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l.O SUMMARY 

Operating parameters for a 273 l i te r ,  tapered, fluidized bed were 
obtained for 36, 50, 75 and llO kg of coal particles fluidized with 
nitrogen and water. The parameters included the minimum and maximum 
operating flowrates, the axial and radial pressure and dissolved oxygen 
profile and the axial volume fraction {holdup) profile. The mlnlr,~um 
operating flowrate was independent of coal loading and the solids 
holdup decreased with height for the two phase, water-coal system. The 
solids holdup was constant with height in the three-phase system at liquid- 
to-gas flowra~ ratios ofapproximtely ten. Oxygen profiles were obtained 
at four flowrates for the 36-kg loading. Oxygen transfer from the 
water to the nitrogen was greatest at the lowest gas and liquid flow- 
rates (5.6 and 13.1 s/rain) with an overall mass transfer coefficient of 
~0.08 min -:. No radial oxygen of pressure variation could be detected at 
any axial position. 

I t  is recommended that oxygen mass transfer be investigated at 
liquid-to-gas flowrate ratios less than one for several bed loadings. 
Decreasing the inlet bubble size and installing redistributor plates 
within the column are also suggested-to improve the mass transfer. 

2. INTRODUCTION 

2. l Background 

A tapered, cocurrent, f l u i d i z ~  bed has advantages as a reactor 
vessel for biological processes. Fluidization prevents bion~ss from 
plugging the reactor, and the increase in column cross sectional area 
with height recuces the superficial velocity and therefore ins tab i l i t ies  
such as slugging, in previous studies, degradation of phenol and nitrates 
and gas-liquid mass transfer as a ~unction of flow rates, part ic le size 
and solids loading, have been studied ~ t h  a bench-scale, tapered, 
f luidized bed (.lO,1]_~). A 273-l i ter, tapered, f lu idized bed 
reactor has recen-Etlj,~n lnst~lled at the Chemical Technology Division of  
ORNL to investigate scale-up parameters associated with ¼hese processes. 

Basic operating parameters for this reactor such as the minimum 
fluidization velocity, maximum fluid flow rates, phase volume fractions 
(holdups) and oxygen and pressure prof~/les along the bed are needed as 
a function of solids loading and liquid-gas flow rates prior to starting 
up the reaction. 
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The minimum f luidizat ion velocity is the lowest l iquid and gas super- 
f ic le] velocity necessary to f luidize the bed, and the maxin~ operating 
velocity is defined as the superficial velocities that wi l l  place the 
height of the f luidized bed at the top of the column. This velocity is 
less than terminal velocity or maximum f luidizat ion velocity. The phase 
holdups or volume fractions are the relative amounts of solid, l iquid,  
and gas in a given volume. Since-the microorganisms grow on the solid 
phase (coal part ic les),  the solids holdup is a measure of the a~unt of 
bionk~SS per unit volume. Thus, the phase holdups are needed to predict 
optimum coal loadings ~nd nutrient and oxygen concentrations in the in le t  
streams. The pressure profi le is used to calculate the bed height and 
the volume fraction profi les. 

For this investigation, coal particles (-30 to +60 mesh) were 
fluidized with water and nitrogen. Since the in let  water was saturated 
with oxygen, the oxygen mass transfer was from the liquid to the gas. 
When operating as a bioreactor, the oxygen transfer wi l l  be from the gas 
to the liquid. 

2.2 Objectives 

The objectives were to determine: ( l )  maxim~and minimum operating 
liquid and gas flow rates as a Function of solids loading, (2) axial'and ° 
radial pressure and oxygen concentration variation through the reactor, 
(3) axial phase holdup variation, and (4) estimation of the gas-liquid 
mass transfer coefficient. 

2.3 Method of Attack 

Minimum fluidization and maximum operating velocity for the ~o- 
phase, so l id - l iqu id  system were determined at coal loadings of 36, 50, 
75, and 110 kg. Gas and liquid flow rates that fluidized tl:.~ bed near 
intermediate and minimum fluidization levels were also determined ~t 
these loadings. Oxygen concentrations and pressure were determined with 
probes inserted into nine ports along the column "and samples of the bed 
composition were also obtained from these ports to determine the phase 
holdups. A summary of the operating conditions for each experiment i s  
presented in Table 1 of Section 3. 

3. APPARATUS AND PROCEDURE 

As shown in Fig. 1, the 4.5~-m (15-ft) column consists of two 1.22 m, 
tapered sections separated by a.straight section of equal length. A top 
section and the adjacent 0.21 nP(55,gal) drum allows entrained solids to 
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settle. A recycle pump supplements the inlet water flow rate. However, 
the fresh water feed was used for a l l  flow rates below 76 liter/min. 
Nitrogen flow rates were measured with an orifice meter. 

The axial pressure profile was measured by connecting nine manometers 
to the ports on the side of the column. A tube, with several small holes 
near its end, could be inserted into the columr, through the ports to 
measure the radial variation in pressure. The oxygan concentration 
was obtained by attaching a 40 ml-chamber containing ~ YSI dissolved 
oxygen probe to this tube. Water flow through the sample chan~er was 
controlled with a valve so that a constant residence time could be main- 
tained for different positions along the column, 

To determine the volume fractions, 500ml of coal slurry was taken 
from each sample port. The sample was weighed then dried to determine 
the mass of the coal particles. The dried coal was then mixed with a 
known volume of water and the final volume of the coal-water slurry was 
measured to determine the density of the coal. With this density and 
the density of water, the solid and liquid volume fractions for the 
sample were calculated from the in i t i a l  zample weight, I t  was necessary 
to determine the coal density at each port since there was an apparent 
stratif ication of coal particle size with bed height, I t  was assumed 
that the ratio of solid-to-liquid volume fraction in the bed was the same 
as that in the sample. The volume fractions in the bed were then deter- 
mined with this ratio and the pressure drop across that section of the bed. 
Details of the calculation are presented in Appendix g.1. 

Minimum fluidization velocities were obtained by monitoring the 
pressure drop through the bed as the gas and liquid flow was increased, 
until the pressure difference between the bottom and top pressure tap was 
constant. The maximum operating flow rates were determined by adjusting 
the liquid and gas flow rate until the bed could be seen in the top window. 
Liquid and gas flowrates and the fluidized bed height for al l  experiments 
are presented in Table l ,  

At high gas velocities, entrainment of solids beomces a problem. 
centrifugal pump was connected to the bottom of the collection drumto 
recycle solids back to the column. 

A 

4. RESULTS AND DISCUSSION OF EXPERIMENTAL CONDITIONS 

.4.1 Minimum and Maximum Operating Conditions 

In Fig. 2 the maximum and minimum liquid superficial operating velocity 
(no gas flow) is plotted against coal loading. The velocity is calculated 
fr~, the liquid flowrate and in the cross-sectional area at the bottom of 
~he reactor. The minimum operating velocity is seen to be independent of 



TABLE I |  OPERATING CONDIT[ON$ FOR EXPERIHENTS 

Soltds Loe¢tng, H 5 
(Kg) 

36 

50 

75 

110 

Flow Rates 
(~/mln) 

L G 

13,'5 0 
52.3 0 
60.7 0 
88.4 0 
13,1 5.6 
48.3 5.6 
52.1 8,2 

13.8 0 
60.5 0 
20.5 20.2 
54.5 5.4 

13.7 0 
28.7 0 
42,2 0 
13,4 1,4 
12.3 3.2 
31.9 3.2 

13,9 0 
14.7 0 
18.1 0 
10.0 11.1 
13.8 6.7 
14.6 11.0 

Bed Hdtght (cm) 
Statlc,Hbs Flutdized,Hb 

Degree of Fluldtzatfon 
Hb/Hbs 

104 140 1.3 
270 2.6 
330 3.2 
350 3.5 
141 1.3 
217 2.1 
280 2.7 

132 181 1.4 
339 2.6 
231 1.8 
289 2.2 

182 213 i .2 
291 1.6 
335 1.8 
230 1.3 
234 1.3 
319 I .8 

242 3O5 I .  3 
309 1.3 
321 1.3 
279 1.2 
292 1.2 
289 1.2 
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02 ¢s 

X X 
X X 
/ / 
X X 
¢ X 
/ / 
¢ X 

X / 
x / 
X / 
X v' 

x / 
x / 
X ," 
X ," 
X / 
X ¢ 

X ,,' 
X ,/ 
X ¢ 
X ,/ 
X ,/ 
X v' 

CO 
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coal loading as is expected, since this velocity corresponds to the 
minimum fluidization velocity which is independent of the number of 
particles according tc Wen and Yu (12). The maximum operating velocity, 
defined as the liq;Hd flow rate at which the solid bed was at the top of 
the column, shows a decrease with increasing coal loading, The maximum 
operating velocity does not correspond to the terminal velocity, or the 
l iquid veloci~- at which the particles leave the bed. The maximum 
operating velocity decreases with increasing coal loading since there are 
a larger number of pa;'ticles in the bed as the solids loading increases. 

The effect of gas flowrate on the minimum !iquid fluidization velocity 
is presented in Fig. 3. Unfortunately, the influence of the gas flowrate 
at l iquid flowrates much less than the minimum liquid fluidization rates 
(Fig. 2) was not determined. Thus the data in Fig. 3 only indicate the 
solids are chiefly fluidized by the liquid flowrate. 

4.2 Pressure Profiles 

The pressure drop across the bed increases until the fluid velocity is 
sufficient to suspend the particles. At this minimum fluidization point, 
the pressure drop across the bed is equal to the weight of the suspended 
particles. In Fig. 4 the pressure at each port minus its static bed pres- 
sure is plotted against column height at minimum fluidization for the four 
coal loadings. For each loading there is a dist inct change in slope in 
the axial pressure profi le. This change in slope corresponds to the solid 
bed height. The bed height at minim~n fluidization increases with coal 
loading. This is expected since the static bed height also increases with 
coal loading. 

At constant solids loading and no gas flow, increasing the liquid 
flow rate produces the pressure profile shown in Fig. 5. Once again, 
the change in slope of the profile corresponds to the height of the bed. 
Ideally, the pressure above the solid bed should be the same for all flow 
rates. However, limitations in the column draining capacity caused the 
water level above the bed to rise slightly ~th liquid flow rate. 

The radial pressure variation at a constant liquid and gas flow rate 
and coal loading is shown in Fig. 6. The r~dial pressure readings are 
plotted against reduced radius {radial distance from center divided by 
the column radius at that height). Readings were taken ~th the probe at 
the bottom two ports (20 and 61 ~) and the port at the top of the 
middle section (2Z3 cm). The vertical bars through the points represent 
the oscillation of the manometer reading during measurement. There was 
no measurable radial pressure variation at any of the probe positions. 



"G 
1 . 0 "  

U .  
E 

- -J  

0 
. . J  

0.5-- 
I--4 

n 

H 

(3"  

..1 

0 
i i i 

I I 
Flow Rate (9,/min) " 

L G 

O 13.6 0 

13.4 1.4 

A 13.1 5.0 

13.8 6.7 

6 

i i i  i m 

I I I I I 
30 40 50 6O 79 

COAL LOADING, M S ( kg) 

I i i 
80 90 I00 

MASSACHUSETTS INSTITUTE OF TECHNOLOGY 
SCHOOL OF CHEMICAL ENGINEERING PRACTICE 

AT 
OAK RIDGE NATIONAL LABORATORY 

EFFECT OF GAS FLOWRATE ON, 
THE MINIMUM LIQUID 

FLUIDIZATION VELOCITY 

DATE IDRAWN BY |FILE NO. /FIG,  
6 /18m I JCE ICEPS X 2S~I 

. L  

.=...I 
,--.,I 



60 

50 

40 

P(H)-P(H) S 

30 

(CM H201 

2O 

10 

Or' 

[] 

,A 

6 

! 

2O 

D O ~'i 

[] 

6 

,J, 

6r, 

[] cC 
O ~ 

[] 

! , ,, I 

100 140 180 

HEIGHT, H (CM) 

1 

MS H b L__ 

5(I 132 13.1 

A 36 101 13.1 

[ ]  75 230 13.4 

110 292 13.8 

. ,  

0 
220 

( ~ / m l n )  

ii ii ii ii 

G 

1.5 

5,6 

1.4 

6,7 

O 
. . ~  

260 3rJrJ 340 
i 

M A S S A C H U S E T T S  I N S T I T U T E  OF T E C H N O L O G Y  

SCHOOL OF CHEMICAL ENGINEERING PRACTICE 
AT 

O A K  R IDGE N A T I O N A L  L A O O R A T O R Y  

AXIAL PRESSURE GRAOIENT 
AT MINIMUM FLUIDIZATION 

D~,,, Io,.~e , I~.~.~f l ' ,ol  

P~ 



I I I I  

40" I 

P(H)-P(H) S 

(CM H20) 

[] 

O 

0 

0 
30, 

20. 

I0- 

O. 

-10 i .  | 

0 2O 
C (~.IMIN) 

13,6 

52,3 

60.7 

88.4 

I I  I I  B I I I  

O 

i 

60 

140 

270 

330 

360 

i i 

0 
D 

O 

L~ 

I Ill • i I ' 

NO GAS 'FLO[~ 
H S = 36 KG 

0 0 
0..'" El Or 

n 0 
[] 0 

n 
, O  • • El 13 

• • 

" i  - .... i i IT  ' ' 

100 14q , 180 220 26I) 

HEIGHT '(CM) 

| -'V 

300 340 

IIII II III I llll 

MASSACHUSETTS INSTITUTE OF TECHNOLOGY 
SCHOOL OF CHEMICAL ENGINEERING PRACTICE 

AT 
OAK RIDGE NATIONAL LABORATORY 

AXIAL PRESSIJRE PROFILES 
CONSTANT SOLID LOADING 

DATE IORAWN BY I FILE ~ 0 ;  / '~1~; " " IJJ 

5-18"77 I aCE ICEPS'X'25~ 5 

, . . , J  

G,,J 

I 
I 



o 
N 

B 

I 
A 

i rl. 

40- 

i ii i i i i, ii ii i i i 

30 j 

20-  

10, 

o.~ 

-lO 

{. { ] 

.0 

i1,, , , 

1 
-0.5 

PROBE POSITION, (CM) 

A aO 

0 61 

D 223 

" ~ i - -  I 

O.O 0.5 1.0 

REDUCED RADIUS 

M S = 35 Kg 

UI. = 13.1 e./HZN 

UG-- 5.6 e./H[N 

iiii i 
MASSACHUSETTS INSTITUTE OF TECHNOLOGY 

SCHOOL OF CHEMICAL ENGINEERING PRACTICE 
AT 

OAK RIDGE N A T I O N A L  L A B O R A T O R Y  

i 

RADIAL PRESSURE PROFILES 

OATE lbR'WN SY IFILE NO, |r iG. 

4=, 



15 

4.3 Volume Fraction Profiles 

Vol~ne fraction profi les were determined for  50, 75, and l lO kg 
loadings at each l iquid and gas flow rate. Solid, l iqu id and gas volume 

f rac t i on  prof i le  data are tabulated in Appendix 9.4. The variation of 
the solid volume fraction prof i le with loading and operating conditions 
is presented in Figs. 7 through lO. The sol id fraction decreases 
with height at the minimum and maximum l iqu id operating velocit ies (no 
gas) as shown in Figs. 7 and 8, respectively. The volume fractions are, 
of course, smaller in Fig. 8 due to the larger bed volmm. The int ro-  
duction of gas into the bed made the distr ibut ion of solids more uniform 
at low gas flowrates (Fig. 9)° At higher gas flowrates, the concentration 
of solids again decreased with height for 50 and 75 kg loadings but 
went through a maximum at approximately two-thirds the bed height for 
llO kg (Fig. lO}. The solids prof i le  also went through a maximum at a 
lower l iqu id flowrate (lO,O ~/min) and the same gas flow rate for  the 
llO kg loading (Appendix 9.4), The un i fomi ty  of solids d ist r ibut ion in 
Fig. 9 can probably be attributed to solids being drawn along in bubble 
wakes. Greatly increasing the l iqu id flowrate (e.g. 75 kg case, Fig. lO) 
at low gas rates led to a decrease in the solids prof i le  again which 
might be due to bubble break-up as suggested by Michelsen and 
Ostergaard (8"). Inab i l i t y  to sel; the gas at a desired level made i t  
d i f f i c u l t  to isolate the effect of this t~lowrate on the holdups. 
Repetition of these experiments with a more systematic variation of flow- 
rates should be performed to develop a correlation. 

4.4 Oxygen Concentration Profiles 

Oxygen concentration profi les were only determined for the 36-kg 
loading. The axial concentration variation as a function of l iqu id  and 
gas flowrata is presented in Fig. l l .  The greatest transfer between the 
l iquid and gas occurs at the lowest flowrates. • The oxyqen concentration 
in the exi t  gas at these T-lowrates is approximately three Percent of the 
equilibrilB1 value (Appendix 9.2}. Thus, the transfer between phases could 
be further improved by decreasing the l iqu id flowrate, insta l l ing a 
sparger on the gas in le t  l ine,  and redistr ibutors within the column. 

Unfortunately, holdup data were only taken at one l iqu id and gas 
flowrate for this loading (48.3 and 5.6 o/rain). I f  the data in Fig. 9 
are also representative of the 36 kg loading, the volume fract ion prof i le  

"should be more uniform at ~che lowest l iqu id and gas f'lowrates. This 
might also account for the greater mass transfer at these conditions. 

As shown in Fig. 12, there was no significant radial concentration 
variat ion. Although i t  seems unl ikely that  such a variation would exist ,  
the present method of drawing a sample from within the column through the 
detector cell might be too insensitive to detect i t .  Insertion of a 
probe in to  the column would provide a more~ccurate determination. 
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There were significant problems in obtaining reproducible data 
with the oxygen concentration p~obe. The original Y.S.I .  probe had an 
unsupported membrane that osci l la ted with the column pressure.- This was 
replaced with an Inst~nb~on Laboratory probe that was accurate to 
approximately 0.5 ppm. 

Although the oxygen concentration data are sparce, an estimate of an 
overall mass transfer coef f ic ient  was made assuming that each colum section 
betWeen sampling ports could be treated as a well mixed reactor. The 
values of  KLa ranged from 0.02 to O.14 rain "1 (Appendix 9.3). However, 
an order of magnitude estimate of 0.1 rain "] is a more real ist ic volume 
when the uncertainty in the oxygen concentration measurements and a s s ~ -  
t ion of the calcUlation are considered. 

5, CONCLUSIONS 

I. 

. 

. 

. 

. 

. 

The minimum operating flowrate is independent of loading and for 
this coal is approximately 14 J~/min. 

The maximum liquid flow rates are approximately 88, 60, 42: and 18 
{/rain at 36, 50, 75, and l l o  kg coal, respectively. 

With no gas flow, the solids holdup decreases with height at both the 
minin~jm and n~ximum liquid flowrates. 

The least variation of solid and gas holdup with height occurs at the 
minimum gas and l iquid flowrate. 

The maximum oxygen mass transfer occurred at the lowest liquid a~d 
gas flowrate. 

No radial variations in either pressure or oxygen concentration were 
detected. 

6, RECOMMENDATIONS 

I. 

. 

Attempt to fluidize the bed at liquid-to-gas flowrate ratios (L/G) 
less than one. 

Determine the oxygen Concentration profile and mass transfer at low 
liquid and gas flcwrates (L/G <_ l)  for several coal loadings. 
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. 

. 

. 

Decrease the bubble size by insta l l ing redistributors and a sparger 
at the gas in le t .  

Insta l l  a flowmeter on the gas in le t  l ine to f a c i l i t a t e  operating 
the column. 

Insta l l  a cyclone separator to contain the solids i f  the column is 
to be operated ~ t l a rge  f lo~rates. 
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National Laboratory. 
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Therefore, 

~L' = (PS- PT)(Ps _ PL ) PS - PT 
K - -  °T "L ~S' PL ) = 

(6) 

Since PL and PT were known and since ~ was determined from the dried coal, 
K could be calculated. With K the volume fractions within the bed section 
can now be detemined: 

cG + CL + ~S = 1 (7) 

- ~L 
K -  ~s (e) 

Ap = ~*S CS + PG CG + PL cL]gSh (9) 

Therefore, 

ep/gAh- PG 
~s ; k(~, L . oG J + (°s (lo) 

I f  PG < < PS or PL' Eq. O~ can be approximated with: 

- ap ( 1 1 )  
"S (KnL + ps)g6h 
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9.2 Approach of Gas ~nd Eiquid Oxygen Concentration 
to Equilibrium 

The oxygen mass transfer was greatest at 13.1 £/min liquid 
and 5.6 c/rain nitrogen flowrate. The ratio of outlet liquid and 
gas concentration can be compared to the equilibrium value to determine 
i f  transfer between the phases was complete. From the data in Fig.rill, 
the liquid oxygen concentration varied from 9.3 to 6.4 ppm. At 20 vC 
the solubility ratio is: 

H = 4 . 0  x 104 - P°2 
Xo 2 

(12) 

The outlet water concentration was 6.4 ppm or 2 X 10 -4 mole/£. Thus 
Xo 2 was: 

Xo2' 2 X 10 -4 - 3.6 x 10- 6 (13) 
2 x 10- 4+  55.5 

and 

Po 2 = (4.0 X I04)(3.6 x lO -6) = 1,4 x lO -I arm. (14) 

Now i f  the loss of oxygen from the water is assumed to be in the gas, 

or 

9.3 - 6.4 = 2.9 ppm 02 transferred 

(2.9 x lO-3gm 02)(13.1 ¢ H20) 3~8 x 10 "~ gm 02 
min m~n 

(15) 

Assuming an ideal gas and 1 atmosphere total pressure, 
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3.8xi0-2 gm_O_2tl molelr22.4 ~ 
rain "32 gm " mole " = 0.026 z/nfin (16) 

Since the nitrogen flow rate was 5.6 ~/min, the outlet oxygen mole frac- 
tion was, 

yo 2 = 0.026 = 4.62 x lO -3 (17) 
0.026 + 5.6 

and 

Po 2 = (4.62 x lO'3)(1 atm) = 4.62 x lO "3 atm (18) 

ThuS, 

4.62 x lO "3 

1.44 x I0 -I 
= 3.2% of the equilibrium value (lg) 

9.3 Estimate of KLa 

Application of mass transfer theory to the 16-ft tapered column 
must be prefaced wlth a consideration of which parameters vary through 
the column and how they vary. The tapering causes an increase in cross- 
sectional area with height and a resulting decrease in superficial 
velocity. There is a significant pressure change with height and +~is 
pressure change affects the interfacial area per unit volume as well .as 
the equilibrium oxygen concentrations in the liquid and gas. 

In the absence of holdup data or tracer tests to estimate dispersion 
within the colum~m, an order of magnitude calculation for KLa, the overall 
mass transfer coef f ic ient ,  can be estimated by equating the dissolved 
oxygen concentration change between two column positions to the rate of 
transfer to the gas phase. That is ,  

ULA[CL 1 - CL2] : KLa VsZCL2 - C L] (20) 

mere CL would be the liquid oxygen concentration in equilibrium with 
the gas phase concentration and VS is assumed equal to the reactor volume 
between the two measuring points. The ass~tion has also been made that 
the average liquid concentration is equal to the outlet concentration, 
i.e., a CSll~. The section inlet and o~let concentrations {CLI and CL2) 
are known but the section volume and C L" must be calculated. For a 
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tapered section of column, 

~h, 2 
V S = ~r I +rlr 2+ r )  (21) 

"k" 
The equilibrium concentration, C L , can be estimated with Henry's Law. 

* C L P02 Y02PT 
X02 = C L + CH20 = H - H 

(22) 

CH20 

< i - -  1) 
(23) 

Now, both Y02 

~_-PT 

and PT vary with column posit ion, 

= PA + PS + PH (24) 

assuming the water level was at 400 cm, 

PT = PA + pg[400 - H + AH] (25) 

where AH is the manometer reading and H is the height from the bottom of 
the column. The mole fraction in the gas, YO~, is calcu]ated from the 
decrease in the l iquid oxygen concentration alld the nitrogen flow rate as 
shown in Appendix 9.2 with the exception tnat the gas molar vollatte is 
corrected for  the pressure variation. Once the variab]es are determined 
as at each column position, KLa can be calculated From 

KLa 
. ULA(CL I - CL2) 

...Vs CL2 c,.) 

Date for one experiment and the c,~lculated values of KLa are l is ted in 
Table 2. .. 



TABLE 2: DATA FOR CALCULATING KLa 

II(cm) PT(atm) VG(L/rm.le) CL(ppm) 6CL(ppm) CL*(ppm) 

20 1.42 17.2 9.3  O. 7 0.05 

61 1 ; 37 17.8 8.6 
101 1.32 18.4 - 
155 1.26 19.3 8.2 1,4 0,11 
182 1.23 19,8 6.8 0,3 0.02 

223 1.19 20.5 6,5 

(CL] - CL )/(CL2 - CL* ) 

8,15 X 10 "2 

2.08 X 10 "1 
4.63 K 10 -2 

Vs( ) 
15,6 

19.7 
29.9 

KLa(mf n" ! ) 

6.84 X 10 -2 

1,38 X 10 "z 
2.03 X 10 .2 

LID, 

HS = 36 Kg 
L - 13.1 ~/mtn 
G = 5 .6  ~/mtn 
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9;4 Tabulation of Oats and Operating Condttto.s 

COl~ ~OADING • 38,~ Kg 

VA~U[ ~F EERO XEANY ~0 ~EASURE~EHT . 
L s 1~.6 L/~IH 

COMDITjO~: • ~l~l~Uq r~UIOIEATIO~ 
PRESSURE ABOVE STAT|G H£lOe CH H20 
N[|GHT 2eC~ ~ 6~CN I~ICH 155CH ~82CH ~23CM 264CH 3g4GH 3450fl 

46,6 21,B 2U,6 21.8 21c8 2 2 . I  22,~ 21~5 | , l  
OENSITY~ G/O~3 
H[|GHT 2eC~ 61C~ 1')~C~ ~SSC~ ~B20H 223C H 264CH 384c~ 348c~ 

VOLU~[ FRAOTIO~S 
B~T~EE~ ~$ E~ EG 

PPN flXYGE~ 
H[|G~T 27C~ 62CM 1-'~OH 1S5¢H ~82~H ~2~M 264CH.364GH 345CM 

• 52.3 ~/HIN 

-BID kEIG~T • 27#,= G,4 
¢O~OZTIO'~ • INT(qq£D|AT( FLUIOI|AY|O~ 
PRtSSUU£ ~OVE STAT|~ HE*De CM N20 
HEIGHT 2~C~ 610~ I~ICH 155CH 182C~ 223~H 2840H 3B4GH 34~CM 

49.2 44m~ 38,S 33,3 31,2 28.9 86.7 26,7 a l l  
D[N$ITYI G/C~3 
HEIGHT 26C~ 61¢H 1~1G~ ~55C~ 182CH 223CH 264CM 3840M 34~8~ 

VOLU~[ F~A~TI~S 

PPN OXYG[N 
H[|G~T 21C~ 61C:t I~10~ 155CH 182C~ Z2~=H 284CM 3E4¢M 34SOH 

• 88.4 L/~IN 
G s e . f  L/H;h 

CO~DITiO~ • ~AX|~U'~ r~UlDlIATlO~ 
_PRESSURE AB~E STATIC ~[AD~ CH H20 
HEIGHT 2~0~ S2C~ 1.'~0~ 155CH 1821H ~23=~ 264CH 3B4CR 345C~ 

54,2 52.4 48.6 45.3 43,? 41.6 ~9.8 37~4 3S*2 

H[IGqT 2~C~t 61C~ 1~10~ 1550~ 182Ch 2Z30 M 264CH 3e4CH 345C~ 
,eg~ . ~  ,OB~ ,~g2 ,~89 ,eBB . 96~  ~999 ,see 

VO~UH( FqACT|ON$ 
BrTa([  F E$ EL EG 

PPN OXYS(~ 
HEIGHT 2~¢" 61CH l ~ C h  155CH 182CH Z23CH 264CH 3e4Cfl 34SCM 

L . - 6 2 . 1  L / . IN  
G • 6.2 L/HZN 
B[O ~[IGqT • 28¢,~ OH 
CONDITlO~ • I~TERHEDIAT( FbUIDIEAT|O~ 
PRESSURE ABOVE ~TAT|C ~[AD~ ¢. H20 
H[IGHT 2g¢ ~ 610H ~ IOH 1~5CH 18~CH ~23CH ~64~H 3~4CH ~4SCM 

52.3 48o6 44o7 39,7 37o7 3~,~ ~5.5" 35o4 SS*3 
BINSITY~ GICH3 
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N | | ~ T  21C. t i C ,  1~1C, L|SCx ~82CH 22|Cn Z t i |N  |ISCN |45C~ 
• llO ,Ill ,ill ,IBf 0010 *lIl ,lib ,IIII ,IOI 

VOLUM[ r~ACT|ONS 
8[T~££N ES EL ( ;  

|BE A~D ~mB CM ,IHmH eOOO oeoo 
PPN OXYGEN 
HE|G~T 2gCH 6~Cn ~ O M  155CN 182CM Z23CM 284C~ 3 l i en  34|0N 

9,3 Y.2 nee 8.9 GoI | . 2  | ,O 8o1 I , l  
L • 13.2 L tn |~  
G • 5.6 L/nIN 
IED M(IGdT • 191.0 C~ 
¢O,OXT!O~ • ~l .Xnu~ r~ulo l tATtO~ 
PRESSU~[ ABOVE STAT|O HEA0o CM H20 
H[|GdT 29C ~ 61¢H 1~C~ lSSC~ X82C~ ~23¢H 264C~ ~24C~ ~4SCN 

5~.3 42,5 $3e6 ~2.3 21,4 2X.S ~ I .7  2~o7 ~ 0 3  
BEMSZTv. G4C.3 
~[|G~T 24C'~ 61C" 1~C~ lSSC~letC~ 223CN 264C~ 384C~ ~4~C~ 

. I I ~  .eOe , lee . ~ f  ,059 , | i t  . i l l  B i l l  ,OlZ 
VOLUH[ rnACTZO~S 

| , 9  A~O ~,B CH ooee *o~o 000. 

HEiGhT 27C" 61C~ 1~IC M lSSCn 1~2C~ |23OH 2S4CH 384Cfl 34Sen 
9.3 8~6 ~o~ 8.2 6.6 ~.5 6.4 6o4 I08 

L • 48.3 ~/~|~ 
G • 5 .6  ~1~|~ 

COND;T|O~ • Z~TERH£D|AT[ F~UZOZ~AT|Or. 
PR~SSUR[ ABOVE STATIC d£ADo CH H2O 
H[|G~T 2eC'~ 6~C~ I:,lCM 155C~ 162C~ ~23~fl 2848H 3|4CH J4SCn 

4d.Z 43.7 3~.9 31.6 28~9 2~.1 ~6ol 26e1 29o9 
DENSITy, G/C'3 
H[|GH7 2~C~' 61¢~ 1'1C~ 155~ 182C~ 2~3C~ 264C~ 3B4CX 84SC~ 

1.116 1.11~ ..~9~ 1.~9~ .6|9 loZ?9 ,OOO ,80~ . 9 | ]  
VOLUHE FqACTZO~S 

BETWEEN £S (~ [G 
2~.e &~: 61.9 Crl .~d9 .717 .994 
4[o2 iN~ lSS.g CM .174 .741 .~85 

L~g,g ~ g  223.8 C~ ,14~ ,783 ,~73 
PP~ QXYG[~ 
N[JG~T 20C. 61C~ I~ICH 155C~ 1~2C~ ~23~H 264:~ ~84Cfl &4SCH 

6.6 8.4 ~.9 8.2 | , 8  7.5 ~,8 ?05 0,8 
L • 60,7 L /~ |h  
G • B.I  ~/~|N 
BOO HEIGHT • 330o9 C" 
80NDZT~O~ • |NT(RqCDXAT[ F[UZO]|AT~O~ 
PflESSUR£ ABOVE STA?|C dEA0o CH H20 
14~|G~T 2|C ~ 6~Cq 1~10H ISSCH 182C~ ~2SCH 284CH 8944H ~4S~ 

53.S 49,2 45,4 40,0 37o8 34.6 3 2 , 1  2Y*7 ~ : l  
D~US~Tv. g/C~3 
HE|G~T ~OC~ 81¢~ 1~1C. &SSC, 982¢n 223Cn 264Cn ~14Cn ~4SC ~ 

1.BOY 1.1~1 .119 1.171 1~883 lo171 t . l i 9  . l i b  , I l l  
VO~UU£ FRACTIONS 

D[T~E(~ [$ [k  [G 
U , I  A~D 6 ~ . |  CH ,184 ,818 .8eI  
4~.0 iND lSSo I CH .154 1846 . |89 

LJg,8 i~O 182.0 CM .137 .863 ,gOB 
~O| . I  i ~  223,0 CM .&44 ,886 ,gOB 
L ~ . B  AND ~63 , I  CH ,131 , I i 9  ,g ig  
PP~ OXYGEN 
~IB.T 2ICM 6~CM ~010q 195CH I8|CH Z23CM 264CN 384Cfl 3480~ 

9.0 9,3 9 , |  9,3 | ,B  I ,O | , |  903 | e |  
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OOAL bOAD|N; s 58,9 KG 
STAT~¢ HE|GHT • 132,~ CH 
VA~UE OF E[RO HE&Ng ~0 ~EASUREM[N7 

BID H~GHT w ~81,~ OH 
OONO~T~O~ = ,~N|NUH r~UIDZ~AT~ON 
PR/SSUn[ ABOVE ~TAT~ HEAD~ ~N H20 
I~GHT 28~  6~CN I~ICN 155C~ 182CH ~23¢K ~14DN 3~4CH 3450H 

53~2 44,3 35o4 25.8 2~,9 22.~ 22,3 ~ , 6  ~eB  
~[~SZTV~ G/O~3 
HeiGHT 2~C~ 610H 1~1G~ 155C~ ~82CH 223¢~ 8640~ 3B4CH 345C~ 

1.222 1,212 1,216 1,138 1~B08 ,388 ,Bee ,gee ,8 |e 
VOLU~E F~ACTtONS 

B£T~[CN [5" £~ EG 

6[ ,0  ~ ~BI,~ CH ,302 ,618 ,e~# 

PPM 2XvG[N 
HEIGHT 28C'J 61CH I~ICH 155Cfl 1B2CH ~230H 264CH 3B4CH 34SON 

e.~ e,~ ~,~ 9,3 8,8 | . |  0 , ~  Beg 9*9 
• 68.5 L/H|N :. 
n 8.B L/N|N 

lED HETGHT • 339,~ C'~ 
CO~OZT~O~ • "AX|HUM ~LU;DIEAT;ON 
eR[SSUq( ABOVE STA?|C HEAD, CH H20 
HE|G~T 28C'1 61C~ I~lCM 155C~ 182C~ Z23CH 2S4CN 384CH 34SCH 

56.1 52,4 46,5 41.2 39,1 35,8 32,9 29t8 2783 
OENS[TY, GLOW3 
ME|GuT 2gC't 61Cq 1"1OH 155GH 1520H 223CH 264CN 3~40H 34~CN 

1.116 1.12a 1.138 1.H74 1,B75 1,878 t .879 I IE58 ,BBE 
TOLUH£ FRAGTZONS 

9£?~E£~ E~ EL EG 
2B.e &~O 6 i ,~  CM .211 ,789 oP~g 
6~.Z J~D 181,0 Cfl ,223 ,777 ,~88 

IB~.~ ANg 155,6 ¢H ,168 ,832 ,B~e 
155,~ S~3 182.0 Or! .133 ,867 .e~e 

I 
82,B ANO 223,~ Cq ,137 ,863 ,e9~ 
2S,~ A~O 263,5 C~ .148 ,868 o8~B 
83,5 -~g 384,~ C~ ,119 ,881 , g ~  
PH oXgGCN 
E|GHT 2eC~ 61CM Z~lCH 155CH ~82CM ~25CH 264~ ~B40H 349CH 

e.~ e,e %0 e,9 6,8 8,0 B,g ~86 BeB 
~ • 54.5 L/HIN 

• 5.4 L/HZN 
BED HEIGHT • 289,= C'~ 
CONDZTXO~ • ZNTERHED|ATE F~U;OXEAT~O. 
PRESSURE ABOVE STAT~G HEAD~ CH H20- 
H[|GHT 2~C~ 61Cd I~ICH 155Cn 1820H ~23CH 264CH 3B4CH 34SCH 

52.3 49,~ 43,6 38,3 35,7 32*2 ~9.2 ~7~4 ~6e7 

H[|GHT 280~ 61OH I~CH ~550K 1620H 2~3CH 2648N ~B4CN 3450~ 
1.~14 ~,123 1,~23 2,083 ~ | 6 8  2,9?7 1.866 ~,ag5 ,eBB 

¥OLUH/ FRACTIONS 
B[TUEE~ [$ Ek EG 

2B,g AND 6~m 8 ~H ,~90 *711"o~99 
6[ *~  A~D ~1~,8 ~H ,~98 n7~4 ,197 

~ | [ , 8  Argo 155,1 OH ,161 ,756 ,881 
SS,8 A~O 182,B CH ,136 ,798 ,866 
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B| ,g  AND 223,g CH ,131 ,8|4 , |63  
| , P  Sq9 263,5 Cq .11;  .821 0059 
M OX~G[N 

M[|GMT 2IC~ 41CH |elCH ISSCH 18~CH i|3CH 214Cfl 3|4CH ~4|CH 
e,~ O,I ~ , l  g,g I , g  I . I  I , l  I I |  gel 

L • 21 .6  ~INZN 

I [ ~  kE|G~T • 2a1, |  C~ 
COMDZT|O~ • ZkTERq[O|AT[ ~LU|DZEAT[OH 
PN[SSU~[ ABOV[ $TA?|C ~£AOI C~ N20 
~[|G.T 2eC~ 41C~ le lC ,  lSSCn le2cx ~2~c~ 2tACX 3|4cn 3ISc~ 

45,a 39,6 33,g 2S,O 23,6 23.2 E3,2 22~9 | | * 3  
DEMStTv. G/C,3 
M[|GHT 2gC~ 61C~ 1~1C~ 15SC~ 182C~ 223CH |i4C~ 314C~ 34SC~ 

1,176 ~.172 lo102 1,11~ I I I 2 4  . ~ l i  . g | l  ~| |O .IOa 
VOLU~E rqACT~OHS 

|g ,~  S ~  61,e C~ .269 ,~9~ .135 
4 [ .=  a~D 111,1CH ,261 ,612 .129 

11[ ,~ a~g 1S~.e C~ ,21g ,6e? .203 
199.e * ~  182,e CH ,~68 ,899 .133 
PP~ OXYGEN 
i,I[|;~T 2~C" 61Cq I~ICN 155C~ 1B2CH ~23:H 264Cfl 3IACH 34SCN 

~.? e,~ ~,e 0,~ e.O | . g  g.e Big 91| 

CO~L ~OAOING m 75,~ KG 
lT i~ lC ~(IG~? s 102~. C~ 
VALUE or |ERQ ~[k~S ':0 HEASuR[~ENT 
L • 42.2 ~M~N 
G p B.g L/~|~ 
BED H[[GdT • 335.0 C ~ 
CONOtTIO'~ • ~AXZfiU~ r~UIOZEAT|ON 
PR[SSUW[ ABOVE STATXC ~[AOI ¢~ H20 
HE!G,T 2iC" 61CM I~ICN lSSCM tO2CN ~2~CM 264C~ 3B4CH 34SCN 

65,2 56,5 51.0 41,2 54.3 36,7 $2.2 27,6 24e6 
O[NS[T~, G/CH3 
H[|G~ T 2~C~ 6~C~ 101C~ ~5SCH 182C~ 223C H 264Cx 314CH 3458~ 

1.139 1.131 1,14§ ~.lOO 11099 ~ l l | l  1.1|5 ~1197 . i O |  
VOL~HE rRACT|ONS 

B£T~[[~ ES EL [G 
21.~ A~g 61.1 C~ ,2~? o763 ,fOe 
leo ,  A~O l e : . o  CM .24t .?S4 .egg 

i | [ . e  sHo l ss .e  cM .221 .77g .gee 
l S | . g  AND 162.e C~ .164 .81~ . ;ae 
1 5 | . !  AND 223.1 CH .~?l . i22 . lee 
|~3.0 A~D 263,5 Cfl olO~ o817 o~g  
| t 3 , S  ANO 314.1 CH .SOl .021 .~Og 
PPH OXYGEN 
N£|GNT 2IC~ 61CH ~ lSSCH ~82Cfl ~2JCH 2SACH 314CH 34SCH 

loF log %1 t , I  ~ l l  l . g  3,1 lag I o I  

G w I . I  L / ~ k  
| [ 0  N£1GH? * 231,1 ¢4 
aONOZT|ON W ZNT[RN[OZA?[ F~ZOZBAT|O~ 
PN[|SUR£ ABOV[ $TAT|C H[AOI CH N20 
14[IGMT 2|CN 41Cn IalCH 1S~CH 182CH E23CH 214CH 3kCH 3410H 

6S,8 4216 Sg,5 41,5 36,9 31.6 | 6 ,?  ~eS |3e4 
KuSZTv. GICx3 
I~|GHT 2BCH 61CN lfllCN ISSCH lI2CX 223©H |iGCq M4ON M C M  

1,199 ~.169 11~66 X,137 l IX32 1*1|4 L,129 ollllI , I N  
VOLU~[ FRACTIONS 
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2B.8 a~D 6~.e C~ 

lSS.e i~O ~82.e Ce 

I I 3 . g  AqD 265.5 C~ 
P?N OXgG[N 
HE|GHT 2eC~ 61CH 

~,~ ~,g 
L • ~3,7 L / ~ | H  
G • e.~ L/~IN 

ES EG EG 

.~96 ,794 . f3g " 

.268 .732 .~H~ 

.24~ e76B . ~  

.233 076? .2~B 

1¢10M ZSSCH 1a2:~ ~23:H 2640H 3B4CH 34~0H 

BRP H(IGqT • 213.0 C:. 
CO~DZ?|O'~ = ~INI~U~ r~UIOIZATIO~ 
PReSSUrE AEQVE STA?~: H(ADs CM H20 
HEIGHT 2~C;4 62C~ 1 ~ ¢ x  ISSCH 182CH E23CH 264CH 3~4CH 34SCM 

64.4 55.2 46.1 34.6 3a.1 23.7 22.5 22e3 21a8 
D(NS~Tv. G/Or'3 
HE|G~T 2~C" 61C. ~110, ~5SCH 162CN 223CH 264Cq 3~4~  34S0" 

1.227 1.227 ] ,222  ~,185 1,156 l t 122  .gBe .eea .g|~ 
vOLu,£ FRACT|DKS 

B[TU[£N ~5 E~ EG 
2m.E ANO 6~.e OH .41~ .599 .EB~ 
i ~ . i  INO ~B~.B OH , 4 ~  .599 . ~  

PP~ CXVG£~ 
HEiGhT 2~C ~ 6ZC~I ~ZO~ 155C~ ~82~N ~2~H 264~N ~4CH ~4~N 

• 12.3 L I ~  
tE~ 3.2 L / , ,N_  ~£IG~ T • 234.2 C'~ 

PRZSSUn£ ABOVE STA?|C N(AU, CH ~2Q 
H[~G~T 2~C '~ 61CH 1,1CH 155CH 1820~ ~23CH 264CH 3B4CH 3450H" 

66.4 57.2 4~.~ 37.2 31.8 23.7 22.4 22.2 21s7 
D[MST?v. G/C~3 
H~G~T 2g~ '~ ~1C~ 1~1C~ $ 5 5 ~  142CN 223CH 2640H 394C~ 349C~ 

1.22~ ~.226 1.2~4 $.2~4 ~o2ge 1,182 .eee ,eBB ,eg~ 
VO[U~£ rRAC~IO~S 

~[T~EEN E~ EL [G 
~E.~ & ~  61.~ C~ .322 .92e .298 
6 [ . e  &;;~ 191. '  C, .3~7 .529 .154 

I | [ . ~  &NO 155.~ 0.  03~5 .529 .~56 
15~.e iSg ~8~.g C~ . ~ 6  .543 .151 
l | ~ . e  ~ 9  223.~ C~ .2~2 .565 .143 
PP~ CXYG£, 
H[|GxT 22G ~ 6~C~ 1~C~ 159CH 182CM ~23CH 264CH ~e4C~ 3450H 

e , r  9,e ~,~ e.9 9.~ i . e  I , B  S.e B,e 
L • 31.9 LIH~N 

COkDIT~O~ • ~NTERHED~A?E F~U2D~AT|O~ 
PRESSURE ABOVE STA?~C HEAOe CH H20 " " 
HE|G~T 2gCq 61OH 1~10~ 155CH 182CH ~23CH 264CH 3B4CH 34SON 

65.4 58.1 5~.8 4209 39.4 3.4,1 2 9 . 3 ~ 4 ~ 2  ~3J8 
D[NSZTYj GI~13 
HE|GNT 2gCH 61C~ I~ICN 1~5C~ IB2CH 223CH 2640M 394C M 3450q 

VO~UK[ FRACT;ONS 
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8 | , +  *~g 61.B CH 02?5 .589 ,136 
6 [ , 9  JH9 ~ , ~  ¢H ,269 0599 ,132 

~ l [ , I  ~ g  15S,0 CN 6233+,651 ,116 
~SS,2 l ~  18200 C~ ,2~6 ,688 ,1~4 
~8~.~ ,N9 223,0 C. ,2~6 ,686 ,104 
225,¢ S~ 263,5 CH ,219 ,692 0163 
265.S ~;;~ 3Z4,B C~ ,;'3g ,952 e~79 
PPM ~XyG[q 
HC|G~ 2¢G~ 61Cq Z 2Cfl 15~CH 162CR ~23C~ 264CN 314¢R 345CH 

1.~ ~ ,~  ~ , l  P , I  I ~ !  l . i  I , I  l e o  l ~ l  
L • 13.4 Llu|~ 

CONOITYO~ • - 1 k | q ~  r~UZOtEsT%0~ 
PR~SSUPZ ABOVE STAT|C ~[AO; CH H20 
HEIGHT 2OC ~ 61C~ 1"1¢~ 1SSCfl 182CR ~2JC~ 264CR 3|4CH 34~GN 

65,1 56,~ 46,6 35,9 3e,4 2Z.6 2£,3 21,7 2~9 
DENS~Tv~ GIG;;3 
HE|GNT 2gC v 6ZC:~ 1~1C ~ 155C~ 1O2Cr: ~23C~ 764C~ 3B4CN 346C ~ 

1,22~ 1,213 lm218 1,203 1*192 1*~2 O .|Oe , e l i  ,OO~ 
VOLU-( r=~CX|~S 

2 i ,e  l~,~ 61,~ C~ ,326 ,514 ,16U 
6L.+~ 1;+~ ~ i l , e  CH ,324 ,510 ,158 

t | ~ , e  l;i~ 155,8 C'! ,316 ,527 ,157 
~SS.~ l~0 182,S ¢~1 ~3~g ,5S2 ,148 
18| ,8 I~G 223,B CH ,~34 ,966 eeoc 
PPN OX~;[~ 

2aC'~ 61CH 1~1C~ 155C~ 162CH ~23:N 264CR 384Ch-34SCR 

COAL LOADZ~G s 11~e~ KG 
ITATIC ~(IGHT • 242.z ¢H 
VALUE or |[RO MEANS ',0 HE&SURE~£NT 
b • 16.~ L/M|k 
G • ~.2 LI~IN 
| [ 0  M£1~NT • 321,e c l  
¢ONDIT|ON • ~AXlNU~ rbdlOltATlON 
PN~SSUm[ ABUVE STATZ¢ ~[AO, ¢N M20 
H[|G~T 21C~ 61CM IvlC~ 155CH 1820H 224~H 264CN 314CH 34SCH 

82,1 71t3 61,1 49.4 4461 37,S 31.e 24,3 2263 
O£NStTY, GIGs3 
H[2G~T 2EC:I blC" I~1C ~ 1SSC~ 182¢M 223CH 264C~ 3|4CR 345C~ 

2,226 1-219 1,228 1,17~ lt152 1,t52 t .173 1.132 t l | e  
VOLUq[ FRACT|DhS 

t P.e A~D 61,~ C~ ,3V7 ,663 ,FeE 
~,B aND 1~I,B CH ,399 ,6g l  ,g'~g 

~g~.~ A~O lSS, I  C~ ,348 ,652 ,P~e  
~SS,I Aq~ 182,0 C~ ,286 0714 ePiC 
~88,8 i~D 223,e CH ,271 ,729 ,eSg 
2|3,E 1NO 263,5 CH ,289 ,711 ,~Og 
~6~.5 aN9 3|4,~ C~ ,267 ,733 ,~eg 
PP~ OXYGEN 
HE|GNT 2lC~ 61C~ lvlCH 155CR 162CH ~23CH 264CN 3g4CH 349CH 

g.~ O.g ~,O e.O e~O | . 0  | ,O | * g  log 
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L • 13.9 LIHZ, 

BED HE[G,T • 3¢~.E Ct 
¢O,DZT|O'~w HzNZNuH FLU;OZ~ATION 
PR[SS~RE ABOV[ STAT;C HEADs CM d20" 
H[tGNT 2~C ~ 61CH ZvlCH 155CH 182CN Z26CH 2~4CH 3040H 345CN 

~2.~ 7~,1 6%7 48.3 42,6 35.1 28.1 22*2 21*7 
O£NS~TV, GIC~3 
HEtGXT 20C'~ 6~¢~ ¢?~CH ~BSGM 1B2CH 223~H 264Cq 3E4CM 348C~ 

1,264 1,232 1,2~3 1, ;79 11144 11146 1,145 ogSE ,BEE 
UQ~.U~E FqACT~ON$ 

BrT"EE~ E3 E~ EG 
20.~ A~O 61.~ CH .441 .559 ,Fa~ 
6 [ ,e  A ~  Z~Zer CH ,39? ,6f3 , £ ~  

l g [ , ~  A~g 1550~ C't ,347 ,653 , ~  
155.~ A~g ~82.~ C~ ,~85 .715 . ~  
t82.2 Ar:~ 223.~ G~ .~59 .741 . e ~  

HE|G;~T 2~C,'61C'! Z~CH 15~Cd 1B2CM Z24C~ 264=H 3g4CH 34SCN 

B~D qE~G~T • 29~,~ C :~ 
~..ONDITtO u • :~N~HUH :~U|D[EAT|ON 
PRESSURE ABOVE $TAT|~ HEAD~ CH H20 
HEiGhT 2=C ~ 6ZC~ 1.'10H I55C~ ZB2CM'Z2~:K 264CH 3g4CH 54|¢H 

78.5 69.4 ~ t .9  48.4 43.2 3~.2 77.4 22,4 226B 
DEHS~Tv~ G/C~3 
HE~G;;T 2~C" 610H ~1C"  155C- 162cr: 223C H 264CH 3B40M 345C~ ~ 

1.21~ 1.2~ ¢ 1.21~ 1.21~ 1.291 1,2~ 5 1.2B3 1 . ~ 8  ,gE~ 
VO~U~E F~ACT;O~S 

BET~EE~ E~ E~ EG 
26.~ Sr~ 6~,~ C~ .321 .$2~ .158 
6~,~ S';C 1 ~ , ~  C,! ,316 ,529 ,156 

1~1,~ A ~  155.~ C~ .327 .529 .154 
155,~ A;.9 182.~ C~I .31~ .535 .154 
182.~ ~ 22~.g CH . ~ 7  .542 .152 
223.~ ~ 263.5 C'~ .3~8 .538 .153 

PPM ~XYGEI| 
H[~G~T 2~G "~ 6~Cfl ~..1CN $SBCM 182CM ~2~CN 264~H ~4CH 345CN 

E,~" E*~ n,a a,~ E,B E,9 E,~ B,B IlO 

G : 11,g L /~ | i ,  
BED ~E:G!~T = 289.~ G'~ 
COetDZTiO~ • ~TEmtEUZATE F~U~O;EATIO~ 
PRESSURE ABOVE STAT|~ ~EaD, CM H20 
H[|G~T 2~G~ 6~C4 ~ l ~ N  155~H 1820M ~26~N 264CH 3EACH 3450M 

75.? 67.6 6~.6 4g.4 33,9 39.7 28.2 22*7 21,9 
DENSITY, G/C':3 
H[~G~T 2~C ~ 61CH I~CH 155¢~ ~62CH 223CN 264CH 3e4C~ 345C~ 

1.214 ~ . 1 ~  1,286 ~.286 1,262 1~197 1,196 I~B~ ? $,BB6 
vOLUHE F~ACTIO~S 

B£T~E[~ E~ E~ [G 
2 8 , ~ , S ~  61,~ C~! ,224 ,668 ,1Be 
6~,~ *Ng 18~,0 0~ .222 .,67~ ,187 

l i [ . B  A~D 158.E Gel .313 ",533 .194 
1~5.~ *~D 182.~ CH .321 .556 .122 
$S~,e IND 223,E CH .296 ,534 ,17~ 
228,e ~ D  263,5 C~ ,299 ,853 ,149 
|6~.5 ~qO 324.E CN . ~ 6  ,848 .846 
114.B A~D 344,5 C~ .~18 ,973 ,ED8 
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PPN OX~SEN 
~(|G~T 2OC, 6:Cfl I~CM 155C~ 102C~ ~2SCM 264Cn ~14Cn ~4SCn 

O, f  e,e ~,e | , e  0 ,8  ~ . |  | , 0  0 , |  | o |  
k u 1 | . |  k/~XN 
S 8 11.1 L/I~IN 
J(O HEiGhT • 2?9,g C ~ 
CONDZT|O~ • ~ZNIHU~ rkU|OIEATION 
PRESSURE ABOVE STATZC dEaD; CH M20 
ME|GHT 2gC~ 61CH I~CN 199CH 182CH g23CH 264CH 3|4CH 34SCH 

78.2 6B.3 SY.8 47.6 4~.6 3Z.9 24.8 22o2 2~OS 
DENSTTv. G/C~3 
MErGe? 2eC'~ 6~CH A~C~ ISSC~ 182CH 223CH 264CH ~|4Cn 349C~ 

~o2~9 1o217 ~.226 ~.222 ~0218 1o2~  1.~|5 ~oOl~ . l i e  
VOLU~[ FRACT~ON$- 

|1 ,3  a~g 6~0~ C~ ,327 .5~4 ,159 

~ I [ , ~  a~g 155,e eft ,~34 ,SIX ,164 
l I l , e  a~ 1820g Cn ,329 ,518 ,163 
~OI,~ AND 223,1 C~ ,~25 ,514 016~ 
III,~ A~ 263,S C, , ~ 3  ,548 ,149 
I68,5 A~D 314,E C;~ ,~&? ,949 , f ;4  
PP~ OXvG£~ 
H[|G~T 2gC~ 61C~ %~%Cn %55CH %82C~ ~23~H ~64CN ~IICH ~4SCN 

e,7 I,9 ~,0 Son ~oe I , I  I , I  I01 Ool 
• 14.7 M/~lh 

IEO ,£ I ;~T • 389.0 C4 
CONDIT?O. • ~TER~EDIA?[ F~UXU|~AT~Or~ 
PR[SSUq[ ABOV[ STAT|C H[AOI Cq H20 
H[SGMT 2~C~ 61CH %~ICM %SSCH 18ZCH ~23CH 264CM 3l ien 34SON 

81 .5  71 ,2  S9,3 46.6  4~o9 34 .8  21,2  22,1  2 1 e l  
D[MSITY, G/C~3 
HE|G~T 2gCq 6~C~ %~C~ X59C~ 282CH 2~CN 244CN 394¢H 349C~ 

1,243 1,222 ),17S 1,140 1,~49 l o l S i  ~,162 , i l l  ,Ol~ 

2~,B &NO b ,0 Crl .6~4 X ,586 ,e09 
6 [ .g  a.g l I l , e  CM .349 o651 ,eO8 
1|[.g aND 1~S,e C. ,286 ,7L4,0aB 
~SS.g a~O 162.0 CM o269 o735 .BOg 
l U o g  aND 223.0 CM .267 .933 .egg 
2 | | . 0  aN9 263.3 CH .278 .922 .|Og 
PPM OXYG£N 
NEtGHT 2eC, 6 ~  le~©, lSSCM %s2cH g23CM 264CM a|4¢# a4SCM 

g,G Omg O.e | o |  go '  | .O O,O go| 9o| 



A 

CH20 

C L 

CL t 

CL 2 

CL* 

g 

Ah 

H 

AH 

Hb 

Hbs 

K 

ha 

MT 
PA 
PH 
PS 
PT 

AP 

Po~ 

r l , r2 

U L 
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9.5 Nomenclature 

column cross sectional ~ area, cm 2 

l iqu id  phase water concentration, ppm 

l iqu id  phase oxygen concentration, ppm 

C L entering column section, ppm 

C L exi t ing column section, ppm 

CL. in equil ibrium with gas phase oxygen concentration, ppm 

gravitat ional acceleration, 980 cm/sec 2 

length between two column ports, cm 

distance from bottom of column, cm 

manometer reading, cm H20 

height of  f lu id ized bed, cm 

height of stat ic coal bed, cm 

l iqu id  to sol id holdup ra t io  

overal I mass transfer coefficient, min - I  

mass of coal in bed, kg 

total mass in sample, gm 

atmospheric pressure, arm 

pressure during operation at height H up column, cm H20, arm 

pressure of static bed/water at height H, cm H20, arm 

total pressure, arm 

average col~m section pressure, arm 

pressure difference, cm H20 

partial pressure oxygen in gas, arm 

column radius at inlet and outlet to section, cm 

liquid superficia] velocity, cm/sec 
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xo 2 

Yo 2 

V S 

EL, eL' 

S, S' 

PG 

PL 

PS 

PT 

8 

gas m~lar volume, ~/mole 

average molar volume for column section,~/mole 

mole fraction in liquid 

mole fraction in gas 

volume of column section, cm 3 

liquid volume fractions in column and port sawle 

same for solid volume fraction 

gas density,, gmlcm 3 

liquid density, gm/cm 3 

solids density, gm/m 3 

total density of port sample, gm/cm 3 

column angle from vertical, degree 
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