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2. CHEMICAL ENGINEERING RESEARCH 

The Chemical Engineering Research Program includes several funda-

mental studies of chemical engineering problems of importance to energy 

development- These studies are funded by the U.S. Department of Energy/ 

Basic Energy Sciences. Current studies are concerned with the new sepa-

ration processes (both chemical and physical), the performance of three-

phase fluidized beds that are potential choices for coal conversion 

reactors, and the oxidation of hydrogen isotopes (especially tritium) 

that permeate metal surfaces. 

2.1 Continuous Chromatography 

R. M. Canon and W. G. Sisson 

2.1.1 Single eluent studies 

Separation studies of the cobalt-nickel system which have been 

described previously^" continued during this report period. The feed 

system was modified to reduce concentration variations in the radial 

direction (i.e., the variation of bandwidth with position across the 

annulus). Problems in reproducibility had been encountered with a single 

feed nozzle in the center of the annulus. Moving the nozzle to the out-

v . side wall reduced the capacity of the chromatograph and did not improve 

- the data. A two-nozzle feed system has been introduced to improve feed 

; distribution. The nozzles are located approximately 1/U in. apart and 

1/8 in. from each annulus wall and are aligned along a radius. Additional 

p'. problems were encountered because of the cone-shaped feed in the region 

i of the nozzles. The initial bandwidth could not be defined under those 
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circumstances; interaction with the resin began immediately and occurred 

simultaneously with hydrodynamic band spreading caused by the feed 

velocity adjusting to the eluent velocity. This problem has been over-

come by the placing of two layers of inert glass beads above the resin. 

Initially, beads with a diameter of 0.18 mm were tested on the 0.060-mm 

ion exchange resin, and the feed nozzles extended only into the glass 

beads. This situation proved to be unsatisfactory because of the plowing 

effect of the feed nozzles moving through the small glass beads. The 

glass particles would pile up, and the top surface of the bed became 

uneven. However, no intermixing of beads with resin was observed. A 

second layer of larger 0.1*5-mm-diam beads was added, and the plowing 

effect did not occur. The larger diameter beads are more mobile and 

flow back into place as the nozzles pass. With two layers of beads 

(each about 3/U in. deep), little degradation of the surface is observed. 

The glass beads allow time for the feed band to spread until its velocity 

matches the eluent velocity. At this point hydrodynamic spreading ceases, 

and an initial bandwidth is developed which can be discussed without 

introducing complications from hydrodynamics. These changes in the feed 

system result in more consistent data and allow operation at much higher 

feed rates than were possible previously. 

Visual examination of the chromatographic bands revealed a change 

in slope at the point of the nickel-cobalt split. The change always 

occurs, but the degree varies with run conditions. This phenomenon is 

responsible for the inconsistency in some of the previous data. Since 

the data are usually taken from a point below the position where nickel 

separates from, cobalt, it has not been meaningful to extrapolate back 
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through the discontinuity to the feed point. In order to avoid this 

problem, several runs were made with a single species in the feed. These 

experiments resulted in straight bands on the chramatograph. Results of 

some of these experiments are given in Table 2.1. The distribution co-

efficients are calculated by regression analysis. The height equivalent 

of a theoretical plate (HETP) has been calculated from bandwidth and 

elution position data. Refinement of the optical band detecting device 

during this report period improved bandwidth data considerably. The 

device has been tuned to the appropriate wavelength based on absorption 

curves for nickel and Co-1. This refinement alone increased the signal-

to- noise ratio by more than an order of magnitude. A new, multiple-

detector system is presently being fabricated and is expected to further 

improve bandwidth analysis. 

Preliminary investigations have been made to determine the bed 

capacity. The effects of the feed rate (f) and the superficial eluent 

velocity (U) on the initial bandwidth have been studied. The data for 

nickel are shown in Fig. 2.1. As anticipated, the initial bandwidth 

increases approximately linearly with the feed-to-eluent ratio. When 

the initial resin loading (W°) is considered, the results for nickel, 

as shown in Fig. 2.2, are as expected. The increased flow rates result 

in increased initial loading but little change in HETP. The data for 

Co-1 in Fig. 2.3, however, show an increase in HETP with increased resin 

loading. This is more noticeable with Co-1 because of its higher dis-

tribution coefficient. In Fig. 2.k, HETP is shown as a function of the 

feed rate for Co '1. No allowance is made for changes in initial feeding 

area. In this case, one might expect that a change in the feed 



Table 2.1. Results from regression analysis of nickel and Co-1 on the 
continuous chromatograph; 95io confidence limits are "given 

Run pH 
Feed rate 
(cc/min) 

Eluent velocity 
(cm/min) 

Distribution 
Ni 

coefficient 
Co-1 

Height equivalent to 
theoretical plate (HETP) 

(cm) 

A1 8.07 2 . 0 0 1-33 3-^3 0.168 + 0.031 

A2 8.07 2 . 0 0 2.67 3-17 0.22*V + 0 . 0 2 2 

A3 2 . 0 0 0 . 6 5 2 . 8 1 0.208 + 0.022 

7.97 2 . 0 0 2 . 0 0 3.29 0.300 + 0.087 

B1 8 . 0 2 2 . 0 0 0.71 6 . 3 8 0.037 + 0.007 
B2 7.86 2 . 0 0 1.31* 5M O . O 9 8 + 0 . 0 2 8 

B3 8 . 0 5 2 . 0 0 1-95 5-25 0.151 + 0.077 

Bb 7.9b 2 . 0 0 2 . U 9 b.66 0.16U + 0.075 
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Fig. 2.1. Initial bandwidth as a function of the ratio of feed 

volume to eluent velocity for nickel in (NHj()?C0^. 
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Fig. 2.3. Effect of initial loading on HETP for 3.80 g of Co-1 

per liter. Eluent, (NH^JgCOg. 
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Fig. 2 A . HETP as a function of feed rate for Co-1 with an 

(NH^)2C0g eluent of pH 8.0 and eluent velocity of 2.63 cm/min. 
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concentration (Cf) would have a different effect than a change in feed 

volume (f), but no difference is apparent at this point. 

Elution position is only a function of reciprocal eluent velocity 

for constant rotation and a given system. These relations are shown for 

nickel and Co-1 in Fig. 2.5. A linear relation should also exist between 

HETP and the eluent velocity (i.e., higher velocities resulting in a 

smaller number of stages in the device). This relationship is presented 

in Fig. 2 . 6 , based on Co-1 elution. 

Investigations with the nickel-cobalt amine system are continuing. 

The new detector system should markedly improve data reproducibility. 

The new system contains a bank of six optical devices rigidly mounted 

in a vertical configuration. The detectors are 3 in. apart and will 

allow determination of bandwidth in the same flow line at all locations. 

This method is expected to reduce errors introduced by circumferential 

variations in the resin bed. A new take-off system is presently being 

fabricated. The continuous chromatograph has always experienced problems 

with mixing with the old exit system. The resin bed support and drip 

systems both contributed to this trouble. The new system is expected 

to reduce the difficulties from mixing but will involve a complete re-

design of the bottom of the chromatograph. 

Uncertainty in rotation rate measurements has been eliminated with 

the installation of a new drive system. Previously, rotation rates were 

determined by direct observation of the rotating chromatograph. Since 

rotation rates were commonly on the order of 50°/hr, this method was 

very time-consuming. The new drive system utilizes a feed-back-controlled 

digitally set drive motor with digital readout of the motor rotation rate. 
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Fig. 2.5. Elution position of nickel and Co-1 with (UH^gCO^ as 

a function of reciprocal eluent velocity. Rotation rate = 50°/hr; 

pH = 8.0. 
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Fig. 2.6. Effect of superficial eluent velocity on HETP for 

Co-1 with 1 M (NH^JgCO^ a t PH 8-° as eluent. Volumetric feed rate 

2.00 cm /min; feed concentration = 3.80 g of Co-1 per liter. 
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This results in a stable, easily selected rotation rate with an accuracy 

of ~0.5$. It has contributed considerably to data improvement. 

2-1.2 Gradient elution studies 

The continuous chromatograph can now be operated in the gradient 

elution mode. Major changes (from single eluent mode) include use of a 

manifold header system and indirect control of the eluent velocity. The 
2 

header system was described in the previous semiannual. The control 

system consists of an optical meniscus detector and associated electronics 

to control a valve in the exit-gas stream from the chromatograph head 

space. A side glass has been built into the outer wall of the chromato-

graph with the bottom of the well adjacent to the layer of the glass 

beads. An optical detector observes the meniscus in the side glass and 

initiates proper action to maintain the liquid (eluent) level within the 

glass bead layer to within +l/l6 in. of a set point. The eluents are 

pumped through the header system at constant rates. The air overpressure 

is supplied by regulated air, and the controller acts to seek the proper 

pressure to maintain the liquid level constant; hence, very small vari-

ations in air pressure (~+l$) are required to maintain a constant liquid 

level. This method of control has a strong advantage over liquid rate 

control systems because increasing the number of eluents does not cause 

control problems. It can handle six eluents (or more) as easily as a 

single eluent. Operation with this system has been very encouraging. 

It has operated successfully for periods of several hours with no 

operator attention. The optical detector does suffer somewhat from 

extraneous light variations. A second-generation continuous chromato-

graph is likely to utilize a mechanical liquid level detector. 



jr. s'i'1! 

i i 
i il ijjj.lj 

f § 'n 

M a • ' • .in if 
I- f >•« ,' f J1"1] <\ 
+ i ̂i1 i t ,i i i, ̂  11 >lil 1 $ t i!̂  

I l ' "1 ' 'i M'h„< A Sl sr Jl1 1 A dill r «|4 J'jy. VWiiifi:»,«f<r teV' fl'lit, \ fifit' f if 

'"i "f 'ifc 'J' 
1® 'I 

', «, ! IIKrSli' « A '] 
i«i'Ijlfe'.»<ii -, 

"f! I 
' cysteni 

colors :: 

ices not rehuire rent as K 
I,: >i! 

I'M? 
te « kM 

•i I V *,fi. 

jressive ae;:ionst;raP:icriSH; 
"Lite- Ml1 ;s 

OliPV 
I 'Mi8?US?••>' 
ll̂ flflp̂ f). 
It MV" '^ntT 
j'li 'I; v^m 

IfiKM.r 

4 f M 
Ipivp SLlM IJ .1 
m 

ii®? 

;T I?1': •Tfrisfi'" 

in 

e' ~ i-3 ̂'; 

oi -:ie con in > 
ov.s ration j_s sho"wn in F 

Vaced into all cuadrants ; I 
The "".iH, .y.oo In, craad 

,.. f. '"'fil nuous annular apm-ornatc^" " {,»;•• M' iff 

i 
!bu i 
) • : 

! if. 

ffljr 

ii2l ; r.lie 

1,3+T;, 
i aSfV,' 

-re j • — <— - i * . .it 
« I 

fr "I;. 1 £ 
"'"If "I1 IK 

l̂ f f. 

icLi'f. 
,,'t tl'ifil1 : 

111 

' 4 , 
>1| 
I'l'f siii J: 
Ml' Wif i1 B "i" i > • Mil 

e 

: Ri' sM: 1,1 " 'I ,'«Sf i'1 
','SMl! 

tv.. 1 

' ffcij '.''iW'i 
. .'lii/tfj' '1 "6;? >• " ¥W' 

n: 

• ei 

. '1 1 i i 'i ; ' ' j •fi 
oi' nick's1 '1 JjJ XjQX" ']ji 1! '?> i ter,: : , ' 1 1 fe*! I'I 1 ' 1 ::: ' 1 j '" ' ''' 1 

MV11 tiJ' l\ ' if1!. v , 1 
Ji J , .T'r j chi" -

j i j i 
i'ns'., 

! 1 , 5- !1 !'» i'lti 
1 1)1 ': '," ' 1 1 •?ti "l'1 

' 1 1 r ' i • '.ft' "I'1 r •" ! '' ,i' / '' ' V' if '"'' "t1 1 , v,̂:;'1 ! * '<2 
• 

civs :'u.nca id h' of; rli:;i.idr 

r.o'v: lii": 'Le ch 
-j .t 
Tinge. hfei has;the 

,'ii 
'hiies] 

and -L O i.: J si'Gj'ove 111 gliê t Ih o c)i 
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Studies in gradient elution continuous chromatography are continuing. 

Efforts are now centered on the design of a second-generation chromato-

graph for higher pressure operation and on a search for separations for 

which the continuous chromatograph is particularly well suited. Areas 

presently under preliminary study include lanthanide separations, the 

americium separation for waste partitioning, and separations related to 

the resource recovery program (particularly fly-ash utilization). Flow 

sheets involving ion exchange separations of metals in the acid leach 

process for fly-ash separation are being examined. 

2.2 Three-Phase Fluidizedr-Bed Reacting Systems 

J. M. Begovich 

The study of gas-liquid-solid fluidized beds continued during this 

period using various packings in 7*62- and 15«2-cm-ID columns. The 

minimum gas and liquid velocities necessary to fluidize a bed were deter-

mined as a function of the particle size and density, while no effect 

was found as the initial bed height or column diameter was varied. 

Operating the columns with nondistinct bed heights has shown the varia-

tion of the phase holdups with axial position in the bed and the effects 

of gas and liquid velocities upon those variations. Residence-time-

distribution (RTD) experiments have been initiated in the 7-62-cm-ID 

column to determine the degree of axial dispersion present in the liquid 

phase of a three-phase fluidized bed. 

2.2.1 Experimental 

A schematic of the experimental apparatus is shown in Fig. 2.8. 

Air and water pass together through a fluid distributor into the bottom 
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Fig. 2.8. Schematic of three-phase fluidization apparatus. 
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of either the 7.62-cm or 15.2-cm-ID column and flow cocurrently upward 

through the bed. The details of the electroconductivity probes, meter, 
2 

and digital readout have been presented previously. 

To permit RTD experiments, the 7*62-cm-ID column was altered as 

follows: (l) five pressure taps were added a"Long the column wall for 

a total of 16 taps located at 8-cm intervals and starting 1 cm above the 

fluid distributor; (2) two platinum electrodes were located 180° apart 

and fixed to the column wall at 7 cm above the fluid distributor. These 

fixed electrodes were connected to a second conductivity meter, and the 

output of both meters was recorded on a dual-pen recorder. Saturated 

KC1 solution was injected into the bed 1 cm above the fluid distributor 

and perpendicular to the direction of flow through six 1-mm-diam holes 

drilled into a length of 3.2-mm-OD stainless steel tubing. An electrical 

timer, in addition to activating the solenoid for the injection of the 

KC1 tracer by either air or water pressure, simultaneously activated the 

event markers on the dual pen recorder. The resulting concentration-

time curves were then analyzed in two ways: (l) by the standard analysis 3 
of moments, and (2) by the utilization of the Laplace transform method. ' 

The second method was designed to reduce the influence of tailing of the 

tracer pulses on the calculated values of the axial dispersion coefficient. 

2.2.2 Results 

Minimum fluidization. The minimum fluid flow rates required to 

achieve fluidization are determined by a plot of the pressure drop across 

the bed vs the superficial liquid velocity at a constant gas flow rate. 
g 

As shown previously, the flow rates at which a break in the curve occurs 

correspond to the minimum fluidization velocities. 



19 

(Effect of column diameter and static bed height). The effect of 

column diameter and static bed height (or bed mass) on the minimum 

fluidization velocities for the air—water—glass beads and the air— 

water—plexiglass beads systems is shown in Fig. 2 . 9 and 2.10 respectively. 

For both systems, the minimum liquid velocity required to fluidize the 

bed with no gas phase present is indicated by the arrow on the ordinate 
7 

of the plot as calculated from the two-phase correlation of Wen and Yu. 

Excellent agreement between the calculated and experimental point for 

each system can be observed. 

Neither the column diameter nor the mass of solids present in the 

column appeared to have any significant effect upon the minimum fluidi-

zation velocities. A slight dependence on column diameter might be in-

dicated for the air—water—plexiglass beads system; however, the small 

density difference between the water and solid phases made the breakpoint 

in the pressure-drop-vs-liquid-velocity curve very difficult to determine 

and subject to error. Since fluidization of a bed is achieved when the 

upward drag force exerted on the particles by the fluids equals the 

bouyant weight of the bed, an effect of static bed height on the minimum g 

fluidization velocities would only be expected if end effects were 

present in the bed. One would not expect the minimum fluidization 

velocities to be a function of column diameter unless the size of the 

gas bubbles approached that of the column diameter or unless channeling 

occurred. 

(Effect of particle size and density). Minimum fluidization 

velocities are shown in Fig. 2.11 for the air—water—alumino-silicate 

beads system and in Fig. 2.12 for each of the four systems studied to 
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Fig. 2.9. Minimum fluidization velocities for the air—water— 

glass heads system. 
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Fig. 2.10. Minimum fluidization velocities for the air—water— 

plexiglass heads system. 
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Fig. 2.11. Minimum fluidization velocities for the air—vater-
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SOLIDS 
DIAMETER DENSITY 

TYPE (cm) («/cm3) 
ALUMINA 0 . 6 2 1.99 
GLASS 0 . 4 6 2 .24 
ALUMINO-SILICATE 0 . 1 9 1.72 
PLEXIGLASS 0 . 6 3 1.17 

2 4 6 S 10 12 14 16 16 
GAS VELOCITY , UQ (cm/Me) 

Fig. 2.12. Effect of particle size and density on the minimum 
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date. Note that the smooth curves of Figs. 2.9-2.11 correspond to those 
shown in Fig. 2.12. 

As the gas velocity is increased, the minimum liquid velocity re-
quired to achieve fluidization in each of the four systems decreases. 
The magnitude of this decrease is considerably different for the plexi-
glass beads with their small solid/liquid density difference as compared 
to the other three systems which have a larger solid/liquid density 
difference. 

7 

Wen and Yu, in their two-phase correlation, noted that the minimum 
fluidization velocity was proportional to the particle diameter and 
solid/liquid density difference, but inversely proportional to the fluid 
viscosity. The plexiglass beads, which have the same diameter as the 
alumina beads, also have a much smaller solid/liquid density difference 
and thus fluidize at lower velocities. The alumina and alumino-silicate 
beads have approximately the same density, but the smaller diameter of 
the latter particles causes them to fluidize at lower velocities. It is 
of interest to note that the larger diameter of the alumina beads over-
rides the influence of the higher density of the glass beads requiring 
a larger minimum liquid fluidization velocity at low gas velocities for 
the alumina beads. At higher gas velocities (>7 cm/sec), the minimum 
fluidization curves for the glass and alumina beads essentially merge 
into one. 

(Effect of liquid viscosity). The effect of liquid viscosity on the X 8 

minimum fluidization velocities has been reported previously. * Using 
a computer analysis, it was found that for a given gas velocity, the 
minimum liquid fluidization velocity decreased as the liquid viscosity 
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increased. However, during this report period, a comparison of the 

computer analysis with an analysis made toy hand revealed that the minimum 

liquid fluidization velocities obtained by the computer method were too 

high. The corrected results are shown in Fig. 2 . 1 3 . The smooth curve 

is the same as in Fig. 2 . 9 for the same glass beads in the 7.62- and 

15.2-cm-ID columns. The points shown for zero gas velocity are calculated 

values and are shown only to indicate the expected influence of liquid 

viscosity. 

The conclusions reported previously1 have not been altered; for a 

given gas velocity, the minimum liquid fluidization velocity decreases 

as the liquid viscosity increases. However, the influence of the liquid 

viscosity appeared to decrease for the higher viscosities. Also, as 

noted previously, the gas velocity did not appreciably affect the minimum 

liquid fluidization velocity for the more viscous aqueous glycerol solu-

tions studied. 
2 

Overall phase holdups comparison. As described in a previous report, 

an overall holdup can be calculated for each phase in two ways: (l) by 

placing the electrode in the middle of the bed and measuring the con-

ductivity of the bed at that point, and (2) by using the measured pressure 

gradient over the column. Both of these methods assume that the phase 

holdups are constant over the entire bed. 

A comparison of the overall gas holdup determined by each of the 

above methods is shown in Fig. 2.1U for air-water flow only (i.e., no 

solids present, in both columns.) A least-squares fit of the data yields 

a line with nearly unity slope and zero intercept. 
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Fig. 2.14. Comparison of overall gas holdup by two different 

methods in columns with air-water flow. 
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The glass and plexiglass beads were used in both columns without 

any difficulty, but the conductivity readings obtained using the porous 

alumina beads, the likely catalyst support for a coal liquefaction 

reactor, had to be corrected by a factor approximately proportional to 

the volume of liquid residing in the internal pores of the solids to 

account for the effective conductivity of the solids. Plots of the over-

all solid holdup measured using the conductivity method vs those measured 

using the pressure gradient method are shown in Fig. 2.15 for water 

fluidization only, and similar comparisons are made for air-water fluidi-

zation of each of the systems studied (see Figs. 2.16-2.20). Least-

squares fits of these data also result in lines of approximately unity 

slope and zero intercept as indicated in Table 2.2. 

Table 2.2. Comparison of overall solid holdups by two different methods 

6 s ^ Vj g S, conductivity S, pressure gradient 

Column 

Solid 
diameter 

(cm) a b 
Correlation 
coefficient 

Number 
of points 

Glass 7-62 -0.052 1.067 0.985 96 
Glass 15.2 -0.016 1.005 O . 9 8 5 56 
Plexiglass 7.62 0.005 0.862 0.914 k8 

Plexiglass 15.2 -0.028 0.8U1 0.875 8 k 

Alumina 7 . 6 2 -0.023 I . 0 5 U O . 9 8 5 • 9 8 
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Deviations from complete agreement between the two methods occur 

chiefly for low values of solid holdups that is, where the fluid flow 

rates are high and the bed height is not distinct. At such conditions, 

the pressure-gradient method yields a solid holdup based on a uniform 

bed. The conductivity method, however, yields a solid holdup based on 

the middle of the bed. Since the ted, in reality, goes from a fairly 

uniform lower section through a transition region of slowly decreasing 

solid holdup to a gas-liquid-only region, the solid holdup obtained by 

conductivity at the middle of the bed is lower than that obtained from 

the pressure-gradient method. 

Axial variation in holdups. As discussed above and in a previous 
2 

report, the solid holdup in a three-phase fluidized reactor is fairly 

uniform in the lower section of the bed, then goes through a transition 

region of slowly decreasing solids concentration to a two-phase gas-liquid 

region above the bed. The liquid holdup remains fairly constant in lower 

portions of the bed and then increases to a constant value in the 

gas-liquid region. Although the data have not been completely analyzed, 

some preliminary observations can be made. 

(Effect of column diameter). The effects of column diameter upon 

the axial variation of the liquid and solid holdups can be seen in 

Figs. 2.21 and 2.22. These results, typical of most of the data, were 

obtained in the 7 . 6 2 - and 15.2-cm-ID columns under identical conditions 

(i.e., identical gas velocities, liquid velocities, particle type, and 

static bed height). 

Neither figure indicates a dependence of the holdups on column 

diameter in the lower portion of the beds. However, for the lower liquid 
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velocity used in Fig. 2.21, the transition region form three phases to 

two phases appeared to be broader in the smaller column. This effect is 

not evident in Fig. 2.22 where the same relationship between the holdups 

and height was obtained in both columns. 

(Effect of liquid velocity). Under conditions of constant gas 

velocity in the 7-62-cm-ID column, the effect of liquid velocity on the 

axial variation in solid holdup is shown in Fig. 2.23- As the liquid 

velocity was increased, the bed expanded, and thus the solid holdup 

decreased. The calculated bed height, as found from the intersection of 

the measured pressure gradients in and above the bed, is indicated on the 

curves for each flow rate. This bed height corresponds to the height the 

same bed would have if the solids concentration in the column was uni-

formly distributed. The highest position where solids were detected 

was higher than this calculated bed height, since the bed contains a 

rather wide transition region where flow changes from a three-phase to 

a two-phase column. The width of this transition region appeared to 

remain approximately constant with changing liquid velocity — that is, 

the solid holdup decreased from the approximately constant value in the 

bed to zero over about 20 cm of bed height. 

(Effect of gas velocity). When the liquid velocity was held con-

stant and the gas velocity was increased, the width of the transition 

region increased substantially (see Fig. 2.24). The solid holdup in the 

lower portion of the bed was decreased slightly by the fairly large in-

crease in gas velocity; however, the transition region increased from 

~20 to ~35 cm in width. As expected, the calculated bed height for the 



S 0.41 
a 
_i 
o 
z 
o 0.31-

o 
Ui 

0.2 h 

AIR-WATER-GLASS BEADS 
•O 

ORNL DWG. 77-144 
i 1 r 

SUPERFICIAL GAS VELOCITY - 3.58 cm /we 
7 .62-cm-10 COLUMN 

SUPERFICIAL LIQUID VELOCITY 
(cm/ite) 

O 
A • 

3.58 
7.16 
IC.74 

INDICATES CALCULATED 
BED HEIGHT. 

40 50 
HEIGHT (cm) 

Fig. 2.23. Effect of liquid velocity upon the axial variation 

in the solid holdup. 

UJ vo 



ORNL DWG. 77-145 

4 0 5 0 
HEIGHT (cm) 

Fig. 2.2h. Effect of gas velocity upon the axial variation in 

the solid holdup. 



kl 

high gas velocity indicated a much lower "bed height (highest position 

with solids) than one observed visually. This can be explained by Fig-

Fig. 2.24. 

Residence-time-distribution experiments. ETD experiments have been 

initiated in the 7* 62-cm-ID column to determine the degree of axial dis-

persion present in the liquid phase of a three-phase fluidized bed. Some 

preliminary results using the 4.6-mm-diam glass beads indicate that 
9 

dispersion increases as the gas velocity is increased. Further work will 

be done with the 4.6-mm-diam glass beads, with glass beads having diameters 

of 3*2 and 6.2 mm, and the 6.3-mm-diam plexiglass spheres. These studies 

will determine the effects of gas and liquid velocity and the physical 

characteristics of the solids upon the liquid-phase axial dispersion 

coefficient. "When dispersion has been characterized, it will be possible 

to conduct gas-liquid mass transfer experiments and calculate meaningful 

liquid.-film mass transfer coefficients over a wide range of conditions. 

2.3 Hydraulic Cyclone Studies 

J. B. Talbot 

Hydraulic cyclones (hydroclones) are potentially useful devices for 

removing solids from coal liquids, but their ability to separate particles 

from relatively viscous liquids has not been adequately evaluated. There-

fore, experiments using a 10-mm diam hydroclone were continued to study 

particle separation as a function of feed rate, density of particles, 

and density and viscosity of the liquid medium. Performance criteria 

are usually defined by cyclone efficiency, pressure drop, and the ratio 

of the underflow rate to the overflow rate. 
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2.3.1 Background 

The selective separation of solid particles from a liquid in a 
hydroclone results from the viscous drag and centrifugal force on each 
particle. Its separational power develops through the use of fluid 
pressure energy, relating the inlet-to-overflow pressure drop to the 
tangential feed rate. For a given hydroclone design and particle 
density, the pressure differential is related to the inlet flow rate 
as follows: 

where 

AP = feed-to-overflow pressure drop, psi, 

Q = feed rate, gal/min, 

A = constant. 

Hydroclone efficiency is defined in several different ways in the 

literature.1^ Gross efficiency, G, is the ratio of the solids discharged 

at the underflow-to-solids feed rate. The efficiency most often used is 

the centrifugal efficiency, E, which is defined as follows: 

R̂ , = ratio of underflow rate to feed flow rate. 

For example, if all solids entering the hydroclone leave at the under-

flow, G = 1. If all the liquid leaves at the underflow, Rf = 0, and 

the centrifugal efficiency equals 100$. Since all of the solids in the 

AP = AQ2 , 

where 
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feed material may not be the same size, efficiency must be referenced to 

a size distribution. Therefore, point efficiency expresses the centrifugal 

efficiency at a given size particle or the fraction of particles of a 

given size from the feed stream which are removed through the underflow. 

Typical results are given in Fig. 2.25 which relate point efficiency to 

particle diameter for a particluar hydroclone and flow rate. The particle 

diameter that gives a point efficiency of 50%, is often used to 

describe the efficiency of a particular hydroclone. Performance variables, 

such as cyclone diameter, liquid viscosity, feed rate, particle density, 

and liquid density, are usually correlated with the value, as shown 

in a previous report.^ 

2-3-2 Experimental 

The apparatus and procedure to study hydroclones has been described 

previously.1 Slurry from stirred tank is recirculated by a Reeves Moyno 

pump through a 10-mm Dorr-Oliver Doxie Type A hydroclone (Fig. 2 . 2 6 ) . 

The inlet, overflow, and underflow streams are sampled for each pressure 

drop, and particle size distributions are determined using a ZB Coulter 

Counter with a Model HU Channelyzer. Samples of the overflow and under-

flow are dried and weighed to determine solids concentrations. 

Experiments have been conducted11 using slurries containing approxi-

mately 5 wt % solids in water-glycerin solutions with viscosities from 

1 to 85 cp. The particles used included aluminum oxide (sp gr, 3.72 

g/cm ), a commercially available test dust "Air Cleaner Test Dust", sp 
o o 

gr, 2.64 g/cm ), and fly ash (sp gr, 2.28 g/cm ). The powders were 

screened to <k00 mesh (37 ym in diameter). 
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Fig. 2.25. Typical point efficiency curve. 
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2.3-3 Results 

Experiments were conducted to determine the effect of flow rate and 

viscosity on "both pressure drop and hydroclone efficiency.11 Information 

concerning the specifications of the 10-mm diam Dorr Clone was obtained 

from Dorr-Oliver. Their separation data are based on a solid (a quartz 

and sand mixture) with a 2.7 sp gr and at a feed concentration < 25 wt % 
12 

in water. Figure 2.27 compares our data for the feed-to-overflow 

pressure drop versus the feed rate at 1 cP with data supplied by Dorr-

Oliver. The experimental results and the Dorr-Oliver correlation agree 

well with a relationship in the literature1*"* which states that the 

pressure drop is proportional to the square of the feed rate. Density 

of the solid does not seem to affect this relationship, but the experi-

mental results do not show the same capacity for a given pressure drop 

as the Dorr-Oliver correlation. 

The viscosity of the fluid had a pronounced effect on the pressure-

drop—flow-rate correlation. As observed in Fig. 2.28, the slope of 

the curves decreases as the viscosity increases. At low viscosities, 

the pressure drop is proportional to the square of the flow rate. This 

indicates that centrifugal acceleration, proportional to the velocity 

squared, has a more predominate effect than viscous drag on pressure 

drop. As viscosity increases, the viscous force becomes more important, 

and the pressure drop is proportional to the velocity (as for laminar 

Newtonian flow in a pipe). 

Hydroclone efficiency was also affected by an increase in viscosity. 

Figure 2.29 shows that the rate at which solids and liquid are discharged 

to the underflow decreases at higher viscosities. At viscosities greater 



ORNL DWG 77-61-R I 

FEED CAPACITY (gpm) 
Fig. 2 .27. Pressure-drop-vs-feed-capacity correlation at 1 cP 

viscosity. 



48 

ORNL owe 77-893 

VISCOSITY (cP) 
o 1.0 
A 10.7 
• 33.0 
• 59.0 
A 85 0 

AC TEST OUST 

' i i i i i i I ' ' • I I I I 
.2 5.0 .5 1.0 2.0 

FLOW RATE, Q (gpm) 

Fig. 2.28. Effect of viscosity on the pressure drop-flow rate 

relationship for AC Test Dust. 

I.C 



ORNL-DWG 77-63A 

VISCOSITY (cP) 
Fig. 2.29. Effect of viscosity on gross efficiency and underflow-

to-feed-rate ratio. 



50 

than 30 cP, the fraction of solids and the fraction of liquid that go to 

the underflow are essentially equal. An overall centrifugal efficiency 

was calculated for various flow rates for AC Test Dust, as shown in 

Fig. 2.3O. Efficiency increases with increasing flow rate, as expected, 

but again viscosity has a pronounced effect above about 3° cP. At high 

viscosities, the centrifugal efficiency is essentially zero. 

Point efficiencies were not determined due to problems encountered 

with the Coulter Counter system. Improvements have been made to minimize 

background noise detected by the particle counter, and a better under-

standing of the channelyzer system has been attained. The data processor 

has been programed by Coulter Electronics so that the maximum computed 
o 

particle volume must not exceed 10,000 |jm , a particle diameter of 27.6 |jm. 

Thus future work will be done using particle sizes under this limit; 

kaolin (sp gr, 2.40 g/cm ) and Fe^^ (sp gr, 5.36 g/cm ) powders are 

available. Also, other powders will be sieved to <20 |im. Viscosities up 

to 30 cP will be studied further, and particle size distributions will 

be determined to evaluate the hydroclone point efficiency. 

2.4 Fundamental Agglomeration Studies in Heavy Organic Media 

B. R. Rodgers and J. D. Hewitt 

2.4.1 Introduction 

The tendency for particles to agglomerate and precipitate, or to 

disperse and stabilize, is characterized by a number of physical para-

meters. The most obvious parameters are size and density relative to 

the suspending matrix. Generally, colloidal solutions are characterized 

by dispersed particles having diameters of <1 (am, an artificial limit 
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corresponding roughly to the maximum size particle that will stay in 

suspension for a reasonable time. In heavy organic systems, such as 

coal liquefaction products, unconverted coal and mineral matter may be 

present both as a suspension (particles >1 pm) and as a colloidal dis-

persion (particles <1 pirn). The former particles are not difficult to 

remove by conventional techniques, but the remaining dispersed particles 

often constitute up to 50$ by volume of the total mass of particles. 

The smaller particles must be removed to meet stringent EPA specifica-

tions . 

The properties of these colloidal dispersions may be altered in 

two ways: (l) by effecting a change in particle size distribution, and 

hence the superficial interfacial area, and (2) by changing the nature 

of the interfacial forces by adding electrolytes or surface-active 

agents. Even though the agglomerated condition represents the lowest 

thermodynamic energy state, an energy barrier exists which prevents 

particle adhesion on contact. Thus the rate of agglomeration depends 

on the collision frequency of colloidal particles and the surface energy 

relative to the energy barrier. Because colloidal particles undergo 

Brownian motion, the collision frequency can be increased by raising the 

solution temperature. However, the energy barrier which prevents the 

close approach of particles must be lowered, or little agglomeration 

will occur. Verwey and Overbeek have shown that energy barriers can 

be caused by overlapping double layers which interact to increase the 

free energy of the system, thus leading to a potential energy of repulsion. 

The stability of an electrolyte suspension is determined by the balance 

between these repulsive forces and the attractive Van de Waals dispersion 
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forces. The zeta potential is a measure of the repulsive strength of 

the outer electrical double layer and thus can be related to the agglom-

erating tendency of the dispersion. This type of agglomeration is 
lU 15 

usually referred to as coagulation. Kitahara, ® among others, has 

extended the above theory to nonaqueous (low-electrolyte) systems. 

Determination of zeta potential traditionally has required dilute 

solutions (<2ie solids). However, there are many heavy organic-solids 

systems qf much higher concentrations; the Solvent-Refined-Coal Lique-

faction reactor product contains VLO wt % solids. For these solutions, 

special techniques must be employed. One of the more promising tech-

niques is electrophoretic mass transport. Since the ultimate goal of 

this project is to measure agglomerating tendencies in heavy organic 

systems of varying solids concentration, this technique was utilized in 

the experiments described below. 

Another method of agglomerating particles in dispersions is by 

flocculation. This is usually accomplished by adding long organic chains 

which "wrap around" particles and around each other to form a floe which 

settles rapidly. Both paraffinic and aromatic solvents have been shown l6 IT 
to produce flocculation in coal-derived solutions. ' It has been 

speculated that some component in the coal liquids is precipitated by 

these "antisolventsand this component acts as a collecting agent for 

the floe. Thus the second of our approaches has centered around sepa-

rating coal liquids into component classes and reconstituting them in 

steps (with solvent addition) to determine which components affect the 

agglomeration. 
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2.4.2 Description of methods 

Coagulation. An Electrophoretic Mass Transport Analyzer (EMTA) is 

commercially available from Micromeritics Corp., Norcross, Georgia, and 
l 8 

its operation is described by Akers- Briefly, the method consists of 

assembling a reservoir and sample cell (each containing an electrode and 

the sample solution), imposing a voltage bet-ween the electrodes, and 

measuring mass transport into the sample cell over a prescribed period 

of time. The mass transport is determined by measuring the weight dif-

ference of the sample cell plus contents. This weight difference, along 

with accurate measurement of sample physical properties, is used to 

calculate the electrophoretic mobility, which is needed to calculate 

the zeta potential. 

V€ = Rti 0(1-0) (Pp-Pjl) ' M 

where 
cm/sec 

ve « electrophoretic mobility, v o ^ y c m 

Aw = weight difference, g, 

k = conductivity cell constant, cm, 

R = sample resistance, ohms, 

t = time, sec, 

i = current, amps, 

p^ = density of solids, g/cc, 

p^ = density of liquid, g/cc, 

0 = volume fraction of solids, ur~*tless. 



55 

and 

_ k n V X A n 

D i ' { ' 

where 

? = zeta potential, v (e.s.u.), 

V = particle electrophoretic velocity, cm/sec, 

X = specific conductance, ohm ̂  cm \ 
2 

A = cross-sectional area of sample cell entrance passageway, cm , 

D = specific dielectric constant (relative to air), dimensionless, 

n = specific viscosity (relative to water), dimensionless. 

Combining Eqs. (l) and (2) and converting e.s.u. volts to standard volts 

yields the following equation: 
(36 x 10*1) H v n 

* w-*- • 

Flocculation. In order to identify the component responsible for 

flocculation of particles in coal liquids upon addition of solvent, it 

was necessary to first separate the coal liquid into the following 

components: 

Component Method 

Solids Precoat filtration at 530°F 

Carbenes and carboids Soxlett extraction with benzene 
(insoluble portion) 

Asphaltenes Soxlett extraction of recovered 
extract from procedure (2) with 
pentane (insoluble portion) 

Oils and resins Recovered portion (solvent free) 
from procedure (3) 
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Decane, a proven flocculation solvent for coal-derived oils containing 

solids, was sequentially added to the following: 

1. oils and resins; 

2. oils, resins, and asphaltenes; 

3- oils, resins, asphaltenes, and solids; and 

4. original unfiltered oil 

These mixtures were examined with an American Optical Microstar binocular 

microscope using both regular and oil-immersion techniques. 

2.4.3 Results 

Coagulation. The Micromeritics EMTA. was operated initially on 

kaolin-water mixtures to obtain operating experience and to check the 

instrument calibration. Five runs with 20 wt % kaolin-water mixtures 

gave, Q = -0.095 v with a standard deviation (a) of ±0.032 v. This may 

be compared to values reported by Micromeritics for this system, 

Q = -O.O59 v. Eight runs using 5$ carbon black in benzene gave 

Q = -0.274 v, CT = O.167 v. In a benzene-carbon black system where both 

components were meticulously purified, Kitahara et al.1^ found that 

Q = 0. Since our components were used as received, this demonstrates 

the importance of small concentrations of impurities in these sensitive 

measurements. Additional experiments with nonaqueous-solid systems are 

planned. 

Flocculation. Asphaltenes were successfully produced using the 
19 

techniques described by Mima et al. They had a light brown, grainy, 

amorphous appearance. The materials were stored under a nitrogen 

blanket because of a tendency to oxidize. The oils and resins obtained 

by these procedures can best be described as clear, medium-yellow liquids 
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(observed as a thin film at ii50X). Addition of 30% wt n-decane to the 

oils and resins only produced a lighter yellow solution. Addition of 

asphaltenes changed the solution to an orange color; no solids could be 

observed at 1000X, indicating complete solubility in the oils and resins. 

When 30% n-decane was added to this solution, a stringy precipitate 

(presumably asphaltenes) could be observed. Although many existed as 

separate units, some of these stringy particles attached themselves to 

a second phase of spherical droplets (see Pig. 2.31). Since decane is 

completely miscible with the oil and resin phase, the origin of the 

second liquid phase is unknown. However, it is of interest that the 

second phase disappeared with time, and yellow crystalline spheres were 

found surrounded by asphaltene chains (see Fig. 2.32). 

When 8% filtered solids were suspended in oils and resins and 30% 

n-decane was added, the solids remained dispersed, as seen in Fig. 2.33. 

However, when asphaltenes were present in n-decane, the solid phase 

agglomerated (see Figs. 2.3k and 2.35), proving that asphaltenes are a 

necessary component for agglomeration in these systems. When decane was 

added to pure asphaltenes, the grainy amorphous, near-spherical material 

remained. Upon more thorough mixing, some of the amorphous materials 

were broken and a clear, very viscous orange material was seen (see 

Fig. 2.36). Further study on pure asphaltenes showed that this orange 

material is present in asphaltenes even when decane is absent. The 

orange semi-solid material appeared to hold the amorphous material 

together from the inside, whether exposed to air or decane. The 

asphaltenes themselves appear to stick the solids together, and the 

role of n_-decane is to precipitate these asphaltene components from the 
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oil and resin solution. Further efforts are underway to separate the 

viscous orange material from the "brown amorphous material and identify 

each. 

2.5 Hydrogen Permeation Oxidation Studies 

S. D. Clinton and J. S. Watson 

2.5.1 Introduction 

Due to the large permeation rates of tritium "through containment 

barriers at even moderate temperatures (300 to 500°C), the handling of 

tritium in fusion reactors can create a hazardous situation. The 

oxidation of tritium to a nonpermeating and recoverable form should 

make secondary containment practical, and, in addition, the technique 
20 

could be used for recovering tritium produced in some blanket designs. 

Low concentrations of oxygen will be present in either a helium coolant 

or system containment atmosphere, and higher concentrations of oxygen . 

could be added. Atomic tritium, permeating a metal barrier, should 

react with oxygen sorbed on the metal surface to form the oxide. An 

experimental study has been completed to determine the oxidation effi-

ciency of deuterium permeating a metal wall at conditions expected 

within fusion power reactor systems. Data were obtained with deuterium 

permeating through palladium, nickel, and 30^-L stainless steel tubes. 

The deuterium oxidation efficiency at the metal surfaces increased 

with increasing temperature, but it was unaffected by oxygen partial 

pressure variations in the range of 0.005 to 0.2 torr. The conversion 

of permeating deuterium to heavy water was t>90% with a palladium tube 

at 25°C, and increasing the palladium temperature to 60°C increased the 
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deuterium oxidation efficiency to 97%-1 With a nickel surface, the 

deuterium oxidation efficiency increased from 88$ at 200°C to 9k$ at 

500°C. With a 304-L stainless steel surface, the conversion efficiency 

increased from 57% at 300°C to 91% at 600°C. 

2.5*2 Experimental equipment 

An equipment diagram and photograph of the hydrogen isotope 

permeation-oxidation experiment has been published. The system basi-

cally consists of a permeation tube surrounded by a 1 l/2-in.-diam 

tubular vacuum chamber and furnace, a variable leak valve for oxygen 

addition, and a noble-ion pump operating at 20 liters/sec. Two nude ion 

gauges measure the system presssure, and the gas composition within the 

vacuum chamber was monitored by a mass spectrometer. Since the operating 

pressure of the UTI Model 100C gas analyzer is limited, the vacuum 

chamber contains a 2-mil-diam orifice to permit higher oxygen partial 

pressures at the permeation tube surface. The spectrometer emission 
-5 current becomes unstable at pressures greater than 10 torr. 

2.5*3 Results and discussion 

Additional permeation-oxidation data were obtained with deuterium 

and a 30U-L stainless steel tube at 550 and 600°C. The stainless steel 

tube measured 0.250 in. 0D by 2.0 in. long with a 15-mil wall. To 

maintain a stable spectrometer emission current, the deuterium driving-

force pressure ranged between 200 and 500 mm. Oxygen partial pressures 

at the steel surface were varied from 0.005 to 0.2 torr with no sig-

nificant change in the heavy water-to-deuterium ratio. As the temperature 

of the stainless steel was increased from 5 5 0 to 600°C, the deuterium 
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oxidation efficiency increased from approximately 90 to 91% • These data, 

along with oxidation efficiencies at 300 to 500°C from the previous 
2 

report period, are shown graphically in Fig. 2 .37 . Each data point 

represents a steady-state condition. With temperatures up to 600°C and 

oxygen partial pressures up to 0.2 torr, it can he concluded that the 

catalytic effectiveness of the stainless steel surface is insufficient 

to achieve deuterium oxidation efficiencies significantly > 90%. 

2.5.4 Program status 

Hydrogen permeation-oxidation studies at conditions expected for 

fusion power reactor systems have teen concluded. No further permeation-

oxidation testing has "been planned for the immediate future. 
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