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Cold Flow Mixing Rate Data for 
Pulverized Coal Reactors 

VINCENT J.  MEMMOTT 
Mixing rates of particles and gases in confined, coaxial jets are reported 

for tests with conditions simulating those of pulverized coal gasification 
and combustion processes. Gas velocity, particle mass flux, and gas com- 
position were measured at various radial and axial locations downstream 
of the primary jet exit plane. Effects of inlet velocity, density, injection 
angle, particle loading level, and particle size on the rates of mixing were 
determined. Increasing injection angle and secondary velocity significantly 
increased gas and particle mixing rates, while effects of other variables 
were much less significant. Dispersion of particles lagged that of the gas 
in all cases investigated. 

and 
L. DOUGLAS SMOOT 

Department of Chemical Engineering 
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SCOPE 

Many chemical processes involve the heterogeneous mix- 
ing of gas and particulate phases. Examples of such 
processes are fluidized, heterogeneous, catalytic systems; 
pulverized coal combustors; entrained coal gasifiers; MHD 
power generators; and air breathing missiles. A common 
method of contacting the particles and the gases is to 
inject them from separate jets into a mixing zone. The 
jets may be free (exhausting into an unconfined environ- 
ment) or confined by the walls of the system. Consider- 
able effort has been expended to investigate mixing of 
gaseous free and confined jets. Extensive literature re- 
views of turbulent mixing in parallel systems have been 
reported by Tufts and Smoot (1971), Harsha (1971), 
Stowell and Smoot (1973), and Hedman and Smoot (1975). 
Several experimental investigations have been conducted 
at this laboratory to determine turbulent mixing charac- 
teristics in parallel and nonparallel coaxial jet systems. 
Smoot and Allred (1975) and Smoot and Fort (1976) have 
reported particle and gas mixing data with nonparallel 
injection. Smoot (1976) has summarized and correlated 
the experimental turbulent mixing data previously ob- 
tained at this laboratory together with data from several 
independent investigations. 

Only limited data have been reported for experimental 
investigations, where the secondary-primary velocity ratio 
was near unity or for jets containing particles. Both are 
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0001-1541-78-1140-0466-$01.05. 0 The American Institute of Chem- 
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characteristic of pulverized coal combustion and gasifica- 
tion. Studies of Fejer et al. (1967), Beasley et al. (1970), 
and Durao et al. (1973) consider a primary velocity near 
that investigated in this study. However, these three 
sets of tests were performed with air containing no trace 
gas or particles, and only velocity data were reported. 
Only Beasley (1970) considers a nonparallel system with 
primary/secondary velocities of comparable magnitude, 
but without particles. No studies have been located 
where mixing with nonparallel injection was investigated 
under conditions similar to this study. 

The purpose of this research was to experimentally in- 
vestigate the mixing characteristics of particle laden, 
confined jets under conditions that would simulate in- 
dustrial pulverized coal furnaces and entrained gasifiers. 
Radial profiles for gas composition, particle mass flux, 
and gas velocity were measured at various axial locations 
in the mixing chamber. Effects of velocity, density, injec- 
tion angle, particle loading level, and particle size on 
the rates of particle and gas mixing were examined. 

Air, argon, and silicon particles comprised the pri- 
mary stream. The secondary air stream was heated with 
an electric circulation heater. Mixing experiments were 
conducted at two ratios of secondary to primary density 
(0.6 and 0.8) and velocity (1.3 and 2.0). Tests were dso 
conducted at 0, 40, and 607’ solids by weight in the 
primary jet and with three different particle size dis- 
tributions. Fifty five tests were completed, of which six 
were conducted without particles. 
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The data resulting from these tests can be used to 
evaluate mixing characteristics in combustion systems, 
to determine turbulent mixing parameters for nonreact- 

ing systems canltaining particles, and to evaluate particle- 
gas mixing models. The results may also be useful in 
design and control of furnaces and gasifiers. 

CONCLUSIONS AND SIGNIFICANCE 

Experimental measurements were made of radial pro- 
files for velocity, argon composition, and particle mass 
flux in a confined jet system. Logarithmic center line axial 
decay plots were made from these experimental data. Re- 
sulting conclusions were: 

1. Primary and secondary gases mixed faster than the 
particles in all cases, with the ratio of gas to particle 
mixing rates ranging from about 2 to 6. 

2. Mixing was generally about two times faster in the 
nonparallel injector system than in the parallel injector 
system for both particles and gases. 

3. An increase in the secondary velocity caused an 
increase in the gas mixing rates. Gas mixing rates with 
higher secondary velocities were about twice those ob- 
served for the lower secondary velocity. 

4. An increase in particle solids loading had very little 
effect on particle or gas mixing rates using the non- 
parallel injector system; however, .particle mixing rates 
were decreased with solids loading increases in the paral- 
lel injector system, while gas mixing rates were increased. 

5. Reducing density of the secondary stream caused 
very little change in mixing rates in the nonparallel sys- 

tem, while the mixing rates seemed to decrease by a 
factor of approximately 1.2 to 1.3 in the parallel system, 
although these differences were not significant. 

6. Smaller particles dispersed more rapidly than larger 
particles, by factors of 1.5 to 2.5. 

7. Little correlation was observed between gas and 
particle mixing rates in the parallel system. Changing 
flow conditions significantly affected the gas mixing rate, 
while much less effect was generally observed in the 
particle mixing rate. 

8. A significant correlation between particle and gas 
mixing rates was observed for the nonparallel injector 
system, with changes in gas mixing rate accompanied by 
similar changes in particle mixing rate. 

These test results are the only known particle and 
gas mixing data for experimental systems that simulate 
the operation of pulverized coal combustors and entrained 
gasifiers. The effects of selected variables on the gas and 
particle mixing rates provide information for modeling 
of mixing rates. This information also suggests potential 
methods for control of the mixing process by adjusting 
operating variables. 

EXPERIMENTAL PROGRAM 

The specific objective of this test program was to determine 
the effects of inlet stream condition and injection angle on 
the rates of turbulent mixing of particles and gases in a 
confined duct. Although the purpose of this study was to 
simulate the o erating conditions in pulverized coal reactors, 

silicon powder was used in place of pulverized coal. 
tests were con I f  ucted in the absence of chemical reaction, and 

Seven sets (1 to 7) of inlet stream conditions were selected 
to simulate the operating conditions of typical pulverized 
coal furnaces and gasifiers and are summarized in Table 1. 
Summaries of operating conditions in some pulverized coal 
combustors and gasifiers were reported by Thurgood et al. 
(1976) and Skinner et al. (1976); these summaries have 
provided a basis for selecting operating conditions for this 
study. The velocity of the primary jet was about 30.5 m/s for 
all flow tests, while the secondary velocity was either about 

TABLE 1. SUMMARY OF DESIGN TEST CONDITIONS 

Test condition No. 1 2 3 4 5 6 7 

Primary 
Velocity, m/s 
Temperature, "K 
Particle size" 
Flow rate, g/s 

Air 
Argon 
Particles 

% solids loading 
% (mole) argon 

Injection angle, deg 
Velocity, m/s 
Temperature, "K 

Sec/pri ratios 
Velocity 
Gas density 
Total density 
Gas flow 
Total flow 

ditiont 

Secondary 

No. of tests for this con- 

30.5 

std. 

5.4 
17.4 
15.2 
40.0 
70.0 

283 
30.5 

std. 

5.4 
17.4 
34.2 
60.0 
70.0 

283 
30.5 

std. 

5.4 
17.4 
15.2 
40.0 
70.0 

283 
30.5 

std. 

5.4 
17.4 
15.2 
40.0 
70.0 

283 
30.5 
283 
small 

5.4 
17.4 
15.2 
40.0 
70.0 

30.5 

large 

5.4 
17.4 
15.2 
40.0 
70.0 

283 
30.5 
283 

5.4 
17.4 
0 
0 
70.0 

0,30 
38.1 
283 

0,30 
38.1 
283 

0.30 
61.0 
283 

0,30 
38.1 
370 

0,30 
38.1 
283 

0,30 
38.1 
283 

0,30 
38.1 
283 

1.3 
0.8 
0.47 
20.0 
12.0 

1.3 
0.8 
0.32 
20.0 
8.0 

2.0 
0.8 
0.47 
32.0 
19.2 

1.3 
0.6 
0.10 
15.5 
9.3 

1.3 
0.8 
0.47 
20.0 
12.0 

1.3 
0.8 
0.47 
20.0 
12.0 

1.3 
0.8 
0.47 
20.0 
12.0 

3.6 334 5,3 3,6 3,5 4,4 3,3 

0 Standard particle size, d m  = 38.6 pm, small particle size, dm = 19.0 m, large particle size, d m  = 54.1 pm. See Table 2 for size distributions. 
t At different axial stations and reproduced tests; first number is for parallel injection. while the second number is for nonparallel injection. 
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TABLE 2. PARTICLE SIZE DISTRIBV~IONS* OF SILICON AND PULVERIZED COAL 

Mean of size 
Standard Large increment, 

Mean of size 
increment, Small 

m silicon, wt. % silicon, wt. % silicon, wt. % Pm 

5.70 
7.20 
9 .oo 

11.40 
14.35 
18.10 
22.80 
28.70 
36.15 
45.55 
57.40 
72.30 
91.10 - 

Mass mean diam- 
eter, pm 

0.83 
1.09 
2.85 
7.41 

14.80 
20.76 
17.88 
12.78 
8.06 
8.06 
2.26 
1.06 
2.15 - 

19.0 

0.00 
0.01 
0.04 
0.11 
0.27 
0.72 
1.91 
4.95 

11.89 
18.40 
20.76 
29.87 
11.07 - 
38.6 

0.00 
0.00 
0.00 
0.01 
0.03 
0.08 
0.23 
0.69 
5.12 

15.31 
25.15 
35.25 
18.11 - 
54.1 

From Coulter counter measurements. + Pdverized coal, 70% through 200 mesh supplied by Utah Power and Light, Salt Lake City, Utah. 
**Assuming 110 pm size for 9.75% of coal > 90 pm. 

37 or 61 m/s. The secondary jet temperature was either 285" 
or 370°K. 

Silicon powder was chosen for this study because the bulk 
density and size distribution were similar to those of pul- 
verized coal. However, the silicon particles are spherical. 
Some of the silicon powder was divided into a small diameter 
cut and a large diameter cut using a cyclone particle classifier, 
The mass mean diameters of the three size distributions tested 
were 19.0, 38.6, and 54.1 pm. The size distributions for these 
test particles are shown in Table 2, where comparison with 
a typical pulverized coal is also shown. The solids loading 
of the particles in the primary jet was usually 40 mass % 
but was increased to 60% in selected tests. The injection 
angle of the secondary jet was either 0 or 30 deg, with respect 

Instrument 
Collar - Primary air Secondar/ - Primary argon Jet - Particles 

I T  - 1  
Secondary A i r  

a. Nonparallel Configuration 
1.42m ---i 

instrument 
Collar 

m--- Primary air 7 - Primary argon 

Secondary Air 

1.30 m 
b. Parallel Configuration 

L Z  
Fig. 1. Schemgtic diagrams of nonparallel and parallel jet systems. 
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2.83 
3.56 
4.49 
5.66 
7.13 
8.98 

11.31 
14.25 
17.96 
22.63 
28.51 
35.92 
45.26 
57.02 
71.84 
85.17 
z90 

- 

Bituminous 
coal,+ wt. % 

0.25 
0.43 
0.54 
0.76 
1.26 
2.06 
3.17 
4.30 
6.03 
8.11 

10.06 
11.87 
11.89 
12.06 
10.71 
6.15 
9.75 

47.3'' 

to the primary jet. Fifty five tests were completed; six of 
these tests were conducted without particles in the primary jet. 

TEST FACILITY AND INSTRUMENTATION 

The test facility shown schematically in Figure 1 was 
adapted for parallel and nonparallel (30 deg) secondary 
injection tests. The inlet flow areas of both the primary 
and secondary jets were the same for the parallel and 
nonparallel systems. The 25.5 mm diameter primary jet 
was composed of a two-phase mixture of argon, air, and 
the small silicon particles. The secondary jet consisted 
of air that could be electrically heated. 

Gas and particle samples were taken with isokinetic 
collection probes, and gas velocities were obtained from 
the measured static and stagnation pressures. Eight 
collection and eight stagnation probes were located so 
that radial profile data were collected in two perpendicu- 
lar lines across the duct. Tests were ordinarily made at 
four different axial stations. Argon composition was de- 
termined by gas chromatographic analysis. Particle mass 
flux was determined from the weight of a particle sample 
collected during a timed interval in a ceramic filter. Gas 
flow rates of the primary and secondary jets were deter- 
mined from pressure and temperature measurements and 
throat areas of the flow control nozzles. The particle 
feeder was calibrated and preset for each test. Static 
and stagnation pressures in the probe collar were mea- 
sured on a 2.5 m manometer board. 

DATA REDUCTION 

To minimize the errors introduced by jet and instru- 
ment collar misalignment and other data scatter, the 
radial gas and particle mixing data were statistically fitted 
using nonlinear least-squares techniques (Hedman and 
Smoot, 1975) as illustrated in Figure 2 for argon. Figure 
2 also presents the argon composition profiles for one 
reproduced test at ( z / r l )  of 24. Data points are shown 
in Figure 2 for two of the four axial stations. The du- 
plicate data points at a radial location of 12.7 mm (1.0 
r/rl) from the center line, but at different annular loca- 
tions, show good symmetry in the test mixing section. 
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Similar agreement was obtained between the empirical 
curve fit and the gas and particle data for most of the 
tests. The curve fitted radial profiles obtained for the 
argon composition and the particle mass flux were used 
for basic data comparisons. 

Eight tests were reproduced, and the average differ- 
ence in the reproduced tests for the center line data 
was 7.3% for the argon composition and 10.5% for the 
particle mass 3ux. Three independent mass flow balances 
were computed for all tests by integrating the empirical 
curve fit of the radial profile data for particle mass flow 
rate, total gas flow rate, and argon mass flow rate, and 
comparing the results with known feed rates for particles, 
argon, and total gas. Of the 157 material balance com- 
parisons computed for the fifty-five tests, thirty-eight were 
found to be in error by more than 215%. Much of 
this error was introduced by the difficulty of measuring 
the low velocity levels with a stagnation probe. For the 
case of the smaller particles, the particle material bal- 
ances were consistently low because of problems in accu- 
rately collecting particle samples. For tests with low 
secondary density and high secondary velocity, the argon 
material balance was consistently high. Under these con- 
ditions, a large error in the material balance resulted 
from a small error in the measured velocity. Three of 
the experiments were discarded owing to large material 
balance errors. For the fifty-two tests with material bal- 
ance errors less than 15%, an average absolute error 
of less than 10% occurred for the particles, 5.9% for the 
argon and 6.7% for the total gas. 

In order to discuss rates of mixing in conjunction with 
the center line axial decay plots, two important defini- 
tions are presented. The core length is the distance from 
the exit plane ( d r l  = 0) to the point where the decay 
line intercepts the normalized concentration of 1.0 as 
illustrated in Figure 3. The core length is thus the length 
from the primary jet exit plane to the last point where 
the original composition of the primary stream still exists 
at the jet center line. Smoot and Purcell (1967) have 
shown that this core length is inversely proportional to 
a parameter known as the mixing coefficient for coflowing, 
parallel, free jet systems. In the discussion that follows, 
the term rate of mixing is defined to be proportional to 
the mixing coefficient and thus inversely proportional 
to the core length. 

The second important term is the decay slope, or the 
slope of the logarithmic line fitted to the data in the 
center line axial decay plot. The slope of this line is 
called the rate of decay, which is not necessarily a func- 
tion of the rate of mixing (StowelI and Smoot, 1973). 
The axial decay plots in Figures 3 through 8 indicate 
that the decay slopes do not change greatly as a func- 
tion of injection angle or flow conditions, while the core 
length often changes markedly. Smoot and Allred (1975) 
and Hedman and Smoot (1975) have also shown that 
the rate of decay is not a strong function of mixing rate 
for parallel and nonparallel systems. 

DATA ANALYSIS 

Table 3 summarizes statistically determined core length 
and decay slope values for all tests. Center line decay 
data for nearly all of the tests are shown in Figures 3 
through 8. Data in the figures from tests with high ma- 
terial balance errors are marked (+). The figures also 
show the normalized values of the completely mixed 
argon concentration ( wc/wl )  ,,, and particle mass flux 
( A 4 c / M l ) m .  Detailed radial profiles for all tests are re- 
ported by Memmott ( 1977), together with methods for 
statistical analysis of the core lengths and the decay 
slopes. Observations from these data follow. 
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(MC/M,Im = 0.@38 

- (wc/w,), = 0.053 

- 

- 
0' Injection Angle 

Gas 
A Particle 

30" Injection Angle 

a Particle 
- 0  Gas 

OB r 
0 14 

C' Axial Location (z/rl) 
.g 0.5 
.- c 
a 

0 
C 

E 
B 
Q 

0.4 

0.3 

0.2 

0.1 

0 

Duct Radius, r/r , 
Fig. 2. Example of empirical curve f i t  with data for test condition 1 

a t  30 degree secondary injection angle. 

Gas vs. Particles Mix ing  Rater 
In all of the tests conducted, particles dispersed at 

a much slower rate than the gases. An effort was made 
to insure that the gases and particles were well mixed 
and at near equal velocities at the exit plane of the 
primary jet. However, from that point, even the smallest 
particles dispersed much more slowly than the gases. 
Since the core length is inversely proportional to the 
mixing coefficient, the gas mixing rate was thus deter- 
mined from the data of Table 3 to be two to six times 
that of the particle dispersion rate. This factor was 
similar for parallel or nonparallel injection as illustrated 
in Figures 3 to 5. Even for the smallest mean particle 
size studied (19 pm), gas mixing was about twice that 
of the particles. Major causes of particle dispersion are 
thought to be particle drag due to turbulent motion of 
the gas and mean drag between particles and gas. With 
either of these particle dispersion processes, smaller 
particles are excepted to disperse more rapidly owing 
to their lower inertia. Hedman and Smoot (1975) have 
shown theoretically that the former mechanism was dom- 
inant for a somewliat merent  set of test results con- 
ducted earlier at this laboratory. 

1 .o 

0.7 

- 0.5 . 
su 
b 
g- 0.3 . 
Y - p 0.2 

3 
> 

E 
b 

0.1 

0.07 I " j  
I I I I I I 

2 3  5 7 10 20 30 50 70 

Axial Location, zlr ,  

Fig. 3. Argon and particle center line decay data for test condition 1. 
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TABLE 3. SUMMARY OF CORE LENGTH AND DECAY SLOPE VALUES FOR ALL TESTS 

A. 30 deg injection 
1. Gas parameters 

2. Particle parameters 

B. 0 deg injection 
1. Gas parameters 

2. Particle parameters 

Flow condition 
(Table 1 ) 

1 
2 
3 
4 
5 
6) f 
7 
1 
2 
3 
4 
5 
6 

1 
2 
3 
4 
5 
6 
7 
1 
2 
3 
4 
5 
6 

Core length, cm 

5.5 
5.9 
2.9 
5.1 
3.7 
8.3 
6.0 
15.7 
15.1 
9.2 
14.0 
8.3 
21.0 

9.5 
5.6 
4.4 
11.7 
13.0 
13.5 
13.4 
20.3 
28.1 
25.9 
26.9 
18.8 
30.4 

Core length 
interval,+ cm 

4.7-6.4 
5.4-6.5 
2.9-2.9 
4.6-5.5 
2.6-4.7 

5.3-6.8 
13.3-17.8 
13.2-16.8 
4.7-12.1 
13.1-15.9 
8.2-8.3 
19.4-22.3 

9.0-9.9 
0.2-12.1 
2.1-6.9 
11.0-12.4 
12.0-15.0 
11.9-15.0 
10.0-16.2 
19.6-21.0 
15.1-33.3 
23.6-27.6 
22.7-29.8 
5.5-25.5 
26.0-33.7 

Slope/intervalf**' 

-1.1 (0.10) 

-1.0 (0.00) 

-0.9 (0.12) 

-1 l(0.06) 

- 1.0 (0.06) 
-1.7 
-1.5 (0.15) 
- 1.4 (0.21) 
- 1.2 (0.16) 
-1.2 (0.59) 
-1.5 (0.18) 
- 1.2 ( 0.01 ) 
-1.6 (0.17) 

-1.4 (0.05) 
-0.9 (0.57) 
-1.1 (0.28) 
-1.4 (0.00) 
-1.8 (0.18) 
-1.5 (0.14) 
-1.7 (0.35) 
-1.1 (0.05) 
-1.7 (1.00) 
-1.7 (0.27) 
-1.3 (0.36) 
-1.5 (0.90) 
-1.5 (0.30) 

Core length values are reported in this table in centimeters but are shown in terms n'/n in Figures 3 to 8, where rI = 12.7 mm. 
t All statistical intervals were established at the 70% confidence level. 

a*Term in ( ) is confidence interval; that is, -1.1 (0.10) = -1.1 k 0.10. 
tt No statistical confidence interval could be established for this case owing to lack of data. 

Effect of Injection Angle 
Increasing the angle of injection of the secondary jet 

with respect to the primary jet from 0 to 30 deg (see 
Figure 1) significantly increased the rate of mixing of 
the gases and the parlicles. Depending upon other test 
conditions. mixing rates of both gases and particles were 
about twice as fast with the nonparallel injection as 
with the parallel injection. Particle dispersion rates were 
accelerated to about the same extent as gas mixing 
rates by injecting on an angle of 30 deg, as i!lustrated 
by Table 3 and in Figures 3 to 5. This result suggests 
that significant coiitrol of the mixing process can be 

1.0 

0.7 

F 0.5 

b 
P p 0.3 

2 

. 
3 5 0.2 

8 - 
E 
b 

0.1 

0.0 

No.'s by data points refer to 
test condition of Table 1. 

0" Injection Angle 

0 Gas 

Particle 

I I I l l l l l  I I I  
3 5 7 10 20 30 50 70 

Axial Location. 211, 

Fig. 4. Effects of solids loading level, gas density, secondary velocity, 
and particle size on mixing rates of gas and particles (0 deg in- 

jection). 

achieved through control of the injection angle. Inject- 
ing the secondary stream at an angle of 30 deg increases 
convective mixing between the two jets but may de- 
crease turbulent shear forces. Previous results ( h o o t  
and Allred, 1975) for somewhat different test condi- 
tions have suggested that 60 deg injection may be near 
optimum to promote maximum mixing. A complete theo- 
retical explanation of the interaction of these forces 
in such a complex flow has not been available. 

Effect of Secondary Velocity 

Many pulverized coal combustors and entrained gasi- 
fiers operate with a primary velocity near 30 m/s in order 

1.0 

0.7 

i 
zv 

i 

. 0 5  

0 

. 
3o 0.3 

z 
s" 02 ; 
e - 
b 

0 1  

0.07 

\ 
\ 
\ 
\ 

\ 

30" Injection Angle 

0 Gar 

A Particle 

B o  \* 
NO.'$ by data points refer to test 
condirionr of Table 1. 

7 0  

I I I I 1 1 1 1  I I I l l  
20 30 2 3 4 5  7 10 

Axial Location. d r ,  

Fig. 5. Effects of solids loading level, gas density, secondary velocity, 
and particle size on mixing rates of gas ond particles (30 deg 

injection). 
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P 
. 
: 
2 
E 

k 

8 

- 
0.5 - - 

0.3 - 

Low Secondary Velocity 

A Panicle Gas 

High Secondary Velocity I iwc/w, lm = 0.0251 

0.1 - O G a s  
AParticle 0 Gas 

0.07 - 
2 3  5 7 10 20 30 50 70 

Axial Location. z l r ,  

Fig. 6. Effect of secondary velocity on gas and particle center line 
decay. 

TA.BLE 4. EFFECT OF SECONDARY VELOCITY ON RELATIVE 
JET MIXING RATES 

(RECIPROCAL CORE LENGTH, m - 1 )  

Case 
0 deg injection 30 deg injection 
Gas Particle Gas Particle 

1 ( Low sec. vel. ) 10.6 4.9 18.1 6.4 
3 (High sec. vel. ) 22.7 3.9 34.0 10.7 

to minimize erosion, Secondary velocities can be some- 
what greater when the secondary stream does not con- 
tain particles. In selected tests, the velocity of the sec- 
ondary air was increased from 38 to 61 m/s. As illus- 
trated in Figure 6 and summarized in Table 4, gas 
mixing rates (reciprocal core lengths) were approxi- 
mately doubled for either 0 or 30 deg secondary injection. 
However, particle dispersion was not increased with in- 
creasing velocity using panallel secondary injection (see 
Figure 4) and was somewhat less than gases for non- 
parallel secondary injection. When primary and secondary 
velocities are nearly equal, turbulent shear stresses and 
thus mixing rates in parallel coaxial systems are p a t l y  
reduced. It is therefore not surprising that an increase 
in the secondary velocity, which increases the difference 
in the primary and secondary velocity, leads to higher 
turbulent stresses and high jet mixing rates. Control of 

velocity is another parameter that can be 
used to control the mixing processes in these 

types of combustion systems, especially for the gases. 
Effect of  Solids Loading 

In many pulverized coal furnaces and gasifiers, solids 
loading levels of 40 to 90 mass % are typical. In these 
tests, the mass percentage of solid particles in the pri- 
mary jet was varied from 0 to 60%. Over the entire 
range studied, neither gas nor solid mixing rates were 
significantly altered by the presence of the particles 
at either level investigated for nonparallel injection. 
Gas mixing rates seemed to be enhanced somewhat 
with increasing percent solids, while some decrease was 
observed in particle dispersion rates using parallel in- 
jection. However, from Table 3, these observations are 
generally not significant at the 70% confidence level. 
Some of these observations are illustrated in Figures 
4 and 5 and summarized in Table 5. Previous laboratory 
measurements for jets with significantly different vel- 
ocities and particle sizes and up to 30 mass % of solids 

TABLE 5. EFFECT OF SOLIDS LOADING ON RELATIVE 
JET MIXING RATES 

( RECIPROCAL CORE LENGTH, m - 1 ) 

0 deg injection 30 deg injection 
Case Gas Particle Gas Particle 

7 (0% loading) 7.5 - 15.5 - 
1 (40% loading) 10.6 4.9 18.1 6.4 
2 ( 60 % loading ) 17.9 3.6 18.9 6.6 

TABLE 6 .  EFFECT OF GAS DENSITY ON RELATIVE 
JET MIXING RATES 

( AECIPROCAL CORE LENGTH, m - 1 ) 

Case 
0 deg injection 30 deg injection 
Gas Particle Gas Particle 

1 (High sec. density) 10.6 4.9 18.1 6.4 
4 (Low sec. density) 8.5 3.7 19.8 6.9 

(Hedman and Smoot, 1975; Smoot and Allred, 19751 
showed little effect of solids on gas mixing rates for 
parallel injection. 

Effects o f  Gas Density 
In coal furnaces and gasifiers, variation of primary 

gas density is limited by problems in coal softening at 
higher temperatures; however, secondary temperatures 
can be varied somewhat in order to improve combustion 
efficiency or to otherwise alter the reaction process. 
Higher inlet temperatures are often limited by material 
problems, while lower temperatures can lead to low 
combustion efficiencies. In these tests, the secondary 
gas density was altered by increasing the inlet gas tem- 
perature from 283" to 370°K. Over this relatively small 
but practical variation in secondary gas density, no 
significant effects of particle or gas mixing rates were 
observed using nonparallel injection (see Figure 5 and 
Table 6 ) .  For parallel injection, lowering the secondary 
gas density by about 25% reduced gas and particle 
mixing rates by about 25 to 35% (see Figure 7 and 
Table 6 ) .  Thus, the effects of changing secondary density 
were not nearly as significant as changes in injection 
angle or secondary velocity. Reducing secondary density 
reduces the momentum level and thus the turbulent 
stress between the primary and secondary streams. 
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I I I I I I I 
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Axial Location. J r ,  

Fig. 7. Effect of secondary gas density on the rates of decay of 
particles and g a d  deg injection angle. 
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TABLE 7. EFFECT OF PARTICLE S ~ E  ON RELATIVE 
JET MIXING RATES 

(RECIPROCAL corn LENGTH, m-1) 

Case 
0 deg injection 30 deg injection 
Gas Particle Gas Particle 

5 (small, 19.0 pm 1 7.4 5.3 27.3 12.1 
1 (standard, 38.6 Fm) 10.6 4.9 18.1 6.4 
6 (large, 54.1 +an) 7.4 3.3 12.1 4.8 

1 .o 

0.7 

i 
P 
. 0.5 

0” Injection Angle 

A 30‘ Injection Angle \ i  
0.07 * T M  Condition - See Table 1 

I I I I I I I 
2 3  5 7 10 20 30 50 70 

Axial Location, z l r ,  

Fig. 8. Effect of particle size on the rate of decay of particles. 

Effect of Particle Size 
Many coal processes use finely pulverized coal, whose 

size is often in the range of 70% through 200 mesh. 
The mass mean particle size of such coals is usually 
in the range of 50 to 70 pm, with significant quantities 
of individual particle sizes in the range from 5 to over 
100 pm (Table 2) .  In this study, three separate size 
distributions of silicon were examined. Mass mean 
7 1.5 

A Low Density Secondary A Standard Condition 

0 High Solids Loading Small Powder 

0 High Velocity Secondary Large Powder 
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Fig. 9. Comparison of mixing rates of gases and particles. 
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diameters were 19.0, 38.6, and 54.1 pm. Test results 
in Table 7 and Figures 4 and 5 show that increasing 
particle size at fixed solids loading (40%) caused sig- 
nificant decreases in gas mixing rates for nonparallel 
injection but had little effect on gas mixing rates for 
parallel injection. Further, results of Table 7 and Figure 
8 show, not surprisingly, that particle dispersion rates 
are dependent upon particle size. Mixing rates using 
the smallest particle set were about 1.5 to 2.5 times 
faster than those with the larger particle set, with the 
greater effect observed using nonparallel injection. Even 
the smallest particles (19.0 pm) indicate significantly 
slower dispersion rates than the gases. 

Correlotion of Particle and Gar Mixing Rater 
In all cases tested, particles were observed to disperse 

less rapidly than the gases. A correlation of particle and 
gas mixing rates is shown in Figures 9a and b, where 
the reciprocal of the particle core length is plotted vs. 
the reciprocal of the gas core len h for both parallel 

mixing is inversely proportional to the core length, Fig- 
ures 9a and b are essentially plots of particle mixing 
rate vs. gas mixing rate. Each datum point includes 
confidence intervals for those cases where the interval 
is larger than the data point. 

For the y l l e l  system, the test variables appear 
to have ha a significant effect on gas mixing rates, 
but almost no effect on particle mixing rate. A statistical 
analysis of these data resulted in a correlation coefficient 
of 0.06, which indicates very little correlation between 
particle and gas mixing rates. 

A much stronger interaction of particle and gas mixing 
rates was observed for the nonparallel system, Both 
particle mixing rates and gas mixing rates appear to 
be affected significantly by the test variables investigated. 
The correlation coefficient for these data was 0.82 ( R 2  
= 0.82), which indicates a much stronger correlation be- 
tween the gas and particle mixing rates. 

The relationship of gas and particle mixing rates is 
a strong function of injection angle, and this observation 
suggests a technique for independent control of gas and 
particle mixing rates. Such control of the mixing proc- 
esses may lead to increases in combustion efficiency or 
to reduction in the rate of pollutant formation. 

and nonparallel systems, respective F y. Since the rate of 

NOTATION 

M 
r = radial coordinate, m 
rl 
R2 = statistical correlation coefficient 
w 
z = axiaI coordinate, m 

Su brcriptr 
1 = primaryjet 
c = center line 
m = meanvalue 
m = completed m&d value 

= mass flux of particles, kg/m% 

= primary jet radius, m 

= argon molar concentration, kg mole/m3 
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Dispersion Measurement in Clogged Filter 
Beds: A Diagnostic Study on the 
Morphology of Particle Deposits 

The use of tracer dispersion measurements in conjunction with associated 
pressure drop data, as an indirect diagnostic technique for the determination 
of particle deposit morphology in deep-bed filters, was investigated. The 
dispersion measurements consisted of the injection of an electrolyte tracer 
pulse at the inlet and the monitoring of the tracer peak as it traveled down 
the bed, while the pressure drop data consisted of the axial pressure gradient 
histories as deposition took place. These data are interpreted using dispersion 
and pressure drop theories established on the basis of assumed models of de- 
posit morphology. The validity of this technique was confirmed experimen- 
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The development of an experimental procedure for the 
determination of the morphology of particle deposits in a 
clogged filter bed using a combination of tracer dispersion 
and pressure drop measurements is examined. In conces- 
sion to the inherent difficulties associated with possible di- 
rect methods of ascertaining the nature of the deposited 
material in a practical filter bed, the method explored here 
is indirect and essentially inferential. The basic idea of the 
present diagnostic procedure is to develop pressure drop 
expressions corresponding to various assumed deposit 
morphologies. Thus, a quantitative description of the 
change of the bed structure in the clogged filter can be ob- 
tained from values of the pressure drop increase. Further, 
using the inferred data on the altered bed structure, cal- 
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culations relating to the response of a tracer pulse injected 
at the bed inlet, and in particular those relating to the 
speed of travel of the tracer peak through the bed, are 
carried out. These calculated predictions are then com- 
pared with experimental tracer dispersion measurements. 
Poor agreement between prediction and experiment would 
mean that the original assumed deposit morphology is in- 
appropriate, while satisfactory agreement would at least 
suggest that the basic model assumed for the distribution 
of deposited matter is plausible and a suitable candidate 
for further development. The work reported here consists 
of three parts: the analysis of the convective dispersion 
problem relating to the response of a tracer pulse injected 
into a clogged filter bed, the development of relationships 
between pressure drop increase and change in bed struc- 
ture due to clogging corresponding to assumed deposit mor- 
phologies, and dispersion measurement in a clogged test 
filter resulting from the filtration of aqueous talc suspen- 
sions in order to confirm the validity of the technique. 
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