, static 
pressure, and gas composition. A measure- 
ment of the temperature is difficult in a 
flame, and it was decided to calculate 
the density from the gas composition by 
assuming that the system is adiabatic, 
that molecular transport of energy is 
negligible, and that turbulent heat 
conduction cannot be distinguished from 
its associated transfer of mass. Thus 
since changes in kinetic energy of the 
flowing gases were always small, the 
density could be determined by the 
composition alone; that is, the energy 
equation becomes 

11 = constant 

Since impact pressure is dependent 
on the square of the velocity, there is 
no procedure in the absence of knowledge 
of the turbulence intensity for deducing 
the true time-mean velocity from measure- 
ments of impact and static pressures. I n  
the interest of expediency it was decided 
to ignore the difference between the 
velocity determined from these two 
measurements and the true timc-mean 
velocity. 
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Fig. 1. Atmospheric burner mixture: stoichiometric propane-air, entrance velocity 60 
ft./sec. 
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Fig. 2. Effect of sampling rate on sample 
composition. 
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Fig. 3. Gas compositions 8 in. from flame 
holder. Exhaust pressure 1 atm. Inlet veloc- 
ity 60 ft./sec., stoichiometric propane-air. 

EXPERIMENTAL 

It was decided to  attempt some measure- 
ments of reaction rate in a simulated 
ramjet combustor. I n  such burners the 
flame is first subjected to  a flow pattern 
owing primarily to  the flame holder or 
pilot and in a secondary way to the approach 
flow; as the combustion proceeds, the flow 
pattern is altered by velocity gradients 
generated by the flame itself; finally, as 
the flame propagates to the confining walls, 
the geometry of the duct becomes im- 
portant. It was thought that if the measure- 
ments of reaction rate could be made with 
some success in such a system, the feasi- 
bility of this method of attack would be 
established. 

Two experimental arrangements were 
avai!able a t  the University of Delaware 
Combustion Laboratory, both constructed 
under the supervipion of Kurt Wohl. -4 
detailed report of the work on one burner 
follows, and a summary of the results from 

t8he other is given at the end of the discus- 
sion. Complete descriptions of both com- 
bustors may be found (1, 28, SO). 

The atmospheric combustion chamber is 
shown schematically in Figure 1. The feed 
stream of homogeneously mixed propane 
and air was introduced into the 2- by 
1%- by 12-in. duct through a plenum 
chamber and nozzle to en~ure  a flat entrance 
velocity profile and an initial turbiilence 
level of less than 0.5% (22, 30). The exit of 
the chamber was open to the atmosphere. 
The flame holder was a flat plate, M in. 
thick, 2 in. long, and 1% in. wide, aligned 
with its long ( 2  in.) dimension parallcl to  
the flow. The leading edge was rounded to  
form a semicylinder. The origin of the 
coordinate system used in later discussion 
is shown in Figure 1. 

For the experiments described herein the 
inlet velocity varied from 59 to  61 ft./sec., 
and the feed composition varied from 4.01 
to 4.06 mole yo propane. Measurements of 
composition, impact pressure, and static 
pressure were made a t  approximately 
0.05-in. intervals in the direction normal 
to  the bulk flow (y  direction or transverse 
directmion) and a t  distances of 2, 3, 4, 5, 6, 
8, and 10 in. from the downstream end of 
the flame holder (z or longitudinal posi- 
tions). Measurements were confined to  
half the chamber. svmmetrv and two- 
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Fig. 4. Composition correlation, 1 atm. 
flame. 

located 0.72 in. from the tip and oriented so 
that the normal to the hole was parallel to 
the 1% in. dimension of the combustor. 
Both probes were inserted into the chamber 
from the downstream end. No attempt 
was made to  rorrect measurements of 
probe position for variations in effective 
stagnation point due to velocity and 
density gradients because quantitative 
methods for making the latter correction 
are not available. Schlieren photographs 
and visual observations gave no indication 
that the character of the flame was altered 
by the presence of the probe at longitudinal 
distances greater than 2 in. 

Analyses of gas samples were made by 
the Orsat technique, carbon dioxide being 
obtained by absorption in 28% (by weight) 
potassium hydroxide, 0, by absorption in 
Oxsorbent, carbon monoxide and Hz by 
partial oxidation over copper oxide at 
295"C., followed by absorption of the 
carbon dioxide produced in potassium 
hydroxide; unburned materials remaining 
were found by catalytic oxidation with 
200% excess oxygen followed by absorption 
of tJhe carbon dioxide produced in potassium 
hydroxide and absorption of the excess 0% 
in Oxsorbent. Since there is always some 
uncertainty in Orsat analyses for unhurned 
hydrocarbon, coincidence of the carbon: 
nitrogen ratio of the sample as analyzed 
with that of the feed mixture was used as a 
criterion for the correctness of the analysis 
in an effort t o  avoid repeated analyses. 
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Fig. 6. (Carbon monoxide)/(carbon dioxide) 
mole ratio, 1 atm. flame. 
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TABLES OF DATA 
60 FT./SEC. ATMOSPHERIC PROPANE-AIR FLAME 

Because of nonuriiformity in sampling positions and space limitations presentation of 
all original data is not possible. The following tables show some of the smoothed results. 
Original data may he found in ( 1 )  and (81) 

Y 
0.1  
0 .2  
0 .3  
0 .4  
0 . 5  
0.6 
0.7 
0 .8  
0 .9  
1.0 

0 .1  
0 . 2  
0 . 3  
0 .4  
0 .5  
0.6 
0 .7  
0.8 
0 . 9  
1.0 

0 
0 . 1  
0 . 2  
0 . 3  
0.4 
0 . 5  
0 .6  
0.7 
0.8 
0.9 
1 .o 

0 
0.1 
0 . 2  
0 .3  
0 . 4  
0 . 5  
0.6 
0.7 
0 . 8  
0 . 9  
1.0 

x = l  

17.53 
17.42 
17.22 
17.04 
16.9 
16.9 
16.9 
17.07 
17.28 
17.48 

TABLE 1. STATIC PRESSURES (LB./SQ. FT. GAUGE) 

x = 2  x = 3  x = 4  x = 5  x = 6  x = 8  

16.3 
16.3 
16.25 
16.03 
15.98 
15.78 
15.74 
15.95 
16.06 
16.02 

14.74 
14.7 
14.62 
14.47 
14.36 
14.31 
14.36 
14.47 
14.47 
14.47 

12.88 
12.7 
12.6 
12.5 
12.55 
12.7 
12.75 
12.75 
12.75 
12.8 

11.08 
11.03 
10.91 
10.82 
10.85 
10.91 
10.97 
10.97 
10.97 
10.97 

9 .2  4.95 
9.08 4.76 
9.08 4.89 
9.08 4.89 
9 . 1  4.89 
9.14 4.89 
9.14 4.89 
9.14 4.89 
9.14 4.89 
9.14 4.89 

TABLE 2. VELOCITY (ABSOLUTE VALUE OF TOTAL VELOCITY) 

70 80 89 95 107 123.5 
70 80 89 96 108.5 132 
70 80 90 100 115 147 
70 80 94 112.5 129.5 167 
70 82.5 107.5 128 147 187 
70 91 122.5 144 165.5 206.5 
73.5 104.5 137 160 183 226 
91 117.5 152 176 201 246 
86 131 167 191 219 265 
84.5 139 174.5 197 228 274 

TABLE 3. DENSITIES ( LB./CU. m. 

0.0758 0.0757 0 0758 0.0757 
0.0758 0.0757 0.0755 0.0757 
0.0758 0.0757 0.0758 0.0745 
0.0758 0.0757 0.0758 0.0685 
0.0758 0.074 0.071 0.048 
0.0758 0.0658 0.0385 0.024 
0.0743 0.046 0.0207 0.0135 
0.0518 0.0213 0.0119 0.0103 
0.0172 0.0113 0.0099 0.0099 
0.010 0.0099 0.0097 0.0097 
0.0097 0.0096 0.0096 0.0095 

1 
0.0753 
0.0722 
0.0668 
0.0507 
0.0317 
0.0187 
0.0133 
0.0102 
0.0096 
0.0094 
0.0094 

TABLE 4. WEIGHT FRACTION BURNED 

0.017 
0.012 0.083 

0.001 0.086 0.265 
0.06 0.317 0.556 

0.021 0.348 0.677 0.825 
0.359 0.795 0.901 0.929 
0.894 0.934 0.947 0.953 
0.936 0.944 0.95 0.9.55 

It was discovered at the outset that there 
is a significant effect of rate of sample 
withdrawal on the composition of the 
sample obtained. This is illustrated in 
Figure 2, where the mole percentages of 
02, carbon dioxide, carbon monoxide, and 
unburned material (calculated as the 
average of the propane equivalent t.0 the 
carbon dioxide and to the water produced 
by the catalytic oxidation) on a dry basis 
are plotted against the ratio of sampling 
velocity to  stream velocity. The analytical 
techniques were in a process of evolution 
a t  the time these data were taken, and the 

0.001 
0.017 
0.07 
0.208 
0.438 
0.707 
0.885 
0.943 
0.959 
0.959 

0.0752 
0.0641 
0.0485 
0.0308 
0.0187 
0.0128 
0.0103 
0.0096 
0.0094 
0.0094 
0.0094 

0.005 
0.029 
0.087 
0.217 
0.408 
0.643 
0.834 
0.924 
0.954 
0.963 
0.963 

2 = 10 

0.573 
0.416 
0.52 
0.573 
0.573 
0.573 
0.573 
0.468 
0.468 
0.468 

138 
163 
175 
197 
219 
241.5 
264 
286 
307.5 
315 

0.075 
0.063 
0.036 
0.0223 
0.0156 
0.0113 
0.01 
0.0097 
0.0095 
0.0094 
0.0094 

0.026 
0.070 
0.171 
0’326 
0.535 
0.738 
0.879 
0.935 
0.057 
0.963 
0.963 

precision is poorer than obtained in later 
work. The carbon monoxide fraction is 
higher than reported in the final data 
because the fractional combustion was 
carried out a t  320”C., and probably part 
of the unburned hydrocarbon was also 
oxidized. However the influence of sampling 
rate is unmistakable. 

It is believed that the variation in sample 
composition with sampling rate is a con- 
sequence of sampling an unmixed stream 
of varying density; that is, the reaction 
zone is not homogeneous. This problem has 
been examined by Leeper (19) and Muhl- 

bauer (16). Simple theory indicates that 
variations in density cause variations in 
pressure at the tip of the sampling probe, 
when the velocity at the probe tip is 
different from the stream velocity. Gen- 
erally if the sampling velocity is less than 
the stream velocity, higher density material 
will he sampled preferentially, ct contra. 
This simple theory seems to be borne out 
by the data shown in Figure 2. Theory and 
experiment (12)  indicate that samples 
withdrawn a t  the velocity of the stream 
will contain the correct proportions of 
high- and low-density material. 

It might a t  first be supposed that the 
increased fraction of burned gases with 
increaping sampling velocity is a conse- 
quence of increased time required for 
quenching the gases sampled a t  higher 
velocity. Application of the available heat 
transfer correlations (15)  shows that the 
time required for cooling the sampled 
gases is independent of sampling velocity. 

Thus it was decided to remove samples 
at stream velocity. This could be accom- 
plished only if the stream velocity were 
known, and a trial-and-error procedure was 
necessary. From an assumed stream density 
and impact and static pressure measure- 
ments, a trial value of the stream velocity 
was calculated, and a sample was with- 
drawn a t  that velocity. From an analysis of 
this sample a new value of density was 
computed and the procedure repeated until 
the assumed and calculated densities 
agreed within 5%. At those points where 
concentration gradients were steepest, three 
or four samples were sometimes required. 
Figure 3 is a typical set of composition 
profiles. 

The method of calculation of density from 
an analysis of the sample is important. 
Since it is impossible to determine by 
catalytic combustion the exact structure of 
the unburned material in the sample, and 
since the effect of sampling rate on sample 
composition indicates that the reaction 
zone is inhomogeneous, it  was assumed for 
purposes of density calculation that the 
material oxidized by catalytic combustion 
was fuel, and the amount was computed as 
the average equivalent of the carbon dioxide 
and water produced by the oxidation. The 
inhomogeneity of the burning zone is a 
consequence of rapid chemical reaction 
ratea as opposed to mixing rates, and in 
the extreme this means that the burning 
zone consists of completely burned gases 
and feed mixture. The sample was divided 
into a burned part, assumed to be a t  its 
adiabatic flame temperature, and an 
unburned part, assumed to be a t  the 
temperature of the feed mixture. The 
reciprocal of the mass-average specific 
volume of the two parts was used as the 
mean density of the stream. 

For a few cases the density was calculated 
by assuming homogeneity of the stream. 
This required extrapolation of the available 
heat-capacity data for propane. The results 
were not significantly different from those 
obtained by the method described above. 

Figure 4 is a plot of the experimentally 
determined mole fractions (dry basis) of 
nitrogen, carbon dioxide, carbon monoxide, 
and propane agiinst mole fraction (dry 
basis) of oxygen. For the sake of clarity 
some overlapping points have been omitted 
from this plot. It can be seen that com- 
positions a t  all longitudinal positions 
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except 3; = 5 in. can be found within experi- 
mental error from a knowledge of carbon 
dioxide or oxygen content alone. The 
deviation of the data at z = 5 in. for carbon 
monoxide, propane, and nitrogen is con- 
sistent with the possible oxidation of some 
unburned fuel in the fractional combustion 
step. The correlation indicated by Figure 4 
was used to complete the compositions for 
z = 5 in. from measurements of carbon 
dioxide and oxygen concentrations. A 
similar proredure was used for the 3 in. 
longitudinal position, where insufficient 
complete analyses were available. 

The correlation of Figure 4 was used to 
reduce the amount of work required to  
estimate the stream velocity, for the corre- 
lation allows estimation of the density from 
a knowledge of the oxygen concentration. 
Once sufficient data had been obtained to 
establish the correlation, a good estimate 
of the stream d-nsity could be obtained by 
analysia for oxygen alone. 

Smoothed results are shown in Tables 1 
to 4. 

RESULTS AND DISCUSSION 

Chemical Structure of the Burning Zone 

Examination of the composition traverse 
in Figure 3 shows the expected behavior 
of a gradual decrease of unburned species 
and an increase of burned spccics as the 
center of the flame is approached. In  
addition an increase in breadth of the 
zone of changing composition with 
increasing downstream distance was 
found. In all cases unburned material, 
that is, that part of the sample burned to 
carbon dioxide and water upon catalytic 
combustion with oxygen a t  5OO0C., was 
found at the center of the flame, usually 
less than 0.5 mole % (dry basis). The 
presence of such unburned material is 
apparently a consequence of the inhomo- 
geneity of the burning zone. and unburned 
material is thrown into the middle of the 
flame by the random motion of the gases. 
Figure 5 is a short-exposure schlieren 
photograph of the flame, and a few 
striations near the center of the flame 
support the conclusion that this region 
is inhomogeneous. If such striations are 
present 1.5% of the time a t  any given 
longitudinal position, the required amount 
of unburned material would be accounted 
for. 

0 I 2  3 4 5 6 7 8 9 10 

Fig. 9. Lines of mean flow, atmospheric burner. 

It is interesting to note that any 
hydrogen found in the samples was less 
than the analytical error except at 
x = 5 in. where the data appear to be 
unreliable. When one considers only the 
burned part of the samples, if this 
material is really completely burned, 
the carbon monoxide : carbon dioxide 
ratio should be the equilibrium value. 
Rough calculations of the equilibrium 
composition for adiabatic reaction (23) 
indicate that this ratio should be 0.164. 
The carbon monoxide : carbon dioxide 
ratios for data of reasonable precision 
are shown in Figure 6, and it can be 
seen that the ratios are near or below the 
equilibrium value, tending to lower 
values with decreasing oxygen content 
(increasing fraction burned). This seems 
to indicate some reaction of carbon 
monoxide with oxygen as the burned 
part of the sample is cooled in the probe. 

The analyses were carried out in 
sufficient detail to permit determination 
or the carbon : net-hydrogen ratio of 
the unburned material, and by oxygen 
balance the carbon : hydrogen ratio of the 
burned part of the sample could be 

0. 02 0 4  0 6  0 8  1 0  
D ~ s l o n c ~  Above  Bollom W o l l  0 1  Cornburlor l lnche~l  

Fig. 8. Velocities calculated from impact 
pressure, atmospheric burner. 

found. Figure 7 shows thcse carbon : net- 
hydrogen ratios as a function of the 
oxygen content of the samples. It appears 
from this plot that the hydrogen is 
burned from the hydrocarbon molecule 
before the carbon and that partial 
oxidation of the hydrocarbon does take 
place to  some extent. The extermely 
high carbon : net-hydrogen ratios of the 
unburned material for low oxygen con- 
centrations are probably the result 
of poor precision in analysis of small 
amounts of material. This result bears 
further study with more rcliablc analytical 
techniques. 

Calculation of Reaction Rates 

The quantities required, in addition 
to the compositions and densities already 
discussed, are the velocity components. 
Velocities were determined from measure- 
ments of impact and static pressures, 
and the resulting profiles are shown in 
Figure 8 with longitudinal position as 
the parameter. The peculiarly shaped 
profile for z = 2 in. is probably a conse- 
quence of the acceleration produced by 
the reaction in combination with the 
low velocity downstream of the flame 
holder; the other profiles show a consistent 
increase of velocity and velocity gradient 
with increasing distance downstream 
from the flame holder. 

Some evaluation of the accuracy of 
the velocity data must be made. The 
only physical principle which can be 
used for such an evaluation is conservation 
of mass, since the feed rates of fuel and 
air were metered independently of the 
measurements within the flame itself. 
On the assumption that the velocities 
obtained from the impact measurements 
are the longitudinal components, evalua- 
tion of the data can be made by comparing 
the integrated-mass flow rates, calculated 
from the burning-zone data with the 
metered flow rates. The results are 
shown in Table 5. 

It can readily be seen that on the 
basis of this comparison the data are 
reasonably consistent. 

As pointed out in connection with the 
calculation of density from the chemical 
analyses, it  was convenient to divide the 
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TABLE &ATMOSPHERIC PROPANE-AIR 
BURNER 

Integrated 
One-half mass flow 

Longitudinal the metered for one- 
position, mass flow, half the duct, Error, 

2 0.0414 0.0428 $3.4 
3 0.0426 0.0439 $3.1 
4 0.0427 0.0442 $3.5 

in. lb./sec. lb./sec. % 

5 0.0425 0.0424 -0.2 
6 0.0425 0.0422 -0.7 
8 0.0422 0.0411 -2.6 

10 0.0421 0.0425 f1.0 

samples into burned and unburned parts. 
This division permitted determination 
of the mass fraction burned for each 
sample. It was decided to calculate the 
rate of generation of burned gas rather 
than the rate of generation of any 
particular molecular species. Although 
detailed treatment of the gas analyses 
shows that the unburned material is 
not all propane (Figure 7), the check of 
mass flow rates indicates that the error 
in assuming the unburned material to 
be propane is not great. The correlation 
of compositions with oxygen concentration 
(Figure 4) indicates that mass fraction 
burned is correlated with oxygen content 
and that the rate of generation of burned 
gas is nearly proportional to the rate of 
oxygen consumption. 

The results of calculation of rates of 
generation with turbulent diffusion 
neglected (or rate of generation plus 
diffusion) will be presented first. Re- 
writing Equation (1) yields 

P Z * V X B  = Q B  + V*sVxs = QB' (2) 
The left-hand side can be calculated 
without knowledge of the turbulent 
diffusion coefficient. The evaluation of 

0 
0 0 2  0 4  06 0 8  10 

Moss Froc l ion  Burned  

Fig. 11. 

the density and mass fraction burned 
from the data has already been discussed. 

The calculation of the two velocity 
components was carried out as follows. 
First it was assumed that the impact 
pressure was owing to the longitudinal 
velocity component alone. Lines of 
constant sE pu, dy were plotted on 
y vs. z coordinates, the direction of the 
lines at any point being the direction 
of the mean velocity vector. Some of the 
mean flow lines are shown in Figure 9 
together with lines of 5, 50, and 95% 
oxygen consumption, an indication of 
the spreading of the reaction zone. 
The general character of the mean flow 
pattern is similar to that calculated by 
Scurlock (25, SS), although the quantita- 
tive details are necessarily different. 
Second, the slopes of the mean flow 
lines (tan a) were found by the Douglass- 
Avakian method (by), which involves 
fitting the quartic equation having the 

least squared error to seven equally 
spaced points and finding the derivative 
of the resulting equation, at the central 
point where possible. The velocity 
components were then computed from 
the equation 

u, = u, tan a (3) 

The impact pressure is insensitive to 
direction of the probe axis for angles 
between probe axis and velocity vector 
of less than 6 deg. The largest angle 
between the mean flow lines and the 
axis of the combustor was 5.5 deg., and 
while this indicates that the impact 
pressure was a measure of the absolute 
value of the total velocity, the cosine 
of 5.5 deg. is 0.9954 and u, = I Z I within 
an  accuracy of 0.5% for the worst case. 
Thus it was not considered necessary to 
modify the results obtained as previously 
described. 

The partial derivatives dxB/dz and 
a x B / d y  were found by the Douglass- 
Avakian method (27') from tabulations 
of x B  at x intervals of 1 in. and y intervals 
of 0.05 in. The values of xe were taken 
from smooth curves through the data. 

Figure 10 shows the calculated values 
QB' as functions of the distance above 
the bottom wall of the chamber with 
longitudinal position as a parameter. 
The increased thickness of the reaction 
zone with increased distance from the 
flame holder is not surprising, as this 
corresponds to the pattern of the luminos- 
ity and the schlieren image. It is perhaps 
more surprising that the maximum 
value of the volumetric reaction rate 
decreases with increasing downstream 
distance. If this is real and not a conse- 
quence of failure to account for turbulent 
diffusion, it might be explained by a 
rather simple model. One might suppose 
that the reaction takes place at the 
periphery of parcels of unburned gas, 
that the flame surrounding each parcel 
is laminar, and that the rate of burning 
is the laminar burning velocity, the 
effect of variations in flame-front curva- 

I I I I I I I 
3 4 5 6 7 8 9  

Oistonce Oownstreom From Florneholder (Inches) 

Fig. 12. Reaction rate per unit length (diifusion negligible). 
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ture being neglected. For a given mean 
composition (fraction burned) the size 
of the parcels of unburned gas may be 
visualized as proportional to the scale 
of the turbulence. Assuming that the 
parcels are, on the average, spherical, 
one may write 

The area of the parcels may be written 
&n, and the reaction rate per unit 
volume is 

(5) 
6 S L m  

Q B  = p,SL?rt?n = __- I 
Thus it might be expected on the basis 
of this simplified model that the product 
Q B E  is a function of the mean composition. 
If one assumes further that the scale 
of turbulence is proportional to the 
composition half-width of the reaction 
zone (the schlieren image shows increasing 
scale of wrinkles with increased spreading 
of the flame), the relationship suggested 
by Equation (5)  may be tested by 
plotting the product of Q B f  and the 
value (1 - y)/12, with y chosen to 
correspond to the point a t  which x B  = 
( 1 / 2 ) x B c L ,  against mass fraction burned. 
Figure 11 is such a plot, semilogarithmic 
coordinates being used to spread low 
values of the ordinate. (It should be 
noted that a similar relationship could 
be obtained using the wrinkled flame 
model.) While the correlation is not 
impressive, it does illustrate a useful 
result of this method of attack on the 
problem of turbulent flame propagation. 
The correlation could probably be im- 
proved by taking cognizance of other 
flow-pattern parameters (for example, 
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velocity gradient), but in view of the 
paucity of data more complicated 
correlations were not attempted. It 
should be noted that for engineering 
purposes a correlation which allows 
prediction of QB’ is as useful as a set of 
correlations for QB and 5. 

A necessary (but not sufficient) 
condition on the values of Q B f  is that 
the over-all reaction rate for the 
combustor 

[‘833 [ s,”’0833 QB’ d y ]  dx 

be equal to the rate a t  which burned 
material leaves the burner 

0.0833 

r = 0 . 8 3 3  

It was found that these quantities 
agreed within 5%. This coniparison is 
valid because the longitudinal diffusion 
is small. 

The over-all reaction rates per unit 
length at various longitudinal positions 
have been compared in Figure 12, and 
it can be seen that the over-all reaction 
rate per unit length is relatively constant 
except for a decrease near the combustor 
exhaust, where the flame has nearly 
reached the wall. The data of Petrein 
et al. (18) show similar behavior. 

Next the problem of proper allowance 
for turbulent diffusion is considered. 
(In terms of gradients of mean composi- 
tion neglect of molecular diffusion is 
justified.) The only published data on 
turbulent diffusion in flames of this sort 
known to the authors are those of 
Westenberg (31). These data consist 
of measurements of mean displacement 
of helium injected into the flame as a 
function of distance downstream from 
the injection point and velocity of the 
gas stream in the region of interest. 
Data were corrected for molecular 
diffusion. By means of the Einstein 
equation 

- 
dZ = 25e (6) 

a turbulent diffusion coefficient can be 
calculated. The valucs thus obtained 
are so low that the turbulent-diffusion 
term is negligible in comparison with QB’. 

Owing to the fact that Westenberg’s 
data were obtained from a burner of a 
different configuration and his published 
measurements confined to the center of 
the duct (Westenberg reports that 
measurements at other points gave similar 
results), it  was decided to attempt 
calculation of the eddy viscosity from 
the present data and to estimate the 
eddy diffusivity by assuming a turbulent 
Schmidt number of unity. 

There remains the problem of an 
adequate definition of eddy viscosity 

for the case at hand. The definition 
chosen is given by writing the momentum 
equation as 

-Dp + 2(D*EV)ii + D 

1 
X [E(D X $1 = [(pG.V)Gl (8) 

As in writing Equation (I), molecular 
transport has been neglected, and E has 
been assumed to be independent of 
direction. This definition assumes pro- 
portionality between stress owing to 
turbulent transport and rate of strain. 
It will be noted that Equation (8) is not 
analogous to the equations of Navier- 
Stokes in two respects: (1) the static 
pressure is not defined as the arithmetic 
average of the normal stresses owing 
to turbulence, and (2)  allowance has 
been made for variation of transport 
coefficient with position. 

Of the three components of Equation 

V e r t i c a l  Distance (inches1 

Fig. 14. Effect of turbulent diffusion on cal- 
culated reaction rates. 

F e e d  Homogeneous, S i r e a r n . - w  

Sto ich iometr ic  
Bulane- A i r  
60  f i / s e c  

Fig. 15. Low-pressure burner. 
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(8) the longitudinal (x) component was 
chosen for finding eddy viscosities be- 
cause it could be evaluated more 
accurately, and the 2: component of the 
stress is, in the present case, primarily 
due to mass transport in the y direction; 
examination of the composition gradients 
shows that it is this transport which is 
most important in calculating the reaction 
rates. 

The longitudinal component of the 
momentum equation is, in Cartesian 
coordinates, 

= - 1 [ pu, 2 + pu, ”.I (9) 
9. dY 

The longitudinal gradient of the 
static pressure was obtained by fitting 
a cubic equation to the data and finding 
the derivatives of the cubic at the points 
of interest. Since static-pressure data 
were available a t  longitudinal positions 
1, 2, 3, 4, 5, 6, 8, and 10 in. downstream 
from the flame holder, the procedure 
was found to give reasonable results at 
all positions reported except at 2: = 10 in. 
For the evaluation at the 10-in. position 
it was assumed that the static pressure 
at  distances greater than 10 in. down- 
stream from the flame holder was 1 atm., 
and the Douglass-Avakian method (97) 
was used to obtain the derivatives. 
The veIocity derivatives were obtained 
at 0.05-in. y intervals by the Douglass- 
Avakian method. Second derivatives were 

0 P 4 6 8 10 12 14 16 18 20 22 
m - T i 1  i n r r r r  l r r i  I 1 7 1  
8 4 U  84 
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2 

I I I I I I I I I I I I I  1 1  I l I l I I  1 1  
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MOL PERCENT OXYGEN (ORY 0ASIS)  

Fig. 16. Composition correlation, 0.2 a h .  
flame. 

calculated by the same method from 
smoothed curves through the first deriva- 
tives. 

In  the calculation of E from Equation 
(9) it was found that the term aE/dx 
had a relatively small influence and 
could be neglected as a first approxima- 
tion. This permitted rewriting Equation 
(9) as a total differential equation in 
the form 

Equation (10) can be integrated directly 
to give 

This equation was then used to calculate 
E by graphical integration of the separate 
terms. It is of course necessary that one 
value of E be known. By symmetry 
E = f(y) at the center line, but unfor- 
tunately the integrand on the right is 
indeterminate a t  that point. For the 
8- and 10-in. positions it was found 
that the values of E were relatively 
insensitive to various extrapolations of 
the integral on the right, and the center- 
line values of E were used. For all 
other positions it was assumed that 
E = 0 in the region where the velocity 
was practically independent of y, giving 
another fixed value. 

The results of the calculations are 
shown in Figure 13, where the calculated 
points are shown. A value of the eddy 
viscosity calculated from Westenberg’s 
data (31) by use of Equations (6) and 
(7) is also shown. 

I n  spite of the apparent confusion of 
the curves they do follow a reasonable 
pattern. There are in the system studied 
three sources of velocity gradients which 
could result in turbulence and consequent- 
ly in appreciable values of eddy viscosity. 

1. Velocity gradients caused by the 
flame holder. Turbulence from this source 
would be expected to spread and to die out 
with increasing distance from the flame 
holder. The high values of eddy viscosity 
near the center of the duct which decrease 
with increasing values of x are apparently 
due to  this source. The flame holder used 
for this study probably has a greater 
influence on the flow than the flame holders 
in general use, owing to its length, which 
causes appreciable boundary-layer build up, 
and to its bluff nose, which probably causes 
a bow wave. 

2. Velocity gradients caused by the 
combustion process itself. As already 
pointed out, this is a major source of 
flame-generated turbulence in confined 
flames. This source of turbulence accounts 
for increasing values of eddy viscosity in the 
region 5 < x < 8; 0.2 < y < 0.6. 

3. Velocity gradients at the wall. As 
the boundary layer at the wall increases in 
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Fig. 18. (Carbon monoxide)/(carbon diox- 
ide) mole ratio, 0.2 atm. flame. 

thickness, turbulence from this source 
would be expected to  have an increasing 
influence. In this case its influence appears 
in the region 6 < x < 10; 0 < y < 0.2. 

, As shown by the dotted horizontal 
line in Figure 13, the values obtained 
agree reasonably well with those obtained 
from Westenberg’s data a t  the center line. 
Values reported for the 2- and 10-in. 
positions are inaccurate because these 
positions are the terminal points of the 
data and the derivatives are not well 
defined. 

The smooth curves of Figure 13 were 
used to calculate eddy diffusivities by 
means of Equation (7). The necessary 
derivatives again being obtained by 
the Douglass-Avakian method (27), the 
results were applied to calculation of 
reaction rates by means of Equation (1). 
I n  the region where the flame itself is 
thought to be the chief source of turbu- 
lence, reasonable values of reaction 
rate were obtained, and these values 
together with the corresponding results 
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obtained by neglecting turbulent diffusion 
are shown in Figure 14. I t  is obvious that 
on the basis of these calculations allowance 
for diffusion is very important, but the 
results are too meager for generalization. 
The masimum reaction rate corresponds 
to a heat release rate of about 50 X 106 
B.t.u./(hr.)(cu. ft.). 

In  the region where the chief source of 
turbulence is thought to be velocity 
gradients a t  the flame holder or the 
combustion-chamber wall, and where 
Vxs is positive, it was found that with 
few exceptions application of the curves 
of Figure 13 with Equations (7)  and (1) 
gave negative values of QB.  Such a 
result is of course untenable. The coinci- 
dence of negative values and source of 

turbulence together with the consistency 
of negative values seems to eliminate 
random errors in computation as the 
source of the difficulty. It seems rather 
that the fault lies with the value of the 
turbulent Schmidt number and that a 
value greater than unity should be used. 
While studies of turbulent mass and 
momentum transport (5)  have yiclded 
values of thc turbulent Schmidt number 
between 0.63 and 0.74, in most such 
studies the initial velocity gradicnt 
responsible for the turbulence was exactly 
correlated with the initial composition 
gradient causing the mass transfer. 
Furthermore the systems studied were 
of nearly constant density. While the 
introduction of a significant density 
variation alone may affect the turbulent 
Schmidt number, this is apparently not 
suffjcient to give ridiculous values in 
that rcgion of the flame where the 
turbulencc is generatcd by the combustion 
process and velocity and composition 
gradients are related. However where 
gradients of vclocity a t  the wall or 
flame holder are the predominate source 
of turbulence, the composition gradient 
is introduced by the reaction after the 
generation of turbulence. It may be 
that most of the reaction takes place in 
a particular part of the turbulence 
spectrum. At any ratc it is believed that 
this differenee is sufficicnt to admit the 
explanation for negative reaction rates 
in terms of Schmidt numbers greater 
than unity, but no mechanism can be 
offered a t  this time. Numerical values 
of rcaction rates (QB') ,  eddy viscosities 
and the sample compositions are given 
in Tables 7, 8, and 9.* 

THE 0.2-ATM. SYSTEM 

Figure 15 schematically shows the 
apparatus. The cylindrical combustion 
chamber was made of Vycor glass. The 
cold-gas velocity through the pilot tube 
was 50 ft./scc. Experimental techniques 
and methods of treating the data were 
similar to those already described with 
two exceptions: (1) no provision was 
made for control of sampling rate and 
( 2 )  in the analysis of unburned hydro- 
carbon only the carbon dioxide produced 
by catalytic combustion was measured. 

Figure 16 shows the composition 
correlation, and a typical set of compo- 
sition profiles is shown in Figure 17. 
The scattering of the data points in 
Figure 16 is probably a result of lack of 
control of sampling rate. It should be 
pointed out that while variations in 
sampling rate affect the relative portions 
of high- and low-density material, the 
chemical composition of the two parts 
is not altered. 

The amounts of carbon monoxide and 

*Tabular material bas been deposited as document 
5823 with the American Documentation Institute, 
Photoduplication Service Library of Congress 
Washington 25, D. C., &d may be obtained foi 
11.25 for photoprints or $1.25 for 35-mm microfilm. 

hydrogen found in samples from this 
flame are significant. A comparison of 
the carbon monoxide : carbon dioxide 
ratios of the samples with the equilibrium 
ratio calculated for adiabatic reaction 
is shown in Figure 18. While the depar- 
ture from equilibrium is not grcat, the 
reasons for it may be important, especially 
in view of the results found for the 
atmospheric flame (Figure 6). The 
prcsence of carbon monoxide in excess 
of the equilibrium amount may be due 
to (1) qucnching of partially burned 
material in the sampling probc, (2) 
quenching of small elements of flame 
by the action of turbulence as shown 
experimentally by Olsen and Gayhart 
(17'), or (3) separation of fuel and oxidant 
by prefcrential molecular diffusion of 
thc latter to burning zones within the 
turbulent flame brush as suggested by 
Wohl and Shore (58) to account for the 
excessively high-turbulent burning veloc- 
ity of rich butane-air miatures. In  thc 
latter case the physical picture of' a 
small part of the flame is similar to the 
patterns obtaining a t  the edge of the 
wake of a bluff-body flame holder, and 
the existcnce of prefercntial diffusion 
in such cases has been demonstrated by 
Williams and Shipman ( S 4 ) ,  Williams, 
Woo, and Shipman (55), and Zukoski 
and Marble (41). 

Figure 19 shows the velocity profiles. 
Table 6 shows clearly the effect of lack 

TABLE 6. THE 0.2 ATM. BUTANE-AIR FLAME 

Distance 
downstream 
from pilot, 

in. 

2 . 2  
4 . 2  
6 . 2  
8 . 4  

10.4 
13.0 
16.0 

Metered 
mas? 
flow, 

lb./scc. 

0.04941 
0.04941 
0.04941 
0.04941 
0.04941 
0.04Oa 
0.04941 

Integrated 
mass flow, % 

lb./sec. Error 

0.0561 +13.55 
0.0575 +16.4 
0.0574 +16.2 
0.0553 +11.96 
0.0600 +21.5 
0.0614 t 2 4 . 3  

0.0566 +i4 .55  

of control of the sampling rate. Qualitative 
estimates indicated that the sampling 
velocity was always lower than the 
stream velocity, and this is supported 
by the results. Figure 20 shows the rates 
of oxygen consumption calculated by 
ncglecting diffusion. Obviously these re- 
sults are at best subject to qualitative 
interpretation only. The high initial 
reaction rates are undoubtedly a conse- 
quence of the action of the pilot. The 
subsequent decrease in reaction rates 
with increasing downstream distance is 
probably due to dissipation of the pilot 
stream by turbulence, and the increase in 
reaction rates a t  the farthest downstream 
positions may be attributed to increased 
velocity gradients and a consequent 
increase in turbulence intensity. This 
latter situation was not observed in the 
atmospheric data because the combustor 
was too short. 

Page 44 A.1.Ch.E. Journal March, 1959 



CONCLUSIONS 

The analyses of samples from the 
reaction zone of the atmospheric, propane- 
air flame show that the composition 
can be characterized by oxygen 
concentration only, an indication that 
the reaction rate can be satisfactorily 
represented by the rate of oxygen 
consumption. Results for the low-pressure 
flame are similar, but the conclusion is 
less firm because of the effect of lack 
of control of the samlping rate. 

Since the carbon monoxide : carbon 
dioxide ratios of the samples from the 
atmospheric flame are less than those 
corresponding to equilibrium, it appears 
that there is some reaction in the sampling 
probe. Since there is an effect of pressure 
on the composition of the burned gas 
beyond that expected from equilibrium 
considerations, it  is concluded that there 
is quenching of flame elements either 
in the sampling probe or within the 
turbulent flame itself; preferential diffu- 
sion of oxidant from unburned parcels 
to burning zones within the flame is 
also considered a possible explanation. 

The calculation of reaction rates is 
hampered by inadequate knowledge of 
eddy diffusion. While calculations of 
eddy diffusivity from data in the literature 
indicate that the effect is negligible, 
estimates from the present data based 
on analogy of mass and momentum 
transfer indicate that turbulent mass 
transfer is significant. These same esti- 
mates, applied to regions where shear 
a t  the wall of the combustor or the 
flame holder is believed to be the chief 
source of turbulence, gave negative 
reaction rates. It is concluded therefore 
that the turbulent Schmidt number is 
dependent on the relationship between 
the shear causing turbulence and the 
introduction of the composition gradient 
causing mass transfer and possibly on 
the density patterns. 

It was found that the calculated 
reaction rates are a function of position 
within the flame as well as of fractional 
completion of combusition. The data 
indicate that the reaction rates obtained 
by neglecting turbulent diffusidn are 
a result of competition between increased 
turbulence generated by increased velocity 
gradients and increased scale of 
turbulence, the former increasing and 
the latter decreasing apparent reaction 
rates. 

Finally the importance of taking 
samples from the inhomogeneous reaction 
zone of a turbulent flame in such a way 
as to prevent preferential sampling of 
low- or high-density material cannot 
be overemphasized. The unsatisfactory 
results obtained from the 0.2-atm., 
butane-air flame seem to be directly 
related to errors of this type. 

While neither of the flames studied 
is in the range of practical, high-output 
combustor operation, the results show 
that the method of attack employed is 

profitable. This is especially so because 
it affords direct study of relationships 
between flow patterns, rates of reaction, 
and general character of combustion 
products. The work involved in future 
studies of this kind has been materially 
reduced by the finding of suitable com- 
putational techniques, and the chemical, 
analytical work may be greatly reduced 
by use of gas chromatography in con- 
junction with an oxygen analyzer 
(dependent on the paramagnetism of 
oxygen). 

From the theoretical viewpoint the 
method may seem less attractive than 
those studies involving interaction be- 
tween a flame and a stream of known tur- 
bulence characteristics, but the effect of 
even unconfined flames on the flow pat- 
tern of the feed mixture is too often neg- 
lected. It should be pointed out that the 
same techniques used for the measure- 
ment of reaction rates might be used for 
the study of turbulent mass transfer. The 
measurement of a coefficient of turbulent 
diffusion by this method is basically no 
different from that used in the studies 
of heat and mass transfer between 
phases, where systematic measurements 
have produced results of great utility. 
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NOTATION 

D = depth of combustor, normal to 

d2 = mean square displacement of 

E = eddy viscosity, (1b.-force) (sec.)/ 

f(y) = function of y [cf. Equations (9) 

g(y) = function of y [cf. Equations (9) 

gc = conversion constant, (1b.-mass) 

H = enthalpy. 
1 = scale of turbulence or size of 

m = mass of unburned gas per unit 

n = number of unburned parcels per 

p = static pressure 
Q = rate of generation of subscript 

xy plane 

injected helium 

sq. ft. 

and (lo)] 

and (lo)] 

(ft.)/(lb.-force) (sec.2) 

- 

unburned parcels 

volume 

unit volume 

component, 1b.-mass/(cu. ft.) 
(see.) 

QB’ = rate of generation of burned gas 
plus diffusion rate 

S, = laminar burning velocity 

Ti = velocity vector, I D [ absolute 

u, = longitudinal velocity component 
u, = transverse velocity component 
L = longitudinal position 
y = transverse position 

a! = angle between mean flow line 

0 = time 

value of velocity 

Greek Letters 

and longitudinal coordinate 

= coefficient of turbulent diffusion 
(lb. mass/(sec.) (ft.) 

p = density 
pu 
x = mass fraction of subscript 

component 
’J = vector operator, (Z(d/dz) + 

T(d/dy) + (a /Zax))  in Cartesian 
coordinates 

B = burned gas 

= density of unburned gas 

Subscripts 

CI, = center-line position 
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Low-Temperature Vapor-Liquid Equilibria in 
Ternary and Quaternary Systems Containing 
Hydrogen, Nitrogen, Methane, and Ethane 

HARRY F. COSWAY and DONALD 1. KATZ 
University of Michigan, Ann Arbor, Michigon 

Experimental data are presented for three ternary systems and the quaternary at pres- 
sures of 500 and 1,000 lb./sq. in. abs. and at temperatures of -100” and -200°F. These 
data along with information in the literature were correlated to give charts of equilibrium 
ratios as a function of temperature, pressure, and composition. 
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The compositions of equilibrium vapors 
and liquids were measured for the 
quaternary system hydrogen-nitrogen- 
methane-ethane and three of its ternaries 
a t  conditions shown in Table 1. The 
apparatus and procedures employed 
were essentially the same as those 
used by Aroyan, Williams, and Benham 
(1, 12, 2 ) .  The phase compositions were 
determined by mass spectrometer. 

The experimental data are given in 
Tables 2 to 5.  The binary-system data 
from the literature are included in the 
tables a t  the conditions of the measure- 
ments in this research. The following 
binary-system data were used in correlat- 
ing the data for the ternary systems: 
hydrogen-methane (2) ; hydrogen-ethane 
(12), hydrogen-nitrogen (7,  9, 10, 11), 
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nitrogen-methane (5, 6), and methane- 
ethane (4). Ternary data for hydrogen- 
nitrogen-methane (10) and hydrogen- 
methane-ethane (8) also were used in 
correlating the phase behavior of these 
systems. 

For the ternary systems the  equilibrium 
ratios were plotted on three types of 
cross plots: equilibrium ratios vs. pressure, 
lines of constant temperature, and 
charts of constant percentage methane, 
in the liquid phase; equilibrium ratios 
vs. temperature, lines of constant per- 
centage methane, and charts of constant 
pressure; and equilibrium ratio vs. 
percentage of methane in the liquid, 

Fig. 1. Equilibrium ratios for constituents 
in the hydrogen-nitrogen-methane system 
at 0 mole % methane in the liquid phase as 
a function of pressure for various tempera- 

tures. 
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