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ABSTRACT

The objective of this project is to experimentally develop arnd
demonstrate a novel dry fluidized-bed reactor system (called "“heat
tray") for Fischer-Tropsch synthesis from a Tow H2:C0 gas. The new
reactor._invoives conduct1ng cata1yt1c synthesis reactions pr1mar11y
in a.horizontal convey1ng zone, in which fine part1c]es of iron
catalyst are carried in a relatively dilute suspens1on by a Targe
flow of reacting gas. A secondary reaction zone, in the form of a
shallow fluidized bed of catalyst particies, is situated beneath
the primary reaction zone. "This shallow bed also has immérsed hori-
zontal heat-transfer tubes for removing reaction heat.. A major thrust
of the new reactor development is to prevent carbon deposits from
farming on the jron catalyst, which cause deactivation and physical
degradation. This is to be achieved by conductinigthe Fischer-Trapsch
synthesis in an unsteady-state mode, particularly by alternately
exposing the iron catalyst to a Targe flow of Tow H.:CO gas for a
short period of time and to a small fiow of Hz-rich gas for a Tong
period of t1me

o Dur1ng the past several months, the design, construction and
steady-state testing of a fully-automated vibrofluidized microreactor
system have been successfully compteted, and a computer-controlied
gas -chramatographic. (GC) system for gas product analysis has also
been tied to the reactor system. Work on unsteady-state Fischer-Tropsch
synthesis experiments is to be initiated shortly. 1In addition,
supporting hydrodynamic and heat transfer studies in several shallow
fluidized-bed systems have produced some encouraging data. The resu1ts
indicate very high heat transfer coefficients of 300-400 W/m*-
between a shaliow bed and 1ts ammersed horizontal hedt- transfer
tubé, and of about 7,000 W/m*-"K between a supernatant gas stream
- and a shallow bed wh1ch closely simulates the microreactor-system
in use.
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7. PROJECT SCOPE AND STATUS

1.1 Technical Backaround: Basic Concepts of the'Fischér-Trgpscﬁ
Synthesis from a Low Hz'CO Gas in a Dry F1u1dized-Bed System

Figure 1.1 shows a simplified schematic d1agram of a new dry
fluidized-bed reactor system (called "heat tray") for Fischer-Tropsch
synthesis from a Tow Hs:C0 gas. There are two gas feeds to the system.
The first feed is & Ha+rich fluidizing gas (F=gas) furnished at a
- Tow flow rate (e.g., 0.05-0.1 m/s) to a shallow fluidized bed (about
5 to 10 ¢m in depth) of fine particles of iron catalyst. The second
feed is a Tow H»:CO supernatant gas (S-gas) provided at a far higher
 flow rate (e.g., 1.5-3.0 m/s) to the supernatant space (freeboard
zone) above the shallow bed. In the new reactor system, the
supernatant space sérves as the primary reaction zone, in which .
fine part1c1es of iron cata1yst are carried in a relatively dilute
suspension by a large flow.of reacting gas of Tow H2:CO ratio, and
most cata1yt1c reaction occurs. The shallow fluidized bed of fine
particles of ‘iron catalyst serves as a secondary reaction zone, in
which further catalytic reactions take p]ace. This shallow bed also
has immersed horizontal heat-transfer tubes in order to take advantage
‘of the excellent bed-to-surface heat transfer ratés observed in
shallow beds (see, for example, Ali and Broughton, 1977) for remov1ng
. reaction heat. _

, A major thrust of the new reactor deve]opment is to prevent
carbon deposits from forming on the iron cata]yst which cause
deactivation and physical degradation. This.is to be achieved by
conducting the Fischer-Tropsch synthes1s in an unsteady-state mode, . -
particularly by alternately exposing the. iron catalyst to a Targe
flow. of Tow H2:C0 gas (S-gas) for a short périod of time and to a
smaller flow of Hz=rich gas (F-gas) for a long period of time.

This approach is based, in part, on an important experimental
observation kriowh by industrial practitioners for F1scher-Tropsch
syithesis for many years that the carbon deposition rate on an iron
catalyst can be minimized by 1ncreas1ng the hydrogen partial pressure
(Day, 1980; Squires, 1982) It is hoped that the reldatively long
res1dence-t1me of ‘an iron catalyst particle within the shallow bed-
fluidized by a Hz-rich gas will prevent production of carbon deposits
on the part1c1e.



product gases pius catalvst
to further dust separation

Caemroay,

mixture oft
water and steam
to boiler drum

"HEAT TRAY"

return of water
from boiler drum

Supernatant Gas mﬁ Hesng
Low H2:CO Gas PNEG= F-gas
High Flow Rate

High Temperatur Fluidizing Gas

Hz=Rich Gas-
Low Flow Rate

Immersed HeatFTransfer Low Temperature

Tubes

Figure 1.1 A Simplified Schematic Diagram of a New Dry
Fluidized-Bed System (“"Heat Tray") for Fischer-Tropsch

Synthesis from a Low H2:C0 Gas.



1.2 Project Tasks and Current Status

The specific tasks of this research include the following:

A. Studies of unsteady-state Fischer-Tropsch synthesis
kinetics in a vibrofluidized microreactor simulating the Tife
history of an iron catalyst particle in the proposed reactor (Figure
1.1), i.e., alternating back and forth between a brief exposure
to a Targe flow of Tow H2:C0 S-gas and a Tonger exposure td a
small Tow of Hz-rich F-gas.

B. Supporting fluidization studies, inc]uding:

(1) studies of hydrodynamics in a shallow fluidized bed
and of the rate of exchange of particles between a shallow fluidized
bed and a horizontal flow of supernatant gas above the bed;

. (2) studies of heat transfer from a shallow Flujdized bed
to immersed heat-transfer tubes within the bed;

(3) studies of heat transfer from a flowing supernatant
gas to a shallow fluidized bed.

The key‘accomp1ishments of the project thus far méy be summarized
as follows. ' .

(1) A fully-automated vibrofluidized microreactor system
has been successfully designed, constructed and tested. Safety
provisions for the operation of the reactor system have been
thoroughly investigated and established. A computer-controlied
on-line gas chromatographic (GC) system for product analysis has
also been tied to the reactor system. Both the reactor and GC
systems have performed very well in initial steady-state Fischer-
Tropsch synthesis experiments with H2:C0 and H, gases over an iren
catalyst. Unsteady-state Fischer-Tropsch synthesis experiments
are to be initiated shortly with detailed catalyst composition

" analysis and temperature-programmed GC analysis of all gas products

(see Sections 2 and 5.1).

(2) An experimental system has been designed and constructed
for studies of hydrodynamics and heat transfer characteristics in
a shallow Tluidized bed. Experiments have been conducted for measure-
ments of the pressure drop across the shallow bed and of the heat
transfer from the bed to its immersed heat-transfer tube. The results
show a relatively high bed-to-surface heat transfer coefficient of
300 to 400 W/m*-"K, and demonstrate a significant effect of distri-
butor type on both bed pressure drop and heat transfer coefficient
in a shaliow bed (see Sections 3.1 and 3.2).



(3) A heat tray system has been designed and constructed
for measurements of heat transfer coefficient between a flowing
supernatant gas and a shallow fluidized bed. Available experi-
mental results have 1nd1ca3ed very high hsat transfer coefficients
of about 1,240 Btu/hr-ft2-"F (7,040 W/m*-"K). This high rate of
heat transfer has provided encouraglng support of the new fluidized-
reactor concept for Fischer-Tropsch synthesis, part1cu1ar1y in the
use of immersed heat-transfer surface for recovering reaction heat
in a shallow bed.(see Sections 3.3 and 5. 3).



2. TRANSIENT FISCHER-TROPSCH SYNTHESIS FROM A LOW
H2:CO GAS IN A VIBROFLUIDIZED MICROREACTOR SYSTEM.

2.1 Relevant Literature

2.1.1  Modern Views of Fischer-Tropsch Reaction Kinetics
and Mechanisms

. Research conducted dur1ng the past few years has
provided many new insights to the kinetics and mechanisms of
Fischer-Tropsch synthesis since the early reviews by Storch,
et al. (1957) and Pichler (1952). 1In particular, a number of .
papers and reviews have been published which describe. proposed
mechanisms along with their supporting evidence for Fischer=
Tropsch synthesis over Group VIII catalysts. Notable are those:
by Bell (1981), Biloen (1979), Biloen, et al. (1979), Brady (1981),
Deluzarche, et al. (1981), Eidus (1967), Henrici-Olive and 0Tive
(1976), Muetterties and Stein (1979), -Ponce (1978), Rofer-
DePoorter (1981), Schulz and Zeweldeen (1977), and Vannice (1976).
ThHe modern views of the Fischer-Tropsch synthesis kinetics and
mechanisms described in these pub]1cat1ons have set the stage
for the current project, and it is worthwhile to br1ef1y summarize
them below. A short version of this summary appears in Squires (1982)

F1gure 2.1 shows a schematic dijagram of F1scher-Tropsch
reaction kinetics over iron catalysts. Reaction equations T, :
through 12 are after Bell (1981), and equation 13 has been added
- to the 1ist to indicate the unwanted reactions converting the
surface carbon to unreactive forms, here represented by C_. :
Essentially, Fischer-Tropsch reaction kinetics over iron cata]ysts
Jinvolve the following Steps.

(1)  Adsorptions of CO and Hz on active s1tes on an .
iron catalyst and the subsequent dissociations into adsorbed atonis
~of C and 0, and into adsorbed atoms of H, respectively (react1on ‘

equations 1 through 3). :

(2) 'Removal of adsorbed atoms of O by reaction w1th .
Hz or CO to form H20 or CO2, respect1ve1y (reaction equat1ons 4a
and 4b).

(3) Competition among reactions of

(i} adding an adsorbed atom of H to an adsorbed-
atom of C to form adsorbed CH (reaction equation 5);



I. Initiation of hydrocarbon chain
V. Removal of adsorbed oxygen
1. €O + 8§ = COs
+
4a. Os + H2 (or ZHS) - HZO 28
2, CO+85 = C + 0
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tb. O + €O (or CO) — CO, + 28
s s 2
3. H, + 25 = 2H
2 s
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”
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(
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+ 28

Figure 2.1. A Schematic Diagram of Fischer-Tropsch Synthesis
Kinetics (Bell, 1981): S=Active Site on Catalyst
Surface; Subscript "s" Denotes an Adsorbed Species.



- (i1) ‘“sintering" of an adsorbed atom of C to
an unreactive form of carbon (unwanted reaction equation 13);

(1i1) fomation of iron carbides through diffusion
of adsorbed atoms of C into the interiors of iron catalyst
particles (unavoidable; not represented in Figure 2.1).

(4) Further reactions of adsorbed CH groups with
adsorbed atoms of H to yield adsorbed groups of CHz and CHs
(reaction equations 6 and 7)

(5) Competition between reactions of

(i) adding an adsorbed atom of H to an
adsorbed CHs group to yield CHy gas (unwanted; reaction equation 8);

(i1) Insertion of an adsorbed CH. group to an

-adsorbed CHs group to yield an adsorbed CH3CH. group, and.thereby

initiating a hydrocarbon chain (reaction equations 9 and 10).

(6) Competition between chain termination reactions with

. (i) formation of an 01efin,'CH3(CHz) (reaction
equation 11); Yy

' (ii) formation of a saturated hydrocarbon,
CHa(CHz}y;FHa (reaction equation 12).

Results from recent research have provided some .
evidence which supports the above reaction steps. This research
was done 1in a number of Taboratories, many in mutual communication;
and it is difficuit to construct a precise order of discovery of
seminal facts and ideas. Wentrcek, et al. (1976) have experimentally
demonstrated the dissociation of CO on the surface of a nickel
methanation catalyst, with subsequent addition of hydrogen to an

" adsorbed carbon atom. McCarty and Wise (1979) and McCarty, et al.

(1981) have shown not orily the great initial reactivity of adsorbed
atoms of carbon toward hydrogen -and steam, but also their

tendency to react to form a number of progressively less active
forms of carbon. Niemantsverdriet and van der Kraan (1981) have
brought into this picture the further competition for carbon by
reactions which carry it within the interior of an iron catalyst
particie to form iron .carbide. Dautzenberg et al. (1977),
seemingly unaware of Wentrcek, et al.'s demonstration of the
role of surface carbon atoms (1976), have data for kinetics

of hydrocarbon chain growth which were not marred by their apparent
lack of understanding of the mechanism for hydrocarbon chain
initiation.



Dry (1980) has presented an experimental correlation
between the carbon deposition rate on an iron catalyst and the
ratio pCO/szz’ where Pco and Py, are partial pressure of Hz and CO,

respectively. This correlation confirms what was known by
industrial practitioners for Fischer-Tropsch synthesis some 35
years ago about the role of hydrogen in limiting the 1ifetime

of adsorbed atoms and in preventing their "consolidation" or
"sintering” into less reactive atomic configuration, as described
by Squires (1982). This correlation also suggests that the rate
of carbon deposition depends strongly on the hydrogen partial
pressure, p, , while it does not depend on the carbon monoxide
partial preséure, p.,, nearly as much. Based on this observation,
it is hopeful that %Re new fluidized bed reactor concept being
explored in the current project, shown in Figure 1.1, in which
the iron catalysts in 'the fluidized bed spend most of their
residence times in a hydrogen-rich atmosphere, will minimize

the production of carbon deposits on catalyst particles. It

is also expected that the relatively long residence times of

iron catalysts in the hydrogen-rich atmosphere in the new
fluidized bed reactor will Timit the concentration of the adsorbed
carbon atom, C_, and thus suppress the unwanted "sintering" of
adsorbed carboR atoms (reaction step 13 in Figure 2.1). This
long residence time in hydrogen should tend to favor the
hydrocarbon chain termination reactions (reaction steps 11 and

12 in Figure 2.1), over reaction step 13; and it would decrease
the oxidation of iron catalysts. Further, it is believed that
there should be a sufficient residence time (although relatively
short) in the atmosphere of low H2:CO ratio in the freeboard
region (i.e., the supernatant zone) of the new fluidized-bed
reactor to foster the initiation of hydrocarbon chains {(reaction
steps 1 to 3, and 5 to 9, in Figure 2.1).

2.1.2 Transient Methods for Fischer-Tropsch Kinetics Studies

Transient methods for kinetics studies typically
involve sending an input signal, such as a pulsed amount of
reactant gases, into a reactor and then observing the time~dependent
changes of certain reaction variables, such as reaction temperatures
and species concentration. In order for the transient response
to truly reflect the kinetics of the reaction being investigated,
the reactor must be operated under conditions that it is free of
heat- and mass-transfer limitations. A recent monograph edited by
Bell and Hegedus (1982) includes many articles on catalysis under
transient conditions; and two review papers by Bennett (1976 and
1982) describe in some detail the basic theory and application of
transient methods in heterogeneous catalysis.



-Transient methods have been used to identify the
reaction intermediates and rate-Timiting steps in Fischer-Tropsch
synthesis. For example, Matsumoto and Bennett (1978) and Reymond,
et al. (1980) applied the transient method to study the kinetics
of the reduction of carbon monoxide with hydrogen to methane using
a fused, promoted catalyst in a tubular reactor at 250°C and .
atmospher1c ‘pressure. When a stream of the reaction mixture
(H2:C0=9:1) flowing over the catalyst in a steady state was -
suddenly changed to pure hydrogen; the surface of the catalyst
was found to be covered mostly by a carbon intermediate and the
bulk of the catalyst was identified to be Higg carbide, FesC. The
rate-determining step was found to be the hydrogenation of the '
surface carbon. Dautzenberg, et al. (1977) investigated the
" transient kinetics of Fischer-Tropsch synthesis of paraffins
from an equimolar mixture of Hz and CO. -A plug-flow reactor was
used along with Ru/v-A203 catalysts to study the rate constants
of the propagation reaction of hydrocarbon chains. Under transient
- operating conditions, it was found that the overall activity of
these catalysts was very low. The Tatter observation was thought -
- to be caused by the very Tow intrinsic activity of the exposed Ru

atoms and not by the Tow number of active surface atoms. -In a
later transient kinetics study, Kieffer, et al. (1982) suggested
that the rate of propagation of hydrocarbon chains could not be
the rate-determ1n1ng step of the Fischer-Tropsch synthe51s This
study was done 18 a microreactor packed with prec1pated iron- z1nc _
catalysts at 277°C and 2.5 atm.

Transient methods have also been used to increase the
yield of a particular product by influencing the se1ect1v1ty to that
product. For exampie, in the paper on the Fischer-Tropsch synthes1s
of paraffins from Ha and CO by Dautzenberg, et al. (1977)
cited previously, it was shown that transient operat1ng conditions
could be manipulated to Timit production of species of high
molecular weight. Alsa, a number of exampies of improved product
yields resulted from transient kinetics studies that have been :
cited by Bennett (1982). Recently, Feimer, et al. (1982) studied
the effect of forced cycling of feed H, and CO concentrations over
a precipitated, cogper-potass1um promoted iron catalyst in a fixed-
bed reactor at 246 C and 3.8 atm. Differential conversions were
measured using pulsed amounts of hydrogen-rich and hydrogen-poor .-
- mixtures of Hz and CO for different time periods varying from T
- to 30 minutes and various cycle split-ratios. Steady-state
measurements were also undertaken to supplement the cycling -
studies. The results showed that under rapid cycling with one

cycle containing pure hydrogen, methane was produced at a rate

80% higher than the corresponding reactions at steady-stdte
conditions. This was taken as evidence that methane ‘was produced
in at ledst two parallel reactions, while the higher hydrocarbons’
(Cz to Cg) were produced sequent1a11y ‘The results a1so 1nd1cated
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that a decrease in the time period between hydrogen-rich and
hydrogen-poor pulses increased the time-averaged production rates
of the higher hydrocarbons, Although the production rates were
smaller than those observed at steady-state conditions. These
investigators thus suggested that under their experimental
conditions, no significant improvement in rate or selectivity to
liquid hydrocarbons could be achieved with transient operations
compared to steady-state conditions. A major objective of the
current project is to demonstrate how transient operations in a
dry fluidized-bed system can optimize the product yield and
selectivity and minimize the production of carbon deposits on
catalysts,

An objective of the present study is to investigate
if cycling of the feed gases between high and Tow H2:CO ratios
would decrease both catalyst oxidation and carbon deposition.
For this purpose, a non-nitrided fused iron catalyst promoted
with potassium is chosen for initial studies. This catalyst is
prepared by the United Catalyst, Inc., catalog number C73-1-01,
with the following compositions: 30-37% FeO, 65-68% Fe203, 2-3%
A1,0;3, 0.5-0.8% K20 and 0.7-1.2% CaO. Other iron catalysts may
be tested as the experiments progress.

2.1.3 Catalyst Selection for Fischer-Tropsch Synthesis

Since the inception of the Fischer-Tropsch synthesis,
extensive research has been conducted on the catalysis for the
reaction between Hz and CO over Group VIII metals. In an
important paper, Vannice (1975) reported the specific activities
and product distribution of all the Group VIII metals except
osmium (Os). Based on his results, the effectiveness of different
metal catalysts for the methanation reaction ranked in a decreasing
order of specific activity was identified as: ruthenium (Ru), iron
(Fe), nickel (Ni), cobalt (Co), rhodium (Rh), palladium (Pd)
and iridium (Ir). This ranking was different from similar
comparisens in older studies which had not taken into account
the variations in metal surface area.

Because iron catalysts are much less expensive than
ruthenium catalysts, and also less expensive than nickel and
cobalt catalysts, nearly all commercial processes have used iron
catalysts. For those processes utilizing fluidized-bed reactors,
catalysts with greater mechanical strength, such as fused iron
catalysts, are often used (Storch, 1951). -Iron catalysts
generally have high specific activities. However, these catalysts
tend to promote the formation of iron oxides and carbides, leading
to changes in product selectivity (Storch, 1951).
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Both the Tifetime and activities of iron catalysts
have been found to increase with increasing pressure up to 30
atmospheres in the Fischer-Tropsch synthesis experiments by
Shah and Perrotta (1976). The use of alkaline promoters has
been shown to cause a decrease in the rate of methane formation,
an increase in the rate of carbon deposition, and a shift in
selectivity towards the formation of longer-chain molecules
(Bonzel and Krebs, 1981). By contrast, the use of nitrided iron
catalysts has been found to increase the rate of methane '
formation, decrease the rate of carbon deposition and shift the
selectivity towards the formation of Tower-molecular-weight
compounds (particularly alcohols) (Bonzel and Krebs, 1981).

2.1.4 Product Analysis in Fischer-Tropsch Synthesis

Many different techniques have been developed for
analyzing the products of the Fischer-Tropsch synthesis. Most
of the earlier techniques involved condensation of high-boiling
components and subsequent chromatographic separations.
Stockinger (1977) has developed an on-Tline gas chromatographic
(GC) system for the quantitative analysis of .gaseous products
obtained from the Mobil process for catalytic conversion of
methanol to gasoline.

The system involves two sample injection valves. - One
valve is followed by a packed column and a thermal conductivity
detector for ana]yz1ng 1ight gases, including CO, CO2 and CHe.

The other valve is connected to a capillary column and a flame
jonization detector for analyzing Ci1 to Ce hydrocarbons. Both
columns are.placed inside a temperature-programmed ovSn,

wh18h the temperature is varied from sub-ambient (-7 t
100°C 1in order to obtain good peak resolutions.

o

An improved version of Stockinger's on-line GC
technique for analyzing the products from a Fischer-Tropsch
reactor has been developed recently by Nijs and Jacobs (1981)
The two-detector and two-column setup used by Stockinger is
retained, but the entire product stream is ana]yzed instead of
just ana]yZTng the gaseous products. This is done by keeping
the Fischer-Tropsch synthesis products in the gaseous phase by
holding them at the reaction temperature (about 200 C) until
they are automatically 1n3ected into the GC column. Argon is
used as an internal standard in order that an accurate carbon
mass balance in the reactor system can be made. This technique
has been used to successfully identify nearly 120 compounds.
Ar, CO, CO, and CH, are separated on the packed column in Tess
than 10 minutes, while the separation of hydrocarbons takes about
two hours.



A very recent report by Diffenbach, et al. (1982)
has also described the use of the two-detector and two-column
technique for identifying the Fischer-Tropsch synthesis products.
The product stream is kept at the reaction temperature in a
manner similar to that adopted by Nijs and Jacobs (1981), but
no internal standard is used to aid in making the carbon balance.

In this investigation, the on-1line GC technique of
Nijs and Jacobs (1981) will be adopted for product analysis.

2.2 Experimental Systems

2.2.1 Vibrofluidized Microreactor System

Figure 2.2 summarizes the equipment symbols used
in figures of experimental systems described in this Section.

Figure 2.3 shows a schematic diagram of a vibro-
fluidized microreactor system for unsteady-state Fischer-Tropsch
kinetics studies. The system includes four gas reservoirs labelled
P1 (two), P2 and Ps, and eight solenoid valves numbered 1 to 8
for use in cycling different feed gas streams (Hz and Ho-CO-Ar or N,
and Nz-He). Six needle valves labelled A to F are provided to set
the desired flow rates with the aid of two Brooks thermal mass
flow meters, as indicated by FT. System pressures near gas
reservoirs P, and P; are monitored using Schaevitz Engineering
pressure transducers of strain-gage type, as depicted by PIT,
in conjunction with an Analog Devices digital panel meter. A
back-pressure relief 'valve is also used to regulate the system
pressure with the aid of a nitrogen gas stream.

The design features of the vibrofluidized micro-
reactor are illustrated in Figures 2.4 and2.5. Figure 2.4 gives
a side view of the microreactor, and Figure 2.5 shows different
components of the microreactor. As shown, the microreactor
consists of four primary . zones: (1) ‘“"plenum" zone,

(2) reaction zone, (3) freeboard zone, and (4)

product gas exit zone. The specific design features of these
zones are summarized in Table 2.1 and illustrated in Figures 2.6
to 2.9.

The microreactor is suspended in a Techne fluidized
constant-temperature bath using a leaf-spring suspension system
as shown in Figure 2.10. A Ling Dynamic Systems vibration
generator is suspended above the bed in order to impart the
desired vibratory motion to the microreactor through the suspension
system. The catalyst bed contained in the microreactor is
fluidized by vibrations rather than by the energy imparted by
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Figure 2.4,

A Stainless-Steel Vibrofluidized Microreactor
for Fischer-Trapsch Kinetics Studies (A side
view).

15




Figure 2.5, Key Components of the Vibrofluidized
Microreactor for Fischer-Tropsch Kinetics
Studies.
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Figure 2.6.

The Plenum Zone of the Vibrofluidized
Microreactor.
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Figure 2.7. The Reaction Zone of the Vibrofluidized
Microreactor.



Figure 2.8. The Freeboard Zone of the Vibrofluidized
Microreactor.
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the gases éntering the reaction zone. This vibration-induced
fluidization ensures uniform mixing and heat transfer character-
istics of the catalyst bed, which would not be possible otherwise
because of the varying gas flow rates throughout the pulsed feed
and purging cycles of the unsteady-state kinetics studies.

L , Figure 2.11 illustrates an atmospheric mock-up

of the reaction zone of the microreactor. This cold-flow

model is used for investigating the catalyst particie size,

gas flow rate, frequency and amplitude of vibration and distri-
butor pldate porosity in the reaction zone which will ensure

good catalyst circulation and minimize fine catalyst entrainment
inside the vibrofluidized microreactor.

2.2.2 Feeding and Pulsing Sequences of Reactant Gases

As mentioned in Section 1, two of the key concepts
of the new fluidized bed reactor for Fischer-Tropsch synthesis
from a Tow H2:C0 gas are: (1) to provide good contact between
catalyst and.a Tow H2:CO gas in-the supernatant gas, where most
chemical reactions occur; and (2) to force the catalyst to
spend a relatively Tong time in a Hao-rich gas (fluidizing gas),
but to spend only a very short time in a Tow H2:C0 gas (super-
natant gas) so as to minimize carbon formation and catalyst -
oxidatior. In order to experimentally demonstrate the technical
feasibility of these concepts, several sequences for feeding
and pulsing reactant gases are to be investigated.

An initial sequence being-tested subjects the .-
catalysts to 17 seconds of a Hz-rich fluidizing gas (F-gas) at
a Tow flow rate and also to 2 seconds of a Tow H2:CO supernatant
gas (S-gas) at a high flow rate. Figures 2.12 to 2.16 show the -
schematic diagrams of five key steps in this initial sequence of -
feeding and pulsing of reactant gases, and Figure 2.17 presénts
a graphical summary of the five steps expressed in terms of
Tlow rates and feeding/pulsing times of both the F-gas and S-gas.

; In the initial experiments, the volumetric flow
rates and feeding/pulsing times of F-gas and S~-gas for needle
valves A to E in the operational sequences illustrated in Figures
2,12 to 2.16 are listed in Table 2.2. The specific feeding and
pulsing operations in the initial experiments are as follows:
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Figure 2.11. A Cold Model of the Reaction Zone in the
Vibrofluidized Reactor.
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Figure 2.17.

Flow Rates and Feeding/Purging Times of Both
F-Gas and S-Gas in an Initial Unsteady-State
Fischer-Tropsch Kinetics Experiment.
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(i) S-gas feed at the beginning of a cycle (F1gure
2.12). Valves 1, 2, 3, 4 and 7 are closed. Three- way valve 8 is
shifted to permit a h1gh flow rate (e.g., 2,500 mm /sec) of S-gas
(H2:CO*Ar) into the microreactor through va]ve E for a short
duration (e.g., 2 seconds). This flow should be able to sweep
out the gas inventory in the reaction zone of the microreactor
approximately 20 times.

(ii} Plenum purge of S-gas by F-gas (Figure 2.13).
Valves 4, 5 and 6 are closed and three-way valve 8 is shifted to
permit the F-gas to flow. At this time, valves 1, 2, 3 and 7
are opened simultaneously for a relatively high f1ow rate (e.g.,
11,500 mm3/sec) of F-gas through needle valves A, B and C into
the base plenum zone of the microreactor for a very short duration
(e.g., 0.1 second). This flow should be able to purge the gas
contained in the plenum zone completely.

(ii4) Reaction-zone purge by F-gas (Figure 2.14).
Valves 1 and 7 are closed and valve 6 is opened This permits
a relatively high flow rate (e.g., 250 mm3/sec) of F-gas through
needle valves B and C for a short duration (e.g., 1 second) in
order to purge the reaction zone approximately once.

(iv) F-gas feed into the reaction zone (Figure 2.15).
Valve 2 is closed and valves 3 and 6 remain opened. A low flow
rate (e.g., 14.7 mm3/sec) of F-gas passes through valves 3 and C
into the reaction zone for a long durat1on (e.g., 17 seconds).

(v) Plenum purge of F-gas by S-gas (Figure 2.16).
Valves 3 and 6 are closed, and valves 4, 5 and 7 remain opened.
Three-way valve 8 is shifted to its original position which
allows for the S-gas to flow into the plenum_zone through valves
D and E at a high flow rate (e.g., 11,500 mm3/sec) for a very
short duration (e.g., 0.1 second). This flow should be able to
sweep out the gas contained in the plenum space in the micro-
reactor.

2.2.3 Analytical Method and System

As discussed in Section 2,1.4, the on-line GC
technigue of Nijs and Jacobs (1981) has been adopted in this
investigation for identifying and analyzing the Fischer-Tropsch
synthesis products. Figure 2.18 shows a schematic diagram of
the on-line analytical system in the sample mode. This system
consists of two sample injection valves which are connected to
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Figure 2,18. A Schematic Diagram of the On-Line GC Analytical
o System for Gas Products in the Sample Mode.
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GC columns. The first sampling valve (V1) is a 6-port valve for
injecting 0.03-ml samples into a (C1) 60-ft Durabond DBl fused
silica capillary column, which is connected to a flame jonization
detector for identifying and analyzing Ci1 to C,, hydrocarbons. The
other sampling valve (V2) is a 10-port valve for injecting 0.2 ml
samples into a 6-ft,, Spherocarb 60/80-mesh packed column (C2),
which is connected to a thermal conductivity detector (TCD) for
identifying and analyzing light gases, including CO, C02, light
hydrocarbons and argon (an internal standard). Both sample valves
are held in a heating mantle at approximately 200°C.

Actual product analyses are initiated and controlied
by a Zenith Z-89 microcomputer. Product gas samples are
simultaneously injected into the capillary and packed columns,
both of which are placed inside a temperatue-programmed oven.

The temperature program of the Hewlett-Packard 5730A controller
begins at -500C and increases at a rate of 109C per minute.

The output from the TCD is monitored by a GC peak-area integrator
(INT.) until carbon monoxide is eluted from the packed column (C2).
At this time, the temperature program is shifted to a heating

rate of 19C per minute and the packed column (C2) is then backflushed
to remove heavy hydrocarbons, as illustrated in the schematic
diagram of Figure 2.19. After approximately two hours, a detailed
product identification and analysis, including Ci1 to Cs alcohols,
C: to Ci2 paraffins and olefins and alkyl aromatics, can be
obtained.

In the current analytical system for initial
experiments, Fischer-Tropsch synthesis products continuously
flow from the microreactor to a small sample collection cylinder,
in which they will mix with gas products collected from several
preceding feeding/pulsing cycles to yield an integrated product
for GC analyses. In future experiments, attempts will be made
to withdraw samples for GC analyses during different parts of
the feeding/pulsing sequence. This will provide some insight
into the kinetics and mechanism of the transient Fischer-Tropsch
synthesis.

2.3 Scope of Experimental Tests

The specific experimental tests to be carried out in this
investigation can be categorized as follows:

(i) cold-flow vibrofluidization experiments;

(i) steady-state synthesis experiments with Hz:CO and Hz;
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Figure 2.19. A Schematic Diagram of tﬁe On-Line GC AnaTytica1
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(ii1) pulsing system experiments with Nz:He and Nz;
(iv) transient synthesis experiments with H2:C0 and H..

The objectives of cold-flow vibrofluidization experiments,
using the system shown in Figure 2.11, are to determine the
approximate entrainment velocities of different size ranges of
fused iron catalysts, while varying the catalyst bed depth,
distributor plate porosity, and amplitude and frequency of
vibration. These experiments will provide proper vibrofluidization
conditions to ensure that the catalyst is not being transported
and held against the retaining plate during the actual kinetics
experiments in the vibrofluidized microreactor.

The purposes of steady-state kinetics experiments with Hz:CO
and H, are two-fold. First, any technical problems which may
develop in operating the vibrofluidized microreactor system
(Figure 2.3) can be corrected without the added complexity
introduced in transient experiments. Secondly, the steady-state
experiments will provide reference data on carbon deposition,
carbide formation, catalyst oxidation, trends in catalyst
activity, as well as product yield and selectivity for future
comparison with results from transient kinetics experiments.

Pulsing system experiments are to be undertaken by using N,
as a surrogate fluidizing-gas (F-gas) and an Nz:H, mixture as
a surrogate supernatant gas (S-gas) in the vibrofluidized
microreactor system shown in Figure 2.3, A fast-response
thermal conductivity cell will be placed into the system at
strategic locations in order to determine the extent of gas
peak dispersion. These locations include the downstream of
the three-way valve (valve 8 in Figure 2.3), the downstream
of the reaction zone, and the downstream of the base plenum zone.
The specific pulsing system experiments will provide operational
guidelines which ensure distinct transitions between F-gas and
S-gas in the reaction zone of the vibrofluidized microreactor
system,

The objectives of transient synthesis experiments with
H2:CO and H,, using the feeding/pulsing sequence illustrated in
Figures 2.12 to 2.17, are to investigate the effects of composi-
tions and residence times of both F-gas and S-gas on product
yield and selectivity, and catalyst history (characterized by
iron oxidation, carbide formation and carbon deposition). A series of
factorially-designed experiments will be carried out to minimize
the number of necessary tests and to ensure a meaningful
interpretation of experimental results. Future transient syn-
thesis experiments may be conducted with supported or precipitated
iron catalysts, nitrided iron catalysts and bifunctional catalysts.
Also, other group VIII metal catalysts may be tried.



2.4 Experimental Resu1ts and Discussion

Initial steady state Fischer-Tropsch synthesis experiments

were initiated in Tate February, 1983, using the vibrofluidized
microreactor system shown in Figure 2.3 and the on-line GC
analytical system illustrated in Figures 2.18-2.19. Figures
2.20 to 2.21 show the pictures of the complete microreactor

and analytical systems. The primary objectives of the initial
experiments was to test the reliability of the microreactor
system for high-pressure operations, and to identify any

mechanical problems associated with the current equipment des1gn‘

Table 2.3 summarizes the operating conditions and catalyst
parameters of an initial experiment. This experiment began with
reducing a fused-iron catalyst with hydrogen in the micro- .
reactor at 4009C and 5 atm for 6 hours. After the catalyst
was reduced, the reactor temperature was decreased to 3159C,
and the reactor pressure was raised to 28 atm. A 1,500-SCCM .~

mixture of Hp and CO at a molar ratio of 2:1 was then fed to

the reactor. Based on available results from supporting .
fluidization experiments using the cold-flow model shown in
Figure 2.11, it was known that at this flow rate, the iron
catalysts used could be fluidized by the reactant gas flow; '
and the vibration system was thus not used. The reactor was
run fro six hours with samples of Tight product gases be1ng
collected once every 20 minutes.

The microreactor system performed very well in the
initial experiments. Pressure fluctuations were with 1% and
flow rate fluctuations were within 3%. Essentially no technical
difficulty was encountered in reactor operations and product
sampling. Figures 2.22 and 2.23 show examples of a reactant
chromatogram and a Tight gas product chromatogram.

As a result of the initial exper1ments, two necessary
modifications of system design and product analysis must be
made. First, the steady-state synthesis experiments have_
suggested the needs for pressure taps upstream of the needle
valves and for alternative gasket sealing method for the
microreactor, The present gasket sealer presently uses a
graphite in a water-based solution. This sealer is applied
to asbestos-impregnated rubber gasket between two sections of
the microreacotr. There is a possibility that this sealer
may interfere with catalyst characterization when the iron
catalyst is analyzed for graphite after an experiment.
Therefore, other gasket sealers are being tested for use in
the microreactor. Another modification to be made is in the

37



Figure 2.20

The Vibrofluidized Microreactor System for
Unsteady-State Fischer-Tropsch Synthesis.
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Figure 2.21

&Y

]

A Computer-Controlled On-Line Gas Chromatographic
System for Product Analysis. Room Behind the Gas
Cylinders in the Figure is the Reactor Box. The
Reactor Control Panel is the Black Box on the
Right of the Figure. :
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Table 2.3

Conditions for Initial Steady-State Synthesis Experiments
with H2:C0 and H:

40

Item Condition

A. Operating Conditions

1. Reactor temperature, ¢ 315

2. Reactor pressure, atm 28

3. H2:C0 ratio 2:1

4, Feed flow rate, SCCM 1,500

5. Reaction time, hrs. 6
B. Catalyst parameters

1. Charge, gm 0.8148

2. Composition, wt%

3. Size distribution, um

Catalyst reduction conditions

1. Temperature, ¢

2. Pressure, atm
3. Reducing hydrogen flow, SCCM

4, Reduction time, hrs.

98.2% Fe, 1.4% Cu, 0.4% K2C03
150-300

400

37.5
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area of product analyses. Presently, a fused-silica capiiliary
column is on order and a sub-ambient temperature-programmed
oven is being installed in the GC system. In addition, a
suitable temperature-programming scheme is needed to obtain
good resolution of light gases and hydrocarbons; and the
quatitative identification of product peaks must be -under-
taken using calibration gases.

Once the above system modifications have been completed,
unsteady-state Fischer-Tropsch synthesis experiments will be
initiated together with detailed catalysis composition analysis
and temperature-programmed GC analysis of all gas products.
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3. SUPPORTING FLUIDIZATION STUDIES

3.1 Hydrodynamigs in a Shallow Fluidized Bed

3.1.17 Introduction

Shallow fluidized beds refer to those beds with static
bed heights on the order of only about 0.1 m or less. The study of
shallow beds is a relatively new subject in the field of fluidization,
and one that is worth exploring because of the following notable
advantages of shallow beds over conventional deep beds (Ali and
Broughton, 1977):

(1) Pressure drop across a shallow bed is Tow.

(2) Heat transfer coefficient between a shallow bed
and its immersed heating surface is high.

(3) Slugging seldom occurs in a shallow bed.

(4) Scale-up of a shallow bed and multistage shallow-
bed design are relatively easy.

Table 3.1 compares a number of key features of both shallow and deep
fluidized beds.

Very Tittle is known about the hydrodynamic behavior
of shallow fluidized beds. Squires (1982) has suggested that three
“regimes" can be generally seen when a fine powder is fluidized from
a static bed height on the order of only about 10 cm or less.

Figure 3.1 illustrates schematically the three regimes. At the
bottom is a shallow dense bubbling zone having a sharp upper surface.
Above this is something not usually seen in deep-bed fluidization,

" namely, a "cloud zone" that resembles the "turbulent fluidization"
first described by Kehoe and Davison (1970) and later studied by
Squires (1976) and his colleagues: Yerushaimi, et al. (1978),
Yerushalmi and Cankurt (1979) and Avidan (1982). 1In the literature,
the term "cloud phase" was mentioned briefly in writings by former
colleagues of Elliott's -- A1-AT1i and Broughton (1977). The
available information seems to suggest that the transition to tur-
bulence occurs at much Tower velocities in shallow beds than in deep
beds, but only for an upper part of the bed. If the bed is
sufficiently shallow, or the gas velocity sufficiently high, the
dense zone of Figure 3.1 disappears, and the cloud zone rests on

the grid. Above the cloud zone is a spray zone of highly dilute
particles, some of which travel upward at remarkedly high velocities.



Table 3.1

A Comparison of Key Features of Deep and Shallow FTuidiiéd’Beds

Deep Beds

due to slugs,
particularly in
small beds =~

Key Features Shallow Beds
1. Bed pressure drop Large - Small
2. Bed expansion (%) 20 to 40 50 to 250
3. Transpbrt disen- More than 1 m T m usually
gaging height adequate’
4, Heat transfer co- 150 to 500 150 to 800 W/m=K
efficient between- (usually higher)
the bed and o e
immersed heating '
surfaces -
5. Bed slugging common * seldom
S occurs
6. Bubble sizes about 1 m about 0.1 m:
7. ‘Entry effects usually small often impoftadt
8. Bed temperature _ usually uniform gradients often
_ S occur’ -
9. Multistage design seldom practical fairly eééy -*_ .
10. Bed scale-up often difficult

relatively easy
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Figure 3.1

Spray zone
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cloud zone

dense zone |3%

Three Flow Regimes in a Shallew Fluidized Bed.
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If the shallow bed is fiuidized in a tall c¢ylinder, the spray zone
may extend a meter or more above the cloud zone. Theé surface
between cloud and spray zones is somewhat diffuse, yet unmistakab]e.

Pugh (1974) exper1menta11y investigated the depend-
dence of shear stress on shear rate for gas-particle suspensions in
an inclined, shallow fluidized bed. His experimental data were
correlated by a power-law expression: :

T = m(y)"
where
T = shear stress, Pa
v = shear rate, 1/s
m. n = parameters

The parameters m and n were found to be dependent upon the static
bed height, superficial fluidization ve]ocity and solid particle
properties. In particular, the parameter m in the above equation is
closely related to the concept of apparent viscosity of gas-particle
suspensions in fluidized beds. The available Titerature.has shown
that the apparent v1scos1ty is quantitatively affected by a number
of factors (Zenz and Othmer, 1960 pp. 116-127 and 237-240): .

(1) The apparent v1sc031ty increases with 1ncreas1ng
static bed height and solid particle density. .

(2) The apparent viscosity decreases with increasing
superficial fluidization velocity, reaching a minimum near the
po1nt of m1n1mum fluidization velocity.

(3) The apparent v1scos1ty is not significantly
dependent upon.the solid particle size, particie shape -and
particle surface roughness.

(4) The apparent v1scos1ty is dependent upon the design
of the distributor (Botterill and van der Kok, 1971).

Essentially no data have been reported on the bed
expansion and pressure drop measurements in shallow fluidized beds.
These measurements are 1mportant to quantitatively characterizing the
three proposed regimes in a shallow fiuidized bed (see Figure 3.1).

In what follows, initial pressure drop data in a sha]]ow fluidized
bed are presented. :
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3.1.2 Experimental System

Figure 3.2 shows the experimental system for pressure
drop measurements in a shallow fluidized bed., The bed is a pyrex
glass column with an inside diameter of 10.16 cm. A ruler with a
reading range of 40 cm is attached on the outside wall of the
glass column to indicate the bed height during the fluidization
experiment. Figure 3.3 shows a photograph of the fluidized bed.

Room-temperature building air is used as the fluidizing
medium. A pressure regulator and a control valve are used to
adjust the air flow for fluidization experiments. The specific
air fluidization velocity is measured by an orifice meter, which
is calibrated by a standard rotameter. Table 3.2 illustrates the
relationships between the pressure drop across the orifice meter
(AP in Figure 3.2) and the volumetric flow rate and the super-
ficfal velocity of the air stream in the bed.

The bed pressure drop is measured by a specially-designed
pressure probe connected to a manometer filled with Meriam o0il of
a specific gravity of 0.827. This probe is made of a 5-mm polyethylene
tube. Pressure measurenments are made through a hole drilled at the
sealed end of the polyethylene tube, which is placed inside the
fluidized bed. A 200-mesh screen is used to cover that hole to
prevent the fluidized particles from penetrating into the manometer.

A 2-layer Dynapore 401430 Taminate is used as a gas
distributor in initial bed pressure drop measurements. The character-
istic equation for the distributor, as provided by the manufacturer,
is as follows: '

P12 - P2 = 10.86 + 0,054 67

where

-
1}

1 = Pressure measured upstreams, in. of H20.

)
]

o = pressure measured downstreams, in. of H20.

flow rate at upstream, SCFM/ftZ.

Initial bed pressure drop measurements are made using
the range of experimental variables and conditions summarized in
Table 3.3, and the results are described bqlow,

3.1.3 Experimental Results and Discussion

Typicé] bed pressure drop measurements using the
experimental system of Figure 3.2 and under the experimental
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Figure 3.3 A Photograph of the Experimental System for
Shallow Fluidized-Bed Hydrodynamic and
Heat-Transfer Studies.
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Table 3.2

Relationships Between the Pressure Drop Across the
Orifice Meter (APy) and Volumetric Flow Rate (V)
and Superficial Velocity (u) of the Air Stream
in the Shallow Fluidized-Bed

APO, v u
(In. H20) (scFm, °c) (m/s, 21°C)
0.0 0.000 0.000
.0 8.160 0.532
3.0 14.265 1 0.929
5.0 18.302 S 14192
10.0 | | 25,370 - 1.653
20.0 34.589 2.253
30.0 41.046 2.674

40.0 - 46.072 3.001




Table 3.3
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Range of Experimental Variables and Conditions in Initial
Pressure Drop Measurements Across a Shaliow
Fluidized Bed

Distributor plate:

Fluidized particles:

Particle sizes:

Fluidizing medium:

Superficial fluidization velocity:

Static bed height:

A 2-layer Dynapore laminate
Spherical aluminum particles
-12+20, -20+40, -40+66 mesh
Room~-temperature air

0.53 to 3.00 m/s

0.5 to 11 cm
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conditions of Table 3.3-are illustrated in Figures 3.4(&);(c)‘and
3.5(a)-(c). 1In these figures, the bed pressure ratio is defined hy:

pressure
ratio

bed pressure .drop
static bed pressure

Note that the bed préssufe drop is indicated by AP, in Figuré“3.2,
and the static bed presstre represents the total weight of the o
fluidized particies per unit cross-sectional area of the bed.

_ . An fimportant observation from Figures 3.4 and 3.5 is that
significant bed pressuré drop, expressed in terms of pressure
ratio, does-not exist across a shallow fluidized bed, even with a
static bed height of Tess than 4 cm. This fact represents a key .
difference between shallow and deep fluidized beds.

Both Figures 3.4 and 3.5 sliow that at Tow superficial
Tluidization velocities and with small static bed heights, the
Tluctuations in bed pressure drop are relatively significant [see,
for example, 3.4(a)]. With large static bed heights, the bed pressure
drop tends to approach a constant. fraction of the static bed pressure,

‘resulting in.a constant value of the bed préssure ratio.” A compari-
son of Figures 3.4 dnd 3.5 also shows that as expected, the bed
pressure drop increases with increasing superficial fluidization
velocity and with decreasing solid particlé size. Further experi-
ments are being-conducted to study the bed expansion and pressure
drop across shallow fluidized beds of other solid particles, such
as FCC and Fischér-Tropsch iron catalysts, which are of interest
-to the present investigation. B

3.2 Heat Transfer in'a Shallow Fluidized Bed

3.2.1 Relevant Literature

. Very few experimental studies on heat transfer measlre-
ments between & shallow fluidized bed and its immersed heat-transfer
surface have béen reported in the Titerature. Table 3.4 summarizes
the representative investigations reported thus far. The reported
data on the bed-to-surface heat transfer coefficients in shallow
beds represent considerable variations in the effects of bed con= -
figurations, fluidization conditions and particle properties.

: PiTlai (1976) and .Aba Baker (1981) both observed that
‘bed-to-surface heat transfer coefficients deécreased with decreasing
tube elevation when the heat-transfer tube was placed close.to
the distributor plate. Atkinson (1974) and Andeen and Glicksman
(1976), however, found that bed-to-surface heat transfer coefficients



54

"(usel Og+¢l-) sdLoLiued
euLwnly |estdayds jo pag pazipinl4 MO[lRYS e ul douQ m;:mmwxa psg aul

(W3 NI) LHII3H 438 J11Yls

(e)y-g @unbL4

02t 0°01 008 0'9 0°h 0°¢
“l ] 1 1 — 1 H 1 — [ ] 1 — ] T ¥ — ] 1 1 — 1]
G/W S9°T =0 ¢ O
/W BR°T =N v i
S/7W B1I°T =N ad
G/W €6°0 =n * O
02 - 21 +3ZIS HSdW JHL 7
Opg
¥ .
o 0%n
O 74
O
o ') e ) OOOQO OO @@
o SELE g%
] & I

¢'0

R0

gllud 3HNSSIHd 3IHL



55

“(YseW pz+gl-) soloLlided eyiunly |eaLuayds
- 40 pag pazipLn|d mo|leys e uL dodg adanssadd pag 9yl (q)y € s4nbiy

AWJ NI} LH9I3H 439 3JI1Y1S

0el 0°01

0°8

0’9

S/WH Rhi*e =N @
S/H S¢ ¢ =N *

S/H hD*¢ =N *.

S/W 0871 =0 *

oo«

0c - 21 #3JZIS HSIAW IHL

D'h
T T ¥

¢ QOC0

¢"0

h"o

80

90 -

OIlHY 3YNSSIYL IHL



56

0°cl

“(UseW 0z+zl-) seloljded eurunly
Leotuayds 40 pag pazipLn|4 MoO[[eYyS © ulL douQ 24nssadd pag 8ul (d)y € aunbi4

(W3 NIJ LH9I3H 039 JILHLS
001 0°8 09 0'h 02
_————_-——_——_—_—--—-—-
S/H 00°E =N * ©
S/W 88°¢ =N =V
S/W L2 =n ¢ O
S/W 09°¢2 =N ¢ O
02 - 21 i3ZIS HSIAW IHL
O
.0
ooV
dveo
@m@@ 94
@@@o
g . g5 9998 LRl
g @ c

¢’'0

h°0

8°0

870

OILlHY 34NSSIHd 3JHL




57

Ledldayds o pag pazipini4 mo|

(W3 NI) LH9I3H 039 JILHIG.

"(YSOW 0F+02-) Sa|olided euLun|y
LBYS ® UL dodg adnssadd pag ay| (e)g g @unbLy

8/W S8°0 =n
S/W 9L°0 =N
S/W 8910: =N

S/H €S0 =N

oo<o

0°8
.. T

0'9 -
R

O = 0C 3ZIS HSAW. AHL:

g

§ 69 8

1] ¥

og:..
|

2°0

h"0

9°0

8°0

- QILHY 3YNSSIHL IHL



58

*(YsaW Ov+02-) S9LOLI4Rd euLunly

{eataayds Jo pag pazipin|d Mojieys e ul doaq o4nssaud pag oyl (q)G € d4nbLy

(WD NI) 1H9I3H 039 3JI[1UlS

02l 0°01 0°8 0°9 0°h -2
m ) [} 1] — 4 ] L] — 1] T 1 — ] ] 1 — | § T 3 — 14 ¥ 1)
2°0
S/W §9°1 =n * ¢
S/W 6R"T =N ¢ V
S/W 6171 =n : O
S/W €6°0 =n * O .
Oh - 02 +3ZIS HSIW 3IHL o h*0
|
v
O, 90
O
oY
o
g .
@ 8°0
omw@
I @@ﬂ
8 @ 9 o= g u 0698 g%

@ILlgY 3JHNSS3Hd 3HIL



59

"(USOW Of+0z-) se|dLlided eullinly
leoLasyds 4o peg pezLpin|4 molleys e uL dodg dunssadd peg 9yl (2)G°¢ dunbL4

(W3 NI) LH9I3H 038 3JIi6lS

0°el 0'01

0

8

09 0'h

S/W hh e =N
S/W G2'¢ =N
S/W no"e =n *
S/W 08T =N ¢

cOg<¢

1

) 1 T _ . ¥ 1 ] _

Oh - 02 #3ZIS HSIW FHL

¢°0

h°0

90

80

OIilgd FHNSS3IHd JHL



60

(uw 0g=%q) =gny (ww gz2=%) (url 08y eve (1861)
£ 61t 9J4eq |BIUOZLUOY 8°0-1'0 0°€L-L'0 AR [N2ULD “G9L) LeOdURYD Joyeg hqy -G
(turt
(i 00LLl) eutunly /161)
€ yL=1q) 29N (ww 0G1X009) (wi gpe pue uojybnoug
£°/=2L°0 aJ4eq [ejuozidoy L*L-L"0 0°G-8°2 Je[nbueloay €62 “1Gl) pues pue LIy LY ‘¥
o (w (urt (9/61)
2°61=10) aqm (ww 609%609) 0L/ pue 01§ URWSHOLLY
2 adeq |ejuozLaoy p*2-€°0 0°€-5°0 sJdenbs €09€) pues  pue usapuy "¢
(wi €£15-212)
b:@m Uodu -7
(wd £8/-8G2)
(ww g| pue (w wm.o 3pLq4ed BOL{LS
1ybLay 01°9°G=q) pue {°0=4q) (wid gG/-€92) (9/61)
peq 40 %0S aJ4ayds G*L 03 dn 0°8-0'2 4R [N0UL) pues eoL|LS LeyLtd °2
(wi 2e7)
(1 GOEX/0L 10Us 19938
! G0EX20L) (wi £G1)
O Wmamw ) JenbuRlIDY pues eJL{LS
pauut} pue (w ye5°0=Y0) (wd ggL) (bL61)
v G-€" 1 aJ4eq |ejUOZLUOY 0t "-1=80°0 6°L-G"2 AR NJULY pues uodutz uosuLdyay |
wo “pag 200 ung S/ wo uoLsuswi(q pue (wr “dp) Amv;o;p:<
uL 9qoud 484 SUeA]=3@BH ‘A1100 97 “2ybLoH AagBwoay pag 9zZLS 3|dtlded pue
sanjedadws | uotiezipini4 peg odtieas leLu93el pag )

1O UOL1BAD| T

{eLoLuadng

S90RJUNS udjsueJ]~1R3H pSSJSWW] 03 Spag pazipin|d mojieys
WOJA) JADLSURA| 3@3H UO SuoL1ebhL]SSAUT dALleluUSSDBUdRy JO Adeuwns y

v*€ olqel




61

increased with decreasing tube elevation. A1 Ali (1977) 1nterpreted
this experimental disagreement by noting that (a) in the entry '
region of the bed, particularly near the distributor plate, the bed
temperature was different from that in the bulk region of the bed;.
(b) the heat transfer mechanisms in different elevations of the bed
depth could be different. Al A1i (1977) also observed some inter-
active effects of particle properties and tube elevation on the
bed-to-surface heat transfer coefficient. For example, he found
“that the maximum heat transfer coefficient increased with 1ncreas1ng
- tube elevation for small sand particles (dp = 151, 253, 345 um),
- but it decreased with increasing tube elevation for 1arge alumin .
particles (dy = 1,100 ym). . Therefore, one may conclude that the
quantitative effect of tube elevation .on the bed-to-surface heat
transfer coefficient is not well-established. Further, 1ittie is
known about the interactive effects of tube elevation and other
variables such as tube diameter, bed height and particie size on

the bed to-surface heat transfer.

The reported data have also revealed some discrepancy
about the effect of static bed height on the bed-to-surface heat
transfer coefficient. For example, Andeen and Glicksman (1976)
found a maximum bed-to-surface heat transfer coefficient at'a static
bed height between 1.5 and 2.5 cm; but AT ATi and Broughton (1977) °
and Abu Baker (1981) both suggested that the bed-to-surface heat
transfer coefficient would increase cont1nuous1y with 1ncreas1ng
static bed height. Therefore, there is a need to further examine
experimentally the effect of static bed height on the bed-to- surface
heat transfer.

A1 A1i and Broughton (1977) were apparently the first
to observe the "cloud zone effect" in shallow-bed heat transfer.
In particular, they have observed much greater bed-to-surface heat
transfer coefficient when the heat-transfer surfice was placed an’
the cloud zone, in which an intensive gas bubbling was present..
This reported investigation has suggested the importance of examining
the quantitative effect of the e]evat1on of heat- transfer surface :
on shallow-bed heat transfer.

The existing Titerature has indicated that no genera11y
applicable heat-transfer correlations are available for shallow-bed
design purposes. Little is known about the quantitative effects of
particle properties, bed configurations and fluidization conditions
on shallow-bed heat transfer. Therefare, a quantitative exper1-"
mental study on shallow-bed heat transfer is be1ng conducted in
the present project. -
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3.2.2 Experimental System

The shallow bed used is essentially the same as the one
shown previously in Figure 3.3 (page 50). It is a pyrex glass column
with an inside diameter of 10.16 cm. The fluidized particles and
their size ranges are identical to these specified in Table 3.2
(page 51). The air fluidizing velocity is determined by an orifice
meter connected to a manometer, as shown in Figure 3.2.

The design of the bed heater and temperature probe is
illustrated schematically in Figure 3.6. The temperature probe is
suspended in the bed so that the heat-transfer tube elevation can
be varied. A copper tube encloses the outside of the cartridge
heater in order to reduce the temperature variation on the heater
surface; and a brass foil is placed outside of the copper tube so
as to maintain a smooth heating surface.

3.2.3 Experimental Results and Discussion

Table 3.5 summarizes the ranges of experimental variables
and conditions in initial bed-to-surface heat transfer measurements
in the shallow fluidized bed. The key results from the initial
experiments are described below.

A. Minimum Fluidization Velocity and Superficial Gas
Velocities

For each particle size range, the minimum fluidiza-
tion velocity, upf, was determined by measuring the bed pressure
drop at different superficial gas velocities. The results are
illustrated in Figures 3.7(a)~(c). These figures were used to
determine the range of superficial gas velocities within which the
bed-to-surface heat transfer coefficient was measured.

B. Effect of Superficial Gas Ve]ocity

The dependence of the bed-to-surface heat transfer
coefficient on superficial gas velocity in a shallow fluidized bed
of -40+60 mesh alumina particles with a laminated distributor
plate is illustrated in Figure 3.8(a). When the heat-transfer
tube elevation (i.e., the distance from the center 1ine of the heater
to the plate) is 20 mm or higher, the heat transfer coefficient is
almost constant for each position. This is similar to the dependence
observed in a deep bed. However, the data for the tube at 10 mm
show an entirely different behavior: the heat transfer coefficient
increases monotonically with increasing superficial gas velocity.
This increase is more significant when using a laminated distributor
plate compared to a perforated plate having a hole diameter of 1.5
mm and 2.2% open area, as illustrated in Figure 3.8(b). This
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Figure 3.7(a)
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Minimum Fluidization Velocity of -40+60 Mesh Alumina
Particles (Mean Particle Diameter < 310 um).
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Figure 3.7(b) Minimum Fluidization Velocities of -10+20 Mesh
Alumina Particles (Mean Particle Diameter = 610 um)
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Figure 3.7(c) Minimum Fluidization Velocity of -12+20 Mesh '
Alumina Particles (Mean Particie Diameter = 1,700 um)
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Figure 3.8(a) Effect of Superficial Gas Velocity on the
Bed-to-Surface Heat Transfer Coefficient in
a Shallow Fluidized Bed of -40+60 Mesh Alumina
Particles with a Laminated Distributor Plate
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Figure 3.8(b) Effect of Superficial Gas Velocity on the
' Bed-to-Surface Heat Transfer Coefficient in-
a Shallow Fluidized Bed of -40+60 Mesh Alumina
Particles with a Perforated Distributor Plate -
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special behavior may be attributed to the jet penetrating effect.
For the perforated plate, the jet penetration depth, as calculated
from the correlation of Zenz (1968), is about 30 mm for a super-
ficial gas velocity at 1 m/s, which means that the tube i always
immersed within the jet region in the experiments. For the
laminated plate, the gas jet is much smaller due to the special
structure of the plate. Therefore, the only case in which the

jet effect may be observed is for a tube elevation of 10 mm, as
shown in Figure 3.8(a).

In the jet region, the movement of the particles is
so vigorous that the particle residence time becomes relatively
short. Thus, the bed-to-surface heat transfer rate becomes larger
than that outside the jet region. Since the jets penetrate further
when the superficial gas velocity is increased, the jet effect
becomes more significant as gas velocity is increased. As the jet
region would usually occupy a large portion of a shallow bed, this
special heat transfer behavior is worthy of further investigation.
Note also that when the gas velocity is high, erosion of the heat-
transfer surface could become a serious problem.

C. Effect of Static Bed Height

Figures 3.9(a)-(b) illustrate the effect of static
bed height on the bed-to-surface heat transfer coefficient at
different tube elevations in a shallow fluidized bed of -40+60
mesh aluminum particles. Figure 39(a) shows a maximum heat transfer
coefficient at a static bed height of 30 mm when a perforated
distributor plate is used. By contrast, Figure 3.9(b) demonstrates
a maximum heat transfer coefficient at a static bed height of about
40 mm when a laminated distributor plate is used. As shown in
both figures, a heat-transfer tube elevation of 10 mm appeared to
give the highest heat transfer coefficient.

The data shown in Figures 39(a)-(b) suggest that
the distributor design affects the bed-to-surface heat transfer in
a shallow fluidized bed. At given fluidization conditions, an
optimum static bed height apparently exists for each distributor
design. Further work on solids mixing in shallow fluidized beds
may be needed to quantitatively identify such an optimum static
bed height.

D. Effect of Tube Elevation

The effect of heat-transfer tube elevation on the
bed-to-surface heat transfer coefficient in a shallow bed of -40+60
mesh alumina particles is illustrated in Figures 3.10(a)-(c). The
"cloud zone effect" in shallow-bed heat transfer, previously
observed by A1 Ali and Broughton (1977), can be seen from Figure
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Figure 3.9(b) Effect of Static Bed Height on the Bed-to-Surface
Heat Transfer Coefficient in a Shallow Fluidized
Bed of -40+60 Mesh Alumina Particles with a
Laminated Distributor Plate.



73

o

W oz jo qybley peg oLiedS e 3@ pue dje|d
403NqLUISLQ poRULWeT] B YlLM SBLIL]Jed RULWNLY YSBR 09+0f-
40 pog pazipLnld MOLRYS B UL 3UBLILY4B0) Josued] 1eeH

90eung=-0l-pag. syj U0 uoLjeAd|d] 8qnl J94Subdf-1edH JO 309447 (B)QL°E BunbL4
- (wur) uoTamAauTa equy
o¢ o . oz . 0T
| _ . | ' . {
. : . s/w €tz O
s/u1g'1 O
m\s TAR S
s/w 90 v
£3100T0A SBB TeTOTFaedng

00T

002 .

00€

JJeod I8ISuBI] 3EeY

TOT

(yzm)M) 4 U



*s/u £9°0 40 A1190|8p SeY [LItdadng

e pue 93e|d pajeULWRT ® YILM SS|DLjJed eulwn|y US3Y 09+0P-
40 pag PazLpLN{4 MOLLRYUS B UL JUBLIL}JO0) UdISURM) B3

990 14NG=01-pag BYl UO UOLIBAI|J 2qny U3 SURLl=-3RSH JO 199443

(ww) ucryeadla aqny,

(q)oL € dunbLy

~  og o€ o 01
T .
r I [ won o
wwog O
wwoz O
wwo T \V/
1Yy23tey paq OT3e3S
O —O—
—_—O

oot

00

00¢

(yzm/m) JuaI0TJI800 I83ISUBI] 3EBaH



Heat transfer coefficient (W/m2K)

75

-
—0
300
/
200 |_
Static bed height
Zl'. 20 mm
0 30 mm
O 40 mm
100 | | |
0 10 20 30

Tube elevation (mm) -

Figure 3.10(c) Effect of Heat-Transfer Tube Elevation on the Bed-
to-Surface Heat Transfer Coefficient in a Shallow
Fiuidized Bed of -40+60 Mesh Alumina Particles with
a Perforated Distributor Plate and at a Superficial

Gas Velocity of 0.67 m/s. :
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3.10(a). At Tow superficial gas velocities, a maximum in the

heat transfer coefficient is observed when the heat-transfer tube
is placed above the static bed height of 20 mm, i.e., when the
tube elevation is greater than 20 mm. This is apparently caused
by the formation of a cloud-1ike region (with an intensive gas
bubbling) in the bed by the splashed particles. When the gas
ve1OC1ty is increased, particles are splashed higher, leading to a
maximum heat transfer coefficient at higher tube elevations.

Figure 3.10(b) shows that as the static bed height
is increased, the increase in the bed-to-surface heat transfer
coefficient due to the cloud-zone effect becomes less significant.
This result also suggests that the cloud zone is indeed an important
regime which affects both hydrodynamics and heat transfer in shallow
fluidized beds.

Figure 3.10(c) illustrates the similar effect of
static bed height on the bed-to-surface heat transfer coefficient
when a perforated distributor plate was used. The result shows
that the vigorous particle splashing caused by gas jets through
the perforated plate leads to a notable increase in the heat
transfer coefficient at higher heat-transfer tube elevations above
the static bed height of 20 mm.

E. Effect of Particle Size and Distributor Type

Larger particles are known to have a lower bed-to-
surface heat transfer coefficient than smaller particles, and this
fact is confirmed by the typical experiment result shown in Figure
3.11. For even larger particles, the superficial gas velocity
required may be so high that the gas convective component of the
bed-to-surface heat transfer coefficient may become more signifi-
cant. This effect will be investigated in the present project.

The effect of distributor type, previously illu-
strated in Figures 3.8(a)-(b), 3.9(a)-3.9(b) and 3.10(b)-(c), is
further shown in Figure 3.11. At a given superficial gas velocity
and with a fixed particle size range, this figure indicates a higher
bed-to~surface heat transfer coefficient with a perforated distri-
butor plate. As discussed before, the different penetrat1on depths
of gas jets through different distributor plates seem to signi-
ficantly affect the bed-to-surface heat transfer, and several
other distributor types should be used to further investigate this
effect in shallow-bed heat transfer.
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400 |

300 |
A 10/60 mesh, laminafed plate
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~ Figure 3.11 Effects of Part1c1e Size and Distributor Type ori the

Bed-to-Surface Heat Transfer Coefficient in Sha]iow
" Fluidized Beds of’ Alum1na Part1c1es at D1fferent
Superf1c1a1 Gas Ve10c1t1es. : . n
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3.3 Heat Transfer in a Heat Tray

3.3.1 Experimental System

As discussed previously in Section 1.1, a key concept
of the new fluidized-bed reactor (called "heat tray") being
developed for the unsteady-state Fischer-Tropsch synthesis involves
alternately exposing the iron catalyst to a large flow of CO-rich
(Hz2-1ean). "supernatant gas" (S-gas) for a short period of time and
to a smaller flow of Hz-rich "fluidizing gas" (F-gas) for a long
period of time. An experimental heat tray has been designed and
constructed for investigating the hydrodynamics and heat transfer
in this fluidized-bed reactor. Initial experiments have been
conducted to measure the heat transfer coefficient between the
flowing supernatant gas and the fluidized bed.

Figures 3.12 and 3.13 show, respectively, a schematic
diagram and a photograph of the heat tray system. In the system,
building compressed air at a pressure of 80 psig flows through an
one-inch pipe to a tee, where it is split to form the F-gas and
S-gas streams. Stream flow rates are controlled and measured by
separate globe valves and rotameters. The F-gas stream flows
directly to the heat tray; and the S-gas stream is heated in a one-
inch Sylvania in-line electric-resistance heater before entering
the heat tray. The heater is controlled by a Superior Electric
Company type 116 powerstat variable-transformer.

Both F-gas and S-gas streams exhaust to the atmosphere
through a common exit nozzle which is fitted with a fine porous
cloth to collect any entrained particles. Building water supply
is circulated through the heat tray for cooling purposes. Water
flow rate is measured with a standard rotameter. Temperature
transducers, accurate to £0.1°C, are Tocated on the water inlet,
water exit, F-gas inlet, S-gas inlet and combined gas exhaust
streams. A mobile transducer is used to monitor other temperatures,
particularly those along different locations in the bed.

Figures 3.14(a)~(b) show the schematic diagrams of the
front and side views of the heat tray. The heat tray is rectangular
in plan view and is constructed from galvanized sheet metal. It
is insulated by fiberglas insulation materials. It is mounted on
an angle-iron bracket to facilitate tilting the bed at different
angles from its horizontal position. This tiit will provide for
solid circulation in the bed. As can be seen in Figure 3.14(a),
the F-gas stream first enters a windbox at the bottom of the heat
tray. A deflector plate, located in the windbox, evenly distributes
the gas flow to the bed. The distributor used is a two-layer
Dynapore laminate type constructed from stainless steel. The
F-gas stream then fluidizes the solid particles above the immersed,
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Figure 3.13 A Photograph of the Heat Tray System. Heat Tray and
Support Bracket are Located Center Left, Air Supply
at Far Left. Rotameters are Mounted on Support Grid
Above Bench. The Following can be Viewed on the Heat
Tray: F-Gas Feed (Bottom of Tray); Water Inlet and
Outlet (Lower Right Corner of Tray); S-Gas Feed (Upper
Right Corner of Tray); Gas Exit, Fitted With Cloth
Particle Trap (Upper Left Corner of Tray).
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Tinned heat-transfer tubes which are part of a Volkswagen Rabbit
heater. The S-gas stream enters the heat tray through a set of
staggered sheet metal plates, which are designed. to provide for an
even gas flow and for an adjustable gas inlet height. Both the
F-gas and S-gas streams are then mixed together in the freeboard
zone of the bed and the combined stream exhausts through a common
exit nozzle. :

3.3.2 Experimental Results and Discussion

Initial experiments have been completed which provide
the first data on the heat transfer coefficient between a flowing
S-gas stream and a shallow fluidized bed in the heat tray system.
The bed particles used in these experiments are spherical Norton
Masterbeads, which have a mean diameter of 0.0123 to 0.0441 inches
(313 to 1.720 um) and a density of 229.71 1b/ft® (3,670 kg/m®).
Other information concerning the experimental variables and
conditions is summarized in Table 3.6. The experimental results
were analyzed using a set of working equations for heat transfer
measurements in the heat tray, which are developed in detail in
Section 5.3 of the Appendix. '

, . Typical experimental results are illustrated in Figure
3.15, 1in which the heat transfer coefficients between the S-gas and
the fluidized bed are plotted against the ratio of F-gas to S-gas
mass flow rates at two S-gas inlet nozzle openings. Decreasing the
F-gas flow rate or increasing the S-gas flow rate Teads to higher
heat transfer coefficients. In particular, the use of a small S-gas
inlet nozzle opening at a high S-gas flow rate givea the highest o
heat transfer coefficient of about 1,240 Btu/hr-ft2°F (7,040 W/m?- K).
It appears that a‘'smalier S-gas inlet nozzle opening results in
S-gas injection closer to the bed surface and in moré intimate
contact between the S-gas and the bed.

Figure 3.16 illustrates the effect of S-gas inlet
velocity on the heat transfer coefficient between the S-gas and the
bed for both S-gas inlet nozzle openings. Increasing S-gas inlet
velocities results in higher heat transfer coefficients. ‘

_ The preliminary results described above show very high
rates of heat transfer in the many thousands of watts per degree
Kelvin per square meter of projected horizontal bed surface; and
provide encouraging support of the new fluidized-bed reactor concept
tor Fischer-Tropsch synthesis, particularly in the use of immersed
heat~transfer surface for recovering reaction heat in a shallow bed.
Work is continuing to experimentally correlate the heat transfer
coefficient with such variables as relative F-gas and S-gas flow
rates, S-gas inlet velocity, and bed horizontal tilt angle. Provisions
will also be made to reduce the freeboard height to promote better
contact between the S-gas and the bed.
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Ranges of Experimental Variables and Conditions in Initial
Measurements of Heat Transfer Coefficient Between A
Flowing Supernatant Gas (S-Gas) Stream and A

Shallo

w Fluidized Bed

Operating Variable

Level of Variable

(-)

(+)

F-gas mass flow rate,
Tb/hr

S-gas mass flow rate,
1b/hr ‘

Superficial fluidization
velocity, ft/sec

Mean particle diameter,
in. (um)

Bed tilt, angle from
horizontal, degrees

S-gas inlet nozzle
opening, in.

70

70

0.63

0.0123 (313)

0 (level)

0.79

270

270

2.43
0.0441 (1,120)1

2.27

0.98
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5. APPENDICES

5.1 Safety Pfovisions for the Fischer-Tropsch Synthesis
Microreactor System

5.1.17 Location of the Microreactor System

The vibrofluidized microreactor system described
in Section 2.2 is located in the Laboratory for Coal Science
and Process Chemistry (“coal Tab"), Room 319A, on the third
floor, northeast wing of Randolph Hall, Virginia Polytechnic
- Institute and State University. Above the microreactor
- system is the building roof, and below it is the Unit Operations
Laboratory ("U.0. Lab"). Figure 5.1 shows a schematic of the-
‘Tocation of the microreactor system ("reactor Tab"). The
system is surrounded by cinderblock wall on three sides, and by
piywood on the other side and on the top, forming a "reactor
box" as Tabelled 1in Figure 5.1. The dimension of this reactor
box are 1.45 m x 1.32 m x 2.13 m gwidth x length x height),
'giving a total volume of 4.0768 m3. The Taboratory surrounding
"this box, Tabelled as "reactor Tab" in Figure 5.1, has the
dimensions of 3.5 m x 7 m x 3.45 m or a total volume of 84.53 m3.

5.1.2 Ventilation of the Microreactor System

Ventilation for the entire reactor Taboratory is
provided by a Targe roof-fan which draws air from both the coal
laboratory and the unit operations laboratory. This roof-fan
draws air at a vg]umetric flow rate of approximately 9.46 x 10-3
m3/sec (0.334 ft3/sec or 20.04 cfm) at the grate of the reactor
Taboratory. Thus, the entire air content of the.reactor
Taboratory would be replaced approximately once every itwo and
one-half hours if there was no other air exit. However, an
additional vent fan draws air from_the reactor box at a faster
rate of 9.91 x 10~2 m3/sec (3.5 ft3/sec or 2,100 cfm). This
means that the aijr content in the reactor box can be replaced
approximately once every 41 seconds. Also, the entire room
air in the reactor laboratory is replaced about once every 7
minutes. Note that fresh air is drawn into the reactor labora-’
tory via the unit operations laboratory and an air duct in the
coal Taboratory.

The reactbr box has been caulked with silicone rubber at
all of its joints and around the edges of the plexiglass at
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the roof Tight. The small piece of piywood covering a vent
hole in the wall has also been carefully caulked. The roof
Tight is Tlocated on top of the reactor box and shines Tight
through the pTex1g]ass to eliminate any possibility of spark
hazard.

Table 5.1 summarizes the estimated volumes of
different components of the microreactor system and the esti-
mated air renewal rates of the reactor box and the reactor .~
 Taboratory. The volumetric flow rates of the reactant gases . -
being used in initial experiments are as fo]Tows (see a1so
Figure 2.3 and Table 2.2):

Gas Raté, mm3/sec Duration, sec Volumé, i
CO:Hz:Ar  ~ . 2,500 2 5,000
Ha 20 1 o 250
Ha g S ¥ 250

The total volumetric fiow rates of diffgrent reactant gases.ére: -

Gas Rate, mm3/sec Rate, cfm
e+ 1.09 x 1072 3.84 x 1074
co 469 x 1078 1.65 x 107
98 x 107 3.29 107°

These vo]umetr1c f]ow rates suggest that if no fresh a1r we
~ added to the reactor box for an hour, a total of 2.81 x 10'4
of CO would have been accumulated in the reactor box containing
the microreactor. This would correspond to a concentration of
- 0.007% by volume or approximately 69 ppm. .Note that the
American Conference of Governmental Industrial Hygienists has _
recommended a threshold Timit value of 50 ppm for CO representing
- the concentration of CO in air to which nearly all warkers may
be continuously exposed without adverse effects.

The flammable limits of Ha in a1r 4 to 75% by -
volume, depending upon the surrounding situations. Therefore,
H, would have to build up inside the reactor box for approx1mate1y.
- 250 hours before it would ignite.



Table 5.1

Estimates of Microreactor System Volumes and

Room Air Renewal Rates

Systgm Description Quantity

Volume (m3) or Air
Renewal Rate (m3/sec)

A.

Microreactor System Com-
ponents

1. 1/4-inch 316SS tubing, 40 ft.

0.035-inch wall thick-
ness

2. 1/16=-inch 316SS 12 ft.
tubing, 0.028-1inch
wall thickness

3. 500-ml1 reactant and 3
inert gas reservoir

4, 150-mt reactant and 1
inert gas reservoir

5. Microreactor 1
6. Estimated Micro-
reactor System Vol-
ume (components 1
to 5)
Réactor Box Volume
Reactor Laboratory Volume
Air Renewal Rates

1. Reactor Box

2. Reactor Laboratory

2.86 x 10”4

2.21 x 10°°

1.5 x 1073

1.5 x 1074

5.63 x 1077
1.94 x 1073 o

1.08 m°

84.53 m°

9.91 x 10”2 m3/sec
9.46 x 10™3 m3/sec
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5.1.3 High Temperature and Pressure Precautions

The vibrofluidized microreactor system is to be
run at pressures up to 30 atm and parts-of the system at’
temperatures up to 3159C. Thus, the upper Timits of opeérating
temperatures and pressures of different system components must
be known. Those are summarized 1in TabTe 5.2.

5.1.4 Electrical System

A1l electrical switches and plugs are external
to the reactor box. The only electrical devices Tocated in
the box are the solenoid valves,’ pressure anhd flow transducers,
and CO detector, and the fluidized constant-temperature-sand-bath.
On-off switches for these devices are located on the control ,
panel outside the box. The fuse box is located adjacent to the
reactor box so that in case of an emergency, all e]ectr1c1ty
can be shut of f 1mmed1ate1y '

The Circle-Seal solenoid valves are activated by
28 VOC via a Zenith Z-89 microcomputer The Atkomatic solenoid
valve is actuated.by 24 VDC via the microcomputer. The pressure
transducers are excited using 10 VDC; and both the mass flow
meters and CO detector require 120 VAC. The fluidized constant-
temperature sand-bath uses 240 VAC. -

5.1.5 Emergency Equipment

A Toxgard Model C carbon monoxide detector (Mine
Safety Appliances Company) is mounted inside the reactor box
as a first Tine .of defense against CO leaks. This detector
~contmuous]y samples the air by diffusion and reports concen-
tration in ppm. If the 1imit is reached, both visual and audible
alarms are tripped. The sensor 1ife-of this unit is about one
year. The unit is powered by the 120 VDC building supply.

One 5-pound CO2 fire extinguisher is located
approximately 15 m from the reactor box inside the coal
laboratory. At the same Tocation is a f1rst-a1d kit and an
eyewash station. '

A sling air mask, available for rescue in toxic
env1ronments, is Tocated on the wall outside of Room 155,
Randolph Hall. A telephone is Jocated inside the coal 1abora—
tory . Emergency telephone numbers are as follows:




Table 5.2

Upper Limits of Operating Temperatures and Pressures
for Different Components of the Vibrofluidized
Microreactor System

Maximum Working Maximum Working
Pressure at 700F, Pressure (psi) at

10.

1.

Component (psi) Selected Temperature
High pressure air 2,500
regulators
Stainless steel 5,906 5,433 at 3150C
tubing, 1/4-inch
Whitey 1/4 ball 3,000
valves
Whitey sample cy- 1,800
lTinders
Nupro check va]ves 3,000
Circle seal 2-way 3,000
and 3-way solenoid '
valves
Atkomatic solenoid . 5,000 5,000 at 260°C (max)
valve
Nupro metering
valves:
4 SG 2,000
5 MG 1,000
Flexible stainless 2,660 6,968 at 315°C
steel hose
Brooks mass flow
meters: 5810 3,000
5811 1,500
Circle-seal back- 1,000

pressure regulator



Table 5.2

- ¢ . {continhued)

.Maxﬁmdm Wdrking.'

o - Pressure at 70°F,
Component - : (psi) -

Maximum Working
Pressure .(psi) at
Selected Temperature

12, Nupro filters . 3,000

13. Valco 6-‘énd 10~
port sampling
valves

14, Nupro in-line re- 3,000
- Tief valves (350-
600 psi adjustable)

3,000 ‘at 300%C (max)
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5.].6

1. Blacksburg Rescue Squad 9-911
2. Blacksburg Fire Department 9-552-2222
3. Campus Police 6411
4, University Health Services 6444
5. Montgomery County Hospital 9-951-1111

Emergency Shutdown Procedures

A. Fire Emergency

1.

2.

Turn off the main valve on the hydrogen
cylinder.

Turn off the main valve on the Hz:CO:Ar
cylinder.

Call Blacksburg Fire Department at
9-552-2222.

Notify a close-by person to sound the
fire alarm and evacuate the building.

If fire is small and confined in nature,
steps may be taken to extinguish it with
the C02 fire extinguisher.

Leaks

Turn off all electricity to the experiment
at the control panel of the fuse box.

Turn off the main valve on the hydrogen
cylinder.

Turn off the main valve on the Hz:CO:Ar
cylinder.

Locate leak site using nitrogen and repair
the leak.

Pressure-test the system after leak repair.
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C. Loss of Building Power

1.

Turn off the main valve on the H2:CO:Ar
cylinder.

Turn off the main valve on the hydrogen
cylinder.

Turn off the main valve on the nitrogen
cylinder.

Turn off all meters and solenoid valves.
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Wait for power restoration in another room.
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5.3 Development of Working Equations for Measurements of Heat Transfer
Coefticient Between a. Flowing Supernatant Gas and a Shallow
Flutdized Bed In a Heat Tray

5.3.1 Heat Tray System Diagram and Simplifying Modeling Assumptions

Figure 5.2 shows a schematic diagram of the heat tray
system used in the development of working equations for measurements
of heat transfer coefficient between a flowing supernatant gas
(S-gas) and a shallow fluidized bed. Figures 5.3 and 5.4 depict,
respectively, the expanded versions of the upper half (freeboard)
and Tower half (fluidized bed) of the heat tray. The following
simplifying assumptions are made in the modeling of this-heat tray
system,

(1) The system is well-insulated and at a steady state.
There is no heat loss from the system. In other words, the system
can be considered to be in a steady-state adiabatic operation.

(2) Heat capacities of the fluidizing and supernatant
gas streams (F-gas and S-gas) and of the cooling water can be
considered practically constant over the range of operating tempera-
tures of the system.

(3) The temperature of the F-gas leaving the fluidized
bed (Tf in Figure 5.3) can be considered as practically constant.

(4) The temperature of the flowing gas stream in the
upper half (freeboard zone) of the heat tray (T in Figure 5.3) is
onily a function of the distance along the gas flow path (x direction),
with T = T¢ (S-gas inlet temperature) at x = 0 and T = Tg (combined
F-gas and g-gas outlet temperature) at x = a.

(5) The heat transfer coefficient h between the flowing
S-gas and the fluidized bed can be assumed to be practically constant.

5.3.2 Notations Used in Heat Transfer Model Development

A the projected horizontal area of the fluidized bed, a*b, m®
or ft?

a the length of the heat tray, Figure 5.3, m or ft

b the depth of the heat tray, Figure 5.3, m or ft

o the height of the freeboard zone in the heat tray,

Figure 5.3, m or ft
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the heat capacity of the flowing gas

the heag capacity of the cooling water, J/kg-oK or
Btu/1b."F .

the heat transfer coefficient between the fﬁowing
supﬁrgatant gas (%-gasg and the shallow fluidized bed,
W/m=."K or Btu/ft"<hr."F

an integration constant in the model development

the mass flow rate of the fluidizing gas (F-gas), hg/s
or 1b/s

the mass flow rate of the supernatant gas (S-gas), kg/s
or 1b/s

the mass flow rate of the cooling water, kg/s or 1b/s

the heat flux transferred from %he S-gas to the
fluidized bed, W/m? or Btu/hr.ft

the heat flux from the immersed heat-transfer tube in
the fluidized bed to the cooling water

the temperature ofoflowigg gas in the freeboard zone
of the heat tray, C or °F

the temperature of the fluidizing gas (F-gas) 18aving
the fluidized-bed zone of the heat tray, C or °F

the temperature of.the fluidizing gas (F-gas) eBtering
the fluidized-bed zone of the heat tray, C or °F

the temperature of the combined F-gas and S-ggs strgam
leaving the freeboard zone of the. heat tray, “C or °F

an arbitrary referenge temgerature in energy balance
over the heat tray, C or °F

the temperature of the supernatant gag (S—ggs) entering
the freeboard zone of the heat tray, C or °F

the outlet temperature of the cooling water through the
3mmersgd heat-transfer tube in the fluidized bed,
Cor °F

the inlet temperature of the cooling water through the
gmmersgd heat-transfer tube in the fluidized bed,
Cor °F
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v the velocity of the flowing supernatant gas (S-gas)

X in the freeboard zone of the heat tray, m/s or ft/s
v, the velocity of the fluidizing gas (F-gas) in the
fluidized-bed zone of the heat tray, m/s or ft/s
XaYaX the coordinates used in modeling the heat tray system
: p(Ti) the dens1ty of the gas stream at temperature T kg/m3
o ~ or 1b/ft3

5.3.3 " The Upper Half or Freeboard Zone of the Heat lray
' F1gure 5.3

Consider the rectangu1ar differential vo]ume def1ned by
Ax*Ay+Az or Ax+bec shown in Figure 5.3. When mass inputs are-
equated to mass outputs, one obtains the steady-state mass baTance
on the rectangular differential volume Ax<bec of the freeboard -
zone of the heat tray as’ f011ows

v o(T

; bc = p(T)v

)be + p(T)vx

% be

x N
I X+HAX

X

Dividing each term by Ax+bc, rearranging the result and tak1ng the
1imit as Ax approaches zero then gives

v p(T /c = —"-LP 1

.Integrat1ng both sides of the equation from x = 0 to x =aand
introducing the initial condition that at x = 0, o(T) = p(Ts), one
obta1ns the following expression S :

(TE)
o(Thy, = L—E—V-z- x + (T

Noting that m, = p(TF)vzba and m. = p(Ts)vap, the above equation
can be writteﬁ as - ' - ,

B L o -
Vx = armEe CF X ) o
For the same rectangular differential volume shown in

Figure 5.3, the contributions to the steady-state energy ba]ance
are as f011ows
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Energy in by - .
F-gas flow p(Tf)cpvz(Tf To)Ax b
Energy in by [e(T)C vx(T—TO)] bc
S-gas flow P X
Energy out by [o(T)C v (T-T )] bc
p X 0
S-gas flow w+AX
Energy out by q Axeb = h(T-Tf)AX'b

transfer from
S-gas flow to
fluidized bed

By equating the sum of energy inputs to that of energy outputs,
one obtains the steady-state energy balance on the rectangular
differential volume Axebec of the freeboard zone of the heat tray
as follows.

PTG, TToltseb + [o(Teyy, (T-To) | be

= [o(MC v (T-T] | be+ h(T-Tg)axeb

X+AX

Dividing each term by Axsbc, rearranging the result and taking
the Timit as Ax approaches zero then gives

. Sh(T-To)  o(Te)v (Te-T))
%; LD(T)VX(T-TO)] = LN f’'zV'f ‘o

ccp c
ccp abc

In obtaining the last equation, the relationship me = p(Tf)vzba
has been used.

Next, by differentiating the left-hand side by parts
and substituting Eq. (1) for v, into the resulting expression, one

obtains X
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' T-T )m m. X
| d ar T To)me ¢ sdT
_ h(T-Tf) . mf(Tf-TO)

abc
ccp

Therefore, the change of the temperature of flowing gas stream 1in
the freeboard zone of the heat tray is governed by

B} [af i Qﬂ (Te-T)

[aXTaR
25

Integrat1ng both sides of this equation fromx =0, T = T to

X =a, T =Tg gives the following relationship
T -T m
1ng'f=*A-qu+i] (2)
| TS-Tf mep m

where A = a<b = the projected horizontal area of the fiuidized bed.
This relationship can also be written as:

' " [1 -T
h _ p S 1

= +1 o (3)
A m
h1E + ﬁf]
v S -

In order to use Eq. (2) to find the heat transfer coefficient h,
one needs to know the temperature T, of the fluidizing gas (F-gas)
Teaving the fluidized-bed zone of tge heat tray. This temperature
can be found by making an energy balance over the fluidized-bed
zone in terms of experimentally measurable variables.

5.3.4 . The Lower Half or Fluidized Zone of the Heat lray
F19ure 5.4
Consider the rectangular differential volume defined by

Ax Ay*Az or Axebec shown in Figure 5.4. The contributions to the
steady-state energy balance are as f0110ws.
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Energy in by

0 0,0 .
F-gas flow P(Te)Cpv (Tf'To)AX b

f) pz

Energy in by

transfer from h o .
S-gas flow %o qdx<b = h(T'Tf)AX b
fluidized bed

Energy out by (T

F-gas flow Te=Ty)oxeb

#1182 (Te
Energy out by
transfer from immersed

heat transfer tube '[qw
to cooling water

]

Xt X

-qw

Based on these energy inputs and outputs, the steady-state enefgy
balance on the rectanguiar differential volume Axebec of the
fluidized-bed zone of the heat tray can be written as follows:

(Tf)vaZ( -T )Ax b+ h(T- Tf)AX’b

= p(Tf)C v (Tf TO)Ax'b - [qw‘

- qwi ]

X Xt X

Dividing each term by Ax<bec, rearranging the result and taking the
1imit as Ax approaches zero then gives

dq,, o :
= B(TTedb + [T, (TT) = o(Te)ey, (TT)]s

(T2-T
= h(T- Tf)b + ._ﬁE,_f__il

Here, the relationship m. = )v ba = p( T ba has been used. By
integrating both sides o? the 1gst equation fr&m x=0,qg=0to
X =a, q=gq, one obtains the following expression

q, = ML (T2-Te) = -mC (To-Te) [(140)7P-1]

p p
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where Mme = p(Tf)vzba, mg = p(TS)vac, o= mf/ms, and

8= (hba)/ (meCy) = (ha)/ (meCy).

By defining v = g /(m.C ), the 1ntegrated equat1on for
can be rearranged to give Yhe- ¥0E]OW1ng explicit expression for

_twe temperature T, of the fiuidizing gas (F-gas) feaving the fluidized-

bed zone of the hgat tray°

T - . o
Y+ =% [(146)7F - 11 - 72
Te = -
f - 6 s -
T+a) P - 1
5.3. 5 The Working Equation for Measurements of Heat Transfer

Coefficient Between a Flowing Supernatant Gas and a
‘Shallow F1u1d1zed Bed .in a Heat Tray

(4)

' The preced1ng resuTts can be combined to give an exp11c1t
equation for finding the heat transfer coefficient h from exper1-
mentally measurable variabies. First Eq. (3) gives °

~ hA

T-T.1°
f
]
'B = =] + —-—-—s—_—
meCy 1n [i+e]
mwea-%m FGPH“VW”QH“L This equation is the

same as _
| (g T-T.1.
'(n['I-!-ozj (Bﬂ): tn [_Q_i}

or

Te = ' : _.“. ’... j :-'- (5)
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Substituting Eq. (5) into Egq. (3) then gives

[Ts - ya - Tg(1+a)]
~m.C [T +Tooz-yoz 1
h = P n IS f _ TJ (6)
A L (T+a)
L J
where o
) mepw(Tw-Tw).
v C

o = me/mg = [o(Te)v,ba]/[o(T v, bel.

Eq. (6) is the final working equation for finding the heat transfer
coefficient h from experimentally measurabie variables in the heat
tray. .
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