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SECTION I1. TASK,2. SUBHODEL DEVELOPMENT AND EVALUATION 

Objectives 

The objectives of this taskare to develop or adapt advanced physics and 

chemistry submodels for the reactions of coal in an entrained-bed and a 

fixed-bed reactor and to validate the submodels by comparison with laboratorj 

scale experiments. 

Task Outline 

The development of advanced submodels for the entrained-bed and fixed-bed 

reactor models wil l be organized into the following categories: a) Coal 

Chemistry (includin9 coal pyrolysis chemistry, char formation, particle mass 

transfer, particle thermal properties, and particle physical behavior); b) Char 

Reaction Chemistry at high pressure; c) Secondary Reactions of Pyrolysis 
Products (including gas-phase cracking, soot formation, ignition, char burnout, 

sulfur capture, and tar/gas reactions); d) Ash Physics and Chemistry (including 

mineral characterization, evolution of volatile, molten and dry particle 

components, a~d ash fusion behavior); e) Large Goal Particle Effects (including 

secondary reactions within the particle and in multiple particle layers; f) 

Large Char Particle Effects (including oxidation); g) SO~-NO x Submodel 

Development (including the evolution and oxidation of sulfur and nitrogen 

species); and h) SO x and NO x Model Evaluation. 
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I I . A .  SUBTASK 2.a .  - COAL TO CHAR CHEMISTRY SUBMODEL 

DEVELOPMENT AND EVALUATION 

Senior Investigators - David G. Hamblen and Michael A. Serio 

Advanced Fuel Research, Inc. 

87 Church Street, East Hartford, CT 06108 

(Z03) 528-9806 

Objective 

The objective of this subtask is to develop and evaluate, by comparison 

with laboratory experiments, an integrated and compatible submodel to describe 

the organic chemistry and physical changes occurring during the transformation 

from coal to char in coal conversion processes. 

Accomplishments 

During the past quarter, most of the effort was on using the set of rank. 

dependent kinetic parameters obtained from low heating rate experiments to 

predict high heating rate data from pyrolysis experiments in our Transparent 

Wall Reactor (TWR) and Heated Tube Reactor (HTR). We also did simulations of 

high heating rate pyrolysis data from the literature such as the heated grid 

experiments of Gibbins, the wire grid experiments of Fong and coworkers of MIT, 

and the TWR experiments of Fletcher at Sandia. 

Some problems were obtained in predicting the changes in zhe tar yield and 

tar molecular weight distributions with heating rate for low rank coals using 

the current version of the model. In addition, we could not predict the 

extractables yields for the high heating rate data of Fong and coworkers on the 

Pittsburgh Seam coal with the current kinetic parameters. I t  was decided to re- 

examine the assumptions on the model input parameters, such as I) the bridge 

breaking rate, 2) the crosslinking efficiencies, 3) the tar vaporization law, 

and 4} the AP parameter. I t  w~s found that a modest change in the activation 

energy for the bridge breaking rate (from 25 to 27 kcal/mole) allowed for good 

predictions of the Fong data. Changes in the crosslinking efficiencies were 

thoroughly evaluated and found to be largely unnecessary. A decision was made 
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to use 1014sec "I for the bridge breaking pre-exponential and values of the 

crosslinking efficiencies = I. The final set of rank dependen~ parameters is 
summarized in Table i i .A- I .  

The effects of the tar vaporization law and the AP parameter were found 

to be very important. The change in the original vaporization law from the 

expression proposed by Suuberg to a factor of 10 higher was found to be mainly 

responsible for the inabi l i ty  to predict the high heating rate Zap data. By 

changing to Suuberg Xl, and allowing AP to be the sole adjustable parameter, the 

predictions are much better. A decision was i n i t i a l l y  made to use the law 

proposed by Eletcher, since i t  had been subjected to a rather thorough 

validation with model compounds. However, in the intermediate molecular weight 

range where the model is sensitive to the vaporization law, the two models are 

comparable. Therefore, either Fletcher or Suuberg XI can be employed. The main 

unresolved question is the appropriate choice for AP and how this could be 

functionalized. I t  appears that the model predictions of the FIMS data are very 

sensitive to the choice of this parameter. At low heating rates, a choice of 

AP = 0 gives the best prediction of the tar yield. A choice of AP = 0.2 gives 

the best prediction of the tar MWD. Possible solutions would be to: 1) 

parameterize AP; 2) improve the description of the external transport of tar to 

resolve the problem of the higher molecular weight tars coming out earlier than 

expected. 

Work continued on testing the f lu id i ty  model in conjunction with the 

changes in the FG-DVC model discussed above. For certain coals, such as 

I l l i no i s  No. 6 and Pocahontas, i t  is d i f f i cu l t  to provide very good f i ts  to both 

the f l u id i t y  and pyrolysis data. We also do not predict the f lu id behavior of 

low rank coals which soften when heated to very high heating rates. However, 

we have achieved excellent agreement with the majority of data obtained sc far. 

Work also continued on the swelling model. The changes in the FG-DVC 

model discussed above result  in better predictions of the Free Swelling Index 

(FSI) for  the majori ty of coals. There are s t i l l  problems in f i t t i n g  the FSI 

for  the Pocahontas coal, which has a high FS! and a low Geissler f l u i d i t y .  
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Some work was done on incorporating the redistribution of functional 

groups into the FG-DVC model. The current assumption is that the breaking of 

two ethylene bridges creates two methyl groups. However, this leads to an 

overprediction of the amount of methyls, especially in the case of low rank 

coals. 

The current state of the FG-DVC model was summarized in a paper t i t ieo  

"Can Coal Science be Predictive?" which is included as Appendix A. The paper 

was originally prepared by Peter Solomon for his keynote address at the 1990 

Australian Coal Science Conference (deiivered in 12/90). I t  was revised for his 

Storch Award lecture (to be delivered in 4/91) and that version is included in 

Appendix A. 

P1 arts 

Complete work on the f lu id i ty  model. Resume work on the swelling model 

and the optical properties model. Init iate work on studying the evolution of 

sulfur and nitrogen species. Complete work on definition of submodel for char 

reactivity. 
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I I . B .  SUBTASK 2.B, - FUNDAMENTAL HIGH-PRESSURE REACTIDN RATE DATA 

Senior Investigators - Geoffrey J. Germane and Angus U. Blackham 

Brigham Young University 

Provo, Utah 8460Z 

(801) 378-2355 and 6536 

Student Research Assistants - Charles R. Monson. Gary Pearson. 

David Wheeier, and James Rigby 

Oblectlv~ 

The overall objective of this subtask is to measure and correlate 

reacZion rate coefficients for pulverized-coal char particles as a function of 

char Durnout in oxyQen at high temperature and pressure. 

Accomplishments 

Three components of the subtask have been identif ied to accomplish the 

objectives outlined above: I) develop the laminar-flow, hlgh-pressure, 

controlled-profi le (HPCP) reactor, 2) prepare char at high temperature and 

pressure, and 3) determine the kinetics of char-oxygen reactions at high 

pressure. The HPCP reactor, capable of functioning at 40D psi (27 

atmospheres), has been constructed to perform the fundamental reaction rate 

measurements required for the study. Data from another char oxidation study 

(atmospheric pressure) conduczed at Brigham Young University wil l  also be 

used. 

Work continued during the last quarter on development of the optical 

parzicle imaging system and the reactor collection system. In addition~. 

progress was made in preparing coal samples with the proper size 

classification for the upcoming char preparation and reaction rate tests. 
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Hioh Pressure Reactor Oevelooment and CharacT~E,i/~%Sj_~ 

Work during the reporting period focused mainly on automating the 

f a c i l i t y  for the react iv i ty  zests, and assembly of the optical instrument. 

Computer software was written to su;port the data acquisit ion and heater 

contrcl hardware thaz was previously interfaced to the reactor instrumentation 

amd heaters. This software was successfully used during the reporting period 

for devolatil~zation tests. The program allows the =icrocomputer Zo record 

and provide readout of reactor temperatures, pressure, and gas flo~ rates. 

Algorithms operate in real time to ccnvert sensor signals into engineering 

units and display them on the monitor. These data along wit& informatlon 

concerning heater controllers, reactor configuration, coal/char type and size. 

part icle feedrate, and oxidizer concentration is written to a f i r e  every 

minute during a test to provide a detailed record. 

The program also provides control of the reactor heaters. After the 

user inputs a desired zone temperature, the heater control ler setting is 

determined by the microcomputer using temperature measurements from the heat 

zone and a proportional/integral control scheme. The microcomputer then sends 

the proper control slgnal to the controller through a 4 - ZO mA current loop. 

The four heaz zones are controlled concurrently. In addition to maintaining 

the desired reactor temperature, the control algorithm checks fcr suspect 

thermocouple measurements, ensures that the heaters stay below their maximum 

allowable temperature and controls the rate of temperature change to prevent 

breakage of ceramlcs in the reactor because of thermal shock. The control 

system reduces temperature deviation during a test and improves repeatability 

of reactor -~' cD..~tions for duplicate tests The ease of reactor operation is 

also increased. 

I t  has become apparent during t e s t i n g  that  t ;~  preheater capacity was 

too low to provide high secondary gas temperatures with the 5.1 cm ID rea~tio~ 

tu~e at condi t ions of high pressure and short residence t ime. Modif icat ions 

are being made to the ~reheater to  improve i t s  capac i ty ,  The preheater 

heat ing element w i l l  be surrounded by a IZ,7 cm ID alumina tube. The 

secondary gas w i l l  f low through a bed of alumina pieces tha t  w i l l  f i l l  the 

void between the alumina tube and the preheater i n s u l a t i o n .  The large 
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increase in available heat transfer area in the bed wil l  significantly improve 

the capacity of the prgheater. The situation wi l l  also be improved through 

the use of a smaller reaction tube. The required gas flow rate and preheater 

capacity ~i! l  be reduced by 86% when using a 1.9 cm ID reaction tube. High 

temperazure ceramic fixtures are being designed to properly locate the small 

reaction tube within the large tube. 

Under separate funding, the gas mixing station is being assembled. The 

station will consist of the hardware necessary to meter and mix two gas flows. 

Nitrogen and alr wil l  be mixed during char oxidation experiments to provide 

the desired oxygen concentration for the primary and secondary gas flows. All 

components of the system have been received and assembly is in progres3. 

Ootical Instrumentation - The optical instrument is patterned after a 

system developed at Sandia National Laboratories for in si tu measurement of 

single particle temperature, velocity and diameter (Tichenor et a l . .  198a}. 

This system obtains temperature measurements by two-color pyrometry and 

particle velocity and diameter measurements through the use of an image-plane, 

coded-aperture technique. A description of the instrument and its operation 

was given in the 15 th Quarterly Report. Implementation of the optical 

instrument to accurately determine particle temperature history during char 

oxidation experiments will improve the accuracy of the reaction rate parameter 

determination. 

A great deal of work has been carried out in cooperation with a 

separate, independently-funded research group at the Brigham Young University 

Combustion Laboratory that is developing a part icle imaging and temperature 

measuring instrument nearly identicdl to the one under development for this 

project. During the reporting period, most of this Joint effort has centered 

on the photomultiplier tube (PMT) signal conditioning. In i ts original 

configuration the dynamic response of the PMT signal was too slow to allow 

part icle size measurements. A number of amplifiers and configurations have 

been tried in an effort to improve the signal. Circuits that provide current- 

re-voltage conversion and preampllfication of the PMT outpu% have been 

developed =hat provide sufficient dynamic response and signal level. Work is 

ongoing to increase the signal-to-nolse rat io through f i l te r ing ,  thereby 
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i~proving par t i c le  size measurements an~, extending the detection l im i t  to 

smaller, lower temperature pa r t i c les ,  which wi l l  be important for both char 

oxidation and coal devoiat i l izat lon szudies. 

The f ina l  o~stacle to be overcome wl=h the opt ica l  system Is proper 

operation of the laser : r i gge r .  A large f ract ion of the laser radiat ion 

scatte[ed from a par t ic le  is los t  as the l i gh t  passes through the lenses. 

coded aDerture, and especial ly the beamsplitt~r of the system. Suff ic ient  

l i g h t  is  not available at the laser detector to discr iminate ~etween a 

; a r t l c l e  and noise. I t  appears that the laser beam w l l l  need to be focused 

frcm i t s  800 mm wais~ diameter tc IDO mm diameter at the o~tica] control 

vcluFe in order to increase the in tens i ty  of scattered l i g h t .  A prism may 

also be used to redirect the scattered l igh t  ~o the laser detector, bypassing 

~ne ~eamsplitter. Simple signal conditioning of the laser detector output 

wi l l  also be required. 

Tar/Char/Gas Collection System - The modifications to the collection and 

se~aratlon system, involving a quenched and sintered stainless steel tube 

which extends from the entrance of the cc l lec t lon  probe to the v i r t ua l  

Impactor nozzle, were completed under independent funding. Coal 

devo la t i l i za t ion  tests in the HPCP were successfully conducted by researchers 

from two separate independent projects, in which the co l lect ion system 

Derformed properly. 

Char Preparation at Hioh TemL.erature and Hioh Pres~ur~ 

During the reporting period, efforts continued to decrease the part ic le 

size range of the fractions of the selected coals and to produce su f f i c ien t  

coal in the desired size ranges for the char oxidation tests. Presently. Utah 

Bl lnd Canyon bituminous coal, North Dakota l i g n i t e  and Pittsburgh No. 8 

bituminous coal have been sized and stored in su f f i c i en t  quantit ies for the 

tes t  program, 

A sample of Utah bituminous coal was studied with a scanning electron 

microscope to assess the size d i s t r i bu t ion  of the coal par t ic les.  The coal 

had been sieved to a range of 64-75 #m but there was some uncertainty whether 
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any fine particles (<10 #m) had adhered to the larger coal particles of the 

desired range. The scanning electron micrographs (SEM) In Figures I I .B-I  and 

2 show a range of particle size from about 60-80 #m. There are so few 

smaller particles that their possible effect on devolati l ization and 

subsequent oxidation is considered to be insignificant. Also. there don't 

appear to be any fine particles attached to larger coal particles. 

Kinetics of Char-Oxygen Reactions at Hioh PressUre 

While the l i terature review continues, no results in this area were 

obtained during the reporting period since the optical particle temperature 

and imaging system is not yet operable. 

Modifications to the preheater will be made to increase heat transfer to 

the primary air and the gas mixing station wi l l  be completed and placed into 

service. Final alignment of the optical instrument wil l  be completed and 

signal conditioning for the PMT outputs wil l be improved to provide stroF, ger, 

noise free signals. Modifications wil l  be made to the laser trigger to 

provide proper operation. The instrument wil l also be completely enclosed in 

a l ight - t ight  cover that wil l  attach to the HPCP reactor. Since any stray 

l ight introduced into the optical system drastically increases noise, this 

wi'~l improve the instrument accuracy and allow operation of the system with 

the room lights on. 

Work wi l l  continue to carefully size coal particles prior to char 

preparation and oxidation. An experimental plan for char oxidation wil l  be 

finalized usin~ a predictlve reaction code to suggest test conditions. I t  is 

hoped that the optical system will be completed so that char preparation and 

oxidation for some of the test coals can be ini t iated under carefully 

controlled conditions in the HPCP reactor. 
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Figure II.B-I. Scanning electron micrograph of Utah Blind Canyon 
bi:uminous coal sieved to 64 - 75 um.  

F!gure II.B-2. Scanning eleca-on microg'raph of sieved 64 - 75 ,um Utzh 
Blind Canyon bituminous coal showing ~e  extem of ve~. 
small interspersed particles. 
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l l .C .  SUBTASK 2.c. - SECONDARY REACTION OF PYROLYSIS PRODUCTS 

AND CHAR BURNOUT 

SUBHODEL DEVELOPMENT AND EVALUATION 

Senior investigator - James R. Markham and Michael A. Serio 

Advanced Fuel Research, Inc. 

87 Church Street, East Hartford, CT 06108 

(203) 528-g806 

Objective 

The objective of this subtask is to develop and evaluate by comparison 

with laboratory experiments, an integrated and compatible submodel to describe 

the secondary reactions of volatile pyrolysis products and char burnout during 

coal conversion processes. Experiments on tar cracking, soot formation, tar/gas 

reactions, char burnout, and ignition will continue during Phase I I  to allow 

validation of submodels. 

Accompl i shine .n.t s 

Discussions were held with BYU on the future direction of the work on 

modeling the tomography data from the TWR coal flame experiments. Some 

discrepancies exist in the measured and predicted particle temperatures which 

could result from problems with the measurements and/or the model. A rate 

limiting step in comparing the model with the data is the generation of suitable 

plots. A new approach which involves output of the predictions of the model 

into a spreadsheet format was agreed upon. 

Plans 

Continue work with BYU on modeling the TWR coal flame experiments. Define 

submodels for ignition and soot formation. 
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I I . D ,  SUBTASK 2 .d .  - ASH PHYSICS AND CHEMISTRY SUBMODEL 

Senior Investigator - James Markham 

Advanced Fuel Research, Inc. 

87 Church Street, East Hartford, CT 06108 

(203) 528-9806 

Objective 

The objective of this task is to develop and validate, by comparison with 

laboratory experiments, an integrated and compatible submodel to describe the 

ash physics and chemistry during coal conversion processes. AFR wil l  provide 

the submodel to BYU together with assistance for i ts implementation into the BYU 

PCGC-2 comprehensive code. 

To accomplish the overall objective, the following specific objectives 

are: I) to develop an understanding of the mineral matter phase transformations 

durin~ ashing and slagging in coal conversion; 2) To investigate the catalytic 

effect of mineral matter on coal conversion processes. Data acquisition wi l l  

be focused on: 1} design and implementation of an ash sample collection system; 

2) developing methods for mineral characterization in ash particles; 3) 

developing methods for studying the catalytic effects of minerals on coal 

gasification. 

Accomplishments 

No work scheduled during the past quarter. 

Plans 

Complete definition of submodel for ash chemistry and physics. 
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I I .E .  SUBTASK 2.e. - LAR6E PARTICLE/THICK BED SUBMODELS 

Senior Investigator - Michael A. Serio 

Advanced Fuel ~,~search, Inc. 

87 Church Street 

East Hartford, CT 06108 

(~03) 528-9806 

Objective 

The objectives of this task are to develop or adapt advanced physics and 

chemistrv submodels for the reactions of "large" coal particles ( i .e. ,  particles 

with significant heat and/or mass transport limitations) as well as thick beds 

(multiple particle layers) and to validate the submodels by comparison with 

laboratory scale experiments. The result wi l l  be coal chemistry and physics 

submodels which can be integrated into the fixed-bed (or moving-bed) gasifier 

code to be developed by BYU in Subtask 3.b. Consequently, this task wil l  be 
closely coordinated with Subtask 3.b. 

Accomplishments 

The work on the modified AFR fixed-bed reactor (FBR) system continued. 

I t  includes two independently heated stages. The reactor system was assembled 

and tested and is now being used for lignin pyrolysis experiments under 

independent funding. I t  appears to work as planned. A redesign of the upper 

reactor chamber ~as required in order to eliminate a tar deposition problem. 

As expected, the quantitation of gas and tar is much better than in the old 

system and a wider range of sample sizes and flow rates can be used. Some 

problems were encountered with the software used to quantify the IR data, but 

these appear to have been resolved. 
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"L" Serie~METC~Ouarterty~ lTquart.rpt 22 

P1 ans 

Complete testing of new fixed-bed reactor system. Complete in i t ia l  set 

of experiments on secondary reaction effects in thick beds. Continue 

development of single particle model with BYU. Begin work on tar 

repolymerization model. 
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I I . F .  SUBTASK Z.F. - LARGE PARTICLE DXIDATIDM AT HIGH PRESSURES 

Senior Investigators: Angus g. Blackham and Geoffrey O. Germane 

Brigham Young University 

Provo, Utah 846DZ 

(801) 378-2355 and 6536 

Student Research Assistants: Ken Bateman, Gary Pehrson ~nd Wade Riser 

Ob~ ecti yes 

The overall objective for this subtask is to provide data for the 

reaction rates of large char particles of interest to fixed-bed coal 

gasification systems operating at pressure. The specific objectives for this 

quarter included: 

I. Review appropriate literature. 

2. Select the experimental approach. 

3. Design the apparatus to use in conjunction with the HPCP 

reactor of Subtask Zb. 

4. Request support information concerning the proposed 

"cantilever beam insert." 

5. Continue evaluation of analytical procedures for monitoring 

the kinetics of oxidation of largeparticles. 

• 6. Conduct additional preliminary oxidation experiments. 

~ccom~i I shments 

Two components of this subtask to accomplish the overall objective have 

been suggested in the plans outlined earl ier: I) high-pressure, large- 

particle reactor design, fabrication and preliminary data: Z) experimental 

reaction rate data for chars from five coals. The general features of the 

experimental unit wi l l  be a "large particle insert" to be connected to the 

HPCP fac i l i t y  of Subtask Zb. The "large particle insert" wil l  consist of: 

(a) the reactor tube, (b) the balance unit, and (c) the connecting channel. 

Of the two experimental approaches considered in previous reports, the 

decision has been made to develop the "cantilever beam insert." In this 
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apprcach, the sample wi l l  be mounted horizontally from a force transducer 

co~nected to one or two of the optical access ports of the HPCP reactor. 

In ~his Quarter, a summary of the design of the "cantilever beam insert" 

was prepared and sent to a few principal investigators active in f ields of 

c~osely rela~ed research for their comments and cr i t ic isms. Some responses 

have been received and evaluated. These suggestions have expanded the basis 

on which the design details of the cantilever beam insert are now progressing. 

A few additional experimental exercises with the load cell have given 

additional information on :he properties of the load cel l .  Because of a 

chan~e in ~ersonnel on %his subtask the evaluation of the C0/C02 

chromatographic column has not yet been completed. The report of th is 

evaluation wil l  be included in the next quarterly report. The air  oxidation 

cf sets of large coal particles in platinum crucibles is continuing. The 

variables in these preliminary studies are coal type, slze and temperature. 

These results wi l l  be compared with the results of the preliminary oxidation 

of the Utah bituminous coal reported previously in the 4th Annual Report 

(Solomon, 1990). 

Bioh-Pressure. Larae-Particle Reactor Desion 

Experimental ADDroach - Reactor Deslon After the decision was made to 

develop ~he "canti lever beam inser t . "  a summary of the features of this 

~roposed experimental f a c i l i t y  was prepared and given %o a few principal 

investigators active in fields of research closely related to our project of 

large coal particle oxldatlon with a request for their suggestions concerning 

the design features. This f ive page "Request for Informal Desigm Review" is 

!ncludea in :he appendix of this Quarterly report. The responses received 

have been reviewed and evaluated. Some design features have been addGd or 

mcdified as a result of these responses. The general design, however, has 

remained unchanged, and the detailed drawings for the "canti lever beam 

insert" are ~eing prepared. Construction of the f a c i l i t y  wi l l  start In thls 

next quarter. 
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ExoBrimental ADoroach - Force Transducer - During this quarter, a few 

additional tests were made with the load cell (force transducer) to determine 

i ts  properties. Measurements of maximum load. s tabi l i ty ,  and sensit iv i ty were 

made as a function of lever-arm length. Lever-arms of 10. 15 and 2D cm were 

studied. The maximum loads measured were 25. 22 and 19 g. respectively. The 

d r i f t  of the transducer was a maximum at 10 mg/hr showing good s tab i l i t y  at 

maximum loads. The sensi t iv i ty  is s t i l l  -3 mg per division at each length. 

!mproving this sensi t iv i ty  to l mg per division in s t i l l  considered possible 

as further testing and adjusting of the amplifier-indicator is accomplished. 

Exeerimental Reaction Rate Dat~ 

Preliminary Large Particle Oxidation Measurements - For the principal 

purpose of providing experience in experimental procedures associated with 

large coal part icles, a series of sets of large particles of a Utah bituminous 

coal have been devolati l ized and oxidized in platinum crucibles. A lump of 

coal was crushed to provide some particles with dimensions about 0.5-I.D cm on 

a side. The f i r s t  set (six part icles) was heated with Mekker burners. The 

results were given in the 14 %h Ouarterly Report (Solomon et a l . .  1990). A 

second set (six part icles) was heated in a muffle furnace and reported in the 

15 ~h Ouarterly Report (Solomon. 199O). Four sets of samples (four particles 

in each set) were heated at different temperatures in the muffle furnace. The 

results were reported in the 4 th Annual Report (Solomon et a l . .  1990). 

An ddditional study of the data of these last four sets has been made. 

resulting in a correlation not noted in the ear l ier  reports. Graphs of each 

of the four sets of data have been prepared with the log of the normalized 

mass remaininQ for each particle plotted against the time of oxidation. The 

slope of each curve therefore is an indicat ion of mass reac t i v i t y .  The 

average mass reacti- ' , t ies for the sixteen particles reported in Table I!.F - 2 

of the 4th Annual Report are included in Figures I f .F - I .  2, 3. and 4 along 

with the i n i t i a l  mass of each large par t i c le .  Our expectation was that 

average mass react iv i ty would correlate with temperature of oxidation. There 

was a sl ight indication of this because the highest observed mass react iv i ty 

was at the highest oxidation temperature (0.112 rain " I  at 14ZD-147D K). 

However the spread of react iv i t ies of the four particles in this temperature 

-25-  



Experimental Approach - Force Transducer During this quarter, a few 

additional tests were made with the load cell (force transducer) to determine 

i ts  properties. Measurements of maximum load, s tabi l i ty ,  and sensitivity were 

made as a function of lever-arm length. Lever-arms of 10, 15 and 20 cm were 

studied. The maximum loads measured were 25, 22 and 19 g. respectively. The 

d r i f t  of the transducer was a maximum at 10 m§/hr showing good stabi l i ty  at 

maximum loads. The sensit ivity is s t i l l  -3 mg per division at each length. 

Improving this sensitivity to l mg per division in s t i l l  considered possible as 

further testing.and adjusting of the amplifier-indicator is accomplished. 

Experimental Reaction Rate Data 

Preliminary Large Particle Oxidation Measurements - For the principal 

purpose of providing experience in experimental procedures associated with large 

coal particles, a series of sets of large particles of a Utah bituminous coal 

have been devolatilized and oxidized in platinum crucibles. A lump of coal was 

crushed tu provide some particles with dimensions about 0.5-1.0 cm on a side. 

The f i r s t  set (six particles) was heated with Mekker burners. The results were 

given in the 14tb Quarterly Report (Solomon et a l . ,  1990). A second set (six 

particles) was heated in a muffle furnace and reported in the 15th Quarterly 

Report (Solomon, 1990). Four sets of samples (four particles in each set) were 

heated at different temperatures in the muffle furnace. The results were 

reported in the 4th Annual Report (Solomon et a l . ,  Iggo). 

An additional study of the data of these last four sets has been made, 

resulting in a correlation not noted in the earl ier reports. Graphs of each of 

the four sets of data have been prepared with the log of the normalized mass 

remaining for each particle plotted against the time of oxidation. The slope 

of Each curve therefore is an indication of mass reactivity. The average mass 

reactivit ies for the sixteen particles reported in Table Ii.F - 2 of the 4th 

Annual Report are included in Figures II.F-1, 2, 3, and 4 along with the in i t i a l  

mass of each large particle. Dur expectation was that average mass reactivity 

would correlate with temperature of oxidation. There was a slight indication 

of this because the highest observed mass reactivity was at the highest oxidation 

temperature (0.112 min-1 at 1420-1470 K). However the spread of reactivit ies 
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range was quite broad (0.041 to 0.112 mln "1) and appeared to be a function of 

the in l t l a l  part ic le mass, When the average mass reactivlty for all sixteen 

particles was plotted against i n i t i a l  particle mass. the correlation presented 

In Figure II ,F-5 was obtained. All four temperature ranges are represented In 

the cluster of points for i n i t i a l  masses greater than l gram. Therefore. in 

the overall temperature range for these oxidations, mass react iv l ty  does not 

appear to change s igni f icant ly  with temperature but decreases wlth increasing 

part icle mass. This observation suggests that the factor of most influ@nce 

under these conditions is the movement of gas through the developing ash 

residue for this range of temperatures (IZ70-Ia7OK). 

This preliminary conclusion, along with those suggested in the ~revious 

repcrts, indicates that further experiments of this preliminary nature with 

platinum curcibles at atmospheric pressure wil l  help in determining the issues 

that need tc be considered as ~!ans are being made for measurements at high 

~ressure in the f a c i l i t y  to be constructed for this suPtask. Accordingly. 

experiments are currently in progress in which the variables are coal type. 

size and temperature. 

plans 

During the next quarter, construction of the "cantl]ever beam insert" 

wi l l  s tar t .  The szudy of the load cell w i l l  continue as i t  is Incorporated 

into the balance uni t ,  Evaluation of the CO/COz gas chromatographic column 

wil l  =e com;leted. AddlZlonal ~rellminary experiments will be completed and 

co~pared with those discussed here and in previous reports. 
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l l .G.  SUBTASK Z.G. - SOxlNOx SUBMODEL DEVELOPMENT 

Senior Investigators: L. Douglas Smoot and B. Scott Brewster 

Brigham Young University 

Provo, Utah 84602 

(801) 378-4326 and (801) 37~-6Z4D 

Research Assistant: Richard D, Boardman 

The o~jectives of this subtask are I) to extend an existing pollutant 

submoael in PCGC-Z for predicting NOx formation and destruction to in~lud~ 

thermal NO, 2) to extend the submode] to include SDx reactions and SOx-sorbent 

reactions (effects of SO] nonequilibrium in the gas phase wil l  ~e considered). 

and 3) :o consider the effec%s of fuel-rich conditions and high-pressure on 

sulfur aria nitrogen chemistry in pulverized-fuel systems. 

~m 

Accomol I shments 

The task of extending the NOx submodel to include thermal NO has been 

completed. The fuel-NO mechanism was also generalized to test alternative 

~ic~al rate expresslons, including NH 3 as an intermediate species. An 

evaluation of the NDx su~model was completed and reported in the 4~ Annual 

Reoort (Solomon et a l . .  1990), During the ~ast Quarter, the method used to 

determine atomic oxygen concentrations was revisited. Further insight into 

the Jest quasi-equilibrium expression to use for predicting atomic oxygen 

concentrations in lean. swlrling-flow, natural gas flames was gained. 

Work has continued on the development and evaluation cf a SOx/scrbent 

reaction computerized submodel. The framework for this submodel was ~resented 

and ~r ie f ly  discussed in the 4 zh Annual Report (Solomon et a l . .  1990). This 

code has been integrated into PCGC-Z and is currently being evalua%ed. 

Several simplifications are made in this "first-generation" model which may 
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not be valid for all reactor conditions. The complexity of the model can be 

increased after demonstration of a suitable sulfur capture model. 

In the current quarterly report, the theory of the SOx submodel is 

further discussed. A preliminary prediction that was completed is discussed. 

Work is continuing to verify that the model predicts correct results, prior to 

a more extensive evaluation of the model. 

NO~ Submodel DeveloPment 

Investigation of the expression used to estimate atomic oxygen 

ccncentrations was further explored using the NO formation rate expression 

derived from the Zel'dovich thermal-ND mechanism (Westenberg. 1971}: 

d[NO] = 2k ,[O][N2] mole = "  s" 
dt ( i i  .G-I) 

This expression is obtained by assuming the reverse Zel'dovich mechanism steps 

are negligible and that OH concentrations are small. 

Two quasi-equil ibrium expressions are often used to estimate 0 

concentrations. Dxygen equillbrlum (Eq. If.G-2) has been recommended for 

fuel-lean zones in the combustor while carbon equilibrium (Eq. II.G-3) has 

been suggested for fuel-rich regions where primary fuel oxidation occurs. 

( I I  .r-2) 

[o]= [co=] (II.G-3) 
Th2 sensi t iv i ty  of the NO model to these expressions was examined to 

determine i f  either or both expressions should be used to predict atomic 

oxygen concentrations. Figure If.G-1 compares the predicted NO concentrations 

with the experimental values measured in the ACERC controlled-profile reactor 

(with independent funding) over a narrow range of overall fuei-to-oxidlzer 

equivalence ratios with an experimental secondary-air swirl number of 1.5. 

Separate NO model predictions were made using either oxygen equilibrium or 

carbon equilibrium at every computational node in the reactor to predict 
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atomic oxygen concentrations. The upper theoretical curve shows that thermal 

NO concentrations are overpredicted at lower equivalence ratios (fuel-lean 

conditions) when carbon equilibrium is assumed. When oxygen equilibrium is 

assumed, predicted ND concentrations are lower than the measured data. 

Predictions were not made for higher equivalence ratios for which the 

importance of carbon equilibrium may lead to better prediction of atomic 

oxygen concentrations. The results in this study are thus limited, but 

hopefully provide guidance for using the ND model for practical burner 

conditions, which are normally fuel-lean to achieve complete combustion. 

SOx-Sorbent Particle Reaction Submodel 

~ubmqdel Description Implementation of a SOx/sorbent-reactions 

submodel into PCGC-2 is broken down into three components: !) describing the 

simultaneous conversion of coal sulfur to gaseous species. Z) tracking the 

injected sorbents while accounting for simultaneous calcination, sintering, 

and sulfation, and 3) predicting simultaneous capture of sulfur species 
(usually H2S and S02) by the sorbent particles. The approach taken to develop 

a SOx/sorbent-reactions predictive model is to simplify the description of 

these three components as much as possible in order to f i rs t  demonstrate the 

feasibi l i ty of predicting sorbent capture with a submodel of PCGC-2. Then, 

after an evaluation of the "first-generation" model is completed, assumptions 

can be relaxed as warranted by the ver i f icat ion procedure and other 

experimental evidence. 

In the 4 zh Annual Report (Solomon et al.. 1990), a brief discussion of 

the SOx/sorbent-reactions submodel foundation was given. Figure II.G-Z 

i l lustrates the solution algorithm for the SOx/sorbent-reactions submodel 

which is called after converging PCGC-2. As individual particle trajectories 
are integrated, the capture of SO2 and H2S is calculated at each time step by 

the shrinking-core grain model of Silcox (1985). Figure II.G-3 shows the 

individual steps contained in the sulfation submodel usir~g the set of 

equations listed in Table II-G-I. 
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call sorbO afx, er converging pcgc-2 ) 
* read input dam cards from filenameAat 

* initialize SO 2 and I - ~  mass and mole fractions 
(equilibrium concentrations given by pcgc-2) 

* calculate fraction of  fuel sulfur ~nver ted  to SO 2 and 
HaS 

* set boundary values 

('..all spsict) 

* track sorbcnt particle trajectories 

* at each time step (dr, xp, yp) calculate sorbent capture 
(call sutfat - see l::igm'e II.G-3) 

* calculate SO 2 or H2S sink terms. St~Lj), for each 
grid cell when particles cross cell bounda.des 

II 

4 

loop on 
~aicle size 
and starting 
location 

* solve finite difference equations for gas-phase SO 2 
and 1-12S species continuity 

* update SO2 and H2S conc.ntrations and calculate 
residuals terms 

( output t"~ul~ ) 

no, iterate 

Figure ILG-2. SOx/sorbent  reaction submodel  solution algorithm. 
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SCalulfat (calculation of sorbent suIfation) ) 
led from spsict at time step along particle trajectory path 

initialization 
* select number of  sabshells to deseibe sorbent partieles 
* calculate the radius of grains based on BET surface area of sorbent 

particles 
* at each panicle starting location, set initial conversion of grains to 

IE-10 to avoid division by zero at first time step 
Also, set radius of unreacted CaO to (1.0-lE-10)*(initial grain radius) 
for each subsheI1 and assign the concentration profiles of SO 2 and I-JeS 
through the particles 

* select order of sulfation reaction 

at each time step (xp,yp, dO 
* calculate gas temperature, [SO 2], and [H2S] by 2-D 

interpolation 
* set the concentration of SO 2 and I-hS at the sorbent particles surface 

(node n) equal to [SO2], and [H:zS] 
* calculate the interracial area available for reaction at each subshell 
* calculate the particle void fraction as a function of sorbent particle 

radius 
* calculate the extended grain radius (due to increase in the molar volume 

of C,aSOa product) at each subshell 
*caiculate bulk and Knudsea diffusi,dty at each subshell 
* calculate the effective diffusivity at each subshell 
* calculate product laver diffusivity at each subshell 
* calculate the reaction rate constant (assumed to be constant throughout 

the sorbent particle since pro'titles are isothermal) 

calculate new concentration profiles through the sorbent particle 
using material balance differentia] equation 

first-order reaction 
* assemble coefficients for matix solution 
* use Thomas algorithm to solve tri-diagonal rystem of equation 

half-order reaction 
* assemble coefficients for matrix solution 
* use Newton-Raphson technique to ea!culate concenh-afion at each 

sorbent particle subshell 

determine sorbent panicle conversion due to reaction occurring 
during dt (differential time step) 

* calculate change in grain radius due to reaction 
* calculate conversion for each subsheli 
* obtain overall conve~on for sorbent particle by summing up 

subsheU 
conversion (integ'ration procedure used) 

return to spsict 

Figure II.G-3. Sulfation model procedure our.line. (See Table II.G-I 
for equations). 
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Figure II.G-4 Predicted Sorbent SOz Capture 
Wyo. subbit, coal, 1:10 sorbent/coal feed 
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Table !I.G-1. Sorbent-Reaction Submodel 

i 

Equation 

Equation Set 

i 

Definition Eq. N o .  
e'[so2] (2 I ~,~)e[so~] u 

=0.  

@e=O : d[SO~]=O 

~ R = R,: [ SO~],, = [ SO~],,.,,~ 
N=k~A[SO,]~.,,, 
N = k,A[S02]' .  ' 

F $ 
A = 3 z ( 1 -  e,) _.TT-. 

~orti; 

_[Pc, of 1 1 ~+1t -1 Z J 
J 

d,-oo,,,, ( - M ~ X ~ S  o .  

D~,[so, h,, 
[so2]...,,,= _ r,. r.°..,) 

D~ + Kd, o,ro / s -  ~ /  
k. r,~m) 

1 

[ s o & , , ,  = 
2 

k D~ /k" r~.j) 
1 

Material balance on SO2 in a spherical 
shell 
Used to calculate [SO~ at each sorbent 
particle subsheI1. 

Boundary conditions 

4.7 

4.9 

Half-order-volumetric consumption rate 4.10 
Fa'st-order volumea'ic consumption rote 4.I 1 

Interracial area availabie for reaction at 
ith subsheli 

Fraction of grains which are CaO 

Weight fraction of CaO in the calcine on 
art "impnrity-free" basis 

4.15 

4.I6 

4.17 

Material balance on CaO at oroduct-CaO 4.13 
interface for nth order reaction 4.14 

Interracial concentration for ith subshell 
for fast-order ~acfion rate 

Interracial concentration for ith subshell 
for half-order reaction rate 

Extended grain radius 

4.23 

4.24 

4.26 

- 3 7 -  



Table II.G-I Continued 

Equation Def ini t ion Eq. No. s 

3 
= 

! [I a m _  1 
e,= 1 - ( ! - e , )  1+ . l - e ,  

1 + Pc'o(I- W) 
• \ P . , o  W 

ITi' XR: o = 1 -  r=~,.~ 

Kl= 2 9 1 e x p I S ~ ]  

K,/= O.0307expI-~)  

"[''+'le' 

cm sec -! 

gmol] cm=k sec -~ 

D u = exp(I.66In(T)- 11.3) cm2se~ -~ 

D, = "~9,400 e, p~(BE'r'surlacearea)'~M"~~ cm"sec" 

Ds= O.Ot24expI-12T200 ) cm:sec" 

Initial grain radius 

Particle void fraction 

Extent of  grain conversion at ith 
subshell 

Overall conversion of sorbent particle 

Fh-st-order reaction rate constant 

Half-order reaction rate constant 

Effective diffusivity 

B',Kk diffusivity for SO2-air binary-pair 

Knudsen diffusion coefficient 

Product layer diffusion coefficient 

4.84 

4.28 

4.27 

4.44 

4.79a 

4.79b 

4.80 

4.82 

4.83 
§ Equations reference number in Siicox (1985). Rate constants and diffusion coefficients derived by Silrsax from 

experimenta! ~ta as cited by Sileox (1985"7 
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As individual particles pass through computational cells in the reactor 

domain, the extent of sorbent conversion by the reactions: 

CaD + S02 + 1/202 --> CaS04 (II.G-4) 

CaO + HZS --> CaS + HzO (Ii.G-5) 

~s predicted. Thus. the submodel predicts the loss (or sink) of gaseous 

sulfur species occurring in each computational ce l l .  Species continuity is 

then solved for H2S and/or S02 to determine the steady-state concentrations 

throughout the reactor. The complete source term for each cell also includes 

the release of sul fur species from the coal. given by the sulfur-species 

equilibrium ratio predicted by PCGC-2. As sulfur is captured by the sorbents. 

the Qaseous sulfur species are assumed to re-equi l ibrate to the equilibrium 

rat io that is predicted without sulfur capture. These assumptions make i t  

possible to decou~le the SDx/sorbent-reactions submodel from the main code. 

The algorithm is i terat ive since the sulfation submodel is dependent on 
the ccncentrations of S02 and H2S in the gas. Convergence is determined by 

summing up residual terms for species continuity and comparing these values 

with a small tolerance. Thls is a rigorous approach and ensures convergence 

of the dif ferential  equations for al l regicns of the reactor. 

Key ~vbmo~el Assummtlons - In the current SOx/sorbent-reactions 

submodel the following assumptions are made with r~spect to the individual 

three compcnents: 

( . )  Prediction of Gaseous SOx Species Formation: 

• Both inorganic and organic sulfur are released from coal at a rate 

proportional to total coal mass loss. 

• Gaseous su l fu r  is instantaneously converted to an equil ibrium 

composition of S02, S03. H2S, COS, CS2. etc. as soon as the sulfur is 

released from the coal and mixed local ly with the bulk gas. 

- As sul fur  is captured by in jected sorbents, the pool of sul fur 

species is proportionally reduced. 

• Species cont inu i ty  is solved to determine the steady-state 

concentration of sulfur species accounting for simultaneous sulfur 

release by coal and capture by sorbents. 
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(2) Sorbent Part icle Calcination and Dispersion: 

• Variable par t i c le  sizes are allowed. 

• Part ic les are in jected wlth the coal feed i n l e t s  (generalized i n l e t  

inject ions w i l l  be implemented la te r ) .  

• Part ic les are rap id l y  calcined by the high temperatures encountered 

near the coai in jec t ion  regions. 

• Calcination gas CCOz I f  CaCO~ sorbents or HzO i f  Ca(OH)2 sorbents) Is 

added to the i n l e t  carr ier  gas. 

• Par t i c les  are in  thermal e q u i l i b r i u m  wi th  the adjacent gas 

temperature. 

• Particles are isothermal. 

• Particles fol low gas streamlines, accounting for turbulent dispersion 

effects. 

• Energy and momentum coupling ~etween sorbents and the gas are 

neglected ( i . e . .  radiat ion absorption and attenuatien are ignored). 

(3) Sulfat ion cf Scrbents (S02 Capture): 

• Sorbent p a r t i c l e s  are comprised of t i n y  spherical grains of CaO, 

determined from BET surface area. 

• I n t r a -pa r t i c l e  CaD grains at each descrete radius from the p a r t i c l e  

center ( i . e .  subshell levels) react with su l fu r  species at an edual 

rate, The number of subshells used to describe particles Is var iable 

but should be at least IO (Silcox. 1985). 

• Indiv idual  grains shrink as CaD is consumed and swell as CaSO~ Is 

formed. 

• Bulk d i f fusion to the sorbent par t ic le  surface is nct l im i t i ng .  

• In t ra-~arZ ic !e  d i f f us l on  is Important. The ef fect ive d i f f u s l v l t y  

includes Knudsen and bulk-gas d i f fus ion.  

• Variable void-space due to grain swell ing is calculated at each time 

step, 

• Diffusion through CaSOa product layer is an important but not always 

a l im i t ing  resistance. 

• Reaction cf CaO wlth S02 Is i r revers ib le .  

• The reaction order with respect to S02 can ~e half- or f i r s t - o r d e r .  

• The reaction order with respect to oxygen for SD z capture Is zero 

( i .e .  oxygen is always In excess of SO2). 
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One significant assumption that is made in the current sorbent-reaction 

submodel is that particles are instantaneously calcined as they enter with the 

coal particles in the primary in let  stream. Silcox (1985) showed that this is 

a reasonable assumption for sorbents injected into high-temperature regions. 

His calculations showed that part ic le heat-up and calcination occur over a 
short Deriod of time relative to the time required for sulfir, ation by SO2. 

Silcox also notes that thermodynamic considerations rule out simultaneous 

calcination and sulfation i f  the sorbent is injected into the burner zone. I f  

the sorbent is injected downstream of the burner zone in cooler flame regions. 

then simultaneous calcination and sulfation can occur. A model to predict 

jo in t  calcination and sul fat ion was developed by Milne (199D) at the 

University of Utah. Whether or not this theory can be used to include 

simultaneous calcination in the current sorbent-reaction submodel framework 

has not been determined. The major limitation is the added complexity of the 

mathematical formulation and d i f f icu l ty  in obtaining numerical solutions. 

Currently, a H?S sulfation subroutine needs to be developed. This wil l  

require an examination of the controll ing resistances in the particle and 

correlat ion of i n t r i ns ic  reaction rates. There is a general lack of 
Information in the open l i te ra ture  to elucidate the H2S capture rates and 

important physical processes. Experimental data are currently being sought to 

complete this objective. 

Me,el Prediction - A l i s t  of the Fortran subroutines for the SOx/sorbent 

submodel is given in Table II.G-2. A des:ription of input data is given in 

Table II.G-3. A hypothetical case has been predicted to demonstrate the model 

for ccmbustion of subbituminous coal for which sulfur pollutant data are 

available (Asay. 1982). In the experiments, no sorbents were actually 

injected into the reactor, Fioure ll.G-4a shows the predicted part ic le 

trajectories for sorbents injected with the coal feed for the subbituminous 

combustion case and Figure Ii.G-4b show the changes in S02 concentration 

predicted after sorbent capture at two aft locations. 
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Table II.G-2. 

I 

Subrout ine 

c~csj 

calso2 

calh2s 

sorb0 

sorp~ 

spsict 

sulfat 

KATESX.INC 

SOXRTE.INC 

List of SOx/Sorbent-Reaction Submodel 
Subroutines 

i i 

Description 

FORTRAN 

Calculates so-bent particle number density 

Solves finite difference equation for SO2 species continuity 

Solves finite difference equation for H2S species continuity 

Reads in input data fromfllename.dat and initializes sorbent 
particle number density 

Main submodel driver, calculates source terms for SO2 and H2S 
(sulfur entering with the coal or gas inlet streams), determines if 
conv~gence is obtained, prints out final results 

Performs particle trajectory integration and calculates the capume of 
SO'2 and H2S in each computational ceil, also calculates sink terms 
for 502 and H2S spedes continuity 

calculates the change in conversion of calcined CaCO3 particles to 
C.aSO4 according to the shrinking-core model of Silcox (1985) 

include statements unique to SO~sorbent-rcactions submodel 
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Table  III.G-3. SOxlSorbent-Reactions Submodei Da ta  Inpu t  Description 

Inuut  in PCGC-2 f f l ename.da t  

**************************** PCSORB ***************************** 
**************** SOX/H2S-SORBENT REACTIONS SUBMODEL ************* 

3,1 
0.0200, 1340. 
0.0000,0.0000,0.0000, 
20.00E-06, 
1.0000, 
F F 
0.9500,0.02CK), 
0.3500, 

D~fi.nifign 9f l ,  out data 
Var iab le  

!NSLS,NPSS 
!SPLOAD,SPDEN 
!YPS(ISL),ISL = 1,5 
!PDS(IPS),IPS = 1,3 
!PMFSfff'S),n~S = 1,5 
!LSPBUG,LYPS 
!YPSH,YPSL 
!PRKS(IPS),IPS = 1,5 

NSLS 

NPSS 

SPLOAD 

SPDEN 

YPS(ISL) 

PDS(IPS) 

PMFS(~S) 

LSPBUG 

LYPS 

YPSH . 

YPSL 

PRK(IPS) 

number of starting location for sorbent particles 

number of particle sizes for sorbent particles 

sorbent particle loading (ratio of  sorbent particle mass to the mass of 

gas in the primary inlet) (kg s-l) 

sorbent particle density (i.e., density of CaO) (kg m-3) 

particle srazting location for is1 particle wajectory 

particle diameter for ips particle size 

particle mass .fraction (fraction of sorbent mass) for ips pax-fide size 

logical to specify intermediate debugging printout 

turbulent Prandfl-Sehmidt number for sorbent particles 

nsubsh number of sorbent particle subshe'tl (specified it. 

PARAMEI'ER.INC) 

nsnode 

iorder 

number of sorbent particle nodes (specified in PAKAIVIETEP,_INC) 

order of sorbent particle reaction with respect to S02 (assigned in 

stdfat.F) 
iorder = 1; fi.,"st order reaction 

iorder = 2; half order reaction 
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Work is in progress to ver l fy  that these f i r s t  results are correct. 

Subsequently. the SOx/sorbent reaction submoael wi l l  De evaluated for other 

cases. The data collected under Subtask 2.H (Huber, 1989) wi l l  be used to 

evaluate fuel-rich capture after a subroutine to predict H2S capture is added 

to the submode]. 

During the upcoming quarter, the evaluation of the SOt-capture submodel 

wi l l  continue. Completion of the HZS capture subroutine wi l l  De pursued. 

Researchers at The University of Utah (Silcox. !990) may have experimental 

data available zo develop HZS/sorbEnt-reaction rate expressions and diffusion 

expressions. 
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