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DEVELOPMENT OF AN EXTRUDER-FEEDER
BIOMASS DIRECT LIQUEFACTION PROCESS

ABSTRACT

As an abundant, renewable, domestic energy resource, biomass could help the United
States reduce its dependence on imported oil. Biomass is the only renewable energy
technology capable of addressing the national need for liquid transportation fuels. Thus,
there is an incentive to develop economic conversion processes for converting biomass,
including wood, into liquid fuels. Through research sponsored by the 1].S. Department of
Energy’s Biomass Thermochemical Conversion Program, managed by Pacific Northwest
Laboratory (PNL)@, the University of Arizona has developed a unique biomass direct
liquefaction system. The system features a modified single-screw extruder capable of
pumping solid slurries containing as high as 60 wt% wood flour in wood oil derived vacuum
bottoms at pressures up to 3,000 psi. By comparison, conventional pumping systems are
capable of pumping slurries containing only 10-20 wt% wood flour in wood oil under similar

conditions.

The extruder-feeder has been integrated with a unique reactor by the University of
Arizona to form a system which offers potential for improving high pressure biomass direct
liquefaction technology. The extruder-feeder acts simultaneously as both a feed preheater
and a pumping device for injecting wood slurries into a 3,000 psi pressure reactor in the

biomass liquefaction process.

An experimental facility was constructed at the University during 1983-84. Following
shakedown operations, wood crude oil was produced by mid-1985. During the period
January 1985 through July 1988, a total of 57 experimental continuous biomass liquefaction
runs were made using White Birch wood feedstock. Good operability was achieved at slurry
feed rates up to 30 Ib/hr, reactor pressures from 800 to 3,000 psi and temperatures from

350°C to 430°C under conditions covering a range of carbon monoxide feed rates and

(a) Operated for the U.S. Department of Energy by Battelle Memorial Institute under
Contract DE-AC06-76RLO 1830



sodium carbonate catalyst addition. Crude wood oils containing as little as 6-10 wt%

residual oxygen were produced.

The work is reported in two volumes. Volume 1 contains the Executive Summary,
Parts 1 through 3 which cover development and scale-up of the extruder-feeder, and
Appendices A through C. Volume 2 contains Parts 4 through 8 covering the design,
construction and operation of the continuous liquefaction unit, characterization of the wood
oils produced and conclusions and recommendations. Volume 2 also contains Appendix D,

which presents experimental data on the test runs conducted in the experimental liquefaction
facility.
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DEVELOPMENT OF EXTRUDER-FEEDER BIOMASS
DIRECT LIQUEFACTION PROCESS

EXECUTIVE SUMMARY

Biomass, including wood, could provide liquid fuels on a regional basis if an economic
liquefaction process can be developed. Through research sponsored by the U.S. Department of
Energy (DOE), under its Thermochemical Conversion Program managed by Pacific Northwest
Laboratory (PNL), the University of Arizona has developed a unique method of pumping
concentrated, viscous biomass slurries, characteristic in biomass direct liquefaction systems. A
modified single-screw extruder has now been shown to be capable of pumping solid slurries as
high as 60 wt. % wood flour in wood oil derived vacuum bottoms, as compared to only 10-20
wt. % wood flour in wood oil by conventional pumping systems (White and Wolf, 1981).

A Phase II program has integrated the extruder-feeder pumping system with a unique reactor
which offers potential for further improving direct biomass liquefaction technology (White,
1983). An experimental facility was constructed during 1983-84, shakedown operations were
conducted, and wood crude oil produced by Mid-1985 (White and Wolf, 1985). During the
period January, 1985-July, 1988, a total of 57 experimental continuous biomass liquefaction runs
were made using White Birch wood feedstock. Good operability with feed rates up to 30 Ib/hr
covering a range of carbon monoxide, sodium carbonate catalyst, pressures from 800 to 3,000
psi and temperatures from 350°C to 430°C was achieved. Crude wood oils containing 6-10
wt.% residual oxygen were reported by Zhao (1987). Other wood oil characteristics were
reported. During the period May, 1987 through September, 1988, an All-Arizona wood cil was
produced, using no outside source of materials.

INTRODUCTION

The modified extruder-feeder has now been shown to be capable of pumping slurries as high
as 60 wt. % wood flour. The ability to handle such concentrated slurries which are in solid form
at ambient temperatures is expected to improve direct liquefaction wood oil quality and process
economics. Various preliminary process design and economic studies indicate that the utilization
of the newly-developed extruder-feeder in biomass direct liquefaction processes could lezd to one
or rore of the process improvements listed below:

1. Elimination of recycle wood oil (or dramatically reducing it), which should result in less
coke formation and better quality wood oil.

2. Attainment of reactor temperature almost instantaneously, by the preheating in the extruder-
feeder and then injecting superheated steam at the inlet of the vertical reactor.

3. Attainment of near-plug flow in the reactor with or without the use of static mixers.
The extruder-feeder acis simultaneo;sly as both a feed preheater and a pumping device into

a 3,000 psi pressure reactor in the biomass licuefaction process. It could prove to be of
importance in other processes where high concentration of solids in liquids are to be handled.
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This DOE-sponsored project was temporarily shut down and partially-mothballed on June
30, 1989, due to lack of funding.

I. DEVELOPMENT OF EXTRUDER-FEEDER

This project was initiated on January 1, 1978 to prove the feasibility of pumping 50 to 70
weight percent wood flour slurries into 3,000 psi direct liquefaction systems. The fundamental
principle involved recycling 30-40 high-viscosity wood oil vacuum bottoms (properties similar
to petroleum asphalt) with the 50-60 wt.% wood flour (WF) of fresh feedstock, by means of a
modified single-screw plasticating extruder. The high drag flow generated by this system
generated the necessary outlet pressure of 3,000 psi or higher.

An existing plasticating extruder in the Department of Chemical Engineering, University of
Arizona was utilized to prove this principle, (a) using polyethylenes as model feedstock
components in place of real wood oil vacuum bottoms, and (b) using a pressure let-down valve
at the extruder outlet in place of a real biomass liquefaction reactor. The feasibility was achieved
within the first nine months and work was immediately initiated to obtain detailed rheology data.

The first two years of work were sponsored by the DOE by Contract through the DOE
Contracts office at Oak Ridge, Tennessee. This work was completed during the calendar year
1980 under the DOE-funding of a second contract, namely, Subcontract B-96249-A-Q, managed
by Pacific Northwest Laboratory, Richland, Washington.

II. ECONOMIC ANALYSIS OF PRELIMINARY WORK

Technical data and cost estimations were prepared to show the economic potential of the
biomass extruder-feeder under development for use in biomass liquefaction processes. It became
evident early in this work, that it was necessary to consider the entire feeder-preheater-reactor
system in order to see the full potentials of the extruder-feeder. It was called a system, rather
than a process, because it is only part of a process.

In summary, it was shown that the extruder-feeder-preheater-reactor system has the
following technical and economic advantages (White and Wolf, 1981):

1. It reduces the heating load on the liquefaction preheater and reactor from the range of
65,000 to 91,000 Btu per unit of 52.4 pounds crude wood oil product, compared with
160,000 to 200,000 Btu for the PERC system and about 350,000 Btu per 52.4 pounds
product for the LBL system. This means that only a small fraction of the fuel value energy
of the feedstock wood flour is needed for this critical heating load.

2. Theestimated capital investment for the extruder-feeder-preheater-reactor system for a 3,000
barrel per day crude wood oil commercial plant is about $12,000,000, compared with
$14,000,000 for the PERC system and $21,840,000 for the LBL system (based on 1981
€Conomics).

The technical feasibility and operability of the extruder-feeder was proven as follows:



The vacuum bottoms from the Albany fractionator have been shown to be an excellent
carrier for the wood flour feedstock.

The viscous dissipation of the vacuum bottoms (internal friction) was shown to be some 20
to 30-fold less than viscous plastics, and hence require less than half of the horsepower (Hp)
needed for low-density polyethylene. In fact, only about one-fourth as much Hp is needed
for pumping the wood flour slurry into a 3,000 psi pressure reactor and the other one-fourth
is used to preheat the slurry from 25°C to 150°C.

Due to the viscous dissipation of 50 to 60 wt. % WF/vacuum bottom slurries being so much
less than plastics, the extruder can be operated at a much higher screw rpm. This means
that a given extruder can have a much higher capacity for a given capital investment. Only
a small fraction of this potential was scaled to the commercial size units for the preliminary
economy study.

The extruder feeder-preheater-reactor system is the only known system which has the
potential of circulating hot reactor effluent back to the feedstock without reducing pressure,
because it does not need a low-viscosity oil to dilute the wood flour slurry for proper

pumping.

The extruder-feeder has proven to have much flexibility, both in design factors and
operating factors. Design factors include extruder size (sizes available up to 24-inch
diameter), screw compression, screw pitch, channel depth and screw speed. Operating
factors include screw speed, temperature profile, slurry concentration and carrier oil
viscosity. In other words, a choice can be made of several different combinations of these
factors, for a given process for oils from biomass.

The extruder-feeder-preheater-reactor system is the only known system that can recycle the
heavy ends of liquefaction products, and thus offer the potential of converting these ends
to a lighter, less-viscous, more-useful product. Exxon has recently discovered that this is
advantageous in coal liquefaction, resulting in higher overall yields of light oils.

The operability of the extruder-feeder has proven to be very reliable. There is no plugging
from even concentrated slurries, and outlet pressures and temperatures can be closely
controlled. Thus, this system appears to be well-adapted for a continuous process,
especially where temperature and residence time should be closely controlled.

DESIGN OF SMALL-SCALE CONTINUOUS BIOMASS EXTRUDER-FEEDER
LIQUEFACTION SYSTEM

During the period November 1, 1981 - January 31, 1982, a detailed design was completed

for a system to operate the extruder-feeder with a reactor for biomass liquefaction. The unit was
designated the Extruder-Feeder-Preheater-Reactor System.



DESIGN APPROACH

The detailed design was made by the Biomass Extruder-Feeder Research Group at the
University of Arizona, under the direction of Dr. Don H. White. However, the approach was
to take advantage of the expertise of many other groups.

A summary of this approach is as follows:

1. A thorough review of the biomass liquefaction data in reports and the literature, especially
by Rust Engineering and Bechtel in operating the Albany, Oregon facility, and also Pacific
Northwest Laboratory, LBL at Berkeley, SRI International and Econergy Associates, as
well as the exploratory data of the University of Arizona.

2. A review of critical items developed by various coal liquefaction projects, especially EDS
by Exxon, SRC-I and SRC-II by Gulf Qil and others, H-Coal by Hydrocarbon Research,
Inc. and the laboratory studies by Sandia Labs, North Dakota DOE Labs, Laramie Bureau
of Mines and the University of Utah.

3. Worked closely with three key University of Arizona groups, namely, the High-Pressure
Laboratory personnel, the design section of the Division of Physical Resources and the
Department of Risk Management and Safety.

4. Visitations by Dr. White to LBL laboratory biomass liquefaction facilities, Berkeley,
California and Exxon coal liquefaction pilot plant and laboratory facilities, Baytown, Texas.

5. Consultations in Tucson with two key engineers from Autoclave Engineers, Inc., design
engineers and manufacturer of high-pressure systems.

6. Consultation by Dr. White with the Fluor Corporation, a major design and construction

company in the process industries. This meeting was held in Los Angeles on September
14, 1981.

VERALL DESIGN BA

The major objective of the project was to connect the extruder-feeder to a laboratory
reactor, operating with wood flour feedstock to produce a wood oil product by liquefaction.
Therefore, it was desirable to design and construct a unit that would demonstrate the feasibility
of the Extruder-Feeder-Preheater-Reactor System.

The overall design premises are summarized herein. Details on assumptions and design

premises were listed. The general premises which constitute the basis of the design were as
follows:

1. Use much of the existing extruder-feeder equipment and related facilities, existing at the
University of Arizona.
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2. Place the operating system in the University Hfgh-Pressure Laboratory, which is in an off-
campus building but within five miles of the Department of Chemical Engineering.

3. Keep the operating system as simple as possible to enhance operability. It was limited
basically to the extruder-feeder, preheater, reactor, hot recycle pump, CO compression and
two automatic process control valves.

4. Operate the unit in a continuous mode (but each run in terms of hours, not days) behind the
barrier separating the bunker room from the rest of the building in the High Pressure
Laboratory.

5. Design for start-ups using Albany wood oil, hut providing startup oils in case there is not
sufficient Albany wood oil on hand.

6. Select a vertical reactor, similar to those developed in coal liquefaction, first by Exxon, and
later on by Gulf Qil and others.

7. Design the system so that two important features can be demonstrated, namely:

a. The feasibility of the extruder feeding a real reactor, and

b. The feasibility of recycling hot oil for 2-fold to 3-fold energy savings, which inherently
can be achieved only by a device such as the extruder that can pump 50 to 60 wt. %
wood flour into a pressure system.

DETAILED DESIGN OF EXTRUDER FEEDER-PREHEATER-REACTOR SYSTEM

The simple design described above went through several iterations and interactions with
Battelle PNL personnel. Eventually the design evolved to that described below (White, 1983).

Design Criteri

The objective was to design a reactor in conjunction with the University of Arizona extruder
to produce a pilot plant system capable of making wood oil and heavy vacuum bottom fuel
products from a wood flour feedstock. Under continuous funding since 1978, the University of
Arizona has shown that a modified single screw plasticating extruder is a good pressure feeding
and preheating device for wood flour slurries.

The design was based on the following requirements: The reactor must be mounted to the
University extruder and it must be scaled for a residence time based on the minimum and
maximum output rates of the extruder. These flow rates are approximately 7 Ib/hr to 40 Ib/hr.
The unit must be capable of generating pressures up to 3,000 psi and the reactor temperature
must be maintained at 310 to 370°C. The main factors governing the size of the system is the
average residence time of the reactor. This time is based on the average volumetric flow rate
of the wood flour, vacuum bottom carrier, chemical additives, and wood oil diluent to control
reactor viscosity. Residence times of 18 minutes to 2 hours were estimated for the mass flow
rates encountered. The times are based on a single size reactor volume of 1.0 ft* which would
accommodate various modes of operation, within the rangc of residence time.
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SUMMARY PROCESS DESCRIPTION
ve iption

An advanced extruder-feeder biomass liquefaction reactor system was designed to
experimentally convert wood flour to liquid wood oil fuels by direct liquefaction. The extruder-
feeder system developed at the University of Arizona is incorporated into the system to develop
3,000 psi pressure at its discharge and preheat the slurry prior to entering the vertical reactor,
as shown in Figure ES-1. As the wood flour slurry of up to 60 wt% solids in a liquid carrier
enters the reactor it is mixed with superheated steam and carbon monoxide. The following
carriers were used in the course of this work (a) asphalt, (b) Albany vacuum bottoms (c)
Albany TR-9 and TR-12, and (d) recycle of our let-down liquid product effluent. The
superheated steam is used to heat the wood flour slurry to the reaction temperature of 350°C
which is then maintained by the use of electrical band heaters surrounding the reactor. Steam
and carbon monoxide serve as (a) reactants for the liquefaction process, and (b) react via the
water-gas shift reaction to provide hydrogen for the liquefaction process. The liquefaction
products are split into the vapor phase which is condensed by the condenser in the off-gas line
where an 0il condensate is obtained and liquid fractions cooled down and brought to atmospheric
pressure by means of the let-down pressure system. This liquid product is then vacuum distilled
to produce the major wood oil product. Computer control and real-time data acquisition have
been implemented for the unit.

The various equipment components as shown in Figure ES-1 for the process are as follows
(White and Wolf, 1985):

1. Feedstock drum with mixer.

2. Screw conveyer, 2-in. Dia. x 12 ft long, steel, 100 rpm.

3. Crammer-Feeder, 5 hp (DC Drive), 3.4 ft’ total volume, 2.6 ft’ operating

capacity.
4. Extruder-Feeder, single screw 1.75" diameter, 15 hp, 3-phase, 220V,
5-160 rpm.

5. 10 cylinder battery rack and manifold, 175 SCF/cylinder; 1650 psig at 70°F.

6. Over-pressure relief valve, 2000 psig.

7. CO compressor, 2 stage, 10 hp, 3 phase, 220V, maximum discharge pressure 5250 psig,

maximum flow rate 9 scfm.

Surge tank, 600 ft3.

Over-pressure relief valve, S000 psig.

0. Masonelian Micropack 29000 series control valve and Omniflo turbine flow meter, C, =
0.002 at 3200 psi, 700°F with electropneumatic transducer, Masonelian 8006A series, 4-20
mA input, 3-15 psig output.

11. Heat exchanger, 5.0 ft> double-pipe both sides high pressure, CO inlet 60°C, outlet 360°C.

12. Two distilled water holding drums, 55 gal. and 16 gal., steel.

13. Ion exchange column.

14. De-aerator, 8.5 gal. tank, 1.6 kw heater, 110 volt, 7 phase.

15. Treated water holding tanks, 10 gal. and 30 gal., SS.

16. Metering pump, 1 hp, 6.6 GPH at 4450 psi, 240V, 3-phase.

o o
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17.

18.
19.

20.

21.
22.
23.
24,
25.

26.
27.

28.
29.
30.
31.
32.
33.
34.

3s.
36.

37.
38.
39.
40.

41.

Vaporizer, Xalloy-lined steel, 3.5" ID, 3.5 gal., 3100 psia, 372°C, 15 kw heaters, 240 volt,
3-phase.

Argon purge system, 2 cylinders, 285 SCF/cylinder, 270°F, with rack and regulator.
Control valve, Masonelian model Wee Willie 6051, C, 0.00001 to 0.01 at 32000 psi,
372°C, driven by Omniflo turbine flow meter and controller.

Steam Superheater, 1.0 ft? 316 stainless steel/inconel 625 coil, 3100 psi, SiC heaters, 17kw,
240V, 3-phase and 120V, 1-phase.

Catalyst holding tank with mixer.

Metering pump, 3 hp, 3000 psig delivery pressure.

Solvent holding tank.

Metering pump, 3 hp, 3000 psig.

Flanged tee with static mixer elements, 1.”5" ID with sparger, 316 stainless steel, 28"
length, 18" offshoot, 3000 psig, 550°C.

Reactor consisting of, 4 flanged, Xalloy-line steel sections with static mixer elements,
heaters and insulation. 1.75" ID; 3000 psig, 350°C.

High pressure let-down vessel, Xalloy-lined steel, 3000 psig, 350°C, 3.5’ x 3.5" ID with
differential pressure transducer for liquid level control.

Gas let-down control valve, Masonelian micropack 2900 series, Class 1500, Cy = 0.001.
Vapor condenser, double-pipe coiled type, 1.5 ftZ, inlet 350°C outlet 40°C.

Low pressure overhead flash drum, 6.5 gal. stainless steel class 150 flanged connections.
Control valve, 300 psi inlet, atmospheric pressure outlet.

Cold trap.

Product tank.

Liquid let-down control valve, Masonelian 3660-61 angle body control valve, Class 2500,
Cy = 0.6.

Heat exchanger, inlet 350°C.

Low pressure flash drum, 100 gal., carbon steel, (Vessel 100°F, 875 psxg) or at 200°C,
750°F, 495 psig) 400 psi.

Control valve, 400 psi inlet, atmos. pressure outlet.

Vapor condenser, 200°C inlet, 30°C.

Product tank.

Sampling system, dual in-line off/on solenoid valves, downstream normally closed, upstream
normally open, stainless steel sample cylinders.

4 flanged reactor spools, 6" long, 1.75" I.D. 7" O.D. with sampling and injector ports.

r-Feeder m

The feeding section of the system consisted of mixing equipment, a screw conveyer, and an

extruder-feeder. A feedstock drum mixes the wood flour and the brittle granular vacuum
bottoms carrier into a solid mixture which is then transported by a screw conveyer to the
extruder-feeder at a continuous feeding rate. The single screw extruder of 1.75-inch diameter
and 24:1 L to D ratio is designed to generate 3,000 psi with flow rates over a range of about 5
to 30 Ib./h. The extruder-feeder also acts as a preheater, normally to 150°C, but if desired up
to 250°C. The preheating temperature is a function of the feedstock composition.

B
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n Monoxi stem

The carbon monoxide section is a bank of CO cylinders with a booster compressor to obtain
the desired pressure. The carbon monoxide from the multi-cylinder battery is being fed to a two-
stage, 10 hp compressor which provides up to 40 Ib./h of CO at approximately 5,000 psi. The
high-pressure CO is then fed to the bottom of the reactor. A unique and novel control system
which we have developed in the course of this work and which is operated by the computer
regulates the CO flow rate to the reactor.

uper _hea t em

The steam superheater system is composed of a section that provides high-purity water, a
vaporizer and a superheater. The steam superheater is designed to deliver 40 Ib./h of
superheated steam at around 800°C and 3,100 psi. Distilled water is purified by ion-exchange
and degassed before feeding it to the vaporizer. Steam flows through a control valve to the
superheater where it is heated to above 800°C. High-temperature corrosion is minimized by
keeping an argon atmosphere in the superheater "furnace" chamber. The flow control system
for the steam is similar to that developed and used by the CO flow control system. The level
of water in the vaporizer is controlled by a nuclear level controller self designed and constructed
of University of Arizona available equipment.

odi rbonate Catalyst em

The sodium carbonate catalyst injection system provides flexibility for experimental
purposes. Three systems for introduction of Na,CO, were tested: (1) One is soaking the wood
flour with a Na,CO, solution; (2) introduction of solid Na,CO, with the solid feedstock; (3)
direct injection system of an aqueous solution of Na,CO, using a high-pressure metering pump.
The first method was finally chosen and used during the majority of the experiments made.

olvent h m

A solvent flush system has been considered for use during shutdown to flush the reactor with
solvent in order to clean it for the next run. Alternatively, hold-up of the reactor can be emptied
just by heating the reactor and blowing out the contents. However the method finally adopted
was to replace the reactor hold-up at the end of the experiments by a lower viscosity feedstock
which would enable an easy restart of the unit after heating it up to the operational temperatures.

as Di ion em

A series of gas dispersion elements have been tested to disperse superheated steam and
carbon monoxide into the viscous wood flour slurry. The initial design was a mixing tee,
connecting the vertical reactor with the extruder-feeder. However the various ports in the spools
between reactor sections were also tested as feeding options. Finally the introduction of these
gases were made through ports in the bottom flange of the reactor.



Verticai R r €)

A vertical reactor system of about 11 feet in height has been constructed of two used
extruder barrels of 1.75" diameter. These are steel flanged sections with Xalloy-lining and can
withstand pressures of 10000 psi and more. The flanged sections connect the unit to the
extruder-feeder on one end and to the let-down vessel on the other. The two sections are
interconnected by spools which allow gas injection and reactor sampling. Electrical heater bands
are utilized in order to maintain the required reaction temperature in the reactor. In order to
increase the reactor throughput and to study a wider range of residence times, two more flanged
sections are available which could be added to the reactor system at a later date.

-aown m

The pressure let-down system consists of two stages of lowering the pressure. However,
only the first stage was installed. The first stage is a used extruder barrel with 3.5" inside
diameter and 12:1 L to D ratio. The let-down system has two purposes: (a) to regulate the
reactor pressure at 3,000 psi, and (b) to split the product into its vapor and liquid fractions to
be collected at atmospheric pressure. The pressure of the reactor and the let-down vessel is
controlled at 3,000 psi by the rate of release of gases. The gases are released through a
computer controlled valve in the off-gas line located after the condenser and before the gas
absorber. The non-condensed gases are metered, prior to venting to the stack. The liquid level
in the let-down vessel is maintained by the withdrawal of liquid products through a control valve
at the bottom of the vessel.

Pr nd Pr lin

Liquid product sampling could be taken from the ports of the spools of the reactor but
basically they were taken from the let-down product effluent. Also liquid product in form of
condensate was taken from the condenser effluent. The gas samples were taken from the vent
lines of the let-down system and were collected in evacuated sampling bottles. Special badges
were worn for CO monitoring and for radioactive measurements. Also a CO alarm system was
installed.

Real-Time Microprocessor Control System

A real-time digital microprocessor control system was designed and installed, so that the
experimental unit can be operated remotely. It consists of an IBM PC and OPTO-22 hardware
interface. The software used was the FIX program acquired from the Intelution Corporation.
The selection of this system was based on our initial development of the control algorithms and
the experiences gained with them. The let-down system control valves, the steam superheater
flow control valve, the CO flow control valve, the reactor temperature control heaters and
reactor pressure are controlled by this real-time control system. The input signals are feeding
the computer from various pressure, temperature and flow transducers for the control and data
acquisition purposes. Provision has been made for eventual flow control of feed by adjustment
of the extruder-feeder screw rpm. The extruder-feeder is presently fixed at a desired RPM and
is monitored by an ampermneter available on the unit and in the control room. The RPM of the
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screw can also be set remotely from the control room. The computer controlled system is
presently configured for 16 PID controllers and real-time data acquisition.

F k ion

The wood flour is being pretreated before mixing it with the carrier as follows. Some 20-25
wt% of water is being mixed with 75-80 wt% of wood flour and then heated in an oven for
about 24 hrs. The water usually contains some 5 wt% of sodium carbonate based on the dry
wood flour. The pretreated wood flour is then mixed with the carrier at the desired proportions.
Sometimes this mixture is being run through the extruder-feeder in order to obtain homogeneity
of the feedstock.

IV. MODIFIED DESIGN AND ESTIMATION OF CAPITAL REQUIREMENTS

During the first part of 1983, the conceptual design of the direct biomass liquefaction
experimental unit was finalized and documented (White, 1984). As the groundwork for the
experimentation area continued, the basic equipment for the experimental unit was ordered and
parts of the unit started to arrive during the second half of 1983. This phase II of work on the
project also included changes and improvements in the conceptual design as well as detailed
design of the various parts of the experimental unit, especially as more experience was gained
during preliminary operations with the laboratory Prodex extruder-feeder and more details were
obtained on the availability of equipment and instrumentation. Also, some more process
simulation experiments were made in the laboratory in order (a) to supply design data not
available in the literature or (b) to back-up some of the literature data that were obtained at
somewhat different conditions than those prevailing at our process. Details on these various
aspecis of studies can be found in the M. S. thesis by Quevedo (1981), Iregbulem (1982), Chehab
(1982), and Joshi (1983). Among the model compounds we used, we should mention sorme
viscous oils like glycerol and especially the low viscosity polyethylenes that simulate quite well
the feedstock material to be used in the experimental stages of the project. This preliminary
work was especially important for the development of the pumping conditions of the highly
concentrated wood flour slurries by the extruder-feeder and for the determination of the pressures
to be developed by the extruder-feeder during the various operating conditions and various
feedstock compositions and slurry concentrations. More details on an extruder-feeder operation
can be found in the M.Sc. thesis by Homaidan (1984). The Rheological properties of various
materials can be found in the M.Sc. thesis by Haddad (1983), Chehab (1982), and Lezzar
(1983).

Analytical work was also done in parallel with the detailed mechanical designs, especially
on the p1 ~cess control, instrumentation and data-acquisition aspects of the project. The first goal
of these studies was to understand the dynamics of the system so as to be able to write the proper
control algorithm for the control strategy and data acquisition. A full description of this work
can be found in the M.Sc. thesis by Andrews (1984). Additional analytical work was done (a)
on the mixing theory for various mixing devices, (b) on the residence time distribution effects,
and (c) on the mechanisms of bubble formation and gas dispersion, including mathematical
simulation, espeeially in highly-viscous medium. A complete study of the mechanism of bubble
formation and gas dispersion can be found in the M.Sc. thesis by Kahn (1984).
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One of the major parts of the experimental unit is the steam superheater. At the end of
1983, the design was completed and documented and procurement of equipment was started.
Also, a computer simulation program was run on the steam superheated system in order to check
the design and performance. The full design of the description of the superheated steam unit can
be found in the M.Sc. thesis by Reyes (1985). Another major part of the unit is, of course, the
reactor. A revised reactor system design was made before it was finalized and the equipment,
like reactor sections, spools, and flanges, were ordered. During 1984, much of the equipment
arrived and construction, as well as shake-downs, have started. This refers to units like the
extruder-feeder, the crammer-feeder, the CO compressor, and the steam superheater. The shake-
downs were possible as the required additional electrical power of 3-phase, 240-volt and 200 amp
was finally supplied at the high-pressure laboratory. Also, all the necessary wiring and power
distribution panel inside the control room was accomplished. At this stage of the project,
experimental work was al<o done on viscosity measurement of oxidized TR-12 Albany wood oil,
which was to be used as carrier for the feeding of wood flour. The measurements were made
using a Hooke Rotovisco RV-3 and viscosities vs. shear rates were obtained. Upon the arrival
of the Killion-type extruder-feeder and its installation at the high-pressure lab, experimentation
with this unit was started in order to establish its operability. Flow rates as a function of rpm
and pressures developed at various operating conditions were determined. These preliminary
tests were made with low-density polyethylene and with mixtures of wood flour and
polyethylene. Also, a revision of the let-down system was made. Also, at this stage of the
project, a review was done on the operational procedures and safety consideration for the
experimental unit including start-ups, steady state operation, and shut downs. This was a revised
version of the procedures suggested in 1982 and it was based on the new data, final design, and
erxperimental experience to this date.

A literature review study on the structure of wood was made at this point for better
understanding the process which we were to use in our experiments. Important data on wood
and its characteristics were summarized. Data on Solvolysis of biomass can be found in the
M.Sc. thesis by Moghaddam (1984). In order to be able to start the experimentation and
characterize the feedstock and products, sampling and analysis methods were established in
addition to the viscosity measurements mentioned above. Also, the equipment available in the
teaching laboratory for control systems at the Department of Chemical Engineering at the UA
was used to test by means of simulation the microprocessor control system and the PID algorithm
derived. Details on the revised control system and algorithm can be found in the thesis by Joshi
(1985) and by Wong (1986).

VI. SHAKE-DOWN OPERATIONS

With the start of the shake-down operation, procedures were established first for testing
individual units and parts before the complete experimental unit was to be tested (White and
Wolf, 1985). The various tests were made from relatively mild condition to the very harsh
operating conditions to be used for the system, like 3,000 psi pressures and 375°C temperatures.
The units tested were the extruder-feeder, the CO compressor, the control system and the steam
superheater. Based on the experience gained during the shake-down stage, operating procedures
and safety regulations were again reviewed for the general and overall approach to safety and
especially with regard to mechanical, chemical, and health hazards. At the first stages of
operation of the unit, only one stage of the let-down system was designed. This first stage of
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let-down system is more critical than the second stage that was also introduced some time in the
future. Parallel work was still proceeding with the gas dispersion simulation systems and
experimental data were obtained on the effect of various parameters of the system on the
dispersion. Also, additional theoretical work was done in order to understand better the water-
gas shift reaction, the mechanics of biomass liquefaction and the kinetics of liquefaction. The
shake-down of the whole system started in early 1985 and this included calibration of equipment,
interaction between the various units, testing the dynamics of the system and making variations
in the feedstock and the concentration of solids. Upon completion of the major aspects of the
shake-down operation, experiments were started with petroleum asphalts as the initial carrier for
the wood flour. Adaptation of the asphalt to the system was necessary due to its low softening
point. This was achieved by cooling down the asphalt to freezing temperatures, thus making it
brittle and thus operable. The first highlight occurred on March 26, 1985, when 3,000 psi
pressures were obtained with the asphalt as a carrier and with a wood flour concentration of 50
wt.%. The shake-down experiments A1-A6 and the initial experiments B1-B3 and C1-C2 proved
the feasibility of the process for the direct biomass liquefaction and the operability of the unit,
although several improvements to the system were still necessary and were made at various times
during the continuation of the project. Of special interest was the incorporation of a cooling
system for the feeding part of the extruder-feeder and for the off-gas condensation heat
exchanger. Tap water temperatures were not low enough for cooling purposes. More elements
that needed improvements were heaters to the reactor, heating tracing on various lines, extruder-
feeder operation in connection with the crammer-feeder, piping and connecting tubes and the let-
down system. Also, several methods for feedstock preparation were considered.

VII. PRELIMINARY BIOMASS LIQUEFACTION RUNS

Supplements to Subcontract B-96249-A-Q were awarded in June, 1985, consisting of
$1,000,000. This involved about $900,000 from Battelle PNL under its DOE Contract and about
$100,000 of cost-sharing by the University of Arizona. However, due to the unavailability of
full funding by the DOE/Battelle, the budgets were "spread out” over the period June 1985
through September 1988 with some of the funding never provided prior to when the experimental
work was terminate 3.

Since flow conditions in the extruder-feeder and reactor are of great importance, a
radioactive tracer technique was used to obtain information on the flow conditions in the system.
As experience was gained with the operation of the system, experiments were made in order to
study the effect of several parameters on the operation and wood oil production. Experiments
D1-D2 are in this category and operational data were carefully recorded. At this stage, we
decided to move to the Albany wood oil vacuum bottoms as the carrier for the wood flour. The
first all-wood oil experiment was made on August 29, 1985 designated as experiment E1 and this
was considered as another technical highlight of the project. For this experiment, full data was
recorded and analytical work was done on the products such as heat of combustion, ultimate
analysis, soxhlet extraction with THF and viscosity measurements. Additional experiments (F1
and F2) were made for testing some of the changes made in the system and in the operational
conditions, especially with the aim to find ways to restart the unit after shut-down and cooling-
down without having to clean-out the reactor (White and Wolf, 1985). During these experiments
and also at later experiments, we progressively made the conditions harsher and harsher, and as
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a consequence we had to constantly make changes and improvements in the experimental unit
in order to overcome the various obstacles we faced.

Vill. PROVING PROCESS OPERABILITY UNDER FULL PRESSURES AND
TEMPERATURES

The preliminary runs under Section VII were made at atmospheric pressure, with occasional
operations with pressures up to 1,000 psi. This was necessary in order to make certain all
process step were operable.

During 1986, the unit was in full operation and many sets of experiments were designed and
performed (White and Wolf, 1987). Good operational conditions were achieved and reasonable
data was obtained. Several parameters were checked during experiments G1-G4 and H1-HS and
good results were obtained, including acceptable material balances (White and Wolf, 1988).
Also, gas chromatographic analysis of the off-gases were added to the analytical tests as well as
analysis of the Sodium Carbonate and analysis of moisture. At this point, we had the experience
and confidence to run the unit continuously for several days. Indeed, experiment I1 lasted 50
consecutive hours and it ran without problems until all the feedstock was exhausted. This was
considered another important milestone in this project. Two additional experiments, J1 and J2,
were made during 1985, winding up quite a significant number of experimental runs during this
year. At this stage, vacuum distillation for obtaining distillate wood oil became important, and
indeed the vacuum distillation unit which was acquired from Pope Scientific became available.

In order to complement the work done with the experimental unit, and especially to check
specific problems, an autoclave unit was installed and experiments were made with this
autoclave. More details on the autoclave work will be found in the M.Sc. thesis by Mathews.
An additional type of analysis was used at this stage, namely NMR spectrometer for aromatic
and aliphatic carbon determination. Runs J1 and J2 were made with asphalt as the carrier due
“to the lack of availability of other feedstock material and since the main objectives being the
determination of flow conditions and flow rates, especially with regard to increased capacity of
the unit.

As Arizona wood oil became available during the extensive runs of 1986, the
characterization of the wood oil obtained was made in cooperation with Doug Elliott of Battelle
and Thomas Milne of SERI. Again, IR and GC/MS measurements were added to the other type
of analysis done so far. Full details on the various analytical methods used in this project can
be found in the M.Sc. thesis by Zhao (1987). These analysis would supply data in Aromatic and
aliphatic C-H bonds and the identification of the various compounds in the product. Also, work
was started on Separation of phenolic fractions of the wood oil product for improved economics
of the process. Details on this work will be found in the M.Sc. thesis by Cranford (1989).

IX. PREPARATION OF AN ALL-ARIZONA WOOD OIL

During 1987, an effort was started to produce a pure UA oil. For that purpose, the Pope
vacuum distillation unit was put in operation in order to produce UA vacuum bottoms to be used
as the carrier for the wood flour. Unfortunately, the glass-made distillation part of the unit broke
beyond repair and another unit had to be built, this time out of metal, in order to be able to do
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the vacuum distillation. Therefore, in the meantime experiments were scheduled and made with
Albany TR-9 crude wood oil as the carrier, and the product of these runs to be used as is as
carrier for second, third, and fourth recycle of the products. Experiments K1-K2, L1-L2, M1-
M4 were all made for testing pumpabilities of this feedstock and for making the first round of
product for the recycle purposes (White et al. 1987a,b,c,d). At this point, there was an
opportunity to check the corrosion/erosion problems of the unit and embrittiement due to
Hydrogen attack. Basically, no problems were detected from this point of view. Runs M1-M3
could be seen as a milestone since in these experiments we have achieved mass balance closures
of around 95 percent (White and Wolf, 1988).

Experiments N1-N2 were long runs and they were made in order to produce large amounts
of product for the recycling of this material as carrier for the second round (White et al. 1987c).
The product of N1-N2 runs were used as the carrier for runs O1-O2, thus obtaining a second
round of the material through the reactor or a first recycle of the product (White et al. 1987d).
Not only were these runs successful and ran for long periods of time, but the continuation of Run
02 was a restart of the operation with the reactor full with material from Run O1 (White et al.
1987d).

The third round or second recycle with product of runs O1-O2 as carrier was then made and
this run P1 lasted for 10 hours. Again the unit was restarted with material in it left from
experiment O2. A fourth round or third recycle was attempted during 1987, and trial
experiments P2-P4 were made. However, although it appeared to be operable, a good run could
not be achieved, probably due to feeding probi¢ms of the very high concentration of solids.
However, oil distilled from the product of run P1 could already be considered a good UA wood
oil.

X. PRODUCTION OF WOOD OIL FOR EXPERIMENTS ON UPGRADING BY
HYDROTREATING

Since we wanted more material and more recycles a thorough upgrading and improvement
of the experimental system was made during the Jast part of 1987 and during the first part of
1988. This included a unique feeding system for CO and H,, an upgraded computer control
system with the "FIX" program as the software, the installation of a gas absorption unit, the
improvement of the feeding system using a screw feeder, and the incorporation of a second let-
down barrel. Details on the improved feeding system, the FIX program and the upgraded
control hardware will be found in the M.Sc. ihesis by Davenport (1988).

Experiments Q1-Q4 and R1-R3 were made as shake-down runs to test the unit after these
changes were made. With this improved system, we made run R4 that lasted 17.5 hours and was
a basic run with TR-9 as the carrier, so that more reactor effluent could be accumulated in order
to be able to produce around 2-3 gallons of all UA wood oil, to be sent later to Battelle
Laboratories for upgrading. Thus, the reactor effluert of run R4 was vacuum distilled with the
newly constructed vacuum distillatior: unit and the vacuum bottoms after releasing some 10 wt. %
of the light oil was mixed with reactor effluent of run P1 (which was three rounds in the system)
and this mixture was the carrier for the wood flour. Thus, we accompiishing the fourth round
or third recycle, which failed in 1987. Runs S1 and ST processed successfully this feedstock and

a reactor effluent with All-Arizona wood oil was obtained. Two gallons of wood oil were
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obtained by vacuum distillation of this reactor effluent. Oxygen content of this oil was found
to be of an average of 7 wt. %, which is another achievement of the project. At this stage we
proved the feasibility of the technology that we have suggested for direct biomass liquefaction
and a second phase of research and development is necessary in order to obtain fundamental data

on the process, and the technology and optimum design data for this direct biomass liquefaction
system.
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PART 1

Development of a Biomass Extruder-Feeder



TABLE OF CONTENTS

Page
1.1 INTRODUCTION . ... .ttt ittt tte ettt ennneeennes 1-1
1.2 BASIS FOR DEVELOPMENT OF EXTRUDER-FEEDER ............... 1-1
1.2.1 Basic Extruder ConCept . .. ... .. ... it ittt tneannennn 1-1

1.2.2 Importanceof Friction . . . ... ... ... ... .. ... 1-4

1.2.3 Importance of Cellulosic Slurry Properties . .. ................. 1-6

1.3 EXTRUDER-FEEDER OPERATING CORRELATIONS ................ 1-7
1.4 EXPERIMENTAL WORK . .. ...t ittt ittt i tteneeennneennns 1-11
1.4.1 Experimental Equipment . . . .. ... ... .. ... ... .. . ... 1-11

1.4.2 Experimental Materials . .............c0tiuiiieeunnnnnn 1-11
1.42.1 WoodFlour . .. ..... ..ttt iineennnnnnn 1-15

1.4.2.2 Low Density Polyethylene (LDPE) . ................ 1-15

1.4.2.3 Low Molecular Weight Polyethylene . . .............. 1-17

1.4.2.4 Crude Wood Oil Vacuum Bottoms . . ............... 1-17

1.4.2.5 Petroleum Asphalt and Albany Crude Wood Oils . . ...... 1-17

1.4.3 Advanced Data Acquisition . ... ... .. .. .0ttt it 1-17

1.4.4 Initial Experimental Results . . . ... ... .... ... ... 1-20

1.4.5 Extruder-Feeder Parameter Results . ..................... 1-20
1.4.5.1 Experimental Runs with Prodex-Type Extruder-Feeder . . . .. 1-21

1.4.5.2 LDPE (Low Density Polyethylene) . . ............... 1-22

1.4.5.3 LDPE and AC6-PE mixtures . ............cc00.nu.. 1-22

1.4.5.4 Mixtures of Wood Flour, LDPE, and AC6-PE . . . ....... 1-28

1.4.5.5 Wood Oil Vacuum Bottoms . . . .................. 1-30

1.4.5.6 Mixtures of Wood Flour and Wood Oil Vacuum Bottoms ... 1-30

1.4.5.7 Mixtures of Wood Flour and Asphalt ............... 1-30

1.4.5.8 Calculation of Drag and Pressure Flow Coefficients, Fy and F,  1-30
1.4.5.9 Calculation of the Drag and Pressure Flow Parameters, A and B 1-36

1.4.5.10 Discussion and Analysisof Results . ............... 1-36

1.4.6 An Alternative Analysis of Pressure Generation . . . . ........... 1-37
1.4.6.1 Theoretical to Experimental Fit of Flow Rate .......... 1-38

1.4.6.2 Non-Newtonian Deviation Factor for Drag Flow ........ 1-40

1.4.6.3 New-Newtonian Deviation Factor a, for Pressure Flow . . . .. 1-43

1.4.7 Importance of Temperature Profile . ..................... 1-43
1.4.7.1 Importance of Particle Shape . ................... 1-47

1.5 NOMENCLATURE ... ... ...ttt ittt 1-53
1.6 REFERENCES FORPARTI ............. ..ot 1-54



e
NPhWE -

1.6.

Pk ket
Nownke

1.8.

1.9.

1.10.

1.11.

1.12.

LIST OF TABLES

Distance of Thermocouples and Transducers from Start of Feed Section . . . .
Geometry of the Extruder Square Pitched Screw . .................
Channel Allocation . . ... ......... .0ttt enenennnnn..
Specifications of the Prodex and Killion Extruder-Feeders and Screws . . . . .
Values of Drag Coefficients F, for Various Materials and

the Appropriate Drag Flows . ................. e
Non-Newtonian Deviation Factor for Drag Flow, a; . ...............

LIST OF FIGURES

Schematic of Extruder-Feeder . . . . ... .............cuuuuu....
Geometry of the Extruder Square Pitched Screw . .................
Diagram of Flow Velocity Vectors in Extruders

forSolid Pumping . ...............iiuiuuninnnn...
Location of Thermocouples and Transducers . . .. .................
Bar Histogram of Particle Size Distribution for Albany Wood . .........
Data Acquisition System . . .. ... ... ... ...
Flow Rates as a Function of Rotational Speed of HRHT

Screw for the Prodex-type Extruder-feeder with the

Die on and for Polyethyleneas Feed . ....................
Flow Rates as a Function of Rotational Speed of HRHT

and MRLT Screws for the Prodex-type Extruder-feeder

with the Die on and Polyethylene as Feed ..................
Flow Rates as a Function of Rotational Speed of HRHT Screw for Prodex-

type Extruder-feeder with Die Removed and Polyethylene as Feed
Pressure Rise as a Function of Rotationa! Speed of HRHT Screw

for Prodex-type Extruder-feeder with the Die on and

for Several Feedstock Material . . .......................
Flow Rates as a Function of Rotational Speed of HRHT

Screw for Prodex-type Extruder-fecder for Various

Mixtures of Wood Flour, Polyethylene and AC6PE . ...........
Flow Rates as a Function of Rotational Speei of HRHT Screw

for Prodex-type Extruder with the Die on and Vacuum

Bottomsas Feed .................. .. ... uuiu.o...

1-ii

1-12
1-13
1-18
1-23

1-35
1-41

1-2
1-3

1-5
1-14

1-16
1-19

1-24

1-25

1-26



)

Figure

g

1.13. Flow Rates as a Function of Rotational Speed of HRHT

Screw for Prodex-type Extruder-feeder with the

Die on and Mixtures of Wood Flour and Vacuum

BottomasFeed ............. .00 innen.. 1-32
1.14. Flow Rates as a Function of Rotational Speed of Screw

for Killion-type Extruder-feeder with the Die on

and Mixtures of Wood Flour and Asphaitas Feed ............. 1-33
1.15. Effect of RPM Upon Extruder-feeder Output Flow Rates

Under Fully Open and Partially Open Die Valve Conditions . ... ... 1-39
1.16. Effect of Inner Barrel Temperature in the Feed Section

Upon the Output Flow Rate of Vacuum Bottoms . . . ........... 1-44

1.17. Effect of Inner Barrel Temperature in the Feed Section

Upon the Output Flow Rate of Wood Flour Slurry

atVarious RPM . . ... ... ... . i i i i e 145
1.18. Effect of Barrel Temperature Upon Output for Polymethyl-

methacrylate in Various Screws and at Different

Screw Speeds (courtesy of Griffith, 1967) . ................. 1-46
1.19. Effect of Screw Speed Upon Extruder-feeder Output Flow

Rate for LDPE Pellets and LDPERegrind . . . ............... 1-48
1.20. Pressure and Power Fluctuations with Time for

IDPE Pellets at 40 RPM . . .. .. .. ... ittt ittt 1-49
1.21. Pressure and Power Fluctuations with Time for

LDPERegrindat40RPM . . ... ...... ... irenen.. 1-50
1.22. Pressure and Power Fluctuations with Time for

IDPE Pelletsat 80 RPM . ... ....... ¢ttt ennnnnenn 1-51
1.23. Pressure and Power Fluctuations with Time for

LDPERegrindat 80 RPM . ... .........¢0iiiiiirennenen. 1-52

1-iii



PART 1

DEVELOPMENT OF A BIOMASS EXTRUDER-FEEDER

1.1 INTRODUCTION

The U.S. Department of Energy authorized the construction of a Waste-to-Energy direct
liquefaction facility at Albany, Oregon in the mid-1970’s. Rust Engineering designed the unit
and Bechtel Corporation constructed the unit and conducted its initial operations. The design was
based on the laboratory work conducted by the U.S. Bureau of Mines, Pittsburgh, wherein
biomass was converted to a crude oil under high pressure/high temperature in the presence of
carbon monoxide and sodium carbonate catalyst (Appell et al. 1970, 1975).

In early 1976, Dr. Don White of the University of Arizona suggested that an improved
solids feeding system for the Albany direct liquefaction facility could be developed, based upon
a modified single-screw plasticating extruder. Upon his return from Sabbatical leave at Imperial
College, London, he visited the Albany facility in mid-1977 and subsequently submitted a
research proposal to the Thermochemical conversion Branch, Solar Energy Division, U.S.
Department of Energy (White and Wolf, 1981).

1.2 BASIS FOR DEVELOPMENT OF EXTRUDER-FEEDER

A plasticating single-screw extruder can generate high pressures at its outlet when
pumping a very high viscosity fluid. It can also pump a high concentration of solids in a high-
viscosity carrier fluid, with the slurry mixture acting like a pseudo-homogeneous fluid.

1.2.1 Basic Extruder Concept

An extruder consists of a helical screw conveying solids, liquids or a slurry through a
barrel, typified in Figure 1.1. It has been proven experimentally and theoretically that an
extruder is a good conveyor of solids, as long as the friction of the solids on the screw surface
is not excessively greater than the friction of the solids on the barrel surface. A typical single
screw section is shown on Figure 1.2.

The helical geometry results in a "plug of solids" moving down the channel, due both to
an axial translation and rigid rotation. In addition, the frictional force that the barrel exerts on
the solid plug is composed of axial and tangential components. The axial components can be
shown as a single force balance, although the mathematics becomes somewhat complicated due
to the screw and barrel geometry. Similarly, the tangential components can be expressed as a
torque balance. It is the fact that the torque balance must be satisfied that the screw extruder is
an efficient conveyor of solids.

1-1
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The angle of movement of the solid plug determines the flow rate. In turn, the angle is
related to the geometrical variables of screw and barrel, the physical properties of the material
being conveyed, the friction factors f, and f, on the screw and barrel, and the pressure drop
across the solids conveying zone. Therefore, given the flow rate, the screw geometry and the
coefficients of friction one can calculate the pressure drop across any given length of solids
conveying zone. Similarly, given the pressure drop, the screw geometry and the coefficients of
friction, one can calculate the flow rate of solids.

1.2.2 Importance of Friction

The solid flow equation in the solid conveying zone is given by Tadmor and Klein (1970)
as follows:

Q, - Vy 2 0} -0} - ﬁ%} (€.1)

volumetric flow of solids.

diameter of screw at the channel surface
diameter of screw at the channel root
average helix angle

Number of flights in parallel

flight width

depth of channel

plug velocity in the axial direction.

where

o =

<m0 =y yo

and

=

A diagrammatic presentation of the solid plug movement was also given by Tadmor and Klein
(1978) as shown in Figure 1.3. Tadmor and Klein are summarizing this phenomenon as follows:
"If the frictional force between polymer and screw is so large that the polymer in effect adheres
to the screw, the plug does not move with respect to the screw, i.e. Q, = 0 and VPI = 0, as well
as the angle ¢ will be zero. If the frictional force between polymer and screw 1s negligible it
can be shown below that the plug acquires a down channel velocity which equals that of the
barrel surface. Here, the velocity of a solid plug in the down channel direction at the barrel
surface is V, = V /sin 4,. Normally this results in the maximum flow rate and the angle ¢ =
90 - 9. Higher flow rates can be achieved in principle, if the friction coefficient between barrel
and plug in the tangential direction is very large (no slip), compared to that in axial direction.
This would be the case if the barrel has longitudinal grooves. The theoretical upper limit of the
flow rate would occur at ¢ = 90°. The tangential components of the velocity of the plug equals
then the velocity of the barrel surface. This would be a case when a plug slides toward the exit
as a nut held in a wrench. Thus, maximum flow rate can be achieved by polishing or coating
the screw, thereby minimizing the friction of the screw surface."
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A complete derivation of the force and torque balances in the extruder can be found in
Tadmor and Klein (1978). A modified version of these balances will be. utilized as an overall

correlation in the present work, provided sufficient slurry property data and extruder performance
data are obtained.

1.2.3 f Cellulosic Sl i

Obviously, the key objective of developing a pressure head in the extruder depends upon
both sawdust slurry properties and the extruder performance. In turn, the slurry properties
depend upon the solids and liquid properties individually and in combination, as follows:

lid

Particle size
~ Proper size distribution for minimum void volume
Increased friction by solids compression
Increased friction by solids surface
Particle swelling
Particle wettability

Liquid Phase

Viscosity

Higher viscosity due to compressibility
Temperature dependence of viscosity
Shear-rate dependence of viscosity

Slurry
. Slurry concentration
. Increased flow (of liquid) resistance due to compression

o Increased or decreased friction between particles due to carrier fluid.

Ex r Variabl

Extruder operating variables are very limited in scope, with the major ones leading to
higher differential pressure development being:

Higher screw speed

Lower temperature in feed section
Heating screw and/or cooling barrel
Granulated (pelletized) feed form
Masterbatched feedstock

1-6



However, the extruder machine design has many dependent factors that affect the pressure
head, as follows:

Screw design

Barrel wail design

Feed section design, especially for additional compression
Feed compector

Heating/cooling of the barrel and/or screw

Internal mixing devices

Internal grinding devices

1.3 EXTRUDER-FEEDER OPERATING CORRELATIONS

The derivation of the extruder-feeder flow rate equation in tuc metering section can be
found elsewhere (Tadmor and Klein 1978, Bernhardt 1959, McKelvey 1962). The assumptions
made in its derivation are:

Steady state, laminar, fully developed flow.

No slip at walls.

Gravity forces are neglected.

Shallow prismatic chanaels.

Constant channel depth as applied in the metering section of the screw.
Flight width is negligible.

Newtonian fluid.

Isothermal conditions.

Leakage flow across the screw flights is neglected.

VRN BE LD~

The equation under these conditions is:

0-Ye"HEs  WH’ AP
2 Ruaz *

where

_16W « 1 irH

Fd ‘
3H 135 i° 2w



192H itanh imH

Fp-l—
W ias i3 2w

£

velocity in the z direction of the barrel

n DN COS ¢

width of one turn

depth of channel

diameter of screw

viscosity

rotational speed of screw

pressure drop across the metering section
length of metering section

helix angle

SRR ZTUDE

One should note that in theory both F, and F, are functions only of the screw geometry,
independent of the nature of the fluid and the machme operating condition.

Equation (1.2) is often expressed in the simplified form:

Q - AN - BAP _ Drag flow - Pressure flow (1.3)
n

The theoretical values of F, and F, can be found elsewhere (McKelvey 1962). For our screw
we have: Fy = F, = 0.95.

The single screw extruder-feeder consists of one screw which rotates inside a close-fitting
barrel of constant diameter and is normally divided into three zones. These zones are the feeding
zone, the compression zone and the metering zone. There is also a circulation across the screw
channel, the leakage flow, and across the depth of the screw channel, the transverse flow,
generated by the force and torque balances on the rotating screw with respect to the stationary
barrel. The function of the various zones are similar to those of a plasticating extruder and are
described elsewhere (McKelvey, 1962; Tadmor and Klein, 1978). The most efficient solids
pumping occurs when the coefficient of friction with respect to the barrel is maximized and the
coefficient with respect to the screw is minimized, for example by polishing its surface (Chan,
1975). A helix angle of 7-17° lies within the optimum range for many plastic materials and the
channel depth of the feed zone may be approximately three times that of the metering zone. The
most general theory of extrusion is based on the plastic melt flow.

[
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The compression zone (also called transition or melting zone) typically receives an
unmelted bulky material from the feed zone and converts it to a dense melt of uniform
temperature and viscosity for delivery to the metering zone. The compression or compaction of
material is accomplished by a gradual decrease in the channel depth along the zone length.

The metering or mixing zone is the portion of the screw that acts as a metering pump to
provide the extruder head with a constant pressure and flow rate. It is in this zone that the
quantitative calculations of “drag flow,” Q,, “pressure flow,” Q,, and "leakage flow," Q, are
applied. For idealized calculations, all of the pressure that builds up along the screw should
occur within this zone.

The basic equation found in the literature for calculating the net flow rate Q is as follows:

. AP AP
(14)Q-Qd-Qp-Ql-AN+B_+C—

K M

The transverse flow is not included in Equation (1.4) since it does not contribute to the net flow
output. For the very small flight clearances between the barrel and screw that normally exist in
extruders or even for higher clearances developed due to wear and for the very high viscosities
that we deal with in extrusion, leakage flow over the flights can be neglected in Equation (1.4)
(Schenkel, 1966; Glanviil, 1971; Wolf and White, 1975).

The more fundamental equation for the melting section that neglects leakage flow and flight
width but takes into account various screw parameters and operational conditions is:

Ap V., WH WH3AP
-Q,-Q -AN - B - F,- —/—=—F (1.5)
C-Q-0 B 2 4 12pAZ P

where V,, = tDNcos¢, W = Dcosé, AZ = L/siné and aP = P, - P,.
To obtain the pressure flow term in Equation (1.5) it is necessary to know the pressure
drop across the metering section and the viscosity of the melt. The viscosity is a function of

both shear rate and temperature and it must, therefore, be determined for each experimental
condition separately. For the extruder-feeder, the shear rate is obtained from:

¥ - (xDN)/H 1.6)
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For the different materials used as feedstock, the apparent viscosities were measured by
either a Hooke RV, viscometer, Instron Rheometer, or a Brookfield viscometer (Chehab, 1982;
Lezzar, 1983; Yang, 1981). From the shear stress versus shear rate plots for several
temperatures, the apparent viscosities are calculated and plotted versus shear rate for constant
temperature or versus temperature for constant shear rate. Bernhardt (1959) has presented such
graphs for a series of thermoplastic materials that he has compiled.

Also, apparent viscosities were determined indirectly from the data obtained from the
extruder-feeder outputs or from data found in the literature (Bernhardt, 1959; McKelvey, 1962).

An analytical expression for the apparent viscosity as a function of temperature and at a
given shear rate is:

n - Me® RT 1.7

The activation energy, E+, is a function of the shear rate for non-Newtonian fluids. From
experimental data a relationship between the shear rate and activation energy can be obtained for
constant temperatures (McKelvey, 1962).

The extruder-feeder die valve can be opened and closed to adjust for the desired output.
rates and pressures. When the die valve is open, the output rate, Q,, is at a maximum while the
output pressure is at a minimum, and the drag flow is dominating. When the die valve is
partially open, the output rate is lower, the output pressure is higher, and both drag and pressure
flows prevail.

The flow rate through the die valve can be obtained separately from the following equation
which is commonly used for flows through orifices and valves:
AP

Q -K, — (1.8)
n
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By combining Equations (1.5) and (1.8) (McKelvey 1962) and eliminating AP/n we get:

Q - ANE, (1.9)
B +K,
while by eliminating Q from Equations (1.5) and (1.8), we ottain:
Ap - AN (1.10)
B+ K,

If the characteristic coefficient for the restriction K is known and Q, and AP co~ be measured,
the apparent viscosity of the fluid can also be determined from Equation (1.8).

1.4 EXPERIMENTAL WORK

An existing Prodex single screw extruder, which had been used extensively for plastics
research in the Department of Chemical Engineering, University of Arizona, was utilized in the
experimental work.

The Prodex unit was well-equipped with measuring devices and a microprocessor data
acquisition unit. A variable speed unit in the range of 0 to 200 min™ attached to the extruder-
feeder enabled one to change the screw rotational speed.

1.4.1 Experimental Equipment

The heart of the experimental equipment is the Prodex extruder-feeder and its data
acquisition system (DAS). The extruder is a 1-3/4 inch (4.45 c¢m) diameter model with a barrel
of 24:1 length to diameter ratio. The location of thermocouples and pressure transducers along
the extruder barrel are given in Table 1.1 and in a schematic form in Figure 1.4. Data on the
geometry of the screw is given in Table 1.2. Other information about instrumentation,
calibration and Data Acquisition System are discussed in detail by Iregbulem (1982). A plastic
scrap grinder with heavy right-angled blades was utilized to prepare the "regrind” feedstock.
It produces granular scrap with a wide particle size distribution and rough edges.

1.4.2 Experimental Materials

It was necessary to use model materials, mainly polyethylenes from mid-1978 to mid-1981,
due to the unavailability of crude wood oil vacuum bottoms from the DOE Albany, Oregon
experimental unit. Vacuum bottoms finally were made available to the University of Arizona
in mid-1981. Fortunately, the performance of wood flour in polyethylenes proved to be
excellent, and the results correlated very well with later data using wood oil vacuum bottoms.

1-11
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The materials used for the development of the extruder-feeder are described below.
1.4.2.1 Wood Flour
Douglas Fir, obtained from DOE Liquefaction Plant, Albany, Oregon, 4 wt. % moisture,

ground in a hammer mill. Particle size distributions and aspect ratio shown in Figure 1.5. An
equivalent diameter D,, or D, to a cube of the same volume can be defined:

D, -YLWT 1.11)
D,-(L+B+T)3

where:

D, = equivalent diameter

D, = equivalent diameter

L = length of particle

w = width of particle

T = thickness of particle

The density of Albany Wood Flour was found to be 1.45 glem®.

1.4.2.2 Low Density Polyethylene (LDPE)

Grade LDPE 515, manufactured by Dow Chemical Company, 0.92 g/cm® density, 1/8-inch
solid pellets. Schott (1981) reported the density a given in the following equation:

0.92

- (1.12)
1+6x107* (T°C-20)

The Softening Point of LDPE is 97°C (208°F).
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1.4.2.3 Low Molecular Weight Polyethylene

The low molecular weight polyethylene was grade AC-6, manufactured by Allied Chemical
Company, fine white powder, waxy in nature.

1.4.2.4 Crude Wood Qil Vacuum Bottoms

Crude wood oil vacuum bottoms was experimental product obtained from Rust Engineering
Company, DOE Liquefaction Facility, Albany, Oregon; a black, brittle solid at room
temperature. The data and analysis (Courtesy Rust Engineering Company) are as follows:

Density: 1.31 g/cm?
Softening Point: 102°C
Melting Point: 115-120°C
Initial Flash Point: 250°C

Carbon 83.9%
Hydrogen 7.1%
Oxygen 5.6%
Nitrogen 0.1%
Sodium 0.9%
Sulfur < 04 ppm
Nickel 51+ 0.6 ppm

Chromium  26.0 + 3 ppm
Titanium 110 + 30 ppm

1.4.2.5 Petroleum Asphalt and Albany Crude Wood Qils

A roofing grade asphalt was used, purchased from local suppliers. Two grades of Albany
crude wood oils were used, namely, TR9 and TR12. Data on these materials were reported by
Rust Engineering and Battelle PNL. The viscosities of TR12 are given in Part 2 of this report;
TR9 is a much more viscous oil than TR12.

1.4.3 Advanced Data Acquisition

Fortunately, in 1978 the Department of Chemical Engineering, University of Arizona, had
a fully-operational state-of-the-art Mini-Computer Data Acquisition system, as shown in Figure
1.6. It was available for several research projects, including those utilizing the Prodex single
screw extruder. Further, the latter was well instrumented to provide temperature and pressure
profiles along the 24/1 L/D barrel (see Table 1.3).

In addition, a special computer program provided the means of automatically determining
when the Prodex extruder has reached steady state at some given screw rpm

1-17



Table 1.3. Channel Allocation.

Channel Data Collected
1 Tl
2 T2
3 T3
4 T4
5 TS5
6 T6
7 T7
8 T8, Outlet cooling water
9 T9, Inlet cooling water
10 Screw speed
11 Voltage
12 _ Amperage
13 Pl
14 P2
15 P3
16 P4
17 P5




secondary storage

time digital computer,

primary storage,

] 1

teletype L strategy, control, logic [ *

{ digital input/output

operator
communication analog to channel
digital selector
conversion
W A

digital to

multiplexer analog
conversion

—

o signal
amplifiers conditioning
instruments servo-actuateF_.

fE-X-T-R-U-D-E-R

Figure 1.6. Data Acquisition System .

output
data



speed. Due to the fact the extruder has a thick barrel wall (to provide a 10,000 psi working
pressure) and that the temperature is not uniform along the barrel, it takes considerable time to
reach steady state. Obviously, the extruder is a large "hear sink” and heat transfer along the
barrel length is taking place, even at steady state conditions. A near steady-state condition can
be obtained by experience, utilizing a combination of how barrel heaters are set during the two-
hour heat-up session (non-operating) and by manipulating the barrel heaters during the first half-
hour of actual operations.

1.4.4 Initial Experimental Resuits

It was visualized from the outset of this project that viscous wood oil vacuum bottoms
would be used to convey the wood flour feedstock into a pressure system. However, no heavy
vacuum bottoms were available from the Albany plant in 1978. Therefore, it was necessary to
use "model compounds” of mixtures of polyethylene to provide a range of viscosities. These
polyethylene model carrier materials were mixed with various concentrations of wood flour to
provide a wide range of feedstocks.

The Prodex single screw extruder had a valve near its outlet, which could be adjusted to
different degrees of opening. This provided a back-pressure simulating the pumping of the
feedstock into a pressure system. Pressure and temperature data from outlets along the extruder
barrel were measured and recorded continuously by a Mini-Computer Data Acquisition System,
available in the Department of Chemical Engineering, University of Arizona, for this project as
well as many other research projects simultaneously.

This research project started January 1, 1978. Immediately, laboratory data on the
viscosities of various wood flour slurries were initiated. The Prodex extruder was placed into
operation in June, 1978. The feasibility of the overall project goals were achieved (proved) by
the end of August, 1978, wherein finely-ground Albany sawdust in slurry concentrations up to
67 weight percent sawdust was extruded, while developing outlet pressures in the range of 5,000
to 8,500 psi. This compares with existing piston pumps with intermittent check valves that can
handle a maximum of only 10 to 15 weight percent sawdust. During the year of 1979, a
maximum slurry concentration of 70 weight percent sawdust solids was achieved, with 50-60
weight percent slurries being handled routinely with no problems except the necessity of using
forced feeding. Thus, the operability of pumping concentrated wood flour slurries into pressure
systems was proven early on, but there was little data available to design a real biomass
liquefaction unit.

1.4.5 Extruder-Feeder Parameter Results

The development of the extruder-feeder in the period 1978-1981 involved conducting
experimental runs upon both (a) wood flour slurries in mixtures of polyethylenes and (b) wood
flour slurries in Albany crude wood oil vacuum bottoms. The major extruder-feeder parameters
studied during this period are as follows:
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1. Wood flour slurry concentrations, varied from 40 to 65 wt. % wood flour.

2. Extruder-feeder outlet temperatures over the rather narrow range possible, namely, about
320°F to 400°F. The reason this rarige is narrow is that the wood flour slurries must
maintain a high viscosity in order to provide the necessary drag flow to generate 3,000
psi outlet pressure.

3. Extruder-feeder outlet pressure, varied from neir zero pressure to a maximum of 5,000
psi (but normally up to 3,000-3,500 psi). This was accomplished by varying the degree
of closure of the valve located near the outlet of the extruder-feeder.

4. Extruder-feeder screw speed, varied from 40 rpm to about 120 rpm (normally the upper
limit of motor capacity for the existing extruder).

S. Viscosity of the polyethylene carrier fluid, achieved by varying the proportions of a high-
viscosity polyethylene with a low-viscosity polyethylene.

Extensive experimental runs were made wherein these extruder-feeder parameters were
investigated. By necessity, more work was done upon the polyethylene carrier fluids than upon
the Albany crude wood oil vacuum bottoms. This was due to (a) vacuum bottoms not being
available until mid-1981, and (b) the quantity provided was small, such that the experiments had
to be carefully planned.

1.4.5.1 Experimental Runs with Prodex-Type Extruder-Feeder

The experimental work with the Prodex-type extruder-feeder was done with a variety of
materials as previously outlined. Some 22 of the better runs were selected for more detailed
analysis and correlations, as shown in Appendix A. Some typical experimental results are
presented later in graphical form which enabled us to analyze the extruder-feeder behavior and
the effects of various physical and operational parameters of the system. As a general rule, the
data are scattered due in part to the characteristics of the system, but much more due to the
variation in feedstocks and to the unsteady-state conditions that often prevailed, especially with
regard to temperatures and pressures. However, the general performance is quite clear,
conclusive and can be quantitatively defined.

The first experiments were conducted with Dow 515 LDPE for two reasons:
1. Data were available for this material, so a basis for comparison is possible.

2. LDPE was a logical choice for the first carrier for the wood flour mixtures.
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Similar work was also done with mixtures of LDPE and Allied Chemical AC6-PE, wood
oil vacuum bottoms, and asphalt before mixtures of wood flour and these carriers were tested.
Our analyses of results for the extruder-feeders were made according to the operational
conditions and the feedstocks used.

1.4.5.2 LDPE (Low Density Polyethylene)

Flow rates for polyethylene as a function of the rotational speed of the screw for several
different experimental conditions are shown on Figure 1.7. The linear relationship between the
flow rate and rotational speed is quite evident, which was expected based on extrusion
fundamentals. In general, there is little effect on the flow rate of the extruder-feeder of most
of the operational conditions except the rotational speed of the screw, which reflects that high
viscosity/drag flow existed. Even the opening of the valve at the die from 20% to 100% open
has little effect on the flow rate as shown on Figure 1.8 where the flow rates for two different
screws are given as a function of rotational speed and valve opening. However, one can see on
Figure 1.8 that there is a significant difference in the flow rates obtained under similar operating
conditions for the two different screw types as specified in Table 1.4. Also, pressures of up to
21 MPa (3050 psi) were developed with the HRHT screw at 80 min™' while only 7 MPa (1015
psi) were obtained with the MRLT screw at 100 min". A balance between the flow rates and
pressures produced would be used to determine the optimum screw design. For evaluating
design parameters, an experiment was also made with the die removed, and the flow rates versus
rotational speed were obtained as shown in Figure 1.9. From the slope of this line a drag flow
coefficient F; was derived, as will be discussed later.

Unlike the linear relationship between the flow rates and the rotational speed of the screw,
the pressure rise as a function of the rotational speed, N, should be correlated on a log-log scale
due to the non-Newtonian characteristics of the mixtures (McKelvey, 1962). Thus, based on this
theoretical consideration, a typical log-log plot of AP versus N is shown on Figure 1.10 as plot
(a). The slope of this line gives the flow index, n, for the non-Newtonian material which
follows the power law. The slope for polyethylene on Figure 1.10 is approximately 0.55 thus
the pseudoplastic nature of polyethylene was evident. The other two lines will be discussed later.

‘The output pressure is dependent on parameters like rotational speed of the screw, opening
of the die valve, type of materials pumped and temperatures of the melt. However, one should
emphasize that the effect of temperature on the generated outlet pressure is less compared to the
effect of rotational speed in the range of temperature and rotational speeds tested.
1.4.5.3 LDPE and AC6-PE mixtures

ACG6-PE, which is a low molecular weight polyethylene, has been mixed with LDPE so
as to obtain a lower viscosity carrier for the wood flour. Pure AC6-PE was not tested for
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Table 1.4.

Specifications of the Prodex and Killion Extruder-Feeders and Screws.

1

H Prod_; Extruder-Feeder
I P, kW 5.6

phase 3

voltage 220
| rem 5-160
lrwater-cooled yes

heating range, °C 150-250

venting optional
HRHT Screw MRLT Screw
L/D 24:1 20:1
D,, mm 44.45 44.32
. e, mm 5.71 6.35
ILW, mm 38.80 37.85
g, (°) 17.7 17.7
,mm 2.00 -
H;, mm 7.75 4.65 f
H, mm 2.00-7.75* 2.28-4.65*
N¢ 8 4
N, 6 16
N 10 -

*Changing linearly between these values along the compression section.

o
)
W




400—
o
o
360— y
—_ 320
.C
=
=
O 280—
N
v
G [ J
y 240 —
8 a
S
o 3
3 200}— .
O
L a
160 — v Type of Temperature
Material of Melt 2C
® Regrind 155
O Pellets 160
120— Y Regrind 160
O Pellets 230
a Regrind 180
l l I l |
20 40 60 80 100
Rotational Speed, N (min")
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pumpability by the extruder-feeder because its melt viscosity is too low to develop proper drag
flow. In order to obtain homogeneous mixtures of LDPE and AC6-PE the two components were
mixed, passed through the extruder-feeder for homogenization, and then reground before they
were used as carriers for the wood flour. The pumpability of this reground material was good,
but it depended on the amount of AC6-PE added. Better results were obtained as the ratio of
LDPE to AC6-PE was increased. As a general rule, mixtures with an LDPE to AC6-PE ratio
of less than one have more of the characteristics of AC6-PE than of LDPE even though they are
still pumpable and generate some pressures. These experimental results can be correlated with
the pseudo-homogeneous apparent viscosity of the wood flour slurry.

1.4.5.4 Mixtures of Wood Flour, LDPE, and AC6-PE

Before testing mixtures of wood flour, LDPE and AC6-PE, several experimental runs
were made with mixtures of wood flour with pure AC6-PE and with pure LDPE. As expected,
ACG6-PE as a carrier is very poor due to its low viscosity at high temperatures. In fact, AC6-PE
acts much like water as a carrier in that it is "squeezed " out of the wood flour solids and results
in a plug that shuts down the extruder-feeder. Even a weight ratio of 50:50 wt. % wood flour
to AC6-PE produced pressures only up to 6 MPa (870 psi). However, mixtures of wood flour
and pure LDPE produced relatively high flow rates and also high pressures of more than 20 MPa
(2900 psi). The flow rates increased significantly with increase of rotational speed and increase
in percentage of wood flour.

Mixtures of 40, 50, and 60 wt. % of wood flour and with various ratios of LDPE to AC6-
PE were then tested, and the flow rates versus rotational speed of the screw are shown in Figure
1.11. One can see on this figure that a linear relationship between flow rate and rotational speed
prevails. However, for low ratios of AC6-PE to LDPE in the range of up to 1.5, the flow rates
increase at a much higher rate than the flow rates for high ratios of AC6-PE to LDPE in the
range of 3 and more. This is in agreement with the results obtained for the wood flour mixtures
with pure LDPE and with pure AC6-PE which are also shown on Figure 1.7 as the upper and
lower lines of the experimental results.

Also on Figure 1.11, one can see the flow rates for a mixture of 40:15:45 wt. ratio of
wood flour;:LDPE:AC6-PE, once with the die removed and once with the die on and 90%
closed. Low pressures of up to 6 MPa (870 psi) were measured with the die removed while high
pressures of more than 40 MPa (5800 psi) were obtained with the die in place. The pressures
increased significantly with an increase in the rotational speed of the screw. On Figure 1.10,
plot (b), one can see the pressure rise for this mixture as a function of rotational speed of the
screw on a log-log scale. The increase in the pressure as seen on Figure 1.10 is also due to the
effect of the temperature superimposed on the effect of the rotational speed of the screw. The
appropriate temperatures for each experimental point on plot (b) of Figure 1.10 are indicated on
the plot. From these experiments we concluded that LDPE in a mixture with AC6-PE at the
right proportions is a good carrier fluid for the wood flour.
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Figure 1.11. Flow Rates as a Function of Rotational Speed of
HRHT Screw for Prodex-type Extruder-feeder for
Various Mixtures of Wood Flour, Polyethylene
and AC6PE.
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1.4.5.5 Wood Qil Vacuum Bottoms

Wood oil vacuum bottoms are considered as the real carrier for the wood flour to be
pumped into the biomass liquefaction reactor. Therefore, as soon as Albany crude wood oil
vacuum bottoms were made available in mid-1981, experiments with vacuum bottoms were
conducted in order to confirm its pumpability. Flow rates as a function of rotational speed are
shown in Figure 1.12. One can see on the figure that vacuum bottoms are pumpable and that
the flow rates and rotational speeds correlate, although the results obtained are very scattered.
These data were scattered due to making short runs (due to limited amount of available vacuum
bottoms) wherein steady-state extruder conditions were not quite achieved. The flow rates are
much higher for the vacuum bottoms at the same rotational speed than for the LDPE. The
pressures generated were well in the range of interest and even exceeded it in some cases by
rising to 28 MPa (4062 psi) and more. A typical set of experimental data is shown on Figure
1.10, plot (c), from which a value of 2.0 for the flow index n was determined. A comparison
can be made from this figure between the properties of LDPE and vacuum bottoms.

1.4.5.6 Mi fwW Flour and W iy

Typical results for various concentrations of wood flour vacuum bottoms at several
operating conditions aré shown in Figure 1.13. Almost every experiment showed good
pumpability and a linear relationship between the flow rate and the rotational speed. As for the
pressures, although high pressures were obtained, the results were scattered and were difficult
to correlate.

1.4.5.7 Mixtures of Wood Flour and Asphalt

Petroleum asphalt was tested because it was considered to be a good model material
similar to wood oil vacuum bottoms with respect to high viscosities at temperatures just above
its softening point. Experiments with asphalt and mixtures of asphalt and wood flour showed
that good pumpability and high pressures were obtained (cooling the asphalt until it became
brittle was necessary). Figure 1.14 shows the flow rates versus rotational speed for several
experiments made with mixtures of wood flour and asphalt. The flow rate increases linearly with
the screw speed.

1.4.5.8 Iculation of Drag an re Flow fficients, F, and F

The flow rates for biomass feedstock mixtures through the extruder-feeder can be
calculated either from the characteristics of the screw including the drag and pressure flow
coefficients Fy and F, the properties of the feedstock especially viscosity, and the operational
condition of the extruder-feeder, or from the output rate through the die and its coefficient of
restriction.
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The theoretical values of F, and F, have been calculated by McKelvey (1962) and
obtained as a function of the depth of the screw channel to the width of the channel, H/W.
These values of Fy and F, that are defined as the shape factors of the screw are between 0 and
1. For our most commonly used screw the ratio of H to W is approximately 0.05 and the
theoretical values of F, and F, for this H to W ratio are both approximately 0.95. Our definition
of F; and F, as drag and pressure flow coefficients implies that we consider these values as
proporuonahty factors to the theoretical expressions rather than as pure shape factors only.

The first part of Equation (1.5) gives the drag flow Q, and the second part is the pressure
flow Q,. Experiments were made with and without the die attached. From the output rates with
the die removed, only the drag flow coefficient, F,, is obtained since AP is small and the
viscosity is high, and thus Q, is neghglble Calculations of the value of Q, and Q, in Equation
(1.5) show that the value of Q, is much less than one percent of the value of Qd under our
operating conditions with the removed die. One should note that the fraction of pressure flow
in Equation (1.5) out of the total flow is a function of N, n and AP. The fraction of pressure
flow decreases as N and n increase, and it increases as AP increases.

At our operating conditions of up to 25 MPa (3630 psi) pressure and up to 100 min™
rotational speed and especially with the very high apparent viscosity of feedstock in the range
of 1-10 kPaes, the two parameters N, and 7, override the effect of AP on the pressure flow even
with the die on. Thus, the pressure flow is negligible when the die is removed and is of little
significance with the die in place, as will be discussed later.

From the experiments with the die on and with the F, values known from the experiments
without the die, the value of F, are obtained. Using only the drag flow term in Equation (1.5),
values of the drag flow coefﬁcrent F,, were calculated for the different materials and wood flour
mixtures as summarized in Table 1.5. A comparison to the reference data for polyethylene can
be made by analyzing Table 1.5. One can see that the values of F, range between 0.62 and 1.06
for most of the cases except for pure vacuum bottoms which gives the high value of 1.31. The
scattering of the data is expected because of the inherently unstable operating conditions of the
extruder-feeder. The high value of F, obtained for the vacuum bottoms may be significant, but
additional experiments are necessary in order to verify this results obtained from a single
experimental data point. It also appears that the value of F; decreases slightly with increased
rotational speed which may also be significant. The increased rotational speed, although
producing some increase in pressure, has very little effect on pressure flow as one can see by
calculating the theoretical pressure term in Equation (1.5). In our range of pressure of up to 25
MPa (3630 psi) and high viscosity of material of around 5 kPass, the values of Q, are only 1-2%
of the value of Q,.
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For the calculation of F, both terms of Equation (1.5) are used. The results obtained for
F, are scattered and have an average value of 0.91. Values of F,; as obtained from the
experiments with the die removed were used for these calculations.

The value of K, for the valve on the die of the extruder-feeder was calculated using
Equation (1.8) and the known data for LDPE. An average value for K, of 0.00033 cm’ was
obtained for a die valve opening of 90%. The feedstock densities used for the calculations of
the volumetric flow rates were 0.77 g/cm’ for the LDPE mixtures and 1.0 g/cm’ for the vacuum
bottoms mixtures.

1.4.5.9 tion of th

Using the experimental data with the die removed and the plots of Q versus N for several
materials, the values of the drag flow parameter A were obtained from Equation (1.5) while
neglecting the pressure term. Values of A in the range of 4-5 cm® were found for the various
mixtures of wood flour and carriers of LDPE and vacuum bottoms.

From the experiments with the die on and the plot of Q versus N for the LDPE case, the
value of the pressure flow parameter B was determined from Fz;uation (1.9) and the known
values of A and K;. The value obtained for B was 7.3 x 10” cm’.

Average values of F, and F,, can be calculated from the values of A and B and the screw
geometry data from their definitions as given in Equation (1.5).

1.4.5.10 Discussion and Analysis of Results

The single screw plasticating extruder was found to be adaptable as an extruder-feeder for
pumping biomass mixtures such as wood flour and various carriers, such as high viscosity fluids
or plasticating solids at appropriate temperatures, to the required high pressure of 25 MPa (3630
psi). The extruder-feeder as a unit operation has great potential and could prove to be the only
practical solution in many cases where solids are to be pumped into reactors at very high
pressures. A linear relaticnship was obtained between the flow rate and the rotational speed, and
a power law relationship was obtained between the pressure rise and the rotational speed. The
effects of several operational conditions, as well as, type of feedstock on the performance of the
extruder-feeder were determined.

Experiments with asphalt and mixtures of asphalt and wood flour showed that good
pumpability and high pressures were obtained (cooling the asphalt until it became brittle was
necessary). Figure 1.14 shows the flow rates versus rotational speed for several experiments
made with mixtures of wood flour and asphalt. The flow rate increases linearly with the screw

speed.

As a first approximation, the basic design criteria and equations described by various
authors (McKelvey, 1962; Tadmor and Klein, 1978; Glanvill, 1971; Bemhardt 1959) for
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plasticating extruders also prevail for the extruder-feeder of solid mixtures in the biomass
liquefaction process while using proper drag and pressure flow coefficients or drag and pressure
flow parameters. However since the experimental data do not always follow exactly the
theoretical and idealized equations, experimental runs on specific feedstock for accurate design
equations are warranted. The effect of feedstock on flow rates and pressures generated is of

special interest.
1.4.6 An Alternative Analysis of Pressure Generation

Referring to the fact that the extruder-feeder is equipped with a die and die valve that
changes the openings of the die, there is no restriction to output flow when the die valve is fully
open. Ideally, when there is no restriction at the outlet of an extruder the pressure in the
metering zone should be small because there is no back pressure. However, this has rarely been
the case. Even when the die valve was fully open, some pressures of up to 7 MPa (1,015 psi)
were generated. This makes it impossible to separate the drag flow from pressure flow. When
there is no pressure generation in the metering zone (i.e., P = 0), the equation we obtain for
the flow rate is:

Q - 5456N 1.13)

which is by drag flow only.

Equation 1.13 may be used to compare the fit of theory to experiment. It should only
be used when AP is negligible. However, it can be used when small pressure drop is generated

'in the metering zone, provided the viscosity is high. To illustrate, Equation 1.2 can be rewritten

after several substitutions as following:

_?_ -545N - 1.1 x 10 &P (1.14)
I

Suppose N = 40 rpm, AP = 1,000 psi, 4 = 10° cp. Then:

%-218-11-207

1-37



The error introduced by neglecting the pressure term in Equation 1.14 is only 5 percent,
but when u = 10° cp the error is 50 percent. In this case if AP = 100 psi, the error would be
again 5 percent. Note that Equation 1.14 is applicable only to the specific extruder-feeder
utilized in this work.

To illustrate further, data on LDPE will be used here. Figure 1.15 shows the output flow
rate of LDPE (measured experimentally) as a function of screw speed at various die valve
opening conditions. It is obvious from Figure 1.15 that the net output flow rate decreases as the
pressure in the metering zone increases. The difference of flow rate diminishes at lower screw

speeds.
Experimental data on LDPE at 325°F (where upper value of pressure is 1,000 psi) are:

= ] e
| emim

240
360

At 60 RPM, Q = 252 -33 249
At 90 RPM, Q = 378 -4.4 374 ||

It is obvious that the pressure term is extremely small for the extruder-feeder. Therefore,
neglecting it (at low pressure) introduces small errors indeed. This error is much smaller than
the error in the net flow rate, Q.

1.4.6.1 Theoretical to Experimental Fit of Flow Rate

In order to obtain a quantitative measurement of the' fit of theory to experiment, the
following is proposed. As mentioned earlier, the net flow rate of an extruder consists of drag
flow minus pressure flow. To determine the theoretical to experimental fit of the net flow rate,
it is important to have a fit for the drag and pressure flow separately. Thus Equation 1.14 can
be modified to:
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Q-5458Na, - L1x10% 22 o (1.15)
m

where

a, is the non-Newtonian deviation factor for drag flow
a, is the non-Newtonian deviation factor for pressure flow.

1.4.6.2 n-Newtonian Deviation F: r for

For low pressure drop in the metering zone, Equation 1.15 is reduced to:

Qi 545 3a, (1.16)
N

Thus, the deviation factor a; can be calculated by reading the slope Q/N of the flow rate versus
rpm curve. Density data for wood flour slurries at experimental conditions are not available, but
they can be approximated.

The deviation factor a; will include, in addition to the experimental errors, the deviation
from non-Newtonian behavior of slurries to the Newtonian behavior that was assumed in deriving
the flow rate equation. Thus, the non-Newtonian effect will be incorporated in the drag flow
term as it should be.

Table 1.6 shows the calculated values of a;’s for several carrier fluids and wood flour
slurries. Density values that were assumed are included in the table. The densities for LDPE
and LDPE/WAX mixture are accurately known.

For LDPE, two values of a; were calculated. Each value is at different experimental
conditions. The first one is equal to 1.0, which means that LDPE flow behavior was perfectly
Newtonian. The second value is 0.96, which is very close to 1.0 and is probably due to
experimental errors in measurement. These results are in accordance with those found in the
literature. After all, polyethylene was used mostly to test the theoretical to experimental fit of
the extruder flow rate equation.

For LDPE/AC-6 PE mixtures, the values of a; were 0.54 and 0.58. This is expected,
since the viscosity of AC6-PE is about 600 cp, which lowers the viscosity of the mixture
dramatically. In addition, the output flow rate of LDPE/AC6-PE mixtures (especially at low
LDPE concentration) is often erratic. The AC6-PE melts at a lower temperature than LDPE,
and the extruder output at times contained unmelted LDPE. In addition, there was a separation
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Table 1.6. Non.Newtonian Deviation Factor for Drag

Flow, a,.
Density Q/N a4

Feedstock g/cm3 g dimensionless
LDPE 0.85 4.62 1.0

0.77 4.03 0.96
257 LDPE 0.78 2.48 0.58
75% AC-6 0.77 2.27 0.54
407 WF
15Z LDPE 1.0 2.45 0.43
457 AC-6
VB 1.31 7.08 0.99
107 WF 1.32 6.93 0.96
90% VB
S0Z WF 1.38 4,44 0.59
50% VB
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of AC6-PE from LDPE due to the difficulty of mixing two polyethylenes having such large
differences of viscosity. An observation of the output as it was coming out of the extruder
revealed an irregular output at times, when mostly LDPE would come out, followed by mostly
ACG6-PE and then LDPE again.

For vacuum bottoms, the value of a, was 0.99. This shows that VB flow behavior did
not deviate from that of LDPE. Even though VB mass flow rate was substantially higher than
LDPE, the volumetric flow rate was the same. The extruder throughput is on a volume basis.

For wood flour/vacuum bottoms mixtures, the deviation increases as the concentration of
wood flour increases. It is obvious that the addition of wood flour to vacuum bottoms changes
the flow behavior of VB. For 10 wt.% WF/90 wt.% VB, the value of a; was 0.96, while for
50 wt.% WF/50 wt. % VB, the value of a; decreased to 0.59, about 60 wt. % less than predicted
by the Newtonian model. Obviously there is a relationship between the non-Newtonian deviation
factor and the slurry concentration measured as weight percent of wood flour. An exponential
curve fit is used to determine such an effect. The resulting equation for WF/VB slurry is:

a, = 1.025 exp (-1.087°C) 1.17)

with > = 0.981 (the closer to 1.0 the better the fit).
where:

a, is the non-Newtonian deviation factor
¢ is the slurry concentration.

Substituting the value of a, into Equation 1.16 yields:
Q, - 599 &N exp (-1.087°C) (1.18)

This equation is applicable for the UA extruder-feeder upon wood flour/vacuum bottoms
concentrated slurries. It includes the effect of non-Newtonian behavior of slurries upon the drag
flow term only.

When a, is less than one, the actual output flow rate is less than predicted by the
Newtonian model. Middleman (1977) showed that when this is the case, the power law flow
behavior index is less than one. This is the case of pseudoplastic behavior. Therefore, it can
be concluded that WF/VB slurries are pseudoplastics.



1.4.6.3 New-Newtonian Deviation Factor a, for Pressure Flow

The factor a, is sensitive to pressure drop in the metering zone. As discussed earlier, the
pressure fluctuations in this zone were great. This factor also depends on the viscosity. Since
viscosity data for WF/VB concentrated slurries are not available, the evaluation of this factor is
futile. Some calculations were made by assuming viscosity values, and the a, factor ranged
between 0.002 and 2.9.

Since the drag flow term is several times larger than the pressure flow term (at high
values of viscosities), the importance of the pressure flow is small, and so is a,.

-

1.4.7 Importance of Temperature Profile

The coefficient of friction is strongly affected by the temperature, and the extruder output
decreases with increasing temperature in the solids conveying zone. Two experiments were made
whereby the cooling water to the feed hopper was stopped. The temperature at the beginning
of the feed section, T,, increased sharply in a short time. In the first experiment vacuum
bottoms (VB) was used. Figure 1.16 shows the results. At T, = 194°F the extruder-feeder
output flow rate was 400 g/min. As T, increased to about 210°F the flow rate decreased sharply
to 100 g/min. Thus an increase of temperature by 8% above 194°F resulted in a 75% decrease
of vacuum bottoms output flow rate.

Figure 1.17 shows similar results for a 55% WF/45% VB slurry. At 40 rpm the output
flow rate decreased 25% as the temperature increased some 10%. At this instance the screw
speed was increased to 60 rpm. The flow rate increases sharply to well above 300 g/min. But
it started declining slightly. At this point the screw speed was increased to 80 rpm. The output
flow rate increased slightly, only to decline sharply to zero as the temperature reached 275°F.

These experiments show that the barrel temperature effect upon the extruder-feeder output
flow rate of VB and WF/VB slurry is more significant than for other polymers (see Figure 1.18).
Therefore, proper cc .ling of not only the feed hopper but also a section of the solids conveying
zone may be necessary.

It is important to mention here that the temperature of the screw in the solids conveying
zone is unknown for these experiments cince there are no thermocouples inside the screw, nor
at the screw surface. Since the screw is in contact with fresh feedstocks at room temperature,
one might think that its temperature is low--at least in the first few turns. However, this was
not always the case. A careful inspection of the screw at the end of these experiments revealed
that some of the feedstocks were stuck down the helical channel, thus partially blocking the
channel. They were, in effect, rotating with the screw without forward axial movement, i.e.,
¢ = 0. Therefore, as the output flow rate decreases as the temperature increases (Figures 1.16
and 1.17) the effective channel depth in the feed section was decreasing. Fresh feedstocks were
contracting the materials already stuck in the channel instead of the smooth surface of the screw
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channel. Therefore, the temperature increase in these conditions is higher than normal and is
due to particle-particle friction.

1.4.7.1 Im nce of icle Sh

Large uniform pellets result in higher extruder flow rate as compared to regrind feedstock
on irregular shape. The same results were obtained for the extruder-feeder. Figure 1.19 shows
the difference in output flow rate when LDPE pellets (fairly uniform particle diameter) and
LDPE regrind (various particle sizes and shapes) were used. Figure 1.19 shows that at any
screw speed, pellets yield higher output than regrind. The difference in output is 28% at 50
rpm, but it is only 18% at 85 rpm. But as the figure shows, the actual difference in output flow
rate is higher at high rpm than at lower rpm. Hence the divergence of these two curves. In
addition, regrind feedstock makes uniform control of extruder-feeder output rates difficult to
control as seen in Figures 1.20 through 1.23, it was difficult to maintain a steady state operation
with regrind feedstock. For LDPE pellets the pressure fluctuations at 40 rpm was as high as 500
psi (about 25 % of actual pressure). For LDPE regrind the pressure fluctuations were more than
700 psi for the pressure just before the die, and more than 1,600 psi for the pressure just before
the outlet of the melting zone. In the latter case the pressure increased by about 100%. If these
values of pressure were to be used to calculate the viscosity of slurries, the error introduced
might be as high as 100%, since the flow rate fluctuation is considerably less.

At 80 rpm the pressure and power fluctuations are even more significant than at 40 rpm.
Figure 1.22 shows P, and P, fluctuating some 20% for LDPE pellets. Figure 1.23 shows
extreme fluctuations for all pressures and power for LDPE regrind. P, ranged from a low of
50 psi to a high of 1,500 psi. P, ranged from 1,000 psi to 1,750 psi. Both P, and P, fluctuated
in a wave-like fashion.
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constant for drag flow

deviation factor for drag flow, dimensionless

deviation factor for pressure flow, dimensionless

constant for pressure flow

constant for leakage flow, or concentration of slurry, weight percent of solid
outer diameter of screw, or particle diameter

equivalent diameter of particle to a cube with the same volume

equivalent diameter of particle to a cube with the same volume

diameter of the root of the screw

molar activation energy

flight width

coefficient of friction at the . rrel surface in the axial direction, dimensionless
coefficient of friction at the screw surface

drag flow coefficient ‘

pressure flow coefficient

depth of channel of screw

restriction coefficient of the die

total length of screw and length of particle

constant in Equation 1.7

rotational speed of screw

pressure

number of flights

inlet pressure to metering zone

exit pressure from metering zone

total flow rate from extruder-feeder

drag flow

pressure flow

leakage flow

volumetric flow rate of solids

flow rate through the die

gas constant

radial distance in cylindrical and spherical coordinates
time

temperature or thickness of particle

velocity of barrel surface relative to screw

velocity component of V, in the down channel direction
axial velocity of the solid in the solids conveying zone
velocity of the solid in the down channel direction at the barrel surface
average channel width or width of particle

length of metering section

shear rate, sec’!
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9 = average helix angle, degrees

n = kinematic viscosity

I = viscosity

§ = density

@ = angle at which the plug moves relative to the barrel
8y = helix angle at the barrel surface.
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PART 2
2.0 RHEOLOGY OF WOOD FLOUR SLURRIES

2.1 INTRODUCTION

The term “shear-dependens materials " is used in this study to describe shear thinning and
shear thickening fluids, A shear thinning fluid is a material whose apparent viscosity decreases

dv
iflrﬁl <Wkls_Z 20 No Flow
dy

il > Wlah -wl-u’l%l

de Waele. This model can be written as:

T)a--m!ﬂ‘.r'“ @,
dy dy

or
2.2)
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It is a two-parameter model, the two parameters being m and n. When n=1 Equation 2.2
reduces to Newton’s law and m=u. If n < 1 the material is psuedoplastic; and if n > 1 the
material is shear thickening. A subclass of shear thickening materials is dilatational substances
which dilate when the shear rate is increased. These two terms should not be used
interchangeably.

The “power law” fails at very low and very high shear rates. However, a three-parameter
model called the Ellis model can be used to represent shear thinning substances at very low shear
rates. The Sisko model, which is a three-parameter model also, can be used for the high shear
rate range in laminar shear flow. Models with more constants have been suggested. Bird et al.
(1977) reviewed some of these models.

2.2 RHEOLOGY OF CONCENTRATED WOOD SLURRIES

The rheology of Albany wood oil (TR12) and its wood flour (WF) slurries was -
investigated using a Couette type viscometer. TR12 oil was found to be a shear thinning fluid
that obeyed the "power lgw" model. It did not possess any yield stress and it did not exhibit any
viscoelastic behavior. TR12 oil had a thermal-history dependence but no shear-history
dependence (Chehab, 1982).

WEF/TR12 slurries were found to be shear thinning. The extent of shear thinning behavior
increased with increased wood flour volume fraction, ¢. The dependence of the apparent
viscosity of these slurries on shear rate obeyed the "power law” model in the range of shear rates
investigated. WF/TR12 slurries did not exhibit any yield stresses even at a wood flour volume
fraction of 0.242. These slurries were found to be viscoelastic. The Weissenberg effect was
observed during viscometric measurements. The Weissenberg effect was found to increase with
increased wood flour volume fraction and shear rate when the particle dimensions were dept
constant. A Dow Corning (DC23) silicone oil was used to compare the rheology of WF/TR12
slurries to that of WF/DC23 slurries. DC23 silicone oil is a Newtonian fluid up to a shear rate

of about 250 sec”’. The rheology of WF/DC23 slurries was very similar to that of WF/TR12
slurries.

Attempts at correlating the dependence of relative viscosity of these wood flour slurries
on wood flour fraction included the use of: (1) Brodnyan’s equation; (2) a modified Brodnyan
equation; and (3) and exponential equation. Brodnyan’s equation predicted relative viscosity
values which were orders of magnitude smaller than the measured values. A modified Brodnyan
equation gave a better fit than Brodnyan’s equation, but the fit was far from exact. An
exponential empirical equation gave a slightly better fit than the modified Brodnyan equation;
however, the fit was still not exact. The dependence of relative viscosity on shear rate was
incorporated into the exponential empirical equation. The resulting empirical equation gave the
dependence of relative viscosity of wood flour slurries on wood flour volume fraction and shear

rate. The fit provided by this empirical correlation was not exact, but it seemed to improve at
higher shear rates.
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Apparent and relative viscosities of these wood flour slurries were very nigh. These high
values are thought to be primarily due to the properties of wood fibers which tend to increase
particle-particle and fluid-particle interactions.

The experimental testing on the rheological behavior of TR12 oil, WF/TRI12 slurries,
DC23 silicone oil and WF/DC23 slurries were conducted. All figures that contain plots of

apparent viscosity, n, versus shear rate, 7, or time, t, as presented later, were drawn using
actual data. All data were reported in terms of "frue” apparent viscosity, n, and true shear rate,

¥ . Plots of relative viscosity, n,, versus shear rate or wood flour volume fraction, ¢, were
drawn based on actual apparent viscosity data except where specifically noted.

2.2.1 Rheology of Albany TR12 Wood Oil

The rheclogical behavior of TR12 oil was in\}esﬁgated at various temperatures and shear
rates. The apparent viscosities of pure TR12 oil were measured at various shear rates at the
following temperatures: 22°C, 41°C, 55°C, 65°C, 75°C, 84°C and 93°C. The effect of shear

rate, v, on the apparent viscosity, n, of TR12 oil at various temperatures is shown in Figure
2.1. From this figure it can be seen that TR12 oil is shear thinning. Moreover, the extent of
shear thinning increases with increased temperature of the sample. For example, the line
representing the data at 22°C is almost flat, indicating a mild shear thinning effect, whereas the
line representing the data at 93°C is relatively steep, implying a stronger shear thinning effect.
Thus, the shear thinning behavior of TR12 oil is dependent on temperature.

Apparent viscosity data versus shear rate yielded straight lines when plotted on logarithmic
scales as in Figure 2.1. Thus, the "power law" model was used to correlate apparent viscosity
and shear rate data employing a standard non-linear regression program using a calculator. The
resulting correlation gave a good fit of the data in the range of shear rates investigated. The
particular form of the "power law” model used to correlate the data was:

m,

-1 (2.3)
byl [

n

- _ . —_ - — -1
m, = aconstant, m; = nwhen y, = vy =1 sec

¥, = aconstant, ¥, = 1 sec’
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Since v, =1 sec’! and the Haake viscometer employs the magnitude of the shear rate, and the
shear stress, regardless of their signs, Equation 2.3 becomes:

n=-_m 2.4)
.'y(l-n)

Equation 2.4 has two parameters, namely m and n. These two parameters were calculated using
the non-linear least squares regression program. All correlations of v versus n are reported
using Equation 2.4. "Power Law" correlations for TR12 oil are presented in Table 2.1. From
this table, it can be seen that the "power law” flow index, n, decreased with increased
temperature. A decrease in the value of n indicates increased shear thinning. TR12 oil did not
possess a yield stress, v, in the range of shear rates investigated. TR12 oil did not exhibit the
Weissenberg effect at any shear rate used in the experiments. Thus, TR12 oil is not viscoelastic.

2.2.2 Rheology of WF/TR12 Slurries

The rheological behavior of WF/TR12 slurries was investigated at two temperatures,

namely 65°C and 93°C. The effect of shear rate, v , on the apparent viscosity, n, of WF/TR12
slurries at 65°C is shown in Figure 2.2. Similar plots for WF/TR12 slurries at 93°C are
presented in Figures 2.3 and 2.4. As can be seen from these three figures, all WF/TR12 slurries
are shear thinning. Moreover, the extent of shear thinning behavior increases with increased WF
volume fraction, ¢. Also, all the curves in these figures are straight lines. Thus, the "power
law™ model should fit the apparent viscosity versus shear rate data in the range of shear rates
investigated. A standard non-linear least squares regression program was used to correlate the
apparent viscosity data versus shear rate. Apparent viscosity correlations for WF/TR12 slurries
at 65°C and 93°C are presented in Tables 2.2 and 2.3. As can be seen from these tables,
WEF/TR12 slurries become more shear thinning as WF volume content increases. Moreover, the
"power law” flow index, n, decreases with increased ¢. From the high values of quality of fit,
it is evident that the "power law" model fits the apparent viscosity data fairly well in the range
of shear rates investigated.

WF/TR12 slurry did not show any yield stress in the range of shear rates investigated.

The Weissenberg effect was noticed, especially at higher values of ¢ and y. No measurement
of normal stresses were made since the Haake viscometer used is not designed to measure normal
stresses. However, it was observed that at a certain wood flour volume fraction, ¢, if the shear
rate was increased the Weissenberg effect, as manifested by the escape of the sample from the
viscometer gap, increased. A similar Weissenberg effect was noticed when ¢ was increased.

This can be realized best by noting that the range of shear rates, v, for WF/TR12 slurries at
93°C was limited to very low 7 values at ¢ = 0.1989 and ¢ = 0.242 due to the Weissenberg
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effect. An increase in the Weissenberg effect is indicative of increased normal stresses. Thus,
although no quantitative measurements of normal stresses were made, qualitative observations
confirmed that normal stresses increase with increased solids volume fraction, ¢, or with

increased shear rate. Fortunately, the Weissenberg effect was more pronounced at higher ¢ and y
and those values were not reported. Consequently, WF/TR12 slurries are viscoelastic.
However, no decisive conclusion could be made regarding the cause of normal stresses.

The values of the relative viscosity, n,, were calculated for the slurries using actual
apparent viscosity data. The relative viscosity of a slurry is the ratio of the apparent viscosity
of the slurry to that of the pure fluid at the same temperature and shear rate. The effect of shear
rate on the relative viscosity, n,, of WF/TR12 slurries at 65°C and 93°C is shown in Figures
2.5 -2.7. From these figures it can be seen that the relative viscosity, n., of WF/TR12 slurries
decreases quickly with increased shear rates, especially at high WF volume fractions. The dotted
lines in Figures 2.6 and 2.7 represent 7, values which were not calculated from actual apparent
viscosity values. These dotted portions were extrapolated using the "power law" correlations
obtained earlier. The relative viscosity, n,, was correlated as a function of the shear rate, v, for
WEF/TR12 slurries. The correlations were obtained using a standard non-linear least squares
regression program. It was found that an expression like the "power law” model can represent

the dependence of n_on v very accurately. This result should not be surprising, since n versus-y
data for TR12 oil and WF/TR12 slurries obey the "power law” model. From the definition of
relative viscosity one can write:

n, - % 2.5
Ny

where

n, = relative viscosity of the slurry
n, = apparent viscosity of the slurry
n¢ = apparent viscosity of the fluid

But from the "power law” model n, and n; can be written as:

/
- M (2.6)
i(1 -n)

and
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where

n, = flow index of slurry

n, = flow index of fluid

m’, = a constant for slurry, m’, = n, when y = 1 sec’ .

"

m” | = = a constant for fluid, m” | = n;when ¥ = 1 sec

Substitution of Equations 2.6 and 2.7 in Equation 2.5 yields:

M (2.8)

1)

r

where m, =m’/m” and m, = n_when ¥ = 1 sec’. Equation 2.8 was the equation used to
represent the correlations of n, versus 4. These correlations are shown in Tables 2.4 - 2.5.

The effect of wood flour volume fraction, ¢, on the relative viscosity, n,, of WF/TR12
slurries at 65°C and 93°C is shown in Figures 2.8 - 2.9. From these figures it can be seen that
the relative viscosity of these slurries increases considerably with increased WF volume fraction.
This increase in n, with ¢ is strongly dependent on shear rate. However, the nature of the
dependence of n_ on ¢ is fairly similar at different shear rates since the curves of n, versus ¢ at
different shear rates have the same general shape. The effect of wood flour (WF) volume
fraction and shear rate on the relative viscosity of wood flour slurries will be discussed in more
detail later on.

Exploratory experiments were performed to determine any possible effects due to particle
size, particle size distribution, particle aspect ratio, q, and particle aspect ratio distribution. To
determine the effects of particle size and particle aspect ratio it is usually desirable to use
uniform particles with uniform particle size and aspect ratio in each suspension. However, the
wood flour used in slurries that are handled in cellulosic liquefaction processes does not have
uniform particles with the same particle size or same particle aspect ratio. Actually, the wood
flour used in this study is the same wood flour utilized by the cellulosic liquefaction facility in
Albany, Oregon as mentioned earlier. Moreover, these experiments were exploratory in nature.
They were designed to check if any effect can be detected and whether the magnitude of this
effect warranted any future investigations. In these experiments a wood flour fraction between
65 and 100 mesh was used. Particle size and particle aspect ratio analyses of this wood flour
fraction are shown in Figures 2.10 - 2.12. A similar analysis for the -200 mesh fraction, which
was used in most experiments, is shown in Figures 2.13 - 2.15. As can be seen from Figures

~ 17
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2.15 and 2.12, the distribution of particle aspect ratio for the two fraction is almost the same.
The 65 - 100 mesh fraction has a very small percentage of particles with higher aspect ratios,
q, more than the -200 mesh. From Figures 2.13 and 2.10 it can be seen that the particle length
distribution for both fractions is fairly close, too. However, the -200 mesh fraction has a very
small amount of shorter particles more than the 65 - 100 mesh fraction, whereas the latter has
a few longer particles more than the -200 mesh fraction. Finally, from Figures 2.14 and 2.11
it can be seen that the -200 mesh fraction has a few particles with smaller diameters than the 65 -

100 mesh fraction. It is obvious that the effects of particle size, particle size distribution,
particle aspect ratio and particle aspect ratio distribution cannot be separated. Thus, all these
effects will be combined and referred to collectively as the effect of "parricle dimensions. " The
effect of particle dimensions on the apparent viscosity of WF/TR12 slurries is shown in Figure
2.16. As can be seen from this figure, the ratio of the apparent viscosity of the 65 - 100 mesh
fraction, ngs, to that of the -200 mesh fraction, n,q,, is higher than one. This shows that the
apparent viscosity of a WF slurry increases with increased particle dimensions. Moreover, this
increase is much more pronounced at higher wood flour volume fractions. Consequently, this
effect warrants further investigation.

The thermal-history dependence of one WF/TR12 slurry was investigated. The effect of
heating time on the apparent viscosity of 7.77 vol. % WF in TR12 oil is shown in Figure 2.17.
The ratio of the apparent viscosity at time t, n,, to that at time zero, n,, decreased with time.
However, comparison of this figure to Figure 2.18 shows that the decrease in n/n, for this
slurry is qualitatively and quantitatively similar to that of pure TR12 oil. Thus, the thermal-
history dependence of this WF slurry is mainly due to that of TR12 oil.

2.2.3 Rheology of DC23 Silicone Qil

In order to compare and contrast the rheology of wood flour slurries to slurries of more
uniform particles like glass fibers, DC23 silicone oil was chosen as the suspending fluid for the
following set of experiments. DC23 silicone oil is very similar to the silicone oils used by
Maschmeyer (1974) to study the rheology of glass fibers in silicone oils. Thus, the rheology of
WF/DC23 will be compared and contrasted to the rheology of glass fiber suspensions studied by
Maschmeyer (1974).

DC23 silicone oil is a Newtonian fluid up to a shear rate of about 250 sec™'. At shear
rates higher than 250 sec™! it becomes shear thinning. However, in this study the higher shear

rate, v, used was 144.8 sec!. Consequently, DC23 silicone oil should be Newtonian in this
study. Experimental measurements verified this conclusion. From Figure 2.19 it can be seen
that the viscosity of DC23 silicone oil is independent of shear rate in the range of shear rates
used in this study. DC23 silicone oil does not have a thermal-history dependence or a shear-
history dependence.

2.2.. Rheology of Wood Flour/DC23 Slurries

The rheology of WF/DC23 slurries was studied at 41°C. The values of the wood flour
(WF) volume fraction, ¢, in these slurries were: 0.0341, 0.0694, 0.1059, 0.1437, 0.1828 and
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0.2234. The apparent viscosities, n, of these slurries were measured at 41°C and various shear
rates. The effect of shear rate on the apparent viscosity of these slurries is shown in Figures
2.19 and 2.20. Although pure DC23 silicone oil is not shear thinning in the range of shear rates
investigated, all WF/DC23 were shear thinning. Moreover, the shear thinning behavior
increased with increased wood flour volume fraction, ¢. This behavior is similar to that
exhibited by WF/TR12 slurries. As in the case of WF/TR12 slurries, the "power law” model
was used to correlate the apparent viscosity, n, versus shear rate data of WF/DC23 slurries. A
standard non-linear least squares regression method was used to obtain the correlations.
Apparent viscosity correlations of WF/DC23 slurries are shown in Table 2.6. As can be seen
from this table, all the values of the quality of fit are either 1.0 or very close to 1.0 which
indicates that the "power law" model fits the data very accurately in the range of shear rates
investigated. Also, it can be noticed that the flow index, n, decreases with increased wood flour
content in a manner similar to that exhibited by WF/TR12 slurries.

Relative viscosity, n,, values of WF/DC23 slurries were calculated based on actual
apparent viscosity data as was done in the case of WF/TR12 slurries. The effect of shear rate,

7, on the relative viscosity of WF/DC23 slurries is shown in Figures 2.21 and 2.22. From
these figures it can be seen that the relative viscosity, n,, of these slurries increases quickly with
increased wood flour volume fraction, ¢, while it decreases with increased shear rate. This
behavior is similar to that of WF/TRI12 slurries. Employing the non-linear least squares
regression method, Equation 2.8 was used to correlate the relative viscosity and shear rate data
of WF/DC23 slurries. Relative viscosity correlations of these slurries are shown in Table 2.7.
The effect of wood flour volume fraction, ¢, on the relative viscosity, n,, of these slurries is
shown in Figure 2.23. As shown in this figure, the relative viscosity of WF/DC23 slurries
increases very quickly with increased ¢. Also, this increase in n_ is strongly dependent on shear
rate. However, the shape of the curve of n, versus ¢ is almost the same at various shear rates.

2.3 CORRELATIONS FOR WOOD FLOUR SLURRIES

2.3.1 Effects of Wood Flour Volume Fraction

The effect of wood flour volume fraction, ¢, on the rheology of WF/TR12 and WF/DC23
slurries is qualitatively similar. The shape of the curves of relative viscosity, n,, versus ¢ is
almost the same. This can be realized by inspection of Figure 2.24. All the curves in this figure
exhibit the strong dependence of the relative viscosity on the wood flour volume fraction. Thus,
it can be concluded that, among the variables that were investigated, wood flour volume fraction,
¢, is the variable that affects the relative viscosity of wood flour (WF) slurries the most.
However, at constant shear rate, the dependence of n, on ¢ seems to be affected by two other
variables, namely, the flow index, n, and the viscosity of the pure oil. The contribution of each
of these variables cannot be isolated based on the experimental data cf this study. From the data
reported by White (1979) and which is shown in Figures 2.25 - 2.26, the apparent viscosity, n,
of WF/gear oil slurries increased faster than the apparent viscosity of WF/water slurries as the
wood flour mass fraction was increased at constant shear rate. Gear oil is a non-Newtonian
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fluid, while water is a Newtonian fluid. Thus, the apparent viscosity, or equivalently the relative
viscosity, of a slurry where the suspending fluid is non-Newtonian increases faster than that of
a slurry where the suspending fluid is Newtonian as the solids volume fraction is increased. A
similar behavior is exhibited in Figure 2.24. DC23 silicone oil i5 a Newtonian fluid while TR12
oil is not. The flow index, n, of TR12 oil varies with temperature, at 65°C n = 0.82 and at
93°C n = 0.773. In this figure the relative viscosity of WF/TR12 slurries at 93°C is higher
than that of WF/TR12 slurries at 65°C and higher than that of WF/DC23 slurries at constant ¢

and v . Thus, the relative viscosity of WF slurries increases with decreasing flov’ index of the
suspending fluid at constant ¢ and v .

In this study, a phenomenon similar to that observed by Blakeney (1966) was noticed.
Blakeney demonstrated the dependence of the relative viscosity of nylon fibers slurries on the
fiber volume fraction, ¢, in the range covering the critical volume fraction, ¢*. He reported that
the relative viscosity increased slowly but linearly at values of ¢ less than ¢*. At ¢ = ¢* the
relative viscosity increased quickly but non-linearly up to ¢ = 0.005. At¢ > 0.005 the relative
viscosity dropped and then it increased more quickly but in a linear manner. This behavior is
shown in Figure 2.27 which was reproduced from Blakeney’s (1966) work. A similar behavior
was exhibited by wood flour slurries as shown in Figure 2.24. Actually, the curves in this figure
were not drawn smoothly as other plots of 7, versus ¢ to help the reader notice the following
phenomenon. From this figure, it can be seen that the sharpest increase in the relative viscosity
of WF/TR12 slurries occurred between ¢ = 0.078 and ¢ = 0.118, while for WF/DC23 slurries
it occurred at ¢ = 0.106 to 0.144. After this sharp increase a lower increase occurred for all
slurries. For WF/DC23 slurries this slower increase was followed by a sharper increase.
Although no actual drop in relative viscosity was observed in this study, this variation of relative
viscosity with ¢ is similar to what Blakeney (1966) reported.

The dependence of the relative viscosity of WF slurries on ¢ is roughly exponeniial. This
high increase in n, with increased ¢ is thought to be strongly dependent on non-hydrodynamic
interactions. The dependence of n, on ¢ is in itself a function of shear rate. Finally, an increase
in ¢ causes the Weissenberg effect and thus, normal stresses to increase especially at higher
values of ¢.

2.3.2 Effects of Shear Rate

The shear rate was the next most important variable that affected the apparent viscosity,
n, and the relative viscosity, n., of wood flour slurries. All the slurries were shear thinning.
This shear thinning behavior is thought to be due to the following effects: (1) changes in particle
orientation in a manner which reduces energy dissipation; {2) destruction of the particle network;
(3) disruption of particle agglomerates; (4) the presence of the particles disturbs the velocity
profile and induces higher shear rates in the fluid, causing a decrease in viscosity around the
particles. This is turn decreases the energy dissipation and causes the suspension viscosity to be
lower.
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2.3.3 Effects of Temperature

The effect of temperature on the apparent viscosity, n, and the relative viscosity, n, of
WF/TR12 slurries was found to rank third when compared to wood flour volume fraction, ¢,

and shear rate, y. The apparent viscosity decreased with increased temperatures, as expected.
However, the dependence of the apparent viscosity on temperature was complicated by the tact
that the: flow index, n; of TR12 oil decreased with increased temperature. This decrease in the
flow index causes TR12 oil to depart more from Newtonian behavior, leading tc a higher
apparent viscosity value than expected for the slurry. The apparent viscosity of WF/TR12
slurries was not correlated as a function of temperature since only two temperatures were used.

2.3.4 Effects of Particle Dimensions

The term "particle dimensions " refers to the combined effect of particle size, particle size
distribution, particle aspect ratio and particle aspect ratio distribution. The reason for the use
of this term was explained earlier in this chapter. The effect of particle dimensiors on the

apparent viscosity of wood flour slurries is believed to rank fourth after ¢, ¥y and temperature
based on the experimental data. However, the findings in this study are not conclusive because
the aspect ratios aud the particle size distribution of the two wood flour size fractions used were
very close in the exploratory experiments that were conducted. Moreover, the discussion about
the critical volume fraction, ¢*, shows that these two variables are fairly important. Based on
the experimental data, it is evident that the apparent viscosity of wood flour slurries increases
with increased particle dimensions. This increase is more pronounced at higher wood flour
volume fractions. '

2.3.5 Effects of Heating Rate

The effect of heating time on the apparent viscosity of WF/TR12 slurries can be ranked
fifth based on the experimental data. The apparent viscosity of 7.77 vol.% WF in TR12 oil
initially decreased upon heating then it started increasing with time. However, this/ thermal
dependence is mainly due to the dependence of TR12 oil on heating time. Actually, a stronger
thermal dependence was expected for WF/TR12 slurries. This is due to the fact that TR12 oil
is supposed to dissolve certain components of wood. This interaction, if it occurred during data
acquisition, would have caused the apparent viscosity of the slurry to increase considerably with
heating time. Obviously, this did not happen aud the small increase in the viscosity of the
WF/TR12 slurry used was due to TR12 oil. This finding cannot rule out this interaction between
TR12 oil and wood flour since it could have taken place when the sample was heated during
mixing and while it was being heated in the viscometer itself prior to commencing the
experimen:al measurements. WF/DC23 slurries were not affected by heating time.

2.3.6 Correlation of Data using the Equation of Brodnyan

Inspection of the dependence of the relative viscosity, 1., on wood flour volume fraction,
¢, revealed that n, increased very rapidly with increased ¢. Plots of n_ versus ¢



indicated that the dependence of n, on ¢ was non-linear. It was found that an exponential
function in ¢ can give curves that resemble the plots of n, versus ¢. Thus, since Brodnyan’s
(1959) equation is exponential in form and it is supposed to apply for concentrated suspensions
of rods, it was chosen for correlating the relative viscosity dependence on the wood flour volume
fraction. When the crowding factor, K, is taken to be 1.91, Brodnyan’s (1959) equation can be
written as:

2.5¢ +0.399(q - 1)‘.48¢] 2.9)
1-1919¢

n,=Exp|

However, Brodnyan’s equation requires a unique value for the aspect ratio, q, of the particles.
But the wood flour fibers used in this study do not have a single value of q since they consist
of a distribution of particle aspect ratios. The -200 mesh fraction, which was used in most of
the experiments, has the following aspect ratio distribution: about 73% of the particles have
aspect ratios between 1 and 2, about 22% of the particles have an aspect ratio between 2.5 and
4, while about 5% of the particles have an aspect ratio between 5 and 8. Thus, q can be
anywhere between 1 and 8. Instead of substituting values of q from 1 to 8 in Equation 2.9 or
using statistical methods that depend on the weighting of different fractions, Mason’s (1950)
definition of critical volume fraction, ¢*, was used. The critical volume fraction, ¢*, is defined
as the solids volume fraction beyond which the relative viscosity increases more quickly. From
Figure 2.22 it can be seen that the sharpest increase in 1, with ¢ for WF/TR12 slurries occurred
at ¢ = 0.078 to 0.118, while for WF/DC23 slurries the sharpest increase took place at ¢ =
0.106 to 0.144. Thus, the critical volume fraction, ¢*, for WF/TR12 slurries should be ¢* =
0.978 - 0.118 whereas for WF/DC23 slurries, ¢* = 0.106 - 0.144. These values of ¢* are
relatively close. Thus, the average of these values was used. Consequently, the critical volume
fraction, ¢*, became 0.112. Mason (1950) defined ¢* mathematically as:

px = —— 2.10)

Thus, having obtained ¢*, q was evaluated using Equation 2.10 and was found to be 3.664.
This value of q is in fact between 1 and 8, which is the actual range of the wood flour aspect
ratios. This method of evaluating q may not be completely valid, but it was felt that it was the
most realistic method since the curves of n, versus ¢ showed that ¢* must be between 0.077 and
C.144. Substitution of the value of q in Equation 2.9 yielded:
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2.5¢ +0.399(3.664 - 1)'-‘%] @2.11)

= EXx
r Pl 1-1.91¢
or
4.2012¢
- FExpf——__—"7"_
M- p[1—1.91¢]

Equation 2.11 can give the dependence of the relative viscosity, n,, on the wood flour volume
fraction, ¢. However, the dependence of n_on ¢ is in itself a function of the shear rate, 7.
The dependence of n, on ¥ can be represented very accurately by Equation 2.12:

M 2.12)

y(n,-n)

r

where

m, = a constant, m, = n_when ¥y = 1 sec’
n, = "power law" flow index of the fluid
n, = “power law” flow index of the slurry

The plots of n, versus ¢, at various shear rates, for the wood flour slurries used were similar in
shape. Thus, plots of m, versus ¢ should be representative of plots of n_versus ¢. Moreover,
plots of n, versus ¢ for WF/TR12 and WF/DC23 were similar in shape. Thus, in the initial
search for a correlation to represent the behavior of n_ with ¢ or m_ with ¢, it is sufficient to
use WF/DC23 slurries data. Utilizing data of WF/DC23 slurries, Equation 2.11 was used to
calculate m, for each value of ¢. The results are shown in Table 2.8. As can be seen from this
table, the values of m, as calculated using Brodnyan’s equation are much lower than the
measured values of m,. Even if the aspect ratio, q, was assumed to be 8, which is an
unreasonable assumption since very few particles in the -200 mesh fraction have a value of q =
8, Equation 2.11 still gave very low values of m,. Thus, Brodnyan’s equation does not fit the
relative viscosity data of the wood flour slurries. This conclusion is not surprising since most
of the theoretical correlations neglect non-hydrodynamic interactions between particles and
between the fluid and particles. One such interaction which should be prevalent in wood flour
slurries is surface interactions.

Having realized that Brodnyan’s equation does not fit the relative viscosity, n,, data of
wood flour slurries, it was thought that this equation may be modified to fit the data. Nicodemo
and Nicolais (1974) reported that Brodnyan’s (1959) equation did not fit their data. However,
they fit their data using a modified version of Brodnyan’s equation, namely,
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Table 2.8. Values of m, Calculated using Brodnyan’s

Equation.
Wood Flour
Volume Fraction, Measured Calculated
¢ My m,
0.0341 2.18 1.17
0.0694 4.43 1.40
0.1059 12.94 1.75
0.1437 97.83 2.30
0.1828 196.13 3.25
0.2234 642.93 5.14

Table 2.9. Values of m, for WF/DC23 Slurries as Calculated
using the Modified Brodnyan Equation.

Volﬁ;:dFE;g:;on, Measured Calculated

¢ Mo Mo
0.0341 2.18 2.12
10.0694 4.43 5.06
0.1059 12.94 13.84
0.1437 97.83 45.24
0.1828 196.13 185.54
0.2234 642.93 1.031.97
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s, = Exp (8.52¢) (2.13)

The method used in this study to modify Brodnyan’s equation can be described as follows:

1. The value of the particle aspect ratio, q, was kept as 3.664.

2. The value of the crowding factor, K, was allowed to vary since K = 1.91 was supposed
to apply for ellipsoids with a very high aspect ratio, while wood flour fibers have small
aspect ratios, q.

3. Equation 2.11 was rewritten as:

mo - Exp[4.2012¢] (2.14)
1-Ko
4. Equation 2.14 was rearranged to be of the form:
1-4.2012¢ _ Ko 2.15)
Lnm,

5. The expression [1 - (4.2012¢)/Lnm_ ] was correlated as a function of ¢ using linear
regression and the resulting expression was:

_4.2012¢

1 — = 0.29¢+0.8 (2.16)
Lnm,

6. After simplification and rearrangement of Equation 2.16 the final expression for m, was:

219
m = Exp{——MMM— 2.17)
° Pl 1- 1.45¢]

As can be seen from Equation 2.17, the crowding factor, K, was found to be 1.45 using this
method. Values of m, for WF/DC23 slurries were calculated using Equation 2.17. The
calculated and measured values of m, are shown in Table 2.9. From this table, it can be seen
that the calculated values of m, are closer to the measured values but fit is not exact.
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Other methods can be used to modify Brodnyan’s equation. As an example, terms with @’
and higher order can be used in the numerator of the exponential term in Equation 2.17. Having
established that an equation of the form of Equation 2.17 can represent the dependence of m, on
¢ for WF/DC23 slurries, Equation 2.18 was used to represent the dependence of m, on ¢ for
WEF/TR12 slurries.

m, = Exp[—2® (2.18)
1-1.45¢

where b is a coefficient that should be evaluated from the data of each slurry. The values of b
for WF/TR12 slurries at 65°C and at 93°C can be evaluated from the slope of a plot of [(1 -
1.45¢)Lnm_] versus ¢, or by trial and error. The method of trial and error was used in this
study. Thus, for WF/TR12 slurries at 65°C the final expression for m, was Equation 2.19,
whereas for WF/TR12 slurries at 93°C the final expression for m, was Equation 2.20.

32¢
m = Exp[——=——__ 2.19)
° .p[1-1.45¢]
and
35¢
m = Exp[—T___ (2.20)
? p[1—1.45¢]

The values of m_ for WF/TR12 slurries at 65°C were calculated using Equation 2.19 and the
results are shown in Table 2.10. Similarly, values of m, for WF/TR12 slurries at 93°C were
evaluated using Equation 2.20 and the results are shown in Table 2.11. From these tables it is
evident that the modified version of Brodnyan’s equation does not give an exact fit of the data,
but at least this fit is better than what could be obtained using Brodnyan’s equation.

So far, no attempt has been made to incorporate the shear rate into expressions of n, versus
@. Such an attempt is presented here and a new endeavor to correlate m, and ¢ is made.
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Table 2.10. Values of m, for WF/TR12 Slurries at 65°C as
calculated using the Modified Brodnyan Equation.

Wood Flour

Volume Fraction, Mea'snured Cal crt:'lated
$ o (o)
0.0384 2.87 3.67
0.0777 16.64 16.48
0.1181 168.84 95.60
0.1594 762.15 760.63

Table 2.11. Values of m, for WF/TR12 Slurries at 93°C as
Calculated using the Modified Brodnyan Equation.

Wood Flour

Volume Fraction, Mea;ured Ca]c;lated
¢ 0 0
0.0377 5.74 4.04
0.0764 16.19 20.23
0.1162 317.75 133.1
0.1570 1,304.56 1,223.0
0.1989 7,218.50 17,728.9
0.2420 14,649.9 465,000
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2.4 CONCLUSIONS AND RECOMMENDATIONS

2.4.1 Conclusions

TR12 oil was found to be a shear thinning fluid. This shear thinning behavior increased
with temperature. The “"power law” model fit the apparent viscosity data of TR12 oil very
accurately in the range of shear rates investigated. TR12 oil did not exhibit any viscoelastic
behavior. This fluid was found to possess a thermal-history dependence, while no shear-history
dependence was observed. TR12 oil did not exhibit any yield stress.

WE/TR12 and WF/DC23 slurries were found to be shear thinning. This shear thinning
behavior increased with increased wood flour volume fraction, ¢. The apparent viscosity data
of these slurries fit the "power law” model very accurately in the range of shear rates

investigated. These slurries did not =xhibit any yield stress in the range of shear rates, 7, and
wood flour volume fractions studied. The Weissenberg effect was noticed during experimental
measurements involving these slurries. Thus, wood flour slurries are viscoelastic. The

Weissenberg effect increased with increased ¢ and ¥ when the particle dimensions were held

constant. The dependence of relative viscosity, n,, on shear rate, v, for these slurries obeyed
a correlation similar to the "power law” model very accurately. The dependence of the shear
rate power index, (n-n,), on wood flour volume fraction, ¢, was found to be roughly linear.
Brodnyan’s (1959) equation gave relative viscosity values which were orders of magnitude lower
than the measured values. The modified Brodnyan equation yielded relative viscosity values
which were of the same order of magnitude as the measured values. However, the fit provided
by this equation was far from exact. An exponential equation was used to correlate the relative

viscosity dependence on wood flour volume fraction, ¢, and on shear rate, v. The fit provided
by this equation was slightly better than that obtained by the modified Brodnyan equation, but
the fit was still not exact. However, this fit seemed to improve at higher shear rates. This
equation should not be extrapolated beyond the range of experimental data. This is especially
true for extrapolations at higher ¢ values. WF/TR12 slurries possess a thermal-history
dependence which is mainly due to the thermal-history dependence of TR12 oil. WF/DC23
slurries do not possess a thermal-history dependence. The apparent viscosity of wood flour
slurries increased with increased particle dimensions. This increase was more pronounced at
higher wood flour volume fractions. The apparent viscosity, n, and relative viscosity, 7,, of
wood flour slurries are considerably higher than n and 7, values predicted based on theoretical
correlations. Also, n and 7, values of wood flour slurries are much higher than glass fiber
suspensions. These high values of apparent and relative viscosities of wood flour slurries are
believed to be mainly due to the particle properties of wood flour. These properties are not
taken into account in theoretical correlations and they are negligible for glass fiber/silicone oil
suspensions.
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2.4.2 Recommendations

An investigation of the rheological behavior of complex slurries like wood flour slurries,
as was done in this study, can only be considered as one step forward toward the understanding
of the rheology of wood flour slurries. Although a considerable amount of data were reported
and a few interesting phenomena were noticed, much work is needed in the future to elucidate
the rheological behavior of these slurries. The bulk of this future work must be accomplished
experimentally. This is due to the fact that the theory of dilute suspensions and previous
investigations using other fiber suspensions can only provide clarifying insight and general
guidelines for the understanding of the rheology of concentraied wood flour slurries.

Some of the areas that require more study are:
1. The effect of particle dimensions on the rheological behavior of wood flour slurries.

2. The presence of normal stresses and their variation with wood flour volume fraction, shear
rate (or shear stress) and particle aspect ratio.

3. The interactions between wood flour particles and their effect on the rheology of wood flour
slurries.

4. The interactions between wood flour fibers and suspending fluids and their effect on the
rheology of wood flour slurries.

Obviously, investigation of the effect of each of the variables mentioned above on the
rheological behavior of wood flour slurries will not be easy. It will involve the use of very
difficult experimental techniques and a great amount of research efforts. But often this is how
scientific knowledge is acquired.

2.5 CORRELATION OF DATA USING AN EXPONENTIAL EQUATION

As was mentioned earlier, the relative viscosity, n,, dependence on shear rate, v, can be
accurately represented by:

-2 (2.21)
'.Y(nf' ns)

r

where

m, = aconstant, m, = n_at v = 1 sec’
n; = "power law" flow index of the fluid
n, = "power law" flow index of the slurry
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Since Equation 2.21 gives the dependence of n_on v accurately, it is a good equation to use to

develop an expression for the dependence of n, on ¢ and on 7. Thus, it is necessary to
incorporate the dependence of n, on ¢ in Equation 2.21. From the data, it was noticed that both
m, and (n, - n,) varied with ¢. Consequently, two correlations are needed. The first correlation
should give the dependence of m, on ¢, while the second should give the dependence of (n - n))
on ¢.

The dependence of m, on ¢ was discussed before. It was shown that Brodnyan’s (1959)
equation gave values of m, which were too low, whereas the modified Brodnyan equation gave
values of m, which were closer to the measured values but the fit was far from exact. Another
attempt was made to correlate m, and ¢. This endeavor led to an expression which gave a
slightly better fit of the data than the modified Brodnyan equation. Nevertheless, the fit was still
not exact. This attempt was based on the correlation of [(m, - 1)/¢] versus ¢ using the non-
linear least squares regression method. The form of the resulting expression was:

m, = B¢ Exp (B'p) + 1 2.22)

Equation 2.22 is still an expression with an exponential term in ¢. Thus, it is similar to
Brodnyan’s equation. Based on the data for each slurry the final equations were:

for WE/DC23 at 41°

m, = 11.657¢ Exp (24.908¢) + 1 (2.23)

for WE/TR12 at 65°C
m, = 11.0¢ Exp (38.942¢) + 1 2.24)

for WEF/TR12 at 93°C
o = 33.34¢ Exp (33.241¢) + 1 (2.25)

Using Equations 2.23 - 2.25 values of m, were calculated for each slurry. Calculated values of
m, for WF/DC23, WF/TR12 (at 65°C) and WF/TR12 (at 93°C) slurries are shown in Tables
2.12 - 2.14, respectively. As can be seen from these tables, calculated values of m, are often
not very close to the measured values; however, the quality of the fit of the data is slightly
improved over that obtained using the modified Brodnyan equation.

Having obtained expressions for the dependence of m_ on ¢ the next task was to determine
the dependence of (n; - n) on ¢. The shear rate power index, (n; - n,), was correlated as a
function of ¢ using linear regression. The calculated and experimental values of (n - n) of
WF/DC23, WF/TR12 at 65°C and WF/TR12 at 93°C slurries are given in Tables 2.15 - 2.17,
respectively.
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Table 2.12. Values of m, for WF/DC23 Slurries.

Vo]ﬁ;ngElgg:on, Mea;ured Ca]c;]ated
% 0 (o
0.0341 2.18 1.93
0.0694 4.43 5.56
0.1059 12.94 18.26
0.1437 97.83 61.05
0.1828 196.13 203.30
0.2234 642.93 680.64

Table 2.13. Values of m, for WF/TR12 Slurries at 65°C.

Wood Flour

Volume Fraction, Measured Calculated
¢ Mo Mo
0.0384 2.87 2.88
0.0777 16.64 18.62
0.1181 168.84 130.12
0.1594 762.15 871.36
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Table 2.14. Values of m, for WF/TR12 Slurries at 93°C.

Wood Flour

Volume Fraction, Measured Calculated

) Mo M
0.0377 5.7 5.4
0.0764 16.2 33.3
0.1162 317.8 185.4
0.1570 1,304.6 967.9
10.1989 7,218.5 4,932.7
0.2420 14,649.9 25,000

Table 2.15. Calculated and Experimental Values of Shear
Rate Fower Index of WF/DC23 Slurries.

Vol oad F o Experimental Calculated
¢ ’ (ng=ng) (ng=ng)
0.0341 0.094 0.079
0.0694 0.201 0.241
0.1059 0.352 0.410
0.1437 0.696 0.584
0.1828 0.792 0.764
0.2234 0.893 0.951
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Table 2.16. Calculated and Experimental Values of Shear
Rate Power Index of WF/TR12 Slurries at 65°C.

v o]ﬁr?nngi;gg on, Exp(enri_n:‘en)tal Ca(1ncu_1nat)ed
¢ f's fs
0.0384 0.055 0.066
0.0777 0.233 0.268
0.1181 0.578 0.477
0.1594 0.634 0.689

Table 2.17. Calculated and Experimental Values of Shear
Rate Power Index of WF/TR12 Slurries at 93°C.

v o]‘:ﬁgdf,f‘;gg on, Exp(en rimen)ta] Ca(1ncu_1nat)ed

¢ f's f s
0.0377 0.179 0.226
0.0764 0.254 0.320
0.1162 0.569 0.417
0.1570 0.518 0.516
0.1989 0.651 0.618
0.2420 0.650 0.723
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The dependence of (n, - n,) on ¢ was roughly linear. Thus, the expression used to correlate
this dependence was:

(ng-n) =b'¢p + b" (2.26)

where b’ is the slope of the straight line and b" is the intercept. The calculated values of (n; -
n,) for each slurry were obtained using Equations 2.27 - 2.29

E D 41°
(ng - n,) = 4.6068¢ - 0.0783 2.27
for WF/TR12 at 65°C
(n~n) = 5.1536¢ -0.1321 (2.28)
ard for WE/TR12 at 93°C
m, = 33.34¢ Exp (33.241¢) + 1 (2.29)

Based on Equations 2.21, 2.22 and 2.26 the final expression for the dependence of the
relative viscosity, n,, on wood flour volume fraction, ¢, and shear rate, v, can be written as:

Equation 2.30 is similar to Brodnyan’s (1959) equation in that it uses the exponential expression

in . However, it accounts for the dependence of n, on + while Brodnyan’s equation does

not. Also, the dependence of n_on particle aspect ratio, q, is included implicitly in Equation
2.30. If several sets of particles with uniform but varied aspect ratios were available, the effect
of q can be incorporated into Equation 2.30 in any or some of the coefficients B, B, b’ and b".
For example, if B’ were to be a function of q, then Equation 2.30 could be written,

Equation 2.31 is even more similar to Brodnyan’s equation. Similarly, the effect of other
variables like temperature, T, can be incorporated into Equation 2.30. This equation is not
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_ BoExp[2.5¢ +f(q)¢] +1
‘,7 (b’é ’b//)

2.31)

r

completely consistent mathematically since when ¢ = 0 the numerator becomes unity while
the denominator does not. This should not pose any problems. On the other hand, it is
consistent mathematically when both the fluid and slurry are Newtonian, since n, = 1 and

ng = 1, giving (n; - ny) = 0 and the dependence of n, on ¥ is eliminated. However, this
equation may lack the theoretical consistency that Brodnyan’s equation possesses. Also,
Equation 2.30 does not have the possibls predictive power of theoretical correlations, since
it is completely based on fitting of the data. This means that the data must be obtained
first and then the empirical correlation can be attained. Thus, there is no convenient
substitute for rigorous theoretical correlations. Yet, theoretical correlations are usually
derived based on many simplifying assumptions that often make their predictive power
almost useless. This will illustrated before, where an attempt was made to fit the data of
WEF/DC23 slurries using Brodnyan’s equation. Consequently, if the rheological behavior of
a certain slurry is required, the best and most accurate approach would be to conduct
experiments to determine the rheology of the slurry in question. Meanwhile, theoretical
correlations and previous research efforts can often provide some clarifying insight and
general guidelines about the possible rheological behavior of the slurry. Finally, aithough
empirical correlations like Equation 2.30 are of limited utility, they may prove convenient
in process design calculations involving the use of computers. This is due to the fact that
it is often easier to use equations in computer programs rather than inserting various values
of data obtained from charts or figures.

Having discussed the advantages and disadvantages of empirical correlations like
Equation 2.30, the specific equation for each slurry can be rewritten as:

for WE/D at 41°

_ 11657 Exp (24.908¢) +
r T (5-1536¢ - 0.1321)

(2.32)

for WEF/TR12 at 65°

11.0¢ Exp (38.942¢) + 1
,(5-1536¢ - 0.1321)

n, = (2.33)

(3]
1
w
¢ 9]




|

for WF/TR12 at 93°C

_ 33349 Exp(33.241¢) + 1

(2.34)
;2.43¢ +0.1348

n,

Using Equation 2.32 the values of n, for WF/DC23 slurries were calculated at various ¢ and 7.
The calculated values of n, for these slurries are presented in Table 2.18, whereas the measured
values of n, are shown in Table 2.19. Similarly, Equation 2.33 was used to calculate n_ for
WEF/TR12 slurries at 65°C, while Equation 2.34 was used to calculate n, for WF/TR12 slurries
at 93°C. Calculated and measure values of n, for WF/TR12 slurries at 65°C are presented in
Tables 2.20 and 2.21, respectively, while calculated and measured values of n, for WF/TR12
slurries at 93°C are shown in Tables 2.22 and 2.23, respectively. As can be seen from Tables
2.18 - 2.23, the measured and calculated values of the relative viscosity 7, are not that close.
This is due to the fact that correlations of m, and ¢ are not exact and thus they introduced some
error. Similarly, correlations of (n; - n,) and ¢ were not exact and they also introduced some
error. These errors might cancel each other at times and at others the error may be compounded.
Values followed by an asterisk in Tables 2.20 - 2.23 were obtained by extrapolation, and thus
do not represent actual data.

2.6 INSTRON RHEOMETRY DATA ON MODEL COMPOUND SLURRIES

The viscosities of concentrated wood flour slurries at medium to high shear rates cannot be
obtained on the Haake Rotary Viscometer; instead, one must use the Instron capillary Rheometer
in order to apply sufficient pressure upon the slurries to obtain high shear rates. The University
of Arizona did not have an Instron Capillary Rheometer, so that this required data was
subcontracted to the University of Lowell. The University of Arizona provided the wood flour
(obtained from the Albany DOE plaut) and the various polyethylene model fluid carriers.

The Instron Capillary Rheometer is a unit that is attached to a conventional Instron
Tensile/Compression machine. Pellets of resins are melted in a pressure chamber, after which
a piston plunger forces the viscous melt through precise-dimensional capillaries. The true shear
stress and shear rate at the wall can be calculated, and adjusted by known theory for the entrance
and exit losses of pressure differential. The results are usually correlated by the power law
equation:

o - ki 2.35)

where
o = shear stress

vy = Apparent shear rate.
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The constants K and n can be determined over short ranges of shear rates of interest.

As described earlier in Part 2, blends of a high molecular weight LDPE (Dow Grade 515)
and a very low molecular weight polyethylene (Allied Chemical AC6 PE) were made to provide
a range of viscosities for these fluid carriers of wood flour in concentrated slurries. Typical
properties of these polyethylenes are given in Table 2.24.

The experimental data obtained for these blends, using the Instron Capillary Rheometer, are
shown in Table 2.25. Various shear rates at the corresponding shear stresses for these model
fluid carriers for wood flour are shown in Figure 2.28. The n values of the power law equation
were calculated and summarized in Table 2.26.

2.7 ADDITIONAL RHEOLOGY STUDIES

The importance of the rheology of concentrated wood flour slurries cannot be over-
emphasized. Thus, additional work was conducted as funds and time were made available.
Some important early work was conducted at the University of Lowell by Yang (1981). Some
additional rheological concepts for concentrated slurries were studied by Lezzar (1983).

2
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Table 2.24. Typical Properties of Allied Chemical AC6 PE and Dow LDPE 515

AC6 PE v ___LDPE 515
Appearance Fine White Powder White Pellet
Softening Point 222°F (106°C) (ASTM E-28) 208°F (97°C) (ASTM D-1525)
Density (g/cc) 0.92 (ASTM D-5) 0.919 (ASTM D-792)
Viscosity 200 cps 2130 poise at 190°C
at 140°C (Brookfield) (shear rate 1,000 second™)

2-67




- Table 2.25. Instron Capillary Rheometer Data on Model Fluid Carriers

Cross-Head | o i | ,
e Speed ,_Shcar Rat,ef' o Pl_ur_lger | Shear Stress
e | e R | e A YO
(a) Data for 100% LDPE at 210°C
| 0.06 3.5 12 105 2.02 0.54 |
0.2 11.6 24 21 2.32 1.06
0.6 34.8 47 413 2.62 1.54
2.0 116.0 89 782 2.89 2.06
6.0 348.0 156 1370 3.14 2.54
(b) Data for 75 wt. % LDPE/25 wt. % AC6 PE at 150°C
0.06 3.5 8.0 70.0 1.85 0.54
0.2 11.6 18.0 158.0 2.20 1.06
0.6 34.8 34.5 303.0 2.48 1.54
| 2.0 116.0 67.5 593.0 2.77 2.06
| 6.0 348.0 122.0 1070.0 3.03 2.54
(©) Data for 50 wt. % LDPE/50 wt. % AC6 PE at 150°C |
0.2 11.6 3.6 31.6 1.50 1.06{
0.6 34.8 8.6 75.5 1.88 1.54
2.0 116.0 17.0 149.0 2.17 2.06 |
6.0 348.0 46.0 404.0 2.61 2.54
(d) Data for 25 wt. % LDPE/75 wt. % AC6 PE at 143°C
0.2 11.6 0.4 3.5 0.55 1.06
0.6 34.8 0.6 5.3 0.72 1.54
2.0 116.0 2.2 19.3 1.29 2.06
6.0 348.0 5.4 47.4 1.68 2.54
20.0 1160.0 164 144.1 2.16 3.06
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) " Table 2.26 Summary of Calculated n Values of All Formulations "

Concentration of Resin Blends "

Ingredients of
Resin Blends 30% 40% 50% 100%
75% wax o 0.43 0.45 *0.86
25% LDPE

" 50% wax 0.36 0.42 0.44 *0.70
50% LDPE
25% wax 0.36 0.37 0.40 *0.59
75% LDPE
100% LDPE 0.24 0.25 0.39 *0.57

* Data obtained on Instron rheometer. “

*% Material does not flow like a continuum. "
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Figure 2.28. Apparent Shear Rates as Function of Shear Stress

for Model Fluid Carriers for Wood Flour.
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2.8 NOMENCLATURE

B = Parameter in Equation 2.22.

B’ = Parameter in Equation 2.22.

b = Coefficient in Equation 2.18.

b> = Slope in Equation 2.26.

b" = Intercept in Equation 2.26.

¢ = Solid mass frction.

K = Interaction coefficient or crowding factor.

L = Particle length

m = "Power law" constant.

m, = "Power law" constant.

m, = Coefficient in relative viscosity equation

n = "Power law" flow behavior index

n;, = "Power law" flow behavior index for fluid

n, = "Power law" flow behavior index for slurry or suspension
q = Axis ratio or particle aspect ratio, L/D

t = Time

m’ = a constant for the slurry in Equation 2.6.

m” = a constant for the fluid in Equation 2.7.

v, = x-Component of velocity.

¥ = Rate of deformation or shear rate.

§ = Shear stress.

n = Apparent viscosity, used for non-Newtonian materials.
ne = Apparent viscosity of fluid.

n, = Apparent viscosity of slurry or suspension.

n. = Relative viscosity, used for non-Newtonian materials.
p = Viscosity, used for Newtonian materials.

e = Viscosity of fluid.

B, = Viscosity of suspension.

B, = Relative viscosity, used for Newtonian materials.
1 = Shear stress tensor.

¢ = Solids volume fraction.

p' = plastic viscosity

n, = Apparent viscosity at time t.

n, = Apparent viscosity at time o.

¢* = Critical solids volume fraction or concentration.
v = Yield stress.
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PART 3

SCALE-UP OF THE EXTRUDER-FEEDER AND
PRELIMINARY ECONOMIC EVALUATION

3.1 INTRODUCTION

The feasibility and operability of the extruder-feeder was proven during the period 1978-
1980, and its operating characteristics were determined as reported in Parts 1 and 2 of this final
report. In order to determine its merits as the pumping and preheating stage for a biomass direct
liquefaction process, scale-up calculations and a preliminary economic evaluation was performed
during 1981, as reported in this Part 3 section.

This work formed the basis for then designing a continuous bench-scale extruder-feeder
biomass liquefaction unit. This work showed that the extruder-feeder is a promising unit
operation in biomass liquefaction.

Some remarks regarding operability and performance are as follows:

1. The vacuum bottoms from the Albany fractionator can be utilized as the fluid carrier for
the wood flour feedstock.

2. The viscous dissipation of the vacuum bottoms (internal friction) has been shown to be
some 20- to 30-fold less than viscous plastics, and hence require less than half of the
horsepower (Hp) needed for low-density polyethylene. In fact, only about one-fourth as
much Hp is needed for pumping the wood flour slurry into a 3,000 psi pressure reactor
and the other one-fourth is used to preheat the slurry from 80°F to 300°F.

3. Due to the viscous dissipation of 50 and 60 wt. % WF/vacuum bottom slurries being so
much less than plastics, the extruder-feeder can be operated at a much higher screw rpm.
This means that a given extruder-feeder can have a much higher capacity for a given
capital investment. Only a small fraction of this potential has been scaled into the
projected commercial units evaluated in this Part 3 section.

4. The extruder-feeder-preheater system is the only known system w'ich has the potential
of circulating hot reactor effluent back to the feedstock without reducing pressure, because
it does not need a low-viscosity oil to dilute the wood flour slurry for proper pumping.

S. The extruder-feeder has proven to have much flexibility, both in design factors and
operating factors. Design factors include extruder size (sizes available up to 24-inch
diameter), screw compression, screw pitch, channel depth and screw speed. Operating
factors include screw speed, temperature profile, slurry concentration and carrier oil
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viscosity. In other words, a choice can be made of several different combinations of these
factors.

6. The extruder-feeder-preheater system is the only known system that can recycle the heavy
ends of liquefaction products in such high-concentrations and thus offer the potential of
converting these ends to a lighter, less-viscous, more-useful product. Exxon has recently
discovered that this is advantageous in coal liquefaction, resulting in higher overall yields
of light oils.

7. The operability of the extruder-feeder has proven to be very reliable. No plugging was
experienced in the preliminary runs (from even concentrated slurries), and outlet pressures
and temperatures were closely controlled. Thus, this system appeared to be well-adapted
for a continuous process, especially where temperature and residence time should be
closely controlled.

3.2 EXPERIMENTAL DATA FOR SCALE-UP PURPOSES
The experimental data generated in Parts 1 and 2 were used for this scale-up work.
Additional experimental data was generated directly related to scale-up, and these data are

summarized later in this section.

3.2.1 Energy Balance for Extruder-Feeder

If an energy balance is made around a typical extruder-feeder, the major energy inputs
are the extruder-feeder screw drive and the barrel heaters. The energy outputs are the heat loss
from the barrel to the cooling system, a negligible loss from the gear reducer and thrust bearing
system, the hydraulic energy necessary to pump the plastic material against the die pressure, and
the heat content of the material leaving the extruder-feeder.

A modern extruder-feeder operates nearly adiabatically. The thermal energy introduced
by barrel heating is equivalent to the thermal energy lost by the barrel cooling plus other cooling
losses. The energy necessary to pump against the die pressure is equal to about 5 to 10 percent
of the total energy requirement. This analysis shows that almost all of the applied horsepower
is used to heat the thermoplastic material from inlet to outlet temperature. This generalization
invokes an encouraging potential for the extruder-feeder to act as low cost pump on highly
concentrated finely ground cellulosic slurries to improve the economics of direct liquefaction of
wood to yield synthetic fuels, especially when the remaining 80 percent of the input energy can
be furnished mainly by steam injection which itself takes part in the thermochemical catalytic
process as a reactant. The theoretical horsepower can be determined simply by knowing the
throughput of the extruder-feeder, the heat capacity of the feed material and the temperature rise
from the inlet to the outlet of the extruder-feeder.

A number of formulas have been developed for determining the drive power requirements
for extruders (Glanvil 1971, McKelvey 1962, Middleman 1977, Tadmor and Klein 1970). One
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method of calculating power requirements is by an energy balance of the extruder-feeder, that
is as follows:

oa P

P,+q=COnT+ - + H, 3.1
where:
P, = mechanical power to screw
q = electric power to heaters
C,aT = enthalpy of the particular material
P = pressure rise in extruder-feeder
H = heat loss from radiation and conduction
P = melt density

A series of careful experimental runs were made on the Prodex extruder-feeder for energy
balances. The total electrical power, the enthalpies of feedstocks and products from mass flows
and temperatures, heat losses from a well-insulated barrel and heat losses to cooling water at the
feed throat were all measured as carefully as possible. A computer program and data acquisition
system assured lined-out extrusion conditions.

A total of 15 experimental runs for fresh LDPE, LDPE regrind and 50 wt.% wood
flour/50 wt.% vacuum bottoms are summarized in Tables 3.1-3.3 and Figures 3.1-3.3. The
major sources of errors were probably as follows:

1. The assumption of a ten percent loss in electrical motor power due to gearbox and
varidrive motor.

2. A power factor of 0.65 was assumed at 40 rpm. In general, the power factor is a
function of the load and varies from as low as 0.65 at 40 rpm to as high as 0.75. The

value may be as high as unity at 80 rpm. This is equivalent to an error of approximately
1,800 Btu/hr in this case.

3. Errors due to calibration. Depending on the frequency of use and type of resin, the
transducer calibrations tended to deviate with time. However, these deviations were
minimal.

3.2.2 Power Requirement

The data above for energy balances were used to calculate power requirements for the
extruder-feeder. In addition, the power consumption for various experimental runs with an
insulated barrel were recorded, for example, as shown in Figures 3.4-3.6. As one might expect,
the power is mainly a function of the output rate, as correlated here as a function of screw speed.
The major causes for the scattering of data were different outlet temperatures, outlet pressures
and feedstock viscosities.
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The feedstock viscosities have a major effect upon viscous dissipation, wherein a viscous
mix generates heat by friction in the extruder-feeder. Fundamental data for this affect upon
power requirements were determined at the University of Lowell by (Schott 1981, Yang 1981).
A Brabender Plasti-Corder PL-V 150 with a torque mixing head was used for the experimental
work.

The feedstocks were prepared by fluxing mixtures of LDPE and PE-AC6 into the desired
polyblends, using a two-roll mill to assure a uniform blend:

LDPE, | PE-ACS,
wt. % wt. %
100 0
75 25
50 50
25 75
0 100

The material from the two-roll mill was then ground on the Wiley Mill, and then used for the
power test runs as such, or mixed with wood flour for 50, 60, and 70 wt. % wood flour slurries
for making power tests.

Torque rheometer readings were made continuously at different mixer speeds with the heat
transfer liquid in the mixer jacket held at 13°C. A given material was always fluxed fur 18
minutes after the fusion point. The sample was placed in the mixer by using the quick loading
chute, and holding it in the mixer for three minutes heat-up time. The mixer was then started
and the rotor was set at 120 rpm. Skill is needed to take data under isothermal conditions due
to viscous heat dissipation. The technique used was to first set the jacket temperature at some
higher temperature, then stop the mixer to let the mix fall 5-10°C below the jacket temperature.
The mixer was started and as the sample heated, the torque was noted at the time the sample
reaches the jacket temperature. The torque is recorded continuously on a strip chart recorder as
a function of time. Since torque (mekg) is work, then the integrated area under the torque trace
is determined. This is used in Equation 3.2 as the T(t)dt term, as given later.

The total work consumed in mixing 40-70 weight percent Albany plant wood flour in PE-
AC-6 from a total of two minutes to a total of 20 minutes is given in Figure 3.7. The
horsepower, expressed as joules per rrinute x 10, can be obtained by taking the slope over the
12-20 minute range, giving the following results:
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Slurry Composition

Joules/Min/54 g » x 10

70 wt. % Wood Flour

0.40

60 wt. % Wood Flour

0.28

50 wt. % Wood Flour 0.03

For wood flour slurries in 50 LDPE/50 AC-6 liquid, the total work is shown in Figure

3.8. The corresponding horsepower requirements are given below.

For wood flour slurries in 75 LDPE/25 AC-6 liquid, the total work is shown in Figure

““i. Slurry Composition Joules/Min/54 g e x 10*
70 wt. % Wood Flour 0.80
60 wt. % Wood Flour 0.65

;O wt. % Wood Flour 0.58

3.9. The corresponding horsepower requirements are given below.

S Slurry C‘omposition:

Joules/Min/54 g « x 10°*

70 wt. % Wood Flour

1.05

60 wt. % Wood Flour

0.75

The power consumption in this particular unit was calculated from the calibrated equation:

W = 275,(3.8) j " T dr (3.2)
h
where:
w = total work, joule
Sg = Rotor rpm, 1/min.
Tt = Torque, mekg

Time, min.

The work required over a wide range of carrier fluid viscosities for wood flour

concentrates from 50 to 70 wt. % wood flour was determined experimentally, and is recorded
in Table 3.4.
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Table 3.4. Power Consumption of Wood Flour Slurries

" time (min.) |

(a) Resin Only--No Wood Flour

Cumulative Power Consumption (Joules/Kg), x 10

' 75% AC6PE |  50% AC6PE | 25% AC6PE

' 25%LDPE. |  50%LDPE ' 75% LDPE
2 0.51 1.17 3.11
4 0.74 2.26 5.65
6 0.91 3.25 7.96
8 1.04 4.20 1.02
10 1.16 5.10 1.23
12 1.27 5.95 1.44
14 1.37 6.67 1.64
16 - 7.57 1.84
18 - 8.34 2.04
20 - 9.10 2.24

" (b) Resin Carrier Fluid: 100% LDPE
Cutnulati&efPov?eﬁC}dnsﬂmpt'ion (Joules/Kg), x 10°
 Time  |70wWL % WE  |60w.%WE  |50wt % WF.

2 0.74 0.90 0.99
4 1.86 2.35 2.37
8 2.36 3.03 3.00
10 2.84 3.66 3.60
12 3.29 4.30 4.20
14 3.74 4.90 4.80
16 4.17 5.46 5.30
17 .- 5.75 .-
18 4.59 -.- 5.90
20 .- 3.82
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Table 3.4 (Continued)

() Resin Carrier Fluid: 75 wt. % LDPE/25 wt. % AC6 PE

'Cumulative Power Consumption (Joules/Kg), x 10
T 70wt % WF | 60wt %WF | 50wt % WF
2 0.59 0.67 0.61
4 1.15 1.17 1.09
6 1.63 1.60 1.50
8 2.06 2.00 1.87
10 2.46 2.37 2.22
12 2.85 2.73 2.56
14 3.22 -.- 2.88
16 -.- 0.0 3.20
18 -.- 0.0 3.50
20 -.- -.- 3.82
(d) Resin Carrier Fluid: 50 wt. % LDPE/50 wt. % AC6 PE
* Cumulative Power Consumption (Joules/Kg), x 10°%
Time Towt. %WE | 60wt %WF | 50wt % WF

2 0.46 0.49 0.39
4 0.89 0.86 0.69
6 1.27 1.18 0.95
8 1.66 1.46 1.20
10 2.01 1.72 1.44
12 2.33 1.97 1.66
14 2.63 2.21 1.88
15 -.- -.- 1.98
16 2.91 2.44 -.-

18 3.18 -.- -.-
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Table 3.4 (Continued)

(e) Resin Carrier Fluid: 25 wt. % LDPE/75 wt. % AC6 PE

Cumulative Power Consumption (Joules/Kg), x 10

Time 70 wt. % WF 60 wt. % WF 50 wt. % WF

2 0.43 0.49 0.24

4 0.74 0.83 0.40

6 0.99 1.08 0.54

8 1.24 1.28 0.66

10 1.47 1.46 0.76

12 1.69 1.63 0.86

14 1.92 1.79 0.96

16 2.13 1.94 1.05

18 2.34 2.09 1.14

(© Resin Carrier Fluid: 100 wt. % AC6 PE
Cumulative Power Consumption (Joules/Kg), x 10’
Time 70 wt. % WF 60 wt. % WF 40 wt. % WF

2 0.30 0.21 0.15
4 0.49 0.38 0.29
6 0.65 0.54 0.39
8 0.82 0.68 0.47 |
10 0.97 0.80 0.53
12 1.13 0.92 0.58
14 1.31 1.03 0.62
16 1.46 1.13 0.66
18 1.59 1.24 0.70
20 1.71 1.34 0.73
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3.2.3 Viscous Dissipation in the Extruder-Feeder

The conduction-convection equation has the following vector form:

pCpU-VT-kv2T+$V (3.3)
where:
k = Thermal conductivity of the melt
P = Density of the melt
G, = Heat capacity
T = Temperature
8) = Velocity vector
¢, = Volumetric rate of conversion of mechanical energy into heat

For an incompressible, Newtonian fluid, the viscous source is given by Bird, Stewart and
Lightfoot (1960) as:

d av?
¢, = -Txz % -l Ex‘i 3.9

For flow between concentric cylinders, there will be a linear velocity profile in the slit:

v, = Xlv 3.5
d
where:
d = Width of gap
X = Coordinate in gap
Vv = Maximum velocity of outer cylinder (inner cylinder is stationary)
A solution for the temperature profile in the slit is given as:

T-T x 1 x x
o - . + - Br — 1 e 3‘
T,-T, [d 2 [d][ d (3.6)
uVv?
Here Br = —— = Brinkman Number
k(T,-T,)

The Brinkman Number is a measure <f the extent to which viscous heating is important
relative to an impressed temperature difference (T, - T,). For this simple case, it is found that
if Br > 2, then there is a maximum in the temperature profile at an intermediate position
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between the two walls. For non-Newtonian fluids the viscous heating problem is further
complicated. Middleman (1977) reports the solution for viscous heating in an extruder with a
power law fluid in which a modified Brinkman Number is generated as follows:

nel
ﬁ-bTbBr-i&lf_‘z_ (3-7)
k B™!
where
B = Modified Brinkman Number
b = Temperature dependence of viscosity
K, = Viscosity at temperature, T,
T, = Temperature
U, = Velocity
B = Channel depth
n = Flow index of power law fluid
k = Thermal conductivity of the fluid

Two case studies are presented which compare the relative viscous dissipation effects in LDPE
and in a 40% wood flour/60% (25% LDPE, 75% ACS PE). The numerical calculation for these
two cases are given in Appendix B. The values of the modified Brinkman Number were 0.453
and 0.031 for the LDPE and the WF and mixtures of LDPE and AC6 PE, respectively.

It is to be noted that the modified Brinkman Number is 10 times larger for the
polyethylene but that both are less than 1.0. Middleman (1977) shows that 8 has a very strong
effect on the maximum pressure that may be developed in the extruder-feeder. Small values of
B give the highest pressure. Also, at a fixed pressure, the heat generation has a tendency to

increase output at a low pressure but to decrease it at a high pressure (see Figures 3.10 and
3.11).

In the Figures of Middleman’s book the following nomenclature is used:

Q

1r’Q -T,C08 6 = —w cos ¢ = dimensionless output
U

Z

2
PB

wUz

1r’P -7, (cosg)" = (cosd)" = dimensionless pressure drop
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between the two walls. For non-Newtonian fluids the viscous heating problem is further
complicated. Middleman (1977) reports the solution for viscous heating in an extruder with a
power law fluid in which a modified Brinkman Number is generated as follows:

bK, U
k Bn-l

B=bT, Br = @.7

z
a

Modified Brinkman Number
Temperature dependence of viscosity
Viscosity at temperature, T,
Temperature

Velocity

Channel depth

Flow index of power law fluid
Thermal conductivity of the fluid

FEWOHRT®

Two case studies are presented which compare the relative viscous dissipation effects in LDPE
and in a 40% wood flour/60% (25% LDPE, 75% AC6 PE). The numerical calculation for these
two cases are given in Appendix B. The values of the modified Brinkman Number were 0.453
and 0.031 for the LDPE and the WF and mixtures of LDPE and AC6 PE, respectively.

It is to be noted that the modified Brinkman Number is 10 times larger for the
polyethylene but that both are less than 1.0. Middleman (1977) shows that 8 has a very strong
effect on the maximum pressure that may be developed in the extruder-feeder. Small values of
B give the highest pressure. Also, at a fixed pressure, the heat generation has a tendency to

increase output at a low pressure but to decrease it at a high pressure (see Figures 3.10 and
3.11).

In the Figures of Middleman’s book the following nomenclature is used:

Q
UBW

4

1r'Q - m,CO8 6 = cos § = dimensionless output

2

x - 7, (cose)” = 5
pUZ

» (cos§)" = dimensionless pressure drop
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The data reported by White et al. (1981) showed viscous dissipation of both polyethylene
and the 40 wt. % wood flour 60 wt. %/(25 wt. % LDPE/75 wt. % AC6 PE) mixture. Figures
3.12 and 3.13 show these data again. It is noted that the LDPE gave a significantly higher rate
of viscous dissipation as predicted by the Brinkman Numbers. This give experimental proof that
the Brinkman Number predictions are correct.

- Corresponding to the data of Figures 3.12 and 3.13 one can also show the work expended
by the mixer motor as the viscous dissipation occurs. The work is highest for the 75 wt. %
LDPE/25 wt. % AC6 and decreases as the AC6 PE content goes up. No value for the pure
LDPE was measured. Dissipation of the wood flour slurry in which a 25 wt. % LDPE 75 wt. %
AC Wax has been used as the modeling fluid. The values are an order of magnitude lower than
the 75 wt. % LDPE/25 wt. % AC6 Wax mixture. The Brinkman Numbers were also an order
of magnitude apart and predicted this.

The latest data carried out at the University of Lowell (Schott 1981) show the same
measurements for wood flour/vacuum bottoms slurries. Since power is defined as work/time one
can see that the derivative (slope) of the graphs gives the power consumption. The power
consumption calculated from these slopes is shown in Table 3.5.

The above slopes were evaluated in the steady state region. This is the region that would
be encountered in the metering section of the screw. Instead, the non-linear region models the
feed and transition section. It should be noted that the values for the 50 wt. % wood flour, 50
wt. % (25 wt. % LDPE, 75 wt % AC6 PE) is close to the 40 wt. % and 50 wt. % wood
flour/vacuum bottom slurries. This indicates that the LDPE/AC6 PE combination was a good
choice as a modeling fluid.

3.2.4. Surface Friction of Cellulosics by Screw Simulator

As discussed in detail under the fundamentals of the extruder-feeder in Part 1, the surface
friction on the screw and the barrel are critical factors (Mount and Chung 1978, Chung 1977).
The characteristics of the feedstock and temperature differentials between the barrel surface and
the screw surface are the main factors that can be controlled.

Arrangements were made with Dr. C.I. Chung (1982), Materials Engineering Department,
Rensselaer Polytechnic Institute, Troy, New York, to determine the surface friction
characteristics of two stiff cellulosic slurries in his laboratory. He has developed a unique "screw
simulation” under National Science Foundation funding for use in evaluating solids conveying
in a plasticating extruder, and is believed to have the only unit available. His research has
contributed to an understanding of extruders in the polymers field, and his technique was utilized
to contribute to an understanding of concentrated cellulosic slurries.

A schematic of Dr. Chung’s "Screw Simulator” is shown in Figure 3.14. He has now

completed work upon two cellulosic slurries of quite different composition and physical
properties, as follows:
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Table 3.5. Power Consumption for Resin Carrier Fluids and Wood Flour Slurries

Material Composition, wt. % Slope (Joule/Kg/g-min) Power (H.P./Kg)
25% LDPE/75% AC6 5.67 x 10* 1.27
50% LDPE/50% AC6 4.08 x 10° 9.12
75% LDPE/25% AC6 1.02 x 10° 22.80
50% WF/50% (25% LDPE/75% AC6) | 4.80 x 10* 1.07
60% WF/40% (25% LDPE/75% AC6) | 8.20 x 10* 1.83
70% WF/30% (25% LDPE/75% AC6) | 11.05 x 10* 2.46
60% WF/40% Fresh Vacuum Bottoms | 1.14 x 10° 2.55
50% WF/50% Fresh Vacuum Bottoms | 7.44 x 10* 1.66
40% WF/60% Fresh Vacuum Bottoms | 7.05 x 10° B 1.56
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Figure 3.14. Schematic of the Chung Screw Simulator.
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1. Pellet -- Consisting of 80 weight percent sawdust with 20 weight percent Allied Chemical
AC6 PE powder, blended as discrete solids and pelletized in a California Pellet Mill.

2. Chip -- Consisting of 50 weight percent Albany sawdust, 25 weight percent AC6 PE and
25 weight percent low-density polyethylene, masterbatched in an extruder and made into
a "chip” by grinding in a plastics regrind machine.

Some significant preliminary conclusions can be drawn from the data on these test samples. The
friction of coefficient can be lowered by a factor of three by heating the “screw roll” to 200°F,
compared with operating at room temperature, as shown in Figure 3.15. This is significant for
the performance of an extruder-feeder, whereby the frictional forces on either/both the barrel and
screw can be decreased/increased by appropriate heating or cooling. This provides considerable
flexibility in the operation of a given extruder-feeder, and also in the design of units intended
for cellulosic slurries. It is also encouraging that pressure does not affect significantly the
friction coefficient of a given sawdust slurry, as shown in Figure 3.16.

3.3 SCALE-UP CALCULATIONS FOR EXTRUDER-FEEDER

The correlations of extruder-feeder operating data in Part 1 was directed toward (a)
understanding the variables of the operating conditions of a given extruder-feeder, and (b) how
to design and scale up to a larger unit. Sufficient operating experience was achieved so that
meaningful correlations and modeling of the above objectives could be started in mid-1981.

3.3.1. Scale-up Models for Extruder-Feeder

There are subtle but important factors that require a modified extruder-feeder model for
cellulosic slurries, different from those used in the plastics field. First, the conveying of slurry
solids is more analogous to the "feed” and "metering” sections of a plasticating extruder, than
that in the "melting section” of such an extruder. Second, the apparent viscosity term is different
due to the friction and interference among the slurry solid particles. Third, the screw design and
speed of rotation can be different due to a different mechanism and quantity of internal heat
dissipation (Squires, 1962). Fourth, a wider range of extruder operating conditions may be
possible based on heating the screw and cooling the barrel wall and on the large effect of
temperature upon friction coefficients. Fifth, a shorter extruder-feeder running at higher speeds
for higher throughputs appears feasible. Sixth, it may be necessary to introduce a friction term
into the model, independent of the apparent viscosity term, in order to handle so-called internal
friction between slurry particles (Pearson, 1966, Harmann and Harper, 1974 and 1975).

Despite these subtle differences between plasticating and biomass slurry feeding extruders,
it would be unreasonable not to utilize as much as possible the wide experience of extruder
modeling that exists in the plastics field. Therefore, work using plasticating extruder models was
begun in June, 1980, and a brief summary of the more important approaches is given below.
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1. Tadmor & Klein Model (1970)

)
Q-aEXNFd[I— Hf] Pexp  (P-P,L)(14£) 3.8

Where:
N = Frequency of screw rotation, revolution/sec.
§; = Flight clearance, cm.
H = Channel depth, cm.
m =  viscosity, dyne x sec/cm>
P,-P, =  Pressure drop, dyne/cm?
L = Screw lead, cm.
and the values of agy, Bgx, Fy, F, and f; are as follows:

2 [ ry

Ry = r D: H Cos_o - ep. sin 4, cosé,
2 Cos 6, 7D,sing,

r

cos8 _ ep
12 cos 6, wD,sing,

‘ sing , sing

F, =

Fd 2W

16 W w— 1 irH
E ) tan h
w3 H 135 i

192H
W i35

F,=-1-

3 10 O B Vull8) Trelw

w  H3(dp/dZ) tan’e
1 +p./y. (H/&_f)z'e/W

]

LB,
W,

Inside barrel diameter, cm
Helix angle, radians

<
i
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Average helix angle

helix angle at the barrel surface

Width of screw flights, perpendicular to the flights, cm

Number of flights in parallel

Width of screw channel

Heat transfer coefficient, cal/cm® °C sec

Viscosity

Viscosity in the flight clearance, dyne sec/cm?

Velr:ity component of V,, in the down channel direction, cm/sec
Rectangular coordinate (down channel direction), cm

2 henkel Model (196

Output flow rate:

N

Q - QD - Qp - QL (3.9)
where:
- 2
Q = Drag Flow = Td(d fan 026) Hn_Coss
- 3 si P,-P
Q = Pressure Flow = (rd tan 9 -e) H” sing cosg 275
121 L
27253 P.-P
Q = Leakage Flow = L d®s” rang 375
12n'e L,

where
d = barrel diameter
J =  Radial clearance
H =  Channel depth
8 = Helix angle, radians
n = Speed
P,-P, . . _

7 =  Pressure drop in the metering section (assumed constant)
n = Bulk viscosity
n’ = Viscosity in the clearance
e = . Land width
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3. _Simplified Model

3
0-1rp,cos s war, N-¥L AP g (3.10)
2 12uZ
where:
D, = Inside barrel diameter
4 = helix angle, radians
w = Width of screw channel
H = Channel depth, cm
N = Frequency of screw rotation, rpm
M = Viscosity
AP = Pressure drop, dyne/cm®
Z = Rectangular ccordinate (down channel direction)
Fpb = Drag flow shape factor
F, = Pressure flow shape factor

in short notation: Q = AN - CA_P
I

Two extreme conditions provide useful measures of extruder performance.

1. If there is no die resistance AP = 0, and
Quax = AN (3.11)
2. At the other extreme, if the die resistance is very large, extruder develops it maximum

pressure but produces no output. Thus

AP -2 N (3.12)

A & C can be determined experimentally for a given extruder.
4. Initial Scale-Up Model

The power requirement of an extruder can be predicted from the performance of a
geometrically similar model extruding the same slurry at the same frequency of rotation.

In this case, we let the screws of the model and the large extruder differ in size by the
factor X

where:
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X= == _ = — = erC. (3.13)

Width of flight

Diameter of screw

Channel depth

Length of screw

Clearance between screw flgiht and barrel
Helix angle

and the letters with the prime represent the large extruder and the letters without the prime
represent the model extruder. It should be noted that the operating conditions and fluid
properties are the same.

McKelvey (1962) showed that the power of the large extruder is equal to that of the model
times X°.

Thus:
(POWER),,,, =X* (POWER),, (3.19)
E LARGE | SMALL
AP = | AP
Q =1XQ
POWER = | X’ (POWER)

The above equations apply to Newtonian fluids and non-Newtonian fluids following the power-
law model.

A rule of thumb proposed by Schenkel (1966) is:

(POWER),, ., = (POWER),,., X>°% 3.15)

Where:



Tl -To

<
|

T,-To
To = Feed temperature
T, = Intermediate temperature in Zone L,
T, = Output temperature

Obviously, if T, = To, then:

(POWER),,,, = (POWER),,,, X* .16

3.3.2. Calculation of Typical Extruder-Feeder Output Rate

some correlations of extruder-feeder output rates as a function of screw speed, feedstock
viscosities and feedstock concentrations were reported in Part 1. Numerous other calculations
were made that have been reported in various quarterly and Interim Reports to the DOE, but are
too voluminous to report here. In summary, one weighted correlation of screw speed, flow rate,
and drag flow coefficient for using the Albany vacuum bottoms in a 50 wt. % wood flour slurry
was as given in Table 3.6.

Range of Extruder-Feeder Shear Rate Requirements

It is important to note that the desired extruder-feeder output pressure of about 3,000 psi
can be generated at very low shear rates, due to the very high viscosities exhibited by
concentrated wood flour slurries. The screw design used for this successful development of the
extruder-feeder has shear rates as shown in Figure 3.17. These shear rates for a range of 40-140
screw rpm are about 50 to 160 sec”’, compared with conventional plastics extrusion shear rates
of around 1000 sec’’. This means that much lower power consumption will be experienced for
pumping concentrate slurries into pressure systems, in comparison to plastics on an output and/or
pressure generation basis.

3.3.3 Calculation of Activation Energy for Flow Consistency and Power Consumption
Considerable data was obtained for the rheology of concentrated wood flour slurries as
reported in Part 2, including data that allowed the calculation of activation energy for flow

characteristics. The activation energy as calculated from the Arrhenius equation for flow
consistency is a sensitive measurement of viscosity-temperature dependence.

If the shear rate, 4 , is known, we can calculate the activation energy, E. , from the

equation:

5 = 2.025x107(e ™% 5 (3.17)
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Table 3.6. Typical Flow Characteristics for Wood Flour/Albany Vacuum Bottoms

Screw Speed Flow Rate Drag Flow
RPM Q* g/m Coefficient
Fd
50 223 0.80
70 261 0.67
80 335 0.75
90 380 0.76

* These flow rates are the average of several experimental runs.
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Equation 3.17 was obtained using the data of McKelvey (1962) (his Table 2.7) for polyethylene
in the temperature range of 108-230°C and is reproduced here in the form of a semi-log plot as
shown on Figure 3.18.

Knowing Ea and T, the viscosity is obtained from the equation:
b = A exp Ei/RT (3.18)

The values of A in the Equation 3.18 were obtained from experimental data obtained by Yang
of the University of Lowell (1981). For 100% LDPE, viscosities were obtained at three
different temperatures and three different shear rates as shown on figure 3.19. From this figure
at a constant shear rate (7.5 sec’’) we obtained viscosities vs. temperature at this shear rate as
shown on Figure 3.20 and the equation representing this graph was obtained as follows:

4 - 548.85 exp (8,453/RT) (3.19)
where
[0 = G
R = 1.987 cal/g mol °K
T = °K
E. = 8,453 cal/g mole
A = 548.85

A check for ¥ = 1.5 s shows that the value of 8.453 is close indeed to the value of 9.87
obtained from Equation 3.17.

3.3.4 Scale-up of the Extruder-Feeder Using the Model Polymer Resin LDPE

Throughout the development period of 1978-1981 for the extruder-feeder model, plastic
resins were utilized in addition to Albany vacuum bottoms, so that any serious errors in
correlations or scale-up calculations could be detected and corrected. The scale-up of LDPE in

our experimental extruder-feeder is shown below and example calculations aregiven in Appendix
C.

The correlations for obtaining F, after inserting the numerical values of the parameter of
the extruder-feeder as derived in Appendix C is:
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F, = (7.64x1077Q - 2.95-10°N) x 3.271 x 10° M (3.20)

AP
where:
Q = flow rate (g/min)
N = Rotational speed of screw (rpm)
T = Viscosity of feedstock (Ibses/ft)
AP = Pressure drop at the screw (Ib/ft?).

The calculations were made for several operating conditions and the results are summarized in
Table 3.7.

3.3.5. Calculation of Viscosity Values for Slurries of Wood Flour and Vacuum Bottoms

Viscosities can also be calculated from the flow rates and the die constant. Thus:

§ = 3.21)
0 _
where:
Ky = Die and valve characteristics
AP = Pressure drop over the die
Q = Flow rate through the die

K, was found to be 0.00033 cm® for the LDPE regrind experiment with the die valve close to
10.5 turns. We will use the above K, value for the following experiment: LDPE Fresh,
AC6 PE, wood flour mixtures of LDPE, AC6 PE and vacuum bottoms. All experiments were
made with the valve die. The data for several experiments and the calculated values of u are
summarized in Table 3.10.

Calculation of A, B, F,, F, and K,

From the experiments with open die we obtained values of A from which we obtained
values of F,. From experiments with the closed die the values of B and F, were obtained using
the values of A obtained above. Using the above values, K; were also obtained. Similarly, the
other necessary calculations were made, and are summarized before in Tables 3.8 and 3.9 for
other viscosities and wood flour concentrations in both model resin carriers and Albany vacuum
bottoms.
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Table 3.7 Summary of the Experimental Results for LDPE Regrind with 10.5 Turns ‘
and F; as a Function of Screw Speed.

N _ T b AP Q F,
RPM T E, °K b PSI g/min
(sec™) KCal/gmole) i
ﬁz
40 45.8 8.45 457 61.6 1450 175 1.53
50 57.3 7.65 458 51.3 1340 210 1.14
60 68.7 7.55 455 48.5 650 235 0.47
70 80.2 7.45 457 419 700 270 0.007
80 91.6 7.38 460 36.8 350 315 1.19

Table 3.8  Fresh LDPE and 10.5 Turns, Experimental Data and K; Calculated at Severai

RPM’s.
i lfs'i Ib,s/f2 g/gl'm o
40 5020 61.6 175 0.000323 4
50 4850 51.3 210 0.000334
60 5170 48.5 235 0.000332
70 5000 41.9 270 0.000340
80 5400 36.8 315 0.000323

Table 3.9  Summary of Flow Constants for Various Wood Flour Slurries

A F,
cm®
LDPE 0.000178 0.90
25 wt.% LDPE 0.00013 0.66
75 wt.% AC6
60 wt. % of above mixture 0.0600156 0.79
40 wt.% S.D.
40 wt.% S.D. 0.000132 0.67
60 wt.% V.B.
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Table 3.10. Calculated Viscosities for Wood

Flour/Albany
Vacuum Bottom Slurries.

N Q 1’1 P u

RPM g/min psi g/ce cp Material

40 365 1101 1.2 1,030,000 Vacuum Bottoms
40 325 690 1.2 347000 "

50 435 1606 1.2 604000 "

50 440 1663 1.2 6195000 "

60 470 1995 1.2 695000 "

60 465 2309 1.2 813000 "

60 460 2478 1.2 735000 "

60 497 2168 1.2 794000 "

40% Sawdust and 60%

40 150 372 0.77 261000 (25% LDPE/75% AC6 PE)
60 150 1225 0.77 858000 "

80 160 1475 0.77 969000 "

80 165 1935 0.77 1,232,000 "

80 150 2262 0.77 1,250,000 "

100 165 2000 0.77 1,274,000 "

100 170 2784 0.77 1,727,000 "

100 172 2453 0.77 1,500,000 "
120 188 3319 0.77 1,855,000 v

120 183 4218 0.77 .2,422,000 "

120 360 2122 0.77 619,000 "
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Qp 1 . A P H2 (3.22)

where
Ib;s
1 = 0.8 L
in?
AP = 1060 psi
Az = 14 in.
H = 0.078 in.
N = 40 rpm
D, = 1.75 in.

The substitution of these values would show that Q, is much smaller than Q,. This may he
generally true. Q, = Q, only when Q = 0 or the die valve is closed.

3.3.6. Calculation of Maximum Output Pressure

The maximum output pressure, AP, , that can be generated is obtained when Q = 0,

1 i .
namely thedlevalveclosidp _ 6 cos 9, NDyul i 6V, nl

H? sin 9 H? sin o 3.23)
By differentiating 9P with regard to H, one obtains the channel depth giving maximum pressure
az

rise for a certain flow rate. The value of H is:

. (3.24)
P=Prax w- Vbz
or the flow rate can be expressed as:
Q- % 2, (3.25)

The value of AP, is very important since this gives us the maximum pressure we can develop
for a certain system and by a certain extruder-feeder. In our case, we need some 3,000 psi in
order to pump the woed flour slurry into the liquefaction reactor. A numerical calculation is
shown in Appendix C.



we can achieve our 3,000 psi goal by either

max ’

If we assume that we want A P = % AP

increasing the rpm three-fold to 180 or consider the viscosity to be much higher than 100,000
C,, which is a very low and conservative viscosity for our system. To consider the value of
in the range of 300,000 to 1,000,000 C, for our system is quite appropriate.

3.3.7

The viscous dissipation was calculated in the metering section for polyethylene based on
the Newtonian adiabatic analysis given in the book by Middleman (1977). A sample calculation
for the temperature rise due to viscous dissipation is given in Appendix C. The power for
viscous dissipation was calculated using the following equation:

P, =QC,aT (3.26)
where:
Q = Flow rate
¢C = Heat capacity of the feedstock
AT = Temperature rise due to viscous dissipation.

A numerical calculation of the power for viscous dissipation is also given in Appendix C.
3.3.8. Calculation of Energy Balance for the Extruder-Feeder

The energy balance for the extruder may be written as:

Z+q=COrT+ QAP +H (3.27)
where:
yA = Mechanical power to screw
q = Electric power to heaters
C = Mean volume specific heat to plastic
Q = Volumetric extrusion rate
AT = Temperature rise in plastic
AP = Pressure rise in extruder-feeder
H = Heat loss in extruder-feeder from radiation and conduction

Equation 3.27 is simplified for the experimental runs on the 1.75-inch diameter extruder-
feeder at the University of Arizona since the unit was run without electrical barrel heating.
Equation 3.27 may thus be written:

Z-COrT + QaP + H (3.28)
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Further, direct readings were taken on the drive power of the motor and recorded on the
romputer. This drive power should be reduced by a factor of 10 to 20% since the electric motor
has about a 90% efficiency and the gear train is also about 85-90% efficient. Hence, Z . =
(0.9)(0.9)Z = 0.8Z.

The term QAP is rather insignificant and will account for less than 5% of the total power
consumed. Hence, as a first approximation, the energy balance will be:

Z-COrT + H (3.29)

in which the losses, H, will include those of the electric motor and the gear train. The smoothed
data of power consumption were used to make the energy balance. The resulis are summarized
in Tables 3.11 through 3.14. In each Table, the two rar right columns show the percent of the
power that goes into raising the enthalpy and the percentage of the power that is used to do
pressure work, i.e., the pumping efficiency defined by:

QAP

E - (100) (3.30)

The maximum value of E occurs for a helix angle of 0° and is 33%. For a helix angle between
10 and 20° the theoretical efficiency is 2bout 25%. This value will decrease significantly
because of leakage flow. It is seen that for an open die, the efficiency is less than 1 percent and
for a closed die, the efficiency is less than 5 percent. In the case of an open die approximately
60 to 70 percent of the power is used for viscous dissipation while for a closed die the value is
about 40 percent.

Similar power calculations were also made for the wood flour/vacuum bottom slurries and
pure vacuum bottoms. The results are shown in Tables 3.15 through 3.18. As expected, they
also show a viscous dissipation of 40 to 50 percent for a closed die. The pumping efficiency is
close to zero for an open die when AP is close to zero and increases with the product QaP. The
maximum efficiency is about 5% for pressures greater than 2,000 psi.

Based on all the extrusion data considered previously one can summarize the behavior of
the various compositions. The data show that LDPE is the most power intensive on a Hp/unit
mass basis while the fresh pure vacuum bottoms require the least power. The wood flour-
vacuum bottoms slurries require siightly less energy than the pure LDPE. The LDPE has the
highest viscous dissipation on a mass basis while the pure vacuum bottoms show the least. The
wood flour-vacuum bottom slurries have about 25% less viscous dissipation than the pure LDPE.
The viscous dissipation measured for the 40 wt. % wood flour/6) wt. % (25 wt. % LDPE/7S
wt. % AC6 PE) falls approximately on the same line as the wood flour/vacuum bottom slurry
and justifies the use of the 25 wt. % LDPE/75 wt. % AC6 PE mixture as a modeling tiuid for
use instead of vacuum bottoms.
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Table 3.11. Energy Balance for Extrusion of 40 wt. % Wood
Flour/60 wt. % (25 wt. % LDPE/7S wt. %
AC6PE). Die Open.

Q AT CAT 2 AP Q4P H (CQAT/Z)1C0 (QaP/I)100
g/min % WP HP psi HP HP 3 !
150 335 1.37  2.3¢ 70 2.19x10"° 0.97 58.5 0.09
200 343 1.75 2.95 70 2.92x1073 1.20 59.3 .10
250 339  2.15  3.55 60 3.14x10"> 1.40 60.6 0.09
500 337  2.56 4.15 60 3.76x107° 1.39 61.7 0.09
550 330 2.90 4.76 50 3.66x10™° 1.86 60.9 0.08
, - 3 _ an%=
A ssume ‘p_ = 46 1b/Lt . Tambient 80°F
€, = 0.65 3rw/16-F
Table 3.12. Energy Balance for Extrusion of 100% Fresh
LDPE. Die Closed.
Q AT CQT  Z AP QAP H (CQAT/Z)100  (QaP/2)100
3/min of HP HP  psi HP HP % %
150 370 1.44  3.82 4936  0.155  2.253 37.7 a.1
200 368 1.81  4.96 S150  0.215  2.84 38.5 4.3
250 350 2.57  6.07 4765  0.249 3.25 42.3 4.1
300 380 2.99  7.19 5068  0.318 3.88 41.6 4.4
tssuze C_ = 0.70 3tu/1n-°F T = 80°F
Assume C = 0.7 u/lb=-"F *a.mbient );
> = 46 1b/ft°
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Table 3.13. Energy Balance for Extrusion of 40 wt. % Wood ‘
Flour/60 wt. % (25 wt. % LDPE/75 wt. %
AC6PE). Die Closed.

Q AT CQAT y4 AP Q4P H (CQAT/Z)100 (QaP/=)100
2/ain  °F HP HP  psi HP HP % %

100 385 1.01 2.64 230 4.8x107° 1.63 38 .2

125 385 1.27 3.08 230 6.0x10"° 1.81 41 0.2

150 380 1.49 3.51 372 1.2x107% 2.01 42.3 0.3

175 357 1.61 3.94 2262 s.sxlo'z 2.25 40.8 2.1

200 340 1.73 4.35 4218 1.76x10° % 2.4a 39.8 4.0
Sstizated 3 = 46 1b/ft> T .. = 80°F

- i ambient ‘

E; = 0.64 Btu/lb-"F

Table 3.14. Energy Balance for Extrusion of 25 wt. %
LDPE/75 wt. % AC6PE Regrind. Die Open.

Q AT, CQAT z AP Q4P H (CQAT/2)100  (QaP/Z)100
g/zin  9F  HP HP  psi HP HP % %
-
150 400 1.59 2.14 29 9.1x10 0.54 74. 0.04
200 395 2.09 2.68 37 1.55x10™°> 0.58 78. 0.06
250 360 2.32 3.24 37 1.93x10"° 9.90 72. 0.06
300 340 2.59 3.79 40 2.51x107° 1.18 68. .07
Assuze C_ = 0.70 Btu/1b-"%F T = 80°F
) : e ambient g
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Table 3.15. Energy Balance for Extrusion of 50 wt. % Wood
Flour/50 wt. % Vacuum Bottoms. Die Closed 9

3-51

Turns.
o ATy CQaT A AP QaP H (CQaT/2)100 (Qar/Z) 100
g/=in OF HP HP  psi HP HP 5 %
£60 364 1.81 5.23 2116 0.11 3.31 34.6 2.1
2¢0 370 1.71 4.38 1874 0.09 2.38 39.0 2.1
A5 378 1.84 4.70 1929 0.10 2.76 29.1 2.1
275 381 2.03 4.93 1759 0.10 2.80 41.1 2.0
2% 384  2.13 5.13 1798 0.10 2.90 41.5 1.9
227 389 2.49 6.31 1596 0.11 3.71 39.5 1.7
303 394 2.34 6.45 1662 0.11 4.0 36.3 1.7
385 396 2.37 6.34 1539 0.10 3.87 37.4 1.6
459 397 3.51 7.66 1612 0.15 4.0 45.8 2.0
— - me o
$5= 0.475 Btu/lb-F T ient - 80°F
7 = 46 1b/ft°
Table 3.16. Energy Balance for Extrusion of 50 wt. % Wood
Flour/50 wt. % Vacuum Bottoms Reground 2X.
Die Closed 9-1/2 Turns.
Q 8Ty  CQAT Z AP Q4P H (CQAT/Z)100  (QaP/Z)100
g/min  oF HP HP psi HP HP % %
340 419 2.84 6.27 438 3.11x107%  3.40 45. 0.5
335 390 2.55 6.03 1859 0.13 3.35 42. 2.1
320 432 2.77 §.55 1690 0.11 2.67 S0. 2.0
300 411 2.44 5.88 2053 0.13 5.31 41. 2.2
280 410 2.27 5.56 1716 0.10 .19 41. 1.8
C, = (0.50)(.55) + (0.50)(0.40) - 0.475 —2%2
P 1b-°F
ambient = 80°F T = 46 b/



Table 3.17. Energy Balance for Extrusion of 50 wt. % Wood

Flour/50 wt. % VB-2, Regrind 2-3 Heaters Off.
Die Closed $ Turns.

|

Q AT CQAT Z AP Q4P H (CQAT/Z)100 (QaP/2)100
i/~ OF HP HP  psi HP HP % %

3¢s 383 2.68 6.08 1131 0.085 3.32 44.1 1.4
356 389 2.66 5.90 1315 0.096  3.14 45.1 1.6
340 396 2.64  5.39 1179 0.084  2.67 49.0 1.6

330 410 5.08  6.01 1051 0.085  2.85 51.2 1.4

310 412 3.02 6.06 1208 0.085  2.95 49.8 1.5

375 414 3.08 5.74 10S7 0.083  2.58 §3.7 1.4
?; = (0.50)(.55) + (0.50)(.40) = 0.475 Btu/1b-°F ambient 80°F
Péﬂff)' = 46 ].h/f:3

|
Table 3.18. Energy Balance for Extrusion of Fresh Pure
Vacuum Bottoms, VB-2, Crushed and Screened,
Using Size > Mesh 12.
Q T CQaT 2 AP Qap H (CQaT/2)100 (c2P/z)100
A/ain  OF HP HP psi HP HP % %

350 312 2.0 3.22 28  2x107°  1.22 62.1 .06

335 307 1.93  3.12 29 2x1073 1.19 61.9 .06

367 250 1.90 3.68 1101 8x10~° 1.70 51.6 2.2

325 313 1.86 3.02 690  5x10°° 1.11 61.6 1.7

100 284 2.00 3.56 576  5x10”° 1.51 56.2 1.4

385 286 1.95 3.88 1331 0.11 1.82 50.3 2.8

378 285 1.91 3.87 1385 0.11 1.85 49.4 2.8

435 284 2.18 4.44 1606  0.15 2.11 49.1 3.4

472 284 2.377 4,20 7 1606 0.16 1.67 S6.4 3.8

440 285 2.22  4.345 1663  0.15 2.08 49.9 3.4

70 283 2.35 4.59 1995 0.20 2.04 51.2 4.4 4'[
462 233 2.31 4.39 2309  0.22 2.05 50.3 4.8

460 283 2.30 4.54 2478 Q.24 2.00 50.7 5.3

147 284 2.24  3.27 2168  0.20 1.83 52.5 4.7
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In summary, it can be seen that the model fluids closely predicted the behavior of the
slurries using vacuum bottoms. The viscous dissipation of the wood flour slurries is about 80%
or less than that of LDPE in an extrusion operation, but, the LDPE has the potential to be as
high as 10 times that of the slurry. Viscous dissipation is higher for open discharge, probably
due to the higher viscosity at lower shear rates. The power consumption for pressure generation
will be about 5% of the total extruder-feeder power for pressures around 3,000 psi. All the data
confirm the assumptions that were made in the scale-up calculations.
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3.4 SUMMARY OF SOME IMPORTANT SCALE-UP AND DESIGN FACTORS

3.4.1 Properties of Albany Vacuum Bottoms

Prior to November, 1980 vacuum fractionator bottoms from Albany were not available,
except in laboratory quantities. At that time, a 100 pound sample was received from Albany,
and when continued funding became available to the University of Arizona on February 2, 1981,
emphasis was placed upon using them as the liquid carrier for Albany wood flour in the extruder-
feeder development.

It was predicted at the beginning of this project in 1978 that the heavy ends made in the
process would be the logical recycle material to convey the finely-ground cellulosics into the
pressure reactor system. It was predicted that such fractions would have sufficient viscosity to
assist the wood flour in providing the necessary drag flow in the single screw extruder-feeder.

The Albany vacuum bottoms are brittle solids at room temperature, soften at about 103-
110°C and become liquid at about 120-125°C. The one to two-inch "lump vacuum bottoms”
were easily crushed in a conventional jaw crusher and ground to a finer mesh by means of a
twin-roller crusher. Since thz vacuum bottoms were very brittle and the sample was only 100
pounds total. It was not feasible to screen out the fines in order to use the optimum mesh size,
therefore, an “as is " mesh size of miaus 40 mesh with a large amount of fines (A Ro-tap screen
analysis was not run upon this small sample) were used for the extruder-feeder runs. About 60
wt. % of the ground vacuum bottoms were in the 45-80 mesh range.

Vacuum bottoms alone can be extruded at very high rates, exceeding conventional Low-
Density Polyethylene (LDPE) about two-fold under the given conditions as shown in Figure
3.21. Equally important, the power requirements for the extruder-feeder operating on vacuum
bottoms are only half the power for LDPE, as shown in Figure 3.22. Data on Albany Wood
Flour/Vacuum Bottoms slurries are shown in Figure 3.23 where the output rates as a function
of screw rpm are shown. These data for 40 and 60 wt. % slurries bracket is believed to be the
most desirable operating range. Data correlating one aspect of power requirements are shown
on Figure 3.24, from which the power per unit of output can be calculated for this size of
extruder-feeder (1.75-inch 1.D.).

A project highlight was achieved on Friday, February 20, 1981. Not only was a 60
weight percent Albany wood flour concentration in Albany vacuum bottoms successfully
extruded, but also a die pressure of about 8,100 psi was developed (see Figure 3.25). This
proved one of the basic concepts of this project, that one mode of operation would utilize a
heavy ends recycle stream. The extruder-feeder operating conditions required to generate this
8,100 psi output pressure are important vacuum bottom properties and design factors.

3.4.2 Prediction of Physical Froperties of Components in Albany Vacuum Bottom Slurries

Prior to 1981, extruder-feeder operational data were easy to analyze and interpret, because
model polymer liquids with well-established physical properties, were used. In 1981, with
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vacuum bottoms, it was not that easy. Most of its physical properties were unknown. It was
necessary to predict (a) values for the specific heat and thermal conductivity of Douglas Fir (see
Figure 3.26 and 3.27), and (b) the specific heat of vacuum bottomns (Figure 3.28). It was
evident from this work that there was an urgent need to determine many of the physical,
chemical and thermal properties of (a) vacuum bottoms per se, and (b) vacuum bottoms not cui
as deeply as the present sample lot. The determination of such properties were accumulated to
some extent over the period 1981-1988.

3.5 SCALE-UP AND SPECIFICATIONS FOR A COMMERCIAL EXTRUDER-FEEDER

3.5.1 Extrusion Theory for Scale-Up

The analysis of the extrusion process is based on 2 momentum balance and hydrodynamic
analysis of the melt flow in the metering section. The solids flow in the feed section and the
melting process in the transition section are not as well understood and hence design is based on
the metering section. This reliance on the metering section is adequate since the rates of
pumping in the other two sections if acting by themselves would each be greater than the
metering section.

The formulation of the design problem starts with the momentum balance in which the
velocity component (axial direction) contributes to the output of the extruder. This has been
discussed in the literature and given in a detailed derivation by McKelvey (1962). Equation
(3.31) is the starting equation for the momentum balance for a steady state, isothermal,
incompressible Newtonian fluid where the acceleration (inertial) terms can be neglected and the
channel depth is assumed constant.

[azv

4

2
.,

[aX2 aY?

B

1 3.31)
u [az

After suitable boundary conditions are selected a series solution for the velocity distribution is
found. The solution is a case of drag flow and pressure flow added algebraically to produce the
net flow. Integration of the velocity distribution gives an expression for the volumetric flow rate
as given before in Equation 1.2 of Part 1. It should be noted that Fj, and F, are correction
factors that are only a function of extruder geometry. They depend only on the ratio H/W of
the screw and are close to 1.0 for small values of H/W, i.e. for shallow screws. Similar
analytical solutions can be calculated for a power law fluid and for the case of a variable channel
depth. Beyond the removal of these restrictions one has to go to computer methods.

Scale-up assumes that the model and the large extruder-feeder are geometrically similar
and differ in size by the factor X. Hence the ratios apply as given above in Equation 3.13.
Based on torque limitation and adequate mixing, it has been found that a 20:1 to 30:1 L/D ratio
is used on screws with 24:1 being the most common. A compression ratio, which is defined as
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the depth of the feed channel divided by the depth of the metering channel is 2:1 to 5:1 with a
3.5:1 being very common for polyolefins. Also, the helix angle, 4, is most commonly 17.7°.
This angle gives good output and easy fabrication of the screw. This angle gives a "square
pitch”™ where one tumn of the screw advances the flight by one diameter. The flow in a die is
given by Equation 3.21 above, where K is a die constant that depends only on geometry. Since
the linear dimensions of the die are increased by the same scale factor as the screw dimensions,
the following relationship exists between the scaled die constants:

K/ - XS K (3-32)

Also, the operating conditions and the fluid properties are the same in both extruder-feeders.
Hence, the following ratios apply:

v T _N_, (3.33)
b C T, N

where:

b =  Exponent for temperature dependence of the viscosity defined by u = Ae®”.

C = Heat capacity of fluid

T, = Inlet melt temperature into metering section

N = Screw speed

Equation 1.2 of Part 1 may be rewritten in terms of the screw diameter if one makes use of the
following relationships:

V, = VCoss = wDN Cos 6 (3.39)
W - ECos 4 e - F(D-ZC)SI.RG - e (3.35)
m m
where:
w = channel width
E = pitch = w(D-2¢) tan ¢
m = no. of parallel channels = 1 for the case at hand
one obtains:

|



Q-anN-E [i’_’] 3.36)

where

2
_ w2D?HSing Cos¢ % _ 2 em ] _ _9_] F (3.37
) D

and

g =

x DH3Sins [ 2c _ em

12 "D wDSins

3
I L L4 | R
H| | e ||SineCoss || °

a and B are generally functions of the position coordinate (since H may vary) but Q is
independent of z. Hence, one can write Equation 3.36 as:

[ ap-un | [.:-]dz—uQIz _;_dz (3.38)

o

After integration one obtains:

0-4AN-BL2P (3.39)

where:
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Examination of Equation 3.36 shows that the following scale relationship holds for the screw
constants:

€ = X% (a)
a = X3a (b) (3.41)
B’ = X8 (0)

In Equation 3.41a € is the error associated with modeling an annular drag flow by a parallel

plate representation; where € = 1 - Qcc/Qpp. McKelvey (1962) defines the following
dimensionless groups:

N - P andn - 25 (3.42)
KZ

NZu be

and shows that ir an adiabatic case the values of N, and N, are constant. From this it follows
that:

Q =XQ ; AP =aAP ; and AT = AT (3.43)

The total power required is (CQAT + QaP), so that

P/ - X3p (3.44)

Equations 3.43 and 3.44 are thus the final equations for scale-up based on the assumptions set
forth at the beginning. The adiabatic operation is most common since the area for heat transfer
increases with the square of the diameter while the volumetric flow rate increases with the cube
of the diameter. Hence, in large extruder-feeders one usually operates in an adiabatic mode since
the heat generated by viscous dissipation cannot escape.




3.5.2 Extruder Scale-Up

Based on the scale-up theory previously presented and the viscous energy dissipation,
energy balance, and power requirements data of 50 wt. % wood flour/50 wt. % vacuum bottom
slurry, a scale-up was calculated which reflected a higher output rate at a screw speed of 100
rpm. The data are extrapolated to a higher screw speed from the laboratory extruder-feeder.
Table 3.19 lists the design, operating and material variables for the extrusion of the 50 wt. %
wood flour slurry in a 1.75-inch diameter extruder-feeder and a projected 16-inch diameter
extruder-feeder.

3.5.2.1 Scaling for Increased RPM

The data for the 50 wt. % wood flour slurry showed that the output rate, Q, varied linearly
with screw speed. The equation is: Q = A N + B, where A = 9.5. The 1.75-inch diameter
extruder-feeder operated up to 60 RPM. If one extrapolates to 100 RPM then Q,,, = 830
g/min. The output of a 16-inch extruder-feeder would be:

{16 T [saog] 60min | 16\ _gaigi B gy ponenr 349

(1.75) (min | '~ hr '454g hr

Since this is a 50/50 wt. % mixture, the rate of wood flour is:

Qur = (0.5) (42)’_‘;5. - 21tons/hr (3.46)
r

The number of extruder-feeders required for a 1,000 ton/day plant running with a 90% on stream
factor is:

1,000¢t0ns | lextruder-hr , lday , 1
day ' 2lton | 24hr ' 0.90

= 2.2 extruder-feeders (3.47)

Thus, with a safety factor of about 33%, thus 3 extruders would be sufficient.

3.5.2.2 Scale-Up of Drive Hp

The extrapolation of the 1.75-inch diameter extruder-feeder gives a drive horsepower of
6.2 Hp at 100 RPM. The drive motor required for the 16-inch diameter unit is thus:

W
(@)
3
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3
P - | 16| 6.2 - 4,700 Hp (3.48)
1.75

Extruder manufacturers have quoted drives up to 6,000 Hp (two 3,000 Hp units). This indicates
that the above scale-up is commercially feasible and is state-of-the-art.

3.6 PRELIMINARY ECONOMIC EVALUATION OF A COMMERCIAL EXTRUDER-
FEEDER

3.6.1 Costs of Commercial Extruder-Feeders

A number of commercial companies were contacted in 1981 to estimate the cost of a large
plasticating single screw extruder (> 10 inches diameter) together with any other information
they could furnish concerning the required drive horsepower of the motor and the expected
output rate. Manufacturers were to base their design and cost estimates on the extrusion of low-
density polyethylene unit. The capacity/cost relationships were then converted in this economic
analysis to capacity/cost figures for 50 and 60 wt. % WF/vacuum bottoms slurries. Additional
cost data were also taken from the literature to determine a cost vs. size relationship. Table 3.20
summarizes the cost/size information.

In order to make a comparison it is convenient to take the cost and capacity ratios for each
unit. The ratios are based on the values of the 1.5-inch diameter extruder-feeder which is about
the smallest scale commercial machine that gives reliable scale-up data.

 The cost of the extruder vs. the screw diameter is shown in Figure 3.29. It is seen that
a straight line relationship is obtained on a log-log plot up to about 15-inch diameter. For larger
diameters the slope of the plot increases. This indicates that in scale-up, the equipment becomes
more expensive at a faster rate than the scale-up factor for the diameter. The deviation of the
large diameter extruders from the straight line relationship indicates that the cost factor increases
further because companies do not have the extensive engineering experience in building and .
engineering these large units.

A capacity ratio has been plotted vs. a cost ratio in Figure 3.30. The ratios are formed
by using the values of the 1.5-inch extruder as a reference base. It is noted that again a straight
line relationship is obtained. The slope in this case is 1.42. The data are more scattered since
the output (capacity) is estimated from a number of sources and depends on the actual extruder
application. In this case an optimistic output has been assumed, one which is not choked back
by a severe die restriction. Since the slope is greater than 1.0, the relationship p.edicts that a
larger unit is more economical on a capital investment basis. It also shows that for the very
large units (D > 12 inches) this cost advantage declines due to a lack of engineering and
construction experience.
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3.6.2 rial and En Balances for Commercial Extruder-F

The economics of the extruder-feeder depends not only upon its value for pumping
concentrated slurries, but also upon its energy savings by decreased recycle streams. This can
be shown by making the appropriate energy balances for comparison to the original PERC
process.

1. PERC Feeder-Preheater System:
Case I -- Pumping 12 wt. % Wood Flour in oil.
2. Extruder-Feeder Preheater System:

a. Case I -- Pumping 50 wt. % Wood Flour in Vacuum Bottoms.
b. Case II -- Pumping 60 wt. % Wood Flour in Vacuum Bottoms.

The PERC system is used as the base case, using the longest (and last) run by Rust Engineering
(1981) at Albany making TR12 oil. A yield of 52.4 pounds of crude oil (dry basis) per 100
pounds of dry wood flour feedstock was assumed. The extruder-feeder systems were calculated
so that they can be compared with this system (Ecoenergy Associates 1980). This was done by
calculating material balances to yield 52.4 pounds of crude oil product per unit of time. These
mass balances result in the following materials feedstock comparison:

Reactor-Feeder Preheater- =;’ood Flour Wood Oil
System Feedstock, 1bs. Product, lbs.
PERC -- Case 1 100.0 52.4
Extruder-Feeder -- Case I 91.3 524
Extruder-Feeder -- Case I | 91.3 52.4

Equally important, the energy requirements of all of these systems have been calculated and
found to differ greatly. On the basis of producing 52.4 pounds of crude wood oil (dry basis) it
was found that the heating loads were as follows:

Feeder-Preheater-Reactor System Total Heating Load, Btu per 52.4 Ib.
' Product
PERC -- Case I 200,000 _l
Extruder éystem -- Case I 91,000
Extruder System -- Case II 65,000 . |
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- wt. % WF in Qil

This case, as well as all other cases, assumes a reaction temperature of 670°F. This
allows a comparison of heating loads, as summarized above. A product yield of 52.4 pounds
of crude wood oil per 100 pounds of wood flour (dry basis) is assumed. Conversion per pass
is taken as 95 wt. %. Catalyst used is 5 pounds Na,CO, per 100 pounds fresh wood flour (WF)
feedstock, on a dry basis. A minimum of 87 pounds of water is assumed for dissolving the
sodium carbonate or being present as water is the reactor, per 100 pounds WF feed. Syngas is
held at 64 pounds (2.88 pounds hydrogen plus 61.12 pounds carbon monoxide) per 100 pounds
WF feed.

It is believable that the PERC feeder-preheater system is presented herein in its best
possible mode by recycling a hot oil from the reactor let-down flash drum for slurrying with
fresh wood flour. This conserves the heating of the recycle oil. It must be let-down in pressure
to flash off the water, thus (a) providing a dry crude wood oil for product distillation, and (b)
a dry oil for recycle. Thus, no indirect heat exchange area is required for cooling the reactor
products to this extent. The penalty in terms of recycle oil heating load is that its temperature
~ has been reduced from 670°F to about 540°F during this adiabatic flash. For simplicity, all heat
losses and heats of reaction are ignored, since these enthalpies would be approximately the same
in all cases presented here. The heating load for the preheater in this case is about 200,000 Btu
per 100 WF feedstock.

X r-F r-Preheater System

Case I -- SO0 wt, % WF/50 wt. % Vacuum Bottoms. This system has the inherent
advantage of recycling the heavy ends of the crude wood oil product, which can be broken down
into the more useful lighter oils. Exxon and others have now proved that this theoretical
additional yield is a reality in coal liquefaction. The additional yield per pass for biomass
liquefaction has not been proven as yet, but it is assumed to be five wt. % of the vacuum
bottoms per pass. Thus, for this case of 100 pounds of vacuum bottoms per 100 pounds fresh
wood flour, the yield of crude wood oil (dry basis) would be 52.4 pounds plus 0.05 (100)
pounds WF feedstock. This inherently assumes that five pounds of the 52.4 pounds of crude
wood oil are "vacuum bottoms” capable of being upgraded into a lighter oil.

This Case I of 50 wt. % WF slurry is the lower end of the proven operating range. The
heating load of the preheater for extruder-feeder Case I is about 91,000 Btu per 52.4 pounds of
crude wood oil product. The system requires about 91.3 pounds of wood flour feedstock for this
amount of product compared with 100 1b WF feedstock for the PERC System and 152 1b WF
feedstock for the LBL system. The lower requirement for wood flour feedstock (and hence
higher product yield) is due to the inherent advantage of the system being theoretically capable
of processing a portion of the vacuum bottoms into the more desirable lighter crude wood oil
product. The extremely lower preheater load is due mainly to (a) the inherent ability of the
extruder-feeder system to recycle a hot reactor effluent stream for dilution of wood flour
feedstock while still under pressure (only system capable of pumping wood flour into pressure
system prior to dilution), and d(b) the inherent ability of the extruder-feeder system of feeding
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sodium carbonate catalyst into the system without water, and hence maintaining proper water
concentration in the reactor by other means without heating water from ambient temperature to
670°F under pressure. The specific heat of water at 670°F (reasonably close to its critical
temperature) and under pressure of 3,000 psi is abnormally high, and thus causes high preheater
energy requirements.

Extruder-Feeder-Preheater-Reactor System

Io-60wt % WFE/4 o V m Bottom. This case has assumed the same
premises of the above extruder-feeder Case I, but is close to the upper limit of wood flour
concentration that can be pumped into a 3,000 psi pressure system while still maintaining good
operability. The heating load for the preheater of extruder-feeder Case II is about 65,000 Btu
per 52.4 pounds of crude wood oil product. This is a further savings in process energy over all
other cases. Furthermore, the total horsepower for pumping these 60 wt. % slurries into a 3,000
psi pressure system for a 3,000 bbl/day crude wood oil plant is reduced for 10,000 Hp to 8,000
Hp. However, the pumping of a 60 wt. % wood flour system may be beyond the optimum
economic concentraticn. The viscous dissipation (aad hence horsepower) appears to be
increasing exponentially in this range. Secondly, this concentration results in a slurry so "stiff”
that at times the die valve or the metering section of the screw is plugged. Thus, the operability
of a 60 wt. % wood flour slurry for a commercial plant is questionable, and not yet proven.
Probably, a slurry concentration of about 55 wt. % wood flour will prove to be optimum.

3.6.3 Capital and Ene avings for a 3,000 Barrel Per Da rude Wood
Commercial Plant

It became evident early in the study that it is necessary to consider the entire extruder-
feeder-preheater-reactor system in order to see the full potentials of the extruder-feeder. It is
called a system rather than a process, because it is only part of a process. In addition to detailed
information on the extruder-feeder-preheater-reactor system, a direct comparison with the
corresponding PERC system has been made.

In summary, it has been shown that the extruder-feeder-preheater-reactor system has the
following technical and economic advantages:

1. It reduces the heating load on the liquefaction preheater and rector to 65,000 to 91,000
Btu per unit of 52.4 pounds crude wood oil product, compared with 160,000 to 200,000
for the PERC system and 350,000 Btu per 52.4 pounds product for the LBL system. This
means that only a small fraction of the fuel value energy of the feedstock wood flour is
needed for this critical heating load.

2. The estimated capital investment for the extruder-feeder-preheater-reactor system for a
3,000 barrel per day crude wood oil commercial plant is about $12,000,000 compared
with $14,000,000 for the PERC system and $21,840,000 for the LBL system. There is
a slightly higher capital cost for the extruder-feeders, but this is more than compensated
for by a much lower capital investment for the necessary gas-fired preheater furnaces.
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Also, in summary, the technical feasibility and operability of the extruder-feeder has new

been proven as follows:

1.

The vacuum bottoms from the Albany fractionator have been shown to be an excellent
carrier for the wood flour feedstock.

The viscous dissipation of the vacuum bottoms (internal friction) has been shown t be
some 20- to 30-fold less than viscous plastics, and hence requires less than half of the
horsepower (Hp) needed for low-density polyethylene. In fact, only about one-fourth as
much Hp is needed for pumping the wood flour slurry into 2 3,000 psi pressure reactor
and the other one-fourth is used to preheat the slurry from 80°F to 300°F.

Due to the viscous dissipation of 50 and 60 wt. % WF/vacuum bottom slurries being so
much less than plastics, the extruder-feeder can be operated at a much higher screw rpm.
This means that a given extruder-feeder can have a much higher capacity for a given
capital investment. Only a small fraction of this potential has been scaled into the
commercial units specified in this report.

The extruder-feeder-preheater-reactor system is the only known system which has the
potential to circulate hot reactor effluent back to the feedstock without reducing pressure,
because it does not need a low-viscosity oil to dilute the wood flour slurry.for paeper

pumping.

The extruder-feeder has proven to have much flexibility, both in design factors and
operating factors. Design factors include extruder-feeder size (sizes available up to 24-
inch diameter), screw compression, screw speed, temperature profile, slurry.coacentration
and carrier oil viscosity. In other words, a choice can be made of several diffesent
combinations of these factors.

The extruder-feeder-preheater-reactor system is the only known system that can recycle
the heavy ends of biomass liquefaction products, and thus offer the potential of converting
these ends to a lighter, less-viscous, more-useful product. Exxon has recently discovered
that this is advantageous in coal liquefaction, resulting in higher overall yields of light
oils.

The operability of the extruder-feeder has proven to be very reliable. There is no
plugging from even concentrated slurries under lined-out operations, and outlet pressures
and temperatures can be closely controlled. Thus, this system appears to be well-adapted
for a continoous process, especially where temperature and residence time should be
closely controlled.

It was decided that the best way to evaluate the extruder-feeder system, and to compare

it directly with the corresponding PERC system would be to (a) calculate material and energy
balances for both systems, and (b) project these to a commercial size plant capable of producing
3,000 barrels per day of crude wecod oil products.
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A proposed commercial plant for 3,000 bbl/day crude wood oil was selected, because it
is an economic size for a regional, wooded-area, requiring about a 1,000 tons per day of dry
wood for liquefaction. This also allowed the use of the capital cost data for a 1,000 TPD dry
wood facility reported by Econergy Associates, "A Technical and Economic Assessment of PERC
and LBL Wood-to-Oil Conversion Processes, " March, (1980). The wood flour requirements for
such a plant were specified as outlined in the report by SRI International, “Assessment of the
Biomass Liquefaction Facility in Albany, Oregon, and Related Programs,” June, 1980, as
follows:

"Needed about 75 percent wood for liquefaction and 25 percent for
(a) gasification for syngas, and (b) fuel in the plant. Thus, need
1025 T/D wood (dry basis) for liquefaction at 57.4% yield (extruder-
feeder system) to give 587.2 T/D crude wood oil, which at 5.1
T/bbl, gives 3,000 bbl/day. Need 327 T/D for gasification and fuel.
Total wood needed: 1,350 tons/day (dry basis)."”

Rust Engineering in TR12 run at Albany, Oregon (reported as Test Run Number 12, "An
Investigation of Liquefaction of Douglas Fir by a Process Development at the Pittsburgh Energy
Research Center as Modified by the Rust Engineering Company,” The Rust Engineering
Company, July 1981) successfully produced considerable wood oil of 1.12 specific gravity and
14,840 heating value.

Thus, the total heating value of the 5878.2 T/D of crude wood oil is 17,428 x 10° Btu per
day. This number must be kept in mind so that any given wood liquefaction process to fuels
does not become so complicated that it uses an excessive amount of this energy in its own
operations. It should be noted that the wood feedstock to the plant would be 1,350 T/D with
a heating value of about 8,900 Btu per pound, or a total energy content of about 24,030 x 10
Btu per day.

These critical preheater loads can be expressed in another fashion, namely, in terms of
a percentage of the heating of the crude wood oil being made. For a 3,000 bbl/day wood oil
plant, generating a product having 17,428 x 10° But/day, we find the following:

' System - . Dry Wood for | Preheater Load Percentage
| ' Liquefaction, T/D | Btw/Dayx 10° | Wood Oil Energy
l PERC-12 wt. % 1120 4,092 235

slurry

Extruder-Feeder, 50 | 1023 1,862 10.7

wt. % Sl

Extruder-Feeder, 60 | 1023 1,330 7.6

wt. % S1
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It should be noted that the extruder-feeder also serves as part of the preheater.
Experimental data show that a practical amount of preheating in the extruder would be from
80°F to 300°F. On this basis, the extruder-feeder would handle about 20 percent of the overall
preheater load, and reduce the above preheater load as shown below.

Total Preheater Load, 1,862 1,330
Btu/Dx10°

Extruder Preheating, 327 266
Btu/Dx10°

Net Preheater Load, 1,535 1,064
Btw/Dx10°

Percentage of Wood Oil 8.8% 6.1%
Energy

The next most important factor would be a comparison of capital investments for the
various feeder-preheater-reactor systems. There appears to be a slight capital cost savings for
the extruder-feeder, as follows:

Feeder-Preheater-Reactor System - Estimated Capital Investment, Installed*
PERC-12 wt. % Slurry $15,540,000

Extruder-50 wt. % Slurry 12,090,000

Extruder-60 wt. % Slurry 11,490,000

*July 1981 Dollars

However, it should be quickly pointed out that this is a rough, preliminary cost estimate,
based in turn on a preliminary process design, and must be checked by a more thorough
engineering analysis.

As predicted from the earlier work on model liquid carriers for the wood flour slurries,
the viscous dissipation for wood flour/vacuum bottoms slurries is an order of magnitude lower
than for conventional plastics, such as low-density polyethylene (LDPE). The viscous dissipation
(represented by the Hp per Kg of slurry, measured on a Brabender Torque Rheometer Mixing
- Head), even for LDPE diluted with 25 weight percent wax, is still 22.8 Hp per Kg, compared
with 2.55 Hp/Kg for 60 wt. % wood flour/40 wt. % vacuum bottoms.
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The significance of these results are two-fold, namely, (a) the pumping horsepower is
much less, and, equally important, (b) the extruder-feeder can be run at a much higher rpm
without wasting power by excessive frictional heat energy.

Another critical aspect of this economic analysis of the extruder-feeder was obtaining
realistic, current data on commercial extruders. This was done by contacting all extruder
manufacturers in the United States that market extruders larger than 10-inches in diameter (12
manufacturers in all), and they were all very cooperative.

The scale-up of the experimental extruder data on 50 and 60 wt. % wood flour/vacuum
bottoms slurries to commercial size units resulted in a reasonable number of extruder-feeders and
at a reasonable cost for the projected 3,000 bbl per day crude wood oil piant. In fact, based on
the fact that commercial extruders are available up to 24-inch diameter, it would be possible to
handle the entire plant feedstock with one 21-inch diameter extruder-feeder. It would be
equipped with a 10,000 Hp drive for handling 40 wt. % slurries, or 8,000 Hp drive for handling
60 wt. % wood flour slurries. Such drives could be either electric motor or steam turbine.
Alternatively, one could handle the projected plant feedstock with either 2.2 extruders (16-inch
diameter, same Hp) or 4 extruders (13-inch diameter, same Hp). The latter case would probably
be preferable for the first commercial plant, using 2,500 Hp motors on each unit for handling
any slurry concentrations in the range of 50 to 60 wt. % wood flour/vacuum bottoms.

The long-range significance of these findings is that as time progresses, and if biomass
liquefaction plants larger than 3,000 bbl per day crude wood oil can be justified, then the
economy of scale can be further utilized in the projected extruder-feeder-preheater-reactor
system. Itis visualized that eventually very large extruder-feeders would be designed specifically
for these plants, being at least 24-inch in diameter and running at screw speeds higher than the
100 rpm specified in this report. Thus, there would be very high through-puts per unit of capital
investment,

It should be emphasized that this preliminary economic evaluation was made in mid-1981,
in justification for constructing an extruder-feeder biomass liquefaction unit at the University of
Arizona. The DOE funding on this project was terminated effective October 1, 1988, before an
up-to-date economic evaluation could be made based on the additional research between 1981 and
1988.
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NOMENCLATURE

constant

Exponent for temperature dependence of the viscosity defined by u = Ae®T.
Channel depth and constant

Clearance between screw flgiht and barrel and heat capacity
Heat capacity

Diameter of screw

Width of gap and barrel diameter

Inside barrel diameter

Width of screw flights, perpendicular to the flights, cm
pitch = x(D-2c) tan ¢

Drag flow shape factor

Pressure flow shape factor

Heat loss in extruder-feeder from radiation and conduction and channel depth
Heat transfer coefficient, cal/cm? °C sec

heat loss from radiation and conduction

Thermal conductivity

Viscosity at temperature, T,

Die and valve characteristics

Length of screw

no. of parallel channels = 1 for the case at hand
Frequency of screw rotation, rpm

Flow index of power law fluid

Number of flights in parallel

pressure rise in extruder-feeder

mechanical power to screw

electric power to heaters

Volumetric extrusion rate

Drag flow

Leakage flow

Pressure flow

1.987 cal/g mol °K

Rotor rpm, 1/min.

Time, min.

Temperature

Torque, mekg

Intermediate temperature in Zone L,

Output temperature

Temperature of barrel

Inlet melt temperature into metering section
Feed temperature

Velocity vector
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Velocity

Maximum velocity of outer cylinder (inner cylinder is stationary)

Velocity cornponent of V, in the down channel direction, cm/sec

total work, joule and width of channel

Coordinate in gap

Rectangular coordinate (down channel direction) and mechanical power of screw

Volumetric rate of conversion of mechanical energy into heat
Activation energy

Average helix angle

Modified Brinkman Number

Flight clearance, cm.

Bulk viscosity

Viscosity in the clearance

Helix angle, radians

helix angle at the barrel surface

viscosity, dyne x sec/cm?

Viscosity in the flight clearance, dyne sec/cm®
melt density

(T;-To)(T5-To)
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APPENDIX A

EXPERIMENTAL DATA FOR WOOD FLOUR SLURRIES
USING PRODEX EXTRUDER-FEEDER

The detailed data from 22 experimental runs upon the Prodex Extruder-Feeder are shown
here in Appendix A. The feedstocks covered the full range of polyethylene "model compounds, *
followed by various slurry concentrations of wood flour in either a specific polyethylene or in
an Albany vacuum bottom as the fluid carrier. Detailed temperature data were acquired and
printed out by the data acquisition system. Pressure generated was controlled by the setting of
the valve on the outlet of the extruder-feeder.



GLE 00s 6% €Y% 9S GL 18 OLI %8C LI1E (BT (%E %EE 61t 000%

8L€ LZL 059 89y 8BS OIZ 0% 0SC 06C Ole SOt BL €8 <TULU (8T 8BIE €8T 6%C G 91 €£Lvy 001

S8E 0001 606 8% 19 6L/ w8 %L1 167 61t B8T ISE 9L L1€ 1LY

09¢ 0Z1tT 6%9 SIv %Y 9L €8 LL1 TR 6IC BRZ %%€ 1€E GlE L9GY

£92 0Z¢1 %I8 0S% G5 SGIZ SEC 0S¢ 06C 0OCE 00€ 8L S8 TBI 98C O0Ct BBZ (vt YLt 91L 6LL7 06

S9¢ oZet 966 9Ly 99 6/ (8 981 687 €7t 687 6%€ GLE€ 8IL 070G

T4 00s Oty %iv %S L I8 T6T €8T 1Zt [B8T €% 67t wit 091¢€

0te LEIT SBL 98% 65 SIT GEZ 0SZ SBZ 6GLT 06 8L %8 661 987 4Z&€ 687 9%€ 1€€ LIE Zv9e 08

SEe 0c61 S9IT 0ZS %9 6L S8 (OZ 88T (it 167 8%t %Lt 61¢ 866C

0] 4% 090Z LE2T 6% %S S, 18 wm~ 182 97€ (BT GwE 0LE SIE LSHE

AL €0ZC ZET GS6% 8BS GEZ OGZ 69C 08Z 00E 00E L& I8 S6C (¢BC OCe 16C 8BYL 1€€ 8BI€ 0zwy  OL

cie 0GEC GSYT G6ZS  6S 6L %8 907 %BZ IfE €67 0SE €LE 61¢€ 6LLY

ove oZvT 096 %% 19 9. £B S91 08Z 9ttt 967 0S€ 7L€ L1t [KZE

1574 00SI 9101 91% 19 OIZ S1Z O0SZ 06 SIt 00 8L %8B 191 ZBT ([EE 96T 1GE vwE€E 6I€ /9 09

0se 0291 1L01 8%y 19 18 98 (L1 €8T Bttt (67 1St SEE 0L IS1%

081 0 6SZ 0¥z 6C 6L 6L 091 64T 0% 86Z 16€ €L 6IC LEET

881 9¢L %S% 88T L% G661 SET O0GT S%T 0L 06 LL I8 291 S8BT 8B%C 0L %SE 9€C 12€ 2S9C  OS

S61 oveEl B8IL 1€ %S 6L %8 %91 €6 6SS€ [OE 9SE€ 8LE €7€ 0BOE

1A | 6 191 6C ‘ LL €8 691 €0E 09€ 6OE 6GE B8EL %IE€ S%IC

AN 00T 16T S9CZ S% SIZ 09¢ 08z GOE OZE 0BC 6L S8 CL1 6I€ 89t CIE ¢9€ 1%e 9¢E 9L1Z  OY

Syl Ley 6LE €S ¥8 98 OLT 1E€ (LLE LIE TLE 9%E 6ZF 00CC
upw/8 - - - - §8d - - - - - - - - - - m - - - - - - - - - m e - - - - = - - - - -~ - - - - s11EM UTW/]
nding ouvm cm mn Nm d oa& ma& cnh ma& Na& —n& m& L Nh 9 mh c& mb wb ~h 19M04 W4

"parowar atp ‘(puridar) 3da1 %001

"1V 3IqeL

A-2



€6 0%y 9§ 0Ll %8C (1€ (8T (wE %t &It
GLE 0s9 89% 6§ 8¢ €8 €LT (87 BIC 88Z 6%C SGLE€ 91 0£9y 001
606 Y8Y 19 2Ll 162 61t 887 TSE 9L (L1
s9¢ 6%9 6% Y LLT SBZ 61€ BBZ (%L €€f 9I1¢
<9¢ 0ZZ1T S%8 89% 8S 8¢ G8 €Bl (8T 1IC 6RC (%€ %€ (L1Ef 6Y8Y 06
S9¢ 966 9.% 99 981 687 ¢TZE 68C 6YE GEL [Ll1E
Gzt oLy %Iy %S ¢61 68T TZE 88C (%€ vweE 9l¢
0te €CET GBL 98y  6S LL ¥8 661 98T %€ 68C 9%¢ 1€€ 9I€ T%9¢ 08
1349 €91T 0¢S 99 vO0Z 88C (LIt 06C 8%t %LE 6I¢
o1e 1201 6%% %S LL 18 90C €8Z 9¢€ 68 G%€ 0ttt Glg
(213 ECIT 9veT S6%Y 8BS LL ¢8 S61 €87 OCE 6T 8YE 1€e 8Ic 1Zv? 0L
S1E 1342 SR YAY 6S 8L £8 €81 28C T1EE €6C 8YE (L€ 61¢
1374 g8ect 9.6 00% SS 8L 8 TLT TBZ LEE 96C 1IGSE HeL 6I€ 7L9¢€ 09
081 XY 174 6¢ 09T 08Z O%E 86T 1sc <ZEE 6I1L
881 %Sy 08C LY LL ¢8 791 68T 8%E 0t %SE 9€E 1¢€ 2697 0s
61 8IL 1t€ %S €9T €6C GGt (0E 9SE€ [L€E TIE
1YA 18 91 6 69T €0t 09¢ OIt 66 &TE %Ig
174 | A TANN Y 1A LY 8L 68 TLT 61 89t €It 79 1%€ 9Z¢ 691¢ oYy
LT% 6¢tt 149 9.1 OEE (LLE LIE €9E 9%%E 62¢
urw/8 - - - - ysd - - - - - - - - -~ - e PR it - - - s1iem urw/]
s .
andang ﬁvm cm ﬁm NL d 99 Sq %q. €9 Zq 19 oh L nh o& mh c@ mb Nh —P 19M04  WdY

‘panowar arp ‘(puradar) 3da1 %001

TV d1qeL,



9t 006% 068t 110€ TY91 . G9C (L6 SOL 00€ S7€ Oce B9C T€€ 98€ 96€ 1% €6L 6% 1046

89¢ 0S6% CLIY Z1ZE 9%E€Z O0LT 86T 90C (1€ %eE 0CZ€ L°26 T°%6 69C CC€E (BE (8BL €Iy E€£6L 6% TILS 98

8LE 0505 £9€% OELEE OSOE S6Z 0OC BOE SEE E%E 07 1LZ %€ (BC 88E €17 %6€ 0% 9TLS

6%¢ ovlYy S81Y €91€ TEL6L 768 §°C6 09C 97t 06t B88L SGIY B86E IS% %LES

vSeE G6LY% 00Z% BL1E LE6T BST 8B €6 BIC GIZE 91€ 8°C6 0°S6 79C 9Z€ 16t B8E 9I% 66€L €S% 00%S 08

1:19% 0S8Y GIZY £61E CY6C €°96 S°L6 €97 (TI€ €6t 68 L1% O00% %SY% %LYS

90t 0E%Yy 9LLE (98T 919C YGZ 9TZE€ (L6t T6E 0Ty €O% SSY% 049y

80€ 0L%Y% 088€ T%6C GL9T LST SB8C GOE (€€ 1IvE 1E€ L°LB L°T6 9SC BCE tO% (6E wI% (0% 097 (9% OL

S1E 00S% %86E CO0t 9tL¢ 86¢ 0€t O01% t0v 6Cv 117 %9% 869%

1394 066t TE%E 60LT BILT €ST SELE  1T7 TIv LEv L1y 89% [BLE

%9C £60Y 98%E %69C C9€Z B9C 00t GCE (TSE LLE G9E€ T1°€6 €°G6 9ST 9% SELY wIv 8%y Qv €LY 018t 09

€Le 067y £%S€ €1LT SBET 6SC 8SE 0S% LL% 6SY (L% 8BLY (t8t

11 %4 000% LLIE 9LE€T 600C 997 66€ 9%7 89% 887 6%7 987 LI0NC

8EC L20% %8ZE OY%Z S90C Z8Z GS%E 88E 61% OI% €9¢ 0°98 S°L8 GLT 6Cy LY €8% OIS 19% 68% 601 OS

[ 474 0L0% 98¢L€ 00SC L11¢C 98¢ 9% 68% 66% LS YL% 6% (8I1¢

61 0s9¢ 2967 T1SZ1 L09 122 0ZY Y%y 99% 615 S%% €1v 88GC

00¢ (98t 9.0t LOCT 89T 0%t O00% 09% O1Y 6T% 11% 6°¢C6 0°%6 %LT 9% 9y (8BY 6SY 9% 8%y (St O

(YA A 00ty 2¢6SE 6997 €SIL L1€ 90 98% 9IS TBS €6% 18% %80C
_:s\w - -=--38d - -~ - - -~ I R R R PO il - - - - - - —- s1iem utw/|
andang uﬂvm ca nm Nm ﬁm enh mah cah nah Nah Aah m& mh nh oh nh ch mh Nh ~h 19n04  WdY

“(suiny z/1-01) uado Ayrerdxed aatea atp ‘(siarrad) 3da1 %001 gy 9[qeL



414 0LEE €79 0%8E Cv.iE 98 ¢ 0L Y%0E 66C 1t€ ¢Zt  TSE
€0t L(BLE €TLE 096t ¢SBL SIT T1Z¢ SE€T 0ST 09Z 9L 98 8¢ LT 01t 0It SLE %ZE 9%¢ 18ty 06
€1t o%%e %%¥8€ L60% 100Y% 98 BEZ BLT TiE GlE (lEE G2 (193
[ XA A 0581 T1ST1Z 609 %0SZ 98 681 €GZ SO0€ Z1E 0OvE BZ€ I9¢ 09L%
2194 7C0L TSEE 689€ ZBSE ¥IT 61C 0eZ TST 0L 6L (8 O1Z ¢9C 1t Tt O0SE vweg <9¢ 8%0v 08
424 0197 9,87 ¥86Y 8L0S 88 9zt wLT 92t IWE 69t 9%E 89C CELvE
8¢¢C 0¢8% 98ZS 0SZS €£80S 8 £v¢ OTE [SE (SE 9/LE 2SE  LO% 9Evyy
o%e GI8% £Y%S 8SIS BOTS LYZ B89Z LLTZ 10€ Cie 11€ 48 Sy TIE 6SE 6SE  [LE %GE 80% TOSY  Of
0S¢ 0£8Y% 009G £97S IEIS S8 YT LIE 19€ 09€ 8LE€ GSE  BOY 89GY
60Z 0£9% €L0S £90S €E6Y L8 L€ L6T (St 1St .mom 6% G6L 1G6L
19 ¢4 £99% 901G €80S L¥6Y [LEZ GST €L T0E 11E 167 88 6£Z %v0L ([SE€ €GE 0OLE OSE  (6f BBOE 09
L1z 089% £91S 001S S96Y% 68 1% 80t 8SE GGE TLE 1SE 66€ LOO%
691 0L%% 918Y 098Y LS9% 98 CET Y0t 6LE YSE 69E HYE  €6E ZSYE
€LT S6%%7 0%8% TLB% {99y %EC 0ST OLC TIE %0E €0t (8 tEC GOt %9t 95t OLE 6%€ v6L €8%E  OS
181 OtSy £L8% 988% B8.9Y% 88 €EZ GOE 69 BSE TLE OSE  v6€ TESE
_._wE\w -- - - ﬁm& IIIII - = - - - - - = == - = r.—a bl e T R - - = S1ies CME\u
) .
andang ﬁvm cm mm Nm ~m eah ma& eah nah Nah ~ah 1 nh o& mh ch ﬂh N& dh 13m04 WY

*(suiny z/1-01) uado Ayrerazed sarea ayp ‘(pura8ax) 3daT %001

bV 3IqeL

A-5



_ w w
SIg € 99 1% S61 00 OIZ SOZ 0ZZ Sy 9L %8 TLT 92 BIZ %1 SSZ 697 OvE 1987 OZI
012 2T 99 0oy C. <8 89T 8 (IT YOI €LZ 88 €SE Y6SZ
€8z ZU 89 1Iv S6T 00z OIZ S1Z SEZ 08Z 9L S8 69T 8ZZ Z€¢ OIZ I8Z 6T LSE 009 001
062 €1 L v (L S8 OLT 62z L€Z 91Z 06Z 10 T9€ 9092
S1z 8 SL Ol 9. 98 991 Z€Z ISZ OFZ 60€ BIE TLE 1492
€ze 8 o/ vl <61 €0Z 0ZZ OvZ 09Z S6Z L 98 991 %€Z 292 8€Z Y9I 7o LLE 2% 08
162 8 9 LE1 8L 8 9T 96z . vl 9I€ ILE 28€ T
<61 8 0L (£ 09 S6T OIZ OEZ SSZ S6Z SOE €6 %2 %6Z %97 9LE OYE S6E
<0z Ol ¢ 86 09 861 B81Z OvZ L OTE 8IE veT 0SZ 906 L€ BEE %€ B86E LI1€Z 09
122 €1 %8 Oy 09 00 SZZ 0SZ 067 SIE OFE 99T SSZ 6IE 6/Z 6L YvC 00%
Sl 1 68 6Z OIZ 0SZ 06 OEE SYE OYE (9T 067 9%€ 6T %SE ISE 00% 8IST
91 21 06 OF 02Z ZiZ BIE SYE 09€ ZSE vl %Z€ 09¢ BOE 196 8SC 20 0161  O%
9T vI 06 16 OCZ S6Z SYE 09 SIE SYE 29T SSe /€ 616 OBE %9¢ SOv I11C
GME\M Illlumﬂlllil lllllll||||lll.lll.mnlllllllllllII |IIW¢.~GI=ME\~
ndaing PWPg ¥y By Ty Ty 99y S, w4y €9 29, 9, 6y 8 Ly 9 S Y & T 1§ somog way

‘uado A[[nJ aA[eA o1p ‘jjo siajeay (puridai) 9-Iv %5./d9da7T %S

SV 9IqeL

A-6



0 0€9 %(L O%0T %B8L OLTZ 0L 08T 01t SOt SST (L 68 (61 SZ€ oL €87 ¢€If€ (It €L€ B9%C 01
te 0v8 1701 TEET 1E01 €L B8 %1 %% %9t (6T %It 1€ 19¢ S6IZT 08
cS 0CoT 9111 06ET STIT €L B8 %61 %% %9C [6Z wIL O0IE 6% 89T
%9 GGOT 9811 SBYT 00CT 0% GILC GTE Owe GLE GLC %L 88 %61 8% 99¢ 86C 9Z¢ 0O7C ¢S€ witt Ot
YL 0801 9621 0861 SBZ1 ¥lL B8 %61 1G6€ 69 00t (ZL 1¢t 66t 18LC
6SCT €491 89¢1 L {8 %61 6GC %€ GOE ILE (€TC 1%L %GiL
STt 0621 90%T €ELT 60%1 €L 88 %61 TGt 9Lt 90t wELE €It wwe 86T 09
yoy1 €641 0SY1 . 88 €61 69¢ ®8/L BOL 9t€ tZ€ 9%vL 79¢T
091 9eGT CL9T1 €861 6691 44 (8 %81 08€ B9€ (1T 8%L 6IC €It ST
891 496! G081 O11C OLLT O% 06 O%E 09 SYE 00t €L/ B8 881 (BE 6L& OCE €GE 0OLe 1€€ 62Z2¢ 0§
a1 0091 SO1T CTEYC T90C 6L 68 161 96t GBEL GTZC 19C CLE 6LEL €€
98¢ 067T TOIT 895T 6E1T I, 98 TL1 €0% 1BL 8t 89 6LL S6C %61¢C
94¢ 0EZT 80ST 959 69vL tL {8 8.1 SGIv %BC TL€ 0B 8BCE 90C zige  Of
98¢ 0EZZ 4Z0E 86T 0L6Z GL 68 %81 6Cy (Bt BLL w6L £ve (10 7CeT
U L B 4L B i at: T s11EM Utw/|
ndang muzm c; nm N& dm 99. <9, %9 ¢q ‘ak _a& 1 1 NF o& mh c& me N% .b 19104 W

*uado Aqjeriaed aafea ayp ‘jJjo siaieay ‘(puradar) 9-)v

%SL/9407 %S¢

9V dlqey,

C L

A-7



961 06 LOTT BE6 Lty 68 €81 0cZ 01z vl giZ tte 67 0O9ve
e 0 9%OT ZEZ1 90T SBT S8BT S61 S6I S61 O1Z %8 06 Y8l 727 O1Z %HI 612 iz 967 ORYE  O91
0Lz 2911 9961 SE11 v 06 %81 €22 112 S8 077 SEZ  [OF 10SE
75t 05
€Lz 601 SLT 061 S81 00 SOZ SZZ ont
967 091
¢sZ
€Lz 08 €S YOL 10§ €8 68 (L1 BIZ S1Z 881 BEZ €S2 € €967 071
062
90z OYE 98E 025 CIE ST SBT 061 O00Z OI1Z S 08 68 OLT L1 122 €61 €SI 892 WEE BZLT
172 GBE z6Y %19 1Zv SLT SBI 061 00Z BIZ vz 28 68 TL1 L1Z SZZ 961 19 iz 8Lt woiZ 001
vz 0y 665 60L 625 SLT SBT 061 00Z SZZ 0SZ €8 68 W1 417 622 000 69 87 L9t 660¢
18 LS OYS 969 €9y SLT SBT 061 OIZ SEZ OLZ @8 (8 991 BIZ OYZ 917 %87 S6Z 1SC Z89Z . 08
9E 1 09T 011 8L O 00 SIZ SYZ S9Z OIE SSZ 4L (8 9LT 6T SEE (82 1SE 296 Ol 1812
LE1 091 07 0SZ 98 00C SZZ BSZ 08 SZE 06 ©L 88 BLI 897 8SE SOF %Of O9E 11% %2ZZ 09
ovt 091 €8Z O06E 891 00 SCZ OLZ S6C OYE 56 OF 68 0BT %It 08C 126 BLE L9F 219 Cure
czl WOE 98 O1Z SLT SBT S61 O1Z SZZ SvZ 08 89 S91 122 IS 82C S67 LOE BSE WHOZ
(1 0y (Z6 OZy OEZ OBT 061 01Z ZCZ 0SZ S9Z O08 B8 991 %27 65z e 106 ZIE €06 0212 Of
161 0SE SSY 0SZ SBT S61 SZC S6Z SLZ S8C 08 BB (91 927 997 OYZ LOF SIf HYE SCIz
—.—ﬁE\w ll'\-.ﬂwn—lllll - = - _— - - - ||l‘|l|-&?|l|l||lllll - i.lYT‘Ad-,.):_E\—
. |
mnding PMPg Ty by Ty Ty 9 SO va e, 6 8 L 9 S G L e W

*(suwany z/1-01) uado Aqjeriaed aajea

21p ‘(921M3 putadar) 9-3v %S./:HdA1

%5 LV 9IqelL,

A-8



1143 or 81 911 9% 18 6B 61 SEC %TT SOU [TT (7T ¢€LL O%EE
11149 o1 27z 0C1 8y 061 OIT O1Z 0OCZ OlZ Ol €8 98 %6l ([L€T STT 6S61 0tt 8TIT %L 69tL OC1
ote 0t eGZt stt 1§ S8 98 96T 6€Z 97T GOl CEZ 6T SSC wwve
08¢ 01 ST 61 OS ¥8 S8 BT %EZ OCZ 661 O% 9€Z OFE L1(Z
19214 O ST O0eT 1S 00T O1Z O1Z S1T 0CZ S¢¢ w8 98 8BI %E€C €€ ¢oC %wwe Owe 9Lt 042 001
06Z ot ST 1€t TS ¥ 98 6Bl 6S€Z 9LZ GOT 8% wvi (EL 8LC
See or vt gLt 1§ 0BlL 9€Z %wy¢ E1T 86 16T 6Lt (76T
8¢ 01 %1 GE1 26 S8BT 061 SIT SCT S% S%T %8 68 7281 9¢¢ 6%C HIC S9T %ST 0% BLsZ 08
092 ot %1 Le1 % S81 9t %ST €¢T 1LT (ST 1w 6%S¢
961 or €1 6Ll 8 0LT (€T w9T EEC 08BC 1L €%€ 0162
861 or %1t ot IS 00T S0 o0LTZ oOwt GSC 0se €8 €LT 8Ll 0OLT (LeT wHT SLT wye €Ce 09
661 or <1 vt ¥8 9.1 O% GLT 1% 88T 6L %%t 9LLl
AN 4] GE) G A2 | 91 S%T 98¢ 0SZ 96Z (3€ 9%t
1841 0T 92 W1 %9 00T OIZ OtZ &9C 6B SLT 18 S8 w91 O0OST 16 6SC OCGE 16Z 8%C THYT 0%
syl o1 €€ vt 991 66T S6C 6SC SOt S6C (St
I Y 1L I i . T T il - R R LI MR TR |
Indng wﬁsm qa mm NA d oa& mah eab ma& mn& _a& 1 wh hh ch m& q& m& Nh _& 19004 WY

"poAowax 9Tp ‘921M1 Puridos '9-Iv §S¥/AdAT S1/4M %0V gy 9jqelL

[ ]

A-9



828 €L8C LEOY 1L 98 612 68 66 €92 ¢6HC 9.7 65C SE6E
901 0ZZT 9(8T 6L8C T¥0Y SST OLZ ST 087 O0E S92 9 98 OZZ 26T 0L (97 %L 8L 097 BE6E O
CZ67 S8EE L70Y €L 98 ZZZ W6Z 0L 147 16T 6T 197 IWOL
vS6T (0% 122Y WL 18 SIZ 187 €6C 9SZ SRI €LT 6ST 91SE
€1 02€Z OLIC LYT% 92%% SCT SSZ 092 OLZ S6Z S9T %L I8 L1 %8Z 96T HSZ 8BZ w7 09T WheE .0zl
L6EE L9%Y 1€9Y SL (8 617 987 86 197 162 9Z 197 €L5C
SOLE 9ZLY SEBY CL 98 807 LT 88T ISZ 6LZ 0L 197 BIIE
e 0967 B16E SOLY L%8Y OZZ SIT 0SZ OLI SLT SSZ  SL 98 OIZ €47 06 €52 087 7Lf 797 SLIE 001
1207 %08Y 658Y CL 18 TIZ wiZ 16 %SZ 0BT €92 297 GLIE
s OTEE 820 91L% TILY St (8 907 0Lz 88T 1SZ 617 7LT 897 SOLZ
0l€ GCYEE £SOV BILY OZLY SZZ O%Z 09 OLZ 062 0SZ 9L (8 L07 T.Z W8L IS¢ O8C §47 297 2147 OB
SIE O8EE BLOY 1ZLY OYLY 9. 18 807 ©LI 88T IS¢ 0BZ WT 99T 8L
0se 88YE YZ1y 1€LY 89.LY L 98 661 892 88C 16 ‘ 0RC 9¢(Z 49 S6¢e
g€ 6ESE vS1Y 6L% 961y 00Z OCZ SEZ S9Z OLZ S9Z L 98 OO 897 687 IST I8 8L7 997 L96C 09
L9€ 065C €81% L9LY €28y €L (8 100 B9Z 067 ST €87 6. 997 6LLZ
00" OLLE TSEY £8LY £L8Y SL 98 161 997 €67 9 88T I8 L9T 01T
SOy €8LE €8YY T6LY 176% 0ZZ O¥Z SSZ OLZ S92 SIZ SL 98 S6T L9 S67 8SZ €67 (87 897 691T  OS
LoV O18E 8197 L6L% 796Y GL (8 861 897 86¢ 197 867 T6C B9 (81T
L e T e T i T - B L TS U2
9
mdng g Ty by Ty g 9%y S A e eay 19, 6 8 Ly 9 S 7 € T Uy ey way

‘uado Aqreyaaed anfea arp ‘(puradax) 9-23, $SH/AdAT %SI/4M %0V

6V SIqEL

A-10



<ZT €9 0801 €£9ET 2791 BZST [L S8 907 197 06T %S L0E (Of OCE L06T
66C 801 8881 09%Z 9v6Z 1S8Z OYZ 0SZ 0SZ 08Z O0E 06 8L S8 0I1Z 292 96C 297 OIf Wi L€ (€16 Oz
09€ SZI 09%Z 9096 £L6€ 81Z% 08 S8 ZIZ 8. 667 997 176 0ZE %€ 7Zet
OET 1% 0SST LOBT L60Z 6661 6L S8 00 v9Z €OE 897 WIE 176 LY w62
66T 19 O9LT (21T C%SC S1vE GCZC 0EtZ SEZ 08C 00t 00¢ 6L 8 T0C 69¢ BOEL ¢TLC 6CE GSZE€ 0GE 8v6C 001
¢LT 16 0C0T 8Y%C STBC %612 08 G8 %0Z 99C %1€ 9/ GEE OLE  €£SE 9006
091 OF 0ZZl L8ET 8Y91 9LyT 08 S8 €61 897 €7€ €8T CY€ SEC LSE YROZ
69T L% OLST 8ZL1 L10Z 0681 OCZ SEZ SYZ S6Z SZE SIE 18 98 161 T.Z CEE 06 6YE OYE O9% 2697 08
061 1L 0681 620C CELT 9ttt 8 (8 661 9LC €%€ 86C 9SE S%E %9t TOLZ
Sl 0F 0101 9611 8271 SIZI 18 98 881 S8Z [SE B0C S9E OSE B89E T762
81 GE€ GGOl %SZ1 9vwY 8621 OtC S%T GLZ O0tE Swe GZ¢€ 8 98 061 68C €9¢ ZIE€ 69€ ¢SE€ 0LE €% 09
0ST OE 0011 ZIE[ ¥9nT 1L€1 28 98 61 €62 695 OIf CLE SSE  7iE Y9ET
(901 0L 8% Ty 0Oft 18 8 (BT %0t TBE GZC 6LE€ 65€ %L wOIT
821 06 ¥8S 9v9 wvey OvZ S8Z SEC O0BE 066 OCE €8 (8 881 OCE 60v € 66 80¢ C8E 9112 OV
01 Ol7 18 86 %9¢ 8 68 061 OLE %E% 09 €0% €LC O6E BLIZ
Rl e e PR I 3 R LU T P
9
nding PPy g By Ty g 9% SO v €4 eq; 19 6 8 Ly 9 Sp € T T omog wad

"(suan3 z/1-01) uado Apferaied aatea atp ‘(°d1m3 puradar) 9-2v 4Sb/AdAT $SI/4M %0V "QIV SIQEL

A-11



1199 or e it 1§ ¥8 98 861 1%Z €IZ €61 wZZ €22 €L Sov 09l
8zt or ¢t ot 8y €8 98 %61 ([£Z GITZ G61 0L 877 veL 69€E 0Ol
19274 ot oSt oex 16 ¥8 98 881 %€Z €T T0CZ %%Z 0% 9tc 0sLT2 001
8%z or %1 SET ¢S ¥8 S8 BT 9CZ 6%T 8lZ 6G9Z 95T OvE BLGT 08
961 or vt ot s £8 E€L1 B€T OLT (€T %8T SL7 %% €€ 09
LET or 9z vl <9 18 68 %91 O0SZ 162 6ST 00t 162 8% 7891 oy
L L il PR RN S BTN 19 |
anding m;._ q._ nm Nm d 99, 6q, %9, €9 N...F 3._. a.—. L N._. o._. m._‘ .\._. m__. N._. _._. 1m0 HdY

"poAowdL JA[RA BTIP ‘9-IV §Sb/AAAT $ST1/4AM S0V

11V 21qeL

A-12



<9 0007 €0ST Z8TT OCR v8 (6T 182 WHZ 997 1.2 A TARAAL,

99 0022 9661 9191 0191 8 ovZ €8z 8T 197 Ll (A2 AYEY 06

89 00%Z %6EZ 7861 0S61 <8 vz %87 987 897 LT (87 SLSY

009 0072 €691 LZ21 106 v8 11 892 612 97 OL2 187 L0.6F,

099 98T 0907 LEST 9EZI o€ 122wt 87 9T 142 (87 6527 08

o1z 000§ 9E8Z €%EZ SOIZ 98 SCZ 082 %8Z 997 Ut vAZ 785Y

SS 8y 006€ LEYE YL8T L09T 98 €€Z 007 YT W97 8LL 967 6992

267 09 0%Zy 788¢ 18LE TLSE /8 (€2 SIT 98T 0LT 61T 167 00IE 09

SCy LL 00US S¥9% 0L9% 6787 <€z 162 %Iz L0 (8 197 087 187 LT 6L2 862 099€

GZE 09 00LE 061€ 88%Z LL1T 98 612 897 WHZ 697 LLT 967 6562

<z 89 0MOY 1LZ€ ¥8ST 19LT 98 07T 692 98z 0LL 6LT 867 wL0E 0%

7€ 0°%L 00LY WSEE 9897 €E€Z Z0Z 100 OEZ 8CZ ST €T 98 €27 oLz 06z 1Lz 182 662 TLOE

paso(d Afjerised aajea arq

089 %€ 0001 €€S 997 I 98 vl 102 €8C T 6LT 917 wIgE

0SS 0S 7S97 76 162 OC %8I 97Z SEC 9EZ 967 €L (R 081 %97 S8BT LLT %RC L7 0598 09

€Z0 L 0009 BZ9 8YE  6C (8 L6T 897 (87 (8T 867 8iT 876€

cLS 0011 SEZ 91Z 11 g8 9¢z 08z 98C 89T LT €82 (262

6%9 00E1 €45 Oz i 68 8€Z 187 (8T OLT SIT YAz ZIE 08

00L 0051 LS. OYE 9l 68 662 187 687 €LT LLZ BT L60Y

<19 06 S8S iz 11 98 091 997 10 WT (L2 (8T W6LE

29 c6Z1 0£L 106 81 661 92Z 96Z 1%C L€ €27 68 61 ZLT 90C 8L 08T 88 006E 09

<18 0091 9¢6 €% OL 16 077 18 %If 787 €8T 062 0%0%

€SC €S 0L 192 L1 OF 98 (61 S9Z €62 (8T 06T 206 $102

€8C 09 O0€8 OEE SHI  SE I8 661 897 86Z LRT 96T vOC LH9Z 0%

00 %9 068 IZ% L61 B 88 202 0L %OE w67 20€ 9E 9%0L
upe/8 - - - = g8d - - = - - - e e e e e e e e e e T mmm e m e - e - - - - - suen utu/|
ndwng 2Py Ty &y Ty Ty 99 SO v €9y 29, 19,0 6 Ly 9% Si " Bt Ty somog way

*330 saaieay ‘uado A[[ny OA[EA ITP ‘Ysaij ‘swoljoq wunndep %0001 TV 9qeL

A-13



05y 0%0€ 88LZ 00E G661 <8 622 19 OLZ €SZ 6SZ €82 061€
Z9Y €SZ€ 9167 SISZ 66ZZ SIZ €€Z 96Z 0ZZ O1Z LOZ 98 06C 29 14T %ST 6ST €87 606E 09
<1y 06YE 191€ 2897 BLYZ 98 9z €97 T ST 097 Y87 9ZE
sey 0LYT SLTT SO6T 909 c8 (07 79z 8LZ 097 %9L 98 CEIC
Z5Y 08z 8%€Z 0461 S29 98 80Z 297 187 297 992 vez 8976 0
<6Y 00ZE YL%2 €402 €991 98 S1Z 197 %8T 9T 8YZ <87 WILE
SLE 061 606 OF8 9IS 98 611 95T 91T 09 692 Y87 1992
L8E 61z BSET OEZT €16 102 0ZZ LEZ % %ST €I 88 181 71z 067 T ST <8z SIRZ 0%
00v 00ZZ 8081 TE9T TSET 06 261 6.7 106 087 SiZ 987 7687
cze L18  SZ6 069 ) WOl 652 92 957 %9Z 062 9527
€se 0091 065T 061 08 T 092 06 197 9L COf 8792 OY
<ic SCBZ Y6YZ 80T 98 861 09Z %6Z %IZ 982 - El1f 1102
Sve 05 1T 82 %9 191 SEZ SLZ 957 %9 SIZ1 067 957
LYE 9 SE1 8 9 €91 09z 262 142 9.2 9Z1 LOE OSHZ  OY
05E T O T4 89 (91 9.z 106 8LZ 187 LZ1 T1¢ 89LT
) - I I T e T T TR 2 TP "))
9
wding 2Py 7y &y Ty Ty 99 54 vqy €9, 29 19, 6 Ly 9% Sp " L 4 1y somog gy

‘uado Arter3xzed uoyz A[[(ny oafea atp ‘ysoaxy ‘z-dA %000 €IV d|qBlL

A-14



Sy 006¢ 96LT 9SSC 891 <8 CEC C9C 0LT %SC 6S¢ LR (11€
09y ¢0CE 26T 0097 S6CC SIT €€C 9€Z 0Lz O1Z L0z 98 %eZ T9C 0L SST 09T €HC 1€2€ 09
SLY 06%¢ ¢91€ 789T 8L%T 98 9€¢ €97 W STz 092 ¥8Z [BLE
SEY 0L%C 9%ZC S061 9091 €1Z TST Wt vt 0t YRT G80C
rALd L08C 1SET 9861 £591 0°68 Y198 BIZ 09¢ 6L 8SZ 692 ¥8Z »1Z¢ OS
0sYy 00Ze wL%T €90C 9¢eL1 GTT I9Z %8 GS9T 89 S8 wite
SLE 061 606 O€8 96 64T 99C 6T 1T €Lt Y8 199¢
LBE LLTC O1%T BYZT 086 T0Z 0CT (ET TWZ %ST €ee 8BT TLT 96T 9T 9.7 ¥8C GI8C 0%
00Yy 0%%Z 0161 (991 SBE1 861 64T 10€ 087 8LT S8C v6HC
uyw/8 - - - - y8d - - - = -« - - - - - - oL L - do = - - = - - - -=------- -~ sleA Ut/
E
andang uam vm nm Nm ~m oah mah qab mah Na& ﬁah ob m&. n& o& mh ck nh N& ~h 19104 WdY

*(suany g/1-01) uado Ajreriied anjea arp ‘(9sie0d) [-gA %001 “$IV 9IqeL

A-15



0sy 061 SET %81 €1 %8 661 9.t O0lt 00t Ol G6C 0/8C

8sYy 661 O%T 981 €I v8 00C ¢8C %iE <0€ %1€ 96¢ €682 09

SLY 00z 9%1 881 €1 98 ¢0C (8t BIt OIt 6I¢ 86¢ 916¢

1945 0oy 00T 80 O¢ 181 62t GZt 8CE ¢€%¢C 96¢ 0%%¢

8yt 09 9¢T %EZ 9¢ 19T [LST S8BT 6LC 99C 697 £°98 %7°98 GBI €GE€ BIE 9YLE 6S€ L6C £9%C  O%

0s¢ 0L (61 €8¢ 89 061 6.t 6Tt %we LL(t L6 B8%T
upw/8 - - - = 38d - -~ v - - - - - m - - - - - e R - - - - - -~ - s)1%M uTW/|
andang arp .\a_ nm N._ d 9. Sq. %9, €9, 29 3,_. m.._. w._. m._. o._. m.—. c._. m._. N.r ; 19M04  WdY

*uado A[[nJ aAreA 31p ‘[-9A

%06 ‘4M %01 °G[V 9IqelL

A-16

Wy



czs 0C6Z 9L0E 98LT SBST 28 062 19z 657 8SZ 992 67 LO6E
86S SviE 8YIE vISZ 9297 L1z 8ZZ 8 €T vz L1z 8 €€ €97 997 857 997 967 0Z0% 08
058 09EE 0ZZ€ 2987 8997 28 9z S9Z LT 657 192 9627 2707
ccy 0£6Z SB8Z L6ST 622T 28 112 SSz 1T 657 692 967 9vZE
17y €42 OE6Z S197 887T €8 61z 8SZ €Lz 097 OLT 967 9LEE 09
05y 069¢ 986Z LZ9Z 6ZEZ v8 czz "097 wiz 197 Lt 162 75E
<82 082Z Y91 £8%1 L9ZT 18 661 %SZ BLZ %9T 692 167 6897
v62 0S¢z 8261 TILT (BY[ 80 11Z %ZZ O€Z SE€Z L1Z €8 €0z SSZ 18 897 9.7 167 9CLT 0%
00€ 00LZ 8SZZ .61 SELT v8 [0z 957 €87 1.z 18T 867 6087
utw/3 --=-1sd - - - - - e et et et et et e s s e s sy m - - = - = - - - - - -~ - - s11BA UTu/]
9
wdaing My g by Ty Ty 99 S99y €9 29, 19, 6 Ly 9% S " o % Tpoaemog way

*(suxnl g/1-01) uado Ayreryaed aafea arp ‘r-9A

%06 ‘4M %01

91V 2IqeL,

A-17



SeT 00L L6ST 6L0Z SY1Z v8 L6C 10€ 9%E €wE w<E %SE 86C

602 LSYT %1EC 1ELT SE6T 98 90€ %0E 6%€ ([%E 8SE L(GE B8Z1Y 08

Y24 00%Z LTT1E LSTE 6L6E 88 9I€ 80t %SE€ ISE  %9¢ 65 8STY -

oSt 00ZT 2ZSTT %081 9LL1 <8 T T6T O%E e 1vE 7€ 681¢

91 §S0C SLIZ 9LST %L9T 88 G9Z 66T EYE 6L 8YE 6%t 9L%¢ 09

otz 0BI% 1697 %¢0t £61¢€ 68 88C %0t (%€ IYE €SC vSE 0GLE

001 00t €78 S6TT 0L21 {8 68T 96T %YE€ 6ZL O%¢ 6L SSST

et 00L 1641 6ST1Z OEYI 68 0T 00€ SvE 0LE sve e S69C O%

681 OLET OC6E TZ1Y SZ91 68 %1Z 80t (%€ TEE€ OL€ 9vE ZZ6t
ufw/8 - - - - ysd - - - - - T T T T T T ST s s s s s s T - - - - - - -- - - - - - - - sliEaumw/y
andang o:u._ c._ m._ Nm ~m oa._. ma.—. .3._. na.—. Na._. S.h. m.._. Ly o._. m._. W & 1 9 1304 Wl

"(suny z/1-6) uado Ajrerixed aAreA aTIp ‘[-GA %SS/d4M 4Sb LIV JIqel.

A-18



9t oy G679 868 689 wIe 00% %1% 00% 80% CLi& 16E TSGY
08t 6SY 0tL €6 8% €8 wie SO% LIy €O% ZI1v SLE SOE 299 06
L6E 0L% 1.8 %901 <t8 ¢ee  T1% 1Z7 (0% 917 6L€ 86L 796S
87t 00y 18y 0€8 %%9 88 98t 20% O9RBL €6L 6GE  6LE 100v
Ste €9y 0YG 658 B899 ([LZE GSE 9SE€ BLE 8EE [L6C 0°L8 %°L8 96C 68t SO% 68L ([6E €9f ¢RE (s 08
7%¢ 08y 089 116 869 SO0E 6t LO% o6t 10% 99t %8t TISY
6S¢ 007 (6% %%8 6%9 LET 99€ O06€ 1.t WLE EvE BLE 6S8C
182 oLy €IS 698 %.9 0°88 £°68 9%ST YL€ €£6€ 9LE OHE B%L RLL S60% 0L
SOE 0Ly 6% 906 (09 TLZ 08t 96L O08E 98€ ¢St BLE 0Ty
S9¢ O1Z1 1£0T 2STT 698 LLT TSE TLE SGE 69t 6%E €LE €LLE
ST L8TT 6€1T 91T 9%6 8Ct B8ZE BIt Bt 8% (6C S8 16C 9t 9L€ 19t GLE 1St %t 60Z% 09
19:74 06l E€IEL LLTT %86 0 OLE 7Bt 99t O6LE %SE  9LE 6Z9%
00¢ 09% 6%Y8 L6 9Tl €61 0SE 88E %9t 09t 6CF 1SE T6LE
81z {89 /(8 €101 €9L 8/ 90t 1€ €Tt (i€ O06Z 0°LB £€°88 B0 €GE 68 S9¢ %»9L (LE 0YE %15 0S
0S¢ ovy8 G06 SSO1 T1iI8 %CC (SE 06t (9t 89t 9LE TLE £8SE
upm/8 - - = = 8d - - - - - - - e e e e e e e e e e e - - - - - - - - = - - - - - - - - - - S51]0A Uluw/]
?
andang _vm c; mm Nm ~m oah mah cah mak Nnh ~a& a& mh mb oh mh cb mb Nk ~h 10m0g WY

‘uado A[Inj aAfeAa atp ‘1-8A %0S ‘4M %0S

81V 3lqel

A-19



cse 0S6Z L%SZ %907 %%S1 9%¢ €1% 6£% 91% 1Z% 68 68E €1L%
1€ O11€ %69Z SCIZ 96ST 1TvE T.E 18BE 8%t (% 86T 0°98 9°/8 79¢ O0OI% O%% (1% TC% 68C €6t €18y  OS
S6¢ 0C¢ZE S08C 661C ¢991 69t %Z% 1Iv% 61y %I% 06€ 96 %tL6Yy
19274 0%0€ 891C 90ZZ 6SL1 8°908 9°88 T1EE GIyY €%y 61% 1T% O08C GLE €L2¢C
A4 T9Y€ 88ST LECTZ O8I ¢YE TSE Y/E 6LE BIE 8% 0°(B L'88 BEE BIY S%y 0Z%Y ITI% SBE BLE 6£9€ 0%
(0} 74 0G6E 8LLT 18CC 6261 1°(8 8°88 TYE TZ% Lv% 1¢v €I% 8BE %8L COOC
ute/8 - - - = y8d - - - - - - - - - - - e - e - - - - - - do == - - =——-—-—-— - - - - == - - s1iem utw/g
andang 2Py 7y €y T, T, 99, Sq; v, €9, 9, 1, 6, 8, Ly 9% Sp " € Y U amog Waw
*(suiny g) uado Arreriaed aarea arp ‘[-9A %0S ‘d4M %0S 61V 9IqEL

A-20



GLE

(493

uyu/8

nding

L9 06£C itB1 B86%1 1601 178 96€ SO% €£8EL vo6L  %9C €O% HRTY
(8 (TYT 0107 08ST 8011 1°4(8 €°88 €EL [L6E ([O% 98L 96C 99t OIv 817y 0§
86 060€ 1€2C S691 BOTT EvE B6E 60v BHC (6L 89L %1% GCu%
96 0LLE O¥TT LSET 991 0T 06E SBE LLE SGE 19T 9(% 170%
SYT 007% 6£9C OCLT 8601 TIE O%E O¥E ¢TIt O0SE GOEL L°€8 €'%8 TGCT 96€ SOL ZHE 10% G9C  9yL HOZY 0%
81 00PY [91€ 6107 1SCT 00t 66L TOY GHE QO%Y 69C 96 6LGY
e £ B T PR N BN b R UL IR VA
E]
“sm ca nm Nm ~L oah mak qak m:h N:% ~ak o& m& mb c& m& q& m& N& _& 10R04 PN

*(suany ) uado Arrerised aafer a1p ‘Z-9A %05 'dAM %05 ‘OTV QlqelL

A-21

~



w

o1 GOt 9¢% 19% 6L% SiY  66L 60SGY

g1¢ 000€ L96T 96LT %%l 0°LB %°B8 99€ LEY Ww9Y %Y wey w0y 8Y9y 0S

GLE 99¢ 8¢Y 69% SYY sy 0Oly (BLY

08¢ 01ve 0L46T %L1T (LETT gye 11* 6LY C1% %wwy BHZ 065 (7%

(111 YL 010 90%C 1161 GZE G9C G6E C6t BBL O0LL 1°98 8°98 %Ot 8BIY 65 GLY Chh Lo L1% wwiy oYy

o%e 0%0% 11¢2¢ 199 0691 g%E 8EY 0OL% 9%% 9%y 91y LY 089Y
.:E\m - - - =q8d - - - - - B T T PR e - - - gslieMm Utw/g
andang u:.._ N_ nﬂ_ Nm qm oa._. ma__. 3._. mas N..,_. 3._. c._. m._. h._. o_y wb c,_. m,_. N.F ; 10m0g WAl

(suany z/1-¢) uado Ajreraaed aAfeAa a1p ‘Z-94A %0S ‘dM %0S [TV 9IqElL

A-22



00z 06 0 S 9T 2L 88 6,1 0Lz BIE vIE 9CE 166 10%6

Gz SOL 0 69 SOf BEC S61 8IC LEZ (ST T9C 95T 68 WO €L 61E 91C L€ 00w LROY OB

0st 121 0 8 EYE 68C 06 €2 8L 0IE BIE 6IE 907 $B9Y

01z 20z 0 €2z 187 €SC 06 92z 167 61€ 91 6F (g zize

19 1C 0C SLZ 1v6 0Ly 82z 1vZ 0SZ ST S9 wLZ 06 267 67 61C L1E 1€E BLE T9ZE 09

O 91Z 09 LEE SS9 66Y 16 v €67 OCE L1E ZE€ OBE LOLE

o1 98 0 €67 €€9 €I €07 267 TIE O1E %L €€ S22

iz 9IE 00 SES ZOL 18y €1Z BEZ 8% 6YZ 6SZ 192 2°68 ¥°68 L1Z 96C 91€ EIE 9ZE 80C 6RBE  OY

Lz 8YC 008 GEOT 608 55 92z €0C 61€ 9I€ B8CE SLE SO1E
upw/8 - - - = §8d - - = = = — - - - - - o - - - - - - - s sy S S S s S s s m s - - s1iem utw/|
ndang PP Ty Bg Cg o Tg O SNy I B9 TN TN 8y Ly % Sp i Y G o osemog Wy

"uddo AT[ng aAfeA a1p ‘[-9A %SY ‘dM %SV "TTV 9dlqe]

A-23



w

APPENDIX B

CALCULATIONS OF THE MODIFIED BRINKMAN NUMBER




APPENDIX B

CALCULATIONS OF THE MODIFIED BRINKMAN NUMBER

Numerical calculations of the modified Brinkman Number are given for two case studies
and the results were discussed in Part 3, Section 3.2.3. The two cases were: (1) LDPE, (2) 40
wt. % wood flour and 60 wt. % of a mixture of LDPE (25 wt. %) and AC6 PE (75 wt. %).

Case 1

Extrusion of polyethylene at 370°F using some data from the literature (Glanvil, 1971,
p. 43 and p. 66):

N
k

100 rpm

8 x 10* cal/cm?s-°C/cm
4.18 x 107 1bys-°F

0.57

0.0118%!

0.0775 in

9.17 in/s

cwo s

The shear rate at 100 rpm is:

_ *DN _ = (1.75)(1.67)
B 0.0775

- 118.5 5!

The viscosity for LDPE at this shear rate is:

K, - 2.6x10° D™ 1 _219x10* poise
cm? 118.5 57!

K, = (2.19x10% (4)(0‘57)} - 1.84x10* poise
i 3(0.57)+1

b ~s
- 38.43 L

ﬁ2

B-1



= 0.267 ij./in2

0.267”7 - + 70.57+1 _o o
B =0.0118°K""| O, soF ) 1K —
in? s? 4.18H0‘21bf 1.8°F  (0.0775in)%4
_ (0.0118)(0.267)(32.5) 0.333)
(4.18x107%)(1.8)
- 4.53x1072 = 0.453
Case 2

Extrusion of 40% wood flour/60% (25% LDPE, 75% AC6 PE), using experimental data
generated at the University of Arizona and the University of Lowell (White et al. 1981).

N = 100 rpm
kg =  8x10™ cal/cm?-s-°C/cm
= 4.18x10? Ib/s-°F
Kiood e =  43x10™ cal/cm?-s-°C/cm
n = 0.43
b = 0.056°K™
B =  0.0775 in
u = 9.18 in/s
For the slurry, the thermal conductivity is estimated by a rule of mixtures as:
k, (0.60)(8x10°( + (0.4)(43x10™

22x10™ cal/cm?-s-°C/cm
115x10? 1by/s-°F

One must also estimate the viscosity of the slurry in the screw channel. From an experimental
run, the viscosity of a 40% slurry was found to be

Ibf—s

in?

20x10™*

at a shear rate of 7235 s’\.

The viscosity in the metering section is:

L)



b -s
X, - 20210 | 118.5 0431 _ 2.08x107% L

7235 in*
Thus:
-2 . + ° °
5 - 0.056°K-" {2.08x10 Ibf-s!9.18m)°"3 Ly s°F 'K, 1
par? 2 115x102b, 1.8°F (0.0775in)

(0.56)(2.08x109(9.18)!'® 12
(115x107%)(1.8)(0.0775) %%

B-3
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APPENDIX C

CALCULATION FOR SCALE-UP FOR EXTRUDER-FEEDER

The experimental data on the extruder-feeder and those experimental results on which this
scale-up was based are as follows:

N = 40 rpm P, = 6,470 psi

D, = L75" P, = 5,020 psi

8§ = 17.7° T = 367°F = 457°K

W = 1.67" AZ = 12.5"

H = 0.078" p = 0.77 glcc

F, = 0.95 Q = 175 g/min
lation of F

Using the above data and the appropriate conversion factors we obtain

- ( Q _T. N 175 . 1.67_0.078'0.9)
P 70.77-28317°60 2 60 1 12 12
12.5
12 ==
12
1.67 ,(0.078)3, AP
12 12

Fp- (7.64x107 0-2.95x100N) x 3.271 x 108%
A

where Q is in g/min, N is in RPM, g is in Ib,-s/ft?, and aP = lby/ft%.
Calculate AP

AP = (6470-5020) = 1450 psi
= 208800 Ib/ft*



Calculate u

First we have to calculate the shear rate ¥

DN _ x:1.7540 _ -1
" " 00Re
From 4 we calculate E‘i’ by equation
-1.669E.
¥ = 2.025x10e Y

and we get E.-Y = 7,800 cal/g moles
For T = 457°K we calculate u by the equation

p = 548.85 exp(E.-y/RT)

7800

= 348.85 erserasT

=2.95x10° ¢p

Ib
= 2.95x1062.089x10~3 = 61.6 L
22

Substituting in Equation 8 for Q, N, ux, and AP we get Fp = 1.53.

Alternative Method of Calculating Viscosities
Using Equation 3.17:

’ p o= Kd-AP
Q

A sample calculation will be made for one case of vacuum bottoms. Virgin vacuum bottoms and
10.5 closure turns on die valve.



N = 40 RPM

Q = 365 g/min

P = 1101 psi

0 = 1.2 g/cm3

K; =  0.00033 cm3

Using these values and the appropriate conversion factors we obtained:

1101-144
_x, AP _ 000033 365
k=% T 38T 122831760

lbfs
= 21.5 —— = 1,030,000 cp
ﬁ2

Numerical Example for Calculating AP ..

AP 6xcosdpND pul
max =
H? sinb

. 1.75 -7,15
€-20. kil ‘1.4 1 -
0951 5 100,000-1.4504x10 (12)

0.082,2
0.29(——=
{ T )
= 3496 psi
where:
0;+6
b~%s ; Assume ob = OS =0 =17.7°
N = 60
RPM = 1 rps
Dy = 1.75"
I = 100,000 Cp
lcp = 1.4504 107" ———
. 2
in
1 = 15"
H = 0.082"



lation of i Vi issipation

In this case we calculate the AT obtained due to viscous dissipation and then P,,, the
power needed for that purpose.

The data used were obtained from our experimental work as follows:

B = -039cm’
A = 505cm’
K = 0.00033 cm’
C, = 0.75calg°C
3
P = 0.77 g/cm
N = 40 rpm
4 = 15"
b = 4254°K
lbes
m = 61.6 ——2-f
R
The AT we calculate as follows:
Evaluate Nj- 2 . 93 _ g
K 0.00033
Ap C,
Evaluate Nj = __‘f_ﬂ_
NZu 0 bE
where:
p - B _ 4254 °K
R T? T
for
T = 457°K

C4



and

3 ..
E = .’_’_32__:.‘_'_'.'.”_ (1 +3-sin%)
H + Sf
'y = clearance distance
3 .
E = 5317703012 3000 - 4127
12°.(0.0078+0.0030)

Substituting in equation for N, we get:
_ 5.050.77:0.75  JI _
40 15 4254 f5

—=-61.6—
60 12 4572

1.95

1
= —— Bru/cal
1= 35

1
- — Bulft.lb
J2= g BPPr
N, = 0
Nz = 1-95
We obtain from the correlation between X and N, and N, by Middlemen (1977):
X = 1.5

From the Equation X = €™ or, log X = bat
AT = logX _ logl.5 _ 19.9°C

b 4254
4572

Calculation of Power Required for Viscous Dissipation

The power used for the viscous dissipation P, can be calculated using equation:

C-5



Pm- QCﬁST 1

where:

AT = temperature rise due to the viscous dissipation and Q, and C, are the same as in
the energy balance calculation.

P, = 1950.75:19.9 = 2910 cal/min = 22?20 = 0.19 Brws = 0.9-1054.35 = 203
Watts = 0.272 Hp.

Reference

Middleman, S., "Fundamentals of Polymer Processing,” McGraw-Hill, New York, NY (1977).
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