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ABSTRACT

This -project concerns the production of power and syn-
thesis gases from pulverized coal via suspension gasification. Swirling
flow in both concentric jet and cyclone gasifiers Wi11 separate oxida-
tion and reduction zones. Gasifier performance will be correlated with
internally measured temperature and concentration profiles. »

The test cell flow system and electrical system, which
includes a safety interlock design, has been installed. Calibration of
the UTI-30C mass spectrometer and construction of the gas sampling sys-
tem is complete. Both the coal feeder, which has been calibrated, and
the boiler are ready for integration into the test cell flow system.

Construction and testing of the cyclone reactor, including
methane combustion experiments, is complete. The confined jet reactor
has been designed and construction is underway. Investigation of com-
bustion and gasification modeling techniques has begun.



I. INTRODUCTION AND SUMMARY "

The need for a clean method of burnfhg coal is clearly defined
(Squires, 1974; Osborn, 1974; Lenzer, 1977). Power or synthesis gases
from coal seem to offer the most promise for immediate coal utilization,
particularly if they can be used in combined cycle plants. The primary
emphasis of this research is to shorten the development time for a prac-
tical coal gasifier by demonstrating that existing coal burner technology
may be used to design and optimize an entrained flow coal gasification
reactor.

A. Eundamenta1 Concepts

The chemistry of coal gasification has been covered elsewhere
(Laurendeau, 1977; Batchelder et al., 1956; von Fredersdorff and Elliott,
1963). The characteristics of the three major reactor classifications
(fixed bed, fluidized bed, and entrained f]dw) have also been reviewed
(Laurendeau, 1975). Based on these observations, we believe that existing
burner designs and the operating experience gained through Widespreéd use
of entrained coal combustion can be applied to produce an efficient coal
gasifier acceptable to the utility industry.

We are presently considering two types of entrained coal
firing — the cyclone and the swirling jet. Both the cyclone and swirling
jet are characterized by high Tevels of turbulence and stable recircula-
tion zones. In each case, the development of the internal fluid mechanics
is strongly influenced by swirl. The swirl number S, defined as the ratio
of the flux of angular momentum (G¢) to the flux of axial momentum (Gx)’
non-dimensionalized by a characteristic radius (S = G¢/GXR), characterizes
both systems (Syred and Beer, 1974)
recirculation zones can be controlled by varying the swirl number.

Figures 1 and 2 show schematically. the two types of combustor/

.
=

Residence times, mixing times and

gasifier we are considering. The cyclone has coal and air feeds at the
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top, firing tangentially to the chamber wall. Steam is fed axially
through the lower end of the chamber and mixes with the central core
where gasification takes place. Reactants are fed into the reactor in
proportions which allow part of the coal to combust in the outer region
of the cyclone. This provides heat to drive the endothermic steam-carbon
reaction occurring in the core. The jet also depends on an endothermic
zone surrounded by an exothermic combustion region.szin this .case, the
endothermic region is the central recirculation épné which develops at
swirl numbers greater than 0.6. The recircuiatibn"ione is charged with
steam and coal from the primary feed pipe. -A portion of the coal mixes
with the swirling secondary air and combusts in the outer regions.
Obviously, the concept of distinctly separate reaction zones is an ideal-
ization. Internal reactor probing will be requi%ed to-determine .the
extent to which discrete reaction zones: are present,;'Lﬁ,jéwg1par,'hdw-
ever, that swirl strongly affects the mixing and fla{a mechanical behavior
of the two systems; thus we have a measure of control not available in
other gasifying schemes.

B. Criteria and Objectives

1. The Cyclone Gasifier

The tangentia1 entry vortex. gasifier is patterned after the

cyclone burner (Fig. 1). Separation of oxidation and reduction zones
1s attained by tangential flow of coal/air mixtures coupled with axial
steam injection. Fundaméntd] experiménta] data for both homogeneous and
heterogeneous (two-phase) cyclone chambers have been obtained for cold
flow (Strickland, 1973), homogeheoué combustion (Schmidt, 1970; Syred
and Beer, 1974) and pulverized an]icbmbustion (Syred and Beer, 1974).
These results allowed design of our vortek-gaéification system
(Chapter I11). . o

’ The vortex gasifier possesses several advantages compared to
the concentric jet system (Syred and Beer, 1974): (1) greater turbulent
mixing levels, (2) ease of operation at high pressures and (3) larger
particle residence times. These three factors promote high temperatures
and slagging conditions, and hence gobd carbon and gasification effi-
ciencies. There are disadvantages, however: (1) chamber wall temperatures



are much higher, causing material and heat transfer problems; (2) slagging
operation presents difficulties due to heat losses and residue disposal;
(3) injection of coal/air vs. coal/steam mixtures increases the opportunity
for spontanébus combustion at high pressures. '

Turbu]ent'mixing and particle residence times in vortex systems
are primarily determined by the tangential swirl velocity (Strickland,
1973). This dominant velocity profile is satisfactorily described By
the Rankine model, i.e.; potential or free vortex flow (W « r'l) near
the wall, and rotational or forced vortex flow (W « r) at the chamber
core. In idealized rotary motion (Schmidt, 1970), the free vortex zone
is characterized by downward axial flow, while the rotational zone is
characterized by upward flow. Thus coal particles move downward via a
helical path, followed by upward movement along a helical path of smaller
radius. Lighter particles will of course undergo more rapid migration
to the center of the chamber.

In Fig. 1, tangential air/coal injection occurs at the top of
the cyclone to avoid slag buildup around the injection ports. If higher
particle residence times are required, air/coal entry may be attempted
at the bottom. In this case, two flow reversals occur; one at the
throat annulus and another at the slag port (Schmidt, 1970). The half-
angle of the throat quarl will probably determine much of the flow
structure, regardless of bottom or top injection. Flow structure is also
affected by the chamberend wall boundary layer (Schmidt, 1970); for
example, average particle residence times are apparently increased by
attaching rectangular fences radially to the closedendwall. Similarly,
axial vs, radial steam injection will generate different mixing patterns, and
hence affect gasification efficiency (axial injection promotes greater
separation of oxidizing and reducing zones). At Tow steam velocities,
mixing will be dominated by vortex entrainment in the core (Strickland,
1973).

Our proposed design is characterized by three important features:
(1) entrained vortex flow, (2) coal/steam/air rather than coal/steam/oxygen
and (3) separation of oxidation and reduction zones. The third character-
istic is presently being considered by Combustion Engineering (Mehta,
1976); the first two have received limited attention, most notably in the
Ruhrgas process (von Fredersdorff and Elliott, 1963).



‘To our knowledge, the only extensive investigatioh of pu]verJ,
ized coal gasification in a small-scale cyclone system was conducted by
Yagi and Kunii (1957). Production of both power gas and synthesis gas
was correlated with carbon efficiency, and hence reduction zone tempera-
ture (1300-1650°K). By externally heating the 20 cm diameter chamber,
70-80% of the ash appeared as slag. Their preliminary results are
quite encouraging, thus providing impetus for our cyclone gasifier design.

v

2. The Confined Jet Gasifier T
. - -

. The concentric confined jet gasifier ig_patterned after the

traditional pulverized coal burner (Fig. 2). Separation of oxidation

and reduction zones is attained by using coal/steam mixtures in the
primary flow and swirling air in the secondary flow. Fundamental experi-
mental data applicable to confined and free jets have beeﬁ obtained for
cold flow (Beer and Chigier, 1972), homogeneous combustion (Beer and
Chigier, 1972; Heap et al., 1973) and pulverized coal combustion (Beer
and Chigier, 1969; Heap et al., 1973). These results allowed design of
our confined jet gasification system (Chapter III).

The combustion process in a pulverized coal burner is dominated
by the highly turbulent flow field produced by secondary swirl. At high
swirl intensities (S > 0.6), a torroidal vortex recirculation zone, which
promotes air/coal entrainment and high carbon efficiency, becomes stabi-
lized in the flow. The size of the recirculation zone depends primarily. .
on the swirl number and the shape of the divergent quarl at the burner
exit. Increasing swirl generally lengthens the recirculation zone while
divergence broadens the zone (Beer and Chigier, 1972). ‘

Gasifier performance will depend quite strongly on the extent
of turbulent mixing between the fuel rich recirculation zone and the
outer air flow. Entrainment must be sufficient to promote combustion,
but not enough to destroy the identity of the reduction zone. Previous
work suggests that entrainment is largely controlled by the following
burner parameters (Heap et al., 1973):



1) secondary swirl
2) primary/secondary composition ratios
3) design and position of fuel injector

4) primary velocity

(5) exit quarl divergence.
The first three parameters have the strongest effect, as they control
flame shape during pulverized coal combustion. Our concentric gasifier
is designed such that all parameters can be easily varied over reasonable
ranges. To reduce entrainment and thus preserve the reduction-zone, Heap
et al. (1973) recommended a single hole, high velocity injector, with
enough swirl to stabilize the reaction zone at the injector face.
However, in view of carbon efficiency requirements, the appropriate
choice of burner parameters is not at all obvious.

The included angle of the water-cooled exit quarl has bheen
designed for maximum performance (v70°), as suggested by Beer and Chiger
(1972). Primary velocity and secondary swirl will be chosen to achieve
both penetration (high primary velocity) and divergent (high swirl)
flames. A1l fuel will be fed via the non-swirling primary jet. Secondary
swirl will be controlled by a movable block swirl generator (Beer and
Chigier, 1972).

For turbulent jets, comparison between model and prototype is
aided by the unique profiles characteristic of all turbulent jets. More
generally, however, partial modeling techniques have led to the develop-
ment of rather simple similarity rules. If the following parameters are
maintained equal in model and prototype, reliable extrapolation is assured
(Beer and Chigier, 1972):

(1) stoichiometry and initial density
(2) residence time

(3) swirl number

(4) do/D and L/D

(5) m_ . /m

primary’ "secondary

(6) d_ . /d

primary’ “secondary’



C. Summary of Progress

Much of the second contract year has dealt withdesign, construc-
tion,. and testing of hardware.. Construction and shakedown of the test
cell and the cyclone reactor are complete; fabrication of the confined
jet reactor is underway. The mass spectrometer and pulverized coal
feeder have been calibrated. A series of methane combustion experiments
have been run.

~t+. - cChapter II presents a preliminary investigation of entrained
f]oncombustién and gasification modeling. Both microscopic and macro-
scopic models are considered at various levels of sophistication.
Chapter III describes progress in system design and construction; experi-
mental progress is described in Chapter IV.:



IT. MODELING TECHNIQUES FOR PULVERIZED COAL GASIFICATION

A. Introduction

Models for coal gasification range from simple thermodynamic
equilibrium models to detailed numerical predictions based on the turbulent
transfer equations coupled with chemical kinetic rate expressions. As
with all inodeling of combustion systems, as the degree of complexity
increases, the potential for broadly applicable results increases, but
the mathematical and practical tractability decreases. Equilibrium
modeling is useful in defining gross performance trends and their varia-
tion with reactant inputs and heat loss characteristics (Laurendeau and
Waite, 1977). Equilibrium cannot, however, predict performance for short
residence time or mixing controlled reactors. In reviewing the modeling
work pertinent to entrained coal combustors and gasifiers, we have concen-
trated on three major areas: macroscopic models, phenomenological models
and microscopic models.

In macroscopic modeling, the reactor is broken into a network
of plug flow (PFR) and perfectly stirred (PSR) reactors. The network
may be as simple as a single reactor oras complex as the series of
reactors proposed in Section B. When a series of reactors is used, the
choice of type, size, residence time and input conditions depends on the
physical nature of the actual reactor.

Phenomenological modeling is more concerned with actual reactor.
flow. In this case, overall behavior of the system is correlated by
characteristic parameters. These take the form of nondimensional ratios
and may include such items as swirl number, confinement ratio (in the
case of jets), length to diameter ratio and equivalence ratios. In
addition, characteristic times such as particle burn-out and mixing times
can be defined and used to correlate performance.

The microscopic approach seeks to define not only the overall
performance, but the details of the internal flow patterns based on a
minimum of empirical constants and appropriate solutions to the turbulent
transfer and chemical kinetic equations representative of the system.

Our modeling efforts will be concentrated on the macroscopic and phenom-
enological types. We expect to work closely with Smoot and Hanks (1977)

10



in their efforts to develop a microscopic model. In this chapter we

consider briefly each of the three model types.

B. Macromodels for Swirling Reactors

As a first'effort in modeling the cyclone reactor, a rela-
tively simple and Versati]e model was sought. The complex fluid
mechanics coupled with the heterogeneous chemical reactions found in
coal combustion and gasification are extremely difficult to model in . .
detail or from basic governing equations. Also much information
pertaining to the cyclone fluid mechanics and chemical kinetics remains
unknown. For these reasons a PSR-PFR reactor model was chosen. Ideal
PSR and PFR modeling is used extensively for chemical reactor models and
certain modifications for nonideal behavior-can be simply introduced.

1. Previous Modeling

A general review of entrained flow coal combustion modeling
is presented by Field et al. (1967). Most previous modeling has been
of the plug flow type with varjations in chemical kinetics, heat transfer
and particle sizing. Only models which have a direct bearing on PSR-PFR
modeling are discussed here.

Beer and Lee (1965) modeled a pulverized coal furnace as a
PSR in series with a PFR. Furnace experiments were done over a large
swirl range. Both residence time distributions (measured by argon tracing)
and carbon efficiency correlated well with the theoretical model. The
relative volume of the furnace modeled as a PSR was correlated to the
size of the recirculation zones caused by swirl. A global chemical
kinetics model was used for heterogeneous reaction calculations.

A PSR-PFR model for a staged entrained flow coal gasification
process has been presented by Mehta (1976). The process consists of
three stages: a vortex combustor, a diffuser and a reductor. The vortex
combustor is modeled as a PSR, based on the highlyturbulent swirling
flow. Within the diffuser, coal is mixed with the incoming combustor
exit gases. The proximate volatile matter is assumed to rcact instan=
taneously to form CO and Hp. Steam is added in the reductor section,
which is modeled as a one-dimensional, internally adiabatic plug flow

reactor. In all stages gas-phase equilibrium is assumed.
11



. 2. Cyclone Reactor Characteristics

The cyclone reactor has been designed to form separate oxidation
and reduction zones in gasification experiments (Lenzer, 1977). As
shown in Fig. 3, the outer annular region will be primarily a combustion
zone whereas gasification reactions will dominate in the inner region.

In general, the cyclone flow is characterized by high swirl
and turbulence, with strong recirculation zones (Agrest, 1965; Schmidt,
1970; Ustimenko and Bukhman, 1968). Cyclone turbhulence levels can be
10 or more.tjmes greater than for :conventional straight flow furnaces
(Ustimenko and Bukhman, -1968). These characteristics indicate that PSR
modeling is appropriate.

The particle and gas residence time distributions must also be
considered for modeling. Coal particles will remain within the reactor
for a much longer time than the gas residence time (Schmidt, 1970; Agrest,
1965). The relatively heavy particles will tend to stay near the reactor
walls due to inertial forces, and only the smaller particles will become
entrained in the central region and flow out the exit stream (Semenov and
Semenenko, 1969; Lewellen et al., 1977).

Heat transfer considerations are also very important. The
reactor is externally heated to compensate for some heat losses, but
heat loss through the reactor walls will be significant. Heat transfer
within the reactor will be largely due to radiation transfer between
reaction zones plus convection and radiation to the walls.

3. Proposed Model

The proposed model is exp]ainediby following the reactant
paths into and through.the cyclone reactor. Figure 4 is a schematic
diagram of the proposed model. - B -

The pulverized coal size distribution which enters the reactor
will be approximately a Rosin-Rammler distribution. Field et al. (1967)
have shown that considerable error can occur if a monosize distribution
is used; hence, efforts will be made to incorporate the most realistic
size distribution pbééﬁb]é.. o -

The coal/primary air and secondary air streams will be injected
tangentially through four nozzles by coaxially arranged tubes (Fig. 2).

12
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Secondary air will be preheated to 600—900°Ff Entering coal particles
will be quickly heated due to mixing with the hot secondary air stream
and radiation from burning particles. Pyrolysis and swelling of the
particles will ensue. A common assumption under such conditions is that
the volatiles released will instantaneously react with oxygen to produce
CO and H50 (Batchelder et al., 1953;'F1e1d et al., 1967; Mehta, 1976).
Reactor R1 shown in the model schematic represents the entrance zone of
the reactor, where mixing, heatinq and pyrolysis occurs.

The char particles and gases‘then‘enter the combustion zone of
the cyclone, which is represented hy reactor R2 in the model schematic.
Intense mixing and high temperatures occur in this zone which indicate
that a micromixed rather than macromixed PSR model should be chosen
(Beer and Lee, 1965). It is assumed for modeling purposes.that no coal
particles can leave the combustion zone until they are smaller than some
characteristic size. The validity of this assumption is backed by our
flow experiments (Section II.C). In the model, all particles which are
greater than the chosen characteristic size are recycled back into the
reactor (R2 in Fig. 4). A global expression will be used to calculate
reaction of the char.

The gases and small particles will pass into the central region
of the cyclone. The entrained .particles will follow the gas stream,
which moves upward towards the exit as rotational flow. A PSR mddel is
proposed for this region on tHe basis of measurements by\Ustimenko'gnd
Bukhman (1968), who found very high turbulence levels in the central region
of a cyclone. In addition, steam introduction to this region should
increase mixing.

The reactants will finally enter the throat region, which is
represented by reactor R4 of Fig. 4. Reaction continues until the reac-
tants are quenched in the water-cooled exhaust sysStem. Mixihg and
turbulence should subside as the gases enter the throat region of Lhe
cyclone, which is modeled as a PFR. . . -

Heat transfer occurs -through the cyclone walls and between areas
of the reactor. The net radiation transfer from the combustion zone to
the incoming reactants is repbésehtéd hy q1; similarly qo is the heat
transfer through the reactor walls and q3 represents the net radiation
transfer to the reactants in the central rotational flow zone. An overall
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heat transfer expression will be developed to calculate heat loss through
the reactor walls. Methods of treating internal radiation heat transfer
are currently being examined.

Only the general outline of a PSR-PFR modeling approach has
been discussed. Many parameters, such as input particle size distribution,
reaction zone size and mean residence time, will be defined by physical
consideration of the cyclone. This type of model can also be adapted to
the confined jet reactor. Further investigation and experience with
PSR-PFR models will reveal what assumptions must be made or relaxed to
produce accurate models of reasonable simplicity and f]exibi]ity. Infor-
mation from actual combustion and gasification experiments will provide
insight to the types of model alterations that are necessary.

C. Phenomenological Models

1. Characteristic Time Modeling

In addition to developing a PSR-PFR type model for gasification
in entrained swirling flows, we hope to déve]op a model based upon a
characteristic time approach. In characteristic time modeling, all
physical phenomena that have a significant effect upon product composition
are associated with appropriate time scales. The time scales are derived
from readily identifiable reactor parameters, §uch as fuel composition,
chemical reaction rates, pressure and fluid mechanic phenomena. Magni-
tudes of individual characteristic times are.not nearly as important as
ratios of times, since ratios rather than magnitudes are used to correlate
experimental data. Rate-contro]]ing steps can be readily identified by
comparing the relative sizes of characteristic times.

According to Tuttle et al. (1976), Damkohler was one of the first
investigators to use characteristic times in the analysis of combustion
processes. Much of Damkdhler's work applies only to homogeneous, premixed
processes, but reaction and diffusion times identified by Damkthler may
be applicable to heterogeneous processes such as coal gasification.

Tuttle et al. (1975) and Colket et al. (1977) successfully
applied characteristic time modeling to the analysis of pollutant forma-
tion in gas turbine combustors. They identified droplet evaporation,
air-fuel-burned gas mixing and chemical reaction as the dominant physical
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processes influencing pollutant formation and combustor efficiency.
Table I describes many of the characteristic times identified by Tuttle
et al. (1976) and Colket et al. (1977). o

The fuel droplet lifetime of Table I was derived from the
"d2 law" of Godsave (1953):

2 - 42
df d0 Bet
where df = instantaneous fuel drop diameter
d0 = initial drop diameter _
Be = evaporation or combustion coefficient
t = time.

When df equals zero, the characteristic time for droplet evaporation
has been reached and thus

= A2
Teb do/Be )

This equation looks deceptively simple, since there is no
uniform fuel droplet diameter and because B is a complicated function of
many fuel properties that are difficult to determine for typical Tiquid
hydrocarbon fuels. Colket et al. (1977) detefmined the sensitivity of
Tap tq errors in several important fuel properties and ambient conditions
and found that relatively minor errors in those quantities could easily
lead to errors of 20% or more in Top+ AN accurate expression for coal’
particle lifetime may be even more difficult to determine because of
the presence of ash, the lack of reliable kinetic data, reactions in
the particle poreé and the strong influence of local gaseous species.

h Most of the fluid mechanic times identified by Tuttle et al.
(1976) are ratios of turbulence scales to representative velocities.
Note that since species mixing is the process of intereét, a mixing.
time is chosen rather than a residence time. Several different mixing
times may be required to specify all the processes of interest in &
reactor. . :
Chemical reéaction times identified by Tuttle et al. (1976)
come from an ArrheniusFtype expression in which the only operating
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TABLE I

Examples of Important Characteristic Times
(Tuttle et al., 1976; Colket et al., 1977)

Time N Symbol Physical gr_Chemica] Process:

Fuel droplet lifetime - - . Top Droplet evaporation or combustion

Fuel df0p1et flight time ~ C T Particle flight over a characteristic
distance . :

Eddy dissipation time in.the region Te1 co Large scale turbulent mixing between

of the shear layer where CO is .forimed i cold incoming air and hot, partially
oxidized combustion products

Fug1 ignition delay and burning time ‘ The Homogeneous, complete combdstion of fuel

CO burnup time _ T Homogeneous kinetics of CO oxidation



parameter is the temperature associated with the reaction of interest.
Since they were interested in predicting pollutant emissions, they
modeled times for NOX formation and CO combustion. Chemical times for
any reaction of interest could presumahly be developed, however.

The characteristic times discussed above will all be important
in modeling coal gasification in swirling entrained;flow. A time

analogous to t the particle lifetime, will be of particular importance

and will requisz an accurate model of coal particle devolatilization and
subsequent char surface and pore reactions. The time required to
devolatilize the incoming coal particle is expected'fo be very short

in comparison to the total particle Tifetime. In mbde]ing pore reactions,
a parameter similar to the Thiele modulus (Lévenspie], 1972) will be
significant. The Thiele modulus is the ratio of chemical reaction rate

to pore diffusion rate:

i

¢t - Lc E;Dm
where ¢t = Thiele modulus
LC = a characteristic length
= reaction rate coefficient (s'l) Y
Dm = molecular diffusion coefficient.

We propose to use swirl to create separate oxidatidn (combustion)
and reduction (gasification) zones within each of our reactors. We expect
the amount of time a particle spends in each zone to be a sigmticant
fluid mechanic characteristic time. These residence times will be
difficult to represent in terms of simple reactor parameters since swirling,
entrained flows are inherently complicated and because a clear division
between oxidation and reduction zones will probably not be possible.

. Chemical reaction times are ‘expected to be numerous and
compTicated. Reactions in the gas phase, on the particle surface and
within pores will all be going on simultaneously. Since char reactivity
varies greatly among different varieties of coal and depends upon the
thermal history of the particle, it may be difficult to arrive at reaction
times that are suitable lur a wide variely of coals. '

Tuttle et al. (1976) and Colket et al. (1977) found that many
of their correlating parameters were ratios of chemical reaction times
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to fluid mechanic times. We expect correlating parameters for gasification
to be of the same form. However, since some of the product gas constit-
uents, particularly carbon monoxide, are formed in more than one reaction,
sums and differences of ratios will probably be needed to generate
effective correlating parameters.

In summary, characteristic time modeling is an approach that
occupies the middle ground between models based on the fundamental con-
servation equations and models that employ a global, highly empirical
approach. Since the charactefistic times are derived from an analysis of
the dominant physical processes in the reactor and are calculated from
sensibly chOSen‘reactOF5parameters, accurate predictions of product.gas
composition can often be made. ;Judicious selection of the dominant
physical processes and accurate representation of these processes is the
key to successful characteristic- time modeling.

2. Two Phase Flow Model

An interesting and fruitful study of two phase flow in a swirl-
ing coal combustor-gasifier was recently published by Lewellen et al.
(1977). Four basic performance parameters reflecting carbon efficiency,
ash separation, combustor pressure drop and heat loss rate were developed
as functions of severa]vfundahental reactor parameters. Part{c1e combus -
tion, fluid mechanical ahd particle mechanical effects were included in
the model and were derived from first principles as much as possihle, at
which point empirical correlations and'simplifying approximations were
imposed. Results of the model compare. favorably with experimental data
taken by the Pittsburgh Energy Research Center.

Lewellen et al. (1977) cite four regions of interest within
their combustor and identify the dominant physical processes in each.
Figure 5 shows the four regions of interest and the fluid and particle flow
lines through each. Region I includes the boundary layer at the reéctof
walls and is perhaps the most important of the four regions. It is
characterized by high particle concentration, high heat release rate and
fTuid-partic]e-wé]] interac%ions.’ Particles tend to remain in region I
because centrifugal forces dominate over the radial pressure gradient
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created by the swirling flow. Thus, virtually all the coal particles
(except those that escape through region II) burn to completion in
region I. | .

yRégion II consists of the boundary layer at the top and
bottom of the reactor and is characterized by low tangential velocities
due to:frictional effects. The radial pressure gradient dominates and
particles pass toward the center of the combustor through this region.

Regions III and IV dominate ‘the internal combustor volume.

Region III is an‘area of rapidly swirling gases that are only slightly
particle laden. Regions III and IV are nearly isothermal since very
Tittle combustion takes place in them. In region IV the fluid velocity
is primarily axial as-the gases flow toward the combustor discharge.

It is interesting to note that many of the performance para-
meters developed by Lewellen et al. (1977) take the form of residence
times and other characteristic times. Most of their times are derived
such that direct comparisons can be made among them. The use of charac-
teristic times by Lewellen et al. (1977) in modeling a swirling coal
combustor lends credence to our belief that characteristic times will
be useful correlating parameters in the analysis of coal gasification
systems. ’

D. Microscopic Models

A very ambitious modeling approach being pursued by a few
investigators attempts to describe the entrained gasification process
in terms of the basic conservation equations supplemented by certain
phenomenological relationships. Smoot and Hanks (1976) are developing a
model based on the macroscopic form of the general conservation equations
for a finite volume element within the gasifier. Their model includes
the following aspects of the gasification process (Smoot and Hanks, 1976):
(1) mixing of primary and secondary streams
(2) recirculation of reacted products
(3) pyrolysis and swelling of coal
(4) oxidation of the char by oxygen, steam and
carbon dioxide
- (5) heat transfer between the coal/char particles

and gases
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(6) variation in composition of inlet gases and
:solids .
(7) variation in coa]/char'partic]e size
(8) oxidation of the hydrocarbons produced from
coal pyrolysis. '

The rates of primary/secondary mixing and hot gas recirculation
are particularly difficult to model accurately. Smoot and Hanks (1976)
are using a combination of recently developed-numerical techniques to
form a comprehensive model that is applicable to entrained gasification
processes. : . . |
. Blake (1977) is developing models for both entrained flow and
fluidized bed gasification based upon mass, momentum and energy conser-
vation. The entrained flow model consists of a field description of
steady, solid-gas. flow in two dimensions. Both finite element and
finite difference modeling techniques are being explored. The turbulent
nature of the flowing stream is included, along with convective mixing
effects. The presence of reacting solids and their interactions with
the gas phase greatly complicate the formulation of the conservation
equations. Blake (1977) also relies on a great number of phenomenological
relationships to describe particle and gas properties, heat transfer
and chemical phenomena.
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ITI. GASIFICATION FACILITY

Test cell flow, control and daté monitoring systems are nearly
complete and have been tested extensively during the past six months.
The air and nitrogen systems have been hydrostatically tested and have
performed satisfactorily dufing several test‘runs.‘ New flow meters.
were designed and calibrated and are now in sefvice. A forty point:
temperature monitoring station has been installed and tested and-is
currently in use. The interlock system and all power wiring except
for the steam heater wiring are installed and in-service and all
control panels are complete and in service. The coal feeder has been
calibrated and modified to permit remote monitoring and operation.

The exhaust system is installed and operational. The boiler has been
installed in a concrete block building erected for that purpose. Power
wiring to the boiler has been installed.

1. Air and Nitrogen Systems

Figure 6 is a schematic shdwing the air, nitrogen, steam and
methane systems. Following extensive leak testing and a few modifi-
cations, the air, nitrogen and methane systems were put into §ervicé.
The primary air and secondary air controllers were moved to a Tocation
downstream of the flow meters, allowing the meters to operate at a
more nearly constant pressure. The flow meters from Thermal Instrument
Company were returned to the manufacturer, and orifice meters are beﬁng
used in their place. Metering devices have also been installed on the
methane and ignition air“lines, and methane and ignition air flow
control valves have been relocated to permit operation from the control
room. Bleed valves have been installed on the air and nitrogen
manifolds.
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' 2. Flow Metering and Temperature Measurement

Flow metering devices from Thermal Instrument Company for measur-
ing primary and secondary air and steam were found to be unacceptable
and have been returned to the manufacturer. Several weeks were spent
trying to calibrate the meters with consistently poor resu]ts To
replace the Thermal Instrument meters, we have designed, fabr1cated

and calibrated orifice meters for pr1mary and secondary.air. A steam
meter will be made in the near future. Figure 7 is a schematic of the
primary and secondary air metering systems showing the orifices and the
data monitoring devices. Solid state pressure transducers will even-
“tually replace the manometers and the pressure gages, making data
acquisition easier and more precise.

Interchangeab]e Tow and high range secondary air orifices were
required to stay within the sixty inch range of the secondary air mano-
meter and still provide good readability at Tow flow rates. A single
orifice was sufficient to cover the anticipated range of flow for the
primary air. All three orifices are made of stainless steel and are
made to ASME specifications. Mounting flanges with integral pressure
taps were designed to provide easy access to the plates. Table II Tists
important dimensions and anticipated flow rate ranges for each orifice.

The primary air orifice and both secondary air orifices were
calibrated aga1nst standard ASME orifices’ whose d1scharge coefficients
as functions of Reynolds’ number are known. A computer program was used
to reduce the experimental data, yielding a tabulation of discharge
coefficient versus Reynolds number for each orifice tested. Figure 8
shows the calibration curves for the primary, low range secondary and
high range secondary air orifices. The discharge coefficient, K, is a
factor which accounts for the area reduction and for viscous effects
which cause the flow rate to be less than that predicted by the inviscid
form of the Bernoulli equation. Thus K is a function of orifice to tube
diameter ratio and Reynolds number. We intend to use the indicated
average values for discharge coefficient for determining all mass flow
rates. Each of the three orifice meters was calibrated with two different
reference flow meters, and .data points for both calibrations are shown
for each orifice reter in Fig. 8. Most of the scatter near the low end
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of the scale on each plot was due to marginal readability of the manometers
at very low flow rates. We expect this problem to be eliminated when the
solid state pressure transducers are installed.

TABLE 11

Orifice Dimensions and Flow Ranges
Orifice Tube Flow
Orifice Diameter, Diameter, Range,
in. in. 1b/hr.
Primary 161 .43 14 - 50
Low range . _
secondary 113 .43 20 - 90 )
High range ‘
| secondary .209 | .43 | 90 - 310

Thermocouples are being used to provide temperatures of reactant
and product streams, structural and insulating components and to provide
feedback to heater controllers. A total of 46 thermocouples have been
installed, six of which provide temperature feedback to heater controllers.
The other thermocouples are connected to a 40 position switch (Omega Engi-
neering model no. OSW5-40). Temperature readout is provided by an Omega
model 175KC1 digital readout device which includes an electronic ice point
and has a range from -180°C to 1260°C. A sixteen point strip chart recorder
and two single point recorders are also available to indicate trends and
fluctuations in temperatures. '

3. Interlock System

The interlock system is complete to a point that permits sate
operation of the cyclone reactor during methane combustion runs. A1l control
relays and switches are installed and operational, and all but three safety
interlocks have been installed. These three are the loss of air flow, loss of
flame in the reactor and loss of coal feed interlocks. Air flow and reactor
flame are currently being closely monitored with data acquisition equipment.
We expect to have all interlocks operational before coal combustion runs
are commenced. '
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4. Power Wiring

Power wiring for the primary and secondary air heaters and the
cyclone reactor heaters is installed and in service. A1l temperature
.confrq]iers are also installed and in working order. Wiring of the coal
lféédér énd'stéémihgaters will be completed when the equipment is installed.
ATl power wiring and conduit is installed according to National Electrical
,999¢ and Combustion Laboratory safety requirements.

5. Qoa]ifeedef
The Vibra Screw coal. feeder has been calibrated and fitted with
remote monitoring and control devices. Section IV:A contains details of
the calibration results, and Fig. 19 is a schematic of the control and
monitoring devices. A-stand for the coal feeder has been fabricated,
and the feeder itself will be moved into the test cell shortly after
methane combustion runs have been completed.

6. Exhaust System

The exhaust system has been designed and fabricated and is in
service. The line is cooled by a water jacket to maintain temperatures
at the particle separator at less than 250°F due to material limitations.
An ASME standard orifice is located downstream of the particle separator
to provide an indication of the make gas flow rate. A backpressure
valve will be insta]]ed in the Tine prior to high pressure gasification
tests.

7. Steam System

As noted prévious]y, a concrete block building was erected
behind. the test. cell for ‘the. purpose of housing the boiler. The boiler
tsaipsta]]ed;and,power'wiring for it has been pulled and connected. Our
work' bench and -a ‘utility -cabinet have also been moved to this building
to make. more room-in the test cell. The feedwater tank and the remainder
of the steam piping system will be installed shortly after coal combustion
runs have been initiated. - )
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B. Cyclone Reactor Design

lf Reactor Sizing

Reactor size is influenced by the cyclone geométric’pafaméters
and coal throughput (1bm coal/hr-ft®). Residence time, a1though'imp0rtdnt
" is not an independent consideration; both gas and part1c1e res1dence t1mes
are indirectly related to coal throughput. ' o

Geometric parameters for cyclone chambers are ‘reviewed e]sewhere
(Lenzer, 1976). Table III lists the geometric design parameters for our
cyclone reactor. These can be modified later to improve high pressure
operation. Coal throughput was the most influential consideration in the
sizing process. A successful design objective is the ability to operate
at throughputs similar to those achieved in both industrial ‘and pilot
plant gasifiers without exceeding coal feed rates of 40 1bm/hr. Surface
area heat release rates of 3.5 x 10° BTU/hr«ft2 (the same order of magni-
tude as industrial scale) can also be achieved at coal feeds under 40 1bm/hr
(assuming a coal heating value of 12000 BTU/1bm) in 5 to 6 inch diameter
reactors with L/D = 1.67. o

TABLE II1

- Geometric Design Parameters
for the Cyclonc Rcactor

" Swirl number, S ‘ 17.5
Length/diameter ratio, L/D ' 1.67
Throat/cyclone diameter ratio, Dt/D 0.417
Number of tangential nozzles, N 4
Total nozzle/throat area ratio, An/At 0.137

-Due to the reduction in throughput at increased reactor volume,
cyclones with diameters larger than 6 inches were eliminated from consider-
ation. The increased flow disturbance due to sampling probe insertion in
a smaller diameter cyclone precluded further increases in throughput
capability. Consequently, a 6 inch diameter, 10 inch long cyclone was
selected. At high pressures, however, a smaller chamber (or higher coal
feed rate) may become desirable. ' '
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2. Reactor Heat Transfer

Heat transfer calculations were performed to determine thermal
Tosses and to aid the materials selection process. Heat loss estimates
are imperative due to the high surface to volume ratio of laboratory
cyclones. Temperaturehprofiles of the reactor assembly under various
operating conditions help determine the type and amount of refractory
and insulation. These calculations formed the basis for heating element -
selection and pressure vessel design. '

Heat transfer calculations were based on the following assump-
tions: (1) steady state, (2) one-dimensional conductive heat transfer,
(3) isothermal refractory surfaces and (4) negligible radiative heat
transfer. One dimensional heat transfer calculations were made in both
radial and axial directions, and then summed. A first set of calculations
was made for inner refractory wall surface temperatures ranging from
. 1000 to 3000°F. To compensate for two dimensional effects, a second set
of calculations was made for outer refractory wall surface temperatures
over the same temperature range. |

3. Reactor Construction

The reactor assembly is shown in Figure 9. Major aspects of
this design are high pressure gasification, a symmetric reactant inlet
arrangement, separate combustion and gasification zones promoted by
independent steam injection, slagging operation and the use of air with
no oxygen enrichment. While various combinations of these features
have been previously employed by others,.the incorporation of all of

~them is apparently unique. Details of the assembly are discussed in the
following sections. ‘

3.1 Pressure Vessel. The pressure vessel has been designed
in accordance with the ASME Boiler and Pressure Code to operate at
300 psi (20 atm). It is fabricated from a 30 inch length of 24 inch
schedule 20 seamless pipe, A-53 grade B carbon steel (Mutual Pipe and

Supply Co., Inc., Indianapolis, Ind.). A 3 inch A-36 circular steel
plate forms a flat head at the bottom. At the top, a blind flange and
an asbestos gasket are bolted to a class 300 carbon steel slip-on flange
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(Mutual Pipe and Supply Co., Inc.). A 3/16 inch blind flange is used
for atmospheric operation; at high pressure, a class 300 blind flange is
used (Mutual Pipe and Supply Co., Inc.).

3.2 Reactor Materials. The wall and ends of fhe cyclone are
formed from four molded cylinders of Jade-Pak-88-P rammable plastic
refractory (A. P. Green Refractories Co., Mexico, Mo.). ‘This material
resists attack by slag and can withstand temperatures as high as 3400°F
(2140°K). Satanite slag resistant mortar (A. P. Green Refractories Co.)
was used to cement the cylinders together. The cyclone wall is 3 inches

thick; the roof and floor are approximately 4.5 inches deep. A 1 inch
diameter hole in the refractory floor permits slag removal. Unexppcted
swelling of the refractoky during curing resulted in an internal reaction
zone height approximately 3/4 inch in excess of the planned 10 inches.

A 6 inch long, 2.5 inch inner diameter mullite tube (McDaneT
Refractory Porcelain Co., Beaver Falls, Pa.) extends 2 inches into the
reaction zone from the cyclone roof. The tube, which helps center the
vortex and minimizes short circuit flow in the cyclone, is secured to
the refractory roof with Sauereisen Electrical Refractory Cement No. 75
(Sauereisen Cements Co., Pittsburgh, Pa.). '

The floor of the cyclone is supported and insulated by two
layers of G-23 Insulating Firebrick (A. P. Green Refractories Co.). The
side and top of the reactor are insulated with Kaowool bulk fiber (Babcock
and Wilcox Co., Oak Brook, I11.).

3.3 Torch Ignitor. A stainless steel torch ignitor (Fig. 10)
for coal ignition and final refractory preheating fires downward from the

annulus at the reactor roof. Unmixed air and methane flow through the
inner and outer.tubes, respectively. A 0.050 inch diameter tungsten
electrode, electrically insulated by a 0.125 inch outer diameter mullite
tube (McDanel Refractory Porcelain Co.), extends the ignitor length to
provide a 5000 Vac continuous spark at the ignitor- tip.

3.4 Air/Coal Nozzles. Upstream of the reactor, the primary

air/coa]land secondary air flows are each split into four reactant streams
Air and pulverized coal then enter the reactor through four coplanar
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tangential nozzles near the cyclone roof. The nozzles are sealed to the
refractory wall with Sauereisen Cement No. 75. Each nozzle has a concentric
tubing arrangement; primary air and coal are injected through the inner
tube, secondary air'through the outer tube. Entrance velocities will range
from 100 to 300 ft/sec for pfimary air/coal and from 30 to 500 ft/sec

for secondary air.

Dy

3.5 Steam Injection. Steam for gasification will be injected

to the core of the cyclone by one of two possible injection arrangements:
(1) by a steamAcoo1ed“stain1ess steel replacement for the 2.5 inch diameter
mullite tube described earlier, or (2) by an injection tube near the
refractory f]oof; This separate injection of air/fuel and steam, coupled
with cyclone f1OW‘characterfstics, should establish two zones of reaction
within a single reactor stage: exothermic combustion reactions in the
annular zone and endothermic gasification reactions in the core.

3.6 Slag Quench Bath. The slag quench bath consists of a
seamless 4 inch schedule 40, A-53 grade B vertical steel pipe (Mutual Pipe
and Supply Co., Inc.) closed at the bottom by a 3000 psi forged steel
pipe cap (Mutual Pipe and Supply Co., Inc.). The pipe is threaded into
a 3000 psi forged steel half coupling (Mutual Pipe and Supply Co., Inc.)
which has been welded to the bottom of the pressure vessel. A 3 inch

diameter stainless steel tube welded to the pipe extends upward to the
exit of the slag tap. 'Current1y, water replenishment is a batch operation;
a more sophisticated system is being considered.

3.7 Reactor Cooling Coil. Product gas leaving the reaction

zone is immediately cooled by a system consisting of a 10 inch long,

4 inch diameter stainless steel tube lined with a water conducting coil
of 1/2 inch diameter stainlessustee1 tubing. A flange at the base of
this assembly is secured to<the refractory roof with Sauereisen Cement
No. 75, thus.providing a seal. At the top of the pressure vessel, high
temperature. packing seals. the 4 inch stainless tube to a 3000 psi forged
steel ha]f»coup]ing (Mutual Pipe and Supply Co., Inc.).

’
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3.8 Sampling Probe and Observation Window. From the pressure
- vessel, reaction products flow through a 1 foot length of 4.inch schedule
40. stainless steel pipe (Mutual Pipe and Supply Co., Inc.) to a reducing
tee where they enter the water jacketed make gas cooling system..- A 4 inch
3000 psi forged steel pipe cap (Mutual Pipe and Supply Co., Inc.) threads
onto the tee and supports the sampling probe and observation window.

The water cooled sampling probe consists of a triple walled stainless
steel ‘tubing arrangement which extends downward to a point slightly above
the cooling coil. The window is a.1 inch diameter, -1/2 iinch thick - -
quartz:disk. A small mirror positioned above the observation window
permits monitoring of combustion activity from the control room.

© 3.9 Overpressure System. A simple overpressure system has
been developed to prevent. leakage of reactants -and products:from the
reaction zone to the insulated portion of the pressure-vessel. Pressure
in this void volume is raised to secondary air static pressure via a
1/4 inch stainless steel tube. In addition to preventing leakage, this
system protects the refractory by equalizing internal and external pres-
sures. The cyclone vessel pressure gage is incorporated into this system.

3.10 Heating Elements. Four quarter-cylindrical electric
heating elements. (Electro-Applications, Inc., Canonsburg, Pa.) which-
enclose -the refractory wall provide preheat capability and minimize wall
heat losses. -These elements, 16" inches long, extend beyond .the chamber
end walls to promote a flat temperature profile in the reaction zone. The
elements are slotted to permit passage of the air/coal nozzles.

The heating elements operate between two phases of the 240 Vac
three phase system. Power leads penetrate the vessel via two electrical
conductor sealing glands (Conax Corporation, Buffalo, N. Y.). Maximum
allowable element temperature is 1200°C; total heating capability is 8 kW.

3.11 .Thermocouples. An extensive thermocouple system provides
reactant and product temperatures, critical material temperatures, and
feedback for temperature controllers. Within the cyclone pressure

37



vessel, nine inconel sheathed chromel-alumel thermocouples (Omega
Engineering, Inc.) serve the following functions: two provide feedback

to the reactor heater temperature controller; five, located at the ends
and seams of the refractory cy]inders, provide a profile of refractory
temperature; one measures product gas temperature; and another remains as

a spare. E1ght of these thermocoup]es, all 1/16 inch in d1ameter enter
the pressure vessel through a multi- hole packing gland (Conax Corporation).
A single hole packing gland- (Conax Corporation) facilitates replacement

of the 1/8 inch diameter product gas thermocoup]e should it fail due to
severe cond1t1ons in the product stream.

C. Jet Gasifier Design-

The reactor ié}dehigned to demonstrate, on a laboratory scale,
that the fluid mechanical properties of a swirling jet can be used to

enhance performance and control of a coal gasification reactor. Major
reactor variables (inlet velocities, confinement ratio, etc.) can be
varied independently to assist in characterizing their effects. .This
procedure will elucidate those areas of existing hurner technnlngy which
can be directly applied to gasification, and indicate new directions for
areas in which simple extrapolations are not possible. The reactor is
desighed to combust coal initially; after combustion has been stabilized
and investigated, the reactor will be shifted to gasification. Combustion
of other fuels such asﬁo%l, char or low BTU gas could be studied in the
reactor with appropriate injector modifications.

Figures 11 and 12 show the general layout and dimensions of the
reactor. Reactor sizing was based on an upper 1imit of 28 1bm coal/hr
and combustion at 20% excess air. A four to one turn-down ratio should
be possible without reactor modifications. Higher feed rates will be possible
under pressure operation, and for gasification at atmosphefic pressure.

Reactor .design begah with the primary air injector. As each
successive component was deéigned, it was checked to insure that sufficient
flexibility was available to allow for the reduced mass flow rates of
gasification. Since vertical firing was selected to avoid coal settling,
a reactor which could be tilted for maintainance and probe insertion was
required to avoid the length Timitations exerted by the test cell ceiling
height.
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1. Primary Injector

‘ By controlling the axial and radial velocities of the primary
stream, the primary injector can alter flame shapes (Heap et al., 1973)
and govern mixing with the secondary stfeam. Ideally, the primary injector
should have thé capability of directing the primary stream and controlling
its velocity with a minimum of "bluff body" effects. The recirculation
zones which develop behind bluff bodies frequently cause soot deposition
on injectors. With swirl, geometrically induced recirculation is not
required and should be avoided.

_ Figure 13 shows the primary injector which will be used in the
gasif{ér. Unlike many other lab scale injectors, it does not have signif-
icant bluff body'effects, yet it provides axisymmetric flow with varying
amounts of radial momentum. This injector is patterned after the concen-
tric ring arrangement suggested by Babcock and Wilcox (1963). Table IV
gives the axial velocities for three different configurations and
indicates operating conditions where they will be useful.

The sizé.bf the outer tube of the injector can be varied by
reducing the size éf the swagelok adaptors and pressing a sleeve over
the smaller tube to seal against the adapter plate at the top of the
swirl generator (see Fig. 14). Changing the primary configuration will
require approximately 4 hours of reactor down time, since the reactor
must be tilted to provide sufficient head room to remove the primary
tube.

2. Secondary Air Throat

As shown .in Fig. 11, the secondary air throat and the divergent
quar] are cast into a removable section of refractory in the upper chamber
end wall. Changing the secondary velocity can be accomplished by changing
throat blocks, secondary air temperature, or primary to secondary air
ratio. Changing the divergent angle will require changing blocks.

For combustion, the secondary air throat will be 2 inches in
_ diameter. Velocities will be less than 125 ft/sec, as recommended by
Babcock and Wilcox (1963). Divergents with an included angle of 90° or
less and a length/throat diameter ratio of unity can be incorporated into
the block. Initially an included angle of 70° will be used as recommended

by Beer and Chigier (1972).
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‘Section AA

Injec’rof No. A¥ - B C D E
P-1 0750 0.035 0.500 0.035 050
P-2 0.750 0.065 N.A. N.A. N.A
P-3 0.500 0.035 0.250 0.035 ¥
P-4 0.375 0.035 0.250 0.035 * ’
¥ All dimensions in inc;hes '

*  Not yet determined

Figure 13. Jet Primary Injector
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TABLE 1V

Primary Stream Veloc-ties (ft/sec)
at Atmospheric Pressure*

Flow Rates (1bm hr) Injector Type**
Coal . Air® Steam P-1or P-2 P-3 P-4
7 15 -- 33.1 90.1 #
20 30 - ' 66.3 180.1 #
20 45 -- 99.4 # #
2C 60 -- 132.6 # #
28 42 -- 92.8 # #

7 - 2P # 42.7 102.6
14 - 10° 76.5 # #
28 - 20P 153.1 # #

7 -- -2 ? 30.8 74.5

14 -- 10¢ 55.4 154.4 #

* Recommended minimum ve]ocﬁty is 35 ft/sec for down fir{ng~(Babcock &:Wiﬁcox,’1963)

** See Figure B N : B . o _ ,
% Velocities based on 660°R(p = 0.06013 Ttm/ft®)

- ® velocities based on 1460°R(p = 0.01691 Thm/ft?)
€ Velocities based on 1060°%(p = 0.02333 Tbm/ft?®) °
# Injector not used for these conditions



Exchanging nozzle blocks will require 2 days of reactor down
time. The blocks are designed to slip quickly into place, but Towering
the reactor and removing thé top closure will be required for each
block change. "For-initial atmospheric runs before internal probiqg is
required, the reactor will be left in the lowered position with a.light
top closure. This will reduce the exchange time and experience gained
up

n

in early runs should reduce the number of changes necessary for
position". pressurized runs.

3. Swirl Geqerator

The key to performance of the gasifier is swirl.: The swirl
number (see Chapter”I) has been shown to effectively characterize §wir1ing
flames (Kerr and.Fraser, 1965; Beer and Chigier, 1972; Syred and Beer,
1974). Swir1vshou16 therefore be both easily variable and precisely
determinéd. The moving block swirl generator developed by Leuckel at
IJmuiden can provide continuously variable swirl and the position.of
the blocks correlates well with swirl number (Beer and Chigier, 1972;
Grant ef a].? 1977). Figure 14 shows the movable block swirl generator
for the gasifier.

As noted by Grant et a].'(1977), primary velocity has a signif-
icant effect on the swirl number for some conditions. In gasification,A
primary flows may be as high as 30% of the total mass flow. Hence, total

swirl number (S_) must include both primary and secondary flows; the

)
secondary’swif]tﬁUmber‘(SS)‘(commonly used for characterizing industrial
units) is not adequate. .Both total and secondary swirl numbers can be
correlated with swirl generator block position, although additional
flow information is required for the total swirl number. In both cases,
the velocity through the swirl generator does not enter explicitly, so
one swirl generator 'will be useful for all flows and pressures. Swirl

numbers are correlated by (Appendix A):

S - UAeAppa '
t 21rBR[paAp + p AT+ F1y?)]
oA
_ e
Ss © 7mR
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where
T tan %'cos [a - %ﬂ sin o
2tan 5 cos (- 5) + sin [m=E]]7

f and ¢ are the mass flow ratios of coal to primary air and primary air

a:

to secondary air,'respectively. Ae is the secondary throat area, Ap:the
primary injector area, p, the density of the primary air excluding coal
and P the secondary air density; the remaining variables are geometric -
parameters defined by Fig. 27 in Appendix A.

The swirl blocks were designed with a larger block angle (a)
than the original IJmuiden generator to insure that recirculating flows
will be available under gasification conditions. The swirl generator is
capable of total swirl numbers in excess of 1.0 for all combustion and
gasification conditions expected. Much higher swirl numbers will be
possible under combustion conditions where the primary momentum is small
with respect to the secondary momentum.

. The position of the swirl blocks is varied by a rod passing
through the reactor shell. The rod and positioning nut have fine threads
to insure precise placement of the swirl block. The,swirT/g}ock position
is determined by the location of a follower nut on the outside of the
vessel. The position of the nut with rgspecf to a stop will be measured
with a vernier caliper and correlated with the swirl block parameter o..
Coarse threads are used for the follower nut to magnify the position
indication and reduce readabi]ity errors. Safety regulations will not
allow entering the ce]lffb change swirl while reaction is taking place,
but reactor down tjnm’shou]d be no more than 5 minutes. If changing
swirl during a run is found to be desirable, the swirl adjustment will
be motorized4/¢ |

‘The swirl generator will be constructed entirely of stainless
steel to avoid warpage and corrosion at the high temperatures expected
in this area. Ninety percent of the material has been purchased, and
machining is underway on those portions which are not dependent on pressure
vessel design.
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4. Reaction.Chamber and Pressure Vessel

. The refractory lined reaction chamber is housed in a pressure
vessel designed for 20 atm operation. Access to the chamber is pro-
vided for an ignitor, two probes and two observation windows. The
reactor can be tilted or lowered for assembly or probe exchange.
Figures 11 and 12 show the arrangement of the reactor internals. Note
that the use of an offset probe will allow complete mappinngf'radial
and axial profiles. S

4.1 Reaction Chamber Size. The initial objective -was to design

a reactor which would allow free jet development of the coal flame.
However, the large rates of spread characteristic of swirled jets (Kerr
and Fraser, 1965;.Beek and Chigier, 1972) would require a prohibitively -
large chamber. Further, most industrial flames experience some degree
of confinement either by walls, tube banks, or surrounding burners.
Pershing and Wendt (1975) operate their coal burner at an apparent
confinement ratio (diameter of chamber/diameter of the secondary air
throat) of 4.4:1. Beer (1976) suggests that a 6:1 ratio is probably a
reasonable approximation to industrial practice. ' ‘

Since the confinement ratio has a strong effect on the external
recirculation zone (which may be very important in stabi]izing gésification
reactions), flexibility of confinement ratio was ihcluded as a design
criterion. An initial confinement ratio of 7.5:1 was chosen. This
value is greater than industrial practice, yét‘the chamber can still
be accomodated within a 24" pipe. ’

As Fig. 11 shows, the refractory shell is cast in sections with
the tob tWo sections covering n50% of the reactor length. These two
sections will be exchanged with sections of sma]lek I. D. to change -
confinement ratio. By maintaining the original chamber diameter, confine-
ment ratios -up to 30:1 are possible at 20 atm. o

Table V predicts the point of wall contact and mass recirculation
ratio (recirculating mass flow/initial mass flow) at several swirl numbers
for the initia]lconfiguratioh. The values presented are based on a modified
Thring-Newby analysis with extrapolation of the Kerr and Fraser (1965)
jet spread and entrainment data (Appendix B). These predictions show that
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L TABLE

Point 6? Wall Contact and Recirculation Ratio’

Total Swirl Number

0 0.6 1.0 | 1.5 2.0 2.5
Wall Contact _ :
?oint . 2.92D 1.02D 0.683D 0.446D 0.297D 0.190D
mr/lh0 : 3.38 2.49 2.23 1.88 1.48 1.02
‘ \ -
.1- \
Nozzle .Diameter (d) - 2 in.
Chamber Diameter (D) - 15.25 in. = 7.625 d

Chamber Length (L) - 50 in. = 3.28D



the recirculated mass flow outside the jet decreases with swirl.. For
the gasifier then, the effectiveness of the outer recirculation zone
as a flame stabilizer will decrease with swirl. A recirculation ratio
greater than one can be maintained up to a swirl number of 2.5. Unlike
industrial units with cooled walls, the recirculated gases will retain
most of their temperature and a recirculation ratio of unity may be
sufficient for stability. v |

4 The chamber length is sufficient to allow even an unswirled jet
to contact the wall before the chamber end. The chamber volume allows
the volumetric heat release to vary from 1.6 x 10* to 6.3 x 10* BTU/hreft?.
As shown by Table VI, these heat releases are of the same order as other
successful laboratory scale coal combustors.

4.2 Refractory and Insulation. The réfractory walls will be
cast of Harbison Walker Lightweight Castable No. 30. This is an insulating
castable with an upper recommended use temperature of 3460°R. Since it

has very poor resistance to slagging and abrasion, a coat of A. P. Green
Satanite approximately 1/8" thick will be applied to all inner surfaces.
Satanite is a slag resistant mortar for use up to 3660°R. |

| A 1/32 inch stainless steel sheet surrounds the refractory;
it serves as an alignment tube for the refractory sections and maintains
the integrity of the Kaowool insulation should refractory cracking
occur. A port is provided in the refractory and stainless sheet for the
observation window.

Two inches of Kaowool bulk insulation surround the refractory.
The Kaowool provides the major resistance to heat flow out of the reactor.
It will be packed to an 8 1bm/ft?® density, but will not have sufficient
compressive strength to prevent the refractory lining from shifting when .~
the reactor is tilted. Small blocks cut from insu]ating fire brick will
be placed between the refractory-aligning tube (stainless steel sheet)
and the vessel wall to steady the refractory. - . ' '

A polished stainless steel bezel will surrOUnd'thé,viewing.port.
and extend into the refractory opening .(Fig. 12). This serves to hold
the Kaowool in place and protect .the véssel wall fr0m~radiation;”-CooTing
nitrogen will be supplied through.the base .of the sight glass. - -
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Coal flow

TABLE VI

Heat Release Rates for Coal Reactors

Throdghput

(1bm/hr) - (1bm coal/hr-ft®)

How, Kear, and Whitting- ‘1.0 - 4.5

ham (1954)

Kurtzrock; Bienstock
and Field (1963)

Pershing and Wendt (1975)

Present reactor

1

- 6.6

.- 28

0.7 - 3.0
0.7 - 2.7
5.6

1.3 - 5.3

Volumetric
heat release
(BTU/hrsft3)

0.9 x 10* - 3.6 x 10"
0.9 x 10* - 3.5 x 10%

7.6 x 10"

1.6 x 10* - 6.3 x 10%

Surface heat
release
 (BTU/hreft?)

< 6.5 x 108

- 9.6 x 10°

- 0.4 x10 - 1.7 x 10"



The chamber ends are also made of insulating castable refractory.
The upper end is cast in two sections to allow changing the secondary
throat and divergent quarl. The lower end contains the Qas exit, probe
opening and axial viewing port. A two piece refractory insert is used
around the probe to provide a close fit while still allowing removal of
the off-set probe. _

A11 refractory pieces will be cast in wooden molds. The molds
will be removed after the refractory has been heated to 690°R and further
curing will be done with temperatures up to 2000°R. After the high
temperature cure, the refractory should allow rapid initial heat up with
the methane ignitor. The thin sections of refractory promote short heat-up
and cool-down times. ’ -

4.3 Thermal Analysis of the Refractory Chamber. In order to

determine the suitability of the refractory wall and predict exit gas
temperatures, a stirred reactor-equilibrium model was employed. The
model assumes that the contents and properties of the reaction chamber
are uniform throughout and that all the coal reacts to comp]etidn. The
analysis is presented in detail in Appendix C. , i '

Figure 15 gives the shell vessel temperature-as a function of
the refractory inner wall temperature. As long as inher wall temperatures
are below 4000°R, the vessel temperature will remain below 960°R with only
natural convection and radiation cooling. " The vessel is designed for
1110°R. | | , - :

Figure 16 shows the gas temperature as a function of heat loss
rate for various coal flow rates at stoichiometric and 20% excess air.
Also shown is the refractory inner wall temperature as a function of heat
loss rate. If refractory temperature is assumed to equal the gas temperature,
the points of intersection represent stable operating conditions. These ‘
intersections indicate that stability should be no problem even at the
lowest flow rates. Pershing and Wendt (1975) report auto-ignition of
their coal jet with wall temperatures as low as 2360°R. Even if heat
1psses are greater than predicted and incomplete combustion leads to lower
heat release rates, stable operation will be possible, particularly
at higher flow rates. ' '
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Figure 16 indicates that the upper limit to combustion placed
by the refractory temperature may be as Tow as 9 1bm coal/hr for stoichio-
metric conditions and 14 1bm coal/hr for 20% excess air. This assumes
that the refractory temperature equals the gas temperature. In fact
refractory temperatures will be lower. Based on conservative assumptions
(Heat transfer over-estimated) concerning the gas-wall energy exchange,
Appendix C shows that the gas temperature will be 60°R higher than the
wall temperature at stoichiometric and 9 1bm/hr, and 65°R higher at 20%
excess air and 14 1bm/hr.

While these figures indicate some curtailment of combustion
flow rates, they also show that heat losses for gasification will be
minimized. Achieving stable combustion is virtually assured even at
low flow rates; higher flow rates are available to compensate for
errors due to the simplicity of the model.

4.4 Ignitor. A spark initiated methane/air ignitor is.posi-
tioned to fire across the coal jet. The ignitor will be used to preheat
the chamber and to stabilize the coal flame until the walls are hot
enough to insure a self-sustaining coal flame. A similar ignitor has
undergone testing in the cyclone chamber and was found to be stable
and easy to light-off.

4.5 Cooling Coil and Exhaust Piping. As the hot gases leave

the reaction chamber, they encounter the water-cooled coil shown in Fig. 11.
This coil begins cooling the gases and protects the vessel from overheating
at the exhaust opening. Exhaust piping downstream of the cooling coil
will be water jacketed.

The cooling coil will be made of 3/8" stainless steel tubing
coiled to fit inside a 4 inch pipe. Initially the cooling coil will
be exposed directly to the hot gases leaving the chamber, providing the
maximum cooling. If .slag plugging occurs, or the coil suffers from
excessive abrasion or overheats, a 3/4 inch layer of refractory will be
applied to reduce cooling and protect the coil.
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It is not clear how the coal ash will behave in this system.
If the bartic]es follow stream lines and avoid wall contact, they will be
cooled by radiation in the exhaust section and collected as dust particles.
The ash will certainly be liquid at the chamber temperatures we have
predicted, so some wall slagging may occur. This can be controlled by
appropriate exit modifications; for example, using the lower ash collection
pipe as a water bath slag quench, and in extreme cases, providing radiant .
cooling surfaces inside the vessel. Other investigators using laboratory
scale reactors (Pershing & Wendt, 1975; Smoot and Hanks, 1977) have not
reported slag problems, so we are delaying any specific slag control '
measures until ash behavior is more clearly defined.

4.6 Pressure Vessel. The pressure vessel is a piece of 24"
schedule 20 seamless pipe with standard pipe flanges and a welded end cap.
A11 portions meet or exceed the requirements of the ASME Boiler and
Pressure Vessel Code for a design of 650°F and 300 psig. The vessel will

be constructed by the Purdue Machine Shop; material procurement has begun
with a tenative completion date near the end of October.

The entire pressure vessel will be supported from-trunions
placed just below the upper flange (just above the center of gravity).
By disconnecting the exhaust-and inlet lines, the reactor can be tilted
30° in either direction. Additionally, the reactor can be lowered 24"
from its normal operating position. The reactor must be vertical to
operate, but inlet and exhaust lines will be designed to allow operation
in either the up or a partially lowered position. Safety brackets will
prevent the reactor from shifting in the event of an hydraulic cylinder
failure. Trunion, safety bracket, hydraulic cylinder, and flange bolt
inspections will be included in a periodic maintenance schedule.

4.7 Probing. A stationary probe will be inserted through the
exhaust gas cleanout cap. This probe will bé used to obtain initial

reactor performance data; it will also serve as a safety check for ignition
and confirm gross reacfor behavior after internal probing is initiated.

A traversing offset probe will be inserted through the lower
vessel head and used to map concentration and temperature profiles inside
the chamber. Probe travel is restricted to 24 inches by the test cell
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ceiling height, so a single probe will not cover the entire chamber.

As noted in Table V, the wall contact point is less than 16 inches from
the jet exit for swirl numbers greater than 0.6. A single probe will
therefore aT]ow probing'of the most significant portion of the reactor.
If necessary, a second probe can be constructed to traverse the lower
half of the chamber. .

The probe will be water-cooled with a 1" diameter at the béSé,
reducing to a 3/8" diameter near the tip. The 1arge'base is required‘io
aid in stabilizing the long unsupported probea: the small tip should
minimize flow disturbances. A ceramic tip would bé'very desirable, but
initial effdrts'to design an economical céramic probe have not been fu
successful. S ' s

A preliminary design of the probe traversing mechanism was
considered during vessel design to insure that enough clearance would be
available. A ball screw device will be used to position a translating.
platform which supports the probe.. A second motor will rotate the probe
through 180° to provide full radial profiles. ‘ ‘

5. Summary

As designed, the reactor will provide an effective tooT.for _
investigating the combustion and gasification of pulverized coal or char
in a swirling jet. Sufficient flexibility is available in the reactor
to compensate for off-design firing condiiions and to study the effects
of varying reactor configuration. 0ptica1laccess js provided for visual
observation of the flame. Internal probing of the entire reactor chamber
can be accomplished with two probes.

D. Sampling System

In our Qasification program we w%]] attempt to measure gas-phase
composition and temperature, not only at the exhaust but also within each
gasifier. The presence of water and particulates will present special
problems; however, the measurements can be made by an appropriately designed
mass spectrometer-probe system.
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1. Mass Spectrometer

~ The UTI-30C quadrupole mass spectrometer system is in working
~order and has been successfully calibrated. Tests reveal that the Q-30C
is suitable to resolve gas mixtures similar to those expected during coal
gasification (see Appendix D).

2. Calibration System

A simple calibration system has been designed and bui]f (Fig. 17).
The system is capable of mixing calibration gases of known compostion from
pure gases by carefully monitoring the partial pressures. Pure bottled
gas is introduced into the manifold and then into the glass mixing vessel.
A manometer monitors the pressure each time more gas is introduced into
the mixing vessel. The heated portion of the system allows mixtures
containing known amounts of water vapor to be made. System leaks can be
detected by a McLeod or Pirani gage. \

3. Sample Inlet Sysfem

A schematic diagram of the sampling system is shown.in Fig. 18.
Sample gases enter thewater-cooled stainless steel probe where the chemical
reactions are quenched (Chedaille and Braud, 1972). *Heated, teflon lined
tubing (Technical Heaters Inc.) is used to minimize water adsorption and
condensation, catalytic reactions and adherence of tars and solids between
the probe and the mass spectrometer (Fuchs et al., 1974). A Universal
011 Products % inch cyclone and a Balston 95A filter are used to remove
particulates from the sample gas, as particles may damage the mass spectro-
meter. Together they are capable of removing all particles greater than
0.6 microns in diameter and most of the smaller particles. The vacuum
pump pulls the sample to the mass spectrometer and regulates the sample
:gas flow rate and pressure at the mass spectrometer inlet. The N2 back
flow system will allow high pressure flow thrdugh.the probe to remove any
blockages which may occur.
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4. Probes

Presently, water cooled stainless steel probes are used to
sample product gases ‘from the exit stream. Consideration is being given
‘to long water cooled or steam cooled probes for-internal reactor sampling.
The design may incorporate a thermocouple for temperature measurement and
a screen to prevent entry of large particles. A mechanism allowing.probe

movement is being examined.
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IV. PRELIMINARY EXPERIMENTAL RESULTS

A. - Coal Feeder

During the Spring of 1977 the coal feeder was equipped with
remote control devices and calibrated. The feeder is a Vibra Screw
Live Bin Feeder, and it employs a rotating, vibrating auger fed from a
vibfating bin. The bin capacity is three cubic feet, and the feed rate -
range is 4 to 40 1b/hr for a material of density 40 1b/ft3, approx1mate1y
that of loosely compacted pulverized coal.

A non-contact magnetic sensor (Electro Products Corporation
model 3030AN) was installed to provide a signal proportional to the
rotational speed of the auger. “An iron gear with 120 teeth was attached
to a shaft gearedidirectly to the auger shaft; the magnetic sensor thus
produces a voltage spike each time a gear tooth passes it. A Heathkit.
model SM4100 frequency counter counts the spikes and provides a display
proportional to the auger rotational speed. The overall sensitivity of
the system is twn Hz per rpm auger speed.

In order to provide remote rotational speed control, a servo
motor (Bodine Electric Company model 415) was installed to drive the
feeder speed adjusting crank. The motor is a reversible induction motor
with a rated torque of 32 in-1bs and a maximum speed of 14 rpm. Push
buttons on a remote controller are used to pusition the adjusting crank,
and limit switches shut the servo motor off when the adjusting crank
reaches maximum and minimum settings. Figure 19 is a schematic of the
feeder control/monitoring system.

The -feeder was calibrated with Southern Indiana bituminous coal,
which is to be used for the initial gasification experiments. After pulver-
izing, the coal was found to have a Rosin-Rammler particle size distribution
as follows:

1.23

RR = 100 exp| -(xs/56)]
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1t was found that 75.2% of the coal passed through a 200 mesh screen.
_ Results of the feeder calibration are shown in Fig. 20. A least
squares fit showed that the feeder calibration could be most conveniently
represented by tHe piece-wise 1inear'plpt shown. Using sixty second samples,
~ the maximum experimental error usihg this-calibration was found to be less
than one percent. ) |

Tests were also run to determine the feeder percent error és
a function of sampling time and mass flow rate. Figures 21 and 22 are
p]ots of percent error versus sampling time and percent error versus
flow rate, respectively.: As one might expect, percent error decreases
. rapidly with increased sampling time. In order to help alleviate the
minute variations in feed rate observed, a vibrating wooden-cone has been
installed between the feeder discharge and the coal entrainment vessel.
The coal leaves the-auger and falls onto the center of the cone and gradually
“slides off the smooth, sloping surface, falling into fhe'entrainment vessel.
Variations in feed rate due to the cyclic nature of the auger are thus
reduced to an even lower level. This design is undergoing further testing
and should become an integral part of the feeder mechanism. '

’

B. Qggrationél System Checkbht

~ A series of informal hot and cold flow tests and the formal
methane tests covered in section E have shown that: the completed portions
of the cell and the cyclone reactor can be expected to conform to design.
The informal tests were conducted to show only the general behavior of
various systems and to confirm the safety of the overall design prior to
reactive tests. | '

1. Cold Testing and Dry Run Operatﬁpn'

Prior to any operation of the system, a detailed operating
procedure was developed and approved by.the Combustion Laboratory'safety
committee, The procedure includes item by item checklists for start-up,
operation, shutdown and ﬁbhitoring of the reactors, specific operator
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. responsibilities and an outline of emergency procedures. A dry run opera-
tion was done with all potential operators present to insure familiarity
with the system and solve any remaining problems. ‘

Fach system was independently tested under flow conditions.
Initially, pressure surges which blew the fluid out of the flow metering
manometers were encountered upon opening a remotely operated valve. This
problem was overcome by installing snubbers and a manometer bypass valve
in the sensing lines. With the exception of the surges, the systems all
performed as expected. Flows were stable and controllable. With propér
settings on the selector valves downstream of the controller (insuring
adequate back pressure at the regu]ator), very precise control is possible.

During’ the ¢old flow tests all systems required for initial :
operation were tested and:found to be in good operating condition. Trips
were simulated, and: we found that a 30 second purge effectively cleared
the cyclone reactor. ' |

2. Hot testing

The performance of thé air heaters and reactor heater were
checked during the hot unreacting tests. The reactor heater was used to
heat the refractory for final curing and prior to methane firing. Set-point
increases have not been automated, but otherwise, the heaters are completely
automatic, reaching and holding tempekature well. i

The incoming air. heater maintains temperature at the orifice °
meters at 45°C for all flow fates, simplifying the flow measurement pfocess.
It responds to changes of flow rapidly and with good stability. The
secondary air heaters also worked well. Secondary air temperatures have
been as high as 400°C. However, the fast response of. these heaters to flow
rate changes has created some stability problems. Since the flow is
controlled on the basis of pressure, increasing system resistance as temp-
erature increases reduces the flow rate:- The reduced flew rate requires’ |
less heat, so the heaters turn down and the flow rate goes up-again. Flow
rate fluctuations on the order of 2% were observed. We believe that
a thermocouple averag1ng technique will solve this prob]em

During methane tests, we found that the heater ‘shells overheated
at very low flow rates (much less than for cnal runs). When the air flow
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interlocks are installed, they will prohibit operation of the heaters
at dangerously low flow rates. A1l heaters are surrounded by explosion
cases to prevent personal injury should a shell failure occur.

3. Methane Combustion Tests

The methane tests (see Section E) provided an opportunity to
observe the system under combustion conditions. -Although the flow rates
were low, the system behaved well. Exhaust temperatures were as high as
1000°C at the reactor exit. The ceramic tube which formed the reactor
exit throat broke during the tests, apparently due to thermal shock. This
was the only adverse condition observed with the exhaust cooling system;
other exhaust components performed well. .

The ignitor was stable and easy to light off under the operating
conditions of the tests. Some problems were noted with long term stability,
apparently due to dielectric breakdown after operation for periods over
1 hour. Since the ignitor will only be used for short periods during
start-up and shut-down, this will not be a Timitation. The dielectric
regained its initial strength after a 15 minute cooling time in all cases
where problems were encountered.

During the methane tests, the thermocouple monitoring system
provided rapid temperature indication of ignition and data acquisition
was very ~asy for all forty thermocouples. Flow data were much more
difficﬁ]t to record due to the necessity of reading manometers and
pressure gages. MWhen the electronic flow system is complete, it will be
similar to the thermocouple system and dataacquisitionwill be much faster
and more accurate since a signal proportional to flow will be read directly.

The methane flow tests were the first indication of how valuable
the mass spectrometer is to the operation and testing of the coal gasifiers.
It provided a rapid (<5 seconds) indication of ignition. Additionally, the
operator can tell at a glance how the system is performing. The presence
of primary gases such as oxygen or methane can indicate both the occurrence
of ignition and the efficiency of combustion.

During the methane tests, the primary orifice meter was placed
in the exhaust system to measure exit gas flow. The mass flow indications
from this meter confirmed the input flows. This indicates that our system
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is leak free, and that the flow meter calibrations are accurate. Fiqure 23
is a plot of the exhaust fTow versus input flow for one set of cold flow
conditions. '

When the jet reactor, coal and steam systems are installed, they
will receive a similar shakedown. Based on our experience so far, we
expect the systems to perform reliably as designed so that a minimum of
time is required for hardware maintenance. A maximum effort can be placed
on obtaining effective experimental results to both demonstrate the
feasibility of these systems and back.up our modeling efforts.

C. Mass Spectrometer Calibration

Calibration and testing of the UTI Q-30C mass spectrometer system
is complete. Calibration tests have been performed with gas mixtures
- containing HZ’ CH4, H20, N2, co, 02 and C02. Gas mixtures similar to those
expected in combustion and gasification experiments can bé resolved to
within five percent of the actual mole fraction for each species.

1. Mass Spectrometer

A UTI Q-30C guadrupole mass épectrometer system is used to
analyze the cyclone and jet reactor product gases. The Q-30C system
has several features essential for our program requirements. The 1n1et
system is designed for continuous sampling, has rapid response, and can
tolerate high pfessures (50 psia). HighkconcentrationS'of water yabor can
be measured, as the inlet is heated. A Faraday cup is used rather than
an electron mh]tip]ier to enhance response linearity. Hydrogen can be
measured for concentrations under 15%. A completely automatic bakeout
cycle provides for eliminating large background interférence.

2. Calibration Methods

A simple calibration system was designed and built to make
sub-atmospheric gas mixtures of known composition (Fig. 17). Pure
gases purchased from Matheson Inc. were used to prepare gas mixtures.
The concentration of each gas in a mixture is determined from its partial
pressure, which is measured by a mercury manometer (with the exception
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of HZO)' Gas mixing was aided by a magnetic stirrer. The total pressure
of each calibration mixture was approximately 500 torr.

Water was handled by heating the calibration system such that
the lowest system temperature was at the liquid-vapor interface within the
water reservoir (Fig. 17). The interface temperature determines the
equilibrium water vapor pressure within the system. water vapor can then
be allowed to enter the evacuated mixing flask. After equ111br1um is
attained, subsequent gases can be introduced to form a water-containing
mixture of known composition. |

In all calibration tests, efforts were made to keep sémp]ing
conditions close to those expected in combustion and gasificatidn experi-
ments. The sample pressure, temperature and composition may all cause
variations in the calibration data. The inlet pressures of .the gas
samples were always between 400 and 600 torr; inlet temperature.was
kept at 200°F. Calibration gas mixture compositions were confined to a
range expected in actual experiments. '

The gases considered in calibration were HZ, CHy» H20 €0, N,
02 and C02.
monitored to calculate the sensitivity of each gas relative to nitrogen
(with the exception of CO). Each binary mixture contained 50 to 95
percent N2, as experimental product gases will consist largely of N2.
The relative sensitivity of CO was determined indirectly from CO/Ar and
Ar/N2 mixtures. Fragmentation patterns were determ1ned from both pure

Binary gas mixtures consisting of N2 and a second gas were

gases and binary mixtures. The fragmentation data for co and the magnitude
of the CH4 14-peak were determined from the pure gases.

Test gas mixtures of progressively increasing comp]ex1ty were
prepared to check the relative sensitivity and fragmentation pattern data.
Further adjustments in the calibration data were made from these tests.

A final set of mixtures, similar to those expected in experimental sampling,
were used to test the ability of the mass spectrometer system to determine
the mole fraction of each gas. Results from these tests appear in

Appendix D. ' .

3. Data Reduction

The gases considered in calibration have interfering fragmentation
patterns (more than one gas producing a signal at a given mass/charge ratio).
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To resolve the complex gas mixtures, 10 separate peaks were monitored for
the 7 gases considered. A system of 10 equations and 7 unknowns must
therefore be solved. The computer program of McLean and Sawyer (1967){
which utilizes a least squafes technique to solve an overspecifigg 5
system of equations, is used to resolve the gas mixture data. The program
calculates the mole fraction of each gas, the standard error of Cajcu]atidn
and the residuals left for each peak height. ,
The actual composition of each calibration mixture is known from
pressure measurements when making the mixture. This known compoéition can
then be compared to the computer program results, as calculated from
the mass spectra. Appendix D contains the results of several_cq]ibration
tests of complex gas mixtures and a discussion of erro}s. Thé§é'ca1jbrétion
experiments clearly show that the mass spectrometer can be used to resolve
mixtures expected in our coal gasification experiments. ‘

D. Cyclone Reactor Tests

Twn phases of cyclone reactor testing have been completed: a
particulate residence time study of the cyclone using a Plexiglas model
and initial methane combustion runs with the torch‘ignitor. The residence
time study confirms that sufficient combustion time is available to nearly
all coal particles. Methane combustion in the cyclone enables both quali- .
tative assessment of various reactor design features and preliminary product
gas analysis via the mass spectrometer under relativeiy clean operating -
conditions. The results of these tests provide the basis for several
conclusions and recommendations for future cyclone operation.

1. Particulate Residence Time Study

A Plexiglas cyclone, fabricated to the design dimensions of the
cyclone reactor, was used to observe coal particle behavior under cold
flow conditions. Coal particles (100% through 400 mesh) were injected into
the cyclone through one of four tangential nozzles; air was injected through
all four nozzles. Due to Timitations in the air system, volumetric flow
rates were restricted to the lower half of the range anticipated under
combustion conditions.
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-Injected particles either left the cyclone immediately or
remained indefinitely in one of three regions: at the intersection of the
wall and roof, at the intersection of the wall and floor, or at the
center of the floor (in contrast to the sloped floor and slag tap in the
reactor, the floor of the model is level and has no slag tap). It is
assumed thét particles Teaving the cyclone are the smallest, those remaining
at the cénter of the floor slightly larger, and those remaining at the
wa]i larger still. If sufficient burning time is available to those
partfc]es 1eavfng the cyclone, it follows that sufficient burning time is
available to all particles.

Figure 24 illustrates the relationship between particulate
residence time/burning time ratio (Tr/Tb).a"d critical particle radius for
both "short circuit" and total cyclone flow volumes. Development of this
re]atidnéhip is presented-in Appendix E. The critical particle radius
is the radius of that particle whose radial position at equilibrium is the
same as the radius of the cyclone throat. Note that both particulate

residence time t. and critical particle radius are functions of the

volumetric flow :ate. It is assumed that no particles having radii greater
than the critical particle radius exit the cyclone. Consequently,
sufficient burning time is available to all particles when the value of
Tr/Tb is greater than or equal to unity for a particular critical particle
radius. From Fig. 24, it is apparent that for only very Tow values of
critical particle radius will particles leave the cyclone incompletely
combusted. ‘

The discontinuity in each of the curves is due to a change in
the rate controlling step for particle combustion. On the basis of Fig. 31
(Appendix E), it is assumed that the rate controlling step for combustion
of particles having radii less than approximately 16 u is chemical kinetics.
Combustion of particles with radii greater than 16 u is assumed to be

controlled by diffusion.

2. Reactor System Assessment

Early éombustion runs were hampered by failure to achieve
agreement between input and output carbon/nitrogen ratios, ignitor
instabilities and an inability to obtain reliable H20 sampling data.
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Lack of agreement in the carbon/nitrogen ratios was primarily attributed
to an error in computing the calibration curves for the ignition air and
gas rotameters. Agreement improved when these rotameters were recalibrated.
Ignitor performance was enhanced as operating experience increased. The
H20 sampling problem has not been resolved.

Two difficulties characterized ignitor performance: (1) sudden
sustained exit gas temperature drops after periods of stable combustion
and (2) occasional relight failure after shutdown periods. The sustained
temperature drops were apparently due to ignition spark degradation. The
dielectric provided by the mullite insulator failed due to spark heating.
Instead of being drawn from the end of the tungsten electrode, the spark
crept up the mullite insulator to the ignition air tube (Fig.10), -thus
discharging in a poorly mixed zone. Inspection of the ignitor following
relight failure generally indicated that either the tungsten electrode
needed to be cleaned of soot or the spark gap needed readjustment.

To sustain satisfactory ignitor performance, the ignition air
supply tube was slightly shortened, thus exposing a greater length of the
mullite insulator. This apparently inhibited spark creep and promoted
cooling. To prevent soot buildup and maladjustment of the spark gap,
frequent maintenance is required; however, this procedure is quite simple.

A The cause of unwarranted increases in the H20 concentration of
the sampled product gas during experimental runs has not been isolated.
Possible sources of the H20 are the water coo]ed.samplingip}obe or conden-
sation on the probe resulting from methane combustion. Investigation of
these sources has been inconclusive; continued investigation is required.

Inspection of the cyclone following the combustion runs revealed
that the 2.5 inch diameter mullite tube extending'inté the reactor from
the chamber roof had shattered, probably due either to thermal shock or
thermal. cycling. Since it is likely that further ceramic replacements
would also shatter, a steam covled stainless steel tubing arrangement is
being considered.

Performance of the internal reactor thermocouples was quite
satisfactory. Refractory temperature profiles using the preheated walls
were roughly parabolic in shape. Under combustijon conditions, however,
this profile was skewed due to the downward firing of the ignitor. Outer
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wall temperatures of the three lower refractory cy{?hders all increased,
while that of the uppermost cylinder decreased. Since the thermocoupies
providing feedback to the reactor heater temperature contrd]lers are
located outside the refractory wall opposite the reaction zone, the
time-proportioning controller remained off during most of a combustion run.
Consequently, directional firing of the ignitor resulted in an increase
in lower refractory temperature and a decrease in upper refractory
temperature. ' '

Confirmation of ignition was obtained as planned via the
product gas thermocouple, the mass spectrometer sampling system, and the
observation window. Response times of both the thermocouple and the
maésspectrometerwere excellent. Visual observation of combustion
activity was hampered by clouding of the window and non-luminous flames.

3. Produ;t Gas Analysis

Reliable data were obtained using the ignitor for 16 methane
combustion runs at the stoichiometries indicated in Fig. 25. At each
run condition, two sets of flow and temperature data and a minimum of
three mass spectra were recorded. The flows and compositions determined
from these data were then averaged.

Combustion temperatures measured by the product gas thermocouple
ranged from approximately 775°K under fuel rich conditions to 1175°K under
slightly fuel lean conditions. In Fig.26, product gas compositions of
N2, 02, and CO2 for the 16 combustion runs are compared on a dry basis to
N2, 02, and CO2 equilibrium compositions at 1000°K for a carbon-air-steam
system. Comparison on a dry basis was done due to the unreliability of
the H20 data.

Concentrations of HZ’ CH4, and CO were detected only at
stoichiometric and fuel rich conditions. Since these concentrations
were relatively small, considerable uncertainty exists concerning their
accuracy. In particular, dilute concentrations of CO were difficult to
distinguish from N2 since they have identical molecular weights (George
et al., 1977). Under gasification conditions, however, concentrations of
these species will increase. Consequently, detection will be more
accurate. |
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From Fig. 26 it is apparent that reaction products approached
thermodynamic equijlibrium under stoichiometric and air rich conditions.
Under fuel rich conditions, however, the presence of oxygen indicates-
that reactants were insufficiently mixed; the Tow CO2 concentration is
consistent with this behavior.

4, Conc]us1ons and Recommendat1ons

On the basis of the previous d1scuss1on, the fo]]ow1ng
conclusions can be drawn.

(1) Adequate residence time is available for <f
complete burning of nearly all particles. However, particles
migrating to the center of the reactor floor may be lost . i
to the slag quench bath, thus reducing percent carbon gasified.

(2) Ceramic tubes projecting into the reaction zone
from the cyclone throat are unsuitable for use in the reactor.

(3) The mass spectrometer sampling system and the
product gas thermoéoup]e provide fast and reliable response
to ignition.” The observation window, although useful, is not
as reliable. | - ‘

'(4) Satisfactory combustion can be achieved with the
ignitor. Stable methane combustion runs were of sufficient -
duration to ignite incoming air/coal streams.

(5) At low CO concentrations, CO and N, will'continue to
be difficult to distinguish via the mass spectrometer. However,
it is believed that the H20 problem can. be so]ved

‘ (6) Tests performed under fuel lean conditions dem-
onstrate that the mass spectrometer sampling system can be used
to adcurate]y determine product gas compositions.

_ The following recommendations are made for future cyclone reactor
operation: , - . , . .
, (1) During initial coa1'combustion'runs, assess the
_effect of operation with no throat éxtensioﬁ in_the reactor
on percent carbon gasified.
. (2)- Incorporate a steam 1nJect1on system in the devel-
opment of a new throat extension.
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(3) Avoid prolonged unnecessary operation of the
ignitor. This will help reduce shutdown time for reactor
maintenance. .

(4) Determine extent of steam addition from the
water-filled slag quench bath. o

E. Data Analysis for Coal Runs

Data accumulated during gasification test runs will be analyzed
in terms of common independent and dependent variables associated with
gasification processes (Lenzer et al., 1976; George et al., 1977).
Independent variables are defined as those that can be varied.at will
(but are generally held constant during a given run). Dependent variables
are functions of the independent variables, and are divided for our purposes
into two categories: those which can be measured directly, and those
which must be calculated through knowledge of measured quantities. Table VII
classifies the impoktant variables for coal gasification as independent,
dependent and measured, or dependent and calculated. .-

‘Many of the dependent variables can be calculated with relative
ease once the independent and measured dependent quantities are known.
The make gas yield is simply the ratio of the make gas flow rate to the
coal feed rate. The combustible mass fraction can obviously be calculated
through knowledge of the make gas composition. The combustible make gas
yield is simply the product of the make gas yield and the combustible '
mass fraction. The H2/CO.ratio is also very easily found from the make
gas composition. )

Catculation of steam decomposition is comp11cated by the fact
that some steam is produced from combustion of hydrogen released during
devolatilization. If it is assumed that all coal hydrogen is converted
to steam in the oxidation zone, the steam decomposition' can be calculated -

as follows:
H,0. - H0 H,0
steam decomposition = 2 in 2 OUt 2D
H.O.
279n

where H201 = steam feed rate, kg/hr

H200ut = steam discharge rate, kg/hr

_H20D = steam produced from coal hydrogen, kg/hr.
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TABLE VIT -~

GasificdtionPVariab]e'éiéssificatibn

Variable Name and Units

coal throughput, kg/m3hr

coal feed rate (ﬁc), kg/hr

air/coal input ratio, kg air/kg coal

steam/coal input ratio, kg steam/kg coal

‘reactor pressure, atm

reactant inlet temperatures, °C

gas exit temperature,‘°C'

make gas composition, percent by volume

make gas flow rate}(hg), kg/hr

make gas yield (Y), kg make gas/kg coal fed
combustible make gas yield (Yp), kg comb. gas/kg coal fed
combustible mass fraction (wp)

chemical yield (cy), kg gas produced/kg coal reacted
make gas heating value (Q), kcal/kg gas produced
HZ/CO,ratio

steam decomposition, percent

heat loss, percent

carbon efficiency (nc), percent

cold gas efficiency (ncg), percent

hot gas efficiency (nhg), percent
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Classification

independent
independent
independent
independent
independent

independent

dep.
dep.
dep.
dep.
dep.
dep.
dep.
-dep.
dep.
dep.
dep.
“dep.
dep.
dep.

-measured

-measured

-measured

-calculated
-qa]cu]ated
-calculated
-calculated
-calculated
-calculated
-calculated
-calculated
-calculated
-calculated

-calculated



Note that HyQ ., is determined from make gas composition and flow rate
and includes unreacted steam plus any steam produced through hydrogen
combustion in the oxidation zoné. :Hééb is found from the coal analysis
and feed rate. L L ,

“-" The reactor heat loss is the difference between the total heat
input:fehemical plus sensible enthalpy) and the total -heat output. Percent

heat loss is then calculated as follows: "
H, -H_ . ..
#H.L. = 100 x 0 —out
in
where Hin = chemical plus sensible enthalpy in
HOut = chemical plus sensible enthalpy out.

The make gas heating value is defined to be the energy released
by combustion of one kilogram of product gas, and is calculated as follows:

1 N
Q = 7 121 X; HC,'I
where Q - make gas heating value, kcal/kg gas
- n = number of product gas constituents

Xy = mole fraction of species i in product gas
M= average molecular weight of make gas, kg/g mole
HC i = enthalpy of combustion of species i, kcal/g mole.

Carbon efficiency is typically calculated through knowledge of
coal feed rate and éarbon present in slag, ash and carryover of tines.
However, separator inefficiency may make an accurate analysis of unburned
carbon impossib]e. Fortunately, carbon efficiency can also be determined
if the coal feed rate and composition plus make gas flow rate and composi-
tion are known by performing a mass balance on carbon:

M M M

. . c c c
mw, =M [w, =—+ — + +m (1)
cc gj co MCO co2 Mco CH, MCH uc
2 4
where ﬁc = coal mass flow rate, kg coal/hr
ﬁg = make gas flow rate, kg gas/hr
ﬁuc = unburned carbon mass flow rate, kg carbon/hr



+aeeniigosSdcarbon massafraction, g c/g coal, ..
I wco z.comass - fractiony.g co/g . gas- :«
fr o wéoé’.zcozmass fraction, g/Coz/g gas - - -0
“CH

Wegige 4-mass.fraction, g cH /gigas.

Mi = molecular weight of species i, g/g mole
Carbon efficiency’is then calcuTated s follows:

Mc MC M

: ‘ e *woy . oo
o e mt m w— +ticoy, =t Wen, wo—
mcu) muc mﬂ 0 Mco 2 Mc02 . 4 MCH4
n. = - = - ——
. C [} L]
m
M : e (2)

Note that the mass flow rate of unburned carbon is eliminated by using the
second expression in eq. (2). Once the carbon efficiency is known, the
chemical yie]d may be found as follows:

. - _1 |"g
g, = m /nm == |- =Y/
y "¢ cc ng e c

Cold gas efficiency is defined as follows:

Neg = Mp/Me

where Hp = product gas enthalipy of combustion, kcal/kg coal
Hc

input coal enthalpy of combustion, kcal/kg coal.

Hc is found during proximate analysis of the coal by burning a measured
amount in a calorimeter. Since the product gas enthalpy of combustion
can be expressed as

o= QY = ,
pg ~ &' 7 Oy

the cold gas efficicncy becomes

ncg = Qeync/Hq .
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The hot gas efficiency is a parameter of considerable interest
in low BTU gasification (Laurendeau and Waite, 1977). It includes the
difference in sensible enthalpy between reactants and products as well
as the change in chemical enthalpy and is calculated as follows:

Mg = (o * 8H /K = neo+ (8H) /H )

where H = prbduct gas enthalpy of combustiony, kcal/kg coal
HC = input coal enthalpy of combustion, kcal/kg coal
AHpr = difference in sensible enthalpy between products and

reactants, kcal/kg coal

AHpr can be easily calculated from the make gas composition and yield, plus
the air and steam to coal ratios, coal feed rate, and reactant and product
temperatures.
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schedule:

V. FUTURE EFFORTS | .
During the next contract year, we expect to meet the following

(1) Construction and installation of the confined

~jet gasifier and associated equipment, Integration of the

coal feeder and electronic flow measurement instrumentation

into the test cell flow system. Refine the gas sampling

system and begin initial cyclone reactor coé] combustion tests.

Begin development of combustion modeling techniques (3 months)..
(2) Complete cyclone atmospheric coal combustion tests

and confined jet methane combustion tests. Develop probe system

for internal reactor sampling. Qbmpare initial experimental and .

- analytical model results (3 months).

(3) .Complete atmospheric confined jet coal combustion
experiments. Finalize construcfion of the steam system, and
begin cyclone reactor atmospheric gasffication tests. Interpret
experifental results in light of our entrained flow combustion

. models (6 months). ’ _ ' )

."&n sunmary, the gasification facility provides two'reactogg' -
representing a microcosi of most practical combustion and gasification
devices using pd]vérized coal and char. Succé§sfu] probing‘both externally
and internally w111'a110w assessment of the combustion and gasificaﬁfén
characteristics of many solid fuels over a range -of -operating pressures.
We are designing the fatility with flekibi]ity in mind; thus the reaction
vessels can be used for- future investigations concerned with related fuels
or new reactor configurations ¢an be easily develdped.
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VI. VAPPENDIX A: SWIRL NUMBER CORRELATION FOR fHE SWIRL GENERATOR

The swirl number (S) is the most useful parameter for charac-
terizing swirling jets. In order to determine the swirl number, it is
generally desirable to perform a velocity and pressure traverse at the
jet exit and use the relations

6, ='I(W.r") ou “ - (A1)
= ju'(pm dA + Ip A | | - (A.2)

G | | | |
= o | | (A.3)

where A is the area'of the jet cross-section being probed, p the jet
density, u and w the axié] and tangential velocity compohehfs, p the
static pressure, r the radius and R the burner radius. A complete
traverse is fortunately not necessary when'the IJmuiden swirl generator
is used. Beer and Chigier (1972) report data for this swirl generator
which indicates good agreement between the measured and predicted swirl
numbers. To the extent that the critical assumptions remain valid for
our generator, we expect an equa]]y good correlation. '

If the flow is assumed 1ncompress1b1e and 1nv1sc1d the angular
momentum flux (G¢) at the nozzle ex1t must equal the angu]ar momentum
flux at the sw1r1 block exit. If the pressure term in Eqn. A.2 is,
neglected, then the axial momentum (G ) can be predicted on the bas1s o
of input parameters_ Since rec1rcu1at10n zones develop pr1mar11y as
the result of pressure gradients which cannot be overcome by fluid
momentum, the pressure term is not necessarily neg]1g1b1e, but it is
none the less a common assumpt1on and w111 be reta1ned
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As the flow is assumed both incompressible and inviscid,
Bernoulli's equation,

P, - P

can be applied to the slots of the swirl genekator (seé Fig. 27). vFor
equal pressure drop through the radial andftangentia] slots, it follows
that ’ “

where subscripts r and t refer to the radial and tangential slots, respec-
tively. The mass flow through each slpt then becomes proportional to the
area‘of the slot, and the ratio of tangential to radial mass flow is equal
to the area ratio of the tangential and radial slots.
~ Since ‘the flow is inviscid, the velocity is uniform at each slot

exit. The streamlines through the tangential slot must each make an
angle a with a radial line at the slot exit. Thus, as Fig. 27 shows,
" the streamlines aré'é]l tangent to a circle of radius ry so that (wer) is
simply (Ver;) = constant. L o
The flux of angular momentum is constant and only the flow
through,the'tangéntial slots contributes to the angular momentum. Eqn. A.l
thus becomes '  |

(A.4)

. - | * = | ‘ 2
G¢ J(V rl)pV dA = 2V rlpat

t

where a, is the area of one tangential opening and z the number of
tangential slots. "

ETheslqtexit area is the area of a plane pefpendicyTar to the
bisector of the slot as shown in Fig. 27. Noting that the magnitude of

line ed is

Sl - & sin (&)
|ed] 2Ry sin (2) .
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then by the law of sines,

|ef] = sin (50 [::: g] . (A.5)
However,

8790 -0a+3
and '

B=90-%
so that ‘ -

sin § = cos (a - %) o o (A.6)
and ' o

sin B = cos (%J . S ._' o (A.7)
Now, e

a, =B [ef| . T (a8)

where B is the thickness of the blocks. Substituting Eqns. A.5, A.6 and .
A.7 into Eqn. A.8, we obtain

= 2BR, tan (%) cos (a —‘%5 5 - . | (A.9)

1

similarly, the area of one radial opening is given by

- E

a. = ZBR1 sin ( ) . : (A.lq)

The velocity through the slots can be exprgssed as:

where mg is the secondary air mass f1ow rate, Ps the density of’ the secondary
air and A the tota] free area of the swirl b]ock Eqn. A.4 then becomes

m . L T
6, = 2y (1) t[i]z o ka

Note that

20, +a) | (A.12)

>
n
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and
ry = R1 sina . ‘ (A.13)
Beer and Chigier (1972) define a swirl parameter (o) such that

Gy = 3 - T ae)

Q
i
N
3
™
o
N
S

hence, applying Egqns, A.9, A.10, A.12, and A.13, we have

tan(%) cos(a - %9 sina (A.15)
o= ' . .
. E - &
‘ :[tan~%cos(a -‘%9 + sin[ o 5 ]JZ

When only the secondary swirl number is required, the axial
momentum of the jet is expressed as

n2
m
S

(A.16)
s e ‘
where Ae is the secondary throat area. From Eqns. A.3, A.14, and A.16
we have '
dAe - .
SS =m . _ , (A.17)

The secondary swirl number is therefore'ihdependent of flow rate.

To determine the total swirl ‘number, G must be redefined to
1nc]ude both the primary and secondary axial momenta

(A.18) |

G, - ju(pu) a, + JU(ppU) a,

where the subscripts e and p:refer to the secondary and primdry streams
respectively; U is the axial velocity of the primary stream and the
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pressure terms have been neglected.
We now define

where ﬁc is the mass flow rate of éoal and ﬁp is the mass flow rate of
primary air or steam alone. If we assume that the coal occupies no
space in the flow then the primary stream density is given by
Py TPy (1 H 1)

where Py is the density of the primary air alone. Expressing the primary
velocity as

U= —P_ ‘ - (A.19)

| Py

and substituting Eqns. A.16 and A.19 into Eqn. A.18, we obtain

°§ m; (1+f)
G, = + - . , . (A.20)
X . psAe paAp
Letting
P = mp/mS
we havé
me [0 Ay * pghg (1 + F) w]
6, = AS = — (A.21)
| | o PRPAy :
by substituting Eqns. A.14 and A.21 into Egn. A.3,
oA A \Pa
S (A.22)

t - 2mBR [p, A -+ p A (1 + f) ¢° ]

The total swirl number is not a function of flow rate, but includes
the non-dimensional flow ratios f and P to account for changes in
stoichiometry and .the. portion of the.air used for coal transport.
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VII. APPENDIX B: PREDICTED SWIRLING JET DEVELOPMENT
) . , F

In order to develop approximationshfor,theibehavior of d‘§Wirling
jet confined by a cylindrical chamber, the Thring-Newby analysis presented
by Field et al. (1967) was extended to swirling jets by extrapolating the
spread and entrainment data presented by Kerr and Fraser (1965). The".
density was assumed constant since the usual density'correctibn factor
[(pa/po)% where Pa is the ambient densi}y andlp0 the .jet density] cannot
account for a jet initially at a higher density than ambient which becomes,
due to combustion, a jet with Tower than ambient‘density. ‘ ;

Figure 28 shows the general development of a confined jet. The
jet spreads due to entrainment until it contacts the wall at a point.P.
Because no fluid is supplied externally, fluid is stripped from the jet
prior to point P to satisfy the initial entrainment requirements. This
creates the recirculation zones shown. Assuming that the jet initially
develops as a free jet, that the jet bodndary is given by 2¢ where ¢ is
the ha]f—ve]ocity half-angle, and that disentrainment follows the same
relation as entrainment, we can analyze the system as follows.

Kerr and Fraser (1965) reported swirled jet deve]opmentffor
swirl numbers S < 1.4 according to . ' o

4
v

tan ¢ = (1 + CIS) tan % .: . "(B.l)

-,

% (.Cz + c3s) , (8.2)

.-.
l .

Se

(]

where Cl’ C2, and C3 are empirical constants, % is the unswirled jét

half-velocity half-angle, x the distance from the jet exit, d the jet

exit diameter, and ﬁ/ﬁo the ratio of total to initial mass flow rate.

Field et al. (1967) suggest that the values for the constants be takén

as: C, © 2.85, C, = 0.35, C, = 0.7 and 9% = 4.85°.

1 2 3
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Figure 28. General Impression of Flowlines in a Confined Jet



The point P where the jet strikes the wall .is given:by

__D o
P = 7 tan 29 o (B.3)
where D is the chamber diameter. From Eqn.'B.2, note that theoretical:
entrainment begins at ﬁ/ﬁo = 1, which yields

: :_>..' d I
0© TC - | (B.4)

By conservation of mass, the amount of fluid entrained prior to 3
equals the amount disentrained between-;x,1~ and P;. therefore

b S P e
VUL TR ¥ dx : »

From Eqn. B.2 and the third assumption, we have g§-= constant so that

Eqn. B.5 becomes : : :

(x1 - xo) = (P - xly

and thps

X = . (B.6)

Eqn. B.2 may be rewritten to consider the recirculated mass .-
flow (ﬁr):

e

24
d°

Se

: Y
then from Eqns. B.4 and B.6,

P

5 (€

ot C3S) -0.5 . (B.7)

. ()
From Eqns. B.1 and B.3, we also have

p=2 1 L
i [tan (2 tan™" (0.0849 + 0.242 S)]] (B.8)
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so that Eqn. B.7 becomes

.05 g5 (8.9)
mO
where ¢
r - d ='2[tan [2 tan~!(0.0849 + 0.242 5)1] d
P(C; + C,S) - 0.35+0.70S D
' (8.10)

Note that for zero swirl, T reduces to

r-=0983-0.9808

D

where 6 is the constant density Thring-Newby parameter (Beer and Chigier,

1972). Eqn. B.9 then becomes
_ 0.51

alaraey 0.5

, o , | |

which compares favorably with the equation for an unswirled jet given

[
-

e

by Field et al. (1967):

Se

0.47 0.5

LU \Ph 24

)

Se

(o
Eqns. B.8 - B.10 are used to develop the wall contact and mass recirculation

ratio values presented in Table V.
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VIIT. APPENDIX C: THERMAL ANALYSIS OF THE JET .REACTION CHAMBER

To determiﬁe the suitability of the reactor refractory and
insulation design and to give an indication of exhaust gas temperafuresA
a simple PSR equ111br1um mode1 was emp1oyed The assumptions governing
the model are as follows:

(1) The coal burns to completion inside the reactor.
(2) Reactor composition is uniform throughout and coal
particles are uniformly distributed.
(3) Radiation transfer is the result of coal particles-
-alone; effects of COp and Hy0 are neglected. No .
- radiation reduction due to particle burnout is
.included.
(4) Convective transfer in the chamber is approx1mated by
pipe flow.
(5) Coal particles are assumed to be black body spheres
of 60um diameter.

-(6) The exit gas composition is assumed to be as follows
for all cases regardless of input stoichiometry:
X(N2) = 76%, (C02) = 16%, X(H 20) = 6%, X(02) = 2%.
Ash is less than 2% of the products by weight and is
neg]ected

(7) Heat transfer is approximated as.-one- d1mens1ona1
through the. cylindrical reactor wall.. End losses are
included by multiplying the wall heat transfer by 1.18
to reflect the increased area.

(8) Heat is lost from the vessel by convection and radia-
tion into a 100°F environment.

Heat balances and mass flow rates are based on combustion.
Initial flow rates and temperatures are listed in Table VIII. Based on
the assumed exit gas compositioh, the enthalpy of the products (BTU/1bm
of product gas) can be calculated from
(c.1)

Hp = 0.0253 HN2 + 0.0020HH20+ 0.0053 HCO2 + 0.00067 H02
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TABLE VIII

Initial Conditions for Reactor Thermal Analysis

Temperature (°R)

Coal* Flow Rate 660
Primary Air Flow Rate - 660
Secondary Air F]oW.Rate 1210

Total Enthalpy Input (H )
Per 1bm Product Gas °

* HHV(Dry Basis) = 11904 BTU/1bm

Stoichiometric
7 - 28 ibm/hr.
1.5 1bm air/1bm coal
7.66 1bm air/Tbm coal

-1.30 x 10% BTU/1bm

20% Excess Air

1 - 28 1bm/hr.

1.5 1bm air/1bm coal

9.57 Tbm air/1bm coal

1.12 x 10% BTU/1bm



where H, is the sensible enthalpy per pound of the jth gas (reference to

537°R). Fig. 16 (Heat Loss Rate vs. Gas Temperature) was generated by
calculating the exit enthalpy for a series of gas temperatures. Heat
loss rate (Q ) was determined by

¥z
where ﬁt is the total mass flow rate of dry coal and air.

Heat is lost through the wall by conduction and from the surface
of the vessel by natural convection and radiation. Conduction losses

(BTU/hr) were calculated by:

e (TW - TV) 2mL -
Q = 1n(r2/rw) + 1n(r3/r27’ + 1n(rv/rw7' (.3)
| Ky kg s o
where: Tw = refractory inner_wa]} temperature‘ :
Ty = vessel outer wall temperature
L = chamber length = 50"
rw = inner ‘wall radius =-7.625" o
ro = refractory/Kaowool interface radius = 9.625"
ry = vessel inside radius = 11.625"
s vessel outside radius = 12.00" ‘ o L
k. = refractory conductivity = 0.58 BTU/(hr-ftf°R) @.3060°R,;
kK = Kaowool conductivity_=_0.11 BTU/(hr+ft-°R) @ 2960°R
K, = steel conductivity = 21 BTU/(hr-ft-°R) '

Substituting the above values into Eqn. C.3 gives
Q1 = 12.35 (Tw - Tv)

Natural convection from the vessel wall was calculated by
applying the heat transfer coefficient (Holman, 1968)
| - 560]*‘

| [Tv
h=0.29|- ¥
LW
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to. the general convective heat transfer equation to give

1.25° )

Q2 = 6.09 (Tv 560)
where the heat transfer area was based on a cylinder 60" 1ong~and 24"
in diameter. In effect, the extra length assumes that the high conduc-
tivity of tpe'she11 and the two-dimensional effects at the end of the
cylinder can be compensated for by using a larger convective area.
Radiation from the vessel wall (Q3)_was‘mode]ed via

SR e ul,_“u";. ,-e.u_ ﬁu
Q, AveoB(TV 560%) = 4.09 x 10 (Tv 560%) (C.5)

where A is the area and g the Stefan-Boltzmann constant. The emissivity
e was' taken as 0.76, the value for high temperature black paint (Chapman,
1974). Eqns. C.3, C.4 and C.5 were solved graph1ca11y (Q1 = Q2 + Q ) to
determine the heat loss rate and vessel wall temperature as funct1on5\of
inner wall temperature (T ). In order to partially compensate for the heat
loss through the ends, the heat Toss calculated was mu1t1p11ed by 1.18
to include the top and bottom chamber areas. Heat loss rate Vs. T is
shown in F1g 16, along with the heat loss rate vs. gas temperature curves.
Figure 15 shows the vessel wall temperature as a function of T

I[f the gas temperature (Tg) is assumed to be equal to the wall
temperature then the intersection of a gas temperature line with the
wall temperature 11ne represents a stable operating point. The line of
constant temperature at 3460°R shown on the graph represents the upper
recommended use temperature of the refractory.

For an estimate of the gas to wall heat transfer, convection
heat transfer was assumed to follow the relation for pipe flow presented
by Holman (1968), |

Nu = 0.023 .(Re)?-8 (pr)0-3 » (C.6)
where Nu(hD/k) is the Nusselt number,_Re the‘Reynolds number and Pr the

Prand1t number. The Prandlt nuiber is assumedfeqUaI to 0.7 and the
Reynolds number is given by
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Re = 15.28 (ﬁt/bu)

where m, is the air mass flow rate (1bm/hr), D the chamber diameter and

pu the viscosity. Using appropriate air values for thermal conductivity
(k) and viscosity (Bird, Stewart and Lightfoot, 1960), the heat transfer

. coefficient. (h) is obtained:

- ﬁ] 0.8 - .

= t BTU - _

e o [ el Cen
g

The total heat transfer by convection (BTU/hr) from the gas to the wall
is then
+ +0.8

' ' m
Q_ = hA (AT) = 680 |—t (T - T,)

cv /ﬁr"
' g

For gas to wall radiation transfer, the em1ss1v1ty of the gas

BTU (C.8)

~1s calculated as follows. The particle mass (M ) is given by

(D )3 .
M =3.53x1017 p |—E | =3,19 x 10720 —1Pm___
p c 6 par%1cl§
' ‘ c.9

where Pe is the density of coal (assumed to be 80 1bm/ft?) andvDp the
diameter of the particle (60um). The cross-sectional surface area (ap)
per particle is given by

ft?

= 2 = 8 —
a, w(Dp) 3.04 x 107° Toreere (c.10)
and the particle concentration (C) by
¢ = x G g particles - o (c.11)

where X is the coal/air ratio and p_ is the density of the gas at the
temperature of interest. The adsorption coefficient K can be determined
from (Field et al., 1967) '

K= ca | (c.12)

100



and the emissivity of the gas (eg) is then given by
eg = 1 - exp(- 8:33 x 102 f.k D) o (C.13) .

where"f} is a shape factor and D the chamber diameter in inches.’
l.etting the shape factor equal 0.75 (Field et al., 1967),
expressing the density of the gas as

o= 39.8 [%—} Tbm/ft?
‘ g
and substituting Eqns. C.9 through C.12 into C.13, the gas emissivity -
" becomes
e =1- exp(- 3.59 x 10% &) . (C.14)
g Tg

Tf the emissivity of the walls is assumed to be 0.5, the net radiant
‘energy exchange can then be expressed as (Field et al., 1967)

o o1 (T4 - T ) ,
= | ——| Aoy (T - T | \
O {;_ T Moe (T - T

€ € ~ : :

9 W
or
= (1 - 10-8y (T _ Ty BTU
Q. {l_ N 1] (2.845 x 1078) (Tg LM Al (C.15)
e
The total net energy exchange between the gas and the wall (Qt)
is ’

o U =& * Qy - . (C.16) -
Thus, Eqns. C.8, C.14, C.15 and C.16 can be used to determine the heat
flux for any set of tonditions‘specified. By applying these. equations
itera;jyé}y.td.Fig. 16, (QL =Q =<Qt) it is possible to determine the gas
and wall temperatures for a given flow rate and stoichiometry. For example,
at 9 1bm/hr and stoichiometric feed rates, the predicted gas temperature :
is 3555°R and the wall temperature 3495°R; at 14 1bm/hr coal flow and 20%
excess éir, the gas temperature is 3585°R and the wall temperature 3520°R.
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IX. APPENDIX D: MASS SPECTROMETER CALIBRATION DATA

The following data (Tab]es IX and X) are_the resu]t of the
Q-30C mass spectrometer ana]ys1s for several comp]ex gas mixtures. Gas
mixture compositions are known from partial pressure measurements and
are compared with the mole fractions calculated from the mass spectrometer
data by the computer program of MclLean and Sawyer (1967) '
Calibration errors come from several sources. Readability
errors are encountered when measur1ng part1a1 pressures and mass spectrometer
peak heights. These errors are genera]ly less. than one percent.and are
‘reduced further by repeated measurements. Error is caUsediby time
"dependent'changes in the mass spectrometer system, but frequent calibration
‘checks minimize this type of error. Adsorption and desorption phenomena,
_ backgrounds, and“inherent system non11near1t1es appear to be the major 1
ﬁsources of ca11brat1on errors. '
Examination of the data reveals that measurement errors of
less than three percent can be expected with a high degree of confidence
for CH4, N2, 02, and CO2 concentrat1ons \\S1m11ar1y, H2 measurements can
be made to w1th1n five percent accuracy. The CO concentrat1on is the most
difficult to measure; errors averagiig five percent are expected when
CO concentrations are larger than four percent of the samp]ed gas. ,CO'
measurability increases as the CO/N2 and CO/COzArat1os 1ncrease. ~.

Y

102



€01

. TABLE IX -

Comparison of Méasuredland Ca]cu]éfed Mole Fréctjbn'Data+ ‘

Trial R, .1 o N 92 Y
. .0666 o .0588 756 .0309  .0878
1 C .0644 ) .0581 - 761 .0300 .0869
Y E -3.3 S -1.2  +0.7 +2.9 +1.0
.0555 . ‘ 0897 .79  .0320 .0626
z .0527 _ .0585 792 .0324 .0645
-5.0 - -2.0 +0.3 +1.3 - +43.0
.0378 o .0525 .785 0422 ©  .0728
3 C .0490 N .0450 .792 .0425 .0717
+2.5 - -14.3 +0.9 - +0.9 -1.5
M .0576 0259 . ' .0708 - .769 .0303 .0365
4 c +.0703 0260 : .0677 ..770 0292 ~ .0365
E +4.0 . +0.4 -4.4. . - 40.1 - =3.6 --
M 0335  .0268 0339 .780 L0570 .0689
5 c .0333 .0263 | .0395 . 773 ©.0580 .0693

E -0.6 - -1.9 |  +16.5 -0.9 +1.8 +0.6
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Trial

it

.0620
C  .0604

.26

M .0660
.0687

+4.1

.0550
.0583
E +6.0

.0415
.0425
+2.4

tM -- measured mole fraction

E -- % error

CH

.0253
-.0250

-1.2

.0355
0360

+1.4

.0257
..0236
-8.2

C -- calculated mole'fraction

TABLE IX (cont.)

H,0

.0703

.0706
+0.4

-.0907 ..

.0911
+0.4

co

.0582
.0611
+5.0 -

.0627
.0626

-0.2

0611
.0642
+5.1 -

.0509
.0490
-3.7

.734
.732
-0.3

716
.710

.-0.8

.708

.708 -

.0438
.0438

.0334
.0338

+1.2

.0291
.0294
+1.0

. .0445
.0449

+0.9

co

.0601
.0601

<0682
.0670

-1.8

.0429
.0840

+2.6

..0645
.0647

+0.3



601

Species

Re]ative *
Sensitivity
0.6331
0.941
0.875
1.034
1.00
0.625

" 1.095

Example Sensitivity and Fragmentation Data

2 12
100

1.89
2.32

3.07
0.37

4.00

TABLE X

13.7

0.33
5.67

: 15

84.4

Mass/Charge
16 ° 1

100 1.33

2.46 25.06
0.84

8.66
8.25

8 2 2
100
100
100
‘ 100
8.90

100



X. APPENDIX E: "DEVELOPMENT OF THE RELATIONSHIP
BETWEEN T /Tb AND CRITICAL PARTICLE RADIUS

Assume. the f0110w1ng (Perry et al, 950)?
(1) Flow in the cyclone can be modeled as -an ideal free
‘ vortex.
 (2)> Flow at the cyclone wall has an inward radial veloc1ty
A U1 deflned as

= Q/(2mR)L) - (E.1)

volumetric flow rate, ft?/éec

where Q=
R, = cyclone radius, ft
L

1 2
= cvc]one length, ft.

(3) The ent1re f]ow q passes through the area A shown in-
- Fig. 29 at uniform tangential ve]oc1ty V1 Thus

- A= QL - DR SR L (E2)

(4) ‘Constant gas density.
(5) :Conservation of mass in the radial direction. Thus,

'.UlRl = UZRZ B | '(Ei3)
where- -Rz = arbitrary radius within cyclone, ft
\ U2 = rad1a1 velocity at R s ft/sec..

The fol]ow1ng are also g1ven (Perry et al., 1950).
(1) Centrifugal force on a particle = (4/3)}ﬁa3pv2/r;
(2) Viscous drag force on a particle = 6mapu.
(3) From conservation of angular momentum for a~fk¢e vortex, -

106



Ve f ‘ '
. ¢



where

* £ < 5 O o
1

MViRy = MoV R, (E.4)

particle radius, ft

_particle density, Tbm/ft® . e
radius at any point in cyclone, ft

i1l

tangential velocity of gas, ft/sec

radial velocity of gas, ft/sec

viscosity of gas,lbm/ft sec

m, = mass flow rate at cyclone wall, 1bm/sec
m, = mass flow rate at radius R2, 1bm/sec -
= tangential velocity at Ry s ft/sec .

N
1l

For a particle at equi]ibrfum,.opposed radial forces are equal:

Therefore,

Now, let

then

Substituting for V

2

2

(4/3) malpv?/r = 6mauu

vZ = (9uur)/(2a%p) - .

u-= U2, vV =

V2, r = R2;

V3 = (9uu2R2)/(2§2p) .

from Eqn. 4:

42 _ .
V1 =

M

2

Combining Eqns. E.1 and E.3 yields

e N N
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Substituting th<E,6 into E;S and soiving for a gives
‘ MR o
23 (1) (2%
<3 () ) /I €.
Substituting Eqn. E.2 into E.7 yields the final result

M
a = % (L - Lt)(R - R ) [Mi::i] ;‘r 5 - - (E.8)
Equation E.8 relates the radius a of a particle to its equilibrium
nadiuSrRzias a function of the volumetric flow rate Q. The critical particle
radius for a given volumetric flow rate is determined by{setting R2 equal
to the throat radius Rt' Figure 30 presents this re]atiqnship graphically
for the following conditions:
L = .833 ft
.167 ft
.250 ft
101 ft
Mz’
Rt
4 x 1077 (]bf-sec/ftz)
85 Tbm/ft3

= 32.2 (1bmeft/1bfesec?) .

Ly =
Ry
Ry
My
Ry
=
p =
9.

To verify this relationship and to check the validity of the
assumptions made, coal particles having a known Rosin-Rammler size distri-
bution were injected to the cyclone model at measured gas flow rates.

The mass of part1c1es remaining in the cyclone was then measured to deter-
mine (via the Rosin- Ramm]er Distribution) the radius of the largest particle
exiting the cyclone at that flow rate. These data are also presented in
Fig. 30. If it is assumed that all particles migrating to the throat
radius exit the cyclone, then the critical particle radius should equal

the radius of the largest particle to leave the cyclone. '

. All eXperimenta] points indicate particle radii greater than
predicted. This may be an indication that there are defects in the initial
assumptions, particularly assumption 3. Furthermore, measurement errors

may be introduced by the slight mass differences. between injected and
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Figure 30. Radius of Largest Escaping Particle
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recovered particles. Considering these errors, a factor of two difference -
between theory and experiment should not be surprising. In any event, the
data indicate that only a small mass fraction of the particles escape, even
for incoming particles smaller than 400 mesh. .

.To determine if sufficient burning t1me is ava11ab1e to particles:
leaving the cyclone, particulate residence time Tr and’ part1cu1ate burning
time T}, Were both obtained as functions of the critical part1c1e radius.
Part1cu]ate residence time was obtained by dividing the flow volume by the
volumetric flow rate, which can be expressed as a function of critical
particle radius by rearrangement of Eqn. E.8. Two flow volumes’ were used

(Fig. 29): a "short circuit" flow volume given by
| Vf Tr(R1 Rt) |_t
and the entire flow volume given by

Ve = nRiL - wR%Lt‘

Particulate burning times are available in the literature (Thring
and Essenhigh, 1963) and are illustrated in Fig. 31. in calculations, the
longer burning time was used at each particle radius. The relationship
between the Tr/Tb ratio and critical particle radjus is presented.in Fig. 24
of Section IV.D. ‘ -
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