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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. Thug,

there is an incentive to develop economic conversion processes for converting biomass,

including wood, into liquid fuels. Through research sponsored by the U.S. Department of

Energy's Biomass Thermochemical Conversion Program, managed by Pacific Northwest

Laboratory (PNL) (a), 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 lb/hr, reactor pressures from 800 to 3,006 psi and temperatures from

350°C to 430°C under conditions coveting 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

°°.
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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 contairrs Appendix D,

which presents experimental data on the test runs conducted in the experimental liquefaction

facility.
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PART 4

DESIGN AND CONSTRUCTION OF AN ADVANCED BIOMASS
EXTRUDER-FEEDER DIRECT LIQUEFACTION FACILITY

4.1 INTRODUCTION

A preliminary design and cost estimate was prepared in early 1982 for the
construction of a continuous direct liquefaction experimental unit (White 1982). This Phase
II would integrate the extruder pumping system with a unique vertical reactor which offered
potential for further improving direct biomass liquefaction technology. The cost estimate
projected a 15-month period (a) 10 months of mechanical design, purchasing and
construction of an experimental unit, followed by (b) five months of shake-down and initial
experimental runs.

A delay in work was experienced at this point in time, awaiting review and approval
of the funding for the proposed experimental facility. All DOE-funded work on this project
was stopped for the period February 1, 1982 - April 20, 1983. The process design was
initiated on April 20, 1983 and was completed by about mid-October, 1983. In the
meantime, comtruction began in June, 1983 upon a 27 ft. x 80 ft. process area, pouring four
footings for a vertical steel process structure and concrete slabs for the process and storage
areas. A reinforced concrete block wall was constructed around the process area.

4.2 PHYSICAL FACILITIES

The University of Arizona provided space in three existing small buildings at its
Campbell Farm, College of Agriculture, about four miles north of the main Campus for this
project, and land next to one of these buildings for the biomass liquefaction process area.
These buildings were utilized as follows:

Building 2097

This 20 ft. x 20 ft. building was utilized as a remote microprocessor control room.
This did not. interfere with its other function as a high-pressure autoclave facility, utilizing
its outside autoclave bunker area.

Building 209_

One office, one large wet chemistry laboratory and a rest room were assigned to this
project, with the remainder of the building assigned to Agricultural Engineering.

Building 2098

This 20 ft. x 30 ft. building served as a storage building for spare equipment, spare
parts and miscellaneous storage.
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4.3 PROCESS DESIGN

4.3.1 Design Basis

A small continuous process unit was sized on the basis of the smallest plasticating
single-screw extruder that would give meaningful engineering and operability data. lt is
generally acceoted that this size is 1.75-inch diameter extruder (laboratory size) compared
with the smallest commercial extruder of 2.5-inch diameter. In order to provide good
operability in the handling of solids, the same inside diameter of 1.75 inches was maintained
in the vertical reactor.

The experimental unit was designed for day-long runs on a continuous basis, so that
some six hours of lined-out operating data could be obtained. Two to four hours of start-
up time were necessary to reach steady-state operating conditions. This allows the
processing of about 150 to 200 pounds of feedstock in a one-day run, or double that amount
by running on two successive days. Process operations are controlled remotely by utilizing
a real-time computer control system.

A simplified process flow diagram for the biomass liquefaction unit is shown in Figure
4.1. Biomass feedstock enters the cold end of the extruder-feeder, sometimes continuously
and sometimes by plastic "cupfuls," but in all cases the extruder-feeder output is at steady-
state. The extruder-feeder serves three main purposes, namely, (a) the generation of output
pressure, which can be controlled at any desired pressure in the range of 100 psi up to 3,500
psi, (24 MPa) (b) the preheating and the melting of the heavy carrier oil in the feedstock,
usually from 80°C on up to 150°C, and (c) the plasticising and mixing of the heavy carrier
oil with the wood flour or wood sawdust.

The first reactor configuration chosen for experimentation was a vertical reactor,
consisting of two sections with headroom space for additional sections, so that a range of
residence times could be studied. Saturated or superheated steam is injected at the spool
just prior to the reactor inlet, but band heaters area also utilized along the vertical reactor.
Temperatures and pressures can be controlled by the remote real-time computer control
systems. Temperatures can be held at any desired point, and to date have been held at
330°C up to a maximum temperature of 410°C. Pressures up to a maximum of 3,000 psi
(20.7 MPa), and possibly holding pressures up to 3,500 psi (24 MPa) when operating above
the critical temperature were provided for in the design. Provisions with and without the
catalyst sodium carbonate. It should be noted that reactive molecular hydrogen was not
utilized, but "in-situ" hydrogen was formed by the water gas shift reaction. It is believed
that sodium carbonate (and its derivatives in recycle streams) acts as a catalyst both for the
liquefaction reactions and for the water gas shift reaction (5). Radioactive tracers (neutron-
activated manganese oxide with a 2.46 hour half-life) were to be used in some runs to study
residence time, flow patterns and the degree of mixing. Provisions were made to install
static mixers, but certain designs were tested only in laboratory flow systems.

A two-stage pressure let-down system was designed originally, but only one stage was
constructed and used. In other words, the overhead vapor stream was reduced in pressure
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from operating pressure to atmospheric pressure by means of a control valve on the vapor
line from the pressure let-down vessel. This is the key control valve for maintaining the
desired pressure on the let-down vessel and the vertical reactor, operated remotely by the
real-time computer control system. Similarly, the rector effluent liquid product was
removed from the bottom of the pressure let-down vessel through one valve to atmospheric
pressure.

Carbon monoxide was provided from a bank of cylinders, and compressed to 4,500
psi (31 MPa) by a two-stage reciprocating compressor. The sodium carbonate and some
moisture was usually added to the feedstock; however, in many passes simulating recycle
streams no additional sodium carbonate is added. A sophisticated steam superheater was
designed, constructed and successfully operated. The unit was designed for flow rates of 5
to 40 pounds per hour at up to 3,100 psi (21.4 MPa) and temperatures ranging from the
saturation point (about 370°C) to about 800°C.

The overhead vapors normally contained 5 to 10 percent of the crude wood oil
product. Suitable process equipment was installed to handle these fight product oils. It is
condensed with chilled water and separated into water and oil layers for analyses. The non-
condensable gases are passed through a scrubber, normally using a dilute sodium carbonate
solution, then passed through a wet gas meter and then vented to the stack. The major
portion of the crude wood oil is recovered by batch vacuum distillation from the reactor
effluent at two mm abs. pressure and distillation terminated at 260°C.

4.3.2. Process Equipment

Some of the more significant specifications of the equipment that were installed in the
experimental liquefaction unit are as follows:

Crammer-Feeder. Hopper, 3.4 Ft3 with 2.6 Ft3 working volume, 2-5 rpm screw of Prodex
design, 5 Hp DC drive.

Extruder-Feeder. Single-screw, 1.75-inch diameter, 24 L/D Ratio, variable speed 10-10 rpm
screw, 15 hp, 3-phase, 220V, chilled water-cooling at feed throat, five heater bands, five
pressure transducers and five thermocouples along the barrel.

Vertical Reactor. Two flanged reactor sections, 1.75-inch I.D., Xalloy-lined steel, bottom
section 49 inches in length, top section 46 inches in length with steel spools of 1.75-inch I.D.
below and above the bottom reactor section, and both sections complete with
thermocouples, pressure transducers and inorganic insulation.

Reactor Piping. Extruder-feeder connected to spool below reactor by "a cross" consisting
of 26 inches horizontal pipe section, a cross and 26 inches of vertical pipe section, ali 1.90-
inch I.D. Top of reactor connected to pressure let-down vessel by 29-inch vertical flanged
pipe section, 90* flanged el, 11-inches of horizontal flanged pipe section and a second 90*
flanged el, ali about 1.9-inch I.D., steel construction.
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pressure Let-Down Vessel. Vertical Hanged Vessel, 3.5-inch I.D. x 47 inches height, Xalloy-
lined steel, 3,000 psi, 350°C.

Carbon Monoxide Compressor. Aminco 2-stage, 5,250 psig (36.2 MPa) maximum discharge
pressure, compressor, 9 scfzn maximum flowrate, 10 Hp, 3-phase, 220V.

Flow V_,lvcs. Masoneilan Micropack 29000 series control valve, C,, = 0.002 at 3,200 psi
(22.1 MPa), 360°C with electropneumatic transducer.

Pressure Let-Down Valve. Masoneilan Model Wee Willie 6051, C_0.00001 to 0.01 at 3,200
psi (22.1 MPa), 370°C, driven by Amiflow turbine flow meter and controller.

Steam Voporizcr. Vertical flanged vessel, 3.5-inch I.D., 3.5 gal., 3,10 psi (21.4 MPa), 370°C,
Xalloy-lined steel, 15 KW electrical heaters, 3-phase 240V.

Steam Superheater. Tubular hairpin, 0.25-inch I.D., 96-inch length, 316 stainless steel,
Inconel 625, 3,100 psi (21.4 MPa), SiC electrical heaters, 7 KW, 240V, 3-phase and 120V
1-phase.

Overhead Condenser. Heat exchanger, 5.0 Ft2double-pipe both sides high pressure, 316 SS.

Vacuum Distillation Still. Vertical flanged vessel, 4-inch I.D. x 10-feet height, Schedule 40,
316 S, complete with vacuum pump, condenser and auxiliaries for operation at 2 mm/Hg
abs. pressure up to 360°C.

Real-Time Computer Control System. Sensors for temperature pressure flowmeters, off-on
solenoid valves and alarms controlled remotely by real-time process control software in
remote location. The detailed dimensions of the extruder-feeder, the vertical reactor and
the piping/cross connecting the two units are shown in Figures 4.2-4.6.

Other major equipment components are as follows:

1. Feedstock drum with mixer.

2. Screw conveyer, 2-in Dia. x 12' long, steel, 100 rpm.
3. Battery rack and manifold for 10 cylinders, 17 SCF/cylinder; 1650 psig at 70°F.
4. Over-pressure relief valve, 2,000 psig.
5. Surge tank, 600 fta.
6. Over-pressure relief valve, 5,000 psig.
7. Two distilled water holding drums, 55 gal. and 16 gal., steel.
8. Ion exchange column.
9. De-aerator, 18.5 gal. tank, 1.6 kw heater, 110 volt, 7 phase.
10. Treated water holding tanks, 10 gal. and 30 gal., SS.
11. Metering pump, 1 hp, 6.6 GPH at 4450 psi, 240V, 3-phase.
12. Argon purge system, 2 cylinders, 285 SCF/cylinder, 270°F, with rack and regulator.
13. Catalyst holding tank with mixer.
14. Metering pump, 3 hp, 3000 psig delivery pressure.
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15. Solvent holding tank.
16. Metering pump, 3 hp, 3000 psig.
!7. Hanged tee with static mixer elements:, 1.75" ID w;th sparger, 316 stainless steel, 28"

length, 18" offshoot, 3000 psig, 550"C.
18. Vapor condenser, double-pipe coiled type, 1.5 ft2, inlet 350"C outlet 40"C.
19. Low pressure overhead flash drum, 6.5 gal. stainless steel class 150 flanged

connections.
20. Control valve, 306 psi inlet, atmospheric pressure outlet.
21. Cold trap.
22. Product tank.
23. Low pressure flash drum, 100 gal., carbon steel, (Vessel ll00*F, 875 psig) or at 200

C, (750"F, 495 psig) 400 psi.
24. Product tank.

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

26. Flanged reactor spools, 6" long, 1.175" ID 7" OD with sampling and injector ports.

The liquefaction process was designed so that it could be operated experimentally on
a continuous basis as described below.

4.3.3. Summary PrQcess De_¢ription

The 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 was incorporated into the system to develop 3,000 psig pressure at
its discharge and preheat the. slurry prior to entering the vertical reactor, as shown in Fisure
4.1. As the wood flour slurry enters the reactor it is mixed with superheated steam and
carbon monoxide. The superheated steam is used to heat the wood flour slurry to the
reaction temperature of 350 to 400"C almost instantaneously, which is then mejntained by
the use of electrical band heaters surrounding the reaztor. Steam and carbon monoxide also
react via the water-gas shift reaction to provide hydrogen for-the liquefaction. The
liquefaction products are split into the vapor and liquid fractions, condensed, cooled down
and reduced to atmospheric pressure by meam of the pressure let-down system. Computer
control and real-time data acquisition were implemented as an integral part of the unit.

4.3.4. Extrud_r-Ffeder System

The. extruder-feeder section of the system consists of a mi.,ting drum, a conveyer, a
crammer-feeder and an extruder-feeder. A feedstock drum mixes the wood flour and the

brittle granular vacuum bottoms into a solid mixture, which is then transported tot he
crammer-feeder by a screw conv,_yer. The crarraner-feeder, with an operating capacity of
2.6 ft3, feeds the extruder-feeder at a continuous rate. The 1.75-inch diameter single screw
extruder-feeder is designed to generate 3,000 psi with flow rates over a range of about 5 to
60 lb./h. The extruder-feed,_r also acts as a preheater, normally to 150°C, but if desired up
to about 250"C.
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4.3.5 Carbon Mqnqxide System

The carbon monoxide section is a bank of CO cylinders with a booster compressor
to obtain the derived pressure. Carbon monoxide from a 10-cylinder battery was fed to a
two-stage, 10 hp compressor which provided up to 40 lb./h, of CO at 5,000 psig. High-
pressure CO is accumulated in a surge tank and then fed to the reactor after heating to the
reaction temperature. A control valve regulates the CO flow rate.

4.3.6. Suuerheated Steam System

The steam superheater section provides high-purity water, a vaporizer and a
superheater. The steam superheater is designed to deliver 40 lb./h, of superheated steam
at 816"C and 3,100 psia. Distilled water is purified by ion-exchange and degassed before
feeding it to the vaporizer operating at 3,100 psia and 372"C. Steam flows through a
control valve to the superheater where it is heated to 816"C. High-temperature corrosion
is _ed by keeping an argonatmosphere in the superheater "furnace" chamber.

4.3.7. Sodium Carbonate Catalyst System

The sodium carbonate catalyst injection system provides flexibility for experimental
purposes, fhree systems for introduction of Na2CO 3 are provided: (1) One is soaking the
wood flour with a Na2CO3 solution; (2) introduction of solid Na2CO 3 with the solid
feedstock; (3) direct injection system of an aqueous solution of Na2CO3 using a high-
pressure metering pump.

4.3.8 Solvent Flash System

A solvent flush system has been designed 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.

4.3.9 Gas Dispersion System

A series of gas dispersion elements have been designed to disperse superheated steam
and carbon monoxide into the viscous wood flour slurry. The initial design is a mixing tee,
connecting the vertical reactor with the extruder-feeder. The various ports in the spools
between reactor sections can also be used. Some steam and CO are premixed so the water
gas shift reaction will proceed to some extent, even before entering the reactor. Other
designs will be incorporated into the system for evaluation purposes.

4.3.10 Vertical Reactor System

A vertical reactor system of about 20 feet in height was provided. Initially, two
reactor sections to give about 11 ft. height were installed. These are steel flanged sections
with Xalloy-linings. The flanged sections are connected by spools which allow gas injection
and reactor sampling. Electrical heater bands are utilized first for heat-up purposes during
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start-up and second to maintain the outer reactor walls as close as possible to the reaction
temperature. In order to increase the reactor throughput and to study a wid_,r range of
residence times, two more flanged sections can be added in the existing steel structure.

4.3.11 Pressure Let-down System

The pressure let-down system is designed for two stages of lowering the pressure.
Only one stage was constructed and utilized in these work pressure let-down system has two
purposes: (a) to regulate the reactor pressure at 3,000 psig, and (b) to split the product into
its vapor and liquid fractions to be collected at atmospheric pressure. The high-pressure let-
down vessel is designed to maintain a liquid level. The pressure of the reactor and the let-
down vessel is controlled at 3,000 psi by the rate of release of gases. The latter are coiled,
filtered for mists and metered, prior to venting to the stack. The liquid level is maintained
by the withdrawal of liquid products through a control valve.

4.3.12 Product and Process Sampling

Product sampling is carded out at the reactor spools of the reactor and from the vent
lines of the pressure let-down system. The sampling ports consist of dual in-line on/off
solenoid valves, and sample cylinders.

4.3.13. Real-Time Microprocessor Control System

A real-time digital microprocessor control system was designed and installed, so that
the experimental unit could be operated remotely. Initially, the pressure let-down system
control valves, the steam superheater flow control valve, the CO flow control valve and the
reactor temperature control heaters are controlled by this real-time control system. The
latter was specially developed at the University of Arizona for a 6502 microprocessor based
upon the experience gained in Chemical Engineering. The input signals fed the computer
from various pressure, temperature and flow transducers. Provision was made for eventual
flow control of feed by adjustment of the extruder-feeder screw rpm. The system was
configured for 16 PID controllers and for real-time data acquisition.

4.3.14. Mass Balance Model for Experimental Unit

The nlaterial balance model first used in this development considers mostly the "heart"
of the process shown in Figure 4.7 and 4.8. Due to the lack of experimental information
some simplifications were introduced into this first material balance model, based on good
engineering judgement and some experiences from the Albany plant. A computer mass-
balanced program was written in completely general terms so that simplifying assumptions
could be revised as soon as the required experimental data became available. For more
details, refer to the DOE Quarterly report of August-October 1984 submitted to the DOE.
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Feed to Reactor

It is assumed that this stream contains X and Y lbm of wood flour and carrier oil,
respectively. The amount of Na2CO3 then required corresponds to 0.05 X lbm and the
amount of CO needed is about 0.6 X lbm. The wood flour in the feed would have been
dried to about 5 wt. % moisture after substantial soaking with the catalyst solution. The
required amount of superheated steam is such that it raises the temperature of the extrudate
to about 670"F (350"C). Carbon monoxide will bepreheated independently to this
temperature. Hence, a heat balance gives:

S- 0.23 (1.1X + Y) (4.1)

where:

S = the amount of steam, and X and Y were defined above.

The feed rate to the reactor is then:

Q-x+ Y+ 0.6x+ o.05x+ o.05x+ 0.23(l.IX+ Y) - 1.95x+ 1.23Y (4.2)

where:

Q = The total extrudate flow rate.

Reactor Outlet

The conversion is assumed to be 0.30 for an extrudate flow rate of 40 Ibm/h and 0.50
for 10 lbm/h. The conversion per pass can therefore be assumed to depend linearly on the
extrudate flow rate:

h = a + bQ (4.3)

where:

h = conversion per pass, Q = Extrudate flow rate, a = -0.0067, b = 0.5667.

The total solid to non-solid conversion is assumed to be about 98 wt. % so the unreacted
wood flour outlet will be around 0.02X lbm/h.

The water gas shift reaction can be considered to be at equilibrium giving the
equilibrium expression
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K- (tTP)t't2(t'/P)c°_"N_t2Nc°2 (4.4)

(tre)¢of//e)u2o 2Vo2V.o

where:

K = equilibrium constant, P = pressure, f = fugieity, and N = molar concentration.

which reduces to:

Nt_Nc°2 -12.0 (4.5)
NcoN_20

The amount of CO initially present is 0.6X/28 lb. mols while that of H20 is (0.30X
+ 0.23Y)/18. Assuming that about 20 tool % of the CO and 1-120initially present react
directly with the wood to form the oil, one is left with 0.8 (0.6X/28) lb. mol of CO =
0.48X/28 lb. mol of CO and 0.24X + 0.18Y/18 tool of H20.

Now, also assuming that about 20 tool % of the generated hydrogen reactions directly
with the wood particles to generate the wood oil, the gaseous phase equilibrium composition
is then such that

-dNco - -dNn2o - dNco 2 - dNx/0.8 - dE (4.6)

Integration from E = 0 to E = Ee = Equilibrb.art gives

Nco - 0.48X/28 - E e

Nn2o - (0.24X + 0.18F)/18 - Ee
(4.7)

2v.- 0.se

The equilibrium constant relationship can now be written as:

0.8E 2
- 12.0 (4.8)0.48X 0.24X+0.18Y

-e,)[ -E,]
28 18
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The general reactor outlet composition is then as shown in Table 4.1. If one assumes
that 7 wt. % of the gases leaving the reactor are dissolved in the liquid phase and remain
so in the first flash drum, then the final composition (on a mass basis) of the streams leaving
the flash drum.

4.3.15. Detailed Desi_mtof Superheated Steam System

The use of high-pressure, high-temperature, superheated steam was one of several
options for the design of the extruder-reactor biomass liquefaction unit at the University of
Arizona. Tl_e use of superheated steam in biomass liquefaction eliminated the need of a
gas-fired preheater with its associated coking and plugging problems. Direct steam heating
can bring the feedstock to the reaction temperature almost instantaneously, and can also
provide the water for the water-gas shift reaction that generates hydrogen, which is believed
to help liquefaction reactions.

According to design specifications, the biomass liquefaction unit of the University of
Arizona requires steam flow rates in the range of 5-40 lb/h at up to 3100 psi and
temperatures ranging from the saturation point (approx. 700*F) to about 1500*F. Because
of the combination of extreme operating conditions and low capacities, the required steam
superheating system was not available from industrial suppliers of steam-generating units.
Therefore, the whole system had to be designed and most of it constructed at the University
of Arizonia (Reyes, 1985).

High-pressure steam generation requires high-purity feed water in order to minimize
corrosion and fouling levels of heat transfer equipment, instruments, and steam lines
(Sculthore 1972). At high pressures and temperatures, dissolved solids in the feed water will
not only deposit on vaporizer surfaces, but will also be carried over with the steam to the
superheater and into the process. For example, it is well-known that silica concentrations
in boiler waters should be less than 3 ppm for pressures of 2500 psi and that less than 1
ppm is recommended for even higher pressures; this accounts for the fact that solubility of
silica in steam increases rapidly with the operating pressure.

Low oxygen content is absolutely necessary for both low- and high-pressure systems,
since oxygen is the prime factor in boiler corrosion. However, while 1 ppm of oxygen
residual may be acceptable for a low-pressure boiler, modern high-pressure boilers require
less than 0.005 ppm of dissolved oxygen.

Certainly, carbon dioxide will also have to be "completely" removed from the feed
water and even normally inert gases such as nitrogen need to be eliminated. This is
necessary not only because it will decrease the heat transfer efficiency of steam, but also
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Table 4.1. Biomass Liquefaction Reactor Effluent Composition (Basis: 1 hr)

iii |ni i i i i i i i i

Component Amount in Feed to Amount in Gaseous Amount in solid or
the reactor (1btu) stream from the liquid stream from

reactor (Ibm) the reactor (Ibm)

CO 0.6x (0.8)(0.6x) - 28E,

H2 (0.8)(Ee)2

H20 (0.30x+0.23y) (0.8)(0.30x + 0.23y) -
18Ee

CO2 44Ee i

Na2CO3 0.OSx O.05x

Carder y y

Wood Oil (Conversion per
pass)X + 0.2 [0.6x
+ 2E c + 0.30x +
0.23y]

Wood Hour x 0.02x

Residue Z% of these gases will (Balance)
be dissolved in the

liquid.

Total 1.95x + 1.23y 0.72x + 0.18y- 0.4 E e 1.23x + 1.05y + 0.4
E,
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because at temperatures as high as 1500°F in the superheater some nitration of carbon in
steel and alloys can be expected.

Therefore, a very good water treatment was required for the biomass liquefaction
experimental unit and, to obtain better results, it was decided to use commercially available
distilled or demineralized water which would be additionally treated using an ion exchange
column and a degassing tank.

A schematic diagram of the water treatment system is shown in Figure 4.9. The three
main components are: Ion exchange column, degassing unit, and storage tanks. The
expected operating conditions are also shown in the figure.

Ion Exchange Colonm

In order to be able to remove practically ali the dissolved solids of the water, a de-
ionizer consisting of cation and anion resins must be used.

To simplify the process, disposable, laboratory-size resin cartridges were selected.
Replacement instead of regeneration was preferred. Two cartridges in series (Ultrapure,
Barnstead") are able to produce water with specific resistance up to 10 Mohm-crn, which
compares favorably with the recommended value of 3.3 Mohm-cm for high-pressure boilers.
It is interesting to note that the theoretical maximum for the water resistance is 20 Mohm-
cm at 25°C due solely to its dissociation products.

Degassing Unit

The need for very low concentrations of oxygen in the feed water is conventionally
satisfied by the used of heater de-aerators operating around the corresponding boiling point
of water at operating pressures between 1-10 a,m. In addition to the temperature effect,
the process is mass-transfer-aided since steam, with very low oxygen content, is passed
countercurrently with respect to the water being treated.

Steam Vaporizer Desi_

A high-pressure extruder barrel, 3.5" ID and 7 ft. long, became available and was
utilized for the main body of the steam vaporizer. The barrel is made of high-alloy steel
with an inner X-alloy lining giving a total wall thickness of 1.5". Preliminary calculations
showed that the pressure rating of the barrel was compatible with the design requirements.

The process diagram for the vaporizer process and the detailed vaporization unit are
shown in Figures 4.10 and 4.11. A high-pressure metering pump feeds treated water into
the vaporizer, driven by a 12 Mohm-cm conductivity level controller. A safety relief valve
prevents over-pressurization of pump ad feed-water lines, and a pulsation dampener smooths
out the flow to protect the pump and prevent fitting failure.
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Figure 4.11. Vaporizer Schematic for Dynamic Modeling.

4-23



Over-pressurization of the vaporizer is prevented by an inconel bursting disc rated for
4170 psi ag 72°F or about 3600 psi at 700°F; additionally, direct venting of the vaporizer
is possible threugh an on/off air-operated valve. A high-pressure, low-flow control valve,
together with a turbine volumetric flowmeter, is used to provide accurate PID flow control
of the steam going into the superheater. This is important as the design calls for operating
the steam superheater near the critical temperature of water.

Vaporizer Modeling and Computer Simulation

Dynamic modeling of boilers has received considerable theoretical and practical
attention because of its importance in efficient operation and for safety considerations. The
dynamics of conventional and nuclear plant boilers can be analyzed considering in-depth
refinements such as bubble dynamics and steam wetness effects, natural convection in two-
phase flows, influence of solid content in water and non-uniform bulk temperatures. A
simplified thermodynamic and heat transfer approach for the modeling of the vaporizer was
util/zed.

The effect of the heating rate on the maximum pressure attained in the vaporizer for
average liquid levels of 1.8 and 4.0 ft were calculated for one hour after start-up. There is
an optimum point since too low values of heating rate do not develop enough vaporization
rates, while too high heat inputs reduce the liquid level in such a way that the level
controller will turn off the heating elements more frequently and a somewhat unstable liquid
level and pressure development are obtained.

For the optimum heating rate (- 42,000 BTU/h),, the effect of liquid level was
checked (see Figure 4.12, lower curve). For liquid levels above 4 ft, the system is unstable
because critical conditions are attained during start-up. The optimum operational liquid
level was found to be around 3.7-4.0 ft.

The effect of heating rate on pressure development suggests that the liquid level has
a small effect on vaporizer behavior. Silicon carbide heating elements were selected over
the more usual nickel/chromium resistors because they can operate at higher temperatures,
have a higher emissivity, and are less affected by oxidation. Initially, 316 SS tubing was
specified for the steam coil, although a nickel-based alloy will be used in the near future.
In any case, an argon inert atmosphere will be maintained inside the superheater to protect
the tubing from excessive high-temperature corrosion. Information on materials for high
temperatures were found in Clauss (1969) and in publications by the American Society for
Metals (1976, 1984).

Steam Superheater Designv

The steam superheater schematic diagram of the internals is shown in Figure 4.13.
The superheater was insulated with Kaowool ceramic fiber boards and low-density refractory
bricks.
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According to manufacturer's information, silicon carbide heating elements in air or
inert atmospheres can be used with a specific load of around 0.07 Kw/in2; then

(0.07)(nhc)(Sr) = 10 Kw (4.9)

where nhcis the number of heating elements and Srtheir radiating surface in square inches.
Six heating elements were specified, three on each side wall. From manufacturer's data, at
1960°F, the resistance of each heating element is 3.68 ohm; then the required voltage drop
is 78.3 V with a current of 21.3 amps.

The choice of size and number of heating elements influenced the imide dimemiom
of the furnace. Minimum clearances and spacings, depend on greater diameter and are
required to produce uniform heat distribution and avoid overheated spots. Relatively large
spacings were selected in order to have enough room for possible addition of heating
elements and modifications of tube coil design. It was finally decided to add four secondary
heating elements, 7/16 in. diameter with a somewhat lower rating, which provided an extra
safety factor and flexibility for operation at low flow rates.

The final arrangement of the steam superheater is presented in Figure 4.14. There
are two temperature control loops, a three-phase PID power controller set-up which
monitors the outlet temperature of the steam through the primary silicon carbide heaters,
and a single-phase proportional controller which drives the secondary heaters according to
the heaters or chamber temperature. As an experimental trial, 316 SS was initially used for
lines and fittings and Inconel 625 for main valves.

Computer calculations generated the development of the steam temperature profile
in the superheater as shown in Figure 4.15. An abnormal behavior is observed during initial
time increments which is more likely an erroneous numerical result due to inaccuracies in
the initial conditions combined with the non-linearity of the system of differential equations.
The assumed initial conditions are approximate since they involve the initial steady-state
temperature distribution through the insulation, the tube temperature, and the heating
element temperature. In reality, an initially slow temperature development is expected
which will become faster as the heating elements warm up.

A high-pressure extruder barrel is used as the vaporization unit. The barrel had an
inside diameter of 3.5 inches and a total wall thickness of 1.5 inches. Other dimensions are
shown in Figure 4.16, which shows the extruder barrel as received. A corrosion-resistant,
nickel-based lining constitutes one-third of the wall thickness, while the other two-thirds are
apparently made up of a low-alloy steel.

In order to check the adequacy of the barrel for operation at 3100 psi and 700*F, the
maximum allowable working pressure was calculated using a very conservative design stress,
s = 10,000 psi, and without taking the lining into account.

Materials and mechanical considerations play an important role in the design and
specification of tube coil and fittings for the steam superheater. Although corrosion
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problems will be ,'ninirnized by the use of high-purity steam and a furnace inert atmosphere,
the severe conditions created by elevated temperatures and pressures deserve careful
analysis in order to obtain a safe and operable system. Initial attempts to specify materials
and tubing size for the superheater confirmed the presence of a case with extreme operating
conditions.

Since the terminology "extreme conditions" is arbitrary, it is difficult to define the
requirements for a system to be considered under extreme conditions. However, no
definition is complete unless it makes reference to the size of the unit involved and the
operating temperatures and pressures. A good indication that extreme conditions are
present is the obtainment of negative or imaginary wall thicknesses when using the equations
and design stresses provided m the ASME Code (1977).

For the case of extreme operating conditions, the ASME Code safety factors are not
applicable since, as mentioned before, they lead to meaningless design results. According
to Gasche (1956), "safety factors, as such, have significance only below temperatures of
1000*F. Because of the limits imposed by materials of construction, the safety factor must
become progressively less with increased working pressures. Above 1000*F, ,where creep
of metals becomes significant, the design must be based on hours of life." On these grounds,
the specification of tubing size and materials for the superheater coil was based on the
analysis of stresses to produce rupture or 1 percent creep rate in a period of 1000 hours.

Considering only the maximum stress due to the internal pressure, Figure 4.17
illustrates the impossibility of designing the superheater tubing for temperatures above
1300*F if the conventional allowable design stresses, for 316 SS or Inconel 625 given iri the
ASME code, are employed. The figure also prompts the feasibility of a design approach
based on hours of life since the short-time tensile strengths of the materials are still
appreciably high (about 150*F).

Rupture properties of 304 and 316 stainless steels and nickel-based alloy inconel 625
are presented in Figure 4.18. For comparison, the behavior of carbon steel is also
illustrated. Note that rupture properties of 316 SS re adequate for the estimated tubing
stress; however, one finds that the expected creep rate after 1000 hours of operation will be
higher than 1 percent even for 316 SS. Further analysis showed that a creep rate of around
5 percent cold be expected after 1000 h at the design conditions, lt is important to realize,
however, that creep effects will be important in defining failure of tube fittings that are
outside the superheater and, for this reason, subject to somewhat lower temperatures and
thermal stresses. Rupture effects, on the other hand, will be controlling the failure of the
superheater coil inside the furnace chamber.

4.3.16.

The concept of real-time computing in 1983 was often misunderstood or
oversimplified when applied to data acquisition and control. There is a significant
difference between an operation accomplished in real-time and real-time computing. Real-
time operations are those in which a physical phenomenon is observed or acted upon
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concurrently with the phenomenon itself. This in itself is the broadest definition of a real-
time operation. On the other hand, real-time computing is a well-defined concept with
specific computing objectives and levels of operation (Franklin and Powell 1980, Kou 1980,
Katz 1981).

Real-time computing is a method of computing which causes a computer to execute
multiple tasks, concurrently according to a priority scheme and time schedule. The word
concurrently must be stressed, because the central processing unit of a computer can process
only one machine instruction at a time, and the idea of real-time computing is to make a
computer seem like it is processing many tasks simultaneously. In computing operations
which are not real-time, much of a computer's time is spent waiting for input or output from
external devices, or poling for active signals from user terminals. In real-time computing,
tasks are executed according to a status assigned to them depending on their operating state.
Programs which must be executed do not have to wait for other programs to finish
execution.

A real-time program (task) for a typical real-time operating system can have several
operating states (Mellichamp 1983). The 'executing' state occurs when a program has
control of the central processing unit (CPU). lt is the highest priority task on queue which
is ready to run. A program is in the 'ready' state when it is scheduled to run but is waiting
for a higher priority task to finish execution. A program is in a 'suspended' state when some
external event (i.e., I/O or inter-task) must be completed before the program can finish
execution. An 'inactive' task is one which has completed execution and has terminated
itself, or has not been activated by the user or other tasks.

A major concept in real-time computing is the basic system time (BST). The BST is
actually a time interval defined by the periodic interrupting of the central processing unit
by an external hardware device.

The initial real-time computer-controlled control system was designed by Andrews,
as shown in Figures 4.19-4.23. A 6502 microprocessor was used for real-time computing and
had capability by virtue of its non-maskable interrupt (NMI) function. Upon activation of
the NMI pin (transition of + 5V to 0V), the microprocessor starts execution at a location
specified in memory. This memory location has the starting address of the task scheduler
program, and this address is specified by initial loading of the scheduler into memory.

The basic system time is determined by the rate at which the microprocessor NMI pin
is being activated. A programmable interval timer is used to generate these interrupts at
a rate relative to the crystal oscillation rate which cycles the microprocessor through
individual machine operations.

.Real-Time Program Priority Structure

The programs which make up a real-time computing system was divided into four
categories within a relative priority scheme. The real-time task scheduler was executed by
non-maskable interrupts of the CPU and wa_ the highest pri_ori_ program lt i_ _Y_calt_d v
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Figure 4.21. Biomass Liquefaction Process Control Schematic.
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Figure 4.23. Franklin Microcomputer Control Hardware.
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regardless of the state of any other program, and must not be interrupted until task
scheduling is completed.

The locking out of lower priority programs by higher priority programs is an important
consideration in deciding a priority for process control programs. In order to maintain the
integrity of the sampling operation, control programs must be serviced to within some
reasonable margin of their sample interval. Placing PID control programs at the highest
priority level under the task scheduler would insure other programs could not lock out
control programs.

For the biomass process, the microprocessor has process control as a major priority,
and was important that controllers be serviced regardless of the operating state of other
real-time programs. For this reasons, the real-time operating system put the PID control
programs at the highest priority level in the system.

To visualize the sequence of real-time program events, a macro-flow schematic of the
real-time program structure is shown in Figure 4.19. The initial boot entry refers to the
loading and initial execution of the Pl]), R'ITS, CRTOS, I/O handler, and execution
monitor programs.

The PID controller program uses the same type of priority scheme as the RT'I'S
except that PID control programs cannot be interrupted. Therefore, regardless of whether
a control loop isprocessed first or last, there cannot be more than a two millisecond per
controller lag in actual sample time before a controller is serviced. For 16 controllers, this
offset is negligible compared to the typical 1000 millisecond sample rates to be encountered.
For more controllers and smaller sample times, faster sampling loops should be configured
as lower indexed controllers; i.e., 0-8.

The real-time operating system can be considered a keyboard monitor (Mellichamp
1983) and responds to the interrupts generated by a keyboard. It is scheduled as the lowest
priority program and can swap itself with other system monitors by setting a logic
combination for entry and re-entry. The operating System is automatically initiated for
immediate execution upon loading and can be booted into any priority level.

The KIM microprocessor utilized for the biomass liquefaction control is one of the
first systems utilizing the 6502 microprocessor. The KIM system, shown in Figure 4.20, has
a single printed circuit board which contains the 6502 microprocessor (MPU), two
Peripheral Interface Adapters (PIA), 1000 (1K) bytes of Random Access Memory (RAM,
light emitting diode (LED) display and keypad, and a cassette tape interface for program
storage. The KIM operating system software resides in two PIA's. An application connector
and a expansion connector allow for full utilization of the KIM and other operating systems.

The KIM operating system (KOS) contains a minimum number of tasks for program
development and I/O. The single KIM board is serviced by KOS programs for cassette tape
storage, and a parallel interface to a keyboard and LED display allowing for single byte
m_rrlctr_ rrlnr];f;_t;r_ _rl _+k.-_.. W't'_ ,,+:I',.,,.,,4 ..-+L,
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additional hardware wired to the application connector. These programs allow for use of
a serial teletype interface, interval timers, and paper tape storage. An additional 4K of
memory is wired to the expansion connector to bring total system RAM to 5K.

Hardware added to the KIM system via the application connector included a teletype
interface, cassette tape recorder, and an asynchronous communication interface adapter
(ACIA). The teletype interface is an ASCII link to one of the PIA's that contains a teletype
monitor. This monitor allows for simple memory display and modification. The cassette
interface also uses one of the PIA's for storage and loading of memory. Machine language
programs were developed using the KIM teletype monitor to load and the cassette tape
interface to save memory. The ACIA was necessary as a link between CRTOS and a user
terminal. The basic function of the ACIA is to convert a serial character transmission into
a digital word. The ACIA can be programmed to operate in various modes, among them
being interrupt mode. This ACIA generates the IRQ interrupts necessary for activation of
the I/O handling program in the real-time operating system.

Micr0proce_sor/Pr0¢¢_s Inl;¢rface Hardware

The microprocessor interface consisted of digital and analog circuits needed to scale,
select, and convert process signals to digital signals and vise versa. The analog interface
consists of a multiplexer and an ADC for signals from process transducers and a DAC with
S/H for each analog output. As is usually the case, each analog channel required an
operational amplifier circuit for scaling process signals to the range of the ADC and DAC.
The process interface circuitry was developed so that additional channels would be added
in modules provided additional space and power are available.

The ADC accepts scaled process inputs from an integrated circuit multiplexer
presently hardware configured for eight process inputs. A voltage range of-10V to + 10V
is resolved into 12 bits or 4096 digital levels with an integrated circuit ADC. The
multiplexer select and ADC duration is a relatively fast 40 microseconds. However, the
MPU must waste the time needed to process 20 machine instructions. The digital output
of the ADC and channel select pins are wired to the digital interface and then on to the
MPU.

Analog process signals vary from millivolts to several volts. Individual amplifiers are
used to maximize the input voltage range usage of the ADC. Single inverting op-amp
circuits are used for scaling of process signals, and differential amplifier circuits were used
to feed back valve-position. Micropotentionmeters in the op-amp feedback loops were used
for gain adjustment. However, resistors must be replaced for major scaling changes (i.e.,
thermocouple to level transducer).

The DAC sample-hold circuit has individual DAC's for each output channel. The
hold function is performed by latching the digital input as opposed to holding an analog
output. Typical op-amp sample-hold circuits must be refreshed to compensate for voltage
sag in the hold mode (Wait et al. 1975), and require a relatively long sampling delay. With

"_" an individual DAC for each output, the sample is held in a digital state which exhibits no
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sag and is sampled in microseconds. The analog output voltage exhibits a negligible amount
of sag from the DAC, and does not need to be periodically refreshed. Since DAC's are
relatively inexpensive, this method is much more desirable than multiplexing the DAC
output to individual op-amp sample-hold circuits.

Controller Real-Time Ooeratin_ System
-- v -

The controller real-time operating system (CRTOS) is an assembly language program
for modification and display of PID controller and R'ITS parameters. This program is also
used to shift control from the operating system to another. The CRTOS is an interrupt
driven operating system activated by maskable interrupts from an external hardware device.
It is an interactive program that guides the user through operation with simple keyboard
responses.

With the KIM microprocessor system, five options are available for complete control
system utilization. These options include: (1) modification of zero page memory, (2)
modifying and displaying controller parameters, (3), turning on the real-time clock, (4)
jumping to KIM operating system, and (5) modifying and displaying RTrs parameters. The
CRTOS structure allows for options to be added without major software changes, and
options can be initiated with a keyboard response or user scheduled real-time programs.
The CRTOS does not include an option for program development; however, a jump to the
KOS allows for machine language program development.

The CRTOS like the RTrs is driven by hardware interrupts. However, there is a
major difference between these interrupts. As mentioned earlier, the RTTS is activated by
non-maskable interrupts (NMI) from an interval timer. This means the RTrs is executed
for each NMI regardless of the current microprocessor state. On the other hand, the
CRTOS is activated by maskable interrupts (IRQ) from an ACIA. These IRQ interrupts
can be software masked by other programs, thereby locking the CRTOS from user access.
This is necessary for uninterrupted operation of the RTI'S and user real-time programs.

The CRTOS is a keyboard monitor and responds to depression of keys at a serial
keyboard printer/CRT terminal. Each time a key is depressed, the serial terminal sends an
ASCII representation of the character on the key to the ACIA. When the ACIA data
register is filled with the digital representation of the ASCII character, an IRQ interrupt is
generated. If the IRQ interrupt pin is unmasked, the microprocessor detects the interrupt
and starts executing the CRTOS program.

W
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4.4 IMPLEMENTATION OF THE REAL-TIME COMPUTER PROCESS CONTROL
SYSTEM

The biomass liquefaction process is operated in a continuous mode. To simplify the
real-time computer control system, it has been divided into several individual systems,
namely, extruder-feeder system, carbon monoxide system, superheated steam system, vertical
reactor system, off-gas let-down vessel system, and liquid-product pressure let-down vessel
system.

4.4.1. Extruder-Feeder Control _vstem

The important controllable parameters are flow rate and temperature of the extruder-
feeder. The slurry is a pseudo-homogeneous non-newtonian liquid. Initially, flow through
the extruder-feeder is controlled by adjusting the screw speed manually. An analog
temperature controller is used to control the barrel temperature of the extruder-feeder.

4.4.2. Carbon M0n0xid¢ Control System

The flow rate of CO into the reactor is an important variable for control and
liquefaction. A DDC loop operated by a micro-computer is desired to control about 24
lh/br maximum flow of CO to other reactor mixing zone. This flow controller is a non-
interactive first-order control loop.

4.4.3. Superheated Steam Control System

The vaporizer system is the most unstable and complex sub-system of the superheated
steam process. In this system, water is vaporized near its critical temperature and pressure.
Three control loops are implemented for precise control of the system. A high-pressure
metering pump is used as the final control element for the water level inside the vaporizer.
A pressure control loop is used to keep pressure under the critical point. A pressure
transducer signal is used to manipulate the controller output to the heater relay. A
temperature controller is not needed for the critical temperature, as steam has a linear
relationship of pressure and temperature. Flow rate of steam to the reactor mixing zone
is also an important control variable. Flow rate of steam, measured by the volumetric flow
meter, is used to regulate the flow through the final control element (control valve) by the
flow controller.

The superheater has a temperature controller for its silicon heaters to prevent the
overheating of the steam. A signal from a thermocouple is fed back to manipulate the
controller output to the three-phase power relays. Complete discussion of the steam
superheater design, instrumentation and operating procedure can be found in the MS thesis
of Reyes (1985).

V
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4.4.4. Vertical Reactor Control Svstfm

Wood flour, carrier oil, CO and steam are reacted in a vertical plug-flow reactor at
1000 to 3000 psi and 350°C to 400°C. The conversion of wood flour to wood oil varies with
reaction time, reaction temperature and reaction pressure. Four independent P1D
temperature control loops are required for the ultimate four reactor sections in order to
maintain the reaction temperature at a desired setpoint value. The pressure of the reactor
is maintained by the off-gas pressure of the pressure let-down vessel.

4.4.5. Off-Gas Pressure Let.down Vessel Control System-

The gas from the reactor is flashed from the liquid product inside the high-pressure
let-down vessel. The gas and liquid let-down systems are treated separately to provide
better understanding of the control system strategies.

The off-gas pressure of the let-down vessel control loop is one of the most critical
loops. The control valve is not only used to regulate the off-gas pressure of the let-down
vessel but also, the reactor pressure is maintained by this control loop. Pressure let-down
from 3000 psi to 750 psi is achieved in this operation. This control loop is both a multi-
variable and interactive. This control loop has an extruder-feeder flow rate, a CO flow rate
and a steam flow rate as disturbances. Also let-down vessel temperature, product liquid
level and off-gas pressure are three coupled control variables involved in the control loop.
A complete analysis of these control variables and disturbances is important for the
computer modeling and simulation of control loops before the implementation of the digital
control strategies. Isermann (1981) and Harris and Billing (1981), have developed tuning
methods and analysis for the multi-variable control loop, which can be used to improve
performance of the control loop.

The second stage of the off-gas pressures let-down involves another control loop,
similar to the above loop. The control of the loop will be achieved in the second phase of
the unit development when and if ever installed in the process.

4.4.6. Liouid-Product Pressure Let-D0wn Vessel Control System

The flashed liquid product inside the let-down vessel is a liquid wood oil and
unreacted wood flour. To maintain stability within the let-down vessel and reactor, the
design specifies a constant liquid level. Any major disturbance occurs inside the let-down
vessel would affect the entire system, especially the reactor process conditions. Continuous
liquid-level measurement and control would stabilize the liquid-product let-down vessel
system. The continuous level measurement signal is used to manipulate the controller
output. This control loop is also multi-variable and interacting with the same disturbances
and control variables as described in the off-gas let-down system.

In order to reduce noise and voltage fluctuations in signal processing and transmission,
4-20 ma output from the transducers and 4-20 ma input for the final control elements were
essential, as the control room is more than 50 feet away from the process instruments.
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4.4.7. Extruder.Feeder _n_ors

Seven pressure transducers and thermocouples are mounted on the extruder-feeder
in three different zones; melting zone, compression zone and feeding zone. These data are
needed for the complete analysis of the process dynamics. A schematic layout of the
instrumentation is shown in Figure 4.24.

It would be difficult to mount ali the instruments individually on the 4 ft. long and 1-
3/4" ID extruder-feeder barrel. The mounting of a pressure transducer and a thermocouple
onto the same mounting hole are detailed in Figure 4.25. A 6" long stainless steel threaded
tube filled with high temperature silicon grease is used to isolate the high temperature from
the pressure transducers. The relationship between length of tube and temperature is shown
in Figure 4.26 (Dynisco, Technical data sheets).

Precise Sensors Inc.'s Model #113-3, flushed diaphragm pressure transducers were
specified for pressure measurement on the extruder-feeder. These transducers have a
combined non-linearity and hysteresis of less than _.+0.25% of Full Scale Output (FSO) with
repeatability of less than 0.081% and a rise time of 10 micro-seconds. The maximum
operating temperature of the transducer is 149°C and pressure ranges are from 0-3000 to
0-5000 psi. Highly sensitive signal conditioners are used to convert the 30 mv FSO to 4-20
ma current outputs for 0.1 to 500 ohms load. These Precise Sensors Inc. signal conditioners
are matched with their pressure transducers and have a +_0.02% of range measurement
accuracy with infinite resolution.

The extruder-feeder system uses seven thermocouples to measure the slurry
temperature which ranges from 40"C to 150"C, depending on the thermocouple location
on the barrel. Twelve inch long Iron constantant ungrounded thermocouples were specified
for good resolution at these temperatures. The Omega Engineering Inc.'s model
#1CSS316U-12 with a 3/16 inch sheath diameter can be used at temperatures as high as
760"C with almost linear output in mV.

4.4.8. Superheated Steam Sensors System

The vaporizer, where boiling at the critical pressures and temperatures occurs, is one
of the most important components of the superheated steam system. Most of the
instrumentation of the system lies in and around the vaporizer. A schematic layout of the
instrumentation for the superheated steam control system is shown in Figure 4.27. The
vaporizer has two level point switches, the high and the low, for level control; a pressure
transducer and a power relay for pressure control of the heaters; a thermocouple; and a flow
controller with a flowmeter and control valve as the measuring and final control elements.
The superheater has two thermocouples and two pressure transducers for the calculation of
temperature and pressure drop across the superheater. Five ON/OFF AOVs are used for
safe operation of the system and as bypass lines.

V
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Precise Sensors Inc's Model #5550 pressure transducers were specified with the same
specifications as described in the CO system section. In order to isolate the transducers
from the high temperatures, 6-9" of stainless steel tube coil is used. The maximum
operating temperature of the pressure transducer is 1490C.

Initially, the flow controller was tO measure the flowrate of steam after the
superheater. But in the superheater there are no disturbances or obstructions to change the
flowrate from the vaporizer. The revised design consists of a flow meter and control valve.
This arrangement increased the availability of the flow meter and the control valve.
Maximum steam fiowrate is constrained to at 40 lbs/hr to the reactor mixing zone. The
flowrate of the saturated steam is measured by the precise turbine flow meter, specially
made by Flow Technology Inc. This flow meter can measure the flowrate from 0.0035 to
0.70 ACFM at 370°C and 3100 psi. A pulse converter is used to change frequency output
from the flow meter to 4-20 ma or 1-5V output signal.

A critical service control valve is needed to control the low flowrate to the reactor at
3100 psi and 370°C. A Masoneilan Model #5061 Wee-Willie control valve is designed for
this type of low flowrate and high pressure and temperature application. The Wee-Willie
Valve is also a custom-made angle-control valve with an alloy 25 trim and plug. The
actuator of the valve is DOMOTOR, ,which has high thrust, stiffeners and large stroke for
smooth flow control. An extended bonnet is used for higher temperature applications of the
steam.

4.4.9. Vertical Reactor Control $fnsors

Data from the thermocouples, pressure transducers and sampling ports are required
to obtain Residence Time Distribution (RTD), and the pressure and temperature
relationships of the reactor system. A schematic of the instrumentation layout for the
vertical reactor system is shown in Figure 4.28. Each section of the reactor has five
thermocouples at equal distance measuring the wall temperatures of the reactor. Each
spool and the flange has a thermocouple, a pressure transducer and a sampling port to
measure the actual temperature, pressure and conversion of slurry, respectively.

Four PID control loops have four power relays as the final control elements to drive
the heaters at the desired reaction temperature in the each reactor section.

Five normally closed AOV's and five normally open AOVs were needed for the
sampling system at each reactor spool and the flange. The AOVs are driven by low-
pressure, electrically-actuated solonoid valves. Autoclave Engineers Inc. AOVs were
specified for the sampling operation.

Ali 25 thermocouples in the reactor are 12" long ungrounded iron constantant probes,
the same as described in the Extruder-feeder system section.

In order to avoid plugging of slurry and inaccuracy of pressure measurement of the ,a_
transducers, a flush-diaphragm type of pressure transducer is essential for this system.
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Dynisco pressure transducers are weN-known to the plastic industries for this purpose.
These stain-gauge transducers are designed for use at high temperature and pressure
applications. In addition, they can be mounted easily on the reactor without any
temperature isolation techniques. Dynisco Model #PT 462E pressure transducers, with a
range of 0-5000 psi, were specified. These transducers have a combined error of non-
linearity and hysteresis of __ 1.0% of FSO and repeatability within +_0.2% of FSO, with
infinite resolution. The maximum operating temperature of the transducers is 400°C with
80% of FSO internal shunt ce.libration resistance. Dynisco Model #SCM 600 matched
signal conditioners are used to convert the pressure transducer signals 10-40 millivolts (my)
to 4-20 ma output signals. The linearity of the signal conditions is 0.1% of FSO with a
response time of only 10 milliseconds from 10% to 90% FSO and accuracy of 0.1% of FSO.

4.4.10. Off-Gas Pcessure Let.Down Vessel Control Sensors

The Off-gas let-down vessel system is one of the most critical systems of the AERBL
unit. This system contains four thermocouples, three pressure transducers, a control valve
as a final control element and twelve ON/OFF AOVs _ shown in Figure 4.29.

Initial operating procedures for the Off-gas let-down vessel system are to control
pressure of the let-down vessel and purge out ali the gas to the vent. Two heat exchanges,
a medium-pressure let-down vessel and a light-product recovery will be installed in the latter
part of the development of the unit.

The pressure transducers specified for the first stage of the pressure let-down system
were the Dymsco Model #PT462E with a 0-5000 psi range and the Dynisco Model
#SCM600 matching signal conditioners. The specifications are the same as described in the
Vertical reactor system section. Pressure transducers used after the first heat exchanger
could be lower temperature transducers, such as Precise Sensor Inc.'s Model # 113-3. These
are as accurate as the Dynisco transducers but can be used up to 150"C and are more
economical.

Iron Constantant ungrounded thermocouples are within the range of these process
conditions 12" long thermocouples with the same specifications as those of the extruder-
feeder system are also used for temperature measurement.

Masoneilan's Model #29000 service MICROPACK Control Valve with a Cv of 0.6 was
specified as the final control element for the off-gas pressure controller. The estimated C_
for the valve is 0.01 at 350"C and 3000 psi. Specifications of the valve are the same as
described in the CO system except for a difference in the flow coefficient. (C,,).

Twelve AOVs were specified for the emergency pressure relief and sampling system.
Out of the 12 AOVs, four are normally open and the other eight AOVs are normally closcd.

A
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4.5 THE COMPUTER HARDWARE DEVELOPMENT

Digital computer interface hardware is composed of two sub-systems, namely,
interface control hardware and process control hardware. Before discussing the
development of the hardware, it is important to overview the 6502 based Franklin ACE-1200
micro-computer system. The 6502 based rni¢_ro-processorwas used for the direct digital
control, data acquisition and the real-time scheduler. The ACE-1200 system utilizes a 6502-
based 8-bit micro-processor with 64 kilobytes of memory, two floppy disk-drive units and a
floppy disk controller card. The resident ROM has Franklin Basic and Franldin Assembly
monitor routines. The micro-processor board hardware is compatible with the APPLE-He
micro-computer. The compatibility of the mother board hardware allows many custom-
made hardwares to be used for the ACE-1200 system, the Franklin ACE-1200 mother
board has seven expansion slots available for I/O operations and System expansion.

A Z-80 based micro-processor board with another 64K of memory and an 80-column
board are also available for the system when they are needed. These features are not useful
at the present time, as the control real-time operating system (CRTOS) is based on 6502
instruction codes. The transfer of 6502 codes to Z-80 instruction codes can be achieved with
little difficulty. However, interrupting both micro-processors in the time-sharing facilities
required communication routines. Also, the 6502 clock speed is only 1 MHZ while the Z-80
microprocessors work at 3 MHZ clock speed. Another major difficulty of using both
processors at the time sharing environment routine and the CRTOS routine is that it is
difficult to fit into the present size of memory of the Franklin ACE-1200.

4.5.1 Intfrfacf Control Hardwarg

The micro-processor commands for the input/ou_ut (I/O) depend upon the hardware
design of the micro-computer. There are two common methods for producing the
commands by the micro-computer; memory mapping and isolation of the I/O ports. The
6502 based micro-processor control System uses the memory mapping procedure. In this
method, the decoder causes the micro-computer to function as though it were reading or
writing to memory, so the "port" becomes effectively like a memory address. A block of
memory addresses is set aside as the input and output channels. For input, the micro-
processor system simply reads these memory locations and for output operation, the
computer simply writes to these memory locations.

A Digital to Analog Convener (DAC) for the analog output system is used to convert
the digital-word (binary numbers) to the equivalent analog voltage. The digital word is
considered as a percentage or fraction of the same reference signal.

The process control system initially had eight control loops, which required eight
output channels to the DAC. Interactive structure lnc.'s Model #AO3, 8-bit output system
is designed for 8 individual channel configurations. The AO3 was used at O-10v in the
unipolar voltage range and -5 to + 5v for the bipolar range. Linearity of the AO
# is + 1 LSB and conversion time is 3 microseconds. Ab,
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The Analog to Digital Converter (ADC) was used for converting analog signals into
their corresponding binary numbers. The analog input system is normally made of ADC,
multiplexers and sample holds. Analog signals are generally represented in fixed-point
forms.

Interactive structures Inc's Analog input system #AI13 was specified for the control
and data acquisition systems. The AI13 is a 12-bit ADC with 16 input channels and eight
different input, full scale ranges in unipolar and bipolar modes. The conversion time of
each input signal is 20 microseconds. The 12-bit ADC for the 0-5v unipolar input range
measures input step up to 0.00122v per unit number {l(Hexadecimal)}.

An interval timer circuit using a 6532 timer chip was developed and constructed
(Andrews, 1983) for the 6500 based micro-processor control system (Franklin ACE-1200)
to operate the Control Real-Time Operating System (CRTOS). The keyboard activation
circuit was developed to generate IRQ interrupts by keyboard depression. Implementation
of the ADC and the DAC on the Franklin ACE-1200 expansion slot started crashing the
interval-timer clock circuit after a few hours of operation. A mis-match logic circuit of the
interval timer necessitated the custom-made real-time clock board.

'"l'hunderelock Pius" is a real-time clock with three software selectable interrupt rates
at 64, 256, and 20480 Hz. This real-time clock has a built-in interval timer and a clock,
which provides month, date, day, our, minute and second. A combination of the clock and
interval timer is used to run and store the real time data acquisition program, as time from
the clock is useful for analysis of the data. The Thunderclock has on-card batteries to keep
the clock/calendar running when the power of the computer is oft'.

Figure 4.30 illustrates the 6502-based microprocessor (Franklin ACE-1200) system
control hardware after complete hardware installation, including I/O module expansion.
the 6502-based microprocessor is the heart of the Franklin ACE-1200 system. Out of eight
expansion slots of the ACE-1200 system, the I/O device occupies four slots and one slot •
each is occupied by the real-time clock and the disk drive controller board. Slot #7 on the
ADC board is dedicated to PID controllers for feed-back measurement and Slot #5 is

multiplexed from 16 to 18 channels for data acquisition.

4.5.2Proce_ControlHardware

Processinterfacehardwaresareusedtomake I/O hardwarescompatiblewiththe
processtransducersandotheranalogde'ices.

The ADC used0-5vasinputbutmostoftheprocesssignalsareallin4-20ma,0-10v
ormv range.The conversionofthesignalismade bydevelopingtwocircuits:one for4-20
ma inputto0-5voutputand anotherfrom0-25mv inputsignalsofthermocouplesof0-5v
output.

A
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Figure 4.30. Franklin ACE- 1200 Microcomputer System
Control Hardware.
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To transform 4-20 ma to 000-5v, resistors of equal calibration to the transducers of
the signal conditioners input impedance are used across the input current signal. For better
accuracy and resolution, operational amplifiers (Op-amps) can be used.

For the other circuit, thermocouple output is measured in mvs, which are amplified
into volts. For 50 feet of cable, from the process area to the control room, mv signals will
create a voltage drop across the line.

• Noises from other signals in the line may also create a voltage drop across the line.
Figure 4.31 illustrates the op-amps circuit for each thermocouple signal. The op-amps is
used to amplify the signal at a gain of 200. The circuit has zero and span calibration
features. Thermocouples interfacing with the electronic cold junction for n numbers of
thermocouples are shown in Figure 4.32. Note that only common (negative) leads of
thermocouples are tied together at the cold junction.

The DAC has 0-10v output and ali the final control elements use 4-20 ma as an input
signal. A conversion from the 0-10v to the 4-20 ma circuit is needed for interfacing the
DAC to the process. The op-amps circuit for voltage to current conversion is shown in
Figure 4.33 for each DAC channel. The op-amps are calibrated by resistors for each final
control element and their input load impedance, the zero and the span calibrations are
included in the circuit for final adjustment.

4.5.3 The Software DesiL,n

The Control Real-Time Operating System (CRTOS) Software, written by Andrews
(1983), was adopted as the control algorithm of the AERBL unit and the MSW process.
This software was written for sixteen PID control algorithms and eight real-time schedule
programs. The P1D control algorithm can be expanded up to 256 control loops when
necessary.

The CRTOS has three main programs: The PIE), the RTrS (Real-Time Task
Scheduler) and the interactive I/O programs for the screen. For complete discussion of
software algorithms, readers can refer to M.S. Thesis, Andrews (1983).

The CRTOS program was not tested with the ADC and the DAC for the Franklin-
ACE-1200 system. Modification of the program was done to make the ADC and the DAC
board compatible to the CRTOS. Also, the new real-time clock board required modification
of the CRTOS, as Thunderclock generates IRQ interrupt vectors. The PID algorithm of
CRTOS was originally written and tested for the KIM 6502-microprocessor at the laboratory
control apparatus in the Department of Chemical Engineering, which uses negative input
and output voltages; whereas biomass control unit utilizes positive input and output voltages
for the process instrumentation. As the PID algorithms were transferred to the Franklin
ACE-1200 system without modification from the KIM microprocessor, I/O routine
modification was done for the positive input and output voltages.
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Figure 4.31. Op-Amps Circuit for the Thermocouples.

4-58



tou
u I "G

_ _ _ _ _
+ + + + _._

ib lh "_

A

4-59



o d
z z

4-60



4.5.4 Data Acouisition Strate2v

It should be noted that 115 data points are required by biomass liquefaction for mass
balance, heat balance and residence time distribution calculations. A data acquisition
system was developed for data collection. The standard ADC board has sixteen multiplexed
channels. This board is multiplexed to 128 channels using sixteen Burr Brown 8-bit
multiplexer. An individual channel is selected by utilizing the three external bits. The 6502
based Franklin ACE-1200 has annucitor special locations from CO58 to CO5F
(Hexadecimal) for the game I/O. Each Annucitor (four one-bit output) has two addresses
available for the ON/OFF state. The schematic strategy for multiplexing the 16 channels
to 128 channels is shown in Figure 4.34. Desired channels are accessed by first addressing
the multiplexer through the proper ADC channel and then selecting the required channel
"V the annucitor bits. A data-acquisition, real-time algorithm is written by sampling each
_,annel in sequential fashion, incrementing a sampled channel by one after reading each
channel, the sample data are stored in the memory and then transferred to the floppy disks
for permanent storage.

The data acquisition program is scheduled by the real-time task scheduler of the
CRTOS. Extra care is needed to schedule the data acquisition routine, as the PID routine
uses the same clock. Small sampling periods of the PID controller can crash the CRTOS.
The transfer of data from memory to floppy disks is possible when the real-time clock is off,
as the disk drive uses the Direct Memory Access (DMA), which can also crash the real-time
clock. A proper operating and scheduling procedure is used to run the data acquisition
program.

4.6. CONSTRUCTION OF LIQUEFACTION PLANT

Construction of the experimental liquefaction unit began in June, 1983, while the
process design and mechanical design were still in progress.

4.6.1. Process Structur_ and Concrete Pads

Structural steel for the reactor and related vessels support were procured and
delivered, together with the necessary rebar and concrete for structure foundation, process
concrete slab, and drum storage, concrete slab. The excavation, leveling and forms were
placed for four footings for the vertical structure, for a 27-ft. x 28-ft. process slab, and for
a 12-ft. x 27-ft. storage area. All concrete for these three items were poured. The four
vertical steel corner structures were mounted by crane.

4.6.2. Maior Process Equipment

During September, 1983 the mechanical design was nearly completed. The control
valves were ordered; also, a renovated extruder-feeder purchased in the Houston, Texas area
was nearly ready for shipment. Construction was directed toward the process area, concrete
wail, the structure for the hoist, and initial construction of the frame for the steam
superheater.
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During November, 1983, procurement of instrumentation continued with mostvendors
selected. With respect to the steam superheater, which was constructed on site, the vendors
for electrical elements, refractory and high-temperature tubing were contacted and selected.
With respect to the vertical reactor, some used Xalloy-lined extruder barrels were utilized.
Autoclave Engineers was considered for fabricating the hip,n-pressure let-down vessel, but
eventually a used Xalloy-lined extruder barrel was utilized.

During January, 1984, the extruder=feeder barrel was disassembled and taken to the
University Instrument Shop, where a series of holes were drilled and tapped through the
thick barrel wall so that pressure transducers and thermocouples could be installed for its
operation. The design of the steam superheater was modified to make it a more compact
unit.

The most/mportant event of May, 1984was the acquisition of several important items
of biomass liquefaction equipment from the dismantled DOE Albany, Oregon facility.
Shortly after the equipment became available for purchase by anyone interested, Dr. Don
White inspected the equipment in Albany, Oregon on May 7, 1984. A reasonable purchase
price was negotiated by Gary McAtee of Battelle Pacific Northwest Laboratories. The
equipment purchased included one carbon monoxide compressor, two small Bran-Lubbe
wood flour slurry pumps (to be used for oils and catalysts), one heat exchanger (to be used
to preheat carbon monoxide), two medium-pressure let-down vessels and some
miscellaneous electrical switches and boxes.

During June, 1984, the necessary three sections of used 3 1/2-I.D. Extruder barrels
were located and orders placed for their purchase. These have steel barrels, lined with
corrosion-resistant "Xalloy," an alloy similar to Hastalloy C, and are designed for 10,000 psi
pressures. One section was used for the vaporizer for the steam superheater, one section
for the high-pressure let-do_ vessel, and one section as a spare.

Much construction progress was made during the summer of 1984 through the hiring
of a crew of ten undergraduate and graduate students majoring in chemical engineering.
A senior undergraduate student in chemical engineering was appointed construction
foreman. He assigned specific tasks to other undergraduate students, as well as interfacing
with Dr. White, Dr. Wolf, and several graduate students, ali devoted to this project. One
person looked after each major process system, namely the extruder-feeder system, the
reactor system, the CO compression system, the steam superheater system, the catalyst
system, the feedstock preparation system, the let-down system, the instrumentation system,
the microprocessor system, the sampling and product collection system and analytical
procedure. All personnel by necessity crossed lines to achieve ali necessary theoretical
calculations, design calculations, selection of equipment specifications, procurement,
construction and installation.

With the extra undergraduate student help available during the summer of 1984,
numerous construction tasks were completed, including but not limited to the following:
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1. Installation of the corrugated steel roof over the outside storage area.

2. Installation of the supplemental main electrical power boxes.

3. Installation of the electrical conduit to the process area and installation of individual
unit power.

4. Installation of the extruder-feeder, bolting it to the concrete floor but with supports
that can be moved vertically and horizontally.

5. Installation of the carbon monoxide compressor.

6. Partial construction of the steam superheater.

7. Installation of the air compressor and some of the lines to process instrumentation.

8. Installation of the supports for the flanged reactor sections, so that this support within
the larger structural steel support will not interfere with the removal of individual
reactor sections.

4.6.3. Disruption Qf C0nstruction

Funding for FY85, beginning October 1, 1984, was not approved until early 1985. A
small advance in the Fall of 1984 kept some construction work in progress but essentially
no work was done in November/December 1984. Fortunately, funds were transferred in
January, 1985 and construction was resumed.

4.6.4. Completion Qf Constructi0n

The design and construction of the experimental liquefaction unit was sufficiently
complete in January, 1985 that initial shake-down runs at low pressures could be initiated.
The design and construction required approximately 16 months of work, but was spread over
21 months (May 1983 to January 1985) due to the "spreading out" of the authorized funding.

It should be noted that the procurement and installation of ali electrical and control
sensors, together with the real-time computer control system, was not completed until
November 1985. Consequently, experimental runs at high pressure were limited in nature
until these facilities were completed, at which time it was possible to operate by remote
control for safety purposes.

A pictorial presentation of the completed facility can be visualized by the various
views shown in Figures 4.35 - 4.39.
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Crude Wood 011 iiLet-Down Vessel _ '

Steam Vaporizer

Vertical Reaq Ior ' _

Extruder.Feeder

'1'..._0
•.,_u_ _v,ajor r'qmpment components of The Extruder-Feeder Liquefaction Facility.
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PressureTransducers

Feed Port

ExtruderOutlets

Extruder-Feeder
Barrel

Extruder Drive

Figure 4.37 Details of The Extruder-Feeder Liquefaction Facility.
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:_1. Gear Reduction
_ _2. Screw Bearing

_3, Feed Hopper
4. Screw

•i 5. Die Assembly
_: 6. Barrel Heaters

.... 7, Cooling Fluid
:;_: _" 8. Access Port

9. Frame
; 10. Motor Connector

11. Control Panel

++; _ I 12. Barrel Outlet

Figure 4.38 Typical Commercial Single Screw Extruder.
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Figure 4.39 Technical Operator Showing Viscosity of Hot Crude Wood Oil.
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5.0 NOMENCLATURE

a = Constant in Equation 4.3
b = Constant in Equation 4.3
Ee = Equilibrium composition of gases
f = fugacity
h = Conversion per pass
K = Equilibrium constant
Q = Extrudate flow rate
nhe = Number of Heating elements
N = Molar concentration
P = Pressure
Sr = Radiation surface
S = Amount of steam
X = Fraction of material
Y = Fraction of material
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PART 5

SHAKE-DOWN OPERATIONS AND INITIAL EXPERIMENTAL RUNS

5.1. Introduction

As stated at the end of Part 4, the construction of the experimental biomass liquefaction
was sufficiently complete by late January, 1985, that runs could be made upon the process as a
whole at low pressures. Previously, during the period July, 1984 through October, 1984,
various individual units of the process had been checked out for operability. Nothing was done
in November and December, 1984, due to lack of funding (White et al. 1984).

Shakedown runs upon the process as a whole proceeded form late January through
August, 1985. A total of 15 shakedown runs were made, climaxed by the August 29, 1985 run
which produced the first crude wood oil with no contaminants, that is, it utilized fresh wood
flour and "recycledMwood oil in the form of Albany vacuum bottoms (White et al. 1985
a,b,c,d).

5.2. Initial Check-0ut of Equipment Units
Shake-down operations were begun in July, 1984 on the individual units. A temporary

power line was brought in from a nearby large irrigation pump substation in order to check out
the mechanical performance of the extruder-feeder, the air compressor and the carbon monoxide
compressor. The permanent power substation by Tucson Electric Power Company required a
detailed listing of all electrical loads before replacing the existing transformer with a larger one.

The success of the extruder-feeder generating 3,000 psi outlet pressure depended on
having a reasonably high apparent viscosity for the carrier fluid in the wood flour slurry_
Normally, wood oil vacuum bottoms were used, but due to the scarcity of vacuum bottoms
inventory, the Albany wood oil was purposely oxidized at elevated temperature by blowing air
through it in the laboratory to increase its viscosity. These preliminary experiments were
successful. Samples were heated for each of two days at 90°C, while cooling at night, without
increasing the viscosity appreciably; then by blowing air through one sample at 90°C up to 75
minutes, the apparent viscosity of the wood oil was increased from about 260 centipoises to
about 6,000 centipoises. This material was utilized to check out successfully the operability of
the extruder-feeder.

5.3. _ty Evaluation of High Pressure Biomass Liquefaction Facility

Prior to integrated process hake-down operations, a safety evaluation was conducted,
utilizing

(a) information from Rust Engineering in its operation of the Albany liquefaction
unit, (Rust Engineering, 1981)

Co) Battelle PNL while dealing with high pressure experimental facilities and
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(c) the Risk ManagementDepartmentat the University of Arizona.

The safety considerations became the basis for preparingthe operating procedures.

In the biomass liquefactions reactions performed, hydrogen, carbon monoxide and
catalysts are used; thus having safety problems of high temperatures, high-pressure and
problematic gases. The tests carried out in the Extruder-Feeder-Reactorexperiments provide a
better understanding of the reaction kinetics especially the water gas shift reaction and a
distributionbetween the various componentsof the biomass or the liquefactionprocess. Battelle
Pacific Northwest Laboratories while dealing with a similar process have already identified
various areas of potential problemsand hazards in the operations of such reactions and processes
(See Volume 5 on work by Rust Engineering). These problems are a result of various operating
conditions that exist in these experiments as follows:

1) Extreme pressures
2) Extreme temperatures
3) Rate of reaction
4) Possibility of explosion
5) Mechanical failures
6) Power failures
7) Utilization of toxic gases and products

The design took these factors into account and therefore the experimental facility was
constructedaccordingly. The equipment was located in an open area and behind a strong wall
in order to avoid problems of explosions or poisoning. In addition, alarm systems and rupture
disks were included in the design. Each operator was required to be trained before he can join
the experimental team. The extruder-feeder could reach the stage when solids are accumulated
in the screw channels and the power for turning the screw exceed the allowed levels. The
operator should be able to stop the rotation of the screw immediately if such a problem occurs
if the circuit breaker fails to respond. Since flammable materials at high temperatures are
in; _lved, appropriate instructions were given on how to deal with fire that may occur in case of
a leak, disk rupture or even an explosion. Special care was given to the two gases Hz and CO.
The first is only produced during the shift reaction while the other is being supplied as a feed
gas to the system.

The CO gas poses a separate problem due to its being poisonous and special care was
given to this problem since CO has no odors. Good ventilation and flush out conditions were
provided for this gas. The superheated steam, although not poisonous, is a dangerous material
in this unit since it is very hot and at very high pressure. A high velocity jet of hot steam is
very dangerous. This is of special importance since there is little awareness of a potential danger
from steam and lack of attention in such a case could be expected. Periodic testing was made
with the safety devices and the various valves for correct operation and reactions to signal inputs.
While an exveriment was in nropreqq :ali ctper,.atlana ! ;nn,,te u,,_r,_ r,aaA,_ ¢,-,,,,'_ th,_ ,.,..,.,,.,,,1 ....a. "--- "-" r- --_ .... 11 --- v v, qm,_b..,,,,_, a,,a][.rwto vvvav tl,tql.t_.tv ,tt_t'lll t.Jtl1_, _,,,%llltdl.%/l J.l,./_k./lll

and from a feed operator room.
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O Safety was a major concern throughoutthe design and constructionphases of the project.
Not only were safety features built into the system, but additional experience was utilized form
ongoing coal liquefaction work by Exxon, Gulf Oil, HydrocarbonResearch, Inc., Sandia Labs
and others which were visited by Dr. White prior to this project. Biomass Liquefaction data
were reviewed from reportspublished by LBL at Berkeley, (Ergun 1980), Rust Engineering and
Bechtel at Albany (1981), Battelle Pacific Northwest Laboratory (Elliott 1982, Nelson et al.
1984), SRI International (1980) and Econenergy Associate (1980). Meetings were held with
other experts, such as: Engineers Inc.; Archie Deutschman, Jr., retired from the University of
Arizona High-Pressure Lab; Department of Risk Management and Safety at the University of
Arizona; and themechanical design section of the Division of Physical Resources. These various
groups were brought into the design process to review the design results. Finally, contingency
calculations on safety aspects of proposed laboratory extruder-feeder Biomass Liquefaction
system as reported on January 31, 1984 in a special report to Battelle Pacific Northwest
Laboratories, resulted in a better understandingof safety aspects.

In establishing appropriate operating procedures, the certain safety features were
considered. The basic design premise was to force operators to shut down the operation while
remaining outside the process area. In general, the control panel was designed with two
shutdown switches (one manual and one electrical). In the event of a ruptureof the reactor
vessel or fire, a control switch would dump the contents of the reactor vessel into a large vent
vessel. As an alternative, one could also disconnect ali electric power to the building via a main
switch to turn off the electric heaters and other related equipment. These two safety options
were built into the system to provide alternative safety remedies in the event of an accident.

Other design safety features include monitors and adequate fire protection. Ali piping,
electrical tracing and insulation had outside coatings to prevent moisture seepage. Also, the
outside coating was designed to keep oil spills from soaking into the insulation and being a
source of small fires, In addition, two CO monitors and two H2 monitors were located inside
both the process areas and the controlroom. These monitorswere undercontinuous maintenance
and an alarmwould sound if danger should arise.

Because fire is always a danger, adequate fire fighting equipment was available. Should
a large fire occur, such that the Tucson Fire Department is required, a city fire plug is located
within 200 feet of the laboratory and is easily accessible. The laboratory was also equipped with
a large CO2 fire extinguisher, a dry chemical extinguisher and a wet chemical extinguisher in the
event of a small fire. Lastly, a drum of speedy-dry, to provide spill control and fire blanket was
on hand. These necessary precautions were designed to help insure the safety of the personnel
involved.

To insure against injury from possible CO leaks, an air conditioner and fan will provide
a slight positive pressure inside the laboratory control room. In this fashion, any escaping CO
gas will not come into the operating room.
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5.4. Preparation of Six-Volume Safety Manual

A comprehensive series document on proceduresand regulations were preparedand were
made available at various locations for easy access. These procedures and regulations were
presented as a six-volume loose-leaf notebook set, so that new and revised sections could be
inserted. The first two volumes presented specific procedures and regulations. Volume 3
through 6 provided back up material based on experience outside the Department of Chemical
Engineering, and was consulted

(a) upon every new phase of a given project, and

(b) when in doubt about a given point. The subjects and sources of each volume are
as follows:

_ii_::i.ili_i:iii:i:_ i_/_!_enO_: i_!i:i!_!_i;!!ii_iiii._i!_: _ i !!_iilSubj_andSource
I III II I III II IIIII IIII I I II I IIIII IIIII III I II I IIII III I

1 Biomass Direct Liquefaction Using
Autoclave

2 Biomass Direct Liquefaction Using
Continuous Extruder-feeder Reactor System

3 University of Arizona Safety Manual

4 Autoclave Operating and Safety Procedures
of OtherOrganizationsi.

5 Rust Engineering Procedures for Albany,
Oregon Biomass Lique_factionFacility

6 Biomass Manual of Hazardous Materials
Related to Direct Liquefaction

I II II I I _ II I I i I II I

Two sets of these six-volume sets were available at all times to ali employees and studentsat the
following locations:

1. Campbell Extruder-feederBiomass Liquefaction Facility

2. Biomass Analytical Laboratory, Geology 41B

Two sets were also available for emergency use as follows:

1. Office of Dr. Don H. White, Geology 142.

2. Administrative Office, Departmentof Chemical Engineering, Geology 103.
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5.4.1 Certain Top Priority Procedures

The operatingproceduresand safety regulationswere made top priority for the personnel
of the biomass research group under two conditions:

1. A newly-hired employee or a newly-appointed student to the Biomass Research
Group.

2. Personnel engaging for the first time upon a new or different phase of research

Personnel under the above situations were required to:

I. Become familiar with ali six volumes of operating procedures and safety
regulations mentioned above and list those items appropriate to the new
assignment or research project.

2. Pass a written test on Item 1.

3. Go through the equipment check list, operating procedure check list and the safety
regulationcheck list for the new project or initial .assignmentof a new employee
or new student.

4. Outline or write an initial operating procedure and set of safety regulations, if a
new phase of the research were involved.

As a guide a general check list was used while p_ing through Items 1-4 above,
because the existing material in Volumes 1-6 did not always contain ali the necessary material
covering a new situation on a new phase of research.

The general approach to safety was to simultaneously

(a) call attention to the existing University of Arizona Safety Regulations (as
published by the Departmentof Risk Management and Safety).

Co) utilize a check list of "worksheets" in outline form that generally would apply
more specifically to biomass liquefaction.

5.5. Preparation of Overating Procedures

A first version of an operating manual was prepared in January, 1985, covering the
following:

1. Preparationof Experiment Check List,

2. Normal Operating Procedures,
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3. Post Operating Check List,

4. Emergency Conditions.

This version was published as Appendix II of Quarterly Report for November 1984 - January
1985 to the DOE (White et al. 1985a). Similarly, detailed instructions for operating the Real-
Time Microprocessor Control System was written and pubF.shedas Appendix I in that same
report.

These operating procedures were expandedand revised over the three years (1985-1988)
of experimental runs.

5.6. Phflosouhv for Shake-Down Onerations

As stated earlier, the shake-down operations of the individual units and parts of the
system were first tested in order to reach the goal of production of wood oil from wood flour
in a continuous operation of the system. The philosophy for successful shake-down operation
is to proceed in stages namely from low pressures and temperatures then gradually increasing
them to the requiredlevel of 3,000 psi and 375°C. The shake-down period was planned to serve
several purposes:

1. Detect any problems in the design and constructionin order to correct them.

2. Determine the proper range of desired flow rates, pressures, temperatures and
slurry concentrations, together with other pertinentoperational procedures.

3. Analyze the start-up and shut-down problems as well as detailed operational
procedures.

4. Train the research group on the operational and safety procedures of the various
units and get acquainted with the mechanical aspects of the project. Initially,
gear-oil was used as the carrier liquid due to its appropriate physico-chemical
properties at low pressures and temperatures, relating by simulation the real
conditions at 3,000 psi and 350°C.

During the shake-downoperations arid initial experimental runs, six operating modes were
planned, and followed as much as was practical.

MOde 1 Shake-down operations at pressures up to 200 psi and temperature_ to IO°C.

Shake-down operations at pressures up to 1,000 psi and temperatures to 285°C.

•..,.,_,, o o.,_-m,w. ",lXaauonnat pressures up to ._,tnnJpsi and temperatures to J3u-L:.
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Initial experimentalruns with no carbon monoxide, no sodium carbonatecatalyst
and no steam. The use of steam alone will precede the use of Na2CO 3.

Mode 5 Initial experimental runs with no carbon monoxide but with sodium carbonate
catalyst and steam.

Mode 6 Initial experimental runs with c_-bon monoxide, sodium carbonate catalyst and
steam.

5.7. Ex_rimental Shake-Dgwn Runs

The experimental process was successfully broughtup to design operating conditions over
a period of 16 runs made from late January through August, 1985. This was accomplished
despite the fact that the full real-time computer control system was not completed until
November, 1985. These runs are summarizedbelow:

5.7.1. Run I - January 1985

Goal: Operateextruder-feederand reactorwith 40 wt% wood flour/60 wt% gear
oil feedstock at reasonably low temperature of 220°C, to determine
operability and what extruder-feederoutlet pressure can be generated.

Results: After a short period of time the reactor began to build up pressure.
Eventually the pressure was maintained at 500 psig with the extruder-
feeder only turning at 20 rpm. A plugging by the slurry eventually
occurred. The clog was a_ntly caused by the constriction in the valve
between the reactor and the pressure letdown system. The _lurrybacked
up into, and clogged the oil line to the reciprocatingpump. This made it
doubtful whether the oil ever made it into the reactor. Separation of oil
and wood flour occurred at the clogged portion of the line. The oil
squeezed throughbut the wood flour stayed behind. This was expected
due to the low viscosity of the gear oil carried fluid. This proved that a
higher viscosity carrierfluid had to be used. not only to generate output
pressure but even for operability without plugging by "squeezing" out the
carrier fluid.

5.7.2. Run 2 - Febma_ 1985

Goal: Repeatrunwith gear oil fluid (as in January1985) but run extruder-f_der
at highest possible screw speed.

Result: A pressureof 1800 psi was temporarily generated at 100 rpm, but the run
had to be terminatedafter 14 minutes, apparentlyagain from a plug where
the fairly low gear oil viscosity was squeezed out of the wood flour.
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5.7.3. Run 3 - March 26. 1985

Goal: Operatewith a much higher viscosity fluid, namely asphalt.

Results: A project highlight resulted, whereby 3,500 psi extruder-feeder outlet
pressurewas achieved. A 35 wt% wood flour/65 wt% asphalt feedstock
at 15 screw rpm and about 100°C extruder-feeder outlet temperature
provided good operability. The pressure of 3500 psi was generated by
forcing the slurry through a 1 foot long tube of 9/16-in. dia., attached to
the outlet of the extruder-feeder.

i
5 3

I0 II

15 70

30 125

45 210

The asphalt has the characteristicsof being a tacky solid at room temperatures, plastic at
higher temperatures of 50-100°C and very fluid at about 110-120°C. Moreover, this high
fluidity at higher temperatures is in the range of temperature to be used in the reactor. Thus at
the appropriateoperating conditionspressures in excess of 3,000 psi were obtainedwith mixtures
of wood flour and asphalt in the ranges of 10-50 wt% wood flour in the asphalt. The asphalt
was also easily preparedin the form of granulesby grinding it with standardcausing equipment.
Dry ice was added to the asphalt in order to keep it cold and thus making it brittle and also in
order to keep the crushing equipment clean. Without the dry ice, the asphalt would heat up
duringgrinding and become plastic. It sticks to the crushing equipment under these conditions.
After the asphalt was reduced to the appropriate size, it was mixed with wood flour and thus the
sticking of the pellets was eliminated, even if no dry ice was present.

Petroleum asphalt has the necessary physical properties to be a slurry carrier fluid. It's
viscosity increases exponentially as it is cooled from about 160 degrees F to about 20 degrees
F, as shown in Figure 5.1. A viscosity of 10,000,000 centipoise could be utilized if ever
necessary. In practice, an operating temperature of about 150 degrees F, where the asphalt
viscosity is about 100,000 centipoise, would be sufficient to generate an outlet pressure of 3,000
psi in the extruder-feederwhen operating upon a wood flour slurry anywhere in the rangeof 40
to 60 wt. % wood flour. Secondly, petroleum asphalt is similar to wood oil vacuum bottoms
in that it is a solid at ambient temperatures. However, it is tacky compared with the brittle
nature of wood oil vacuumbottoms. This is an important physical characteristic, if the wood
flour feedstock to the extruder-feeder is to be fed as a solid mixture. Fortunately, petroleum
asphalt can be manipulated for experimentalpurposes to overcome its tacky propertyat ambient
temperature,be either (a) cooling it below room temperaturewhere it becomes brittle, or (b) by
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further oxidation (cross-linking) until it reaches the brittle stage. The former has been utilized
in the initial experimental runs. A roofing grade of petroleum asphaltwas selected, which could
be easily ground to a fine granule structureby using dry ice. The resultantasphalt granules were
kept free-flowing by coating with the finely-ground wood flour and/or any inorganic powder.

5.7.4. Six Runs with Crammer-Feeder in Series w_h Extruder-Feeder

Goal of First Three Runs: Demonstrate operability of crammer-feeder in providing a
pressure differential in the feed section of the extruder-feeder.

Results: It was not feasible to use the crammer-feederin its intended purpose due to the
tacky natureof asphalt at ambient or near ambient temperature. Further, it was difficult
to coordinate the flow rates of the two units by manual operation without the real-time
computer control system (not as yet completed).

Goal for Second Thrff Runs: Simulate the operation of the vertical reactor at three
different temperatures, namely, 340°C, 370 °C, and 400 °C. This was done by
electrically heating the tube reactor of Run 3 above after first installing a 1/2 inch gate
valve on the 1-foot tube for additional pressure drop resistance.

Results: The system of crammer-feeder, extruder-feeder and valved tube reactor were
found to be an operable system. However, the results were erratic and the runs were
only partially successful. Pressures at any point between 1000 psi and 3500 psi were a
crude wood oil mixed with asphalt was produced successfully controlled. The details of
these runs were reportedin the QuarterlyReport for February--April, 1985 to the DOE.

5.7.5 Tw9 RUl_ with Alkaline Catalysts-May. 1985

Goal; To determine the operability of dry feedstocks and the effects of alkaline
catalysts of sodium carbonateand lime, using the designed verticalreactor.
These runs were conducted at 20-100 psi, 375 °C, no ___'bonmonoxide
and steam injection at the inlet of reactor.

Results: Feed rates were erraticduring the five hours of these two runs, where one
run was termed "dry', depending only upon water from the dry wood
flour feedstock and water formed during the liquefaction. The second run
had some .saturated steam injected into the bottom of the reactor, but the
steam rate was also enatic and it is not known how much steam was
injected. The erratic operation of the extruder-feeder was probably due
to the inexperience of handling a dry mixture of powdered feedstock, with
some 4 to 5 wt. % of "inorganic powders" consisting of both sodium
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carbonate and calcined calcium oxide (CaO as lime). Therefore, these
runs were considered as part of the experience being gained on the
operation of the experimental unit. The most importantresult of these two
runs was that the designed vertical reactor was successful, reinforcing the
first vertical reactor run made on April 24, 1985.

5.7.6 Four Runs for Better System O_¢erability

Ali process equipment was dismantled, cleaned, inspected and reassembled during the
May 20-June 20 period, prior to making four experimental runs in late June. There were no
unusualcarbondeposits or signs of corrosion. Two valves were damaged from overheating, due
to Ix)or control of the electrical heater tracings around the valves and under the insulation
surroundingthe valves. Some problems were experienced in the re-seating of the metallic ring
seals on pressureflanges, due to re-using the same seals that were in use prior to dismantling the
pressure equipment.

The objectives of the four runs in Junewas to repeat the rather unsuccessful runs of May,
but with certain modifications. The use of lime was eliminated, and liquid water was injected
at the bottom of the reactor rather than steam. The four experimental runs in June {DFWF6
through 9) were conducted back-to-back by nine hours of continuous operation, terminated by :
a voluntary shut-down at about 7:00 p.m. Sodium carbonate catalyst was dry mixed with the
40 wt. % Douglas Fir Wood Flour feedstock. The extruder-feeder operated continuously but did
have periodic fluctuations, due in part to feeding problems. However there was no plugging in
the transition zone between the erarnmer-feeder and the extruder-feeder, or in the feed zone of
the extruder-feeder, as experienced at times during the May runs. This problem was solved by
circulating ehiUed water around these two zones.

It was obvious from these runs that the experimental liquefaction unit had good
operability, but that steady operations and process control could be improved, even at low
pressures by (a) running extruder-feeOer tests on the more-highly instrumented extruder-feeder
in the Chemical Engineering Laboratory, Co)modifying the liquid oil product collection system,
and (c) putting more of the microprocessor digital control system into operation.

5.7.7. First Ma!or Run Using Albany Vacuum Bottoms:

An important experimental run on the continuous extruder-feeder biomass liquefaction
unit on August 29, 1985. This experimental run resulted in another technical highlight, in that
wood oil vacuum bottoms were used successfully, so that no foreign materials were in the
system.

An experiment with asphalt as the carrier simulator was made on July 11, 1985, but much
of the work related to this experiment was continued during the month of August• This included
the collection of material from the extruder-feeder, reactor and let-down vessel, and analysis of
these materials and products. Also the experimental unit was dismantled, repaired wherever
necessary, cleaned and reassembled for future experimentation. Feedstocks with 40 wt. % and
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42 wt. % wood flour in asphalt and Na2CO3as a catalyst were used. This was a direct
continuation of earlier work which was started several days before and was shut down because
of a rainstorm. When proper temperatureswere achieved the experiment was startedwith feed
supplyand some water supply insteadof the superheatedsteam thatwas not operational that day.
This experiment ran smoothly for almost three hours, about half the time with 40 wt. % wood
flour and half the time with 42 wt. % wood flour.

• The radioactive tracer was again successfully used for determining the flow conditions
in the system. The experiment on August 29 was made with vacuum bottoms as a carrierwhich
is considered to be the real carrier in this process. Although some technical problems occurred
the experiment was conside_d a highlight in this project and wood oil was produced under
normal operating conditions using the real carrierof wood oil vacuum bottoms. The feed was
40% wood flour in the vacuum bottoms, with both Na_CO3 as a catalyst and superheated steam
as a heat source.

It appeared that a low viscosity wood oil was made during the August 29, 1985
experimental run. The m_._rial in the extruder-feederreactor and let-down vessel was collected
and preparedfor analysis. Some characterizationof the wood oil was done by using a laboratory
vacuum fractionation unit. Eight fractions of oil were obtained with very low viscosity and a
residue of vacuum bottoms which were analogous to theAlbany vacuumbottoms. A comparison
was also made with the wood oil obtainedfrom Albany undervacuum fractionation conditions.
The laboratory vacuum fractionation unit was used also in order to learn of the problems that
might be involved in the fractionation of wood oil. Such information was needed to supply to
the companies approached for purchasing a vacuum distillation unit, and in order to assess the
proposed unit. Also this information was helpful to assess the feasibility of constructinga unit
with or without acquiring major components of the system.

Even though useful experimental data were being obtained using petroleum asphalt as a
feedstock carrier, everyone concerned with this DOE project wanted to move as fast as possible
to "an all-wood-oil system", using wood oil vacuum bottoms as a feedstock. Therefore, in
parallel with the activities using asphalt as the fluid carrier, it was decided to make one short
experimental run on "an all-wood-off system" by using some of the precious Albany wood oil
vacuum bottoms in the limited inventory at the University of Arizona. This experimental run
was made on August 29, 1985 of 3.5 hours duration with operating conditions of 375 °C, 3,000
psi, sodium carbonate catalyst and steam injection. The feedstock conditions are given in Table
5.1 as follows:

_ 1"'}
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TypicalComp., 41 27 22 I0
wt.%

MildTreatment Probably5-10%lossinwt.

Slurry 4042 wt. % wood flour
Feedstock 55-53 wt. % Albany vacuum bottoms

High sodium carbonateconcentration

Processoperabilitywasverygood;thevacuumbottomsperformedasgoodorbetterthan
petroleumasphalt.The experimentalunitwasnotyetinshapefroma safetystandpointtotake
sampleswhileinoperationatfullpressureof3,000psi.Therefore,theunitwas shutdown
whilestillhot,andsamplesweretakenoftheproductandatdifferentlocationsinthevertical
reactorthenextday. The ultimateanalysisofthesesamplesareshownbelowinTable5.2
!

Reactor(entrance) 60.86 5.61 0.00 30.70 97.17
i

Reactor(outlet) 70.44 5.76 0.16 18.13 94.49

Let-downvessel:

Sticky Phase
Solid Phase 81.21 8.21 0.41 7.93 97.76

85.53 7.65 0.16 9.09 100.43

Extracted Product (THF 83.13 8.90 0.38 5.62 98.03
solubles)

Extract Residue 64.82 4.10 0.08 "17.15 86.15

Vacuum Distillate (bulk 82.71 9.07 0.13 6.52 98.43
product)
, i

*Contains oxygen from sodium carbonate
iii | i i i i , ii i

Also, the heats of combustion of all of the samples of Table 5.2 were determined and are
shown below in Table 5.3
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Reactor (entrance) I 1,000 •

Reactor (exit) 16,900

Let-down vessel

StickyPhase 16,000
SolidPhase 15,900

Extracted Product (THF solubles) 16,400
ii

Extract Residue * 10,500

¢acuum Distillate (bulk product) 16,300

• Believed to have a high sodium carbonate content; heating value probably much higher.

5.8 SUMMARY

A numberof runswere madeusing petroleum asphalt as the feedstock carrierand finally,
the asphalt was replaced by Albany wood oil vacuum bottoms from our limited inventory to
make, for the first time, a "non-contaminated"wood oil on August 29, 1985. Process equipment
operab_ty was beyond expectations, as was also the quality of the wood oil product. Four
technical highlights were reported for these initial shake-down experiments as given below.

March 26, 1985 Operated extruder-feeder on 36 wt. % wood flour/65 wt. %
petroleum asphalt, generating 3,500 psi outlet pressure.

April 22, 1985 First tar-like wood oil was made during a continuous 3 1/2 hour
run, which was voluntarily terminated.

April 24, 1985 Generated up to 3,000 psi at extruder-feederoutlet for first time
while connected to reactor.

August 29, 1985 Replaced petroleum asphalt in feedstock with Albany wood oil
vacuum bottoms, operated at 3,000 psi with sodium carbonate
catalyst and steam, making the first "non-contaminated"wood oil,
with low oxygen content.

One series of experiments varied the wood flour concentrationin the feed from 30 to 50
wt. %. Another series of experiments varied the temperatureof the liquefaction reactor from
350 °C to 400 °C. In essentially all cases the process equipment demonstrated mechanical
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operability beyond expectations. Essentially ali runs were terminatedvoluntarily.
More details on these experiments are found in the Quarterlyreportsby White et al. (1989, a,b,
1985 a,b,c,d).
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PART 6

EXPERIMF2qTAL RUNS ON THE CONTINUOUS

EXTRUDER-FEEDER LIQUEFACTION UNIT

6.1. GOAI,S OF EXPERIMENTAL RUNS

The previously described shake-downoperationswere generally operated at less than full
system pressure, due to the fact that (a) budget limitations (spreadout over longer time periods)
were imposed by the DOE, and Co) the real-time computer control system was incomplete.
However, the expenditures and researchgoals had to be spreadout due to varying and generally
declining budget appropriations. Consequently, in no given yearwas full funding madeavailable
to the University of Arizona.

Some of the visible demonstrablegoals that were established are as follows:

1. Demonstrate good operability of entire liquefaction unit at 3,000 psi.
2. Produce a high heating value of crude wood oil, having about 6-9 wt. % oxygen

and about 16,000 BTU/lh heating value.
3. Demonstrate the ability to make long extended runs without any shut-downs.
4. Make an AU-Arizonaoil, that is, use only oils made in the Arizona unit for use

as recycle oil.

As a result, over the projectperiod of November, 1985 throughSeptember, 1988, a total
of 42 experimental runs were made with a completed real-time control system in place, wherein
(a) the first 33 runs used the UA software and (b) the last nine runs used the FIX software. The
goals of these experimental nms are summarized in Tables 6.1 and 6.2, respectively.

6.2 EXPERIMENTAL RUNS WITH UA REAL-TIME CONTROL SYSTEM

This section summarizes some of the experimental results for the 33 experimental runs
made while using the University of Arizona (UA) real-time control system. As previously
described, thatsystem connected process sensors to a microprocessorand used real-time software
developed as part of this project. These 33 runs were made from November, 1985 through
October, 1987, and are described in details in the QuarterlyReports (White et al., 1985, 1986,
1987). Part of these experiments are also summarized in Appendix D.

6.2.1. Budget Spread-Out/LaborIntensive

The initial DOE contract (via subcontract from Battelle PNL) provided a reasonable
budget and time schedule for thisproject. However, in no given year was the full funding made
available to the University of Arizona and, consequently, the expenditures and research goals
were spreadout. The project work became labor intensive, that is, funds that were originally
budgeted for process developments were reallocated in part for labor to accomplish immediate
goals. A detailed examination of expenditures show that when the project funding was
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Table 6. I. Summary of Goals of Experimental Runs with Real-Time Computer
Control Using UA Software

F1 11/18/85 Operability of Liquefaction Unit

F2 12/20/85 Start-Up with Old Feedstock/Products in Extruder-Feeder and
Reactor

li| i

G1 02/19/86 Operability and proper shut-down procedures,n ii

G2 03/19/86 Liquefaction at high temperature (400°C)

G3 04/16/86 Liquefaction with no catalyst, no CO and low water

G4 05/29/86 Liquefaction at steady pressure of 3,000 psi

H1 06/26/86 Effect of soaking aqueous Na2CO3/feedstock at 60°C as
pretreatment

H2 06/27/86 Same as above

H3 06/30/86 Same as above
i

H4 07/02/86 Pretreatment with 600C soak, but no Na2CO3

H5 07/14/86 Soak pretreatment with Na2CO3 cataly,_tand CO during
liquefaction

I1 07/29/86 Demonstrate a long continuous run with a voluntary shut-down
thru .07/31/86
J1 10/23/86

J2 10/30/86 Operate at higher feedrates for shorter residence times

K1 01/07/87 Same as above
i

K2 02/02/87 Operate in "recycle mode," using reactor effluent as feedstock

L1 03/20/87 Preparation/operation with 300 lb. of feedstock for use in several
"recycle" experiments

L2 06/09/87 Operation of extruder-feeder with makeshift horizontal pipe-
reactor to establish conditions for pumpability of "new recycle"
feedstocks

L3 06/10/87 Same as above

M1 07/14/87 Produce larger quantity of reactor effluent operating in recycle
mode

i

M2 07/17/87 Same as above, plus close material balance

M3 07/23/87 Same as above
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M4 08/03/87 Operate at lower wood flour in feedstock and lower
temperatures, to overcome plugging problems of recycle mode

NI 08/20/87 Same as above

N2 08/21/87 Same as above, except higher water content

N3 09/09/87 Make near AU-Arizona crude wood oil with good material
balance closure

O1 09/10/87 Same as above

02 09/11/87 Same as above

P1 09/17/87 Same as above

P2 10/07/87 Operate with month-old feedstock and reactor products in system

P3 10/16/87 Operate with recycle reactor product plus fresh wood flour

P4 10/20/87 Same as above
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Table 6.2. Summary of Goals of Experimental Runs with Real-Time Computer
Control Using the FIX Software.

Q1 03/07/88 Operate liquefaction unk with larger piping on reactor outlet and
new piping on liquid product i

Q2 03/11/88 Same as above, except using shorter piping on liquid product line

Q3 03/17/88 Same as above

R1 06/30/88 Increase output rate, make larger quantifies of product per run
and seek smoother operability with the good control system

R2 06106188 Same as above

R3 06110/88 Same as above

R4 06/16/88 Same as above, but lower concentration of recycled reactor
effluent

Sl 07/13/88 make longer run with good operability, aridbe closer to an All-
Arizona wood oil

$2 07/20/88 Same as above
, i , i i
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terminated in September, 1988, approximately 60 percent of the anticipated funding had been
expended to accomplish about one-half of the proposed work.

6.2.2 Achievement of Good O__rability_

The completion of the real-time computer control system in November, 1985 helped
improve process operability. Short experimental runs in November and December, 1985 proved
that material produced from a previous run cannot be left in the system for longer than a few
days, without plugging problems on the start-up of the next run.

The proof of plugging at this stage of process development was detected in many
instances by the use of a radioactive tracer. For the experimental run scheduled for December
20, 1985 (Run F2), the reactor was full with material left over from the previous experiment,
on November 18, 1985. The first stage of the experiment was to heat the extruder-feeder,
reactor and connecting lines to the desired temperatures and start feeding the extruder-feeder.
The tracers added at the beginning of experiment proved that there was no flow into the reactor
since the tracer did not pass the valve at the connecting cross line located between the extruder-
feeder and the reactor, even though the valve was fully open and the extruder-feeder had
produced a pressure of 3500 psi. The Geiger Counter clearly detected the stationary tracer at
the tip of the extruder-feeder outlet. Therefore, from this point on, the liquefaction system was
flushed out at the end of each run with a petroleum asphalt, which could be left in the system
until the next run. Further details are given in the November 1985-January 1986 Quarterly
report (White et al., 1986a).

Operability was further improved by removing the valve between the extruder-feeder and
the reactor, and increasing the size of that line. It was decided that the valve served no useful
purpose, and in fact without it, the extruder-feeder then served as a "pressure relief valve" for
the _quefaction system. The interconnecting piping and a cross were installed of 1.75 inch
inside diameter, matching the I.D. of the reactor.

More optimum operating conditions were also explored at this time. Before the Run G1
of February 19, 1986, the extruder-feeder was operated separately, and mixtures of 38 wt. %
wood flour (WF) and 62 wt. % vacuum bottoms (VB) were pumped at several temperatures, i.e.
135, 165, and 200°C so'as to determine the best operating conditions of the extruder-feeder.
A temperature of around 165°C near the outlet end of the extruder-feeder was found to be the
appropriate temperature for our purpose and was indeed the controlled temperature of the barrel
for run G1.

Run G1 was smooth and operated at pressures of up to 1,000 psi and at reactor
temperatures of around 375°C. Before shutdown the feed was changed to 23 wt. % WF and 77
wt. % _phalt so as to displace the normal feedstock from the reactor. This procedure was used
in order to initiate the next run without having to clean the system from the reactive hard vacuum
bottom-based feedstock. Further details on Run G1 are given in the February-April 1986
Quarterly report (White et al., 1986b).
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The final major modification of the process equipment to assist operability involved the
installation of larger diameter piping and long-sweep elbows to the reactor outlet. When
experimental Run L1 was made on March 20, 1987, it operated for only three hours before
plugging problems occurred. Otherwise, run conditions appeared good. The unit was then
dismantled and cleaned for analyzing the plugging problems. One of the conclusions was that
it was difficult to control precise conditions in the small interconnecting piping between the
reactor and the pressure let-down vessel. The reactor had a 1.75 inch ID and the outlet piping
was 0.375 inches ID. The outlet piping was changed to an ID very close to that of the reactor.
Further details on the Run L1 are given in the February-April 1987 Quarterly report
(White et al., 1987b).

6.2.3. Flow Conditions in the System

Slurry_Flow Patterns by Radioactive Tra_r

The Extrusion Research Team had developed in the 1970's a useful technique for
determining experimentally the Residence Time Distribution in single screw extruders by means
of neutron-activated manganese dioxide (Wolf and White, 1975). The half-life of this radioactive
tracer is 2.46 hours, such that there is no radioactive disposal problem from the use of this
radioactive material.

During the shakedown runs, this technique was used to measure the flow of feed through
the liquefaction unit. As indicated above in Section 6.2.2, it was also useful in determining
plugs in the system. Calculations using radioactive tracer flow data indicate that the viscous
pseudo-homogenous slurry exhibits near-plug flow in the reactor. Further details are given in
the August-October 1985 Quarterly report (White et al.,. 1985d).

Gas Flow Patternsby Off-gas Analysis

It can be argued that good dispersion of the carbon monoxide gas and steamvapors in the
viscous wood flour feedstock slurries would result in much of the gas phase moving through the
reactor at essentially the same velocity as the liquid/solids phase. It can also be visualized that
as carbon dioxide gas and water vapor are generated from the wood flour feedstock by the
liquefaction process, the total volume of the gas phase would increase to the point where it would
"break loose" from the liquid/solid pseudo-homogenous phase and move out of the reactor at a
higher velocity than that of the reactor effluent liquid phase.

Time and funding did not permit obtaining data upon the true gas phase flow patterns.
However, some experimental data based upon (a) the off-gas chromatographic analyses and (b)
the velocity of carbon monoxide through the system when first injected indicate that gases do
separate from the liquid/solid phase. In fact, there was some indication of gas phase channeling.
This phenomena was further supported by more sensitive reaction data (than in biomass
liquefaction) by test runs in the experimental unit on behalf of an industrial company. These
calculations were based on the off-gas flow rates and composition of a number of experimental
runs, some of which are given in Appendix D.
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6.2.4 Feedstock Pretreatment

In the period May-July, 1986, a variety of feedstock pretreatment techniques were
explored, with the objectives of (a) swelling the wood flour with water and (b) impregnating the
wood flour with the sodium carbonate catalyst. The parametersexplored were as follows:

1. Four varieties of fluid carrier, namely, black Albany vacuum bottoms, brown
Albany vacuumbottoms, roofing-gradeasphaltand Albany TR-9 crude wood oil.

2. Excessive wetting of the wood flour up to 200 wt. % and then sun-drying to
various degrees of dryness.

3. Soaking the wood flour at various temperaturesfor periods up to 48 hours.
4. Varying amountsof sodium carbonate catalyst.

One preferredprocedure that was adoptedand used for many subsequentruns was carried
out as follows:

1. Spray a sodium carbonate solution upon dry wood flour and mix thoroughly,
usually in weighed quantities to provide a 2 wt. % Na2CO3 and 20-30 wt. %
moisture.

2. Soak the moist, impregnated wood flour and/or slurry (with carrier fluid) in
plastic bags at 70°C for either 24 or 48 hours. The closed plastic bags maintained
the desired moisture concentration. Furtherdetails are given in the May-July
1986 Quarterlyreport (White et al. 1986c).

6.2.5 Good Oua!lityWood Oil by Liquefaction with No Carbon Monoxide, NO Catalyst and
Low Water.

Experimental Run G3, on April 16, 1986, demonstratedthata low-oxygen wood oil could
be obtained by liquefaction without using catalyst and/or carbon monoxide. Further, pressure
was held at 2,000 psi, which is lower than normally considered necessary for successful direct
liquefaction. These results were achieved at temperatures on the high side (375-400°C) and a
long residence time of about two hours. The distillate of the reactor effluent was found to have
7.5 wt. % oxygen. Further details are given in the February-April 1986 Quarterly report
(White et al., 1986b).

6.2.6 Demonstration of Long Continuous Run

There was interest in demonstrating that the liquefaction unit could be operated
continuously for a considerable length of time. The limited manpower was divided into two 12-
hour shifts, and a long run was started on July 29, 1986.

The long run of July 29 through 31 (Run I1) ran smoothly for more than 52 hours with
only one interruption to fix a leak in the top of the reactor. During this run all the various types
of available vacuum bottoms were used up. At the end of the 52 hours and no vacuum bottoms,
we switched to recycled material of our product starting with low concentration of solids and
gradually increasing it. However, at this point, the experiment was discontinued due to a plug
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in the reactor of the type experienced during the runon July 14, 1986. This plug was probably
due to the inexperience of operating with the new types of feedstocks utilized near the end of this
52-hour run. Further details on Run I1 are given in the August-October 1986 Quarterly report
(White et al., 1986d).

6.2.7. Vacuum DistillatiQn

Vacuum distillation of the reactor effluent crude oil products serves the dual purpose of
(a) providing the process producthaving a viscosity slightly higher than petroleumFuel Oil No.2
and (b) providing a heavy vacuum bottoms to serve as the fluid carrier for fresh wood from
feedstock in the recycle mode. Laboratorydistillations were carded out routinely on this project
for analytical purposes, operating at 2-5 mmHg abs. pressure and a temperature cut-off at 550°F.
This cut-off temperature is lower than thatpracticed by the Albany biomass liquefaction plant
and by the petroleum industry.

For the continuous extruder-feeder liquefactionunit, a commercial Pope vacuum still was
purchased in mid-1986 and installed in late 1986. It was initially operated with an 80 wt. %
kerosene/20 wt. % asphalt mixture for shake-down operations. Unfortunately, an equipment
failure of the Pope vacuum still occurred on March3, 1987. While operating the Pope vacuum
still, a water cooling line slipped off a connection due to water pressure, and the resultant
temperaturedifferentials caused the glass evaporator body to shatter beyond repairs. This was
a serious set-back because more vacuum bottoms were needed at that point in time for future
experimental runs. Due to the high cost of evaporator replacement, it was decided to defer such
costs until it could be determined whether or not a suitable feedstock could be made from the
Albany TR-9 crude wood oil by another technique. It should be noted that Albany crude wood
oil TR9 is a very viscous liquid, even at 150°C, and is a tacky solid at room temperature. It
was decided to utilize the extruder-feeder as a "mild pretreater" to make a suitable WF carder
oil. Further details are given in the August-October 1986 Quarterly report (White et al., 1986d).

6.2.8. Albany TR-9 (_ru_l¢Wo00 Oil ag Wood F1Q_rCarder

Following the failure of the Pope vacuum still, the Albany TR-9 wood oil was indeed
shown to be a good substitute for wood oil vacuum bottoms as the fluid carrier for wood flour
feedstock slurries. As stated above, it is a tacky solid at room temperature but is a viscous fluid
at 150°C. This viscosity was further increased by one pass through the extruder-feeder under
mild temperature and short residence time. These conditions were easily established by a few
experiments using only the extruder-feeder.

A major effort was then initiated in April, 1987, to prepare some 300 pounds of
feedstock, based on using the Albany TR-9 crude wood oil as the carrier. This quantity was
necessary in order to then recycle the University of Arizona reactor effluent product several times
in order to make "an all-University of Arizona crude wood oil". White birch wood flour was
mixed with an equal amount of sodium carbonate solution, so that the soaked wood flour wood
contained five pounds of Na2CO3 per 100 pounds of dry wood flour. It was pretreated further
by soaking in plastic bags (no moisture lost) at 70°C for 45 hours. It was then mixed by hand
with liquid Albany TR-9 heated to 150°C, to give a 50/50 wt-ratio mixture of wood flour/TR-9

6-8



on a dry basis, and then immediately passed through the extruder-feeder only. The residence
time in the extruder-feeder was about three minutes, entering at about 25°C and exiting at about
99°C. Further details are given in the May-July 1987 Quarterly report (White et al., 1987c).

6.2.9.InitiationofWork On An Ali-ArizonaCrudeWood Oil

InsettingthegoalsforFY1987,itwasjudgedimportanttomakean"AU-Arizona"crude
wood oil.ThisgoalwasaccomplishedduringtheperiodAugust20-September17,1987(Runs
NI-PI).

An All-Arizona crude wood oil is defined as a liquefaction liquid oil product of low-
oxygen content derived from wood flour, which is processed entirely in the biomass liquefaction
f_ility at the University of Arizona. It should be reiterated that any continuous biomass
liquefaction process would require (a) some method of continuously feeding solid biomass into
a pressure system, (b) some method of "flowing" the solids through the system, and (c) some
method of mixing or dispersing carbon monoxide with the solid biomass for good mass transfer
for the necessarychemical reactions. The extruder-feederprocess utilizes the heavy ends vacuum
bottomsforthesepurposes,andobtainedthesematerialsfromtheAlbanybiomassliquefaction
plantin theformof vacuum bottomsand a viscousTR-9 crudewood oil(solidatroom
temperature).

Sincetheextruder-feederliquefactionunitisa continuous,once-throughexperimental
facility,itwas necessarytosimulateoperationsina recyclemode toachievean All-Arizona
wood oil.Thiswas accomplishedby startingwitha 40 wt% WF/60 wt% TR-9 feedstockfor
experimentalRunsNI andN2,whichprocessedatotalof320poundsoffeedstockandgenerated
about172pou.ndsofliquidpressurelet-downproduct.The some 30poundsoflightoverhead
liquidoilproductwas keptseparateandnotblendedintotheabout172poundsofcrudeoil.
Likewise,thesome20poundsofresidualwood oilinthesystemattheendoftherunwerenot
combinedwiththe172poundsofproduct.A first"recyclemode"wasachievedbyaddingfresh
wood flourfoNI-N2 wood oilproductandprocessedinRunsO1-O2. A secondrecyclewas
carriedoutina similarmannerforRun PI. The resultantreactoreffluentwas thenvacuum

distilledtoprovide"AnAll-Arizona"crudewood oil.ltisbelievedthatthisproductcontained
verylittleoftheoriginalviscousAlbanyTR-9wood oil,because(a)duringeachofthethree
once-throughoperationsinvolved,some7-10wt% ofwood oilproducedisofa low viscosity
thatiscarriedoverheadandthusseparatedformthemainliquidwood oilofeachofthefour
passesand (b)thefinalreactoreffluentproduct(thirdpass)was44 wt% insolubleinTHF.
Normally,lessthanonepercentoffreshlymadewood oilisinsolubleinTHF. Thcrefore,itis
believedthatmostofthe44 wt% THF insolubleswerecross-linkedorpolymcrizcdTR-9wood
oil,causedby thesevereproccssingitwasexposedtoduringfourpassesofliquefaction.This
immobilizedTR-9 wood oildidnotdistilloverheadwiththeAll-Arizonawood oil.

An analysisoftheAll-Arizonawood oilshowedthatitcontainedaround8wt% oxygen.
Itsothercharacteristicswcrcsimilartothosepreviouslydescribedfortheoilsfromearlierruns.
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Further details provided upon Runs N1, N2, O1, 02, and P1 are summarized in
Appendix D. Details of these runs are given in the Quarterly reports of August-October 1987
through May-July 1988 (White et al., 1987d, 1988a,b,c).

6.3. SECOND GENERATION OF COMPUTER CONTROL USING THE FIX
SOFTWARE PROGRAM

6.3.1 Introd¢ction

For continuous runs of the advanced extruder-feederreactor biomass liquefaction unit,
a real-time computer control system is advantageous. The design of the biomass liquefaction unit
included such a real-time microprocessor system for control and data acquisition. The first
generationof process control and data acquisition for the biomass liquefaction projectwas written
in-house using a 6502 microprocessor system in assembly language as outlined in Section 4
(Andrews, 1984). This system was successfully tested and implemented on the biomass
liquefaction unit by Joshi (1985). La_.r this system was translated from assembly language to
C language (Wong 1986). Due to the rapidadvancements with state-of-the-art for control and
data acquisition software programs, a powerful commercial software program called FIX was
purchased from Intellution, Inc. The FIX is a powerful set of programs for process control and
data acquisition. (Davenport 1989). Work on the FIX software started in late 1986 and was first
used in Run M1 on July 18, 1987.

The objective was to implement the control and data acquisition strategies on the i_iomass
liquefaction unit, taking advantage of its existing sensors and controls. A four-step process was
used for implementation of the modified control system, namely, (a) conceptual development,

•(b) upgrading of instrumentation, (c) FIX software implementation, and (d) supplemental
hardware implementation.

Implementation included utilizing traditional control strategies (PID and ON/OFF) as well
as some non-traditional strategies for feeding carbon monoxide and superheated steam.

Hardware

With the purchaseof the FIX from Intellution, Inc., the software program was transferred
to an IBM Personal Computer (made available by the Department of Chemical Engineering) and
some additions were included as described below. The IBM computer was dedicated to this
liquefaction project. The standard IBM PC was upgraded to 512 Kb of memory with the
addition of a multi-function board. This board, in addition to the increased memory, also _md
a parallel printer and a battery powered clock port. Also, a 20 Mb hard disk was added, in
addition to the one floppy disk drive. Also, an enhanced color graphics adapter board was used
for high-resolution graphics displays, along with a Sysdyne enhanced graphics color monitor.
A RS422 communications card for simple communication with the D/A and A/D system was
installed.
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Software

The FIX is a state-of-the-artindustrialprocess controland data acquisition system for use
with an IBM PC. It allows easy implementation and use without any programming, but also
allows more advanced users the opportunity to add their own programs in the C programming
language. The FIX is supplied with all the necessary softwareneeded to performdata acquisition
and process control. The operator need only create his own data base and display, and inform
the system of the hardwarebeing used for D/A and A/D.

The FIX gathers data throughthe various sensors at a selected time rate and displays the
values in "engineering"units (°C, psi, etc.) on color displays. The FIX can then process that
information andchange reactoroutputs. The FIX can supportup to 3,000 "blocks". Each block
represents a different function (for example, an analog input block receives analog data from
other process area, an analog output gives output values to the process, a PID block performs
PID control, etc.). These different blocks can then be chained together to produce a process
control "loop". The FIX can process between 20-30 of these control loops per second. The FIX
displays and updates the values received from the process in real-time. It can store the data to
disk for historical trending and graph displays. The following is a list of all of the major
components of the FIX.

,,, , ,,, ,, ,, , ,,,, ,,, ,,, , ,,,, , ,, , , i , , ,

SAC (Scan, Alarm, Control) Lead/Lag

DBC (Data Base Create) Ratio/Bias

DBB (Data Base Builder) Signal Selector

Analog Input Dead Time

Analog Output Totalizer Block

Digital Input Statistical Process Control

Digital Output Program Block

Historical Trend Device Block

Calculation Block Boolean Logic

Register Value Draw

Coil Value Creating Displays

PID Control Blocks Line .

Drum Sequencer Circle

Ramp Block Box

On/Off Control Block Bar
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6.3.2. The FIX Shell; M¢lt_-T_king Ex_utive

The FIX Shell is a very efficient and e_y-to-use program that provides a time-shared
multi-tasking environment for IBM-PC DOS programs that can run up to sixteen different
programs concurrently, each with its own priority level. Programs operating under the shell
have full access to ali DOS commands and therefore, any packaged program (such as
Lotus 1-2-3) or user-written program can be run.

There are two different kinds of programs that operate under the Shell, foreground
programsand backgroundprograms. Background programsallow one to enter and leave them
without stopping the prograanfrom running, whereas foreground programsstop running as soon
as one leaves R. This is a powerful program that allows one to do many tasks at the same time.

6.3.3. Historical Trend Packa_,e
v

The historical Trending Package provides an automatic and comprehensive means of
collecting, saving, and displaying process data. The Historical Trend Package is broken down
into 3 parts: Historical Trend Assign, Historical Data Collection, and Historical Data Display.

Historical Trend Assign (HTA) is the programthat informs the FIX what data to retrieve,
and at what time periods. It allows the operator to enter the tagnames used by the Data Base
Builder (DBB) that will be collected for historical trending, and the rate at which each block's
data is stored to the disk.

Historical Data Collection is the program that saves the values of the different blocks
defined in the historical trend assign to disk. Historical Data Collection is a backgroundprogram
that runs under the FIX She". Therefore, any other program can be run at the same time as
Historical Data Display.

The Historical Data Display programproducesgraphical displays of other data collected
by the Historical Data Collection Programs. lt can display up to 8 different variables or a value
versus time axes, each in a different color. The operator can select the time range and can pan
and zoom the display to view additional details. The Historical Data Display package can also
create spreadsheetof PC-DOS compatible files with the data so it can be used by other programs.
It can also make a hardcopy of the graphs, as well as a printout in tabular form.

6.3.4. C Data Base Access

As was stated earlier, the FIX was designed so.that no computer programming was
needed to use the FIX. The C Data Base Access package allows one to enhance the FIX's
capabilities by writing programs in the C language that have access and can read from, or write
to the FIX's Data Base as well as the Scan Alarm and Control package. Since this package
allows self-w_tten programs, it makes the FIX infinitely powerful and adaptable.

r

k
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6.3.5. The FIX Scheduler

The FIX Scheduler is used to run any executable file at a specific time or based on a
specific event. It is broken into two programs: The scheduler menu and the actual scheduler.
The scheduler menu is an interactive program that lets one add, modify or delete programs that
are to be scheduled. There are two types of schedules: Time-based schedules allows one to
schedule a program at a specific time or a specific interval of time (e.g. every four hours). An
event-based schedule runs every time a digital tag (input or output) changes from open to close.
The actual scheduler is a background program that runs under the FIX Shell. It looks through
the Scheduler.Menu and when it finds a program to be run (based on the time or an event) it
then executes it.

6.3.6. FIX RetJortGenerator

The FIX Report Generator is a program that, in conjunction with the Scheduler, will print
out a report at a scheduled time. This report can include test data, tables or graphs of trend data.

6.3.7. On-Line SpreadsheetInterface

The on-line spreadsheet interface allows one to create C spreadsheet compatible files from
a display called from VIEW. It reads the data from the various links on the screen and stores
them in a file.

6.3.8. Real-Time A_l_l-Infor Symphony

The Real-Time Add-In for Symphony provides a means of connecting the FIX's process
data base to Symphony, which receives the data in real-time. This allows the operator to use the
computation ability of Symphony to perform complex calculations.

6.3.9. Liouefaction Process Sensors and Controls-

Extruder-Feeder Controls

The extruder-feeder heaters are controlled through a PID coiatro! loop on the computer.
Cooling is accomplished by a water sprayer with on/off control. The location of the temperature
and pressure readings on the extruder-feeder are detailed on Figure 6.1.

Reactor Controls

Two control objectives for the reactor (in addition to residence time) are controlling the
temperature and the pressure. The two main sections of the reactor are controlled through PID
control loops with electrical heater bands. The other, secondary heaters are controlled through
on/off controllers. These included the heaters on the overhead piping and the heaters on the
cross. The pressure is controlled through a PID control loop which opens and closes the off-gas
control valve. The location of the temperature and pressure readings on the reactor is shown in
Figure 62.
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Figure 6.2. Sealed Diagram of the Location of Temperature and
Pressure Sensorson the Reactor

=
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Liquid Oil PressureLet-Dgwn Controls

In the pressure let-down vessel, reactor products are accumulated before removal from
the system. The temperature is controlled througha PID control loop. The liquid-level in the
pressure let-down vessel is to be controlled with a control valve which opens and closes based
on the readings from a nucleargamma ray detector. This was the most convenient first method
of control thatcould be used because of the severe pressures and temperatures in the let-down
vessel as well as the highly viscous natureof the material inside. The control valve, as well as
a manual externally operated valve in parallel have their temperatures controlled by on/off
controllers and heater tapes.

Off-Gas Controls

The off-gas system contains the most important control loop in the system. Reactor
pressure is controlled by a PID control loop thatopens and closes the off-gas control valve which
regulates the flow of gas from the reactor. In order to prevent the gas from partially condensing
in theoff-gaslineand thecontrolvalve,theselinesand controlvalvearheated.The
temperature is controlled using on/off control.

Carbon Monoxide FccglControls

The originaldesignoftheCO feedingsystemwasasfollows.CO isfedfromabattery
ofcylindersintotheCO compressorwhereitiscompressedto4800psi.The compressedgas
isfedintoa surgetankwhichmaintainsa largeamountofgasattheoutletpressure.The
compressorthenshutsoffuntilthesurgetankpressuredropsbelow4500 psi.A low flow
controlvalveandturbineflowmeterareusedtocontroltheflowrateofCO.

Suoerheated St_m Feed Controls

The design of the steam system (Reyes, 1985) included its own, stand-alone control
system. This system was incorporated with the other systems through the main, computer
controller system. Also, some modifications to the existing system had to be done to achieve
operability.

Safety System Controls

Another important aspect of the control system is that it also serves as the safety system
for the biomass liquefaction unit. The system has two audio alarms, a bell that goes off when
.the temperature exceeds some safety limit, and a siren that goes off if the pressured exceeds
some safety limit. A visual strobe is also incorporated into the system that turns on when the
reactor compound is unsafe for entry. Besides the alarms, the control system is used with
various air operated valves which can be opened remotely in case of emergency. A list of the
locations of these various valves is given in Table 6.3.
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Table 6.3. Air-OperatedSafety Valves

Carbon Monoxide Vent Valve
Off-Gas Control Valve By-pass
Let-Down Vessel Emergency Pressure Release
Vaporizer Pressure Relief
SuperheaterPressure Relief
SuperheaterBy-pass

6.3.10. Software Imolementation--

As mentioned above, the FIX is a powerful set of programs for process control and data
acquisition. No programming is necessary to use the FIX, but programs can be written in C
language to access the FIX's information. The FIX control programs operate under the FIX
Shell, which is a real-time multi-tasking environment for the IBM PC. Control strategies are
entered to the database on a block by block basis. There are about 25 different types of blocks
available for implementing control strategies.

Display links are used to link displays together, therefore creating a hierarchy of the
displays. A passwordcan be included in any display preventing unauthorizedprocess parameter
changes. Function keys can be customized using special links for repeatedly used keystrokes.

Originally, four different displays were made to represent the biomass uniL First was
the overview screen with a schematic of the entire liquefaction unit. The other three displays
representeddifferent segments of the biomass liquefactionunit. These screens were the extruder-
feeder, the connecting cross and lower reactor, the upper reactorand the pressure let-down/off-
gas system. Each picture displays a schematic of the area as well as the impo,-tantinformation
from that section. Besides a schematic of the entire unit, the overview screen displayed several
system pressures and temperatures. Links for tuning the pressure control PID block were also
included on this display as well as links for changing the control status from manual to
automatic, and for changing the setpoint. The extruder-feederdisplay included a schematic of
the extruder-feederalong with the five pressure readings and the temperature readings on the
extruder-feeder. Eventually the cross pressurewas also added so that when the horizontal pipe
reactor was used all the data could be displayed on this one screen. Links for changing the
extruder-feederheater PID control tuning parameters,automatic/manual status and setpointwere
also included on this display. The computer status, time and date were included, as well as two
lines of the alarm messages. The other three displays (cross and lower reactor, upper reactor,
and let-down/off-gas system) represented the schematics of the respective areas as well as the
temperatureand pressure data from these areas. No special links were included. A sixth display
was also made which was the alarm screen. It is a full screen that displays the alarm messages
received from DBB. These screens were hooked togetherso that the next display could be called
up with the page-up key and the previous display could be viewed with the page-down key. The
display screens were setup so one could get a good idea about the state of the system. If the
readings were blue, then they were too low. If the readingswere red, then they were too high.
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White meant the readings were at the correct operating range. Yellow meant that there was a
bad reading, signifying a broken or disconnect thermocouple or pressure transducer.

Historical Trending data obtained during experimental runs can be automatically stored
onto the hard disk drive for laterdisplay and analysis using the historical data trending package.
The historical data trending package is broken into three parts: assigning the data points,
collecting and storing the data and displaying the data (either in graphical.or text form).

The Historical Trend Assign (HI'A) program is used to tell the FIX what data is to be
taken, and how fast the data will be taken. The tagnames supplied in DBB are used by the
Historical Trend Assign program to tell what data is to be taken. There are three time
parametersused by HTA to correctly take and store the data; the file length, the base collection
time, and the scan period.

There are four modes for modes for data collection: Sample, average, high and low. In
sample mode, the data taken at the end of the scan period is stored. In average mode, the
samples taken at the base collection rate are averaged and storedevery scan period. In high and
low mode, the highest and lowest data taken at the base collection rate during the scan period
are stored. Both the sample mode and average mode are used for each data point in this process.

Two programsare used for displaying the historical data: Historical Data Display (HDD)
and Historical Data Report (HDR)_ Historical Data Display is used for creating graphs on the
screen or for printing. Up to eight different data points can be displayed at once. HDD
provides for zooming and panning of the data for customizing the graphs. Historical Data Report
is used for listing the data. A sample listing from this program is given in Table 6.4. Besides
being able to point out the data in tables, HDR also make Lotus compatible files. This is useful
for making calculations using the data.

6.3.11. Microprocessor H_rdwax¢

Many different A/D and D/A hardware systems are available that are supported by the
FIX software. It was important that the hardware system chosen for the biomass liquefaction
project would be flexible enough to handle the ever-changing needs. The A/D and D/A
hardware used was OPTO-22 OPTOMUX because of modular nature. The control and data

acquisition could therefore be built up slowly until the system was complete. OPTO-22
OPTOMUX is a family of intelligent control stations with plug-in modules. The available
stations come in boards that can accommodate up to sixteen modules. One of the desirable
features of OPTO-22 is that both inputs and outputs can be mixed on the same board.

There are two types of stations: Analog and digital. The analog stations are for analog
signals such as thermocouple readings. The digital stations are for on/off data, pulse counting
and pulse duration counting. These stations communicate with the microcomputer through an
RS422 adapter card which plugs directly into the PC bus. Up to 256 stations can be linked
together in two different modes: Multi-drop mode and repeat mode. In multi-drop mode a total
of 5000 feet of wire can be used. IN repeat mode, 5000 feet of wire can be used between each
station, as the signal is retransmitted by each station. The addresses set by the jumpers on the

6-18



Table 6.4. Historical Data Report Sample
-.

06/16/88 06/16/88
EXTTEMP5 UREATEMP3 EXTPRESS5 OGPRESS

SAMPLE SAMPLE SAMPLE SAMPLE

20:00:00 145.9 HI 370.4 1636 1724

20:01:00 145.7 HI 370.8 1675 1754

20:02:00 145.5 HI 371.0 1696 1787

20:03:00 145.7 HI 371.5 1720 1814

20:04:00 145.4 HI 371.8 1755 1846

20:05:00 145.4 HI 372.2 1765; 1821

20:06:00 145.4 HI 372.4 1754 1762

20:07:00 145.2 HI 372.5 1748 1784

20:08:00 145.2 HI 373.0 1758 1815

20:09:00 145.0 HI 373.2 1786 1857

20:10:00 145.0 HI 373.6 1815 1899

20:11:00 145.0 HI 373.9 1891 1970

20:12:00 145.0 HI 374.1 1956 2034

20:13:00 144.8 HI 374.2 2017 2097

20:14:00 144.7 HI 374.6 2063 2152

20:15:00 144.3 HI 374.9 2107 2189

20:16:00 144.1 HI 375.3 2140 2221

20:17:00 144.1 Hl 375.5 2186 2266

20:18:00 144.1 HI 375.8 2210 2304

20:19:00 144.1 HI 376.0 2260 2360

20:29:00 144.1 Hl 376.2 2301 2411

20:21:00 144.1 Hl 376.3 2345 2452

20:22:00 144.1 Hl 376.5 2382 2504

20:23:00 144.1 HI 376.7 2423 2555

20:24:00 144.1 HI 376.7 2449 2610

20:25:00 144.0 HI 376.9 2477 2637

20:26:00 143.8 HI 377.0 2489 2647

20:27:00 143.3 HI 377.0 2256 2139

20:28:00 143.1 HI 377.0 2264 2175

20:29:00 142.9 HI 377.2 2195 2152

20:30:00 142.9 HI 377.2 2246 2159

20:31:00 142.9 HI 377.4 2249 2177

20:32:00 143.3 Hl 377.5 2267 2191

20:33:00 143.5 HI 377.7 2272 2212

20:34:00 143.5 HI 377.9 2282 2238

20:35:00 143.3 HI 377..9 2301 2283

20:36:00 143.3 HI 378.1 2322 2321

20:37:00 143.3 HI 378.1 2341 2372
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OPTO-22 brain board are used by the FIX to properly poll the correct data point. These
addresses are broken into three parts. The first part is the communication port on the computer
that is used for OPTO-22 communication. In our case this is two, as COM port two is used.
The second part is the address supplied on the brain board. This is given in hexadecimal and
has legal values from 00 to FF. The three boards currently in use have addresses FF, FE and
FD. The final partis the location on the mountingrack that is connected to the instrumentation.
This varies from 0 to 15 depending on what slot is used on the mounting rack.

6.3.12. Experimental Runs using FIX $of-twarc

The conceptual development started in January 1988, and when the FIX software arrived
shortly thereafter, work began on configuring the database and creating the graphic displays.
During this time, the OPTO-22 hardware was ordered. The real-time control system using the
FIX was installed on the biomass liquefaction unit during the summer of 1987. Initial testing
of the real-time control system was done in September of 1987. The FIX system was then used
on extruder-feeder for testing alternate feedstocks from October 1987 - January 1988.
Experimental runs were restarted in March 1988, and the FIX real-time control and data
acquisition system has been used for every experimental run since then. Some typical printouts
of the displays used during each run are shown in Figures 6.3 through 6.8.

Thirteen experimental runs were made on the biomass liquefaction unit using the FIX
control system. These runs ranged from testing different feedstocks (different WF
concentrations, different carriers) at different run conditions (temperature, pressure, CO
flowrates, etc.) to producing All-Arizona Wood Oil. A list of the experimental runs on the
biomass liquefaction reactor using the FIX control system is given in Table 6.5.

Typical Experimental Ron

As stated earlier, a total of i3 experimental runs were conducted with the continuous
extruder-feeder liquefaction unit, using the FIX control system. However, only one experimental
run will be described in detail; Run R4 conducted on June 16-17, 1988 is selected as a typical
run, for this detailed description.

The major objective of this run was to (a) operate at a high pressure of 3000 psi and a
temperature of 375°C, and (b) utilize feedstocks nf Albany wood oil TR9 and wood flour in
various concentrations. These conditions were selected in order to conduct liquefaction at the
highest practical temperature that would still be below the critical temperature of water. Sodium
carbonate catalyst and carbon monoxide reactant were used. Water content of the feedstock was
set at 11 wt. % in order to result in the water-gas shift reaction being driven far _to the right",
that is, forming an excess of CO2 plus hydrogen. _ minor objective of this run was to have
good lined-out operation for at least four hours.

Before starting the run, the feedstock was prepared and normal maintenance procedures
were performed. The reactor, cross, and pressure let-down vessel were thoroughly cleaned in
preparation for the run. Ali the thermocouples were checked and the pressure transducers were
calibrated. As the FIX system was started data acquisition was started. Once the reactor had
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Table 6.5. Biomass Liquefaction Runs Using FIX

SECOND SET OF SHAKEDOWN RUNS

RUN DATE AMOUNT FED PRESSURE

Q1 3/7/88 125 Ibs I000 psi
Q2 3/11/88 30 Ibs 1000 psi
Q3 3/14/88 108 Ibs 2500 psi
Q4 3/17/88 20 ibs low

PRODUCTION OF REACTOR EFFLUENT

RUN DATE AMOUNT FED PRESSURE

R1 6/3/88 54 Ibs 2000 psi
R2 6/6/88 30 Ibs low
R3 6/10/88 30 Ibs low
R4 6/16-17/88 130 ibs 3000 psi

ALL ARIZONA WOOD OIL

RUN DATE AMOUNT FED PRESSURE

Sl 7/13/88 95 ibs 2000 psi
S2 7/20/88 200 Ibs 2500 psi

ALTERNATE FEEDSTOCKS

RUN DATE AMOUNT FED PRESSURE

T1 7/27/88 15 Ibs low
T2 9/16/88 122 Ibs 2000 psi
T3 10/19/88 15 ibs low
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reached desired operating temperature, feeding was started. After 10 lbs. of feedstock had been
fed, CO feeding was started,

The temperature and pressure profiles for the entire run are given in Figures 6.9 and
6.10. For this run, the desired operating conditions were 125°C for the extruder-feederoutlet,
375°C for the upper and lower reactors, and 200°C for the let-down vessel. Good lined-out
operation at pressuresof 3000 psi was reachedfor 6 hoursafter a transitionperiod threedifferent
feedstocks were tes'dxi. Run R4 was terminatedonce the prepared feedstock had ali been used.
Temperature and pressure dunng steady state operation are given in Figures 6.11 and 6.12. A
total of 130 lbs. of TRg/wood flour and 8 Ibs. of carbon monoxide were fed.

Fourteen data points were taken by the data acquisition system during Run R4, seven
temperatures and seven pressures. Two analog outputs were used, one for opening and closing
the off-gas control valve, and fii¢ other for controlling the extruder-feeder outlet temperature.
The FIX control system was used to successfully feed carbon monoxide using the previously
designed method.

Pressure Profiles in the Reactor

Pressures of over 3000 psi have been generated in the reactor during experimental runs.
The current let-down system uses one let-down vessel and manual release of the product. When
operating at high pressures the system is allowed to build as high as possible because product
must be collected every five pounds. A typical pressure profile during an experimental run at
1200 psi using this method is shown in Figure 6.13. Eventually, a liquid-level controller was
planned to be used in conjunction with a second pressure let-down vessel. It is therefore
important to know that the pressure can be effectively controlled. The interfacing of the
software, hardware and instrumentation for pressure control is shown in Figure 6.14. The steady
state pressure shown in Figure 6.13 was achieved by the fast response of the percentage opening
of the off-gas control valve, as shown in Figure 6.15. The pressure in the reactor can be
effectively controlled within 5 psi.

Tem_veratureProfiles in the Extruder-Feeder

To insure good feeding during experimental runs, the temperature of the extruder-feeder
must be effectively controlled. The temperature at the outlet of the extruder-feeder is controlled
using PID control through the FIX. Besides the heating of the extruder-feeder, the feed section
of the extruder-feeder must be cooled. This is accomplished using a water sprayer near the feed
port with on/efr control. Typically, once the extruder-feeder has heated up and feeding is
started, no more heating is required. The biomass feedstocks produce heat through viscous
dissipation, and the amocnt of heat produced is usually sufficient to keep the extruder-feeder at
the desired tempe.at-are. In fact, some of He feedstocks require cooling of the entire extruder-
feeder barrel. The controlled extruder-feeder outlet temperature is shown in Figure 6.16. The
temperature in the feed section is shown in Figure 6.17. Depending o,a the feedstock used, the
extruder-feeder operates at different temperatures. The higher the wood flour content and carder
viscosity, the higher the operating temperature. A plot of temperature 's. wood flour content
is shown in Figure 6.18. These data is taken from various runs with thr heavy carder being
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TR9 wood oil. Reactor product can be recycled as the carrier, either as is, or after vacuum
distillation. The steady state operating temperature at the outlet, of the extruder-feeder vs. the
number of times the carder has been recycled is shown in Figure 6.19. The original carder was
TR9 wood oil. Wood flour was added to make the feed 60 wt. % carder and 40 wt. % wood
flour.

Mechanic,al Power Delivered to the Screw

During experimental runs, the extruder-feeder screw speed is set typically at 95 rpm. The
current drawn by the motor is read by the data acquisition system. The extruder-feeder draws
between 8 ad 25 amps depending on the type of feed, the feedrate, and the pressure generated.
If the current goes above 25 amps, then feeding is temporarily stopped until the current falls
below that level to avoid overloading the motor. The current drawn by the extruder-feeder
during a typical experiment is shown in Figure 6.20.

Performance of the Real-Time Control System

During operation, three real-time programsarerun in the background: The scan, control,
alarm and data acquisition program (SCADA); the historical trend collect program fftTC); and
the alarm tile handler program. These are listed in the order of priority given to them by the
FIX system(SCADA hadthe highestpriority). During normaloperation, 22 % of the computer's
CPU is being used to perform these three tasks. This includes the reading and storing of all the
data, servicing the PID controller, and performing the calculations for CO and steam feeding.
The CPU use can briefly increase to 100% when disk files are opened or closed. This prevents
historical or alarm data from being stored, but all control loops and data acquisition points are
serviced. Since the computer use is usuallyquite low, all the data points can be scanned at a one
second rate, and all the data can be stored. If the number of data points to be scanned, the
number of controllers, or the amountof calculations performed in real-time are increased, then
the scan times will have to be increased.

6.4 EXPERIMENTAL RUNS WITH THE FIX SOFTWARE PROGRAM

The FIX software packaged was purchased in 1986 from Intellution, Inc., with a partial
donation of the package to the University of Arizona to reduce its cost. The design and
adaptation to the continuous extruder-feeder biomass liquefaction unit was accomplished over the
period. The first of the nine experimental runs using the more advanced system was Run Ml,
conducted on July 18, 1987.

6.4.1 Review of Safety and Health Requirement_

In parallel with the initiation of the design and implementation of the FIX software, a
periodic review of the experimental facilities for safety and health requirements was scheduled
for December, 1986.

A team from the University's Department of Risk Management made a thorough safety
inspection of the high pressure laboratory as part of a routine check of ali laboratories in the
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Chemical Engineering Department. Several recommendations were made concerning the
electrical wiring on the extruder-reactor unit, which was found to be deficient due mainly to
there being no waterproof roof over the process area.

The revised electrical work was begun and a new conduit for the heating band leads was
installed before the Christmas holidays of 1986. While checking out the various insulations,
r,_presentatives from CRB Insulation Supply of Phoenix and from Buche and Associates visited
and made their recommendations for improvements.

6.4.2. Improv_ _Operability

The utilization of the FIX program in mid-1987 increased the capability for process
control and especially for data acquisition and data storage. This occurred just prior to another
"annual-slow-up" due to the delay in funding, such that during November, 1987, another round
of process improvements were made with a minimum of expenses compared with the higher level
of expenditures required for experimental runs.

The more important equipment modifications that were made are as follows:

1. Installation of larger reactor effluent piping to match as closely as possible the
1.75 inch I.D. of the reactor. This was fabricated in steel, flanged construction,
to hold costs to a reasonable level. Corrosion of steel spools used for the two
prior years appeared to be minimal, but conosion of projected commercial units
continued to be evaluated.

2. Installation of a larger vacuum distillation unit replacing the damaged Pope glass
unit. A vertical 4 inch I.D. x 8 ft. in height batch unit (S.S.) was installed, and
connected into the condensing and vacuum system of the damaged Pope vacuum
still.

3. Installation of more safety disks in the experimental unit.

4. Installation of anenclosed "two-stage product" collection system, operated slightly
above atmospheric pressure. The first drum served as the product drum, with no
gases escaping to the atmosphere as in the past. Ali gases escaping with the liquid
product let-down to atmospheric pressure were passed from this first drum into
the second surge drum, and then to the gas condensing system. Two 55-gallon
drums capable of withstanding 7 psig were used. More complete material
balances were achieved with this system.

5. Installation of a 4 inch x 8 ft. in height pyrex scrubbing system for obnoxious
vented gases. This was placed after the overhead product condenser, and before
the remaining inert gases go through the wet gas meter prior to venting in the vent
stack.

6-42



6. Implementation of various real-time computercontrol parametersin the new FIX
software programfor the remote control of the experimental unit.

7. Initiation of a design for using an existing, small 300 ml. autoclave unit, fitted
with a piston fabricatedin the Chemical Engineering machine shop as a "fast-feed
injection" for batch autoclave work.

8. Re-integration of the two-stage carbon monoxide compressor into the process
system. Prior to this time, carbon monoxide was fed directly from cylinders.
The CO compressor (obtained by purchase from the Albany plant surplus) was
placed into operation so that continuous runs at 3,000 psi could be achieved. The
necessary 1/8 inch I.D. piping from the compressor to the surge tank and then to
the liquefaction reactor were installed. The mechanical performance of the
compressor had been checked out previously shortly after its purchase.

6.4.3 Data Ac,xl_uisitionby the FIX Software

As shown under Section 6.3, the FIX program is powerful for acquiring and storing large
quantities of process data. Consequently, as many sensors as practical were installed for use
during the last nine runs, made during the period March to September, 1988.

6.5 SIGNIFICANT LIQUEFACTION CONSIDERATIONS

The experimental results of this project must be viewed with several significant
considerations in mind. This is especially true due to (a) lack of sufficient funding for good
process development, and (b) the project being terminated when only 50 percent of the original
contact work had been completed. Some of these significant considerations include but are not
limited to those discussed below.

6.5.10uality and Yield of Crude Wood Oil Product

Crude wood oils made by direct liquefaction at high pressures and temperatures give a
high quality oil with low oxygen of 6-9 wt. % and a high heating value of about 16,000 BTU
per pound. Wood oils can be made without carbon monoxide, but its use increases the oil
quality. These results were at long residence times but some limited work indicates that nearly
the same quality could be produced with a 2-5 minute residence time.

A 100 percent theoretical oil yield of 16,000 BTU/lb. requires from 1.5 to 2.0 pounds
of wood feedstock. This is the direct result of reducing the oxygen content of wood feedstock
from about 41 wt. % to about 8 wt. % in the liquid product. This product without hydrotreating
for further oxygen reduction has a low viscosity and is miSciblewith petroleum Fuel Oil No. 2.
Thus, it could be used as such as a blending stock for Fuel Oil No. 2, or in accordance with
DOE goals, it could be hydrotreated in a petroleum refinery for use as a feedstock for gasoline,
diesel and jet fuels.
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6.5.2 Understanding the Kev Liquefaction Reactionq

Unfortunately, the funding in the United States and throughout the world on research to
obtain a good understandingof the key biomass liquefaction reactions has been extremely low
in comparison with the funding made available for understandingcoal liquefaction chemical
rea_ons. This project had no funding for the reaction mechanisms and kinetics except for (a)
varying the concentrationsof sodium carbonatecatalyst and carbon monoxide as a reactant as
parameters affecting wood oil yields and quality, and (13)some bench-scale batch autoclave
studies.

Limited data were obtained upon the effect of carbon monoxide reactant. As reported
in Section 6.2.5, a good distillate with a high heating value and containing only 7.5 wt. %
oxygen was obtained without using either carbon monoxide and sodium carbonate catalyst.
However, there is much experimental evidence that carbon monoxide increases the total yield of
distillate liquid oil and decreases the yield of the solid by-product, the latter being similar to
bituminous coal in heating value and oxygen content but with no sulfur. Unfortunately, no
quantitative data were obtained upon sodium carbonate and carbon monoxide in the continuous
extruder-feeder unit, due to funding being terminated with just 50 percent of the contract
statement of work completed.

Limited data were obtained using batch pressure autoclaves upon (a) the effect of carbon
monoxide upon the quality of oil, Co)the effect of sodium carbonate catalyst upon liquefaction
kinetics, (c) the effect of sodium carbonate catalyst upon water-gas shift reaction kinetics, and
(d) the effect of carbon monoxide upon the kinetics of further polymerization/cross-linking and
stability of crude wood oil. This research was in its early stages when funding was terminated
in September 1988, and the work was given some additional financial support in 1989 by the
University of Arizona. Some tentative findings of this limited batch autoclave research are as
follows:

1. Complete conversion of wood to oil by liquefaction can be achieved in less than 1.6
minutes residence time.

2. Wood oil yields are near theoretical with only small yields of non-oil products, namely,
1-2 percent to hydrocarbon gases and 1-5 percent to char.

3. Carbon monoxide represses secondary reactions of crude wood oil to THF insolubles.

4. Sodium carbonate catalyzes the water-gas-shift reaction, but equilibrium cannot be
achieved in even 20 minutes reaction time when starting with water and carbon monoxide
far from equilibrium.

Unfortunately, no further funding was available to complete this work.
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6.5.3. Stability of Crude Wood Oils

Albany crude wood oils TR-9 and TR-12 storedfor about six years in drums in Albany,
Oregon and then two years in drums in the hot outdoorweather in Tucson, Arizona were found
to be still essentially soluble in THF. Their solubility in THF in 1987 was found to be 95.3
wt. % and 92.4 wt. %, respectively, as shown in the tabulation below. The solubility in variouis
solvents depends upon their polarity, as shown below:

i!':i!',','::,':':i':',i!zi::':i!:i:!',iii:,!_i i_i:,:,i_il ii!_ i _',!i:,':_,i _!_S_i:::,V_t!ill

THF 4.70 7.54 4.0
m i

Acetone 28.36 12.23 5.1
m,

Furfural 11.05 7.56 3.8
|

Ethanol 31.22 6.67 4.3

Xylene 24.38 24.50 2.5i,

pentane 98.99 98.99 -0-
i

However, there were many indications that crude wood oil is not stable at elevated
temperatures, except that it's fairly stable in the presence of carbon monoxide. A few
exploratory experiments were conducted in batch autoclaves with the following results:

• : i i i i li! , f ,,,,t

: . . i. _ ._!_ _.i:iI:. I Sample:Converted
_ .... _1: :i:_i!_ii: _ I_i_toil,insoluble:

Experiment Sample : PurgeGas ! i: :i:: Residue::: ::

1 TR12 Argon 18.8

2 Vacuum Bottoms Argon 20.1
,|

3 TR9 Argon 18.2
i

4 TR9 Carbon Monoxide 7.7
i i i n_

It should be noted that the Albany TR9 wood oil had about 4.7 wt. % THF-.insolubles prior to-
this exposure at 360°C. Further wood oil stability studies were beyond the scope of this project.

6.5.4. Experimental Run_ with Two-Stage Carbon Monoxide Compressor

When emphasis was placed upon making longer runs with larger quantifies of feedstocks,
it became necessary to actuate the large two-stage carbon monoxide compressor obtained from
the Albany, Oregon facility, it had been operated intermittently during i986 and 1987, but
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beginning with Run Q1 on March 7, 1988 the CO compressor was utilized in all subsequent runs
(8 runs in all). The control of CO feed and process operability were excellent duringthese runs.

Details were presented in the February-April 1988 Quarterly Report.

6.5.5 Closure of Material Balances

A serious effort was made during the period of mid-July to mid-September, 1987 to
achieve good closures of materialbalances. The first attempton Run M1 and M2 closed within
only about 13 percent, but continuous improvements were made so that the two runs in
Septemberclosed within about one percent, as shown below.

Feedstock 114 117 77.4 320 225 180

Other 5 18.7 9.3 18.6 5.2 8.4

Total 119 135.7 86.7 338.6 230.2 188.4
,,,, | , , | | ,.,

Liquid Oil 50.3 65.1 39.6 171.6 191.8 148.0

Other 52.7 53.1 50.9 147.4 39.3 38.3
,,i i

Difference 16 17.5 6.2 19.6 0.9 2.1

Deviation, % 13.5 12.9 7.1 5.8 0.4 1.1

Details on these closures of material balances are given in Appendix D. The sudden termination
of funding has prevented the utilization of these data, together with related data, to calculate
crude wood oil yields, distillate yields, hydrogen consumption, carbon monoxide consumption,
oxygen elimination as water and oxygen elimination as carbon dioxide. Any such calculations
based on these limited data could be misleading.

6.5.6. Preparation of La_e Sample of All-Arizona Crude Wood Oil

As reported in Section 6.2.9, an All-Arizona crude wood oil was achieved by recycling
portions of reactor effluents in Runs N1 through Pl, August 20, 1987 to September 17, 1987.
However, only a small product sample was prepared. Therefore, the period of June, 1988
through July 20, 1988 concentrated upon preparing much larger quantities of feedstock and
making much longer runs in the recycle mode in order to be ready for making the All-Arizona
wood oil.
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Feedstocksutilizedforthisseriesof runsconsistedofa mixtureof highlyrecycled
materials,resultingultimatelyinproducing125poundsofreactoreffluentinRuns$1 andS2
made on July13and20,1988.About55 wt.% ofthisfeedstockwasthereactoreffluentof
Run PI (heldoverfromSeptember17,1987),whichinturnhadusedasthecarrierforfresh
wood fourthesecondstagerecycleproductsfromRunsO1 and02. Another25wt.% ofthis
feedstockwerethevacuumbottomsofRunR4 madeonJune16,1988,afterwhichaboutI0wt.
% of thereactoreffluentwas vacuumdistilledtoformthesubjectvacuumbottoms.The
remaining20wt.% feedstockwasfreshwood flour,torepresenta totalfeedstockOl)cratingin
a high-recyclemode.

A totalof120poundsofreactoreffluentofAll-Arizonacrudewood oilwasaccumulated.
Thiscrudeproductwasvacuumdistilledin10-poundbatchinthelargevacuumdistillationunit,
operatingatabout10mmHg absolutepressurebutuptoatemperatureofonly550°C.Two one-
gallonsamplesofwood oildistillate(saturatedwitihwater)wereaccumulated.The elemental
lanalysisofthesetwoone-gallonsamples(nevermixed,butratherasaccumulatedby the10-
poundbatchdistillations),afterfirstremovingasmuch wateraspossibleand adjustingby
calculationforresidualwater,wereasfollows:

ii!iz!_.i?i!!i̧iii%!iiii_iiiiiii!iiiii!iliiiii_!_ii!iiiiiiiiiiii!iiiiii%i!iii!iiiiiiiiii!iiiiiiliiiii!iiiiiiiiiiii!i!ili!_iiiii!ii_!iii!_il_i_ilili!_ii!!i?!_i_!:!i!iiiii!i?¸
I ii i ii i i i ii i i i i ii fill,

1 84.33 8.92 4.87 0.30

2 83.21 9.44 5.75 0.34

The first one-gallon sample was shipped to Doug Elliott of Battelle PNL for upgrading
by hydrotreating. Unfortunately, funding for that work was also terminated prior to the work
being done. Some further analysis of distillation data, funded by the University of Arizona,
upon this product are given in Section 7.
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PART 7

CHARACTERIZATION OF THE WOOD OILS

7.1 INTRODUCTION

This Part 7 describes the characterizationof wood oil produced by the extruder-feeder-
reactor liquefaction process operated at high temperatures and pressures. The characterization
of the wood oil was made by gas chromatography-mass spectrometry (GC/MS), IR, 13C and
protonNMR, elemental analysis, viscosity, solvent extraction, distillation, heating value, density
and moisture determinations. Results of the elemental analysis show that a low-oxygen crude
wood oil was produced over a wide range of temperature and pressure, with or without carbon
monoxide as a reducing reagent, and with or without sodium carbonate as a catalyst.

For many years, petroleum has been the world's major source of energy. After the
energy crisis of the 1970's, extensive studies were madeon the feasibility of obtainingalternative
fuels. Among them, coal, oil shale, and biomass appearedto be the most promising because
they have also the potential of being converted to liquid products and thus be used eventually as
petroleum substitutes.

The identification of the chemical products in wood-derived oils and other biomass-
derived oils is important in the biomass thermochemical conversion processes. The quality of
the primary oil produced in the liquefaction of biomass (i.e the proto-oil) is of significance in
the decision concerning the further use of the oil either directly as a fuel, with or without
blending it wi_, other heavy oils, or as a feedstock for upgrading.

The elemental analysis is important because it gives the information on oxygen content
of the oil and thus on the amount of hydrogen needed to upgrade it. Chornet and Overend
(1985) presented an overview on biomass liquefaction and characterization of proto-oils and
placed this m perspective.

For the direct liquefaction of wood oils from Douglas Fir, Elliott (1985) described the
results of the analytical efforts dealing with the products form the United States Department of
Energy, Biomass Liquefaction Experimental Facility at Albany, Oregon, which produced
approximately80 barrelsof wood-derived oil in the period from August 1979 to March 1981.
In this analytical work, the GC/MS was used to identify over 100 individual chemical
components in the products obtained by solvent extraction and distillation of the crude oil.

Karlsson and Bjornbom (1985) published data on the characterization of peat and biomass
liquids, especially the elemental analysis data on the different fractions of oils.

The analytical characterization of biomass-derived proto-oil confirms the polyphenolic
nature of the oil. There is general agreement that biomass-derived oils have lower heat content
and carbon and hydrogen content and contain more oxygen than petroleum products.

0
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7.2 ANALYTICAL APPROACH FOR CHARACTERIZATION OF THE WOOD OILS

The analytical approachfor the characterizationof the wood oils is outlined in Figure 7.1.
The crude oil products from the reactor were analyzed, and then separated into desired fractions
by both solvent extraction and vacuum distillation. The major crude oil product from the reactor
contained the carder fluid, and the same 5-8 wt. % fight overhead product was condensed and
usually separatedinto water and oil layers. A certainamount of analytical work was performed
upon these light overhead products.

A summary of procedures are as follows:

1. The elemental composition of wood oil was determined by a Perkin-ElmerModel 240C
Elemental Analyzer.

2. The distillate of wood oil was obtained by vacuum distillation of the reactor effluent at
2-5 mmHg absolute pressureand at temperatures up to 550°F. The percentage distilled
was up to 30 wt% depending on the operational conditions in the reactor especially the
pressures. It appears that higher pressures produce higher percentage of distillates.

3. The moisture content of the distillate of wood oil was determined by the Fisher
Titrometer Model 1 392 K-F accessory.

4. The viscosity of the distillate of wood oil was measured using the Cannon Fenske
Viscometer, which determines the kinematic viscosity by measuring the time needed for
a given volume of liquid to flow under the force of gravity through a calibrated glass
capillary viscometer.

5. The heating value of the distillate of wood oil was obtained using a Par 1341 plain pocket
oxygen bomb calorimeter.

6. The determination of the aromatic carbon and hydrogen content in the distillate of the
wood oil was accomplished using both Proton Spectra Bruker WM-250 NMR
Spectrometer and Carbon-13 Spectra Bruker AM-250 NMR spectra. The sample of wood

: oil distillate was dissolved in CDC13until a homogeneous solution was obtained. The
solution was then transferred to an NMR sample tube. Tetramethylsilane (TMS) was
added as an internal standard.

7. The infrared absorption spectra was obtained with a Perkin-Elmer Model 1800 Fourier
Transform Infrared Spectrophotometer and was recorded over the range of 500-4000
cm -1"

8. The Gas Chromatograph-Mass Spectrometer used to analyze wood oil distillate samples
was built around an HP Mass Selective Detector. The gas chromatograph contains a
fused silica column, 25 m long, of an I.D. of 0.20 mm. The oven temperature was
programmed from 50°C to 170°C at a rate of 20°C/min, from 170°C to 285°C at
3°C/min. The apparent pressure in the MS ion source is about 2 x 105 torr. The data lP'
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were storedon disk for subsequentanalysis using either the HP 59970C chem station or
the HP 59870 RTE data system. The five microliters of wood oil distillate was diluted
in one ml of acetone.

9. A volume-calibratedpycnometer was used to determine the density of the crude wood oil
distillate.

7.3 RESULTS FOR EARLY LIQUEFACTION RUNS

Earlyexperimentalruns in theextruder-feederliquefaction system utilized Albany vacuum
bottoms as the wood flour carrier. These vacuumbottoms were used from August 29, 1985 until
exhausted in the long run conducted in the period July 29 - July 31, 1986. The experimental
operating conditions for some of the early liquefaction runs made duringthe period August 29,
1985 through July 29, 1986 are shown in Table 7.1. It should be kept in mind that these were
exploratory runs coveting a range of pressures, temperatures, and catalyst conditions, with no
attempt at this point in time to correlate operating conditions with oil yields and oil quality are
shown in Table 7.1.

7.3.1 Elemental Analy$i_

Elemental co.'npositions are given in Table 7.2 along with that of feedstocks and carrier
oils. Despite the wide range of pressures and temperatures, these data indicate that oxygen
content was consistently reduced from approximately 42 wt% in the wood flour (white birch) to
the range of 5-10 wt% in the oil product, so that hydrotreatingit to a transportationfuel should
be greatly facilitated by virtue of both lower oxygen content and its liquefied condition. Also,
even though the operating conditions were varied over a wide range, there is a relatively small
variation in hydrogen content of the oils obtained under the different operating conditions.
However, the carbon content varies between 80.00 wt% and 84.72 wt% while the oxygen
content between 5.24 and 11.93 wt%. The products from the different runs have a hydrogen-to-
carbon atomic ratioof approximately 1.3. Nitrogen content for ali samples examined was very
low in the range of 0.0-0.34 wt%.

For a few typical wood oil samples the sulfur content was also analyzed and it was found
even in the range of 0.08 to 0.24 wt% while the sulfur content of wood is between 0.0 and 0.1
wt%13(Antal, 1983).

In the liquefaction of wood, oxygen is removed as water and/or carbon dioxide, and
therefore there is a large loss of weight of productcompared with the feedstock weight even if
100% of the theoretical conversion is achieved. Under certain liquefaction conditions, the
elimination of oxygen from wood can occur approximately 60 percent as water and 40 percent
as carbon dioxide (Espensheid and Yan, 1977). Under other liquefaction conditions, the removal
of oxygen from wood is claimed to occur approximately 5 percent as water and 95 percent as
carbon dioxide (Chen et al. 1981). Assuming the removal of oxygen from white birch wood as
being 100 wt%, 70 wt%, 50 wt%, 30 wt%, and 0% respectively as CO2, and correspondingly,
the removal of oxygen from wood as H20 varying from 0%, 30 wt%, 50 wt%, 70 wt%, to 100
wt% respectively, theoretical loss of weight of wood varies from 57.0 wt% to 46.4 wt% as
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El 08/29/85 40 60 8 lO 350 3,000 lO 72
i

GI 02/19/86 38 62 12.2 2 375 800 6 120
i.lw

(32 03/19/86 38 62 8.8 0 375 1,000 8 90

G3 04/16/86 38 62 15 0 375 1,200 7 103
• i|J.

G4 05/29/86 40 60 19.7 0 375 2,300 IO 72
iri

H3 06/30/86 38 62 15 2 375 3,000 3 240
J

H4 07/02/86 40 60 15 0 375 3,000 8 90
ii,

II 07/29/86 35 65 I0 0 375 600 3 240
i ii.

PI-A 09/17/87 50 50s 17 I0 350 1,000 11 150
i _, li

PI-B 07/17/87 45 55' 17 I0 350 1,000 17 660

_Albanywood offvacuum bottomsexceptforPI-A and PI-B.
ii ii i

2Based on wet wood flour.
i ,,

3Albany TR-9 wood oil as carrier/high CO.

4Recycle product as carrier/no CO.
i i i i

V
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__:_i/ _ __ _ _ _.... _ _ _i__¸z_i_z_!_i_ii!_!_i!_::_iii_i_ii_i_iii_!_i_i:i_iiiii!i_i:_i_i_!i_i_i_ii_:i_:_i_ii_iiiii!i!_:!i_ii_i_i_i:_iii_i_i_i!_:_:ii_!_:_!_!_:_
. Table 7;2. Elemmtal:_ys_si!o_C_i:_i_i__i:by!i_quefactioni i;

, I ii ......... II I i Ii _ I iir ''

E1 82.71 9.07 6.52 0.13 N/A 98.43

G1 84.72 9.03 5.24 0.22 N/A 99.21
ii

G2 84.51 8.66 5.73 0.22 N/A 99.12
i

G3 84.12 8.67 7.48 0.34 N/A 100.61

G4 82.00 8.81 6.67 0.21 N/A 97.69
i

H3 81.64 8.46 8.90 O. 10 N/A 99.10

H4 80.00 8.40 10.02 0.00 N/A 98.42
i i

I1 84.04 8.45 5.30 0.33 N/A 98.12

P1-A 79.46 8.40 11.47 0.17 0.13 99.63

P1-B 78.81 8.48 !11.93 0.00 0.08 99.30

Black Vacuum Bottoms 78.96 6.71 12.05 0.26 0.06 98.04

Distillate Black VB 85.21 7.60 5.32 0.23 98.36

White Birch Wood 46.98 5.61 41.26 0.04 0.01 93.90

11" 78.33 7.57 7.90 0.33 0.24 94.37

12" 74.17 5.67 12.98 0.30 0.13 93.25

13"* 83.76 8.14 9.13 0.06 0.23 101.32

14"* 72.47 5.34 11.16 0.16 0.15 89.28
..........

*by THF

_-*by Acetone

W
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shown in Table 7.3. In these theoretical calculations we assumed no char formation. Thus, 100
pounds of dry white birch wood can theoretically produce about 43 pounds of crude wood oil,
under the assumption that the elimination of oxygen from the wood occurs 50 percent as water
and 50 percent as carbon dioxide, and can produce 47.4 pounds crude oil per 100 pounds wood
feedstock if ali the oxygen removed is as water. In two different patents (Espenscheid and Yan
1977, Chen et al. 1981) it is claimed that the CO2 formation and 1-120formation can be
controlled by proper operating conditions and catalyst.

7.3.2 GC/MS A_

Gas Chromatography-Mass Spectrometry was utilized for this work as the major technique
for identifying the individual components in the wood-derived oil. With GC/MS both the
qualitative and quantitative data on the various components of the wood oil can be obtained, but
in this work only the qualitative data on the chemical composition of the wood oil components
were determined. The data obtained from GC/MS are useful, and back up the avalytical results
obtained from both infrared spectroscopy and nuclear magnetic resonance.

A list of the compounds identified in the distillate of the crude wood oil is given in Table
7.4. A typical output from HP 5970 B Mass Selective Detector is shown in Figure 7.2. The
identification of the compounds was made by comparing the experimental sample spectra with
catalog spectra. In most cases, there was a good agreement between the two spectra, and the
proposed structure is considered to be correct. In such a complex mixture as wood oil, physical
isolation of a sufficient quantity of pure single compounds presents a very difficult problem.
Hence, elemental analysis, NMR, and similar techniques could not be used alone to provide
conclusive identification.

The types of compounds identified in the distillate fall into the following major chemical
classes: aliphatic and aromatic hydrocarbons such as octane and anthracene; aromatics (phenols)
and their derivatives; furans such as dibenzo furans; ketones such as 4-hydroxy-4-methyl; 2-
pentanone; esters; alcohols and amines. Other major components are the phenolic derivatives
such as 2.4-dimethyl, phenol.

Table 7.4 provides some insights into the oil products. One distinguishable component
found in the wood oil for these early runs was anthracene, which should be ignored as it was not
obtained from the birch wood feedstock. Anthracene was used as a carrier oil at the Albany
plant where wood oil was produced from Douglas Fir and was never completely removed from
the vacuum bottoms. The vacuum bottoms used in this work was obtained from the crude wood
oil produced in the Albany plant (Rust Engineering report, 1982), operating on Douglas Fir
feedstock.

7.3.3 Heat of Combustion

The heat of combustion is one of the most important factors in the evaluation of the wood
oil quality. The heats of combustion of the various samples of wood oil obtained under the
different operating conditions as outlined in Table 7.1 are reported in Table 7.4, and are

tW' compared with other fuels in Table 7.5. Their values ranged from i4,500 to i6,000 Btu/lb.
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Oxygen removed as carbon 100% 70% 50% 30% 0%
dioxide

i

Oxygen removed as water 0% 30% 50% 70% 100%

Loss of weight (wt. %) 57.0% 53.7% 51.6% 49.6% 46.4%

Yield (wt. %) 31.1% 40.4% 43% 44.4% 47.4%

NOTE: Based on White Birch wood with analysis: O: 41.26 wt. %, C: 46.98 wt. %,
H: 561 wt. %, N: 0.04 wt. %. Liquefaction products have zero oxygen.

,,,
i iiI i i i

1 15,473 1.31 0.60 0.22

2 16,140 0.32 0.68 0.32

3 15,723 0.55 0.68 0.30

4 15,658 0.77 0.66 0.27

5 15,397 0.54 0.69 0.37

6 15,253 0.55 0.88 0.31
,,,

7 14,843 0.87 0.99 0.36

8 15,809 0.83 0.94 0.40

*Low Heating Value.
i i i |
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Lignite 65.7 4.5 1.0 1.2 9.2 18.4 0.82 7,100

Western Sub- 62.6 4.0 1.0 1.0 13.6 17.8 0.77 9,400
bituminous

Illinois No. 6 70.0 4.9 3.8 1.4 9.2 10.7 0.84 11,300

Eastern 70.4 4.6 4.6 1.4 10.5 8.5 0.78 11,700
Bituminous

(high-sulfur)|

Eastern 79.9 5.5 1.3 1.5 5.4 6.4 0.83 14,000
Bituminous

flow-sulfur)

Coal derived 87.20 5.3 0.8 2.3 0.01 4.2 0.73 15,540
oil (16,03

0)*

Wood 84.1 8.7 - - - 0.3 0.01 7.5 1.24 15,660
derived oil (16,45

0)*

*High heating values

w

I
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This is slightly less than the heat of combustion of petroleum fuel oils which is due to the
residual oxygen content of the wood-derived oil. It is interesting to compare the ultimate
analysis data with the heating values obtained. It was found by this comparison that the heating
value correlates well with both the oxygen content and the carbon content as seen in Figures 7.3
and 7.4. Basically, the heating values of wood oil increase with the carbon content and decrease
with the oxygen content. The combined effect of C and O on the heating value of wood oil
shows an increase as the C/O ratio increases as shown in Figure 7.5.

Using the multi-variable regression method, an empirical equation for the heating value
has been derived, based on the heats of combustion data obtained from ten samples which is
given as follows:

L.H.V. = 172.5C + 144.4H - 2.120 - 436.4N (7.1)

where L.H.V is the low heating value of crude wood oil, and C, H, O and N are the weight
percentage of carbon, hydrogen, oxygen and nitrogen, respectively. Using the above equation,
the low heating value of crude wood oil can be estimated from the elemental analysis data within
1-2 percent error. This empirical equation can be compared with the Dulong empirical equation
widely used in the coal industry (Perry and Chilton, 1973).

7.3.4 Viscosity

The crude reactor effluent wood oil product obtained form the liquefaction process is solid
at room temperature but is fluid above 1500C. The viscosities of the distillates obtained from
the reactoreffluent product has a low viscosity, varying from 100 to 600 eSt at the temperature
of 30°C.

Viscosity-temperature relationships for typical wood oil distillates are shown in Figure
7.6. Between 20 and 50°C, they are practically Newtonian liquids. It should be noted that the
viscosities of the distillates decrease sharply with the increase in temperature. The derived oils,
which are usually in the range of 10 est at the temperature of around 25°C (Perry and Chilton,
1973).

7.3.5 Moisture Content

The Karl Fisher Titration method was applied to determine the amount of water left in
the crude wood oil distillates. The distillates were first centrifuged at high rotational speeds for
the separation of the entrained water.

The data on the dissolved moisture content of the sample analyzed are also given in
Table 7.4. Basically, the dissolved water ranges from 0.3 to 1.3 wt. % in the oil layer.

W
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7.3.6 Aromatic Carbon and Hvdroeen Content

Nuclear magnetic resonancespectroscopy of these wood oil distillates indicated a
significant fraction of aromatic content. The data obtained form GC/MS supports this result
wherein the major aromatics identified are phenol, anthracene, indene and naphthalene. The
aromatic bands (3000-3100 cm"l and 1500-1600 cm"1) in the infrared spectra of wood-derived
oil uphold this result, too. Both _3Cand proton-NMR tests were also carriedout on the distillate
samples obtained form crude wood oil. Although the generation of aromatic compounds from
cellulose has been recognized for years (Smith and Howard, 1973), it has generally been assumed
that the aromatic content of oils derived from biomass is a result of lignin transformation. A
typical output from Bruker WM-250 NMR spectrometer is shown in Figure 7.7 which was used
to calculate the ratio of aromatic hydrogen to aliphatic hydrogen, while Figure 7.8 shows a
typical output from BrukerAM-250 NMR spectrometer which was utilized to calculate the ratio
of aromatic carbon to aliphatic carbon. Basically, the ratio of aromatic carbon to aliphatic
carbon varies from 0.60 to 0.99 and the ratio of aromatic hydrogen to aliphatic hydrogen ranges
from 0.22 to 0°40 as shown in Table 7.5. Aromaticity value can also be expressed as the
percentage of _;:natic carbon atoms relative to the total of both aliphatic and aromatic carbon
atoms. This way, the percentage of aromatic carbon atoms is around 45 tool %, whereas crude
petroleumhasaromaticcarbonabout14mol %.

7.3.7FunctionalGroupsAnalyses

Althoughtheinfraredanalysiscannotbeemployedaloneasa meanstoofferdefinitive
dataonthecharacterizationofwood oil,itisreliableenoughtohelpcheckoutthedataobtained
fromGC/MS. As reportedinthesectionofGC/MS analysis,themajorcomponentsidentified
inthewood oilcanbe groupedintothefollowing:ketones,aliphatichydrocarbons,aromatic
hydrocarbons,phenols,alcohols,amines.Dataob_ed fromthetypicaloutputofPerkin-Elmer
Model1800FourierTransferInfraredSpectrophotometerasshowninFigure7.9correlateswell
withtheGC/MS data.TheinfraredspectrumofwoodoilshowsstrongaliphaticC-H stretching
bands(3000-3I00cm_).Thisindicatesthepresenceofbothaliphaticandaromatichydrocarbons
inwood-derivedoil.AlsoinFigure7.9,twopeaks(16(X)-1750cm"_)wereobserved,thelarger
onerepresentingthecarbonylband(1750cm_)oforganicacidsandUtesmalleronedepicting
thecarbonylband(I620cm_)ofketones.

InadditiontotheaboveinformationextractedfromdecodingthespectrumofI.R.one
canalsosaythatbothalcoholandwatercouldbepresentinwood oilbasedon thewidestband
(3400cre'l).

7.3.8 Densitie_

The density of the wood oil distillate ranges from 0.96 g/ml to 1.05 g/ml. The data were
obtained by the standard picnometrie method.
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7.4 QUALITY OF EARLY WOOD OILS

7.4.1 Overall Ouality Pr0_mertie_

The early experiments reportedin this section producedgood quality crude wood oils with
high heating values of about 16,000 Btu/lb. and reasonably low viscosities, slightly higher than
petroleumFuel Oil No. 2. More subtle quality propertiescan be observed by measuring residual
oxygen content, aromatic content and the atomic hydrogen to carbon ratios. These qualities are
sumrp_ along with rector conditions producing the oils, in Table 7.6.

.........,............................. ...........' .......

E1 6.52 0.60 1.32 350 3,000 72 10

G1 5.24 0.68 1.28 375 800 120 2

G2 5.73 0.68 1.23 375 1,000 90 0

G3 7.48 0.66 1.24 375 1,200 103 0
i

G4 6.67 0.69 1.29 375 2,300 72 0

H3 8.90 0.88 1.24 375 3,000 240 2
ii

H4 10.02 0.99 1.26 375 3,000 90 0

I1 5.30 0.94 1.2i 375 600 240 0

'ks can be seen from Table 7.6, essentially the same quality of wood oil was made under
a wide range of pressure, with or without sodium carbonate catalyst and with or without carbon
monoxide. However, it should be noted a good operating temperature (just under the critical
temperature for water) was maintained, and residence times were on the high side. What cannot
be determined from these data is how much char or highly cross-linked material was formed,
which reduces the yield of liquid oil.

7.4.2 Albany Vacuum Bottoms

Two types of Albany vacuum bottoms were u'_edas the wood flour carrier during these
early runs in the period August 29, 1985 - July 29, 1986. A larger quantity of the black type
was used, together with a limited quantity of the brown type used in the last few runs. The
elemental analysis of these vacuum and some oil obtained from them at 2 mmHg absolute
pressure and 550°F are given in Table 7.7.
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Black 78.96 6.71 12.05 0.26 1.02 2.02
Vacuum
Bottoms

i

Brown 81.58 6.25 9.22 0.37 0.92 2.58
Vacuum
Bottoms

i

Some 85.21 7.60 5.32 0.23 1.07 1.64
Brown
VB Oil

i i illlll ii i i . ,

These Albany vacuum bottoms were brittle solids at room temperature but can be melted
and moved at 150"C. As one might expect, the atomic I-I/C ratio is considerably lower than that
of the various wood oils. The black type of vacuum bottoms was used for the (a) development
of the extruder-feeder reported in Part 1, and (b) the rheological data involving Albany vacuum
bottoms reported in Part 2.

7.4.3 White Birch Feedstock

The feedstock used for the experimental runs in this project was a white birch wood,
purchased in the form of a wood flour. Its elemental analysis is given in Table 7.8.

i r | i i f

Table 7.8. Elemental Analyses of Wood Flour Feedstock.

Wt. % Wt. % Wt. % Wt. % Atomic
Form of White C H O N H/C
Birch Wood

Untreated 46.98 5.61 41.26 0.04 1.43

Pretreated/Water 45.47 5.56 40.30 0.12 1.47
Leached

7.4.4 Overhead Light Wood Oils

Basedon the limited material balancedata, for a typical extruder-feeder liquefaction run,
about 7-11 percent of the total crude wood oil is flashed overhead and condensed with the
overhead water vapors. These overhead oil and water condensates separate into two layers,
uou_,utff u,o'_ul, ,,,_.,_ IA,,w ev l.,e'_t_.,ttt. _tltu Utl t_l._v_.,,t O.lt_,t tj...._v tu .)v l./%,x_.,_,ttt, v'v_tt_.,t xttff_.,t, xtt_,, _Jtx t_._t

is heavier and is the bottom layer.
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The overhead condensate oil is a lighter wood oil with a lower boiling range and a lower
viscosity than the liquid product collected from the pressure let-down vessel. These two liquid
crude wood oils were compared for some of the experimental runs. Some dataon theirelemental
analyses are given in Table 7.9.

........................................................... i|t i|ll
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Liquid let-I_wn 44.0 65.0 37.0
Prdduet

Overhead Light Oil 5.6 10.4 2.8

Total Oil 49.6 75.4 39.8

Reactor Temp., °C 380 420 340

Reactor Press., psi 600 600 600

OH Light Oil, % of 11.3 13.8 7.1
Total

7.4.5 Direct Compsrison of Overhead and Pref_re Let-D0wn Oil_

The quantifies of these two crude wood oil products were carefully determined during
three runs when material balances were being determined, and are given in Table 7.10.

Liq_fidlet-Down 44.0 65.0 37.0
Product

i

Overhead Light Oil 5.6 10.4 2.8,,

Total Oil 49.6 75.4 39.8

Reactor Temp., °C 380 420 340,,

Reactor Press., psi 600 600 600

OH Light Oi.l, % of 11.3 13.8 7.1
Total

7-22



The reactorpressure and temperaturearebelieved to be the majorparameters determining
how much oil is flashed overhead from the pressurelet-down vessel. However, the effects of
other parameters, such as feedstock composition, carbon monoxide and residence time, and
product molecular weight distribution, have not been determined, due to the termination of DOE
funding.

A comparisonofthemajorliquidproductwiththelighteroverheadoilproductoften
showedaconsiderabledifference,asforexample,forRunF2 onDecember20,1985,asshown
inTable7.1I.

iiili:i!i!iliii::iii!ii:i!!ii_::i!i:!ii!i!_i:ii:i:ii:iii_iiiiiii:iiiiiiiii:iiiiiii!i_iiiiiiiiiiii_:iiiiii:i:?:i!?i!Iiiii:ii!il iii::_iiiii:ii_i:iii:i:ii_:iiii_iiiii::iiill_i__i:_:ii_

Liquid 70.08 3.83 11.96 0.75 0.89
ProductLet-
Down

Overhead 83.65 9.35 6.63 0.30 1.34

Light Oil
I I IIIII I II I| II r II I I I

The large difference here may be due to the conditions to which the carrier liquid was
subjected and also the fact that a large excess of sodium carbonate was used in this run.

7.4.6 V_l¢_lUmDt,_illati0n of Early Wood O_

A small, glass-made, laboratory-scale vacuum distillation unit was installed at the
University of Arizona in order to obtain information on the distillability of UA-produced crude
wood oil. Several experiments were made in the range of temperatures of 80 - 550°F and 2-5
mmHg abs. pressure.

After trial experiments, good operational conditions for fractionation were obtained. The
results obtained show around 30 wt. % of light oil cut and around 70 wt. % of the heavy oil cut
(vacuum bottom) at temperatures below 550°F and at pressures of about 2-5 mmHg abs.

The vacuumbottoms obtained in our lab appearedquite different from that of the Albany
plant. They are very brittle at room temperature and are in the form of porous solids.

Experimental Procedure

The crude wood oil obtaine_ifrom the pressure let-down vessel was first crushed to a fine
powder by using a laboratory crusher. Then a sample of 100 grams was sifted into a 500 ml.
round-bottom flask. The weight of the empty flask had been recorded previously, thus enabling
calculation of the weight of the sample. The experimentalapparatusused at the University of
Arizona is shown in Figure 7.10.
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The distillation was performed in the following manner: The pressure was reduced to
about2-5 mmHg and the temperaturewas raisedgraduallyto 550°F. The runwas stopped when
no more condensate was obtained.

Experimental R_lts

The experimental results are given in Table 7.12 for the recovery of distillates.

G1 2/19/86 24.7 17.5

G2 3/19/86 39.0 25.5

G3 4/16/86 27.0 19.0
li

G4 5/29/86 23.4 16.0

H3 6/30/86 30.0 20.0

H4 7/2/86 27.0 23.9

I1 7/30/86 19.0 19.9

I1 7/31/86 20.0 11.0
• lH li i

Correlation of Di_'tillateOil Yield with Reactor Pressure

The higher the pressure underwhich the crude wood oil was produced, the more distillate
was obtained from the crude wood oil. The reason is that the increase iii operating pressure
reduces the amcuat of volatile materials obtained. This correlation is seen clearly in Figure
7.11. NOTE: Distillability is equal to the wt. % recovery in the above table.

7.5 QUALITY OF LATER WOOD OILS

7.5.1 Experimental Strategy

The experimental strategy for producing these later wood oils during the period August
1, 1986 through September, 1988 involved achieving the following goals:

1. Improve process operability by expanding the real-time computer control system
(including implementation of the FIX software), enlarging the size of process piping and

_,, operating continuously at higher pressures by means of the CO compressor and other
process changes.
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2. Make longer runs at higher feedstock feed rates under steady lined-out operating
conditions in order to produce larger samples of crude wood oil for various analyses,
including but not limited to hydrotreatingby Doug Elliott's group at Battelle PNL.

3. Make an ALl-Arizonacrude wood oil in the recycle mode as part of achieving Goal No.
2 above.

Time and funding concentrated upon the above goals and minimized the amount of
analytical work performed upon the 19 experimental runs made during this period. However,
some analytical data were accumulated and certain significant results are reported herein.

7.5.2 Elemental Analyses

The elemental analyses of 11 crude wood oil distillates are given in Table 7.13.

ii: Table 7:13:I:.Elemental:iAnalyses 0f!Crude:Wood:Oil Distillates,,,,::
: ..... : tW

,:Run No., , .. Date , . , :--,:..:I:%.N

M1 07/14/87 82.00 8.90 7.77 0.18

M2 07/17/87 82.91 8.76 6.74 0.35

M3 07/23/87 82.10 8.87 6.47 0.11

N1 08/20/87 81.81 6.98 9.46 0.06

N2 08/21/87 80.79 8.89 8.49 0.17

O1 09/10/87 78.83 6.81 11.42 0.29

02 09/11/87 80.'67 6.56 12.52 0.28
H

P1 09/17/87 80.62 6.62 10.87 0.27

Q1 03/07/88 83.10 6.30 9.20 0.20

Q3 03/14/88 78.30 6.40 15.30 0.20

$2 07/20/88 83.27 9.18 5.31 0.32

7.5.3 Quality of Later Cru¢l¢ WOQ_JOil Distillates

As in Section 7.4.1 on the early crude wood otis, a tabulation is given here inTable 7.14
on certain selected quality criteria, namely, oxygen content, atomic H/C ratio and heating values
for these 11 later crude wood oil distillates.
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M1 07/14/87 7.77 1.30 16,150 380 36 Low

M2 07117/87 6.74 1.27 16,250 420 48 Low

M3 07/23/87 6.47 1.30 16,160 340 40 Low

N1 08/20/87 9.46 1.03 15,700 330 36 Low

N2 08/21/87 8.49 1.32 15,250 340 45 Med
i|ll iii

O1 09110187 11.42 1.04 - - - 330 48 LoW
i

02 09/11/87 12.52 0.98 14,770 340 48 LoW

P1 09/17/87 10.87 1.24 - - - 310 36 Low

Q1 03/07/88 9.20 0.91 15,220 370 36 Low

Q3 03/14/88 15.30 0.98 14,000 410 40 Med

$2 07/20/88 5.31 1.33 16,400 410 36 Low
ii iii

Again, as for the earlier liquefaction products, good quality crude wood oils were shown
to be produced under a variety of operating conditions. However, some trends were detected
in th_se runs, e.g., temperatures in the range of 310-330°C tended to produce products with
higher residual Oxygen, lower atomic H/C ratios and slightly lower heating values, despite
reasonably long residence times. Again, the effects upon total liquid product yields were not
determined-this work was planned for the next experimental phase but never occurred due to
the termination of the DOE funding.

7.6 ANALY_]IS OF ALBANY CRUDE WOOD OIL TR-9

7.6.1 General Techniques

Before any information can be obtained on the separationof the crude wood oil products,
one must determine the chemical characterizationof the oil to be separated. The crude wood oil
primarily used throughout this project as the carrier fluid for wood flour feedstock was the
product from Test Run 09 (TR-9) at the PERCprocess in Albany, Oregon. Many experimen/al
runs used crude wood oil TR-9 as the carrier to feed the wood flour into the reactor through the
t:xtrufat_rin aoou[ a i- i ratio. Later, ai ,_ii-Arizona OILwas made using its own vacuum oot,_O.lS
as the recycled carder oil.
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The first analysis done on the crude oil was soxhletic extraction. It was found that 96.6
percent of TR-9 on a dry basis was soluble in THF, and only three percent of wood flour was
THF soluble on a dry basis. This is an indication that the extent of conversion is good since the
_igh MW carbohydrates in wood are broken down and reduced to become THF soluble. In
doing the soxhletic extraction, the amountof water in the sample was always determined by K-F
titration, so the THF soluble fraction on a dry (water-free) basis could be found; the values
ranged from 1-15 percent by weight.

Viscosity data for wood oil TR-9 showed that it is pseudoplastic. At room temperature,
if pulled slowly, it will stretch, but if hit with hammer, it will shatter like glass. The numerical
value of the viscosity is highly dependent on the temperature and on the amount of dissolved
water present in it.

The pseudoplastic nature of the crude wood oil indicates that it is composed of long
molecularchains. The molecular weight distribution (MWD) of the THF soluble fraction of TR-
9 is given in Figure 7.12. The upperMW limits for Figures 7.12 is about 4000. The maxima
in the distribution has an effective MW of about 260. The true maxima MW's are less than 260
because some of the compounds in the crude oils can hydrogen bond to THF makiag their
apparent sizes greater than their true sizes.

The MWD can be used to identify likely compounds in the crude wood oil with the aid
of other analyses. For exo_mple,phenols have been identified as one of the main components in
wood oil. Phenols, air,o, hydrogenbond to THF which gives them an effective MW higher than
their trueMW's. The effective MW of phenol is 207; 113 MW units greater than its true MW
of 94. This is due to the hydrogenbonding of THF on phenol which increases its effective size.
Other phenolic compounds will hydrogen bond to THF. If one assumes the same degree of
hydrogen bonding on all phenols, then a phenol of trLeMW 147 will elute from the column in
the MWD maximum of 260. This would be a phenol with four branched carbons.

The anthracenecontentcanalsobedeterminedfromthesedistributions.At250nm in

theultravioletspectra,anthraceneand phenanthreneareverystrongabsorbers.Usingan
anthracenestandard,anupperlimitonitsconcentrationcanbemade.No distinctionwas made
herebetweenanthraceneandphenanthrenesincetheybothabsorbnearlyequallyatthisfrequency
(Simons1979).

The value of 1.3 percent by wt. of anthracene was found in wood oil TR-9. This
supports estimations made by Rust Engineering (1982) for their runs. It differs from the value
by D. Elliott (1985), reporting 14.2 percent anthracene by wt. in TR-9. This discrepancy may
be explained by the fact that the samples tested were taken from different barrels and hence from
different times during the same run. As the run progressed, the anthracene content slowly
decreased due to the removal of it in the product stream in the recycle reactor system.

The acid,neutral,andinsolublemassfractionsofcrudeoilTR-9 werefoundby D.C.
Elliott(1982)asshowninTable7.14.Thesevalueswerefoundbydissolvingthecrudewood
oilinexcess5percentaqueousNaOH. Thesolutionwasthenextractedwithmethylenechloride
toyieldtheneutralfractionafterstrippingofftheorganicsolvent.HCI wasthenaddedtothe
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aqueous phase, and then it was re-extractedwith methylene chloride to yield the acidic fraction
after strippingoff the solvent. The insolubles were filtered from the aqueous phase and dried.

The results from various analytical techniques help elucidate the crude wood oil
composition. It is composed of a large numberof compounds with molecular weights that vary
continuously up to about 4000 g/tool. It is composed entirely of carbon, hydrogen, and oxygen.
On a dry basis there are 17 carbonatoms and 18 hydrogen atoms for every oxygen atom in crude
oil TR-9. The crude oil is much more aromatic than petroleum. Finally, since there is a large
acidic fraction probably due to the phenols and carboxylic acids, the crude oil is capable of
absorbing up to 15 wt. percent water, depending upon the molecular of a given crude wood oil.

7.6.2 Species Identification

Individual chemical species in the crude wood oil have been identified using Gas
Chromatography/Mass Spectrometry (GC/MS). The results for wood oil TR-9 are shown in
Table 7.15 and 7.16.

There are some problems with this method of identification. Only the fraction of the
crude oil which can be gasified can be identified. Also, the gasification of the crude oil at high
temperature causes chemical changes to take piace, altering the results.

For crude wood oil TR-9, the largest single group identified by GC/MS is the
PolyAromaticHydrocarbons (PAH's). These are not characteristic of wood liquefaction; they
come from the anthracene used as a carrier oil during start up.

The GC/MS data in Table 7.16 are for distilled UA wood oil using TR-9 as the carrier
oil. Since this oil was first distilled some chemical changes took piace and it is slightly different
than the crude oil.

As with TR-9, a large number of PAH's were identified in the Arizona crude wood oils.
This is to be expected since TR-9 was used as the carrier oil for the distilled oils analyzed.
Also, a large number of phenols were identified.

7.7 DISTILLATION OF CRUDE WOOD OH.S

7.7.1 Arizona Crude Wood Oils

The crude wood oil from the experimental Run $2 (All-Arizona oil) was distilled at the
plant site in a large batch vacuum still. This distillate had an aqueous and an organic phase.
It was then shaken and redistilled in the laboratory at 260 mmHg absolute pressure. The boiling
point curve is shown in Figure 7.13. Five cuts were collected, and the boiling point range for
each fraction can be seen in the figure. The first fraction contained ali of the water and some
of the light oil. The last fraction included the highest boiling distillate and the oil left behind
in the boiling flask. Each of these cuts were run through the HPLC, and their MWD's can be
seen in Figures 7.14 through 7.17. The results are summarized in Table 7.16.
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1 Aliphatic Hydrocarbon 3 Phenol,3-ethyl-
i

Pentadeeane Phenol, 3,5-diethyl-

Heptadeeane Phehnol,2,4-dimethyl-

Cyclopropane, 1-methyl-2-( I-methyl)-3-( 1- Phenol,2,3,6-trimethyl-
methylethylidene)-eis ,,,|

2 Aromatic Hydrocarbon 4 Ketons

Phenanthrene 2-Pentanone,4-hydroxy-4-methyl-

Anthracene 5 Ester

Phenanthrene, 4-methyl- 1,2-Benzenediearboxylie
acid,dimethyl ester

MethylAthrac.ene 1,2-OBenzenediearboxylie acid,diethyl
ester

5-H-Dibenzo[a,d]-eycloheptene,5-methylene- 6 Furan

9H-Flourene,9-methylene- Dibenzofuran

benzo[b] thiophene, 2,7-diethyl- 7 Alcohol

3 Aromatics benzenemethanol,4-methyl-

Phenol,4-ethyl-2-methoxy- 2-Buten-l-OL,3-methyl

2,3,4,6-OTetramethylphenol 8 Sugar Derivatives

Phenol,diethyl D-galaetitol,2-(acetylmethylamino)-2-
deoxy-3,4,6-tri-o-methyl-l,5-
diacetate

Phenol, 3-methyl-
i

*These are ali of the compounds that he identified as "highly probable" or "probable" of being present in
the distilled wood-oil.

Table 7,I6. MW and Boiling Range of All-Arizona Crude Wood Oil Distillate,

BPrtgo, oc (260mmHg) iFraction i Mn Max
llll i i i iii llIHllll I I I I I

First 74-144 - - -

Second 144-196 188 185 240

Third 196-214 195 192 250

Fourth 214-254 206 199 400

Fifth 254- 508 260 1600
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The SEC results show that the retention volume increases with the boiling point. This
is expected since higher MW compounds have higher boiling points. The retentionvolume is
related to the hydrogen bonding capabilityof the oil because THF can hydrogen bond to some
compounds int he oil increasing the molecular size. This is one reason why the average MW's
reportedhereare only approximate. Also, only compounds which are uv absorbersare detected.
This should not be a serious limitationbecause the wood oil is highly aromatic, and the aromatics
are strong uv absorbers.

The MW averages were determined using the assumption that the detector output is
proportionalto the molar concentration of the eluant. This is not entirely true since the detector
is a uv detector and the heightof the chromatogramis actuallyproportional to the uv absorbance
in a given concentration. More precise values could be found using refractive index in addition
to viscometry or LALLS type detectors.

If a solvent was used for the mobile phase with less hydrogen bonding and polarity than
THF, there would be less of a difference in the retention time between the phenols and the
neutral molecules like anthracene. In this case the uncertainty in the MW would be less. THF
was used here because the crude wood oil is very soluble in it and anthracene eluted after the
phenols giving better quantitation of it. It should be mentioned that much more work could be
done with chromatographic analysis.

The data in Table 7.17 is useful in that it gives information about the nature of the oil.
For example, the third fraction has a boiling range between 196 and 214"C at 260 mmHg. Its
average MW is about 195. This means, if this oil is phenolic in nature, it should have 5 or 6
additional carbons in order to give the correct boiling point. This also agrees with the elemental
analysis done on the third fraction of TR-9 distillate (which was shown to be very similar to the
All-Arizona distillate) by Elliott (1982). He found the percent, elemental composition of the
fraction boiling in this range to be: 80.1 C, 9.4 H, and 9.40 by weight which also indicates
a phenol with 5-6 branched carbons.

ii illll , i iii I I II I|11 I I

• Table 7.17. MW andBoiling Range of All, i
• Arizona Crude Wood Oil .....

Distillate,

BP Range,:
Fraction °C (260, M w M n Max

mmHg) , M.,

First 74-144 - - -
i

Second 144-196 188 185 240

Third 196-214 195 192 250

Fourth 214-254 206 199 400

Fifth 254- 508 260 1600 Q
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7.8 ALBANY CRUDE WOOD OIL TR-9

A series of distillations were made upon the Albany crude wood oil TR-9 at various
pressures. The results indicated a numberof points as discussed below.

First of all, as the pressure is increased, the amount left undistilled in the boiling flask
increases and the amount distilled decreases. There are two reasons for this. One, as the
pressure increases, the boiling points increase and since the distillation runs were terminatedonce
the temperaturein the boiling flask reached 400°C, more materialwas left behind. The second
reasonis that at a higher temperaturemore char is formed which remainsas undistilled material.

The second result is that the density of the distilled oil and its chemical composition is
slightly dependent on the pressureduring the distillation. This means that the oil is not simply
being distilled, but it is undergoinga chemical transformation to some degree. This was found
by measuring the relative amounts of the distillate which separatedinto three phases: heavy oil,
aqueous, and light oil.

The amount of gases lost at lower pressureis morebecause of the distillate is in the vapor
phase and is lost with the gases.

An analysis of the gases formed during the distillation runs again show some reaction to
be taking place. Initially, traPt_ gases are given off. These are He and CO2 which were also
off-gases from the PERC process. After about 2-3 hours, CO and CO2 are generated when
temperaturesreach 100-3000C in the boiling flask. The two primary gases generated toward the
end of the distillation when the temperature approaches 400oC in the boiling flask are H2 and
CH4.

The heavy and light oil layers from the distillation of crude wood oil TR-9 and the
distillate from the All-Arizona crude wood oil at about 10 mmHg (which has a density less than
water) were analyzed by SEC. The SEC chromatograms are shown in Figures 7.18, 7.19, and
7.20. It can be seen that the three samples have similar MWD's.

Soxhletic analysis was done on the material left undistilled in the boiling flask to
determine the amount of char. This was compared to the amount of char in the crude wood oil
TR-9 before distillation. It was found that 19.3 percent by wt. of the dry TR-9 was converted
to a THF insoluble material during the distillations at 50 mmHg. This THF insoluble material
is thought to be a cross-linked therrnoset or char. This reaction is an undesirable effect since this
char lowers the yield of liquid oils and may cause plugging when it is recycled through the
reactor.

The THF soluble fraction of the vacuum bottoms from the distillation at 50 mmHg were
run through the HPLC as can be seen in Figure 7.21. The upper limit of the MW is about 4400
which has not increased from that of the THF soluble fraction of TR-9 before distillation. This
indicates that molecules are not combining with themselves to form larger molecules during the
distillation. This assumes that the THF insolubles created are of high MW which is reasonable
since most low MW compounds are THF soluble. This must mean that the char is formed by
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molecules growing on already existing char particles or seeds. This is similar to crystall_tion.
To reducechar formation during distillation, the seeds could be removed beforehand. This could
be done by dissolving the crude wood oil in THF for example and filtering out these large seed
molecules.

No anthracene peak is detected in the THF soluble fraction (Figure 7.21) meaning it was
completely distilled over, decomposed, or reacted. By examining the chromatograms from the
distillates for the same distillation (Figures 7.18 and 7.19), one can note that the anthracene
concentrations to be 2.8 and 3.6 percent by wt., respectively.

The light oil (less dense) layer has some higher MW compounds as shown in Figures 7.18
and 7.19. Since it has less anthracene which is heavier than water, this contributes to making
it less dense than water.

The MWD for the AU-Arizona distillate, as shown in Figure 7.20 has 2.4 percent by wt.
anthracene, which means that actually it is not a complete AU-Arizona oil since anthracene is not
a product of liquefaction and only a result of its use as a carrier oil for TR-9.

There are also some higher MW compounds than in the TR-9 distillates as shown in
Figure 7.20. This is probably because a higher vacuum was used (about 10 mmHg) to distill
the All-Arizona distillate compared to 50 mmHg for the TR-9 distillate. The All-Arizona
distillate has a density less than water, which may mean that the higher MW components and the
lower anthracene concentration decrease its density relative to the TR-9 distillate.

7.9 COMPARISON OF WOOD OIL WITH COAL, COAL-DERIVED OIL AND
PETROLEUM

+

A comparison was made between the wood oil distillate obtained experimentally and fuels
such as coal, coal-derived oil and petroleum, as discussed briefly below.

7.9.1 Comparison of Wood Oil to Coal

Because of the highly variable nature of coal, there is a vast number of technical papers and
articles, as well as, books dealing with coal properties (Meyers 1981). This section is limited
to providing fundamentaldata on coal and crude wood oil, such as, ultimate analysis on a dry
basis, heating value and atomic ratio of hydrogen to carbon in order to compare data with the
corresponding data for crude wood oils produced in this work.

From the data in Table 7.5, it can be seen that the oxygen content of various coals ranges
from 6.4 to 18.4 wt%, whereas the oxygen content in the crude wood oil distillate is varying
from 5 to 10 wt%. The wood oil distillate also has higher heating values in the range of 15,500
Btu/lb. as compared to the coal heating values which vary between, 7,100 and 14,000 Btu/lb.
The atomic ratios of hydrogen to carbon of the wood oil range from 0.88 to 1.28 and the atomic
ratios of hydrogen to carbon of coal are between 0.72 and 0.83. An important environmental
consideration is that crude Wood oil contains essentially no sulfur and nitrogen. The amount of
sulfur in wood is very low and as mentioned above the amount varies between 0.0% and 0.1

7-44



wt%. Various coals contain between 0.2 and 7.0 wt%. As for nitrogen, wood contains between
0.1 and 0.25 wt% while coals have around 1.2 wt% of nitrogen (Zhao, 1987).

7.9.2 Comparison of Wood Oil with CO01-DerivedLiquid Fuels

The data on the typical wood oil from the experimental runs and coal-derived liquid fuels
(SRC I) is also shown in Table 7.5. The comp,-u'isonbetween wood oil and coal-derived SRC
fuel indicates that the low heating values of these two fuels are in the range of 15,500 Btu/lb.
on a dry basis. The wood oil has a higher atomic ratio of hydrogen to carbon of 1.24 compared
to 0.73, for the SRC, and contains essentially no nitrogen and sulfur.

7.9.3 Comparison of Wqod Oil with Petrqleum OH

The data on the elemental analysis, heat of combustion, viscosity and aromatic carbon of
both crude wood oil distillate and petroleum oils are shown in Figure 7.22.

Comparison of wood-derived oil distillate with petroleum shows that the wood oil has
lower heat content and carbon and hydrogen, but contains more residual oxygen (wood oil: 7
wt%, petroleum: 1 wt%). Consequently, the heating value of wood-derived oil is lower than
that of petroleum, namely, 15,500 Btu/lb. and 18,000-20,000 Btu/lb, respectively. Crude wood
oil distillate also has a higher viscosity than petroleum.

Petroleum contains paraffins, isoparaff'ms, aromatics, and naphthene plus organic sulfur,
oxygen, and nitrogen compounds. By comparison, crude wood oil is composed primarily of
ketones, esters, aliphatic and aromatic hydrocarbons, phenols, alcohols and furans.

Crude wood oil has a significant amount of phenolic derivatives and much less sulfur than
the average petroleum crude oil.

7.10 SUMMARY OF WOOD OIL PROPERTIES

Some of the physical and chemical properties of wood-derived oils have been determined.
White birch wood flour was used as the feedstock in ali experiments, and the Albany wood oil
vacuum bottom was the carrier oil for the first pass of the feedstock through the reactor.
Repetitive runs were made where our crude reactor effluent product was the carder. Details on
the once through runs and repetitive runs are found in the previous Chapter, Part 6 of this report.

Wood oil distillates have good fuel properties, such as, reasonably low viscosity and high
heating values. Further, crude wood oils have essentially no sulfur and nitrogen, and thus, wood
oils should be attractive from an environmental standpoint.

Oxygen content is reduced from the 42 wt% in the wood flour to the range of 5-10 wt%
in the oil product. Heats of combustion for the wood oil distillates are in the range of 16,000
Btu/lb. on a dry basis.
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Figure 7-22• Comparison of Typical Crude Wood Oil Distillate
with a Crude Petroleum Oil.
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The viscosities of the wood oil are on the average around 400 cst at a temperature of
30"C.

The wood oil is higher in aromatic carbon content than representative crude petroleum
oils, being 45 inel % compared to 12-16 mol % for the petroleum. Wood oil is also more acidic
than petroleum due to its phenolic content.

About forty components have been identified by GC/MS. They fall into the following
major chemical classes: ketones, esters, aliphatic and aromatic hydrocarbons, phenols, furans,
alcohols and amines.

Wood oil can be used directly in power plants by blending with other heavy oils or can
be upgraded by hydrotreating to a transportation fuel, gasoline, or jet fuel. Upgrading
experiments by hydrotreating were performed by Elliott at his laboratories at the Battelle PNL
upon the wood oils made in the Albany liquefaction unit. These were successful in making
upgraded liquid fuels. However samples of the University of Arizona wood oils were prepared
for similar studies and sent to Battelle PNL, but their funding was also terminated and these
experiments were never performed.
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8.1 CONCLUSIONS

1. A good qua_.itycrude wood oil of about 8 wt. % oxygen content, low viscosity and about
16,000 Btu/lb. heating value can be producedfrom white birch wood.

2. Yields close to theoretical appear possible, but this was not verified quantitatively.

3. The extruder-feeder process can pump 60 wt. % wood flour/heavy oil slurries into 3,000
psi reactors, but 50 wt. % slurries give better operability.

4. The combinationof the extruder-feeder and real-time computer process control provides
a compact simple process with good operability.

5. A good crude wood oil can be made without sodium carbonate catalyst and without
carbon monoxide reactant, but the yield of liquid product is lower.

6. The utilization of carbon monoxide increases liquid yield and may affect oil quality.

7. The utilization of sodium carbonate catalyst promotes the water-gas shift reaction, and
may or may not affect the liquefaction reactions in any other manner.

8.2 RECOMMENDATIONS

1. The remainder of the 50 percent of the work goals outlined initially in this Subcontract
(effect of process parameters, scale-up data and calculations, and economic evaluation)
should be completed by additional funding, sometime over the next three years.

2. Other biomass feedstocks, especially solid wastes, should be evaluated.

3. The existing experimental facility should be modified by adding continuous vacuum
fractionation, followed by hydrotreating of the distillate over a catalyst prior to pressure
let-down, to provide a "two-stage" process for operating flexibility similar to that now
used in coal liquefaction research.

4. The existing experimental facility should be modified to study the extruder-feeder in
several other process configurations.

5. An engineering design, including scale-up projections, and an economic study should be
made at this time in order to guide future work in carrying out Recommendations 1
through 4 above.
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APPENDIX D

SELECTED EXPERIMENTAL RUNS

D1.0 EXPF.,RIMENTALRUN M1

D1,1 General Description Qf thf Experiment_l Run

Experimental Run M1 on July 14, 1987, based on Albany TR-9 crude wood oil as a
carrier oil, ran successfully for approximately 8 hours. Some 100 pounds of feedstock of 50:50
WF to TR-9 wt. ratio were processed. Complete process data were recorded by computer
acquisition, and certain key data are given here in Figures DI. 1 and D1.2 and Tables D1.1
through D 1.4.

The following conditions were _t for this experimental run. (1) Feedstock of 50/50 wt.
ratio of WF to TR-9, (2) Feed rate of 20 lb/hr, (3) CO feed rate of one lb/hr feed rate, and
(4) Water feed rate of 3 Ib/hr. The extruder-feeder temperature was set at 220°C. and the
system pressure was to be 500 psi. However, during operations the temperature of the extruder-
feeder was reduced to 170"C, which appeared to be the appropriate operating temperature for
this type of feedstock.

Approximately two hours after the start-up pressure began to build up in the reactor and
the feed rate to the reactor was reduced to around 7 lb./hr. After the two h_-rs of start-up
problems, the operation became normal and the feed rate was increased to around 15 lb/hr, with
some fluctuations in the feed rate between 10 lb/hr and 16 lb/hr. Approximately 90 lbs. of
feedstock were processed and 24 lbs. of asphalt/WF mixture were fed at the end of the run to
purge the system. The cumulative feed rate during the experimental run is shown in Figure
D I.1. Reactor temperatures were about 360°C in the lower reactor and 380°C in the upper
reactor under steady state conditions near the end of the run. Liquid product let-downs were
conducted in such a manner as to keep the pressure constant in the system (i.e. 500 psig). Very
little water was injected due to pump problems. Using the equation of state it was calculated that
4.0 lbs. of CO were fed during the run from the CO cylinders as shown in Table D1.3. The
condensate contained light oils and water as shown in Table D1.3. The amount of off-gases
measured by passing it through the flow meter was 130.7 ft3 at atm. pressure.

D1.2 Temperature and Presb'ureData

The extruder-feeder outlet had a temperature range of 157°C to 2220C with a temperature
of about 1700C near the end of the run proving to be optimum. The temperature range in the
reactor pressure let-down line was 2070C to 3910C with an average temperature was 313°C.
At the liquid product let-down valve the temperatures ranged from 87°C to 312°C with an
average running temperature of 214 °C.

D-1



In the reactor, press,res at one point in time were as high as 3,440 psi. This was just
prior to the stabilizationof the unit and normal operationprevailed. The highest pressurein the
let-down vessel was 700 prig and the average was 500 prig.

The temperatures of the various locations on the system are given in Table D1.1, and
Figure D1.2. Steady state conditions were attained over the last two hours of the run prior to
feeding the wood flour/asphalt purge.

D1.3 Material balances

The material balances in this experimental run were calculated for the entire period of
time, i.e. overall balance, and for some period of time which was considered as a reasonable
steady state.

D1.3.10ver_ll Material Balance

The materials fed into the reactorduring the whole runbetween 10:53 a.m. and 6:30 p.m.
were:

90 Ibs. of feedstock

24 ibs. of asphalt mixture
1 lb. of water

4 Ibs, of carbon monJxide

119 ibs. total input of material

The materials leaving the reactor at this time were:

34.4 ibs. of pure product

4.0 Ibs. of product recovered from the floor

15.9 Ibs. of product contaminated with asphalt

10.2 ibs. of gas (130.7 fta at 100OF, Mav- 32)

5.0 ibs. of gases flashed

7.5 ibs. of condensate (3535 ml. at 1.05 sg)

10.0 ibs. of unrecovered product from floor
16,0 Ibs, of material left in reactor

103.0 Ibs. total output of material

A total of 16 lbs. were unaccounted for which is about 15% deviation.

D1,3.2 Material balances for steady state period

Analyzing the operational conditions of the run one can see that for a period of four hours
between 2:00 p.m. and 6:00 p.m. a good steady state was achieved. Therefore, a material
balance over that period of time was made. The data for input and output were as follows:
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Input Materi_ll

Feedstock 47.0 lb.

CO supplied 4.0 lb.

H_0 0,_ ib,
Total 51.3 lb.

Outout Material

Llquld product 23.0 lb.
Condensates 7.2 lb.

Gases released 10.2 lb.

Ga_e_ _lashed $.6 lh,
Total 42.4 lb.

The gases released refer to the gases that were measuredby the flow meter after the condenser.
The gases flashed refer to the gases released duringthe liquidproduct releasedfrom the let-down
vessel. The gases flashed were calculated using the equation of state of gases. The pressure
difference in the pressurelet-down vessel before andafter the product was collected was assumed
to be 100 psi. The volume of the pressurelet-down vessel is 0.27 ft3and the temperatureof the
gas condensed was 1,000°R. The calculation was also based on 6 let-downs per hour; thus
having flashed the amount of 0.9 lh/hr. An average molecular weight for the gas was assumed
the same as the gas obtained in the outlet stream, which was found by gas chromatographic
m'_alysistobe36. Thebalancewasclosetoanaccuracyof14%, whichforthemostpartcan
beattributedtolosses.Thisiscomparedtothe15% obtainedfroma totalmaterialbalance.

D1.4 Analytical Dat_l

The heating value of the same sample was found to be 16,150 BTU/lb.

Vacuum distillationof the productof RunM 1 produced 16 wt % of distillate at operating
conditions of 2-3 mmHg absolute pressureand 500° F.

The elemental analysis for the crude let-down product was as follows:

Wt._ C Wt,_ H Wt,_ N Wt,_ 0 Wt._ Ash

81.60 6.25 0.12 9.44 3.94

ElementalanalysisofthedistillateoftheproductofRun M Igavethefollowingresults:

Wt,_ C Wt,_ H Wt,_ 0 Wt,_ N

82.00 8.97 7.77 0.18

Two sarnp|esoftheoff-gaswereanalysisby theGasChromatographandtheresultsaregiven
inTableDI.4.
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The average molecular weight of the two samplesA and B were calculated to be 31.9 and
31.8 respectively.

More details about this experiment are found in the May-July 1987 Quarterly report.
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D2.0 EXPERIMENTAL RUN M2

D2,1 General Description of the Experimental Run

F_,xper_mentalRun M2 was performed on July 17, 1987. S-,me 100 pounds of feedstock
of 50:50 W_t_ to TR-9 wt. ratio were processed. Complete process data were recorded by
computer acquisition, and certain key data are given here in Tables D2.1 through D2.3 and
Figures D2.1 through D2.3.

Operational conditions were as follows: (1) Pressure, staged with time at 500, 700, and
1,000 psi, (2) Feed rate, 15 lb/hr, (3) Feedstock, 100 lbs. of 50/50 wt. ratio of WF and TR-9,
followed by 15 lbs. of a mixture of asphalt and WF at a wt. ratio of 80:20 asphalt to WF, (4)
Feed, CO, 1 lb/hr, (5) Feed water 1/3 lb/lb of WF, and (6) pressure let-down of product without
dropping the pressure in the reactor. Temperatures were held at about 370°C in the lower
reactor and about 420°C in the upper reactor as shown in Tabte D2.1.

Feeding began at 9:04 a.m. along with CO and water and continued without any problems
until 5:30 p.m. Water was injected every 5 minutes. Product began coming out of the pressure
let-down vessel at 11:07 a.m. The run lasted approximately 7 hrs. Liquid pressure let-downs
and condensate products were taken every 10 minutes.

The feed rate was maintained at 15 lb/hr. Feedstock fed as a function of time of the day
was quite constant as shown in Figure D2.1. Mere details on feeding and output data are as
follows: Feed in data: 100 lb. of 50/50 Wt.% wood flour - TR-9, 17 lb. asphalt, 11.7 lb. H20,
and 7.0 lb. CO. Output data: 295.9 ft3 of gas,(accounting 7or 0.73 lb. H20 ), 5,909 ml. of H20
(13 lb. H20), 4,571 ml. oil, 56.9 lb. let-down product and 8 2 lbs. of product containing
asphalt. Product collection was started at 11:15 a.m. Details about the CO supply conditions
are given in Table D2.2. A detailed profile of the accumulauon of condensate and its
composition is given in Table D2.3.

D2.2 Temperatures and Pressure, during the Run

Pressures were successfully controlled at 500 psi, 700 psi and t,000 psi, at various stages
of the run. The operations were made at these lower press:res, since CO was being fed from
cylinders that had various pressures of gas with a maximum pressure of about 1,800 psi. All
temperature controllers were working and _e operating temperatures were set as follows:
Extruder-feeder: 175°C, Lower Re.actor: 370°C, Upper Reactor: 420°C, Let-down Vessel:
230°C. Detailed data on the temperatures as controlled during the experiment are given in Table
D2.1. A diagrammaticrepresentation of the controlled temperature data for the extruder-feeder,
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lower and upperreactorand for thepressurelet-down vessel is given in Figure D2.1. Similarly,
the temperaturesat the top flange (reactoroutlet) and the middle steel spool (between the lower
and upperreactor sections) are shown in Figure D2.3.

D2.3 Material Balance for Steady State of Run M2

The material balances in this experimental run were calculated on the overall basis and
for a period of time with steady state operational conditions.

D2.3,1 Overall M_terlai Balanc_

The materialsfed into the reactorduring the whole runbetween 9:07 a.m. and 5:30 p.m.
(between 4:10 and 5:30 an asphalt mixture was fed) were:

I00.0 Ibs. of feedstock

17.0 lbs. of asphalt mixture
Ii.7 Ibs. of water

7,0 Ibs, of carbon monox%de

135.7 Ibs. total input of material

The material leaving the system was:

56.9 lbs. of pure product
8.2 lbs. of product contaminated with asphalt

23.9 Ibs. of gas (295.9 ft3 at IO0°F, May- 32)
5.0 Ibs. of gases flashed

24,_ Ibs, of condensate (10480 ml, a_ 1,05 sp, gr,)
117.5 Ibs. total output of material

Note that the material left in the reactorat the end of the run was not included in the total output
since we started with a full reactor. A total of 18.2 lbs. are unaccounted, representing 13% of
the material.

D2.3,2 Material balance for steady state permd

For experimental Run M2, good steady state conditions occurred between 1:00 p.m. and
4:00 p.m. for a period of three hours. The material balance during this period of time is as
follows:

Input Material

Feedstock 46.0 ibs.

CO supplied 3.0 ibs.

H20 5,0 ibs.
Total 54.0 ibs.

p
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Outvut Materi_l--

Liquid Product 32.0 ibs.
Condensates 7.3 ibs.
Gases released 7.0 Ibs.

Gases flashed 2,7 Ibs,
Total 49.0 lbs.

The material balance at the steady state condition closed to 9% comparedto 13% of the overall
material balance.

D2.4 Anoi_i_! Dat_

Elemental analysis of the distillate of the product of Run M2 gave the following results:

Wt,_ C Wt,% H_ Wt,% 02 Wtl% N_

82.91 8.76 6.74 0.35

The heating value of the same sample was found to be 16250 BTU/16.

The feedstock of Run M2 was checked for insolubles by THF and it was found to be 51
wt. %. This unusually high THF insolubles may have been due to the high reactor temperature,
long residence time and reactor channeling of the carbon monoxide. Vacuum distillation of the
let-down product produced 28 wt% at 2-3 mmHg and 500°F.

Elemental analysis of the let-down product gave:

Wt,% C Wt,_; H Wt,_ O Wt,% N Ash

81.96 6.74 8.84 0.17 3.96

The elemental analysis of the distillate was:

Wt.% C Wt,% H Wt.% 0 Wt.% N

82.91 8.76 6.74 0.35

More details on this experiment are found in the August-July 1987 Quarterly report.
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D3.0 EXPERIMENTAL RUN M3

D3.1 General Description of the Experiment_! Run

Experimental Run M3 was conducted on July 23, 1987 and ran approximately 4 hrs.
Some 61 pounds of feedstockof 50:50 WF to TR-9 wt. ratiowere processed. Complete process
data were recordedby computer acquisition, and certain key data are given here in Tables D3.1
through D3.3 and Figure D3.1.

Experimental Run M3 was planned to have the same operating conditions as the M1 and
M2 runs, these being: (1) Feedstock, 50/50 wt. ratio WF to TR-9, (2) Feed rate of 15-20
lb/hr., (3) a total of 60 lbs. of feedstock followed by an asphalt/wood flour purge, (4) Feed CO
at a rate of 1 lb/hr., (5) Feed H20 (6) pressure let-down the liquid product while maintaining
the pressure in the reactor.

The feedstock composed of a 50:50 wt. ratio mixture of Albany TR-9 crude wood oil and
WF treated with sodium carbonate was fed into the experimental extruder-feeder-reactor at an
average feed temperature of 133°C. A mixture of asphalt and WF of a 70:30 wt. ratio was
used to purge the system at the end of the run to replace the feedstock which had been in the
reactor. For this run, a total of 60.6 lbs. of feedstock were fed, followed by 16.8 lbs. of
asphalt/WF. The average temperature of the feed was kept around -7°C since at this
temperature, Albany TR-9 crude wood t;! is a brittle solid. It could be easily crushed for feed
preparation and fed to the extruder-feeder with no sticking problems. A feed profile for this run
is given in Figure D3.1. Pressure let-downs for liquid product were conducted every 10
minutes. Water was injected every 5 minutes. The carbon monoxide was fed from cylinders
and the details in the feeding conditions of this gas are given in Table D3.2. The off-gas valve
was open most of the time during the experiment and a total of 138 ft3 of gas were measured by
the flow meter. The condensate, from these gases was a total of 5,236 ml. of a mixture of water
and oil. Details on these mixtures are given in Table D3.3 for off and water separately. Some
more details on the feeding and outlet data are as follows: Feed in data: 60.6 lb. 50/50 wt.
ratio of WF and TR-9, 6.2 lb. of H20 , 3.1 lb. of CO, 16.8 lb. of asphalt; WF of 70:30 wt.
ratio; Output data: 138 ft3 of gas, 3,957 ml. H20 (8.5 lb. H20); 1,279 ml. of oil, 33.8 lb. of
product, 5.8 lb. of product and asphalt.

This experiment ran smoothly with a feed rate close to 18 lb/hr. The pressures were kept
between 500 and 700 psi during this run and temperatures were 350°C and 400°C in the lower
reactor and upper reactor sections, respectively.

D3.2 Temoer_tur_ and Pre_ur_ Data

Temperature and pressure data for the reactor, extruder-feeder and pressure let-down
vessel were recorded with readings taken every 15 minutes. Temperature ranges for important
points in the system are as follows: The extruder-feeder feed point varied from 76°C to 135°C
(with intermittent extra cooling) with an average temperature of 112°C. Temperature range at
the extruder-feeder exit was 147°C to 214°C. The extruder-feeder controller was heating the
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unitbut was not controlling the temperature,so that it was necessary to control manually for the
remainder of the run. The average extruder-feeder outlet temperature was 168°C. The
temperature range at the cross varied from 189°C to 2900C with an average temperature of
269°C. At the reactorpressurelet-down line the temperature range was from 309°C to 348°C.
The pressure let-down valve temperatures varied from 87°C to 321°C with an average running
temperature of 296 °C.

Pressures were purposely controlled at lower levels in order to feed CO from cylinders
on a batch basis. Highest pressureat the extruder-feederoutlet cross was 700 psig. The average
pressure while running was 650 psig. Highest pressure at the let-down was 600 psig. The
average let-down pressure was 490 psig. The temperatures at various locations on the system
are given in Table D3.1.

D3.3 Material Balance Status

The material balances in this experimental run were made on an overall basis and for a
period of steady operational conditions.

D3.3.1 Overall Material Balaneg

The materials fed into the reactor between 2:02 p.m. and 5:21 p.m. were:

60.6 Ibs. of feedstock

16.8 Ibs. of asphalt mixture
6.2 ibs. of water

3,1 Ibs, of carbon monoxide

86.7 Ibs. total input of material

The material leaving the system were:

33.8 Ibs. of pure product

5.8 Ibs. of product contaminated with asphalt

i0.i ibs. of gas (138 fta at 100°F, 32 May- 32)

2.7 ibs. of gases flashed

12.1 Ibs. of condensate (5236 ml. at 1.05 sg)
16.0 Ibs. of material left in the reactor

80.5 Ibs. total output of material

A total of 6.2 lbs. are unaccounted for which is 7% losses of material.

D3.3.2 Material balance for steady state period

For experimental Run M3 a good steady state occurred for a period of two hours between
3:00 p.m. and 5:00 p.m. The materialbalance during this period of time is as follows:
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Invut MateMal

Feedstock supply 38.7 lbs.
CO supplied 2.1 lbs.
_0 added 3,0 lbs,
Total 43.8 Ibs.

Output Material

Liquid product 32.0 Ibs.
Condensates 6.5 Ibs.

Gases released 5.0 ibs.

Gases _lashed %,8 ibs,
Total 43.3 ibs.

The materialbalanceforthesteadystateconditionclosedto I% comparedwith7% closure
obtained with the overall material balance.

D3.4 Analytical Data

Elemental analysis of the distillate of the product of Run M3 gave the following results:

Wt.% C Wt,_ Hz Wt.% O, Wt.% Nz

82. I0 8.87 6.47 0. II

The heating value of the same sample was found to be 16,160 BTU/lb.

Vacuum distillation of the pressure let-down liquid product gave 22 wt. % of distillate.
More details about this experiment are found in the May-luly 1987 Quarterly Report.
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D4.0 EXPERIMENTAL RUN N1

D4.1 General Description of the Experimental Run

Experimental Run N1 was made on August 20th, 1987. Some 190 pounds of feedstock
were processed. Complete process data were recorded by computer acquisition, and certain key
data are given here in Tables D4.1 and D4.2, and Figures D4.1 through D4.5.

New feedstock material was prepared using virgin Albany TR-9 oil and WF. This new
feedstock was a mixture of 60/40 wt. ratio of Albany TR-9 oil to WF (WF on a dry basis). The
pressures on these runs were between 500-1,000 psi. No steam (H20) was fed, as it was
assumed that the water in the wood flour itself would be enough for the water gas shift reaction
to take piace. CO was fed at rates in the range of 0.5-1.0 lbs/hr. As usual Gas (N2)was purged
through the system before the start of the experiment and also at the end of it, so as to insure
that all the overhead and reactor let-down lines were clear.

Liquid product pressure let-downs and condensate samples were taken every 20 minutes
and 10 minutes, respectively. The wood flour used in this run was pretreated with water and
Na2CO3, was heated in an oven for overnight at 60°C and was then partially dried in the sun.
For this run most of the dried WF had 21 wt. % moisture and a small amount of WF had 25
wt. % moisture.

A feed rate of 20 lbs./hr, was planned and indeed was maintained throughout the nine
hour run. The cumulative feed as a function of time for Run N1 is shown in Figure D4.1. A
total of 190 lbs. of feedstock was fed.

Carbon monoxide was fed continuously into the system, totaling 10.1 lbs over nine hours.
For the calculation of the amount of CO by the equation of state, a value of z (compressibility
factor) of 1.1 was used as compared to the higher value of 1.2 used in previous run calculations.
This change in value of z is a compromise between the previous value and the different values
one obtains by different methods of calculations, such as using virial equations or the generalized
diagram for compressibility factor. The flow rates of CO as a function of time of day are given
in Figure D4.2.

The products obtained were as follows: liquid product from the pressure let-down vessel:
99.4 lbs.; water condensate: 26.3 lbs.; secondary water condensed from the off-gas: 0.8 lbs.;
oil condensate: 16.2 lbs.; and off-gases in the amount of 355.5 ft3 at atmospheric pressure.
Product collection from the pressure let-down vessel started at 10:20 a.m. The condensate of oil
and water as a function of time are given in Figure D4.5.

1)4.2 Temperature and _re Data

The operational temperatures and pressures for Run N 1 were lower than in previous runs.
The lower temperatures were in order to avoid possible coking problems and the lower pressures
were because of some leaks that developed above 1,000 psi. For Run NI, the lower and upper
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reactor temperatures were set at 3200C and 3400C, respectively as opposed to the 375°C -
4000C that was used before. The pressure let-down vessel temperature was about 2000C. The
extruder-feedertemperature (at the outlet) was initially set to 1500C but was constantlyreduced
to avoid feeding problems and was finally held below 950C to insure proper feeding. The
temperature of the material in the reactor was 3200C at the middle spool and 3400C at the
reactor exit.

Alsomonitoredduringthisrun was thechangeinpressureduringa liquidproduct
pressurelet-down.Thisprocessinvolvedclosingtheoff-gascontrolvalve,recordingthe
pressure,openingtheliquidlet-downvalve,closingtheliquidlet-downvalvewhen allthe
materialhadbeencollected,recordingthepressure,andfinallyreturningtheoff-gascontrol
valvetoitscontrollingmode. The let-downvesselpressuredroppedabout100psion the
average,butveryquicklyreturnedtothedesired,controlledpressure.Initialrunningconditions
weretobeata pressureof1,000psi,butafterreachingthispressure,a leakdevelopedatthe
topflangeand,thepressurewas decreasedtoaround500psi.The temperaturesatvarious
locationon thesystemaregivenintableD4.IandareshowndiagrammaticallyinFigureD4.3.
A graphofthemelttemperaturesforthemiddlespoolandtheupperreactorisgiveninFigure
D4.4.

,1)4,3 Analytical Data

The liquid product from the pressure let-down vessel for Run N1 was analyzed by solvent
extraction with THF and two samples showed a solid residue of 22.2 wt. % and 21.0 wt. % thus
an average solid content of 21.6 wt. %. It should be noted that Albany TR-9 oil had insoluble
solids in the range of 5-7 wt. %. There may have been incomplete conversion of the phenolic
lignin fraction of the wood at these much lower reactor temperatures. The moisture content of
this liquid product was found to be 2.4 wt. % when analyzed by the Karl-Fisher method.

The gas composition of the off-gas samples taken at various times during the experimental
run was obtained by the gas chromatographic analysis and the results are summarized in Table
D4.2. It should be noted that very little air was allowed during sampling for the first four
samples, but air was found in the last four samples due to the inexperience of a different student
taking these samples.

A density test made by the picnometric method showed a density for the condensate of
0.97 g/cm 3.

Elemental analysis for the reactor product was:

Wt,_ C wt,_ H Wt,_ 0 Wt,_ N Wt._ Ash

81.81 6.98 9.46 0.06 2.35

The heating value obtained by a Paar 1391 plain pocket bomb colorimeter for the reactor
product was 15,700 BTU/lb. More details on this experimental run are found in the August-
October 1987 Quarterly Report.
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DS.0 EXPERIMENTAL RUN N2

D_;.1 Gfneral Description of the Experimental Run

Experimental Run N2 was made on August 21, 1987. Some 130 pounds of feedstock
were processed. Complete process data were recorded by computer acquisition, and certain key
data are given here in Tables D5.1 through D5.3 and Figures D5.1 through D5.6.

This run was a continuation of Run N1 with one slight difference, having a higher
moisture content of the WF in the feedstock. It was abou'; 32 wt. % moisture compared with
about 21 wt. % in Run N1. This higher moisture content appeared to affect the operability with
respect to the feed rate which was lower than that of Run N1 averaging 16 lbs/hr compared with
20 lb/hr in Run N1. A total of 130 lbs. were fed and the cumulative feed as a function of time

is shown in Figure D5.1. A solvent extraction analysis with THF made on this feedstock gave
a solids content of 41.5 wt. %.

No water was added to this run as was the ease with Run N1, while CO was added
continuously to the system with a total supply of 8.5 lbs. The flow rates of CO as a function
of time are given in Figure D5.2 and the pressures in the cylinder as a function of time for the
three cylinders used are given in Figure D5.3.

The product obtained are as follows: Liquid product from the let-down vessel: 72.6 lbs.;
water condensate: 13.5 lbs.; secondary water condensate from the off-gas: 0.6 lbs.; oil
condensate: 6.8 lbs.; and off-gases in the amount of 260.5 ft3.

D_.2 Temoerature and _re

The operational data for Run N2 were basically the same as for Run N1. Run N2 was
a continuation of Run N1 and was made one day apart. In fact, the reactor at start-up was full
with material left after Run N1 was voluntarily terminated and no problems were encountered
at restarting the unit. As soon as temperatures were at operational conditions the feeding was
started and the run was smooth and uneventful for the whole day.

The controller temperatures at various locations of the system are given in Table D5.1.
A diagrammatic representation of the controlled temperature as a function of time of day is given
in Figure D5.4 and a diagram of the temperatures in the reactor mid-stxx_l and top of reactor as
a function of time of day is given in Figure D5.5. A graph of the reactor and pressure let-down
vessel pressures vs. time of day is given in Figure D5.6 and the change in pressures when liquid
product let-downs were taken is given in Table D5.2.

D5,3 Analytical Data

The liquid product from the pressure let-down vessel for Run N2 was analyzed by solvent
extraction with THF and two samples showed a solid residue of 25.8 wt. % and 30.0 wt. %, thus
an average solid content of 27.8 wt. %. lt is believed that these insolubles came from the long
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residence times encountered by the recycledTR-9 wood oil. The moisture content of this liquid
product measured by the Karl Fisher method was found to be 2.3 wt. %. The gas computation
of the off-gas samples taken during the run were analyzed by the gas chromatograph and the
results are summarized in Table D5.3.

The elemental analysis for the reactor product was:

Wt,% C Wt.% H Wt.% 0 Wt.% N

80.40 6.88 Ii.13 II.13

The elemental analysis for a distillate from a mixture of product of Run N1 and N2 was:

Wt,% C Wt.% H Wt,% 0 Wt,% N

80.79 8.89 8.49 0.17

The heating value of the reactor product was 15,250"BTU/lh and the heating value of the
distillate of a mixture of product from Run N1 and N2 was found to be 15,957 BTU/lb. More
details on this experimental run are found in the August-October 1987 Quarterly Report.
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I)6.0 EXPER[MF_._TTALRUN Ol

I)6.1 General De_ription of the Experimental Run

Experimental Run O1 was made on September 10, 1987. Some 148 pounds of feedstock
were processed. Complete process datawere recorded by computer acquisition and certain key
data are given here in Table D6.1 through D6.3 and Figures D6.1 through D6.3.

This was the first attempt to use the recycle from the Runs N1 and N2 as the wood flour
carrier. Temperatureswere purposely held on the low side at about 320°C.

D6.1.1 Preparation QfFfedstock with Product Recycle

The product of Runs N1 and N2 were crushed, analyzed and preparedto be used as the
carrier for the wood flour in the next (second) cycle Run O1. A total amount of 170 lbs. of
crushed product was then mixed with 80 lbs. of pretreated WF with water (but not with
Na,zCO3).It was assumed that the original sodium carbonatewould still be active, regardless of
what form it might be (probably some as acetate). This amount of 250 lbs. of feedstock was
used for the second cycle in this attempt to make an All-Arizona oil. The product from Runs
N1 and N2 had about 25 wt.% solids and the WF was added so as to maintain about 40 wt. %

of solids as in the case in the first cycle. The WF had 27 wt. % moisture and the added WF was
on a dry basis. A total of 148 lbs. of this mixturewas fed at an average rate of 15 lbs./hr. The
productaccumulatedduring the run was 122.1 lbs., the condensate was 8.6 lbs. and the off-gas
was 155.4 ft3 at atmospheric pressure.

D6.1,2 Temperature and Pressure Data

As in previous runs, the extruder-feedertemperatures were closely monitored and kept
below 95°C during normal feeding conditions.

The temperatures at various locations of the experimental unit are given in Table D6.1.
A graphical presentationof the controllers temperaturesand in the melt at the mid-spool and top
flange of the reactorare given in Figures D6.1 and D6.2 respectively. It should be noted that
both reactor sections were held very closely to the same temperature, namely, 320°C. The
pressures in the pressure let-downvessel before and after the liquid let-down productswere taken
are given in Table D6.2.

IRi.l.3 CO Supply

A constant CO flow rate was maintained from 4:l0 p.m. to 7:05 p.m. when the CO was
shutoff to change cylinders. A quite constant flow rate of CO was maintained being 1.47 ft3/hr.
The flow rates of CO as a function of time of day are given in Figure D6.3. The total amount
of CO fed during the experiment was 3.68 lbs.
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I)6.2 Analytical Results

The reactor feedstock from the Run O1 was measured for the percentage of solids using
THF as a solvent. It was found that the insolubles were in the feedstock, 28.4 wt. %, again
believed due to excessive recycling conditions. The elemental analysis for the liquid distillate
of the let-down product were:

Wt.% C Wt.% ]_ Wt,_ 0 Wt.% N

78.83 6.81 11.42 0.29

Heating values for the pressure let-down product were 19,509 BTU/lb. However, this
analytical result is probably high and no duplicate sample was available for further testing.
Analytical results of samples taken from the off-gas of this experiment and analyzed by a gas
chromatographare given in Table D6.3.

Table D6.3

Gas Chromatographic Analysis Data for the Off-gas of Experimental Run O1, Vol. %

Time H_ 02 N2 CH4 CO CO2 CHz_ Cz_4

2"40 pm 4.16 2.93 10.86 0.69 30.67 50.34 0.03 0.31
4"20 5.66 1.34 4.96 0.53 50.00 37.21 0.02 0.19

7"04 7.14 0.69 2.49 0.85 61.11 27.39 0.03 0.32

More details on this experimental run are found in the August-October 1987 Quarterly
Report.
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D7.0 EXPERIMENTAL RUN 02

DT.I Gfneral Df_ription of the Experimental Run

ExperimentalRun O2 was made on September I lth, 1987. Some 83 pounds of feedstock
were processed. Complete process datawere recordedby computer acquisition, and certain key
data are given here in Tables D7.1 throughdD7.3 and Figures D7.1 through D7.3.

The purpose of this run was to continue Run O1 and use ali the feedstock with the first
recycle material as the carrier and also to check some additional parameters of operating
conditions. No start-upproblems occurred and when all of the feedstock was used up the run
was terminated. A total of 83 lbs. was fed at an average rate of 15.1 lbs./hr.

The productcollection startedaround 10:00 a.m. and we obtained from the pressure let-
down vessel 69.7 lbs., the condensate was 1.95 lbs. and the off-gas was 52.9 ft3 at atmospheric
pressure.

D7.2 Temperature and Pressure Data

Experimental Run O2 was a continuationof the Run O1 of the previous day of September
the 10th. The reactorheaters were mined off at 8:20 p.m. on September 10, 1987 and turned
back on at 7:00 a.m. on September 11, 1987. The temperatures cooled down during the night
as follows:

Extruder Upper Lower Le t-down
Feeder ReactoT Reactor Vessel

8"20 p.m., 9/10/87 124°C 335°C 313_C 201*C

7"00 a.m., 9/11/87 31°C 142°C i15°C 75°C

The heating next morning on November 11, proceeded smoothly and operating temperatures were
reached at 9:30 a.m. Feeding started at 9:47 a.m. and the feedstock was the same as that for
Run O1. The extruder-feeder temperature was kept below 95°C.

The temperatures at various locations of the experimental unit are given in Table D7.1.
A graphical presentation of the controller temperature and in the melt at the mid-spool and top
flange of reactor are given in Figures D7.2 and D7.3 respectively. Excellent control of the
reactor temperature (both lower and upper sections) at 340°C was achieved at steady state
operations for the last five hours of the run. The pressures in the pressure let-down vessel before
and after the liquid let-down product were taken, are given in Table D7.2.

D7.3 CO Supply

The total amount of CO supplied was 1.03 lbs over the first three hours of the run. The
flow rates as a function of time of day are given on Figures D7.3. No carbon monoxide was
utilized during the last two hours of the run.
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1)7.4 Analytical Results

The reactor feedstock for Run 02 was tested for solubility in THF and was found to have
some 29 wt. % insolubles. Tile heating value for the let-down product was found to be 14,770
BTU/lb.

The elemental analysis for the distillate from the let-down product was:

Wt.% C Wt,% H Wt,% 0 Wt,% N

80.67 0.56 12.52 0.28

Analyticalresultsofsamplestakenfromtheoff-gasesand analyzedby a gaschromatographare
giveninTableD7.3.

Table D7.3

Gas Chromatographic Analysis Data for the Off-Gas of Experimental Run 02, Vol. %

Vol % .........................

Time H2 02 N2 CH4 CO CO2 C2H2 C2H4

ii: 35 5.21 18.80 54.05 0.68 14.28 6.89 0.08 0.00

12:50 1.41 21.76 54.17 0.27 17.04 0.32 0.003 0.00

i:I0 1.91 19.19 61.16 0.38 16.16 Io17 0.022 0.00

2:35 7.76 20.93 49.20 1.57 12.78 7.59 0.013 0.16

More details on this experiment run are found in the August-October 1987 Quarterly
Report.
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D8.0 EXPERIMENTAL RUN P1

DS.1 General Descriution of the Experimental Run_--

Experimental Run P1 was made on Septt_mber17, i987 and ran 11 hours. Some 180
pounds of feedstock were processed. Complete process data were recorded by computer
acquisition, and some. key data are given here in Tables DS.1 and D8.2, and Figures D8.1
through D8.4.

The goal of this runwas to ase the second stage recycle productobtained from Runs O1
and 02 as the carrier for fresh WF. Three concentrations of CO were used, At the initial start
up no CO wa.,"fed. This lasted 3 1/2 hours. A high concentration of CO was then fed for about
2 hours and then normal amounts of CO was fed for the remainder of the run.

The feed mixture for this run consisted of recycled blend of Runs O1, O1 and WF treated
only with water (approximately 22 wt. % moisture on a wet basis). The liquid products of the
Euns O1 and 02 were mixed, crushed, and this served as the oil carrier for the WF in this run.
A mixture of WF to regrind product of 40 wt. % solids were prepared t_singpretreated WF with
water only and heated at 60°C for 24 hours in sealed plastic bags in an oven. This run had a
second round recycle of the product of Runs O1 and 02 which were the first round recycle of
product of Runs N1 and N2. A total of approximately 180 lbs. of rrO:xwas fed at an average
feed rate of 16.4 lbs./hr. The feed rate as a function of time of day is shown in Figure D8.1.

The total product obtained was 148.3 lbs. of which 46.75 lbs. were obtained when no CO
was used, 33.25 lbs. were accumulated while a high flow rate of CO was used and 68.25 lbs.
were obtained when a regular flow rate of CO was kept. The total condensate was 4.2 lbs.

D8,2 Temperature and Pre,_sureData

The operational conditions for Run'Pl were the same as for Runs N1, N2, O1and 02 and
the operation went smoothly for the entire run. In fact, the startup of the unit, which had
material left from the previous Run 02, was also smooth as soon as normal operational
conditions were achieved. Feed inlet temperature was kept below 95°C in the extruder-feeder.
It should be mention_ that during normal operation the heaters on the extruder-feeder were off
and all the heat was coming from viscous dissipation. Pressures throughout the system were
maintained at approximately 1,000 psi. Pressuredrops at liquid let-down times averaged 100
psi.

The temperatures at various locations of the extruder-feeder are shown in Table D8.1.
A graphical presentation of the controller temperatures and in the melt at the mid-spool _nd top
flange of the reactor are given in Figures D8.2 and D8.3, respectively. The reactor temperature
was held on the low side at about 300-3100C during the last six hours of steady state operation.
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D8.3 CO Sup01y

Unlike in the case of Runs O1 and 02, during experimental Run P1 a high flow rate of
CO was used since an adequate supply of CO was available at higher pressures. The total CO
supply was 8.37 lbs. The flow rate as a function of time of day is given in Figure D8.4.

D8,4 Analytical Result_

A density test by the picometdc method showed a density of the condensate of 1.06
g/cre 3.

A sample of the overhead condensate light wood oil had a heating value of 14,650 Btu/lb.

The reactor products were measured for the percentage of solids using THF as a solvent
and the solid contents were 43.5 wt. %, 43.5 wt. % and 46.8 wt. %for no CO in feed, for regular
CO feed rate and for high CO feed rate respectively.

The elemental analysis for the distillates of the pressure let-down liquid product for the
same three samples were:

Wt,_ C Wt,_ H Wt,_ 0 Wt,_ N

No CO 80.62 6.62 i0.87 0.27

Regular flow rate CO 80.45 6.00 ii.45 0.26

High flow rate CO 80.39 6.64 I0.82 0.26

1)8,5 Vacuum Distillation for Ex0erimental Run Pl

Liquid let-down products of experimental Run Pi were vacuum distilled in order to
determine the amount of liquid distillate in these products. The three different conditions of CO
supply were tested. The afilounts of distillate obtained were 13 wt. %, lO wt. %, and 20 wt. %
for low, regular, and high flow rates of CO, respectively. The material balance closures for
these vacuum distillations were 100%, 94%, and 97%. More details on this experimental run
are found in the August-October 1987 Quarterly Report.



D9.0 EXPERIMENTAL RUN Q1

D9.1 General Df_ription of th_ Expe_riment_l Run

ExperimentalRun Q1 (made on March 7, 1988) was the f'trstexperimental run using the
new FIX software program. Data acquisitionis one importantfeatureof the FIX, and from here
on much data was reported as tables and graphs directly from the FIX data base of various
experimental data. A total of 125 lb. of feedstock of 60/40 wt. ratio of wood oil TR-9 to treated
wood flour was fed during this experiment.

The temperatures at various locations of the unit are given in Tables D9.1 and D9.2. One
can see.that the temperatures are quite constant except for a short drop in the cross temperature
which was easily fixed. Details about this experiment are found in the February-April 1988
Quarterly Report.

D10.0 EXPERIMENTAL RUN Q2

D10.1 Gener01 De_ription of the Experimental Run

Run Q2 was made on March l lth, 1988 and lasted 6 hours. The temperatures as a
function of time are given in Tables D10.1 and D10.2. The temperatures in the reactor at steady
state was held at about 370°C (see temperature lines B and E on Figure D10.1).

D10,2 Analytical Results

Samples of the pressure let-down liquid product were taken for analysis of heating values
and it was found to be 15,220 BTU/lb. By extracting the samples with THF solvent 30 wt. %
of insolubles were obtained. The elemental analysis for the product was:

_Wt,% C Wt,% H Wt.%.Q Wt,% N

83.1 6.3 9.2 0.2

Details on this experimental run can be found in the February-April 1988 Quarterly
Report.
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Dll.0 EXPERIMENTAL RUN Q3

Dll,1 General Description of the Exuerimentltl Run

A good run was made on March 14, 1988 (Run Q3) which lasted 8.5 hours. The
feedstock was 98 lb. of a 50/50 weight ratio of TR9 to wood flour and was later 10 lb. of a
60/40 wt. ratio of Q 1-and-Q2 product to wood flour when the 50/50 wt. ratio was depleted.
Complete process data were recorded by using the FIX software, and a few key data are given
here as in Tables D 11.1 and D 11.2 and Figures D 11.1 and D 11.2.

There were 33 liquid product pressure let-downs, each one 20-25 minutes apart. CO was
fed into the unit via the CO compressor. No problems were encountered as long as the inlet
pressure to the first stage was kept at around 100 psi. This was controlled by a metering valve
between the gas cylinder and the first stage of the compressor. The weight of the product was
66.6 lb. The extruder-feeder was run at 100 rpm. Total gas through the system was 111.3 ft3
at atmospheric pressure. Liquid condensate was 825 ml of a mixture of oil and water. The
pressure in the reactor was controlled above 2000 psi, as seen on Figure D 11.1, except during
the liquid product let-down periods when it decreased slightly below this level.

The temperatures as a function of time are given in Tables D11.1 and Dll.2. Ali
temperatures were quite constant (as seen as B and E on Figure D11.2), holding the reactor
temperature at almost 400-410 °C.

D11.2 Analytical Results

Samples were taken from the pressure let-down liquid products of experimental Run Q3,
and analyzed for their heating values, solid content and elemental analysis.

The heating value obtained for the product was 14,000 BTU/lb.

By extracting the product sample by THF solvent, the insoluble solid content was found
tobe 17 wt.%.

The elemental analysis was:

Wt._ C Wt._ H Wt,_ 0 Wt._ N

78.30 6.40 15.30 0.20

Details about this experimenrare found in the February-April 1988 Quarterly Report.
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D12.0 EXPERIMENTAL RUN R1

D12.1 General Descripticn of the Experimental Run

Experimental Run R1 was made on June 3rd, 1988 and lasted 7 hours. One unique
feature of this run was operating above the critical temperature of water (387°C). A temperature
of nearly 500°C existed in the upper reactor, but the preszure was controlled at about 2,000 psi,
such a larger amount of oil product was probably carried overhead. During this run 54 lbs. of
feedstock was fed into the reactor. The feedstock was 50/50 wt. ratio of TR9/WF. The feeding
was at an average feed rate of about 10 lb/hr and the feeding as a function of time is shown on
Figure D12.1. The run was terminated bya plug in the reactor outlet line and was attributed
to a faulty heater on that line. However, the plug may have been caused by operating in the
critical region.

The first part of the extruder-feeder was maintained at a temperature less than 100°C by
using dry ice and water with the aid of a cooling coil added to the feeding part of the extruder-
feeder. Liquid product pressure let-down were performed every 20 minutes, and the product was
admitted into the product surge tank. Approximately 200 psi pressure was released each time
a pressure let-down was performed. The inlet CO was monitored and kept between 100-150 psi
at the compressor inlet. Connections were made at the CO tanks located in the rear of the
complex. A total of 54 lbs. of feedstock was fed to the reactor and 32 lb. product was obtained.
Also 9.2 fta of gases were released and 470 g of condensate were obtained. The difference can
be accounted for largely by the hold-up inside the reactor. A UA Risk Management
representative also attended this ,-unand took air samples in order to cheek the CO emission from
the process. A maximum CO level of 12 ppm was measured in the process area, which is a
reasonable concentration and within the permissible range.

.D12.2 Pressure and Temperature Data

The computer system using the FIX software system performed the data acquisition and
process control. The temperatures as a function of time are given in Tables D12.1 and D12.2.
The temperatures were quite constant as seen on Figure D 12.2 except for the thermocouple on
the upper reactor which fluctuated wildly throughout the run but did not affect the other
temperatures.

The pressures as a function of time for the liquid product pressure let-downs are given in
Tables D12.3. Some pressure profiles for the extruder-feeder are shown in Table 12.4.

D12.3 Carbon Monoxide Feediw,

Feeding of CO proceeded smoothly during the entire run. About 20 lb. of CO was fed
instead of the normal rate of 12 lb. The cumulative amount of CO fed into the system as a
function of time is shown in Figure D12.4.

More details about this experimental run are found in the May-July 1988 Quarterly
Report.
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D13.0 EXP_rTAL RUN R4

D13.1 General Description of the Experiment01 Run

Experimental Run R4 was made on June 16and continued uninterrupted to June 17, 1988,
over a total of 17-1/2 hours. The initial feed was a mixture of 50 wt. % wood flour and 50 wt. %
TR9. However, since we had some problems with the feeding, another feedstock of 60 wt. %/40
wt. % of TR9/wood flour was used.

This feedstock fed with good operability. Around 25 lb. were fed in two hours of
operation at 3000 psi reactor pressure. Some of the 60/40 wt. ratio to TR9 to WF mixture was
then blended with new 50/50 wt. ratio of TR9 to WF thus yielding around 50 lb. of feedstock
of the composition of 55/45 wt. ratio of TR9/WF. This 55/45 wt. ratio feed mixture was fed
for 4 hours at pressures of 2500 psi-3000 psi with good results, with low extruder-feeder
amperage and with no plugs. Due to the long run, this feedstock was exhausted and the run was
continued by feeding 30 lb. of 70/30 wt. ratio of TR9/WF for the final 2 hours. Three shifts
were used, and 100 lb. of material was fed during the seventeen and one-half hour run. During
the run some 70 lb. of pressure let-down liquid product was obtained, as well as some 750 ml
of overhead liquid condensate which appeared to be mostly water. The feeding as a function of
time is shown on Figure D 13.1. The product was then distilled and 10% was topped off. The
vacuum bottoms were used as carrier to experimental Runs S1 and $2 to follow.

D13.2 Carbon Monoxide Feeding

Although the CO feeding seemed to go smoothly, analysis of the data showed that only
small amounts of CO were fed during the run totalling approximately 8 lb. On dismantling the
CO system after the run, a partial plug in the CO line was found, which had prevented smooth
CO feeding.

D13.3 Temperature and Pref_re Data

The goal of this run was to operate at 375°C and 3000 psi. The extruder-feeder, lower
reactor, upper reactor, and liquid product pressure let-down vessel were set at their usual
temperatures of 125°C, 375°C, and 2000C, respectively. The extruder-feeder operated at a
slightly higher temperature because of its self-generating heat. As usual, the feed end of the
extruder-feeder needed to be cooled in order to ensure proper feeding. A new water spray coil
which was installed at this feed end of the extruder-feeder was used, and was operated semi-
automatically from the control room. Complete data on temperatures as a function of time at
various locations on the unit is given in Table D 13.1 and is shown diagrammatically on Figure
D13.2. On Figure D13.3 temperature profiles for a relatively steady state period of time are
shown. Pressures as a function of time are shown on Figure D13.4 and D13.5. The relatively
steady state period between 8:00 p.m. July 16 and 2:00 a.m. on July 17 is shown on Figure
D13.5.

More details on this experimental run are found in the May-July 1988 Quarterly Report.
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D14.0 EXPERIMENTAL RUN Sl

D14,1 Genfr_i I)f_ription of the Experimental Run

Run Sl was made on July 13, 1988, when a new overhead line elbow was installed with
a temperature/pressure port in it. Another major improvement for this run was the use of a
screw-feeder hopper to feed the extruder-feeder at a constant rate of 13 lbs/hr. Before this
modification feeding was batchwise to the extruder-feeder, which then provided a continuous
output. It should be noted that project improvements were being made rapidly from several
points of view. Several process equipment changes combined with the FIX software program
greatly increased operability. Feedstock preparation including pretreatments resulted in having
much larger inventories of feedstocks, which in turn permitted much longer runs. The
installation of a large batch vacuum distillation unit allowed experimental operations in a more
realistic recycle mode. The real-time computer control of the CO compression allowed optimum
use of this CO reactant.

The feedstock for this run was a mixture of 50:50 wt. % of wood flour pretreated with
sodium carbonate and the reactor effluent that had been passed through the reactor three times
(product from Run Pl), plus vacuum bottoms from the vacuum distillation of the previous Run
R4 effluent. Two vacuum distillation runs were made with the reactor effluent product from Run
Sl. In each case, 10 lbs. of material were processed. In the first case temperatures up to 425°C
and a vacuum of up to 100 mmHg abs. were utilized, which yielded 1,200 cm3 of wood oil
distillate. In the second case where only 260°C was set and a vacuum of 10 mm/Hg abs. were
utilized, the yield was 750 ml wood oil distillate. The reactor effluents of Run S1 and Run $2,
to follow, were vacuum distilled in order to produce a large quantity of an All-Arizona crude
wood oil.

The feeding started at around 13:00 p.m., and the pressure steadily increased, except for
the periods of liquid product pressure let-downs, to over 2000 psi. At these pressures, a leak
developed in the top of the liquid product pressure let-down vessel preventing it from reaching
higher pressure.

D14,2 Pref_re and Temperature Data

When the liquid product valve froze in the open position, the pressure was released
through the vent line, and the unit was shut down. Data on temperatures are given in Tables
D 14.1 and D 14.2 and data on pressures are given in Table D14.3. Diagrammatic representation
of temperatures and pressures at various locations in the unit are given in Figures D14.1 -
D14.5.

D14.3 Carbon Monoxide Feeding

The carbon monoxide feeding system was working poorly due to a plug of the line into
the reactor. During this run, an estimated total of 4 Ibs. of CO was fed.

Details on this experimental run are found in the May-July 1988 Quarterly Report.
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D15.0 EXPER/MENTAL RUN $2

D15.1 General Description of the Experimental Run

The last experimental Run $2 for this project was made on July 20, 1988 and lasted for
11 hours. This was a very good run with minor trouble-shooting type of problems. The
experimental unit was not moth-balled, because plans at that time were to transfer project
management to SERI effective October 1, 1988, to complete the project in two to three years.

Before starting Run $2, the entire system was cleaned and checked. Also, several
additions were made, such as five new channels of data acquisition, three thermocouples on the
extruder-feeder, a new pressure transducer on the middle spool, and a pressure transducer which
reads the CO compressor inlet pressure. Feeding of CO was started approximately after 3 lbs.
of feedstock material was fed into the system, thus eliminating the possibility of CO flowback
through the extruder-feeder.

Feeding proceeded smoothly throughout the run, and a total of 200 lbs. were fed during
the run. The pressure then increased to around 2900 psi with some fluctuations around an
average pressure of 2650 psi. The pressures as a function of time at different locations in the
unit are given in Table D15.1 and are shown schematically on Figure D15.1.

The temperatures for this run generally started high and finished lower, due to a heavy
heat load on the reactor. When feeding started the upper reactor was at 428°C and the lower
reactor was at 454°C. By the end of the run the lower reactor had dropped to just below 300°C.
The extruder-feeder was controlled at 170°C at the outlet while the inlet temperature was kept
below 80"C by spraying water on the barrel. The temperature as a function of time at various
locations of the unit are given in Table D 15.2, D15.3, and D 15.4 and are shown diagrammatical-
ly for several locations in Figure D15.2 and D15.3.

D15.2 Carbon Monoxide F_din__

The special design for the low flow rate carbon monoxide injection system worked
perfectly during the entire run. A total of 28 lbs. of CO was fed during this run.

D15.3 Power Input tO the Extruder-Feeder

Except for the initial preheating of the extruder-feeder the power of the heater bands of
the extruder-feeder were off much of the time and the heat was obtained from viscous
dissipation. In fact many times water was sprayed over the barrel of the extruder-feeder in order
to keep the temperature down to the level that would provide the proper viscosity to the melt thus
enabling proper pumpability of the extruder-feeder. However, due to overcooling and other
transient effects the controller would activate the heater as shown on Figure D15.4.

Details on this experimental run are found in the May-July 1988 Quarterly Report.
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