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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 0il, 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"“*ﬁ$
prior cold flow model-experiments (1) to the operating H-Coal PDU /J
reactor in Trenton, New Jersey. Studies are also planned to examine ﬁ/
the coalescence behavior of gas bubbles in three-phase:ebullated beds.

The work to be performed is divided into four parts: ' f£luid dynamics
measurements on the PDU reactor, gas bubble coalescence studies at
«Northwestern University, cold £low and mixing tests at Amoco's Naperville
Research Center, and model implementation. The objective of this
quarterly progress.report is to outline progreéé in the first two

areas.

- W
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SUMMARY

il
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Battellé Institute completed characterization of fifteen slurry mix
tank samples and issued the final technical progress report.

Cold flow measurements were initiated to study the £fluid dynamics of
coal char/kerosene slurries fluidizing a bed of HDS-2A catalyst. Tests
were hampered by plugglng 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
conmpleted, the pilot plant testing was postponed in order to modify
pllot plant plplng.
Northwestern Un1versxty contlnued development work on optlcal and )
electrical probes and began checkout of the laser holographic apparatus. e
W
INTRODUCTION
\.
The fluid dynamics of the H-Coal reactor has been previously studied in
a cold flow unit., Reference 1 provides details of the construction pf
the .unit and results of tests with a variety of gases, liquids, andt
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:

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

2) ‘hecause gas bubble dynamics are crucial in determining the“ﬁature ’
- of the flow, studies of bubble flow will be performed at Northwestern
~~%, University using optically clear beds.

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 Yiquid data is essential for modeling the residence
time and kinetic parameters associated with the unreacted coal.

4) The model will be implemented into a readilv 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 samgle-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




> \\
1" ’ \ -
!

apparent“ylscos1ty with time at elevated temperatures. Battelle's

final report 1s presented in Appendix A. . : ﬁ
) |

T

Bmoco Cold Flow Fluid Dynamics Tests.--Cold flow three-phase fluldlzatlon
tests: wereyperformed with a 4.3 vol% slurry of coal char ' in kerosene at
amb1ent conditions. Gas, catalyst, and liquid slurry volume fractions

vere measured at various operating ccndzt:ons. ' Six slurry samples were

taken from various taps to verify the’ comprete mleng ~of Lhe coal char o)
fines throughout the unit. -

During these tests, it was necessary.to keep liquid:flowing’ through the
recycle cup downcomer line¢(see Figure 1) to the slurry recycle pump to
prevent coalescence and blockage by the coal fines. Mixing of this
feed and a parallel feed from Separater. D-3 through the slurry feed
pump into ‘the unit was hampered by interaction between the two pumps.
The . recycle 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 dPta collect1on
at higher gas velocztles, however.

The experlmental program was suspended to permlt repiping of the unit
to the conflguratlon shown in Figure 2.

-Northwestern University/Gas Bubble Dynamics:

Efforts contznued at Northwestern ﬁn;ver51ty to ‘develop both the light

- beam probes and impedance probes to measure bubble propertles in small .
regions of the bed. Both probes and their associated efectrical com--
ponents have been fabricated. Aan initial analysis program to calculate
bubble -size and 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-sectlon. :

\

Northwestern s three monthly progress reports appear in Appendlx B.
l' . )
Liquid M1xlng Tests
I

The llterature search for articles descrlblng dlsper51on of 11qu1& 1n
three-phase fluidized beds was started. Possible experimental methods
1dent1f1ed .to date include organic dye tracers, UV fluorescence, radio-~
active’ tracers, or powdered iron tracers with plezoelectr1c detectors. -

a 2" diameter plex1glass scale model of the cold flow unrt was desrgned,
"and material was ordered for fabrication. The bench-scale unlt will be
employed to perform scoping experiments and verify techn1ques before

frnal tests in the 6" diameter unit. . L

.
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DATA ANALYSIS

(¥

HRI PDU Fluid Dynamics Study

Viscosity of PDU Reactor Liquid.-~In June, Battelle repeated viscosity -
and density measuremetns on one sample (Amoco=-15) to observe possible :
chariges. of these properties with time at elevated temperatures. 1In
previous experlments, Battelle - found the v1scos:ty could be modeled bv
the expression for a Bingham plastic:

T =To + Np1 X

.'Figures 3-5 show that the viscosity and density were. 1ndeed changxng
-with time at 700°K.in the viscometer; all the prev;ously reported.
temperature data‘therefore have an implicit parameter of time. Further

analysis w111 be necessary to back-calculate the effective viscosity of =
these slurries 1n the H-Coal reactor.

Amoco Cold Flow Fluid Dynamlcs Tests.——The coal char concéntrations of
the six slurry-samples taken from the unit are shown in Table I. With
one exceptlon (Sample 77-139-6), the values are similar within the
expected range of varlablllty.

Table II shows the’ measurements of gamma-ray attenuatlon in the line
from the recycle cup? For , Tests 11, 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 f£rom the gas
leaving the system, these tests should not be used for ana1y51s.

Table III presents thercatalyst*ﬁﬁa expansion data. In Figure 6, these
data are contrasted w1th earlier results from Run 204, where 5.1 vols
qoal char flnes was slurrled in kerosene. Bed expansions for the
current tests were con51stently higher than for the earlier series. o
90551b1e reasons for this variation are under investigation. Tables IV [
//and v summar1ze the holdups .of gas and liquid in the dense (gas/llquld/
# catalyst) region and in. the dilute phase above the catalyst bed.

PLANS FOR NEXT PER£0D

1) Continue studies at.Northwestern University.
2),.Contihue literature seafch regarding liquid mixing.

3) Continue analysis of'?lu;d dynamics data taken during PbU—lO.

4) Continue. cold flow experiments at Naperville using HDS-2a catalyst )
. and kerosene/coal char slurries.’ )

-~
i

5) Begin scoping experiments with tracers to study liquid dispersion.
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NOMENCLATURE
‘ ‘ : i
X ¢ . Shear rate T o \ “ sec™l
Mp1 . : "?la§§§c visqosigy /ﬂggaNtflyz P
e . = A
T - “ghear stress in viscometer - N/m2"
TQ . Yield stress : . o N/m2
€ 1 Vbl;mg fraction ofﬁé%mpénent
“u ) - Superficial velocity Ft/Sec
Vep ] Dartpniﬁgrf;sodfdrift flux nm/Sec
5ubscrié§§ |
b . Bed (dease) phééé value
c .- Catalyst :
g - Gas
1 z:Liquid
Y Determined by ¥ -ray absorption
AP.

Determined by AP measurement.
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TABLE/ I

COAL CHAR CONCENTRAEIONS. RUN 221

.
L4

Y , y
Sample ID J - W Sample Location “
AU=77-135-2 Base of line from recycle cup
AU-77-136-3 First spo;1 p;e;e (réactor base)
AU-77-;377§_ . Secoﬁd spool piece (60" Erom reactor bases
AU-77~138~5 Thxrd spool plece (L20" from reactor base)

e /"Qy
aU~77-139-6 '//gourth spool piece (180" from reactor base)
AU-77;140—? \Kjeactor overhead line
) ll)l‘l.ﬁ/ml

7/15/81

3

Loal Char
Concentration,
wts
6.427

6.52

<

6.38

6.78

6.35
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. TEBLE II
- . ' 3 ’ c A7 v
GAMMA-RAY MEASUREMENT OF GAS IN RECYCLE LINE
3 T
13} —,, {:;;: )
\} 4
o Ug - - Uy, Intensity Recycle
" sTest Ft/Sec - Ft/Sec - Line, c/Sec

. v;',’)Ii B ] . Yen - :
221-1 0.078 ) 0 199

2 0.077 0. 199

3. 0.104 ‘a4 203

4 ° - 0.144 o, . 199

5§ ¢ ,0.154 e 0" 207

6 0.169 0 201°

7 *  0.169 . = .0 199
: 8 ~ 0.056 0.092 206

9 . 0.056: 0.099 . 207

0 0.056 = "+ 0.075 200
.11 0.048 ° - 70.120" - 217%
oo 12 0.078 : 0.048 202

13 © 0.079 : 0.075 " 207

14 0.104 - - 0.047 205

15 . 6.125 .~ 02048 209%

6 - 0.148 .0.049 o 225% 7

17 "0.081 0.076, 210*
*Excess gds:
DNR/m1

7/15/81
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TABLE III

' % BED EXPANSION FOR RUN 221

-

Catalyst: CT HDS-2a
Gas: : Nitrogen T
Ligquids Rerosene
* Coal Char ng{;centration: ‘4.3 Vol%
: Temperatures 73°F
. - ) Catalyst :
Liquid " Gas Bed %

. Flow Rate,'- Flow Rate Height Bed
Run No. Ft/Sec' ET/Sec (Inches) - Expansion
221-1 " 0.05 0.0 54 17

2 0.08 0.0 56 B 22

3 0.10 0.0 65 41

4 * 0.13 0.0 72 : 57

S 0.15 0.0 78 70
"6 0.18 0.0 89 s 93
7 g.21 - 0.0 " 103 124

8 - 0.05 " 0.05 52 13

9 fie 0,05 0.10 ' 52 13

10 0.05 70.07 52 13

12 0.08 0.05 58 27

13 0.08 0.07 67 - 45
Y14 0.10 0.05 66 43

' DNR/m1

7/15/81 . ' .



TRBLE IV

CALCULATED HOLDUPS, RUN 221: DEHSE PHASE

® .-

CATALYST

: HDBS2A
GAS : NITROGEN
. LIQUID : KERDSENE
. COAL CHAR COHC: 4.3 VOL 2 -
TEMPERATURE : 73, DEG F
Liquid Gas Flow - ,
Flow Rate, * Rate, ’ Yed
"Run Has - Fit/Sec FtiSeg. €cr € ¢¥B f1,APB  €£4,%B {Hn/Sec

221- 1 0.052 8.9 0.47 0.51 1.72 0.9 0.0
-2 0.077 0.9 0.45 0.52 1.78 2.0 0.0
-3 0.104 0.9 0.39 0.58 0.38 0.0 0.9
-4 0.129 0.0 0.35 0.42 1.73 0.0 2040
-5 9,154 0.0 0.32 D.44 0.64 0.9 0.0

- -6 0.181 0.9 0,28 0.48 0,47 0.9) 0.9
-7 0.208 0.0 0.25 0.72 .70 0.0 9.0
-3 0.952 0.050 9.49 0.37 0.26 0412 9.1
-9 0,051 0.099 0.49 0.35 0.24 9.15 290.3
-19 9.951 0.075  0.49 0.34 0.21 .. 0.14 14,3
-12 9.077 T 0,048 0.43 0,43 0,37 0.11" 7.9
-13 0.077 0.075 0.38 0.48°  0.44 0.12 15.2
-13 9.104 0.047 0.38 0.49 9,45 0,10 7.3
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T2BLE V

\\'—n
CALCULATED HOLDUFS, RUN 221--DILUTE PHASE
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Figu;:‘e;'i

SCHEMATIC DIAGRAM OF COLD FLCW FLUID DYNAMICS UNIT
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Pigure 2 : 8 .
NEW DTRT
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VISCOSITY OF H-COAL SAMPLES

. by

J. W. Droege, D, R. Tas;lor,
and S. P, Chauvhan

o ' " June 30, 1981 *

ABSTRACT

The rheological properties.of 14 samples__taken“from the H-COAL
pilot plant have-been determined at temperatures up to 725 K (845 F),
mostly at a pressure of 17,24 MPa (2500 psia) of hydrogen. The samples
shoved Bingham~plastic behavior. It was- -found that the properties were
time~dependent in that the yield strees decreased to near zero. The rate
of this change was higher at higher temperatures. Most measurements were
made without regard to this time dependency. Therefore the results At the

highest temperatures are somewhat in doubt for this reason. . 7 &

Vi
m - .

|

INTRODUCTION BT

o~
(e
]

On December 1L, 1979, Battelle submitted :Lts report to AMOCO on
measurements made on a few B-COAL samples. On April 25, "1980, we submitted
our proposal for more measurements and the current program got under way on
September 18, 1980. ’

The objective of this research was to determine the rheological
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 without exposure to air. Measurements were to be made of 8 suitabl
range of ghear rates at temperatures between 350 and 450 °C under hydrogen
pressures of 2000 to 3000 pei. ’ T % '

It was not expected that the properties would &.’uange appreciably ‘
.with time, but the possi‘bil:lty was recognized. Therefore \measurements Were
begun at lower temperatures and continued/i Bt higher temperatures until the
serles was complete, With some of the samples repeat measurements were made
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at lower temperatures “after completing the high-temperature. vork. Some of,
the samples were maintained for- & while at onz temperature to check on the
constancy of results. It became apparent that the resiles were indeed time .
'dependent. Since extensive ‘constant~temperature mesguraments dith extrapo— t
lation to zero time wodd;_.;pave required large sarmples and a lot of time,
only one such medsurement was made in this manner, by way of illustration.

oyl -
B4
v

RHEOLOGY

Most of the work on rheology of coal-derived liquids has been done
.at atmospheric pressure and tl-erefore not far above room temperature.
Viscosities of concentrated slurries were found to be mon-Newtonian and to
be generally higher than predicted for spher:lcal particles.(l) Coal-o0il
suspensions “ffe with brown’ c?al have(bq)aen found to increase in viscosity
with aging, even at room temperature. The viscosity of coal~derived
liquids has been related to asphaltene and preasphaltene content.(3 _4)

Aging of coal-derived liquids, especially :ln the presem.e of oxidizing
gases, ‘has been found to increase v:l.scosit.y (5) .

A few attempts have- been made.to measure viscosity at elevated -
t:emperaturé and pressure, In a continuing program at Oak Ridge National
Laboratory a continuous coal—liquida flow Bysten has been instrumented for
measurement of ‘viscosity and density.( ) The slurry is pumped r.hrough a
length of Heated tubing after which it passes through a constant=-temperature
section equipped with pressure taps., By varying the flow rate it is
possible to vary shear stress and sheaxr rate and thus to,:.,study the

s rheology of non-Newtonian mixtures. Since the residence time in the

V=

heated tubing 1s short, the g;,seosity ‘of ‘newly made sample can be deter~
mined.

Viscometer
. A reciprocating conce'ntric-cylinder viscometer was develeped at
Battelln for measuring the viscous properties of- Synthoil liquids at

elevated temperature and pressure.( ) It seemed well su:lted for the present



measureuents. The mechanical system is simple. There is little loss due to

"friction. The reciprocating action of the inner cylinder, the “bob", tends

_,operated' over a wide range of shear rates. =

to keep the sample mixed., Data can be obtained guickly. The bob can be

R

-; The apparatus is ahown in Figure 1. It depends on the axial
movement: of concentric cylinders resultiug in a pumping action which forces

liquid to flow in the:direction opposite to that of the inner eyl:lnder in

* the space between the cylinders. A mixing autoclave, shown on the right,

can be used to ‘hold the sample at a controlled temperature prior to transfer
into the viacometer.

4, 0.3L aytoclave constitutes the outer cylinder of ‘the viscometer.

‘A cylindrical bob (9) has a radius approdrl:_nately l-mm less than the inside

radius of the autoclave. The bob i1s attached by tubing 'through a.connector
(6) to a large Alni;co V bar magnet (5) and, by meauns of a thin rod, to &
second smaller bar‘magnet (3). The magnets ‘move freely inside cubing
extending from'”the t:op of the autoclaue. The bob is hollow, the space
inside communidating wi‘.:h'the autoclave atmosphere through the ‘suspension

' tube, Outside the pressure system are located two large colls (4). When

upward or downward force 15 exerted on the bob, depending on the dir:eetiou-

a current is passed through these two .coils in opposite directions, an
of, current flow. & second pair of coils (2) surrounds’ the smaller magnet.:: :
Motion of this magnet induces a current im these coils whereby the direction
and rate of motion of the bob are detected. A v:lbrgtor helps tc keep the )
bob moving smoothlyo : : P B

_ Good temperature control ie important. Because of the high heat -
capacity of the system 1t is important that the heaters be closely coupled
to the metal of the autoclave. A sheathed heater is brazed to the body ef
the viscou:ieter. Ir provides the, primery temperature control. A -onﬁrol
thermocouple is inserted into the bottom of the autoclave vhere it makes
good contact with the metali- A three-action proportional controller is
used. 'Two band heaters are used, one around the flange, the other around
the cover, independently controlled to keep these parts at the same tempera-
ture as the body of the eutoclave. A copper enclosure around the valves ot

'below the autoc.f_/ave (10) is provided vith strip heaters to keep the valves .

|"--.
"
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FIGURE 1. VISCOMETER AND MIXING AUTOCLAVE
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and tubing at the same temperature, The principal"‘ heat leak is through

the water-cooled tube, extendin"g' out the top of the autoclave. Its cooliné

effect is well compensated by the band heaters., " A sheathed themocouple'

(8, immersed in the sample just above the bob, shows the sample temperature.

A similar tenperature—cont:rol system keeps the preheater avtoclave at

constant temperatd:e.

Valves and 1/4—in. tubing are provided, as shown, by which samp.x.e
can be transferred from one autoclave to the other. Ports for-the intro-
duction and withdrawal of gas, for pressure measurement and control® and
for a safety valve are provided, several of which are showm (1,7). A
_sensitive back—pressure regulator cont:rols the pressure. The mixing auto-
.clave is stirred with a magnetically dr:l.ven 3y t.urbine-type ag:ltator (11).
The viscometer _autoclave is stirred only by the action of the bob., As an
aid in keeping the solids in suspension, a burst of gas is occasionally
admitted from below.

Procedure -

The viscosity of a fluid in the apf:aratus can be calculated from
the velocity and force acting on the bob. The equations have been worked
out for Newtonian 1iquids.(7 »8) The force applied to the bob was dexrived
" by calibration from the current passed through the lifting coilsa From
this calibration and from the dimensigns of the apparatus the current scale
could be converted to a sheéar-stress sg;'le. The zero on t:his shear-stress
scale was not easily established, since some force was required to keep the
bob just suspended.in the liqu:l.d. This force was related to the mass of the
bob assembly and to the density of the liquid. For liquids not departing )
greatly from Newtonian behavior, the zero on'the shear-stress scale could
be estimated from da'.ta ‘obt'ait;ed with both & rising and a:falling bob.

From this value and fré:m a knowledge of the volume of the bob, the density
could be calculated. _Shear rate was related to bob vleloci;‘;y through a
calibration with a Newtonian standard. . .

Figure 2 shows & samp'!.e plot of shear stress versus shear rate.
A force equivalent’ to about e 65 on ‘the shear-stress axis was requi.red to |
overcome gravity in this instance. Two sets of points are sigown, qne_ for -

B
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FIGURE 2. SAMPLE DATA™
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¢ the sample. 'bulb was eonneer.ed TOE ;U;~—pressure hydrogen supply and to a

H
-

e N

a rising, the other for a falling bob. - The gap between the two :lnt.ercepts
at zero shear rate is a wmeasure of ‘the yield stress. It will be'seen that’
the dats follow the Bingham-plastic model. '.l'he viseous behavior :ls .

characterized 'ty two constants ,'. as followss:s - '. t

o , =T T + ﬂpl Y’ \\\ . : (1)
“‘».

)
where T_ is the dynamic stress and n p2 ] is the '“plastic viscosity", that :l.s,

that is. thP slope of the line of Figure 2. 'l'he self-centering 'behavior
of th.\ bob nrorks better on the rising stroke, therefore, results were
based mostly on the upper line. Most of the data were obtained at shear
rates between 10 and 100 s l. A " ;r

‘x
When good data were obtained ‘both with a. rising and 8 xfall:lng
bob, the point on the siress axis corresponding to'a balanced bob could'be
determined (3.65 in Figure 2). This cor\responds to & determination of the
weight of the bob immersed in the 1liquid. A similar determination for the
bob suspended in air and a determination of the volume of t!ae bob are all
that are needed for a density determination. This procedur_.fe was used for
the density determinations shown. The procedure was not very successful

at 400 K but appeared ‘to give reliable results at higher temperatures.

R 'l‘he procedure for 1oading samples into the viscometer was as

follows, The AMOCO sample bulb, wrapped with heating tape and insulation,
was mounted vertically beside the apparatus shown in Figure 1. The valves
at the bottom were connected with 1/4-in. tubing, The valve at the top of

T et

vent through a bubbler. Both autoclaves were f:lrst evacuated and flushed
with hydrogen. After warming the ssmple 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 some mi)d.ng.

The transfer was begun by applying a small pressure {about 20
psig) to the top of the sample bulb as well as to the mixing autoclave,
opening connecting valves, then‘bleeding gas. slowly from overflow tube 7
in the mixing autoclave. When the ‘11quid ‘level reached the overflow tube

. the flow of gas stopped and the connecting valve below thiz sutoelave was ¢

closed. Hydrogen ‘was’ then passed from the v:l.seometer ‘autoclave into the
mixing autoclave to clear the connectin,g tube. The mixing sutoclave ‘now
contained about 300 em of sample, a little more than three times as much
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as the requized sample. “The charge was stirred vigorously for a time to .
.homogegize the sémpie. Sample was then transferred in a similar way into
the viscometer until it rose to the level of overflow tube 7 in this
autocleve. Excess sample was blown out this overflow tube, thus leaving .
a sample of the required volume in the viscometer. Unused sample from the
mixing autoclave was then transferred back into the sample bulb where it
was kept with an overpressure of about 50 psig of hydrogen.

Before beginning the measurements the pressure in the viscometer
was increased to the desired level, then tixe temperature of the viscometer
was raised to the temperature chosen for the first measurements. After R
making the necessary measurements, the viscometer and contents were raised
to the next higher :emperature. until the work was completed. At the con-

clusion of the measurement the sample was drained from the autoclave and
discarded.

On several occasions we departed:-from the standard procedure,
either intentionally or out of necessity. The exceptions will be
described by sample number: ‘

i

e AMOCO 1, 2, and 3. For these samples the presgure
was increased and decreased throughout the run in
an attempt to find the effect of pressure. These
.Pressure changes were not made at the highest

temperatures for fear of losi-ng volatiles with the
ventlng gas.

® 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~

¢o- ments was subsequently removed through the top of the
viscometer and, after exposure to air, was ret:urned
to the sample bulb,

= e AMOCO 7. This was the sample chosen for our: first
measurements. We developed a plug during the first
attempt to tramsfer. The sample was contamipated
with alr and water and gome of it was evaporated
after overheating. Aft ter the measurements we had
trouble draining the sample and damaged our bob,
which had not beer’ properly calibrated. Therefore
this run was declared to be a total: <1086 .

e AMOCO 8. - At the end of the second run with this
sample we judged that no unused sample remained in
the mixing autoclave. We therefore transferred the

sample used for the measurements back into the sample
bulb." ‘

"=

[
H
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AMOCO 12, There appeared to be insufficient sample
for 2 full charge to the viscometer although
apparently normal data were obtained, The sample
was returned to the sample bulb after the measure-
ments.,

AMOCO 13. We could find no sample in this bulb.
Therefore, We. presume the sample bulb now to be

empty.

AMOCO 15. 1In order to malke one good observation
of the effect of tiie on our results, a second
measurement was made with this sample using a
modified procedure. The overflow tube 7 in the
mixing autoclave was lengthened so fha" a sample
of the required size could be introduced into this
autoclave. After making this transfer the auto-
claves were both pressurized to 17.24 MPa (2500

~ psi) ané the viscometer (but mot the mixing auto-

The viscomater, which had been performing accentably at higher

viscosities,

sumably this was due to frictional effects, which represent a much tﬁor:'e
serious problem at lew viscositles than at higher,

we made scme

For our bob to move up and down within the autoclave without-
We had been relying on a flexible joint
which allowed the bob to center itself in the autoclave even i1f the wmagnet

_friction requires good alignment.

assembly was
changes:

(&)

(2)

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 tem=
peratures, EX

AMOCO 16, We apparently encountered a plug in the
line and found transfer difficult. We were unable
to return sample to the sample bulb arnd presume

that the sample bulb is now empty. L

i

gave data with a lot of scatter with ’chese specimens.

vigorous attempts to correct these frictional problems.

not perfectly aligned. During January we made the ‘f'ollowing

A tool was devised which enabled us to align o
the axis of the magnet housing accurately wit'n
the axis of the autoclave

One of the guides which kept the magnet assembly
running true was removed. This eliminated one
possible source of friction. i

During January, 1981,
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~(3) The flex:l.ble -joint was replaced with a fixed
connector.

.(4) The system was calibrated over the range of 0 '3
to 33 mPArg (cP). : \,A
" The calibrations, which were based on the known viscosities of five liquids,
' were in satisfactory agreement. The scatter in the measurements on coal
liquids was greatly reduced. * ‘ -

We ‘bel;!.eve that the older data, while flawed by excessive scatter,
were otherwise valid. However the quality of data improved, beginning with
AMOCO- 4, Tun in laEe-Janqary, and subsequent determinations will be considered
more reliable. Most of the:.-ieasurements made prior to that time were subse-

. quently repeated. < ”

5
w==x._ Results

The fesults;{of our measurements 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 cases the first measuremept
was made at about 400 K, This routine was established in order to sh&w
gross differences from sémpi’e to sampﬁl’e, since measurements ‘are more
:“easily made at higher viscosities. The results show that :t‘t)x.ere was the
expected relationship between viscosities at lower and at h{.gher temperatures,
but there were also many departures from this relatiomship.

The accuracy of these results is plainly‘ not high. :Ii: 15 di£fi-
cult to place a numerical ‘estimate on the uncertainty. Perhap; the best
assessment would come from- the numerous repeat determinat:lons and compar:lsons
with work at ORNL. These comparisons will be discussed in a subsequent
section.

In almost all cases the data followed the relatiouship corres-
ponding to Bingham plastic behavior. At low shear rates, of the order of
10 8 1, shear rates often appeared to be higher than the Bingham-plastic
stralght line would predict., This may be an ax-'tifact of the measurement
or it may indicate that the true behavior is somewhere betwecn pseudo-

_=plastic and Bingham plastic,
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TABLE 1. VISCOUS PROPERTIES OF AMOCO SAMPLES ’
Sy )mll'ud Viscosity Yield
Temperature Pteu-ul.;e__/ Tize, fip1 Streas, Tg Density,
K T MFa poia xuin a-s N/n® kg/md
AMOCO 1 synrch!
408.2° 275.0 17.24 2500 s 10.4 «20 1065
625.5 666.1 213,79 2000 2.07 .05 909
624.9 665.1 17.24 2500 2.15 204 907
. 625.2 665.6 20.69 3000 2.03 .03 901¢
648.5 707.5 13.79 2000 1.87 «06 881
649.2 708.8 17.24 2500 1.87 «05 884
648.9 708.3 20.69 3000 1.84 04 7 882
673.2 752.0 20.69 3000 1.77 +08 858
673.5 752.5 17.26 - 2500 1.77 . .08 858
673.2 752.0 13.79 2000 1.71 .08 862
699.2 798.8 17.24 2500 1.73 .09 828
724.0 B43.4 17.24 2500 1.33 13 766
673.2 752.0 17.24 2500 1.84 .06 832
AMOCO 1_(November)
413.4 284.4 17.24 2500 8.8 .13 1032
623.5 662.5 13.79 2000 1.76 *.06 §00
624,3 664.0 17.24 2500 1.72 #02 899
624.8 664.9 20.69 3000 1.72 .01 837 :
645.3 701.8 13.79 2000 1.45 ad2 L Ll 0869-.
645.7 702.5 17.24 2500 1.63 P 870
646.2 703.4 20.69 3000 1.46 W11 - 870
669.2 744 .8 13.79 2000 1.8 A2 856
698.2 °797.0 17.24 2500 1,55 08 818
723.2 - 842.0 17.24 2500 4 1.28 .16 762
722.7 841.1 17.24 2500 18 1.68 24 755
723.1 841.8 17.24 2500 26 1.87 32 750
723.2 842,0 17.24 2500 34 2.03 «33° 755
AMOCO 2 (Mav) s N 5
406.6 272.3 17.24 2500 - . 1606 «26 1080
626,2 667.4 2,10 +10 913
648.2 707.0 1,92 «13 885
672.4 750.7 “ 2.01 «15 844
672.2 750.2 37 1,92 13 . 849
697.4 795.6 67 1.81 «20 804
725.0 845.2 97 1.76 20 763
. AMOCO 2 (December)
405.2  269.6  17.24  2530° 14,0 Al 1107
627.0 €68.8 13.79 2000 2.18 «07 925
627.2 669.2 17.24 2500 2,07 05 932
626.6 668.3 20.69 3000 1,98 +09 926
646.0 703.2 13.79 2000 - 1.57 A1 903
646.6 704.3 17.24% 2500 . 1,82 »13 B99
648,2 707.0 20.69 . 3000 1.91 .09 900
622.5 751.1 17.24 2500 1.38 17 8E5
696.2 793.4 17.24 2500 1.60 18 836
719.6 835,7 17.24 2500 . 1.53 »23 - 798
AMOCO 3 (March)
409.0 276.4 17.24 2500 80.2 2.0 B
627.0 668.8 13.79 2000 5.81 42 995
627.3 669.4 12.24 2500 5.53 W42 996
627.2 669,2 20.69 3000 5.60 62 1000
627.4 669.6. 17.24 2500 5.23 +35 . 985
622,7 €6i.1 13.7% 2000 5.22 37 993
649.5 “709.3 13.79 2000 5.00 39 979
650.2 . 710.6 17.24 2500 4.97 927



TABLE 1. (Continued)

Elapsed  Viscosity Yield
_Temperature Pressure _ Time, 1 ‘o Stress, To Density,
K F Pa psia ‘xda ass N/m kg/nd

kY
X AMOCO 3 (March)
(Continued)
€50.0\ 710.2  20.69 3000 4.94 g 373
673.4 % 752,4  20.69 3000 3.58 .32 944
673.2 . 752.0 .17.24 2500 a.52 29 L 94l
€72.8 751.3 '13.79 2000 3.70 .28 945
699,0 798.%4 13,79 2000 2,95 .22 911
€99.0  ¥9B.4  17.24 2500 2,65 .20 . 905
© 699.0  798.4 20,65 3000 2.77 K | ‘ 900
723.2  842.0 17,26 2500 2,20 o34 875
699.1 " 798.6 17.24 2500 2,11 .07 502
409.5  277.5  17.26 2500 46.3 .00 1033
- AMOCO 4 (May)
407.6 274.1 17.26 250 . O 44,5 w152 1069
622.2  660.2 " 80 3.46 .22 568
646.6  704.3 120 3.13 .22 952
646.2  703.4 190 3.11 .18 ‘ 950
672.2  750.2 230 2,78 ° © WS, 925
698.2  797.0 250 1,85 26 ¢ 896
722.7  B4l.2 . 280 1.72 .08 . 863
722.8  B4l.S . 288 1,50 .07 wws B6S
722,65  841.1 316 1.31 .00 859
722.6  B40.9 L 345 1.32 B 3] 861
722.6  840.9 ! Y .38 1.31 .01 860
* AMOCO & (January)
)
407.2  273.2 1379 2000 ) 31.8 % ‘
626.2  667.6 3,65 .18 .. 958
649.2  708.8 3,51 .18 ° 942
673.6  752.7 . , .2.78 v 420 522 .
€97.4  1795.7 ) ;. 2,12° .20 | 896
7224 B4D.T - : B 1.7 A9 887
AMOCO §_(February) .
. : )
408.2  275.0 12.41  1BQ0 3.0 .
623.6  662.9  13.10 1500 3.49 .10 981
647.4  705.6 . 2066 ° - W11 971
673.2  75z.0 . 2,62 W07 946
698.7  797.9 " 2,38 06, 924
722.7 B4l ) 2.19 <06 . 897
AMOCO 6 (February)
408.5  275.5 . 17.24% 2500 L1g7 -
623.7  662.9 i v 5426 .42 1032
647.2  705.2 4.93 40 1021
670.5 7.1 4,46 432 995
697.4  795.6 3,42 .26 966
723.2 . BL2.0 r 2430 .08 . 938
L o
RS AMOCO 8 _(Apitl) s
407.2 .273.2 17.24 2500 20,8 <60 T 10m
621.6  655.3 4,20 ¢ - L5 960
648.2  707.0 3.96 - 14 938
699.2  798.8 3.67 .15 ‘ a77
724,2  B843.8 . T 259 .08 844
698.6  797.9 ' 0 2532 .02 B64
698.2  797.0 50 %16 ' .02 - 855
€97, 796.1 & . 80 42,40 .00 865

€98.2  797.0 Y Y 120 . 2.33 T .00 849
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TABLE 1. (Continued)
Elapsed Viscesity Yield
Temperature Pressure Tipe, Np1 Stress, Tg Density,
< ¥a  psia min a5 N/mé ke/m3
F\Y ’ "
> . AMOCO B (December)
352.2 1762~ 17.24 2500 STy y
416.6  290.3 17.1 .53 1092
625.4  666.0 : . 3.30 .25 969
619.2  709.0 a7 .22 953
672.2 75042\ " 2,58 W21 923
696.6 794.1\ 2.41 .15 910
725.0  B45.0 \ .- 2.20 .16 BB3
i AMOCO 9 (April)
i <
407.8  274.3  17.24 2500 J 9.9 .38 1076
624.0  663.% ‘ 3,25 14 956
648.2  707.0 2.60 14 940
674.4 75442 2.30 .12 916
699.2 7988 1.82 . 409 881
725.2 84516 1.81 L +04 B44
;700.2  800l6 0 1.19 2y »00 850
700.6  BO1%.5 25 1.10 .7 .00 B48
701.2  B802.4 " 40 1.15 ‘45 .00 844
701.4  B02.B | Y §5 .. 1.315 w01 843
701.2  B02.4 ) 90 T s 1400 =01 841
& -~ ~<AMOCO 9 (December)
407.4  273.6 17,24, 2500 24.0, .48 1120
626.2 667.4 . 2.1 .25 930
648.8  708.3 | 2.15 .28 919
650:0  710.4 3.35 31 912
672.6  750.9 2.33 .34 835
695.6  792.3 2.55 ,a7 ’ 800
695.8  792.7 3,24 .36 - 8BL
717.0  830.8 1.80
AMOCO 10 (April)

T408.4  275.5 12,26 2500 37.2 1.03 121
625.6  666.5 « ‘ ‘3,61 .18 963
648.6- 707.9 - ; 3,25 W16 937
677.0  758.8 : ‘3,01 .13 915
700.6  BOL.5 , 1.92 2 877
726.6 8447 - 1.74 .10 838
699.4  799.3 0 1.42 .01 B52 .

.699.6  799.7 kY - ] .01 866
699.2  798.8 63 1.20 .00 " BB
698.2  7197.0 : 91 1.22 =01 865
698.8 . 798.3 1»- Y 137, 1.24 . «00 BES

/AHJ\’.‘Ci 10 (January)
407,0  273.0 17,2 500 - 31.0 .53 1122

625.0 66534 2.08 . .18 965
649.2  708.8 192 ° .16 935
673.6  752.7 1.60 .13 917
697.0  794.8 1.64 W12 884
725.4  B46.0 ‘ 1.10 ‘3\1\ .17 870

. AMOCO 11 (February) &(\
409.7 277.7  17.24 2500 31.0- .23 1244
620.2  656.6 4,92 ey . 13028
649.4  709.2 443 47 1011
672.7 - 751.1 . 3.88 W46 # 990
€97.9  796.9 ' : 2.95 Wil 965
721.4 - B3B.B \} ' . 2,23 .23 978 -
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TABLE 1. (Continued)
1 Elapsed Viscosity Yield
Temperature . Pressure Time, np1 Stress, T, Density,
X T MPa psia =in xPaen Nin kg/m3
AMOCO 12 (February)
4DB.2  275.0 -17.2& 2500 «. 184 .49 . 1067
723.7  662.9 2.81 .03 950
i 647.7.  706.1 2:25 «10 931
672.7  751.1 . 1.94 -— (906)
698.5  797.5 (2.05) .11 890
723.5  B42.5 1.58 S, 08 873
AMOCO 14 rch . .
411.2  280.4  17.26 2500 %.7 o Ll 1096
626.0  663.4 : 1.77 .08 978
647.8  706.3 1,47 .08 949
673.4  752.4 . 1,18 . .05 928
698.0  796.6 ) .89 T .m 897
724.3  844.0 . T 00 864
AMOCD 15 (March) .
. e AMOCD 15 (March)
410.0 278.2  17.24 2500 96.3° .76 1190
626.1  667.2 6.74 .38 13
650.0  710.2 5.24 26 1002
674.3  754,0 T 3,53 21 975
697.6  795.9 "2.88 .18 947 *
723.3 8422 §o 2,13 . 06 928
1, . 3 .
a . AMOCO 15 (Jurie) '
353.2  176.0 '17.24 2500 o -/ -
702.0  805.0 8 4,66 +54 985+
694.0  790.0 . 1 r 3,74 .51 986,
702.6  B0S.1 18 ' 3.85 ahl 978~
700.2  800.8 28 T 3.52 .29 972
702.6  804.9 36 3.24 J24 969
701.2  802.4 6 2.77 .7 955
701.6  803,1 75 2.73 10 - 950
702.8  E05.3 85 2.73 .08 948
04,0  807.4 : 00" ., 2.8 .06 941
677.6 . 760.1 - 135 2,84 04 955
649.0 70B.6 . 220 7 7 3.2 04 976
623.4 625> - Y ¥ 257 | 3.61 .05 988
: AMOCO 16 reh
408.7  275.9 17.24 2560 . 599 S .88 1220
623.7  662.9 : - 4,92 A1 1028
648.2  707.0 : 4,14 11 1012
673.5  752.5 ‘ 3.49 v o1l 994
€98.5  797.5 . 2,54 . .05 966
724,0  843.4 2.11 . .04 956

PIERe)
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The plastic viscoeity was found to decrease as‘the temperature
increased, as expected. Tha relationship between yield stress and temper"a—
ture.was not so clear., As will be shown in the next.section, the“yield
stress at any high teﬁaperatureﬁwas found to decrease with tiine. Therefore
a decrease in yield stress with inereasing temperature, as was. generally
observed, may have been due in "parr: to change with timei Nevertheless.
there did seem to be (gome decrease of yleld stress with increasing tempera~—
ture. This effect was\relatively small, however. : The determination of
yield stress at 400 K was not very reliable because of the ﬁigher viscosities
and the uncertainty inm the density. .

o

Changes wf'ith Time
, The program was deviaed with the assumption that the samples would

not change appreciably with time. It was recognized, however, that changes

were po;ssible. Therefore measurements were made as rapidly as possible,

startin'g at lower temperatures and continu:.ng at higher temperatures. In /

: geveral cases (1, 3, 8, 9, 10) measurements at a lower temperature were )(‘
: repeated after completing the b(igh—-temperature work to determine whether any
changes had occurred. It was found that both lower plastic vlscosities _
and lower jield stress value‘s_we'r\e' measured after holding at a higher -
temperature. TS ' . 2
On several occasions we held the spedimen for a while at constant
temperature to determine whether the properties were constant. In generai-’
(8, 9, 10) we found a slight decrease in plastic viscosity and a decrease .=
in yield stress. The yield stress at 700 K after previous meastrements at
725 K were already low, but they appeared to decrease essent:lally to Zero.
AMOCO 1 appeared to'be an exception to this behavior. After half an-, hour
" at the highest temperature, both plast:lc viscosity and yield stress ;were*"."
inereasing. .

At the end ‘of the program, with the opportunity for one more
experiment, it was determined to devote this one experimmt\\to a deter—
mination of the changes with time at a2 single temperature, .AHOCO 15,
"'previously measured in March, was chosen for this exper:l,‘n}ent.- The sample”

SR ) ,:"-.
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wae transferred from an autoclave at 353 K to the viscometer at about

700 K. Hzasurements began izmediately but it took about 8 minutes to bring
the sample to this temperature. ‘The=behavior at 400 K is shown in Figure 3.

“The decrease in p,lastgl."‘c: viscosity seems to be clearly indicated),

though the apparent upturn at the"i‘end is not so certaini The yield stress
changed in a much-more pronounced \vay, decreas(ng nearly to zero in less
than 2 hours. * At 425 K the change’ would /no doubt, 'be.more rapid. The
_change in.density was unexpected. The change was about 5 percent, which is

8 substantial change.. The data seem to indicate this change clearly. Ve
are not sure what to make of it. .
- * The data obtained during sample heatup, while not sufficient for
treatment in the ‘usual way, indicate a thickening of the sample, whether
caused by an increase in plastic viscosity or an increase in yield stress
1s not clear. This time period was difficult to interpret because rising
temperatures were changing density and therefore buoyancy of the bob.
_ "Therefore we canmot be sure about this apparent transitory phenomenon.

One more peculiarity in the data should be pointed out, For
AMOCO Samples 1 and 2 the trend with tise and for.yleld strese even with
temperature seems to be the reverse of that generally observec\. Each
sample was run twice, and in each of the four runs thére appears to be an
upward trend in yield stress.

[P

e

Effect of Pressure

T, 2

_ Far several samples measurements were made at pressures of 13.8,
17.2 and 20,7 MPa of hydrogen. No discernible trend was detected.
Previous experience with similar but much more viscous materials indicates
that the pressure-effect might have been expected to be about 5 percent

for a 1000 psi change ~- higher viscosity for the higher pressure. The
scatter in our data was often greater than that. A '
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Replication : o S i -

In all, six of the deterninations were repeateé. The scatter
was great, even after the January corrections., Furthermore, in most cases
i:lie. earlier results in plastic viscosity were consistently lower than the
laterw._,.

. ranged from l.u. percent for AMOCO 1 to 36 percent for’ “AMOCO 10. Sample 1lis
\said to be the snme es Sample 2; similarly Samples B and 9 were duplicates.
Each of these fout was run twice. The deviations between the pairs In each
ca::-e welre of the same order of magnitude as deviations between ‘Tepeat.runs.

“\.‘ A similar comparison between repe! =t determinations of yield stress
shows ‘a similar level of agreement. At higher temperatures the ag‘reent

is worse:,, presuma}?ly as the yleld stress giecreased with -time for each measures

ment, . | ’ ’ o 2

In genefal we wouvld have to say ’that the agreement 'betwer:én repeat
determ:lnations was less ,good ‘than we had ht:ped. ;I'h:ls is only party due to
uncertai:nt:les regarding the condition of the sample. such as ‘the possible
separation of solids before transferring the sample to the ,,viscometer, uncer=~
tainr.ie.s in the extent of change brought about by standing at high tempera=-
ture and the like, A large part of the uncertainty seems to be due to
instrumantal problems such as the lack of alignment.

L

Compari son with ORNIL Results

i

& o

. It is our understanding that the correspondence of samples used
by oursél\_res and ORNL is as shown in Table 2. Because of the changes with
time we have shown also our yiald stress results at 700 K, which we judge.
to be closer to the value at zero time than the value determined at 725 K.

\ Although the order of magnitude of the results was the same as
determined by the two methods, the apreement is not very close. Espeqia_lly
in the case of AMOCO:1l and Sample 43A the fesults are in serious disag::'ee-
ment, even in density. Because ‘t‘af the rapidity of changes with time, which
is no doubt greater at 725 K than shown in Figure 3 at 700 K, ani! because

. of. the differences in residence time for the two methods."" the diffe;en;:eis "

1
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TABLE 2. COMPARISON OF RESULTS AT 725 K-

I

e __ —_____—__— — — )

ORNL Results:

Sample Nl.mberx__ 27B ¢ . 34A 424 43A

nys TPass 1.68 3,03 173 107
T s Nimz S 307 . .232 ¢ L192
b, kg/m« . 908 . 985 882 = 85l

‘/.:.'

This Research

Sample Number 5 © 6 , 9 11

nyys mPacs 2.19 2.30 L8 2.23
7, at 725, N/m © .06 .08 .04 .23
T, at 7oo N/u® .06 26 ¢ .09 41

o, ke/m 897, 938 * : B4 938
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FIGURE 3. VISCOUS PROPERTIES OF AMOCO 15 AT 700 K., .
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in results were p'erhaps- no greater than should be expected.. Even so,
the differences between 1l and 43A seem to be excessive.

FUTURE WORK
Further determinations of rheol"og:lc;l properties of samples such

as those examined in this yrogram would have to be based on an experimental
design r.hat deals with the changes in properties with time. E:q:er:l.ments
similar, to the one 1llustrated in Figure 3 could be used to extrapolate
results back to zero time. {With a little practice we believe that usable
results could be obtained within 2 or 3 minutes of the tramsfer. Similar
measurements at other temperatures would aid in interpretation of the
results,

% Further development of the instrument, together wit'h some stable

samples with which to make comparisons, should lead to greater confidence
in the results.,
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MONTHLY (APRIL: 1981) PROGRESS REPORT ON AMOCO DOE CONTRACT °
‘ "ON H-COAL FLUID DYNAMICS"

t

AMOCO Project Status

Work for the past month on the;ljght Eeam bubble probe has focused
prima;i1y on making the probe operatidna1 in the column. Initial difficulties
were encountered in obtaining propagation of the»beam thrdhgh,;he probe tips
with a surrounding fluid environment.ﬁ A redesign of the tip (see attached
fdgure) to include an optical fiber window and screw together assembly has
eliminated the problem of bubbles within the tip b]ockiwg the optical path.
Fluid is used on both sides of the op11ca1 fiber w1ndow to reduce the effects

" of not having optically flat and para]n 1 ) ands 67 the Fibers.

Niam ..

Another prob]em which has been overénne is excessive noise level (equa1
to that of the s1gna1) when the bed is fluidized above the probe Tevel. Thie
has been solved by mak1ng the . rece1v1ng optics 1nsens1t1ve to: small deflections
of the Tight beam caused by propagat1on through the glass part1c1es The cure
was to use a lens to focus the 1ight to point on the endhofia 1. mm diameter
optical fiber.

With the bed fluidiiéd and the fluid temperature within approximately 1°F
ofﬂthe optimum value, we now have signal to noise ratios of‘about 3ordtol,
This noise seem; primarily due to scattering of 1ight at the fluid-particle
interfaces and the resu1+1ng oss in beam: “intensity. .

V1sual observation of the signal on an oscilloscope is encourag1ng and we
are now directing our attention to developing the necessary data co]]ect1on

and ana1ys1s programs.

i
Tl !
1 .



O-Riny Seat

Washer
/

i :;‘ Q0. .W:‘ndow

B Th'l'f
W.th

-47

o~
h

Regipg s
. Fll“u.;{-

5.5 Hy poderm.
. 0.2 mm 0, 2,
Wsp

A ]

rn [ 1'07‘

_.GIarr“‘:‘F','i,,.
Iﬂ’»ide -

= S

3/;; . '1-..& d 7—7
R ——— >
— - “ | |
o ’ ir L(

:< 1] 7 _ ﬁ,

> RSl 1

i poys bhj,' .



MONTHLY (MAY 19%}) PROGRESS REPORT ON AMOCO DOE CONTRACT

"ON H-COAL FLUID DYNAMICS"

.(I) Impendance Probe

For the past two months, most work dome is attributed to modifyiné the
probe circuit and to finding a way .to record digital data on floppy disk:\

The magnitu@e’of the output signal from éhe probe“depends mostly on the
surface area of thé tip of the probe. Since the tip diameter of the new probe .
(0.01") is only half of that of the old probe, the gain from the circuit has

to be increased in order to get a satischtory signal output.
H

Two independent-circuits are also constructed. Circuit A can be used to

/ ~

L
set single thrfshold while circuit B is used to set double threshold. The

voltage lavels of the two thresholds are 0.6 V and 3.0 V respectively. H%ncer
{
I8
the magnitude of the output signa_kyust be greater than 2.4 V whenever circuit
- ' < P

B is used. &Q:?H . | d
. \I ‘
y :

(II) Light Probe’ ‘ _
Work d;ring Ma& oanhe 1light beam probé‘fof bu£b1e size and yoid fraction

determination focused on writing, the computer progra@g for collecting -and

~ analysing<the data. Impr;veménts will c;ntinue to be.pu; into the programé,

but they are now opefatio;al and running smoothly. A small amount of

preliminary data has been collected anq the ﬁethod seemsApromising. Iﬁcludea

in this report is’ a description of the basic concepts of the light Dbeam probe,

as shown in‘Appendix A, A {
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BASIC CONCEFTS OF THE LIGHT BEAM PRGBE{%OR

R et

DETERMINING VOID FRACTION AND BUBBLE SIZE DISTRIEUTIONS

© "Paul R. .Jdeernik
Northwestern Uriiversity

June §; 1981



f INTRODUCTION
i

The -basic thoudht behind the idess presented below is i
that the distance one can see through a2 two-shase mixiure derends
uporn both the void fraction and the size distribution of the
bubbles ‘involved. The rresentation is broken ur into two main
rarts? ' . . -

k4 [
1. Determinztion »3f the void frsction assumxns the size
* dlstrlbutlon is knowun

2 Depermznatxcn of the size distribution and sverade
velocilies, t

A dlossary of sumbols-follows the rrezentation,

: . VDI FRACTION DETERNINATION

= - To bedin withy comsider a8 herothetical two-rhase flow
5 in which the #as wvolume fractions o« consists entirely of bubbles
4 with & krown radiusy n. For bhis case it is a verws simele task to
! calculate the void fractien, It is only necessary to determine
the averade number of bubbles which would intersect an infinmitesimally
“thin line of 3 kroun lensgih rassing through the Tluid, Ta see how
this can be dorme reslace each bubble by 3 point and exrand bthe radius
of the lime to y. The number of soints lsing within the volume of
this *thick® line will then be eauwal to the number of bubbles which
' would have intersected the merrouw line.- e
- . v

. Let m = the number of bubbles pe;'gnit volumg:rg
N(1) = averade number Q}Ibubbiaﬁfﬁﬁ radius 1 intersecting 2
line of unit lendgth _
Thers - o= ot /A /3) 3 o (1)
anid N(:;)‘= i ;._3'ac/4r : S

TRuss for this simele caser if the %adiug of the bubbles were kriown
along with the average number of bubbles which intersected s line of
unit lendgths the void fraetion could be determined.

To measure the ecuantity N(r, )y 3 narrow lisht beam (radius
less than the bubble radius) could be rassed throush a length £ cof
the fluid and its transmitted 1ntenszts monitored, KRg using a small
receiving arerture, anuy-rortion of the besm intersecting 2 bubble will
he deflected outzide of this arerture, Therefare: when 3 bubble has
cut more tham halfwsy Lhroudgh the beam the received intensity will
£31]1 below half of Pull scale and the beam axis (which is an infTini-
,yesimalls thin line) can be considered *hroken’

Whernever bHé trznsmitied intensity is s3merled and found to
be dreater than hzlf of FJII scales what has actuslly been done is
to have taken a samrle ofda given Path lengthr £y of fluid and

found it to intersect no- hubbleﬁ If*this sameling is done multirle
. = . g ’



: . -5l
times' 38 determination is made of the fraction of saths which have

, clear rath lendths dreater than £. The mean clear eath length is

‘A= 1/NCR , (3)

. . '\'__‘)-

and from elementgrs statisticsl theorugr the frabtion'of raths uitﬁ

3 clear rath lendth greater than 3 given distance £ will be

P o= eup(-8/A) = exe(- &N 4 - IECI RN
Thusy if the fractxon of tlme the beam is not broken is knoﬁnr i
we have : 7 . .
Nir) = =1n(f)/f s . (s)

-]

and the void fractiom is diven by

® = ~4n-1n(f)/3L - (&)

The above result is not of much Pract1caf'use howeverr so
the next step zs to senerall~e the azhove ‘ideas. Defzne 7
4
)

X (p)gdpr = volume fractlon of those hubbles which havn radzz
. betueen T arnd ridr

N{ridr = averade number of buybles with radii between r and
rtdr that intersect 3 line af unit length

Thens from eauation (2)»

= -~

Nerydr = (3 &trd/arddr . : (73
Intedrating this. over all rossible r values, R -
f;:(r)dr = f(‘;_ﬂ((r‘)/-‘h‘)d;‘ _ (3)-

which is the ;enerali:apion.of enuation (2),

For this more deneral caser Ny can be determined the

same way N(r) was befores but:now it is also necessary to know

the share of the void fyacbion distribution curve, The proceedure
for calculating this is'coveged in the neut section.
':’ “\!‘*\ ’ g ™,

CALCULATING THE VOID FRACTION DISTRIBUTION

- I . ' @

To determine the void fractiorn distribution it -is
necessarys to obtain more information from.the ‘transmitted lisht
"intensite then Just the frzction of tzme that the beam is broken."
The other 1nformat10n available comsidts of the duration of the

beam brezks amd the rate 2t which the beam is gut off. These &

two nuantztxes depnnd uron the following three vsr:ablﬂs.

4. ? = the bubble redius

13
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: ?u} hhe'follouine analysis:

¥
-
n
[}

tne distance of closest assroach measured from *ro
bubble center Lo the beam axis

Gl
-
<
n

the sreed of the bubble in the plane rerrendicular
v to the lisht beam

bﬁﬁ aséymptions will b2 made!
1., The bubbles are srherical
q

2, During the time that a siven bubble- breaks the light <
beams it travels in a straxsht line 4t 8 constant seeed,

aAnd define:

< -

Coglrrv) = fraction of time rer unit sreed that s bubble of
= padius r ‘would have a sreed v in the r=lane
rerrendicular to the light beam.

T = ngdius of“the light besm

R{rsvss)drdvds é the relatlve frequence a3t whxch bubbles with¥ -

. 8) radii betuween r and rt+dr
b) sreeds between v and vidv
c), and clasest srproach distamces between
s and s+tds
. B bresk the beaw

Now make the stirnlation that data obtzined from the psssase
of a.diver. bubble throushtithe beam will onlw be counted if the

~bransmitted light intensits falls all the was to zero. With

this restrietions all valiles of s between 9 and (r-r, ) should
be _eeus3lls likely and the erobability of asccerting dats fur
which s >(“-r;) Wwill be :ETO, In other wordsy

R¢rrvis)drdvds’ -d% for 9¢ s = (r-r;)
) (9
o = ‘ =9 ‘for $>{p~r, ? [
[N : ‘__{
It should also be cléar that the relative fresuency function
will be Prupartional to

1) .the number density of hubbles with radii between r
and rddry which is diven by

o< (rrdr/tae v /3,

2) the fractibn of'those bubbles of size 71 which have
sreeds between v and vidvy which is given by

dipsv)idv -

3) and finalle the seeed of the bubble%r which is
diven (of course) by '

V4
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‘.

Therefore:r . -

R(rrvssidrdvds =~ (3 ex(r)dr/a7 r2)(a(rsvddv) (v)(ds) (92
. ,I
Sinece we are concerned only with the relative frequencyr the
constant factors carn bhe¢ drorrped and the followxns ‘equality made

Rirrvrysidrdvds ( =x(r)/rP)al(r)v)vdrdvds 0'55 s(r-vr; ) .
' T : ‘ (10)

0. e L s rer,)

13

Now that 2n exrression for the relative freauency Punctior
‘has been determineds the next ster is to determine eitactly what -

information carn be extracted from the light besm.signdl--ss- a- - ==

bubbhle with sarticular rr vo and, s-values”iﬁsses throudgh the 'beam.
In the.following figure» the light beam is rerrendicular to the
rlane of the rarer and the asterisks represent the rosition of

the bheam relative to the bubble 3t various roints in time. )

Lidght peam perrendicular

4= 2 =& _ (1)

The euantity 4 is the.ﬁfstance that thg tubble travels while the
beam is brokenrs so the time duration of this bresk will he

)

¥ = dsy = 2 - Y (12)
In addition to the duratiom of the bresks the rate 2t which the °© f
light intensity is cuft off is also available. If the intensity =’
profile .of the light beam is known {(for the helium-neon laser it -
will be 3 dsussian rrofile)r this transmitted intemsity vs. time |
data can be converted to uield the bubble interfsce rosition vs, .
. Yime. Thits the sreed u st whzch the bubble outs off the .1sht
bheam can be determined,

- Tnis calculatnd apeed, ur will in gerersl not be the same
3 vr but rpther .

N,

r

to the rlane aof the sarer

.
.
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Touer

i

= veposB " (13)

where : 8

[ : b
cos(d/2r) 2 4 = wip = e (14)

To see this relastionshis more cleéarlys consider.

_Bubble~-liauid
interface

Directiorn of travel
of bubble

There is 3 comronent of bubble velacituy which merelw moves tho -
bubble surface rarallel to_the beam “surface', and thus slays.no.r . .
“part in cutting off the beam. Only the component of the bubble
velocity rerrendicular to the bubble surface at the Po1nt of
intersection with the beam rlaus an effective role,

To summarizes the information which can be obtsxned from
each »assade of a bubble throudh the besm is

= 20 -2 Py (12)
AR £ ST V2 (i4)

The next ster towards determining the void fractisn .
distribution is to ordanize this available dats in some lrcdgical
manner. To do this, define and consider the ruantity

o

Po= owus/2 = p(1-/1%) l (13)
For the .case of s=0; Fr would equal tha radius of.&he bubhle
r8s5sing throudh the bezm. For Ogs s (pr=-r;)y o

n{2=-r, /PY s e <r where r 2, {14)

i

With thie¢ information in mindy define a3 function

RQ{e) = Preauency st .hich buﬁbles treak the beam
such that r €2

Analuticallyy Qo) will be srorortionsl to the intearsl of

R(rrvrs) over all rossible values of rr vy 2nd sr subject to
the constraint

L

(4]



or r(1-? 1= 9 s 2[/t° -ra . for rza -
. (17)
s 20 for re<.Q "
To simplify the motations define B
4 - !
= = Jr‘—ru . for rz2a
(18).
= 0 . ) . for req .
Thuss using euuation (10) S ‘

r-r, §
T Qla) = jm/ fdv ot(r)s‘.(mv)v/r T 19)

where :A is a rormalization constant. Since we are actuslly |
only lnterested ir the share of the @ Punctiaon» redefine R by
equation (19) 'wi*t A=1, The value r, is the lower limit for the
—..-intedration-gove: r-since-bubbles-with--radii less tham the beam
radius are not carable of totalls blocking off the light beam.

s

: s ’ g
Mow if we defime averade sreed as

-~ - :
Vipr) = fs(rrv)vdv {20)

' A - o

eauat1on (1?) becomes

rer ) )
’ Q(a) fdrfds X (r)ITLrY/? ' N 3 ¥

This can be rearranded to

)-." o rer,, " ) t
fdrf ds «(pIT(r)/ 1 + fd fds (MG ipyse? .

¢ r=rg

i

8¢a)
i1 /'I

X . i v
jdr(r-rh Y K(MIV(PrI/ T * j:rt(r-r‘)- M epa Jex(rIV(PI/T
v" t B

5

il

n

. o ' ’ _
fEf'r.-r‘.) « (r)V(r)/Pldr - f(/r’—ra'a(r)?(r)'/r?.)dr €22y .
r \ . - . ) ,.“.
! Eauét1on (22) is the intedral srectrum of fremuencu vs. Re .
* Taking the derivative with resrect to e gields the d1ff°r°ntxal
srectrum, ’ . 2 :

-3 N ‘ ",: .
dQ/da = f[r «(.nbv(r;/a/r’ R N -2 B

3
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Mowr» since once agaln onls the share of the curve is imrprtants

eliminate the constant factor. Also convert from the wvariable
® back to & and definme ’ o "

w p® - . ‘
tOM(e) = fc ximTCr) /P —re 1dr ‘ (24)
. F s . ) i

. The imrortant charzeteristic of the above eguatiom is that M{e)
involves onle the intesral over values of r2p, If the p 2iis
is broken ur into discrete inmtervals» it is then rossibles
starting 3t the highest intervals, to calculate the void fraction

corresronding tc the different ramses of bubble sises.

. " For an examrler camsider adain the simerlest case where 3ll
the bubbles are of the sama2 radius. This imelies that

“(r) = e (r-p) : "
- Then M(r) = 0 :' - for ‘Of F'.‘ Te (-.;."'2.1"3_5.- R .
= vf.i‘;i(\:,.n;f = -”rr" for r f2-r, /) <rer, {28)
=0 ? for ro> T, )
The reaséh Mlw)= Oxfor Gspsx r.(”—m /) is due to the stisulation

that s’s(r-q Yy ar was ststed in arriving at enuation (151.
Brarhically ﬂ(a) for hhig simrle caser with the further specifi-
cation thzt r, =7r, + arrears on the followins race. '

To make ucse of enuation (24) bd calculate o (ri, it is
mecesssry Lo krnow v{r)., To sa2e how ¥i{r) can be determxu Zy divide
eauahlon 113 by eequation (11)» and obtain

K

3, s,

u."r = v/ar => v = (2ru/e V= (IR (uie VP (26)
The auanizts u/?r is 1ndependent of s+ 3nd thererore it iz PQSSlnleV
to ecslculate the averacge value ‘af (u/t.--)"l for bubhles of = siven
size Prom the avsilable data (the method of doing this is dgiven

" below). Theé orne zdditionesl stes of multierluwing be J2r will then
dive Vir).,

The final mador ster im determinind the void fraction
distrituution is to consider the rractical 3150r1thm required.
Firstr it is necessars Lo diseritize the # axic andg define 2 linear
array M whose dimension ecuals the number of 1nterva15 into which
the » 2uis is divided, Ewvery time a bubble rasszs throush the beam
the values of u 3nd 2 will be determirned, amd the value of s=2u/2
calculated. . Then the element of arrayg M which corresronds to the
interval into which this = falls will be incremented.,

It is 2lso necessary to store the velocitw information:

rigmels Ju/~ s obtained from each bubble., For this FUTFOSE’ another
arradr Uy with the same dimension as ¥s needs to:be defined,

RN

________
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Into the élement of this arraw corresronding %9 the calculated p
valise would be added the auantity Ju/+ » from 2ach bubble.

After 38 sufficient ammount of data has been sccumulztedy
it must be analuzed it to obtain the auantities o (r) 3ng
Vir), In the highest # interval which has a nor~zerao emtry in the
M arragy 3ll the data woints can bDe considered to have been den-
erated by bubbles passing centrally through .the lidht beam with
 radii eaual to the » value of the interval. Conseauentlws the value
of V(r) can be determined by dividing the prdrer element of the u
array by the corresronding element of the M arraus and multisluing

by VZFr . Now» if (1) is assumed to be constant over this e

interval:» g,2F 5 pr then

RSN .rh & ]
Mimd -Jfﬁ(ﬂ)dg = /. /} L {PIT(r) /¥ =rp 1dr

Pl.‘l: ’4,., 4 . k
- ‘: .
by '." f‘. r 3
= KRV drft_i/(r Jof-re’ )1de
S Feas ,‘:-'-_'

h a 3
a(Q)G(h)j}rE-z ri-re /073

L h ,
= d(r)v(r)/;Jr -rp /¢ ldr
Pb-l
% ’
Let I = th plepe /0 1dr . (26)
o, ;
Then  &(n) = Mlg I/(T(I) - (27)

Nowr bubbles of size n, Passing through the beam off .
center will have resulted in data beingd accumulated in the lower
elemerits of the M and Y arrays. The statistically exerected
amount of ‘rollution” in the lower elements must be subirsdcted
out before proceeding with the caleuwlation of Vir, o oend o in,d.
The expected rumber of counts in the Kth znterv=1 due to bubble'
whose radii fall in the Lth interval will. he

. A .f
Xm_ = fdeE d(r)v(r)/r/r -rpldr
’H-I PL-' .
b Px .
" - deqdft {r3T(r) /YR ~ralde
fevy - /’H‘l
* ' : = P Px

K (p, dV(r ) Jdrl=2 PQ-FP-/#/]
' Faesr. . l f’-"
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. Pu . —
2eatin dvir, ) jt./r?;_‘:_‘rsz -/ -rE y /12 Jdr

c P‘-: i v
Let Ikb = J[E(Jr -re Mr -rP:‘/r ddr . # . ’
fs-l . 1 ’
. . ‘ §
-~ 3
t.he'_nr XM,L = ol )v(r‘ )Ik,l. . s

This value of X,, must be subiracted from the Kth element of the
il arrayy and the euantite o

" Xpr L2 tulE \J/H(
e bub“l:r ' P‘
must be subtracted: -from the Kth element of the U array, Dnce the -
data in the lower eleménts of the M and U arraus has baen corrected;
the asbove analusis eprocess can be’ repeated to determine the oc(y,)
and J(r, ] valuesr and so on down to the saallest interval.

suhnanv
The srocedure dEbCPIOEd here for determinminmg o () uoulﬁ
gyield e=xact results if =n Anfinite smount of dats were collectedt
orn buhbles which bthSfl@Q they two assumptions made in the zmalusis.
G .
1, The bubbles are ssrherizal

2, They move im 2 straidght lxne a2t 3 comstant seeed while
they breal. the beam.

)

The limitations on asccuracs due to 3 finite amount of datz will derend
uran the distribution of bubble sizess esrecially in the lower sicze
rondes. Obviously, if 99% of the data asccumulazted in a diven P int-
interval (s ) were due to bubbles whose radii fell in hidher intervals,
the relative zccuracy of o {me ) would be verw roorT. '

The limitstions imrosed by the tuwo sssumption about tihe bubbles
wlll need to be determirmed by comeparing the values of u calculated
from entrance and exit datz: If the assumrtions are satisfied, the
values im e3ch rair of velotcity data should match closelyu.

'
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GLOSSARY QF SYMBOLS

diztance 3 bubble travels while the lidht basm is
broken "

fraction of clesr rath lensths sreater than

bubbkle ggsedvdistribution functian

.9/’ N

N
path lendgth’ of light beam

freauencys mer upit p ghout r» a2t which bubtbles break
the lidnt beam )

rnamber density of‘bubbles

averade rwmber of bubbles intersecting a lime of unit
lendth

Tu/2 = aeeatent bubble radius’

»

= frequency at which bubbleéwbreak ithe beam such that p ¢
; .

bubble radius

[N

light beam radius

relative frequency fTunction

distance of closest ssproach of the bubble center to the
beam axis

aPParen£ bubblg‘sveed
bubble sreed

vaid fraction K
mean cleSr ra3th length in the fluid

time duration of the bubble in the light beam .

subseripts

ARRAYS Ct

arrsy in which bubble freguency data a2 3 furiction of ¢
is sccumulated

.,

arvay in which bubble sreed dats 3s a function of & is

~accumulated

rumber of counts accumulated im M for the s interval

§. ¢ P ¢ Pr due to bubbles of size £ ¢r 5 &
Ther & (2 L]

io0
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MONTHLY (JUNE 1981) PROGRESS REPORT ON AMOCO DOE CONTRACT

"ON H-COAL FLUID DYNAMICS"

Y

Work on the"1ight_eeam probe has concentrated on optimizing the%optics
of the probe and improving the data analysis procedure. We want to %nsure that
‘a radially symmetric 1ight beam is passed through the fluid so that our measure-
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 fiﬁer to carry
the beam into the input probe. This would also greatly simplify ai ignment
problems. We are hoping to obtain some single-mode fiber througﬁ International
Telephone and Telegraph Corporation. I
Work is also being done on a revised data analysis procedure which weu1d
yield the size and ve1oe}ty of each bubble as it passed through the beam. The
idea is to take advantage of the change "in the apparent speed qfﬁbubbles which
pass through tﬁe beam off center. The speed which is measured by the probe
is theﬂcomponent of the bubble speed along the 11ne between the beam axis, and
the bubb]e“center. Since the angle between this 1ine and the bubble ve]rc1ty .
vector changes as the beam is cut off, the apparent speed will also chanoe.
As may be guessed, the primary'difficulty w1;h this method is measur1ng the
changes in apparent speed accurately enough. At this point it does not_éppear

to be unreasonable to spend some time on this method, especially éin&é questions

\
on the accyracy of the measurements must be answered.
-

p
The holographic system was.checked to determine its alignment and depth
oﬁlfjeld by taking a ho1o§ram'of bubbles rising in the test section. The 11qu1d
wa;“af rest. Because-of the low gas flow rate, the bubble concentration was
also low. It was possible in these tests to obseeve the bubbles on the holo-

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

s
-
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‘ formed by “the hologram is Wagn1f1ed two-foid by the lens, system To enhance
the v1ew1ng‘of the reccnstructed image, the, holograph1c pTate was moved c1oser

“to the p]anes where the 1mages are formed. : We w=11 ‘take ho]ograms of flows .

\..,,

hav1ng h1gh concentrat1on of small bubb]es in order to determ1ne the 11m1ts

of app11cat1on.

F1na11y, since it 1is clear that fluid propert1es play a major role in

b

determ1n1ng bubb]e sizes, we have ordered the necessary parts to set up a 3" I1.D.

co1umn in wh1ch it'will be much easier to change f1u1ds

i

\
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