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ABSTRACT

This project is concerned with an experimental and analytical study to develop a predictive
model for acid hydrolysis percolation reactors of the type being considered by SERI for conversion
of lignocellulosic materials to fuel ethanol. The modeling approach proposed is an adaptation of
stochastic percolation theory to the wood chip bed. Essentially, the theory provides for the
volume-averaging of random local hydrodynamic phenomena on the particle scale, to the bed scale.

The experimental work will be accomplished primarily in a 6-inch diameter reactor of the type
currently in use at SERI, on loan to Brown University for the duration of the contract. The reactor
has been received and is currently in the process of installation at Brown. This reactor will be used
for both wood chip conversion and inert tracer studies of liquid holdup, an indicator of liquid-solid
contacting. The latter data are needed for the development of the percolation model. In addition to
providing a convenient, nondisruptive method for measuring liquid holdup, the tracer data can also be
interpreted to yield the effective intraparticle diffusivity in the wood chips.

One important aspect of the experimental work involves characterization of the wood chips as a
function of conversion. Work along these lines thus far has shown that both flow BET (N, and CO»)

and mercury intrusion porosimetry are not suitable for characterizing the internal structure of the
aspen wood chips. However, monolayer adsorption of cationic dyes (i.e., methylene blue and crystal
violer) has been shown to yield reasonable and reproducible results for internal surface areas.

Following the experimental and theoretical work at Brown University, the resultant
hydrodynamic reactor model will be tested for predictive capability on the SERI PBR system.
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PACKED BED HYDRODYNAMICS
OF AN ACID HYDROLYSIS PERCOLATION REACTOR

INTRODUCTION

Primarily due to hydrodynamic complexities, the design and prediction of the operating
performance of such Teactor systems has been, for the most part, Semi-empirical in nature.
Approaches range from purely empirical correlations of eXperimental observations of conversion as a
function of the primary system parameters (usually over 5 very limited Operating range), to more
careful treatments of the ransport phenomena. involved in the fluid-solid interactions; including, for
example, axial and radia] dispersion. However, even models of the latter type adopt a fundamentally
homogeneous continuum description; i.e., the liquid (and, if applicable, gas) volume-averaged flow
rates are assumed to be completely independent of location in the packing. However, even a cursory

of the particle size, and that they must be properly vc_)lume-av.eragec'i I order to enable an accurate

| BACKGROUND
|

Percolation Theorv and Packed Bed Hydrodvnamics

A packed bed of particles exhibits the Property that it is globally'homogeneous (due to the
relatively smal] [i.e., particle] scale of transport and reaction phenomena), bur s highly
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heterogeneous at the particle scale. It is this local irregularity, however, that controls the bed
hydrodynamics and determines how fluid flows through the random network comprised of paricles
and pores. It is this physical picture that ideally lends itself to description via the percolation theory.
Essentially, the number of channels [i.e., pores] entering and leaving a cell region [on the particle -
scale] varies randomly from point to point, and the clustering of these channels is responsible for -

generating the various macroscopic flow structures observed.

Recently, this approach has been successfully applied to the description and modeling of
three-phase trickle bed reactors by Crine and co-workers at the Universite' de Lie'ge (Crine et al,,
1981-83). The trickle bed model is based on a representation of the packed bed as a scattering
medium or lattice where the sites correspond to contact points between particles, and the bonds
correspond to pores connecting neighboring contact points. The percolation process is realized by
randomly distributing blocked and unblocked pores within the lattice. In one particular version of
this model (Crine and L'Homme, 1982a), developed for the low interaction gas-liquid trickle flow
regime, the flow was assumed to occur in laminar films in the unblocked pores, driven by a
combination of gravity and pressure drop. It was further assumed that the pores were randomly
distributed with respect to angular orientation, with equal flow for all unblocked pores of the average
angular orientation. No flow occurs in the blocked pores.

Even though this is an intuitively pleasing qualitative description of the flow behavior, it would
not be very useful for reactor modeling were it not for the quantitative results that it allows.
Essentially, the local flow rate is determined by the density of connection via the pores, denoted as

o, for i = 1,2,...,e0 connections. By maximizing the configurational entropy of this system, Crine
and Marchot (1984) showed that:

0; = exp(a+bi)

where exp(a) = 1/[<i>+1] and exp(b) = <i>/[<i>+1], and <i> is the averaged value of i for the entire
bed. The corresponding superficial flow rates are given by:

L;=1L4; and <L>=<i> L,
where L, represents the minimum flow rate in a single pore.

In order to model global rates of transport and reaction, these processes must first be modeled at
the particle scale and then appropriately averaged to the bed scale. Volume averaging occurs via the

flow distribution presented above. Transport propertes, I', are bed-averaged simply according to:

<I>=X L)y
i=0

In this manner, Crine and co-workers determined bed-averaged values of the irrigation rate (Crine
and Marchot, 1984), and the dynamic liquid holdup and reaction rate (Crine and L'Homme, 1982a).
Crine et al. (1982b,1983) also derived a theoretical expression for the axial dispersion coefficient (or
the axial liquid phase Peclet number) based on the particle irrigation rate. Good agreement was
obtained for the variation of dispersion coefficients, determined in this manner, with liquid viscosity
and particle irrigation rates. ‘

In addition to the preceding, Crine and co-workers demonstrated that the trickle bed
percolation model results can be interpreted in terms of the size and compactness of the liquid flow
structures (i.e., irrigated and nonirrigated zones), and liquid distribution between rivulet and film
flows (Crine and Marchot, 1983a). Another application of the same model involved its extension to
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the description of heat transfer in trickle bed reaétors (Crine, 1982¢).
l Vi

Liquid holdup is the key variable in detei;mining liquid-solid contacting effectiveness, and,
consequently, in determining the overa]l reaction rate and reactor performance. The total liquid
holdup, Ht’ is made up of two major contributions: the static liquid holdup, HS, and the dynamic

liquid holdup, Hy, such that Ht=Hs+Hd- The static liquid holdup is defined as the total amount of
liquid retained in the porous packing after the liquid has been drained from the reactor, divided by the

collapse), the accessible bed volume may vary significantly over the course of the reaction, thereby
also varying the contacting effectiveness of the liquid phase with the solid packing. These variations
will be reflected in the liquid holdup.

the former are reactive and nonreactive dissolution techniques, and permanent dye adsorption. The
nondestructive techniques rely primarily on inert tracer response. Due to the reactive nature of the
in the AHPR of interest here, the tracer techniques seem to be the most appropriate, since
continual variation in bed state can be monitored directly without disrupting the bed.

The method Proposed for the current study is basically an adaptation of the technique
presented by Mills and Dudukovic (1981). These authors presented an expression for the first
moment of the impulse Tesponse of a partially-wetted, packed bed to a nonvolagle inert tracer in terms
of measurable System parameters. This same expression is also applicable to liquid-full Operation

Upon appropriate substitution of parameters. The total liquid holdup, Hi, can be determined from the

for example, can be used to assess the interngl wetting. This method relies on the ratio of the second
(i.e., the variance) and first moments of the tracer impulse response.

‘RESEARCH PLAN

Abplication of the Percolation Thegry to the Acid Hyvdrolvsis Percolation Reactor

\

The AITIPR Is not operated as a trickle bed reactor; 1.e., the bed runs liquid-full. Even S0, the

basic principles of the percolation theory remain applicable and Provide a useful theoretica]

framework for the development of a predictive model, In fact, some of the results already derived by

Crine and co-workers for trickle bed operation may also be applicable to the AHPR under certain
operating conditions.

in the bed voidage external to the packing, as well as the internal structure of the wood chips. The
Precise meaning can be inferred from the use of the term in context. Both the interna] pore structure of
the wood chips and the bed voidage as a function of conversion will be determined in separate batch
studies.] As indicated by Crine and L'Homme (1982a), the percolation theory is not limited 1o the
local laminar film flow pore model. Therefore, a local flow model, dependent on the actual operating
flow rates andi the pore structure determined for the external bed voidage, will be formulated for the
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. - AHPR. In any case, the resultant theoretical formulation will rave a parameter (or parameters),

analogous to L, related to <i>, the bed-averaged number of interconnections of the flow cells. This
parameter can then be evaluated by comparison of the resultant predictions with liquid holdup dara.

Another major difference between the AHPR and the catalytic trickle bed case is the crucial
added dimension of continuous variation of the state of the reactive packing. The percolation theory
has not yet been applied to any type of reactor approximating this situation. In terms of a formulation
like the one presented by Crine and co-workers for trickling liquid downflow, it is expected that the
bed-averaged connectivity, <i>, will vary with extent of reaction. However, as shown above, <i> is
directly proportional to <L> for this model, and thus any variation in <i> can be detected simply by
measuring the total bed-averaged flow rate, <L>.

For situations where the bed is running full, as in the AHPR, the total, bed-averaged flow rate
will depend on both the total bed voidage (as previously), as well as the bed (external) pore size
distribution, or mean pore diameter, which will vary in accordance with the opposing effects of pore
enlargement due to exterior reaction and shrinkage of the wood chips, and pore compaction and
collapse due to degradation of the wood chips. The former effect will cause the local flow rate to
increase, while the latter will cause it to decrease, and, ultimately, degenerate to a blocked pore. In
addition, the possibility remains that the nature of the bed-averaged connectivity may vary with extent
of reaction.

In order to investigate these phenomena, both reaction and liquid holdup measurements will be
conducted with beds that have been reacted to varying extents. Tracer studies on these beds will then
be used to generate an appropriate model, the hydrodynamic parameters of which will vary as a
function of conversion. For example, in terms of the Crine et al. model, a different value of <i> will
be determined for each level of conversion for incorporation into the model.

Ligquid Holdup

The bed liquid holdup.is the primary measurement that will be used in the model development. It
is proposed to measure liquid holdup as a function of: liquid flow rate; flow direction; and bed state
(i.e., extent of reaction and compaction). These measurements will be interpreted in terms of the
percolation theory. In order to apply this technique in downflow, experiments must be conducted
under both liquid-full and percolation flow regimes (Mills and Dudukovic, 1981). In upflow, the
effect of varying liquid holdup with bed state will be interpreted in terms of packing compaction and
varying accessibility. _

The reactor for both the reaction and liquid holdup tracer studies is a 6-inch diameter vessel of
the same type currently in use at SERI, on loan to Brown University for the duration of the contract.
In this manner, beds of the same type as experienced in current use will be produced in situ for
subsequent tracer studies.

Wood i har rization

Wood chips of three different sizes will be reacted to varying extents. Samples of these matenials
will then be characterized with respect to both external void fraction and internal pore volume and
pore volume distribution. These data are necessary in order to guide the application of the percolation
theory and to correlate bed state with the liquid holdup and contacting measurements. In additon,
some knowledge of the internal pore stmucture is required for correlation of the effective intraparticle
diffusivity to be determined from the tracer tests.
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RESULTS

Since this contract has only recently been initiated (1 September 1987), almost all the work
described above hag yet to be performed. However, some work has already been accomplished
nonetheless. During this past first month, the SER] reactor has been received, and we are currently in
the process of installation. In addition, we have been €xamining techniques for wood chip
characterization, Iniria] results concerning these efforts are reported below,

presented in Figures 1 and 2, respectively. Much of the necessary piping and fittings have been
ordered, and installation 1s proceding according to expectations,

Qharacterization of Aspen Wood Chips

Many methods have been

j ermination of the interna) surface area of poroys solids; the most common being

gas adsorption, mercury intrusion porosimetry, gas permeability, adsorption of a solute from
solution, and, depending on the nature of the materjal, optical and electron microscopy. Of these,
nitrogen physisorption, interpreted according to the BET €quation, is, perhaps, the most common
(e.g., see L}owell, 1979). The basic principle of adsorption techniques is that the adsorbate (e.g,
nitrogen, carbon dioxide, and other solutes) lowers its energy by adsorbing onto the sample surface.
owing certain properties of the adsorbate and in what manner it attaches to the surface, the amount
of adsorbate uptake can be interpreted in terms of g surface area.The simplest type of adsorption
behavior is known as a Type I, or Langmuir isotherm, which can occur when the adsorbate sorbs as
a monolayer. In this case the surface area is simply equal to the nurnber of sorbed species multiplied
by the area a single adsorbate molecule occupies on the surface. If, on the other hand, the adsorbate
appreciably ladsorbs onto 1tself, something like the multilayer BET theory must be used to interpret
the uptake data. The latrer is the usual case for both nitrogen and carbon dioxide adsorption
isotherms.

Re Both nitrogen and carbon dioxide BET surface analysis was performed on a
sample of 1/8" aspen wood chips using a Quantachrome Quantasorb surface area analyzer. The
sample was prepared by drying in a vacuum oven at 80°C for | hour. The nitrogen analysis
indicated that 1 '

adsorbates yielded any surface area information. Ona Preliminary basis, this behavior is attributed to
the pyrophoric behavior of aspen; i.e,, essentially the pores collapse upon drying, which is a
necessary preparatory step for adsorption at Jow temperatures. This is we]] known behavior for
lignites, pear and some woods (e.g., see Gauger, 1945). ‘

Monolayer Dye Adsorption_Technique. Upon failure of the gas adsorption BET
technique to yield surface areas, it was decided to try dye adsorption techniques from solution.
Actually, this technique is perhaps the most relevant to the reaction environment of the wood chips in
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Figure 1. AHPR Heat Exchange Schematic
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Figure 2. AHPR Flow Schematic
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Results. Some typical Langmuir-type dye isotherms are presented in Figures 3, 4, and 5. The
surface areas obtained usip g the asymptotic equilibrium dye uptake of methylene blue range from 40
t0 45 m“/g, and do not seem to vary significantly with wood chip sizes of 1/4" and 1/8"; which is to
be expected since the surface area is almost completely internal. The crystal violet isotherm yielded a
surface area of 60 mz/g, which is in fair agreement with the methylene bige results, and also with the
results of Poots and McKay ( 1979) for spruce. :

| FUTURE WORK

Since &is project has only recently gotten underway, almost all the work described above ljes
ahead of us, Therefore, future work essentially involves implementing the research plan outlined in

this paper. However, some progress has already been made. Concerning the development of a
reliable surface area measurement technique, it is planned to determine some isotherms using an

to perform all the diagnostic surface area determinations, Also, as indicated above, the SERT reactor,
which has been received, will be installed and begin operation.
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Figure 3. Methylene blue isotherm for 1/4" aspen wood chips.
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Figure 4. Methylene biue isotherm for 1/8" aspen wood chips.
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Figure 5. Crystal violet isotherm for 1/4" aspen wood chips.

0.07
0.06 -
5  0.05-
[=] -
[=]
2 0.04-
o -
8 003
- §
@ 0.021
ﬂl
0.01 -
0.00 F . :
0 1000 2000

Equilibrium Concentration (mg/l)

A-63




REFERENCES

Broadbent, S.R., and Hammersley, .M. 1967. "Percolation Processes. 1. Crystals and Mazes,"
Proc. Camb. Phil. Soc. 53:629-645.

Calo, JM. 1981. "The Modeling of Multiphase Chemica] Reactors," in Mulriphase Reactors, Volume
II. Design Merhods, NATO ASI, Series E: Applied Sciences, No. 5 » A.E. Rodrigues, J.M.
Calo, and N.H. Sweed, eds., Sijthof and Noordhof, The Netherlands, pp. 3-2.

Colombo, A.J -» Baldi, G., and Sicardi, S. 1976, "Solid-Liquid Contacting Effectiveness in
Trickle-Bed Reactors,” Chem. Eng. Sci. 31:1101.

Crine, M., Marchot, P, and L'Homme, G. 1980. "A Phcnomcnological DesCI'iption of Trickle-Bed

Crine, M., and L'Homme, G, 1982a. "The Percolation Theory: A Powerful Too] for a Nove]
Approach to the Design of Trickle-Bed Reactors and Columns," ip Chemical Reaction
Engineering - Boston, ACS Symposium Series No. 196, Washington, D.C., pp. 407-419.

Crine, M., I.M. Asua, and G, L'Homme, Chem, Eng. J. 25 183 (1982b).

Crine, M, 1982c¢. "Heat Transfer Phenomena in Trickle-Bed Reactors," Chem. Eng. Comm.
19:99-114.

Crine, M., and Marchot, P. 19834, "Cocurrent downwarg gas-liquid flows in granular beds. Part 1.

[ . . . 671_

Stochastic mode] of liquid flow," s, Chem. Eng. 24: 33-59,

Frisch, H.J. and I M. Hammersley, 1.M. 1963, "Percolation Processes and Related Topics," . Soc.
Ind. Appl. Mazh. 11:894.9713, '

Gauger, A.iW. 1945. "Condition of H50 in Coals," ch. 17 in Chemistry of Coal Utilization, H .

Lowry, ed., John Wiley & Sons, London, p. 613.
Giles, C.H., and Nakhwa, SN, 1962 “Studies in Adsorption, XVI. The MNeasurement of Specific
Surface Areas of Finely Divided Solids by Solution Adsorption,"J. Appl. Chem, 12:266-273.
Giles, CH‘ Agnithori, V.G., and Mclver, N. 1975. "Measurement of Aggregation Number of
Monionic Dyes with the Langmuir Film Balance," J. Coy1. Inif. Sci. 50: 2431

Mills, P.L., and Dudukovic, M.P. 1981. "Evaluation of Liquid-Solid Conracn'ng in Trickle-Red
Reactors by Tracer Methods,” AICHE F 27: 893-904,

Poots, V.J.P,, and McKay, G. 1979, "The Specific Surfaces of Peat and Wood," J | Appl. Polymer
Sci. 23:1117-1129. ,

A-64




	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11
	12

