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FOREWORD 

The H-Coal process, developed by Hydrocarbon Research, Incorporated 
(HRI), involves the direct hydroliquefaction of coal to low-sulfur ~, 
boiler fuel or synthetic crude oil. The 200-600 ton-per-day H-Coal 
pilot plant is being operated next to the Ashland Oil, Incorporated, 
refinery at Catlettsburg, Kentucky, under DOE contract to Ashland 
Synthetic Fuels, Incorporated. The H-Coal ebullated bed reactor 
contains at least four discrete components: gas, liquid, catalyst, and 
unconverted coal and ash. Because of the complexity created by these 
four components, it is desirable to understand the fluid results of<~. 
prior cold flow model-experiments (I) to the operating H-Coal PDU 
reactor in Trenton, New Jersey. Studies are also planned to examine . 
the coalescence behavior of gas bubbles in three-phase:ebullated beds. 

The work to be performed is divided into four parts:" fluid dynamics 
measurements on the PDU reactor, gas bu~ble coalescence studies at 
..Northwestern University, cold flow and mixing tests at Amoco's Naperville 
Research Center, and model implementation. The objective of this 
quarterly progress.report is to outline progre~s in the first two 
areas. ~ 
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SUMMARY l 

Battelle Institute completed characterization of 'fifteen slurry mix 
tank samples and issued the final "technical progress report. 

~.Id flow measurements were initiated to study the fluid dynamics of 
coal char/kerbsene slurries fluidizing a bed of EDS-2A catalyst. Tests 
were hampered by plugging of lines caused by coal fines agglomeration 
in several process lines. At higher gas flow rates, entrainment of gas 
down the recycle cup became significant. After seventeen tests were 
completed, the pilot plant testing was postponed in order to modify 
pilot plant piping. 

Northwestern University continued development work on optical a~ 
electrical probes and began checkout of the laser holographic apparatus. 

INTRODUCTION 

The fluld-dynamics of the H-Ooal reactor has been previously studied in 
a cold flow unit. Reference 1 provides details of the construction 6f 
the :unit and resu1~ts of tests with a variety of gases, liquids, and/, 
catalyst sizes. A semi-theoretical model was developed to predict the 
volume fractions occupied by the gas, liquid, and catalyst phases. The 
aims of this new contract are fourfold: 

i) The model developed using cold flow unit test results will be 
extended to apply to the operating H-Coal PDU reactor. 

\-.41 

2) Because gas bubble dynamics are crucial in determining the'~nature ' 
of the flow, studies of bubble flow will be performed at Northwestern 

.....~, University using optically clear beds. 
/ j ". 

":--3). Liquid mixing tests will determine the residence time distribution 
: of liquid in the reactor. Under the previous contract, it was 

:.' determined that the coal char fines (simulating the unreacted coal 
and ash) were uniformly distributed throughout the bed. Hence, the 
measurement of l~iquid data is essential for modeling the residence 
time and kinetic parameters associated with the unreacted Coal. 

4) The model will be implemented into a readily usable format. 

DATA COLLECTION 

HRI PDU Fluid Dynamics Study 

Viscosity of PDU Reactor Liquid.--The final report from Battelle .Institute 
was received. With the exception of one sample.bomb which was apparently 
empty on arrival, all samples were tested in the traveling bob viscometer. 
Some limited experiments were performed to measure the variation of 



apparent!kviscosity with time at elevated temperatures. Battelle's ~ 
finil re@Srt is presented in Appendix A. : 

q 

Amoco Cold Flow Fluid Dynamics Tests.--Cold flow three-phase fluidization 
tests\were~,performed with a 4.3 vol% @lurry of coal char,in kerosene at 
ambient conditions. Gas, catalyst, and liquidslurry volume fractions 
were measured at various operating conditions%'Six slurry samples were 
taken from various taps to verify the'complete mixing~of ~he coal char e 
fines throughout~ the unit. ~ 

During these tests, it was necessary to keep liquidl, flowing%~through the 
recycle cup downc6mer line;(~ee Figure i) to the slurry recycle pump to 
prevent coalescence and blockage by the coal fines. Mixing of this 
feed and a parallel feed from Separator D-3 through the slurry feed 
pump into the unit was hampered by interaction between the two pumps. 
The recyci~ pump, a positive-displacement pump, was overcoming the head 
of the centrifugal feed pump. Some experiments were performed by 
draining the separator and recycling all the slurry feed through the 
recycle cup~ Gas entrainment in this recycle line hampered data collection 
at higher gas velocities, however 

The experimental program was suspended to permit repiping of the unit 
to the configuration shown in Figure 2. 

" IJ 

Northwestern University/Gas Bubble Dynamics' 

Efforts continued at Northwestern University to ~develop~th the light 
beam probes an~ impedance probes to measure bubble properties in small 
regions of the bed. Both probes and their associated electrical com-. 
ponents have b~en fabricated. An initial analysis program to calculate 
bubble-size a~d rise velocity distributions from experimental data Was 
written. A trial holographc image was taken of the 6" glass column at a 
low gas rate; it was possible to measure the bubble sizes over the 
entire 6" cross-section. 

Northwester~'s three monthly progress reports appear inAppendix B. 

Liquid Mixihg Tests "' 
;'/ 

,ss 

The literature search for articles describing dispersion of liquid in 
three-p~ase fluidized beds was started. Possible experimental methods 
• - D . 

identified=to date include organic dye tracers, DV fluorescence, radi0~ 
active"tracers, or powdered iron tracers with piezoelectric detectors. ~ 

A 2" diameter plexiglass scale model of the cold flow unit w~s designed, .. 
and material was ordered for fabrlcat~onf The bench-scale unit will be 
employed to perform scoping experiments and verify techniques before 
final tests in the 6" diameter unit. ~ 

~. - 

" % d, 
:' '~ % h 



DATA ANALYSIS 

C 
HRI PDU Fluid Dynamics Study 

l' 

Viscosity of PDU Reactor Liquid.--In June, Battelle repeated viscosity 
and deqsity measuremetns on one sample (Amoco-15) to observe possible i 
chadgesi of these properties with time at elevated temperatures. In 
previous experiments, Battelle found the viscosity uould be modeled by ~ 
the expresszon for a Binghamplastic: 

T =50 + 

Figures 3-5 show that the viscosity and density werein'deed changing 
• with time • at 700°Kin the viscometer; all the previously repozte d 
temperature data~therefore have an impl~cit parameter of time. Further 
analysis will be necessary to back-calculate the effective viscosity of 
these slurries in the H~Coal reactor. = 

Amoco Cold Flow Fluid Dynamics Tests.&-Thecoal char concentrations of 
the six slurry's~mples taken frgm the unit are shown in Table I. With 
one exception (Sample 77-139-6), the values are similar within the 
expected range of variability~ 

Table Ii shows the measurements of gamma-ray attenuation in the line 
from the recycle cup~ For:Tests Ii, 15, 16, and 17, the higher count 
rate indicates that gas was being entrained along with the liquid. 
Because gas velocity in the cold flow unit is calculated from the gas 

• i leaving the system, these tests should not he used for anal~sis. 
, n ~, 

Table III presents the/catalyst~;d expansion data. In Figure 6, these 
data are contrasted with earlier results from Run 204, where 5.1 vol% 
c6~I char fin~s was s~urried in kerosene. Bed expansions for the 
current tests were consistently higher than for the earlier series 
~ossible reasons for this variation are under investigation. Tables IV 

~ nd V summarlze the holdups of gas and liquid in the dense (gas/liquid~ 
=~ catalyst)/:region and in the dilute phase above the catalyst bed. ~' 

PLANS FOR NEXT PERIOD 

i} Continue studies at Northwestern University. 

2) Continue literature search regarding liquid mixing. 

3) Continue analysis of 'fluid dynamics data taken during PDU-10. 

4) Continue coid flow experiments at Naperville using HDS-2A catalyst 
and kerosene/coal char slurries. ~/ ~ 

5) Begin scoping experiments with tracers to study liquid dispersion. 
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NOMENCLATURE 

T 

T O 

u 

VCD 

I" 

:.- Shear rate 

Plastic visc:osity 
%, 

• ~Shear stress in viscometer 

Subscrip~ 

b ' 

. Yield stress 
• ' ,:,• 

Volume fraction of c'omponent 

Superficial velocity 
C 

Darton-Harrison: drift flux 

Bed (dense) phase value 

C ~. " 

g 

i 

Catalyst 

• , Gas 
._=. 

" Liquid 

Determined by ~-ray absorption 

Determined by AP measurement. 

~NeS/m 2 

N/~2 "~ ~. 

. . .  ~/m 2 

Ft/Sec 

mm/Sec 
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Sample ID 

AU-771iaS-2 

AU-77-136-3 

AU-77-137-4. 
• .:. 

AU-77-138-5 

AU-77-139-6 

AU-771140-7 

./ 

TABLEJI 

COAL CHAR CONCENTRATIONS, RUN 221 

_- // 

,Coal Char 
,;°' 

Sample Location Wt% 
° t,, 

Base of line from recycle cup 6.42.;. 
~ : ,, ~ 

~irst spool piece,(reactor base) 6.52 

Second s Rool piece (60" from reactor base) 6.38 

Third spool p~ece (120" from reactor base) ' 6.40 "' '" 

~//Fourth. spool piece (180" from reactor basel " 6.78 
!/: . 

. .  DNR/ml 
7/is/81 
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:: TABLE II" '~ 
¢ 

G~MA-P~Y MEASUPJ~IENT OF GAS IN RECYCLE LINE 

i 

%,Tes_..~t 

22]~-z 
2 
3 :  

4 " 
5 
6" 
7 

c 8 
9 
10 
11 

:', 12 
13 
14 
15 
16 

17 

L~ C: 

;° 

Ug, 
Ft/sec 

0.078 
0.077 

0.i04 
.,0,.144 

0.154 
0.169 
0.169 

~ 0:. 056 

0.056 
0. O56 
0.048 
0.078 
0.079 
0.104 

0.125 
0.148 

0.081 

C ' "  

U I, Intensity Recycl~e 
~ - L i n e ,  ciSec 

0 ;, 199 
: 0 = 199 

0 203 
0 199 

:-~ 0 ~- 20.7 
0 201 

~ . 0 199 
0. 094 " 206 
0.099 ~ 207 
0.075 200 
: 0.120 217" 

0. 048 202 
0 • 075 207 

0 .047  205 
0:'. 048 209* 

. 0 .  049 225* ':" 
0~ 076,~ 210-.  

t :  - 

*Excess  g~s. 

o., 

DNRIm! 
7/15/81 
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Run No. 

221-1 
2 
3 
4 
5 
6 
7 
8 " 

: 9 
i0 
12 
13 

~ ': 14 

' D N R / m l  

"7/z5/sl 

i 

f• p•: 

TABLE III 

% BED EXPANSION FOR RUN 221 

Catalyst~ HDS-2A 
Gas: = Nitrogen 
Liquid: Kerosene 

• Coal Char Co.ncentration: 4.3 Vol% 
Temperature: 73°F 

tl 

Liquid 
Flow Rate,,, ,. 

Ft/Sec 

6.o5 
0.08 
0.i0 
0.13 
0.15 
0.18 
0.21 
0 . 0 5  

0.05 
0 . 0 5  

.0.08 
:'0.08 
0.i0 

tt 

Catalyst 
Gas Bed 

Flow Rate Height 
(Inches) 

0.0 54 
0.0 56 
0.0 65 
0.0 72 
0.0 78 
0.0 89 
0.0 103 
0.05 52 

O...!0 ' 52 

0.05 58 
0.07 67 
0.05 66 

.T 

= 

-ii 

% 

Bed 
Expansion 

C 

17 
22 
41 
57 
70 
93 

124 
13 
13 
13 
27 
45 
43 
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.~ TABLE IV 

CALCULATED HOLDUPS~ RUN 221: ~EHSE PHASE 

-= 

CATALYST : H982A 
0~8 : HITROOEfl 
LIOUID : KEROSEHE 

. COAL CHAR COHC= 4,3 UOL Z • 
TEHPERATURE : 73. DEO F 

L iau id  6=.s Flow 
Elou Rate~ ~ Rate~ 

Run Ha. Ft/Sec Ft/Se~ ¢CB c t , ~  B 

221- 1 0.052 0.0 0.47 0.51 
- 2 0.077 0.0 0.45 0.52 
- 3 0.104 0.0 0.39 0.58 
- 4 0.129 0.0 0.35 0.62 
- ,5 0.154 0.0 0.32 0.64 
- 6 0.181 0.0 0.28 0.68 

, , , t  e )  " 7 0.208 0.0 0.25 0. ,  ,. 
- 8 0.052 0.050 0.49 0.37 
- 9 0.051 0.099 0.49 0.35 

- t 0 .  0.051 0.075 0.49 0.36 
- 6 - - - - ,  

-12 0.077 "" 0.'048" 0.43" " ~ 4 3  
-13 0.077 0.075 0.38 0.4B 
-14 0.104 0,047 0.38 0,49 

~.1 ,hRB 

Ucd 
e Q , , ' ~ B  ( H n t S e c l  

0.0 0.0 
0 . 0  0 . 0  

0.0 0.0 
0,0 ~:0.0 
0 . '0 0 . 0  

i 0o 
0.0 

0 .~.I 2 ?. I 
0.15 20,3 
0.14 14.~ 

1.72 
I .78 
0 . 3 8  

1 . 7 3  

0 . 6 4  

0,67 
0.70 
0.26 
0,24 
0.21 .;..:~ 

0.37 0.11 7.9 
0.44 0,12 15.2 
0.45 0,10 7.Z 
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T~LE V 

CALCULATED HOLDUPS~ RUN 2211-~ILUTE PHASE 

CATALYBT : HD$2A 
GAB : ~ITROBEH 
L!~UID : KEROSENE 
COAL CHAR CONC= : 4 . 3  UOL Z 
TEMPERATURE : 73. )E)  F 

Run .~o.  

221- 1 
- 2  
- 3  

- 4 
- 5  
- 6  

- 7  

- 9  
-10 

-12 
-13 
-14 

Liquid Gas Flow 
Flow Rate, = R~,'~,P.; 

Ft/Sec F%ISec ' , ~i,~,- ¢I,AP 
A 

0.052 0,0 0.96 0.92 
0.077 0.'0; 0.95 0,72 
0.104 0.0 0.96 1.65 
0.129 0,0 0.97 ~ 1.67 
0.154 0,0 0.95 ;@.92 
0olBI 0 ; 0  0.96 ~'~. 92 
0.208 0.0  0.95 0.72 

: 0.052 0.050 O.B8 0.72 
o . o 5 1  - 0 . 0 9 ?  O . B I  O . B 5  

, o..o51_ o..o.1'.~ . . . .  o__..8.4 . . . . . .  '~. .~.s_ 

0.077 0.048 0.87 O.~'l. 
0. 077 0 .:075 0. BO O. B,.9 
0.104 0,047 0,B5 O.B? 

0.0 
0.0 
0.9 
0.0 
0.0 
0.0 
0.0 
O.OB 

'~ 0.16 

0.11 
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S~.ATTC DIAGRAM OF COLD FLCW FLUID DYNAMICS UNIT 
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~ J I S C O S ' r T Y  OF H-COAL SAMPLES 

• by 

J. W. Droege, D; R. Taylor, 
and S. P .  Chauhan 

J u n e  30,  1 9 8 1  ":: 

° 

I 

ABSTRACT 

The rheologlcal properties .of 14 samples ~taken from L%e H-COAL 

pilot plant have :been determined at temperatures up to 725 K (845 F), 

mostly at a p.ressure of 17.24 MPa (2500 psla) of hydrogen. The samples 

sh~ed Binghs~n-plastl¢ behavior. "It was.found that the p~operties were 

tlme-dependent in tha't the yield stress decreased to near zero. The rate 

of this change was higher at higher temperatures. Most measurements '~ere 

made wlthout regard to thls time dependency. Therefore the results a~ the 

highest temperatures are somewhat in doubt for this reason. ,~:~'~; :',' 

I!il ° '~ : • ,..~ 

~NTRODUCTION " .- :~' 

t~ ,E 

On December 11, 1979, .Battelle submitted ~'ts report to AMOCO on 
7/ 

measurements made on a few H-COAL samples. :On A'p~'l 25,"-1980, we submitted 

our proposal for more measurements and the current program got under way on 

S e p t e m b e r  18, 1980. " : 

The objective of thls research'was to determine the theological 

properties of 15 samples to be supplied by AMOCO. The samples were to be 
." 

collected without exposure to air and were to be transferred into our 

apparatus ~Ithout exposure to air. Measurements were to be made of a sultabl, 

range of shear rates at temperatures between 350 end 450 "C under hydrogen 

p r e s s u r e s  o f  2000 t o  3000 p s i .  , . ',~ 

XC was not expected that e propertles would ~henge ~ appreciably th . " "" ' ~\~.~ ., ,. 

with time, but the possibility was recognized. Ther.efore\~ 
B 

• , .. -.. easurements ~ e r e  

be gun  a t  l o w e r  t e ~ p e r a t u r e s  and ' eon t inued ,~%t  h i g h e r  CemperatLires  . u n t i l  t h e  

series was complete. With some of the samples repea~ measurements were made 

/. 

J 

.o 
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at l ~ e r  t . ~ e r a t ~ e s  :af.te: cc~ ie t ins  the b:lL&b-te=perature:vork, Some of.. 
~he samples were maintained fo~;'~-a while at on~ temperature to check"on t_he: 

constancy of :esul~s, It became apparent that the res~es" were indeed tim~= 
m~ 

• dependent, Since extenslve constant-temperature me asure~,en~s ~rith extrapo- , .  

l a t i o n  to zero time wou]~..~.:~ave required large  s a ~ l e s  and a l o t  of  t ime,  

only  one such measurement was made i n  th i s  ma~erp by way of  i l l u s t r a t i o n .  

" REEOLOGY 

Most of the work on theology of coal-derlved llqulds has been done 

• at atmospheric pressure and therefore not far abo.v~ room temperature. 
t, . ; 

Vis~ositles of concentraeed slurries were .-found to 'be non-Neatoniau and to 

.be generally higher than predlcted for spherical, particles, (I) Coal-oil 

suspensions made v i t h  brown" coal have been found to, increase in viscosity 
with  a g i n g ,  even at  room tampe.rature. ( ) The v t s d o s i t y  of  coa l -der ived  

(3,4) llquids has been related to asphaltene and preasphalteue content, 

Aging of coal-derlved liquids, especgally In the preseu~'e of oxidizlng 

gases, has" been found to increase viscosiW.(5) 

-, A f~ attempts have. been made.to measure vlscosity at elevated 

temperature and pressure, In:a contlnuing program st Oak Ridge National 
t' 

Laboratory a continuous c o a l - l i q u i d s  f l e a  systo~ has been instrumented for  

measurement o f  v i s c o s i ~ y  and d e n s i t y .  (6) The s l u r ~  i s  pumped through a " 

length of heated tubing after which £t passes throu&h a constant-temperature 

section equipped wi~h pressure taps, By varying the flow ~ate i t  is 

possible to vary shear stress and shear rate and thus tq.:study th'e 

rheol6~y of non-Newtonian mlxtur~, Since the residence time in the 

h e a t e d  tub ing  i s  s h ~ t ,  the ~ . s c o e t ~ y  'of newly made sample c a n  b~-de ter -  

mined. 

Vtscometer 

A r e c i p r o c a t i n g  c o n c e n t r i c - c y l i n d e r  vlscometer-was developed at  

B a t t e l l e  f o r  measuring the v i s cous  p r o p e r t t ~ i  o f S y n r h o i l  l i q u i d s  a t  

e l e v a t e d  temperature and pressure .  (7) :If'seemed well s u i t e d  for  the present  
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measurements. The mechanical system ls simple. There is little loss due .to 

"'frict/on. The reciprocating action of the inner cylinder, the 'bob", tends 

to  keep the  sample m~xedo Data can he  obta ined  qu ick ly°  The bob can be 

.operated over a ~rlde range of shear rates. ~.: _~ 

• : The apparatus is sh~" ~'n~~Igure 1. It depends on the axlal 
: t 

movemen6 of concentric cylinders }esulting in a pumping action whI~ forces 

]/quid to flow in the: direction opposite to that of the inner '- eyllnde£ in 

"" t h e  space  ,.between the  c y l i n d e r s o  A mix ing  a u t o c l a v e ,  shown on t h e  r i g h t .  

can be used to hold the sample at a controlled temperature prior to transfer 

into the viscometero ,. 

A~.0o3L autoclave constltutes the outer cylinder 6£,the vlscometero 
~. 

"A cyllndricalbob (9) has a radius approxlmately l-m~ less than the inside 

,: radius of the autoclave° The bob is attached by tubing 'through. a. connector 

(6) to a large Alnico V bar magnet (5) and~ by ~eaus of a thin rod, ~to a' 

second smaller bar magnet (3)o The magne~ move freely Inslde t.uhlng 

extending from' the top of the autoclave. The bob is hollow, the space 

Inside connnunlcatlng with the autoclave a~osphere through the:;suspenslon 

tube. Outside the pressure system are located two large coils "(4)-, When 

a current is passed through these two coils in opposite directions, an 

upward or downward force is exerted on the bob, dependlnE on the directlon., 

of, current flowo' A second pair of coils (2) surrounds' the smaller magnet.:" 
(. 

Motion of this magnet induces a current in ~hese coils 'whereby the direction 

and rate of motlon off- the bob are detected. A vibrator helps to keep the 

... bob moving smoothly.~ i.' '~ 

. Good temperature control i~ important. Because .of the hlgh h~t 

capacity of"the system i t  is Important that the heaters be closely coop'led 

to the metal of ~he autoclave° A sheathed heater is brazed to the body ~f. 

the vlsco~:etero It provides the. primary' temperature control. A =ont'rol 

thermocouple i s  i ~ e r t e d  Into the  bottom of  the "autoclave where i.~ makes 

good contact ~ith .the metal~. • A three-actlon proportlonai controller is 

used . '  'Two l~and h e a t e r s  are u s e d ,  one around the  f lange," the  o t h e r  around 

the  c o v e r ,  independent lT'  c o n t r o l l e d  .to keep t h e s e  p a r t s  a t  the  same te~ni~era- 

ture  as ~he body o f  the: .auto~lave.  A copper enc losure  around the  va lves  ti: .~:~'-~-: - 

below the autoc~-{ve (t0') i s  provided w i t h  s t r i p  heaters  t o  keep the-'valves  . 

,.- , 
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and tublng" a t  the  same t e ~ e r a t ~ r e . "  ~he pr lneipa~(  h e a t  l e a k  i s  through 

t h e  w a t e r - c o o l e d  t u b e / e x t e n d i ~ g  out  t h e  top o f  t h e  a u t o c l a v e .  I t s  c o o l l n g  

effect is well compensated h " y the band heaters, 'A sheathed thermocouple 
.. +: 

(8), i~mersed in the sample~'Jnst above the bob, shm~s the sample ,temperath~e. 

A similar temperature-control system keeps the prehea~er autoclave at 
,~,r~'~ 

constant tempera tu'E,e-. " 

Valves,, and l / 4 - i n . ,  t ub ing  a r e  p rov ided ,  as  shown, by which sample  

can be transferred from one autoclave t o  the other. Ports for-the Intro- 

d u e t i o n  and w$Chdrawal o f  g a s .  f o r  p r e s s u r e  measurement and con t ro l :  and 

for a safety valve are provided, several of wh+ich are shown (1,7). A 

sensitive back-pressure regulator controls the pressure. The mixing auto- 

clave is stirred with  a magnetically driven (13) ~ turblne-type.agitator (11). 

The vlscomster autoclave is stirred only by the  action of the .bob. As an 

aid in keeping the sollds in su~perL~ion, a burst of gas is occasionally 

admltted from below. 

P r o c e d u r e  L. 

The v i s c o s i t y  o f  a f l u i d  i n  the  appara tus  can be  c a l c u l a t e d  from 

t h e  v e l o c i t y  and f o r c e  a c t i n g  on t h e  bob. The equa t ions  have been worked 

ou t  f o r  Newtonlau l i q u i d s .  ( ? tg )  The f p r c e  app l l ed  to  the  bob was d e r i v e d  

by c a l i b r a t i o n  from t h e  c u r r e n t  passe~ through t h e  l l f t i n 8  coi1'So From 

t h i s  c a l i b r a t i o n  and f rom the  dimensions of  t h e  appa ra tus  t he  c u r r e n t  s c a l e  

could  be conve r t ed  to  a s h ' ~ a r - s t r e s s  scm'le. The zero on t h i s  s h e a r - s t r e s s  

s c a l e  was no t  e a s i l y  e s t a b l i s h e d ,  s i n c e  some f o r c e  was r e q u i r e d  to  keep t h e  

bob J u s t  suspended ..in t h e  l i q u i d .  This  f o r c e  was r e l a t e d  to  t he  mass o f  t h e  

bob assembly and to the density of the liquid. ,For liquids not departing 

greatly from Newtonlan behavior, the zero on 'the shear-stress scale could 

be estimated from data obtained with both a rising and a,fa11Ing bob. 
a 

From this value and from a knowledge of the volume of the bob, the density 
• ," ? 

could be calculated. Shear rate was related to bob velocity through a 

calibration w~th a Newtonlan standard. 

¥iEure  2 shows a. sample, p l o t  of" s h e a r  s t r e s s  ve r sus  s h e a r  T a t e .  

A f o r c e  e q u i v a l e n t "  to  a~out  .3.65 on the  s h e a r - s t r e s s  a x i s ' w a s  r e q u i r e d  to  

overcome 8 r a v i ~  i n  t h i s : i n s t a n c e .  Two s e t s  o f ' p o i n t s  a re  shown~ on~ for_- 
c, 

-. 
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a ~ e i i n g .  the  o ther  for  a f a l l i n g  b o b . : ' T h e  gap between the  We intercept 's  

,. a t  zero shear  r a t e  i s  a measure o f  %he y i e l d  s tr,ess.  St, ~r l l l  b e ' s e e n  ~ha~" 

the  data f o l l o w  the  Bingham-plast$c model.  The v~s'cous b~havior  

cha~aoter i zed 'b~  two cons tants ,  as f o l l o w s :  
4' J :,~ ,' 

,.., T w T + ~ j  \' "" o o .~pl, ~', (l) 

" ,,here t h e  s t r e s s  and "pl..tle , sooslty". that le, 
., . - ~ .  ~,, 1 

t h a t  i s ~  thl~ ~ lope  o f  the  l i n e  o f  Figure  2 .  The.,. s e l f - c ~ u t e f i n g  behavior. .:. . 
I 

of  .~/.~,bob @orks b e t t e r  on the  r i s i n g  s t r o k e ,  th~re£ore ,  r e s u l t s  were  

based most ly  on the  upper l~ne .  Most of  the  data,-~ere obtafned. .a~ shear 
8.1 . . ,:, ~. rj  rates between i0 and i00 '.' ,' "' .'~'' 

When good data were obtalned ~oth with a', rlslng and ~.~a11Ing 
'~, '~, 

bob, the  p o i n t  on the s~ress  ax~s corresponding t o ' :a  balanced .b;ob e~uld'.be 
~., ' 

determined (3 .65 In Figure 2 ) .  T h i s  corresponds to a de"terminat~on of,  the  

weight  o f  the bob t - ~ e r s e d ' i n  the  l i q u i d o  A s i m i l a r  d e t e r m t r ~ t l o n  for  the" 

bob suspended in  a l r  and a determinatton o f  'the volume o f  the":bob are a l l  

that are needed for a density determinatlon. This procedure was used for 

the density determinations shown. The procedure was not v, ery successful 

at 400 K but appeared :~o glve.rellable results at higher temperatures. 
;%° L' 

-: :~ , The procedure for i°~adlng samples.lnto ,the vlscometer was as 

follows. The AMOCO sa~le bulb, wrapped with heat~ tape and insulation. 

was mourlted vertically beside the apparatus sh~n in Figure I°' The valves 

at the. bottom were, connected with I/4-in. tubing. The valve at the top of 

vent through a bubbler. Both autoclaves were f~rst evacuated and flushed ' 

wlth hydrogen. After warming the s~nple, to about 350 K the pressure in 

the sample bulb.was relieved. Then a stream of hydrogen was passed up 

through 'the sample to  provide s.ome m~xlngo: " 

The traus£er .as begun by applyin~ a sma'l~" pressure (about 20 

ps, lg) to the top of the sample (bulb as well as to the mixing autoclave, 

openlng connecting valves, then~bleedln~ gas. slowly from overflow tube 

in the mixing autoclave. When the 'l~q'uld level reached 'the overflow tube 

,. the flow of gas stopped and the connecting valve below this autoclave was ~' 

c l o s e d .  Hydrogen 'was, then pass'ed from 'the v£scometer "autoclave i n t o  the " 

mixing a u t o c l a v e  . to  c l e a r  the"eonnect ing  tube.  The mix~ng 'autoc lave  now 

conta ined  about 300'. am3 o f  sample,  a l i t t l ~  more than three  "~mes as  much ", ,.-. 
t- 
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as the  r equ i r ed  sample .  ~ e  charse  was s t ~ r c e d  v igo rous ly  £or a t ime  t o  

homosenize the  sample .  Sample was t hen  t r a n s f e r r e d  i n  a s i m i l a r  way i n t o  
,~ ,  L. 

the  v i~cometer  u n t i l  i t  r o s e  to  t h e  l e v e l  o f  over f low tube 7 i n  t h i s  

a u t o c l a v e .  Excess  sample was blown ou t  t h i s  over f low tube ,  t hus  l e a v i n g  

a sample o f  t he  r e q u i r e d  volume i n  the  v i s c o m e t e r .  Unused sample from the  

mixing a u t o c l a v e  was then  t r a n s f e r r e d  back  i n t o  the  sample bulb where  i t  
~ . . .  

was kept  w i th  an  o v e r p r e s s u r e  of  a b o u t  50 p s i g  o f h y d r o g e n .  

Before beginning the measurements the pressure in the viscameter 

was increased t o  the desired level~ then the temperature of the viscameter 

was raised to the temperature chosen for the first measurements. After.~ 

making the necessary measurements, the viscometer and contents were raised 

to the next hiEher temper@ture until the work was completed. At the con- 

clusionof the measurement the sample was drained from the autoclave and 

d i s c a r d e d .  

On s e v e r a l  occas ions  we depar ted~f rom the  s t anda rd  p r o c e d u r e ,  

e i t h e r  i n t e n t i o n a l l y  or  ou t  of  n e c e s s i t y .  The .exceptions w i l l  be  

described by sample number: '" 

• AMOCO I, 2, and 3. For these samples the pressure 
was i n c r e a s e d  and decreased  th roughou t  the  run i n  
an  a t t e m p t  t o  f i n d  the  e f f e c t  o f  p r e s s u r e .  These 
p r e s s u r e  changes were no t  made a t  the  h i s h e s t  
t e m p e r a t u r e s  fo r  f e a r  of  l o s i n g  v o l a t i l e s  wi th  t h e  
ventinE 8as. 

• AMOCO 3. Because of the formation of a plug in the. 
transfer line, it was not possible to return sample 
to the sample bulb. The sample used for the measure- 

;--. merits was subsequently removed through the top of the 
vlscumeter and, after exposure to air, was returned 
to the sample bulb. 

~ • AMOCO 7 .  This  was t h e  sample  chosen f o r  our~ f i r s t  
measurements. We developed a plug during the  first 
attempt to transfer. The sample was contaminated 
with air and water and .some of it was evaporated 
after overheating. Afte'r the measurements we had 
trouble draining the sample and damaged our bobD 
whlch, had not beer[/properly calibrated. Therefore 
this run wasdeclared to be a total "--~ss. 

• AMOCO 8.  At t he  end of  t h e  second  run  wi th  t h i s  
sample  we Judsed t h a t  no unused sample remained i n  
the mlxing autoclave. We therefore transferred the 
sample used for the measurements back into the sample 

,~.. bulb o" ,: 
i 

iI 

q 
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AMOCO 12.  There  appeared  to b e  i n s u f f i c i e n t  sample 
for a full charge to the vlscometer although 
apparently normal data were obtained. The sample 
was returned to the "sample bulb after the.measure- 
~nts. 

AMOCO i 3 .  ~Ne cou ld  f i n d  no sample i n  t h i s  b u l b .  : 
T h e r e f o r e ,  we• presume . the sample bu lb  now to  b e  : 
empty. 

AMOCO 15. In  o r d e r  t o  make one good o b s e r v a t i o n  
of  the  e f f e c t  o f  ti~"=e on our r e s u l t s ,  a second  
measurement was made with this sample using a 
modified procedure. The overflow tube 7 in the 
mixing autoclave was lengthened so th~ a sample 
of the required size cou ld  be introduced:-'~nto this 
autoclave. After making this transfer the auto- 
claves were both pressurized to 17.24 MPa (2500 
psi) an'd the' viscometer (but not the mixing  auto- 
clave) was heated to :700 K. The cold sample was '.. 
then transferred to the preheated autoclave where 
it was heated rapidly to the measurement temperature. 
Data were recorded at"700 K for an hour and a half. 
Subsequently measurements were made at lower tam- 
p eratures. %' 

• AMOCO 16. We apparently encountered a plug in the 
line and found transfer difficult. We were unable 
to return sample to the sample bulb and presume 
that ~he sample bulb is now empty. /. 

The v i s c o m e t e r ,  which  had been p e r f o r ~ n g  a c c e p t a b l y  a t  h i g h e r  

v i s c o s i t i e s ,  gave d a t a  w i th  a l o t  of  s c a t t e r  w i t h  ~ ' h ~ e  spec imens .  P r e -  

s~nab ly  t h i s  was due to  f r i c t i o n a l  e f f e c t s ,  which r e p r e s e n t  a much more 
i ,  

s e r i o u s  problem a t  low v i s c o s i t i e s  than  a t  h i g h e r .  Du~ing Janua ry ,  1981, 

we made some v igorous  a t t e u p ~ s  to  c o r r e c t  t h e s e  f r i c t i o n a l  p rob lems .  

For  ou r  bob to  move up and down w i t h i n  t h e  a u t o c l a v e  w i t h o u t  

f r i c t i o n  r e q u i r e s  good a£ignment .  We had been r e l y i n g  on a f l e x i b l e  J o i n t  
o .  

which a l l owed  the  bob to  c e n t e r  i t s e l f  i n  the  a u t o c l a v e  even  i f  the"magnet  

a s semb ly  was not  p e r f e c t l y  a l i g n e d .  During January  we made t he  f o l l o w i n g  

changes ~ :. :,:~ 

(I) A tool was devised w~ich enab'~'ed us to align ..: 
the ' a x i s  of the magnet housing accurately with 
the axis'" of the autoclave 

(2) One of the guides which kept the magnet assembly 
running true was removed. This eliminated one 
possible source of friction. ,- 

~.. 
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(3) The  f l e x i b l e  . : Jo in t  was  r e p l a c e d  ,a-l~h a f i x e d  
Conne  c t  O r  • 

(4) The system was calibrated over the range of 0,~3 
t o  33 mPA.s (cP). i!, 

• The c a l i b r a t i o n s ,  which were based on the  known v i s c o s i t i e s  o f  f i v e  l i q u i d s  t 

we re  i n  s a t i s f a c t o r y  agreement.  The s c a t t e r  i n  the  measurements on coa l  

l i q u i d s  was E r e a t l y  reduced.  - 

We belleve that the ,older data, vhile flawed by excesslve scatter, 

were otherwise valid. However the quallty of data Improved, beginnlng with 

AMOC0:,4, run in laCe-Januarys and subsequent determlnatlons w~ll be considered 

more rella~le. Most of the ~.measurements made prior to' that time were sub.se- 

quenLly repeated. ..~ . ~ :~ 

• 11 . /> 

: "~:-~' :~ Results .. :> 

"r 

The resultsi~of our ,~asurements are shown in Table 1. Within 

each set of measurements on a single sample the results are shown in the 

order in which they were obtained• In most eases the first measurement 

was made at about 400 K.,. This routine was established In order to sh~ 
\ 

gro~-s differences from sampie to sampl"a, since measurements "-are more 

easily m,,ie at higher viscosities. The results show that ;there was the 
!; 

expected relationship between viscosities at lower and at h~gher temperatures, 

but there were also many departures from this relatlonshIp. ' ~, 

The accuracy of these results is plainly not hIEho • It is dlffl- 
j. 

cult to place a numerical .'estimate on the uncertalnty• Perhaps the best 

assessment would coma 'from-the nmnerous repeat dete~nat~o~s 'and comparSsons 

with work at 0RNLo These comparisons will be discussed in a subsequent 

s e c t i o n °  

~n almost all cases the data followed the relatlonshlp corres- 

pondlng to Bin'Eham plastlc behavior. At io~ shear rates, of the orderof ~ 

I0 s -1, shear rates often appeared to be hlgher than the Bingham-plastlc 

straight llne would 'predict. This may be an artifact of the measurement 

or it may indicate that the true behavior is somewhere between pseudo- 

~ , p l a s t l c  a n d  Bingham p l a s t i c  o 



TABLE 1 ,  

Te=perature, 

- ° " ~  

13. ~ 

~ s c o u s  Pt~OP~ZEs o y  A~OCO SAm~ES 
/ .  

:;t {l~3.apsed Viscosity T~eld 
P~ess~e . j / T l u e ,  n 1 NFa p s .  ~-~ L'Ln ~ a . ,  8 t ~ / ~  "o  

- -33  

• - . .  

408.2 '  275.0 
625,5 666.1 
624.9 665.1 

: 625.2 665.6 
648.5 707.5 
649,2 708.8 
648.9 708.3 
673.2 752.0 
673.5 752.5 
673.2 752.0 
699.2 798.8 
724.0 1~3.4 
673.2 752.0 

3.7.24 2500 .20 1065 
13.79 2000 .05 909 
17.24 2500 .04 907 
20.69 3000 .03 goz ~ 
13.79 2000 .06 881 
17.24 2500 .05 884 
20.69 3000 .04 882 
20.69 3000 .08 858 
17.24 -2500 , .08 858 
13.79 2000 .08 862 
17.24 2500 .09 828 
17.24 2500 .13 766 
17.24 2500 .06 832 

413.4 284.6 17.24 2500 
623.5 662.5 3.3.79 2000 
624.3 664.0 17.24 2500 
624.8 664.9 .20 .69  3000 
645.3 701.8 3.3.79 2000 
645.7 702.5 17,24 2500  
646.2 703.4 20.69 3000 
669.2 744.8 ~3.79 2000 
698.2 :797.0 17.24 2500 
723.2 '. 842.0 17.24 2500 
722.7 841.1 17.2& ~ 2500 
723.1 841.8 17.24 2..500 
723.2 8~2.0 17.24 2500 

405.6 272.3 17.26 2500 

648.2 707.0 
672.4 750.7 
672.2 750.2 
697.4 . 795.6 
725.0 845.2 

- -  405.2 269.6 17.2& 2500 ~ 
~ "  627.0 868.8 13.79 2000 

627.2 669.2 17.24 2500 
626.6 668.3 20,69 3000 
646.0 703.2 23.79 2000 
646,6 704.5 17.24 2500 
648.2 707.0 20.69 ~ 3000 
672.6 751.1 17.24 2500 
696.2 793.4 17.24 2500 
719.6 835,7 17.24 2500 

409.0 276.4 17.2& 2500 
627.0 668.8 13.79 2000 
827.3 669.4 3.7.24 2500 
627.2 669.2 20.69 3000 
627.4 669.6.  17.24 2500 
622.7 (61.1  ~3.79 2000 
649.5 ~ 0 9 . 3  13.79 2000 
6 5 0 , 2  710.6 17.24 2500' 

10.4 
2.07 
2.15 
2.03 
3.,87 
1.67 
1.84 
1.77 
1.77 
Z.71 
1.73 
1.33 

1 . 8 4  

AMOCO 2~ovember )  

8.8 
1.76 
1.72 i 
1.72 
Z.45 
3..63 
1.46 
1,81 
1~55 

4 1.28 
18 1.68 
26 1.87 
3~. 2.03 

A.~0CO 2 (Ha~) 
~J 

16~6 
: 2.10 

1.92 
2.01 

37 1.92 
67 1.81 
97 ~ 3..76 

~0C0 2 ~December) 

14.0 
2.18 
2.07 
1.98 
1.57 
1.82 
1.91 
1.38 
1.60 

• 1 . 5 3  

AMOCO 3 (Hatch) 

80.2 
5.81 
5,53 
5.60 
5.23 
5.22 
5~00 
4.97 

.13 
: : .06 

.02 

.01 
. . . .  !2  
": .13 

.11 

.12 

.08 
:' .16 

.24 

.32 
°33 

a ,  

.26 

.10 

.13 

.15 

.13 

.20 

.20 

3.033 
900 
899 
897 

. . . . .  -.:869-. -. -'-. 
870 

8 7 0  
856 
818 
762 
755 
750 
?55 

• • ,.,.. :. 

: 1080 
93.3 
895 
844 

• 6 " 9  
804 
763 

.31 1107 

.07 925 

.05 932 

.09 926 
.12 903 
,15 899 
.09 900 
• 17 865 
.18 8 3 6  
.23 : 798 

2 , 0  . 
, 4 2  9 9 5  
, 4 2  9 9 6  
. 4 2  1 0 0 0  
• 35 9 8 5  
• 37  9 9 3  
, 3 9  9 7 9  
.38 9 7 7  
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~ABI~ 1 .  (Cont/nu~d) 

Pressure T:~e. 
Vieco"~LCy Y£eld 

*+* ' °  
kS/m3 

\ 
\ 

650.0% 710.2 20.69 30qo 
673,4 ~ 752.4 20.69 3000 
673.2 " 752.0 27.24 2500 
672.8 ~751.3 '13.79 2000 
699.0 ~98.4 3.3.79 2000 
699.0 ?98.4 17.24 2500 

• 699.0 798.4 20.69 .5000 
723.2 842.0 337.24 2500 
699.1 798 .6  17.24 2500 
409.5 277.5 17.24 2500 

407.6 274.1 17.24 2500 
622.2 660.2 
646.6 704.3 
646.2 703.4 
672.2 750.2 
698.2 797.0 
722.7 841.2 
722.8 841.5 
722.~ =~4z.33 
722.6 840.9 
722.6 840.9 

407.2 
626.2 
649.2 
673.6 
697.4 
722.4 

273.2 13;79 

667.6 1 708.8 
752.7 
795.7 
840.7 

408.2 275.0 332.41 
623.6 662.9 333.10 
647.6 705.6 1 
673.2 752.0 
698.7 797.9 
722.7 841.1 

408.5 275.5 
623,7 662.9 
647.2 705.2 
670.5 7~7.1 
697.4 795.6 
723.2 ~ 8~2.0 

407.2 2 7 3 . 2  
621.6 659.3 
648.2 707°0 
672.2 750.2 
699.2 798,8 
724.2 843.8 
698.6 797,9 
698.2 797.0 
697.6 796,1 

~ 698.2 797.0 
; 

17.24 2500 

,AMOCO 3 ~arch) 
(Co=¢tuued) 

4.94 
3.58 
3.52 
3.70 
2.95 
2.65 
2.77 
2.20 
2 . I1  

46.3 

moco 4 ~ y )  

0 44.5 
: 80 3.46 

120 3.13 
190 3.11 
230 2.78 ' 
250 33.85 
280 1.72 

• 288 1.60 
316 33.31 
345 33.32 
381 33:3z 

. ' E ~  

N~OCO 4 ~Janua~;) 

2000 )' 31.8 
.3.65 
3.533 

• 2.78 
,:. 2o'12 ' 

~ 1.74 

AHOCO 5 ($:'ebz,.zaz'y) 
; r j  

1800 73.0 
1900 3.49 

2.66 
2.62 
2.38 
2,3.9 

~oco  6 qT,.~=uar:,) 

ii 97 
,, 5,26 

4.93 
4.46 
3.42 
2.30 

' -+::,.+.~+,. 

AMOCO 8, (k~,.33) 

17.24 2500 

I' 
Y 

0 
50 
80 

120 : 

.35 

.32 

.29 

.28 

.22 

. 2 0  ; , 
- .18 

.07 
.00 

973 
94~ 
941 
945 
911 
g05~ 
900 
875 
902 

1093 

.1.52 .1069 
.22 968 
.22 952 
.18 950 
.15 V 925 
.16 : 896 
.08 863 
.07 :~:~= 865 
• 00 859 
.01 861 
.01 860 

.18 

.338 ~' 

.20 
m 2 0  ; , 

.09 

.10 

.11 
" .07 

.06. 

.06i; ~. 

.42 
.40 

, .32 
.26 
.08 

20.8 .- .60 
4 ;2O :: .15 

958 
942 
~22 
896 
887 

3.96 
3.78: 
3.67 
2;/59 ,' 
2~32 
~.16 

.~2.~o 
2.33 

981 
971 
946 
924 
~97 

103~ 
1021 

995 
966 
938 

; ,  " .  

: 1071 
960 

.14 938 

.18 917 

.15 877 

.08 1~4 

.02 864 

. 0 2  ~855 

.00 865 

.00 8~,9 



TABLE 1.  (Continued) 
.°  

~JL'E B B1LtYe 

HPa ps t a  

E~apsed V:le;ccslcy ¥~Leld 
TJ.me m sl 1 5Cx'm"~sz TO 
~La ~a.s  l, li=z 

352.2 
416.6 
625.4 
649.2 
672.2 
696.6 
725.0 

407.8 
624.0 
648,2 
674.4 
699.2 
725.2 
~700.2 
700.6 
701.2 
701.4 
701.2 

407.4 
626.2 
648.8 
650;0 
672.6 
695.6 
695.8 
717.0 

174.2 ~ 17.24 "2500 

666.o I 
709.0 
750.2% 
794 .1~ \  
645.~" ~ : ¥ 

// 
27,,.'.J 17.~ 2500 
663.4 
707.0 
754.62 
798.r8 
.5~.6 
80016 
6o1',s 
602.4 
602.8 : 
802.4 
;7 

273.6 17.24: 2500 
667.4 
708,3 
710.4 
750.9 I 
792 • 3 I 
792.7 I 

830.8 T 

~408.4 
625,6 666.5 
648 .6 .  707.9 
677.0 758.8 
700.6 801.5 
724~6 844.7 
699.4 799.3 

: 6 9 9 . 6  799.7 
699.2 796.8 
698.2 797.0 
698.6 798.3 

~OCp 8 (December) 

: 147 ,,; 
17.1' .53 

~ 3.30 .25 
3.77 ,22 

" 2,58 .21 
2.41 .15 
2.20 .16 

/~oco 9 (Alert1) 

19.9 .30 
3.25 .14 
2.60 .14 
2.3O .12 

.. 1.82 , .09 
1.61 I\ .04 

0 1.19 / , ;  .00 
25 1.10 ~i' :" .00 
40 1.15 ,,~, .00 
55 ,~:, 1.15 " " :~ ' - .01 

': 70 ".::~...~ 1.09 .. .- ,01 

~ 24.0 .48 
: 2.71 .25 

2.15 ,28 
3.35 .31 
2.33 .34 
2.55 .37 

: 3.24 .36 
1.80 

AlvDC0 10 (ApriZ~ 

275.5 17.24 2500 

° 

-35 

De=s l y ,  
kS/= 3 

407.0 273.0 
..:625.0 665~' 

649.2 708.8 
673.6 752.7 
697.0 794.8 
725.4 846.0  

409.7 277.7 
620.2 656.6 
649.4 709.2 
672.7 • 751.1 
697.9 796.9 
721.A 838,8 

1092 
969 
953 
923 
910 
883 

1076 
956 
940 
916 
881 
844 
850 
846 
844 
843 
841 

1120 
930 
919 
912 
895 
800 
881 

37.2 1.03 1121 
3 .61  .18 963 
3.25 .16 937 

'3,01 .13 915 
1.92 .12 877 
1.74 .10 838 

70 1,42 .01 852 
34 1.31 .01 866 
63 1.20 .00 864 
91 1.22 - .01  665 

.00 865 I37 • 1.24 ~ 

~ r ~ d ' z 0  CJa, ,a~) 

17.2  . . . .  31.0 .53 
2.08 .18 
1.92 .16 
1.60 .13 

.12 
1.641.10 I ~  ,17 

AHOCO 11 (Febz~m"zT') .. 

2500 3 1 . 0  .23 
4.92 ,48 
4.43 .47 
3.88 .46 
2.95 ,41 

• 2.23 .23 

17.24 

1122 
965 
935 
g17 
884 
870 

1244 
- '1028 

1011 
:" 990 " 

965 ' 
:q'~.a .. 
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TABLE 1 .  (Conn tnued)  : 

Temperature 
K iF 

.~ ~ r e B B U Y e  

MPa psia 

Elapsed Vlscos£t-y 
Time, n 1 

• tD ~ A ' B  

Yteld 
StrP'ss x ~o 

Ntnz 

408.2 
723.7 
647,7 
672,7 
696.5 
323.s 

411.2 
624.0 
647.8 
873.4 
696.0 
724,3 

410.0 
626.1 
650.0 
674.3 
697.6 
723.3 

353.2 
702.0 
694.0 
702.6 
700.2 
702.6 
701; 2 
701,6 
702.8 
704.0 
677,6 
649.0 
623.4 

408, ? 
623, 7 
648,2 
673,5 
898,5 
724,0 

275.0 
662.9 
708.1" 
751,1 
797.5 
842.5 

260.4 
663.4 
706.3 
752.4 
796.6 
8~4.0 

276.2 
667.2 
710.2 
75~.0 
795~9 
842".;2 

176,0 
805.0 
790.0 
805.1 
800.8 
804.9 
802.4 
803.1 
805.3 
807.4 

• 760.1 
708.6 
£-62.5 

275.9 
662.9 
707,0 
752.5 
797.5 
843.4 

~17.2~ 

".2 

17.24 

1 
17.24 

:17.24 

.. 

17.24 '[. 

2500 ~+18.4 
2.81 
2;25 
1,94 

(2.05) 
1.58 

AMOCO 14 (~ , rch)  

2500 ~= 

l 
2500 

2500 

24.7 
1,77 
1,47 
1,18 

,89 
,74 

9 6 . 3 :  
6.74 
5.24 

~3.53 
2 . 8 8  

)) 2.13 

~oco is O . e ~  

0 
8 

11 
18 
26 
i6 
60 
75 
65 

100 " 
135 
220 
257 

4,66 
3.74 
3.85 
3.52 
3.24 
2 . 7 7  
2.73 
2.73 
2,81 

:: 2.84 
: 3.12 
= 3,61 

.&9 

.oa 
o10 

,11 
: .os 

1,41 
,08 
,08 
,05 
,01 
,00 

.78 

.38 

.26 

.21 

.18 

.06 

.5~ 
,51 
.41 
,29 
:24 
,14 
,10 
.08 
,08 
,04 
.04 
.05 

: ~oco16 O.--=hp 

2500 59.9 /:~ .88 
4.92~'" ,11 
4,14 ,11 
3.49 ~ ,11 

, 2,54 - .05 
' 2 . 1 1 ,  .04 
L 

:...j.;-:" 

Dmmity, 
kS/m3 

m 

. 1087 
950 
931 

(906) 
890 
873 

1096 
978 
949 
928 
897 
864 

1190 
1031 
1002 

975 
947 '~ 
928 

989 ~ 
966--... 
976:. ~ 
972 
969 
955 

• 950 
948 
941 
955 
976 
988 

122o 
1028 
1012 

994 
966 
956 

i 
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725 K were already low, but they appeared to decrease essent ia l ly  t~  zero. 

AMOCO 1 appeared to 'he  an exce?tion to  t h i s  behavior.  After half e~/hour. 

-~="'~" ....... "at the highest temperature, both plestic'vls.c.o,~...ity and y le ld  stress were ~.; 

increasing. 

" ' At the end 'of the program, with the opportunity for one more 

minatlon o£ the changes with time at a single temperature. !kMOCOClS, 

The sample'- 

-'- -37 
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The p l a s t i c  vLscos i ty  was found to decrease as ':the temperature 

increased ,  as e x p e c t e d .  Tha re la t ionsh ip  between y i e l d  s t r e s s  and temper'a- 

ture..was not so c l e a r .  As w i l l  be shown iu  the next  s e c t i o n ,  t h e ~ y i e l d  
• , , t  s t r e s s  a t  any high temperature~was found tO decrease with t t ~ e .  Therefore 

a decrease  i n  y i e l d  s t r e s s  wi th  increas ing  temperature, as was, general ly  qb 

observed,  may have been due in  "part to change with  time. Never the les s ,  

there  did seem to be ljome decrease o f  y i e l d  s t r e s s  with Increasing tempera- 
% 

ture .  This e f f e c t  was'~relatively smal l ,  however. ,. The determinat4on o f  

y i e l d  s t r e s s  at  400 K was not very r e l i a b l e  because o f  the higher  v i s e o s ' i t i e s  

and the uncertainty in  the dens i ty .  
L' 

C~anges with Time . . . . .  

: I, 

/, 4 .  
~: The program was devised with the ass,nnption " . . h a t  t h e -  samples would 

t 

cot ch=~e appreciably wi th  time. Zt was recognized, however~ that  changes 
.,:. 

were possible.  Therefore~"measurements were made as rapidly as possible,  . .  
i 

s t a r t i n g  at  lower temperatures and continuing at  higher temperatures.  In / // 
several cases (i,"3, 8D 9, lO) ~easurements at a lower temperature:were l: 

repeated after completing the biigh-temperature work to datezlnine whether any. ~ 

changes had occurred. I t  was ~%un d that b o t h  lower p l a s t i c  v i s c o s i t i e s _  

and lower y i e l d  s t r e s s  values wire'measured a f t e r  holding a t  a higher  

temperature. " " "' " ~  

,, On 'several occaslons we held the speclmen for a while .at constant 
:, % 

temperature to determine whether the properties were constant. In Eenerai-': 

(8, 9, i0) we found a slight decrease in plastic viscosity and a decrease 

in yield stress, The yield stress at 700 K after previous measurements at 
C.-~. 

"previously measured i n  March, was. chosen for  t h i s  experiment.- 

,: it r,- 

, / [ ' ?  

/,. 

. .  • • , • /  
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was t r a n s f e r r e d  from an a u t o c l a v e  a t  353 K t o  t h e  vAscometer a t  about  

700 K. M~asuremenes began  i n , , e d i a t e l y  b u t  i t  t ook  abou t  8 minutes  to  b r i n g  

t h e  sample  to  t h i s  t empe ra t u r e .  1%~=behavior a t  400 K i s  shown i n  F igure  3. 

~ T h e  d e c r e a s e  i n  p ! a s t £ ~  v i s c o s i t y  s eems  to  be  c l e a r l y  i n d i c a t e d ;  

though t h e  appa ren t  up tu rn  a t  t he  iend i s  no t  so  c e r t a i n ~  The y i e / d r  s t r e s s  

changed i n  a touch,-more pronounced way, decre  g n e a r l y  t o  ze ro  i n  l e s s  

than  2 h o u r s . - '  At 425: K t h e  change  would o u b t ,  b e m o r e  r a p i d .  The 

• change indensity was unexpected. The change was about 5 percent, wl~ch is 

a substantial change. The data seem to indicate this change clearly. We 

a r e  no t  s u r e  .what t o  make o f  i t :  
t ,  

The data. obtained during sample heatup, while not sufficient for 

treatment in the !usual way, indicate a th'~'ckening o£ the sample, whether 

caused by: an increase in plastlc viscosity or an increase in yield stress 

is not clear. This time period was difficult to interpret because rlslnE 

temperatures were changing density and therefore ~ buoyancy of the bob. 

'Therefore we cannot be sure about this appaizent transitory phenomenon. 

One more p e c u l i a r i t y  i n  t he  da ta  ou ld  b e  p o i n t e d  o u t .  For 

AMOCO Samples 1 and 2 the trend with ti~e and for.yleld stress even with 

temperature Seems to be  the reverse of that generally observe~i. Each 

sample was run twlee, and in each"of the four runs there appa~ars to he an 

u ard t r e n d  i n  yield stress. : " .~:~:,.. 

i 

¢ 

Effect o£ Pressure 

For several samples measurements were made at pressures of 13.8, 

17 .2  and 20 .7  MPa o f  hydrogen .  No d i s c e r n i b l e  t r e n d  was d e t e c t e d .  

P r e v i o u s  e x p e r i e n c e  w i t h  s i m i l a r  b u t  much more v i s c o u s  m a t e r l a l s  i n d i c a t e s  

t h a t  t h e  p r e s s u r e  e££ec ' t  might have  been  expec ted  to  be  abou t  5 p e r c e n t  

for a 1000 psi change -- higher %flLseoslty for the higher pressure. The 

s c a t t e r  i n  our  d a t a  w.as o f t e n  g r e a t e r  Khan t h a t .  
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Xn a l l ,  s i x  o f  the ,d~ter~ inat ions  were repeated .  The s c a t t e r  

was g r e a t ,  even a f t e r  the  January c o r r e c t i o n s .  Furthermore, i n  ~ o s t  cases  

the e a r l i e x  r e s u l t s  i n  p l a s t i c  v i s c o s i t y  were c o n s i s t e n t l y  lower than the 
" / i  

later'~,'u.Z~e,.~verage d i f f e r e n c e  between the  e a r l i e r  and l a t e r  de terminat ions  

ranEea from l'~ percent  for  AMOCO 1 to 36 percent  f o r  "AMOCO 10.  Sample l i s  ~, 

'~said ~b be  the  s t ~ e  as Sau~le 2; s i m i l a r l y  Samples 8 and 9 were  d u p l i c a t e s .  

Each of. t h e s e  f o u r  was r u n  t~aice,  The d e v i a t i o n s  be tween  t h e  p ~ t r s  i n  each 

case were o f  the  same order o f  magnitude as deviatio.ns between 'repeat.  runs.  

\..,,. A s i m i l a r  comparison between r e ~ e ~  determinat ions  o£ y i e l d  s tres s ,  r- 

shows"a sim!~lar l e v e l  o f  agreement. At ht~h~er temperatures the  aEre~nent 

is worsen, presumably as the yield stress decreased with-time for each measure- '. 

~nt. ') . ,  . 

,. Zn g e n e r a l  we w o u l d  h a v e  r o  s a y  t h a t  t h e  a g r e e m e n t  b e t w e e n  r e , e a t  ':" : 

determinations was less :good "~han we had hoped. ~is is only party due to 

v uncertaln~ies re~arding the condition of the sample, such :as the possible 
~, .- .. 

separation of solids be£ore transferring' the sample ~o the ~:vlscometer. uncez- r. , 

taintia's in the extent of chan~e brouEht about by standing at high tempera- ,; "~ 

ture and the llke. A large part of t e uncertainty seems ~o be due" to 

instrum;~ntal problems such as the lack of alignment. "', : 
.t 

li ," 

Comp~rlson with ORNL" Results 
/ 

~. It is our understanding that the correspondence of samples used 

by o-~rselves and ORNL ~s as shown in Table 2. Because of the changes with 

time we have shown also cur yield sires's" results at 700 K, whlch we ~udge. 

to be closer to the value at .zero time t~an the value detez~nined at 725 K. 

~: Although the order of maEnitude of ~he results was ~he same aa 

determined by the two methods~ the a~reement is not very close. Especially 

in the case of AMOCO'.,11 and Sa~p,.le 43A the results are in serious dlsagree- 
!i=' 

merits, even in den s~y. Because o~ the rapidity of changes wi~h time, "which 

is no doubt 8reater at 725 .K::than sho~n in FiEure' 3 at 700 K, and because 

: of the differences ~n residence time for the two me~hods ,: the dlfferences "' '" ,." '~:il 

(~ ' ' - " ' "~ '  ' " 2" :~ i '~  " 

: i , '  • ' ' ' ' " : '  ' ~ : : ' ~ ! ~ "  
• " • / ; "  • ' .  ' : ' O,  • ," " . . , ' ~  

-~- . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . + . . ~ . : - . - : -  : - ~ : , - - - . - -  . - - :  ; - . ; ~ : : . - . . ~ , . , ' ~ .  
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TABLE 2. COMPARISON OF RESULTS AT 725 K 

Olt~]L,,Results" 

Sample Number 27B ~ 34A 42A 43A 

" -1 '  mPaoS 1.68 ~ , 0 3  1.73 = 1.07 ~: 
T:~ N)m 2 ': .126 .307 ~ .232 .192 

O~ kglm~ ; 908 985 882 ~ 851 

This Research 

Sample Number 5 : 6  9 Ii 

npl , mPa-s 2,19 2.30 1.81 2,23 

T O aC 725,:Nlm 2~ .06 .08 .04 .23 

T ° at 700, N / 2  .06 .26 : .09 .41 

p, kg/m 3 897 938 ~ : 844 938 
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i n  r e s u l t s  were  pe rhaps  no g r e a t e r  than  should  b e  e x p e c t e d . "  

the differences between'  Ii and 43A seem to be  excessive. 

Even so, 

• , , ;  • , C I  

1~/1~ RE WORK ". 

F u r t h e r  de t e m i n a t i o n s  o f  r h e o i o s i c a l  p r o ~ ' e r t i e  s o f  samples such 

as t h o s e  examined i n  t h i s  progr"am would  have to  be  b a s e d  on an expe r i men t a l  

design ¢J~at deals with the changes in propertles with time. ~E~perlments 

slmilarr, to the one illustrated In Figure 3 could be used to extrapolate 

results back to zero t~me. With a llttle practice we believe chat usable 

r e s u l t s  cou ld  b e  o b t a i n e d  w~th in  2 o r  3 m i n u t e s  o f  t h e  t r a n s f e r .  S i ~ l a r  ,?  

measurements at other teJnperature"s ~ould aid in interpretation of the 

results. 

~}, Further development of the instrument• together wlth.~, some stable 

samples with which to make comparisons, should lead to  greater confidence 

i n  t h e  r e s u l t s °  
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MONTHLY (APRIL~ 1981) PROGRESS REPORT ON AMOCO DOE CONTRACT 

"ON H-COAL FLUID DYNAMICS" 

AMOCO Project Status 

Work for the past month on the / l !ght  beam bubble probe has focused 

primarily on making the probe operational in the column. Initial difficulties 

were encountered in obtaining propagation of the beam through ..the probe tips 

with a surrounding fluid environment. A redesign of the tip (see attached 

figure) to include an optical f iber window and screw together assembly has 

eliminated the problem of bubbles within the tip blocking .the optical path. 

Fluid is used on both sides of the optical fiber wCndow to reduce the effects 

of not having opt ica l ly  f la t  and paral'iellends off the f ibers .  

Another problem which has been ove¢~ome is excessive noise level  (equal 

to that of the signal) when the bed is fluidized above the probe level. This 

has been solved by making the:receiving optics insensi t ive  to'small deflections 

of the light beam caused by propagation through the glass particles. Thecure 

was'to use a lens to focus the l ight  to point on the end2of .~a l .  ~ diameter 

optical fiber. 

With the bed f luidized and the f lu id  temperature within approximately 1 ° F 
. :  

of the optimum value, we now have signal to noise ratios of about 3 or 4 to i. 

This noise seems primarily due to scattering of l ight  at the ~luid-part ic le  

interfaces and the resulting loss in beam'.intensity. 

Visual observation of the signal on an oscilloscope is encouraging and we 

are now direct ing our attention to developing the necessary data 'collection 

and anaiysis programs. 
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MONTHLY (MAY !981) PROGRESS REPORT ON AMOCO DOE CONTRACT 

"ON H-COAL FLUID DYNAMICS" 

(I) Impendanoe Probe .~ 

For the past two months, most work done is attributed to modifying the 

probe circuit and to finding a way to record digital data on floppy disk. 

The nmgnitude of the output signal from the probe:' depends mostly on the 

surface area of the tip of the probe. Since the tip diameter of the new probe 

(0.0i") is only half of that of the old probe, the gain from the circuit has 

to he increased in order to get a satisfactory signal output. 

Two Independent~circuits are also constructed. Circuit A can be used to 

set single thr~eshold, while circuit B is used to set double threshold, The 
/ i  • 1"i 

voltage levels of the two thresholds are 0.6 V and 3.0 V respectively. }~:nce,: 

the magnltude of the output signal must be greater than 2.4 V whenever circuit 

B is used. "~'~-h '~ ~' 

(II) Light Probe/j 

Work during May on "the light beam probe for bubble size and void fraction 

determination focused on writing~ the computer progra~ for collecting-and 

analyslng=the data. Improvements will continue to be put into the programs~ 

but they are now operational and running smoothly. A small amount of : 

preliminary data has been collected and the ~thod seems promising. Included 

i~ this report is a description of the basic concepts of the light beam probe, 

as shown in Appendix A. :',.'. ., 
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BASIG CONCEPTS OF THE LIGHT BEAM F'ROB'E-' FOR 
.......+?~-= • 

DETERMI~.~IN6 'bOZD FRA.~TION AND BUBBL'E SIZE DI=STR:IBUTIONS 

+. 

Pau l  Ro . t e e r n i k  
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NorthuestePn Ur~iversit~ 
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-50 INTRODUCTION '" 

T h e b a s i c  thouSht behind the ideas presented below is  <> I I  

t ha t  the d is tance one can see throuSh a two-Phase mi~ture depends 
uP,or, both the void f r a c t i o n  ,and the s ize d is t r i b ,J~ ion  of the 
bubbl.es " involved. The ~reser, t a t i o n  is broker, uP i n t o  two =,ain 

t Parts: .C 
i' t~ . '  

i .  Determin~tior, of  the void f r ~ c t i o n  assumin~ the s ize  
'~ d i s t r i b u t i o r ,  is  known 

': 2, Determinat ion oP the s ize  d i s t r i b u t i o n  ~r,d ave ra~e 
v e i o c i t i e s .  

slossar'~ of s~mbols ' fo l lows the Presentat ion0 
• j .  

= V O I ~  FRACTION DETERMINATION ::~ 

To besir, ~ i t h ,  corlsider a h~o th :e~ ica l  two-Phase f low 
in which the Sas volume ~ rac t i on ,  ~ ,  cons is ts  e n t i r e l ~  of b,.bbles 
wi th a known rad ius ,  r.. Fur hhis case i t  i s  a ver,~ simple task to 
c a l c u l a t e  the void f r~c t io , ' , .  I t  is  onl~ necessar~ to determine 
the averase nu,,ber oF bubbles which would i n t e r s e c t  ~n i n f i n i t a s i m a l l ~  

' ' t h i n  l i n e  o f ' a  known length PassinS throush the T' luid. To see how 
th is  can be done replace each bubble b~ a Point  and e::~ar, d ~he radius 
o? the l i n e  to ~;, The r, umber of Poirlts l ~ i n -  ~ w i th i r i  the/volume of 
t h i s  " th ick. '  l i n e  w i l l  then be eeual to the number of bubbles which 

' would have i n t e r s e c t e d  the r,~rrow l i n e .  ~,~ 

_ . .  Let r ,  ' = the number 'of bubbles Per unit vol,J,;e 

N(~.) = average r,,j,,ber of bm.bbi~e;s-~-'~ r~dius r. inter=_ectir, S 
li[,e of unit l ensth 

Then, r, = ~< /(4~ 3) (1) 

and N(r.) = ~r~r,  ~ 3 ~ / 4 r  (~) 

T ~ s ,  f o r  t h i s  simple case, i f  the ~adius of t'he bubbles were known 
alor,~ wi th the average n,.mber of bubbles which i n te rsec ted  ~ l i n e  Of 
un i t  l ens th ,  the void f r a c t i o n  could be determined. 

"To measl, re the ouantit~ N(% ), a narrow light bean, (radius 
less than the b,,bble radius) could be Passed thro,J~h a length ~ o? 
the fluid and its t ran.smitt.ed in ter, sit~ monitored. B~ ,jsin~ a small 
receivinS aPert,Jre, an~...~ortion of t,~. bean, ir, tersectir,~ a bubble will 
be deflec£ed o,Jtsi-de of this aperture, Therefore, whet, a bubble has 
cut more than halfwa~ thro,JSh the beam the received inter, sit~ will 
fall below half of full scale and the beam axis (which is arm infini- 

r~esimal!~ t h i n  l i t ,  e> can be cor, sideved ' b r o k e n ' .  

Hhenever the tr~ns,T, i t t e d  inter, sit '~ is  s~mP1ed and .~ound to 
be ~rea te r  than h~i? of  f / . l l  scale,  what has ac tua l l ~  been done is  
to have taker, a sample o~Ua ~iver, Path ler,~th, 2 ,  of f l u i d  and 
found i t  to i n t e r s e c t  no.bubble~.~. I f " b h i s  samPi=ir, s i s  dor,_~ mu l t i p l e  
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tinges" ~ determir, atior, i~ made of the f~ac t io~  of .~aths which have 
., c lear  ~ath lengths ~reateF than ~ .  The r.,e~n c lear  ~.ath ler,~th' is 

"A = I I N ( ~ . ) ' ; .  (31 
. . .  . • . . v }~ .  

and 1~rom e!e~,er, taru s t a t i s t i c a l  theory,  the f r ~ c t i o n  o? ~ t h s  ~i~h 
a c lear  ~ath le'r,~th. ~ rea ter  than a ~i.ven dist~r, ce ~ ,  w i l l  be 

"%. ',~ 

f = e:"r"(-"4~IA ) = e;'~'(-"i~N(r~)) ,3 14) : 

Thus, i f  the f r a c t i o n  of t i ~e  the beam is .not broken is known, 
we have -.'~. . 

N(r~) = - l n ( f ' ) / ~  

and the ¢oid f r a c t i o n  is ~iven b~ 
0 

= - 4 ~ - I n ( f ) / 3 ~  - (6 )  

The above resu l t  is not o~ ~,,~ch Practical" use however, so 
the ne~t ste~ is to ~e~era l ize  the above cideas. ~Pefine 

' t 9  " 

( r ) d r  = volume f r a c t i o n  of those bubbles which have r a d i i  
between r and r+dr 

N ( r ) d r  = average number of bubbles with rad i i  between r ~nd 
r+dr tha t  i n t e r s e c t  ~ l i ne  of uni t  length 

°L  

Then, fro,,  eouation (2)~ 

N ( r ) d r  = (3 ~ ( r ) / 4 r ) d r  " (7) 

t~ 

/ 

I n t e ~ r a t i n ~  this. .over a l l  PoSsible r v~l'ues, 

N,= ( r ) d r  = ~ ( r l / 4 r ) d r  
0 ' 

whioh is the ~enera l i=at ior ,  of eeuation ( 2 ) .  

J 

( 8 )  

For th is  more ~eneral case, Nr can be deter~zined "the 
sa,te wa~ N(r.) was before,  b,Jt.:now i t  is  also necessar~ to know 
~he s'haPe of the void f r a c t i o n  d i s t r i b u t i o n  curve, 'The proceedure 
for  calculat ir#~ th is  is"cove~edl, in the ne:'t sect ion,  

CALCULATING THE VOI~ F~.ACTION DISTRID.UTION 

To determine the void fractior~ d ' i s t r i b - t i o n  i~t. is 
necessar~ to obtain more in?ormation'Yrom.:..the 't.ransmit:ted l i g h t  

~irmtensit~ than Just the .t..r~.ct'ior, of tin, e thd't the bea~ is b r o k e n .  
The other in1~o~ma~tion eva i lab le  cor, s i~ts  of ~he durat ion 69 the 
beam breaks and the rate et which the beam is cut o f f .  These % .. 
two e u a n t i t i e s  depend ,-Por, the fo l lowin~ three v~r iab les :  

:I. r = the b'ubble :'~dius 
C " ' : 

" '  e" 

'2 

! 

i 
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''~ 2. s = the d i s tance  o f  c l o s e s t  a ~ r o a c h  measured from ~he 

; bubble center., to  the  beam ax i s  
.[ 

3, v = the speed of  the bubble in the  ~l~ne ~e r~en~ ieu la r  
" ~'~ , "t,o t h e  I i ~ h t  b e a n ,  ,, ~,.,-...:.~., 

F o'r ~he f o l l o ~ i n ~  ar, a l ~ s i s ,  twb ass|Jm~tion$ w i l l  ~e made: 
? 

:~ l , . .The bubbles a re  s ~ h e r i c a l  

2. ~ur in~  the time tha~ a ~ iven bubble~breaks the  l i g h t  '~ 
beam, i t  t r a v e l s  in  a s t r a i g h t  l i n e  a t  a cons tan t  seeed. 

And d e f i n e ;  
o 

~ ( r , v ) ' =  f r a c t i o n " o f  t ime ~er u n i t  speed t h a t  a bubble of 
rad ius  r :wou ld  have a s~eed v in  the ~l~ne 
~e r~end i~u l~ r  to  the l i ~ b t  beam, 

r~ = r=adius o f "  t h e  l i g h t  beam .'. 

: R(~r ,v ,s)drdvds =' the r e l a t i v e  fre~uencw at  which bubbles w~.tn, 
,= :? a) r a d i i  between r and r + d r  

b) s~eeds between v and y+dv 
c), an~ c l o s e s t  aPProach ";~istar, ces between 

: s and s÷ds 
break the beam 

Now make the s t i ~ u l a t ' t o n  th~ t - ' da ta  obt~'ined from the  ~ s s ~ e  
o f  a .~ i ven  bubble throu~.h~,the beam w i l l  onl~ be counted i¢ the 
t ransmi t te 'd  l i g h t  i n t e n s i t ~  f a l l s  a l l  the wa~ to =ero.  With 
t h i s  r e s t r i c t i o n ~  a l l  val,~es of  s between 0 and ¢.r-r 6 ) should 
be e~ual1"~ l i k e l y  and the ~.~robabi l i t~ of acce~t ing  d a t a - f o r  
wW~ch s ~(r-r~) wi l ' l  be ze'!ro, In o t~er  words, > 

R ( r , v , s ) d r d v d s "  - -d~ f o r  0_~ s.~ ( r - r ~ )  u 

~ :~ = 0 " f o r  s > ( r - r ~ )  .'~/~>(9)" 

I t  should a lso  be cl@ar t h a t  t, he r e l a t i v e  fre~uencw Cunct ion 
~-"~ w i l l  be ~ r o ~ o r t i o n a l  to  

(. 

1 ) . t h e  number dens i t~  o f  bubbles w i th  r a d i i  between r 
and r÷d r ,  ~hich i s  ~ iven  b~ 

(r)drl(4"~ r ; / 3 ) . .  

2)  t h e  f r a c t i o n  o f  t h o s e  b u b b l e s  o.f s i ~ e  ? w h i c h  have  
s ~ e e d s  b e t w e e n  v and v + d v ,  w h i c h  i s  g i v e n  b~ 

go, r~v)dv  " " 

3) and f i r ,  a l l ~  the speed of the bubbles,  ~hich is  
g iven (o f  course) b~ 

V 



T h e r e f o r e ,  ; , .  : 

'" R ( r , v , s ) d r d v d s  ~ -  (3 ~ ( r ) d r / 4 ~  r ~ ) ( g ( ' r , v ) d v ) ( v ) ( d s )  < 9 ) , , '  
,! 

, Sir, ce we are concerned on!~ with the r e l a t i v ~  fre~,Jenc~, the 
c o n s t a n t . f a c t o r s  car, be droPPed and the f o l l o w i n ~ ' e ~ , J a l i t ~  m~de 

R(r~v,s:.)..;drdvds = ( = ( r l / r ~ ) ~ ( r ' , v ) v d r d v d s  0 .,~'~. s _- ( r - r ~ )  
(10')  

,:~,. ,. = 0 " ~ s > ( r - r ~ )  

Now th'~t ~n expression f o r  the r e l a t i v e  fre~uen¢~ funct ion 
has been determined,  the ne"t  step is to determine e:'.actl~ what .  
in format ion  can be ex t rac ted  from the l i g h t  b..ea~,...si~na-l---~s-s . . . . . . . . . . . .  • ..... 
bubble with P a r ~ i c u l a r  r ,  v, and. s..-va.l-ues-~~sses throuSh the "beam, 
In the. . fol . lowin ~ - f i g u r e ,  t h e  l i g h t  beam is PerPendiculsr  to the 

' Plane of  the PaPer and the asterisk.s represent  the Pos i t ion  of 
the b e a m ' r e l s t i v e  to the bubble 'at var ious Points in t ime, 

" i ;  "' 

÷ d ~E 

i~ht  be~., pot r ld i 'ct . I  1 ~ r 
%,o #,13e' Pl~lTle' o f  t h e  P ~ P e r  

d ' =  2 r~J'~-s ~ ( 1 1 )  
¢ 

i . .  

T h e  ~uar, t i t ~  d is the.~i"stance t h a t  thee b,,bble t r a v e l s  whi le  the 
beam is broker,, sb the time durat ion of th is  breBl,, w i l l  be 

)"Iv (12) " '  Y =  d / v  = 2 ( r  J - S  ~ " 

Ir, a d d i t i o n  to the d,Jratio,", of the break., the rate  a.t which the " 
l i g h t  in ten%i t~  is cu{ o f f  is also a v a i l a b l e ,  I f  the inte%s.it~ .... : 
P r o f i l e . o f  'the l imht beam is known { fo r  the helium-neon l~ser  i t '  
w i l l  be a Saussisn P r o f i l e ) ,  t h i s  t ransmi t ted  i n t e n s i t ~  vs. t ime .. 
data car, be converted to ~ i e l d  the b,Jbble i n t e r f a c e  P o s i t i o n  vs. 
t ime. Th~s the speed u ~t which the bubble cuts o f f  the ! i S h t  ... 
beamcan be determined, " '. 

- • This c a l c u l a t e d  ~_Peed, ,a, ~ i l l  in ~er, e r~ l  r, ot be the same 
a s  v ,  but r~ ther  : . ' . ;"  

/: 

4 

:i 
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~" U = V • cose 

'- ~/ 
whePe ' : 8 = c o s ( d / 2 r )  ~"  u = v ( r ~ - s  ~ r 

To see th i~  r e l a t i o n s h i p  .,ore c l e a r l ~ ,  c o n s i d e r  

":iNterface . ' :~ :i r, te  r.face .: 

. . . . .  ~ v  Direction 
bubble 

(%3) 

( 1 4 )  ° .  

of t r a v e l  

Th.ere is  e component o? b,3bble v e l o c i t u  which merel~ moves the 
bubble surface Paral..!el...to the beam 'su.r~ace'., ~r,d_thus.p!a~s,_n.O./l.. 

" . . . . . .  ~ ' r t  i n c ; J t ' t i h ~  o f f  t h e  beam, O n l ~  t h e  c o m p o n e n t  o f  t h e  b u b b l e  
v e l o c i t ~  PerPendicular  to the bubble sur face at ~he Point  of 
i n t e r s e c t i o n  w i th  the beam Pla~s an e f f e c t i v e  ro le .  

To summarize, the in fo rmat ion  which can be obt.~ined fro,,  
each PaSsage of a bubble ~h.ro,,~h the beam is 

~ ' =  2( ra - .  ~ v '-~ (12) 

. . . . . . . . . . .  (14) 

,: The nevt step towards de te rm in i n~  the void f r a c t i o n  
d i s t r i b u t i o r ,  is  to or~ar, ize t h i s  a v a i l a b l e  date in some lcs~dal  
manner. To do t h i s ,  de f ine  and consider  the ~uar, t i t ~  

o 

P = "c,JV2 = r ( l - ~ I r  ~ ) (15) 

For the ,case of s=O~ P would eou~l the radius o?~']the bubble 
Pbssin.~ thro,J~h the beam, For C,~s.~ ( r - r ~ ) r  V, 

T~'C2-r 6 I t )  s P < r where r Z r+ ,. (16> 

With t h i s  inform-~tior, ir, mind, def ine a func t ion  

Q(o) = rreouenc+ et .hich bubbles break the beam 
such thmt P.~:~ 

Ana l~ 'c ica l l~ ,  Q(o) w i l l  be p r o P o r t i o n ~ l  to the in temra l  of 
R ( r , v , s )  over a l l  Poss ib le  values of r ,  v, end s, subJect to 
the cor, s t r a i r ,  t 

J 
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(17)  

To s i , , ~ l i f ~  the notation~ define 

= 0 

Thus, usin-~ eauation ( I 0 )  

: ,  " , ,  [ 

~(~) = A v ~ ( r ) ~ ( r , ~ ) v l r  ~ 

f 'or 

f o i  

fo 

r > _ ~ .  

/ 

( 1 8 ) .  

~ (19 )  

' o :  

where:A is a normal izat ion constant.  Since we are "aetuall~ 
onl~ ~nterested in the sha~e of the Q func t ion ,  redef ine Q b~ 
emuation ( I? )  'w~F A=I~ The value ~ is the lower l i m i t  (or  the 

. . . . . . . . . .  in~e~rati.on~ove~ e--~ince-~bubb~es--with--radii less than the beam 
radius are not capable of to taL l=  blockind ~¢f  the l~mht beam. 

/ 
.° 

How i f  we define a v e r a g e  s~eed as 

f: ~(r) = ( r~v)vdv ( 2 0 )  
:.--=: 

equation ( l? )  becomes 
L: 

c ~ ( . >  = J d,Jd.s. . = ( r ) ~ c , ) / P  

Thi's can be rearranded 'to 

( 2 1 )  

1 

r t j" ~ ' ~  ~ " ~  " f  r ' r b  . . . .  

. . " ,  , 

= d r ( r - r ~  ) ~ , ( r ) ~ ( r ) / ~  ÷ r i : ( r - ~ ) - ~  :] ~ ( r ) ~ ( r ) / r  ~ 
q,  ..' 

: = c~,,,%. .)~'(r)~(r)/P~d" - =(r)~Cr)/r ~... ..>dr ,(-~.~..,.. 
; r,.,. ~ .- . . . .  

/ E~u~tion (221 is the integral" .sPectrum of fre~uene~ vs. ~ ,  : , . ~ .  

Takin~ .the d e r i v a t i v e  with res~.ect to Q y ie lds  the d i f f e r e n t i a l '  • .:: 
sPect r,J~,, -',' : 

t ,  

dQ/dc~ = r = ¢ ( r ' ) ~ ( r ) / 2  . r S ] d r  " ""  - (23") " '¢ ' "  
C2~, . ' ,  " ; .  
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Now, s ince  once again onl~ the shape o f  the curve is  i ~ P o r t a n t ,  
e l i m i n a t e  the cons tan t  f a c t o r .  Also conve r t  from the v a r i a b l e  

back.  t o  ~ a n d  d e f i n e  ~, " 

: ~l (P)  " r ~ ( ( r ) ~ ( r ) /  ]d r  ( 2 4 )  

• The i , , ~ o r t a n t  c h a r ¢ c t e r i s t i c  of  the above eauat ior ,  i s  t ha t  H(P) 
i n v o l v e s  or, l~ the ir, te '~ra l  over values of r_~ r-. I f  the P a:; is 
i s  b..rok.en u~ i n t o  d i s c r e t e  i n t e r v a l s ,  i t  i s  that, Poss ib l e ,  
s t a r t i r , ~  a t  the h i ,he ' l L  i n t e r v a l ,  to c a l c u l a t e  the voi,~ f r a c t i o n  
corresponding- to the d i f f e r e n t  ranges o~ ~ b,Jbble s i~es .  

• '" For at, e:.'.amPle, cons ide r  ag~ir= the  s i m p l e s t  ca~e where a l l  
the bubbles are of  the same ; rad ius,  This imp l i es  t h a t  

, X ( r >  = =c,( r-r,:~ " ,/ 

Then M(P) = 0 f o r  0 ~. p .~ r~ (~--r.. /,~) 

- for  .2s) ,,~ r~ I t . )  ,~ P ~ 

= 0 ; f o r  p > I-o 
= 

The reasor= M(=~)=O'for O. • P.~ r, ( 2 - r  6 /r.) i s  due to the s t i P , : l a t i o n  
t h a t  s.~ ( r - r ~ ) ,  a~ was s t a t e d  in a r r i v i n g  at  ec~uatior, (16~. 

.Gr~Pl:~icall'~, N(P) f o r  th i~  s imple case, w i th  the f u r t h e r " - ~ P e c i f i -  
c a t i o n  t h a t  ro =7"r~, aPPea~s on the ~ol lowir ,~ Pa~e. 

To :,~ak.e use of. e,.~,J~biof (24) to  c a l c u l a t e  ~ ( r ) ,  ;.t i s  
necess~r~ to k.r, ou ; ( r ) ,  To see how ~<r). csrr, be determined,  d i v i d e  
e~ua t ion  {13) b~ eeuat ior ,  (11) ,  and ob '~ i r ,  !~ 

u / ~  = v / ~ r  ~ v = ( ~ r u / ~ -  ~ = ~ (u l -z -  ~'~ ( ~ 6 )  

T h e  m ~ a n t i t ~  u / ~  i s  i n d e P e n d e r ! t  o f  s ,  and  t h e r e q o r e  i t  i ~  ~ o s s i b l ' ~ ,  
t o  c a l c u l a t e  t h e  a v e r a g e  v a l u e  ' o f  ( u / . ~ ) ' ; ~  t o t  b u b b l e s  o~ ~ ~ i v e n  
s i . ~ e  f r o m  t h e  a v ~ i ~ a b l e  d ~ t ~  ( t h e  m e t h o d  o f  d o i n ~  t h i s  i s  ~ i v e n  
below) . The one ~ d d i t i o n ~ l  sf.eP of  mu l t iP l~ i r ,  g b~ . ~ r  w~l l  then 
g i ve  V ( r ) ,  

j t  

The f i n a l  major s tep Jr, determininS t h e  void f r a c t i o n  
d i s t r i b u t i o r ,  is  to cons ide r  the p r a c t i c a l  ~ l~o r i t hm requ i red .  
F i r s t ,  i t  i s  necessa.~ to  d i s c r i t i z e  the P ~:: is and de f i ne  a l i r ,  e~r  
a r ra~  ~ whose dimension" eeua ls  the n,Jmber o f  i n t e r v a l s  i n to  which 
the r- ax i s  i s  d i v i d e d ,  Ever~ t ime a bubble ~ass~s through the beam 
the va lues  of  u and ~ w i l l  be determined,  and the value of P= i ' ,J /2 
c a l c u l a t e d °  ~ Then the ele,,er, t o f  arra~ ~ which corresponds to the 
i n t e r v a l  i n t o  which t h i s  P f a l l s  w i l l  be ir, cremented, 

I t . i s  a lso nece~sar~ to store..~.he v e l o ~ i t ~  i n f o r m a t i o n :  
ria',,el's ~ ,  ob ta ined fron,  each b,-bble, For t h i s  Pur.Pose, ~nother  
arra~., U_~ w i th  the same dimension as ~., needs t o ,be  d e f i n e d .  

.% ' ,~ 

7. 
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Into the el?ment of' this arra~ ¢orresPondin~ ~.o the calculated P 
va l 'ue  w o u l d  be added  t h e  a , J a n t i t ~  ~ ' ~  P ? rq . :  each  b u b b l e ,  

A f t e r a  s u ? f ' i c i e n t  amn, o ,Jnt  o? d a t a  has  been acc ,Jm,J la ted~ 
i t  must be anal~=ed At to obta in the ~uanti~.ies ~ ( r )  and 
~ ( r ) .  cn t'he Jni~hest ~ i n t e r v a l  which has a non-zero entr~ in the 
H arrau, aZl the data ~oints can be considered ~o have been ~en- 
erated b~ bubbles Passin~ c e n t r a l l u  through t he  l i a h t  bee:. w i th  
r a d i i  eeual  to  the P value of ~he i n t e r v a l .  Conse~uenti~, the value 

" of  ~(r )  wan be determined b~ d i v i d i n ~  the ~rdPer element of the 
a r r a ~  b~" the corresPondir,~ element o f  the M ~ r r a u ,  and m,J l t i~ l~ in~ 
b~ ~r~ . Now,  i f '  ~ ( r )  is  assumed to be constant over t h i s  P 
i n t e r v a l ,  P~.,_< P = P~, then 

> " M ( I )  =. M(PldP, = P ~ ( ( r i ~ ( r i l T , ~ - r ~  3dr : 
P L ' I .  A . ,  ' 

• ~.. / #-#, f-~" 
,I4 " J .  " " 

" ? ' "  r & ,  

. "  : ~ < ( ~ ) ~ ( ~ )  d r [ - 2  / r  t 3 

= ~(~)~(~}  - / r  ~ ]d~" 

j i l l  "-" 

L e t  i< : J r J ~ ' - r d / r :  ~dr (26)  

Then ~ ( & >  = M(P,~,)/CO(PL)I L ) ' C27) 

' Now, bubbles of si=e r i ~assin~ through the beam o f f  
center  w i l l  have resu l t ed  in data bein~ accumulated in the lo'~er 
elements of the M and U arrays.  The s t a t i s t i c a l l u  e.~pected 
amount Qf ' P o l l u t i o n '  in the lower elements must be subt rac ted 
out before Proceedin~ with the c a l c u l a t i o n  of ~(r~,) end ~ ( r i . , ) .  
The ex'Pected number of  counts in the Kth i n t e r v ~ l  due to bubbles 
whose r a d i i  F a l l  in  the Lth i n t e r v a l  w i l l , b e  

X~, L = ~dP ]d r  

~ - " .  d~ ~ ( r ) ' ~ ( r ) / r  J ]dP 

~&'f  . i  
{, 

r "' r . P 4  P~ 

= ,~(r, ) O ( r , ) J d r C - . " ~ / # 1 3  . ,  

f , . , . .  " r , - ,  



,' 'i ,i : 

i ) / r  ~ ]d r  

; G 

L'et I~ = 2 E( ~-, )TrY]dr .. , .  

P'" ,:' li~, " 

then,  Xu, + = ~( r :  )~¢r ~ I  .+-~ ~" ,. " ~ " k , ~  ' \ .- . '  

This value of X~.~ must be subt racted from the Kth element of the 
M arra~,  and the a,Jantit~_ ., 

• . ~,,~,;.~'~,... . 

must be subtract'ed'.from the Kth element of the U a r r a ~ .  Or, ca the : 
data in  the lower elem'~n~.s of the _H and U a r r a ~  has been correctS_d, 
the above anal~sis process can be..~re~eated to determine the ~(~. , )  
and '~<r~.,) values, and so on down to the smal les t  i n t e r v a l .  

' "  S U H H ~ R Y  

The pnocedure descr ibed here f o r  determin in~ ~ ( r )  woul.d 
~iel 'd e):act resu l t s  i f  o n , i n f i n l t e  ~mount of data were co l !ec te~ (, 
on bubbles which s a t i s f i e d  t h ~ t w o  assumptions made in the analys iS.  

1 .  The bubbles are s~her i=a l  

2, The~ move in a s t r a i g h t  l i n e  at a constant  speed ~h i le  
the~ break the beam. q, 

! 

The l i m i t a t i o n s  on accurac~ due to m f i n i t e  amount of dat~ w i l l  depend 
upan the d i s t r i b . u t i on  of bubble s i : es ,  esPec ia l l ~  in  the lower s i : e  
r~nges[i Obviously, i f  99~ of the data a:cumulated in a ~iven P i n t -  
i n t e r v ~  ( ~ ) ' m e r e  due to  bubbles whose r a d i i  f e l l  in higher i n t e r v a l s ,  
the r e l a t i v e  accurac~ of  ~ ( ~ )  would be ver~ poor.  

The l i m i t s t i o n s  imposed b~ the two assumption about the bubbles 
w i l l  need to be determined b~ comparing the values of u cmlculated 
from entrance and e x i t  dat~;  I f  the assumptions are sa i . i s f i ed ,  th~ 
values in each ~ai r  of v e l o ~ i t ~  data ~hould match c lose l~ .  

,% 
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GLOSSARY OF SYHBOLS 

d 

f i -  ~ ) 
. , j  

~[('r,V) 

.Z 

N~r ) 

P 

[} 

P 

r~ 

= d i s t a n c e  a b,Jbbl'e t r a v e l s  w h i l e  the l i g h t  beam i s  
broken ' : 

= f ~ a c t i o n  of c l e a r  Path len~t 'hs ~ rea te .  than  

= bubble s:~eed d i s t r i b u t i o n  f u n c t i o n  
.f?~.. 

. .= Path len~t '~/o? l i g h t  beam 

= f r e o u e n c ~  re. ~ ~Jnit P about  P, at  which bubbles  break. 
the ~ i~h t  beam 

= n,Jn, ber dens i t~  o~ bubb les  

= a v e r a g e  number o f  bubblem i n t e ~ s e c t i n ~  a l l n e  o f  u n i t  
l enS th  

= ~ u / 2  = ~ a r . e ' n t  bubb le  rad ius '  

= i'reo,Jenc~ a t  uh i ch  bubble~:bee~l~ the  beam such t h a t  P 

= bubble rad ius  ,. 

= l i S h t  beam rad ius  

R( r~v~s)=  r e l a t i v e  freo,Jenc~ ~ u n c t i o n  

s = d i s t a n c e  of  c l o s e s t  ~PProaoh o f  the bubb le  cen te r  to the 
" ' d  beam ax i s  

U =.: = a P P a r e n ~  b u b b l e  s p e e d  

v:. = bubble speed 

= vo i d  f r a c t i o n  
t 

= mean c l ea r  Path l e n g t h  i n  ~he f l u i d  

= t ime d u r a t i o n  o f  the  bubble i n  the l i g h t  beam 

L,K = s u b s o r i P t s  

ARRAYS 

M = a r r ~  i n  uh i ch  bubb le  freo,JenC9 dat~ B~ a ~un'ctior, o f  P 
" i s  accun, u l  ated 

" ; .  .? ,. 

U = arra~ ir, ~h ich  bubble speed data as B f 'unc t io r ,  of  ~ i s  
I 

/ : '  accumulated 
/ 

i" 

"~.×k,L....\. '~" = number o f  cour, ts  accumulated Jr: M f o r  the .~ i r ,~e rva l  
,, . ' , " v . - '  p~.-P • P, due to bubbles of si=e ~, < r c p,,. 
• .: -~.~,:. ,., .-:, " " k " " 

" c , l l l  ; ' ~' 

10 
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"ON H-COAL FLUID DYNAMICS" 

o, ; 

Work on the--light beam probe has concentrated on optimizing thetoptics 

of the probe and improving the data analysis procedure. We want to ~nsure ,that 

a•radially symmetric l ight beam is passed through the fluid so that our measure- 
l, 

ments are as accurate as possible. One improvement which would help to give us 

a consistently good beam would be to use a.single-mode optical fiber to carry 

the beam into the input probe. This would also greatly simplify a~ii'g6ment 

problems. We are hoping to obtain some single-mode fiber through International 

Telephone and Telegraph Corporation~, 

Work is also being done on a revised data analysis,,procedure.which would 

yield the size and velocity of each bubble as i t  passed through the beam. The 

idea is to take advantage of the change 'in the apparent speed of bubbles which 

pass through the beam off center. The speed which is measured by the probe : 

is thac~component of the bubbte speed along the l ine  between the beam axis, and 
L )  . J ,  

the bubble center. Since the angle between this line and the bubble velocity ,. 
• ~_~_j 

vector changes as the beam is cut off, the apparent speed will also change. 

As may be guessed, the primary"diff icul ty with th i s  method is  measuri~i~ the 

changes in a~parent speed accurately enough. At this point i t  does not ~ppear 

to be unreasonable to spend some time on th i s  method, especial ly since questions 
\ 

on the accuracy of the measurements must be answered. 
'f~ I '  

The holographic'system was checked to determine its alignment and depth 

o~ fi'eld by taking a hologram'of bubbles r i s ing  in the t e s t  section. The l iquid 
'I 

wasP'.at rest. Because-of the low gas flow rate, the bubble concentration was 

also low. I t  was possible in these t es t s  to observe the bubbles on the holo- 

gram and measure their size over the entire 6" of the test section. The image- 
E; 

, t ,  -" 



- 6 2  . .  
I 

formed by the hologram is magnified two-fold by the lens.system. TO enhance 
,% 

the v.iewing, of the reconstruc.t,.ed image, the,ho.lographic plate'ivas moved closer ' m 

to the planes where the images are formed. : We w.-.'.:.ll .take holograms o f  f lows . 
. -  : , '  f . . , o  

havi'ng high concentrat ion of small bubbles in order to determine the l i m i t s  

o f  appl ic~ation. " . ~ - ' "  . . . . .  , 
i 

Finally, since it  is clear that fluid properties play a major rolein 

detenni'ning: bubble s i z e s ,  we have ordered the necessar~ parts to se}  up a 3" I.D. 
".. . .-, "~ ,  ~ ~. 

column in wh'ich i t"wi l l  be much e a s i e r  to change f l u i d s .  




