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Abstract 

A modeling study of steady, turbulent, reactive multi-phase How iii a duct injection Rue gas desulfurization 
(FGD) system is reported in this paper. The streani-fuiictioii/vorticity method was used in finite difference form. 
The &-E model was used for turbulence closure. A siinple integrated forniulation was eniployed t o  conipute the 
behavior of sorbent droplets injected into tlie Hue gas stream. The sorbent may be injected either u slurry or solution 
into a hot flue gas, or ad ry  sorbent niay be injected into a cooled and humidified Hue gas. A coiiipreliensive heat and 
inass transfer niodel was developed to simulate the evaporatioii of the sorbent droplets a i d  the nbsorpt ioi i / re~t ioi i  
of SO? in the sorbent droplets. 
in this niodel to deterniine the overall SO? removal rate. Nuinerical calculations and comparisons with available 
experimental data  were inade and are discussed. 

Dissolutioii kinetics of lime particles within 3 slurry droplet w 

1. Introduction 

In the United States, tlie emission of sulfur oxides has attracted much attentioii. The dispersion of sulfur oxides 
arising from combustion of fossil fuels has a dramatic impact on the environment. Reinoval of sulfur oxides froin 
Hue gases is very important in air pollution control. A sorbent in-duct injection system is proposed as a method for 
Rue gas desulfurization. Chemically the system is similar to  a spray dryer or dry scrubber. 

In the sorbent in-duct injection system, a cheniically reactive sorbent, usually lime or hydrated linie o r  dolomite, 
' is injected into a highly turbulent Rue gas containing sulfur dioxide. The sorbent may be iiijected as slurry or solution 

into the hot (typically 275 to 350" F) flue gas, or il dry sorbent may be injected into a cooled and liuniidified flue gas 
(typically IGO to 180" F ) .  Processes that occur in the duct include t,he evaporation of water from slurry or solution 
spray with resulting cooling and humidification of the gas; sorption of sulfur dioxide into the water of the slurry 
or aolutioii droplet; dissolution of the slaked lirnr into the water: iraction of the sulfur dioxide with t h e  Lime or 
dolomite; and some as-yet less understood effects, such .as, the reaction of sulfur dioxide with "dry" sorbent after 
evaporation of slurry or injection of dry sorbent following liuinidification of the gas. 

The Energy Conversion Research and Development Progranis of tlie llniversity of Tennessee Space Institute 
(LrTSI) is presently involved in research of of direct sorbent injection for combined SO?/NO,  removal under Depnrt- 
nient of Energy Pittsburgh Energy Technology Center contract'. Experiments are being conducted in the Direct 
Sorbent Injection Facility (DSIF). The objective of testing in this facility is to confirm the feasibility of a direct 
sorbent injection FGD system to control emissions of sulfur dioxide and nitrogen oxide from a fossil fuel plant. A n  
extensive literature search also has been conducted at UTSl to collect and collate .usociated spray clieniical reaction 
niodels.3 As a prelude to tlie development of an in-duct sorbent injection FGD system for conintercia1 application 
by 1992, this literature search was carried out  by UTSl at the request of Bruokliaveii National Laboratory and 
Department of Energy, Pittshiirgli Energy Techiiology Center. Tlie overall objective o f  tlie study was to assist tlie 
above organizations in ascertaining the state-of-the-art of computational methods applicable to the in-duct sorbent 
injection FGD system. This effort included analysis of existing analytical models, identifyina salient features and 
shortconiings, and determining the ability of these niodels to he exteiided to adequately design and scale-up sorbent 
injection systems. 

From the above studies, it is found that there is an extremely large gap betweeii the needs of the design engineer 
in practice and the understanding and proposed research tasks of the acadeiiiic researcher w h o  desires to make a 
coiitribution on the FGD modeling front. Literature which describes neinerical models for the sorbent injection 
FGD process is limited. Numerical niodelr for predicting chemical reaction in multi-phase turbulent flow occurring 
i n  in-duct sorbent injection systeins rest on two fnundatioiis: niatheniatical models of physical processes (turbulence. 
evaporatioii. absorptioii. reaction. and multi-phase erects) nnil crmputer codes for solving the appropriate level of 
sophisticat ioii of the resulting tionlinear ggwrrn i i iy  r l  iffereticia1 equations. 

Attempts 10 calculate tlie detailed perforiiiattce of the FGD processes have only been undertaken during t h e  
last few years. Prior to  1986. the best coinputat,i*,ils available were hased on overall global cnlcolations"-". The 
details of the interaction processes between the Hut? qas and the reacting, evaporating particle/droplet were iiot 

quantitatiw. Modeling of turbulent. reactive multi-phase flow i i i  a spray dryer FGD processes is still in n state of 
developtilent. Recent reviews of this subject for the  FGD systents are given in reference materials.' 5.s"11 " It has 
been determined that no niodel currently exists that will completely and accurately niodel the coniplex flow field 
and chemical reactions that take place in the sorbent injection systeiii. However, inoilels are available for portions 
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of the overall process. The available models tha t  have been reviewed at UTSI are suiiimxized in reference 3. 
One objective of the  FGD research at UTSI is to develop a numerical modeling for predicting steady, turbulent, 

reactive niulti-phase flow in a spray dryer FGD system. In the SO?/NO,  renioval process drvelopiiient, a inodeling 
technique using an adaptation of the LEE-2 coniputer program' has been employed a t  IJTSI to  simulate operatioit 
of the experimental program in order to  delineate da ta  tha t  has been collected and to  provide a route which leads 
to  the accoinplishnient of design objectives. These efforts have included analyses directed a t  achieving an adequate 
model of the gas/puticle dynamics and lieat/niass transfer with or  without cheniical reaction for evaluation of  
experinients. 

2.  FGD Modeling Efforts 

This section sunimarizes the numerical niodek which characterize the coniplex gas/particle flow field features 
for the direct sobent injection in the FGD system. This work was undertaken to aid in evaluation of experimental 
perforniance of the DSIF test traiii. Its objectives were to  provide a ineans by which the flowfields and the SO? 
removal process that develop within the FGD systein could he viewed and qualified. Background on  the ~notlel 
developnieiit and case studies that were performed using this niinierical code in its original form are contained in 
the published works of Lee'-"-'' For this present study. tlie inodel was refined t o  inake it more amenable to t h e  
FGD duct. These refirieinents included a recasting of the governing flow equations to incorporate the effects of 
multi-phase flow behavior. A detail description of the model used is much t o  involved for any indepth discussion 
herein. However, a general overview of the niodel bighlight.illg some of its techniques and salient features is briefly 
presented in following paragraphs. 

The numerical model provides a solution t o  the elliptical, fully turbulent form of flowfield conservation equations 
in either a two-dimensional Cartesian or an axisymnietric coordinate system. The gas dynamic model which utilizes 
a stream functionlvorticity forniulation to  the Navier-Stokes equations for conipressible, turbulent flows forins the  
basis for the inodeling. This approach provides a powerful means of analyzing recirculating flows wherein explicit 
dependency of the flow upon pressure is eliminated. Recovery of both the pressure and the velocity distributions 
throughout the flow is accomplished once the stream function and vorticity are defined frvi i i  solution. The model 
utilizes the standard high Reynolds iruiiiber forin of tlie K-E model for tirrbiilrnrr clmure. T!!e mnde! en!p!ys 
the law-of-tlw-wdl and its related cecliniques to address near wall phenoniena. This hypothesis allows realistic 
predictions of both wall shear losses and convective heat/niass transfer rates. 

To solve the flow field equations in a non-equal spacing grid system a chain-rule technique is used t o  transform 
the physical spray-dryer plane into a rectangular computational plane. The goveriiing equations and boundary con- 
ditions are rewritten in teriiis of computational plane coordinates 2nd solved using finite-difference approxiniations. 
h order to extend the finite-difference equatiolls beyond second order accuracy, a "decay fuuction"LG is introduced. 
This technique assures stability in iiunierical iiiaiiipiilation of the equations a t  interior grid points of computational 
field. Solution of the finite-difference equattond together with prescribed boundary conditions is achieved by a11 

iterative, point by point, successive underiover relaxation Gauss-Seidel scheme. 
The equations iieeded to  model the particle or droplet trajectories are the differential equations of niotioiil.'. 

The particle trajectories are computed by integrating these equations, gravitational force. gas viscosity and gas 
velocity are assumed constant over the time of iiitegration. The spray model involves mass, inoinentiini and energy 
transfer processes which through their mutual coiipling define the local state of the How. This coupling can be either 
tinilateral or bilateral, in other words, it can be assumed that the effects on the g.u flaw of the spray embedded 
within it are negligible, or, the effects of the presence of particles on the gas phase can he accounted for. The 
unilaterally coupled spray trajectory iiiodel is a useful first approxiination to the overall hehavior of a spray within 
a complex aerodynaniic flow field. This technique beconles inore exact as the spray becomes more dilute. Therefore, 
unilateral coiipling is assunied for the spray trajectory nlodel for the initial iuvestigation. III order to enlploy this 
assuitiption, particle trajectories are conlputed by the equations of iiiot,ioii given the gas phase flow field for n variety 
of assumed initial particle sizes, velocities. and spray angles. 

A heat and mass  transfer iiiodel. SPRAYMOD, of SO? reniaval ill il spray-dryer FGD system developed by 
Danile' was employed t o  siiiiulate tlir evaporation of the sorbent droplets and the absorptioii/reactioll of SO? in 
the rorhent droplets. The  code of SPRAYMOD was writt,eii i n  BASIC:. Tliia cmle w rai~sIat,ed to FORTRAN for 
iricorporation ~ n t o  LIEEZ. T h e  iiiudel is UII tlie nssuniptioii tliat rlir >pray (11 C", l l< I  IlF lill,,llate<~ ,lsillg i, 

P I I I K  or backmixed flow illoilel. IJnder tlii p i u n .  the effect o f  relative vr1ocit.y hetwerii the Hue gas and droplet 
is ignored. If tlie relative velocity is zero. the evaporation is tlw same as ill  a s i l l -au  conditioll. However. the iilitial 
velocity of the droplet a t  the exit of the iiozzle is n~ucli higher than t h e  siirroiindiny flow. The effects of relative 
velocity on the iniultaneous heat tranifer from gal phase to the droplet, and mass transfer from tllr droplet to 
[lie phase have been considered during the constant rate of drying period. The particle/rlroplet trajectories 
of various droplet sizes and sorbent particle diameters superimposed in the t w d i n l e n s i o m l  turbulent How stream 
have ako been taken into account. 
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3. Results and Discussions 

The ituiiierical results performed i n  modeling of  the DSIF are presented and discussed. A uni form gas velocity 
profile (Figure 1) adjusted i n  magnitude t o  satisfy iuass conservation w a s  used at  the entrance t o  t l ie test duct. 
Shows i n  Figure 2 is a 16" ID, 18' long cyl indrical duct. Flue gas Sit 305" F enters f rom t l ie left  w i t h  a velocity 
of IO ni/s. The water particles at  110°F with a uniforiii velocity of 36'ni/s enters from the left t l i rough a single 
water spray nozzle producing a 35" cone. Tlie trajectories of the evaporating and reacting particles were calculated 
once tlie gas flowfield was obtained from solution. Figure 2 shows the trajectories of particles 25 pm i n  diaiiieter 
superiniposed i n  the gas Row stream. The shape of the part icle trajectory is directly influenced by the magnitude 
and relationship between the drag forces and t h e  buoyancy forces. A comparison to experimental data' obtained 
froni the DSlF is shown i n  Figures 3 and 4. Therein it can be seen that t l i e  two-dimensional ioodel for predict ing 
this turbulent, two-phase flow is i n  near agreenient wi th  the laboratory experiments. 

Figures 5-11 show the predicted SO, reinoval efficiency for both sorbent solution (sodium carbonate) and slurry 
(hydrated l ime] cases. T h e  results were coinpiited subject to variety o f  sorbent particle dinmeters, d r y  sorhent 
reaction rate coefficients, i i i let droplet diameters, inlet droplet teinperatiire, inlet gas temperature, approacl i  to 
saturation, and Ca/S stoichoi i i r tr ic ratio. T l ie  specifications for t l i e  spray dryer chosen a reference case was 
based on tlie i n p u t  conditions of DSIF SLOOl09A". These are as follows: inlet gas tenipel-ature of 721 R. in le t  gas 
velocity of :30 ft/sec, inlet droplet, temperature of 600 R, i n l e t  droplet diameter o f  4 0  i i i icron, inlet droplet  velocity 
of 250 ft/sec, inlet SO, of I171 P P M ,  a nioleciilar weight of sorbent (C:a(OH)?) of 74 Ib/inole. sorbent density of 
137 Ibni/ft3, sorbent part icle diai i i r ter of 4 n~icron, d r y  sorbent reaction cale coefficieiit o f  1.0x1O7, inole fract ion 
of  water i n  inlet gas of 9.3 , approach to saturation of 29" C, and Ca/S stoicliionietric rat io o f  1.8G. Tl ie  discussion 
of these figures are given as following: 

Effect of Inlet Sorbent Particle Size. Figure 5 shows that SO2 removal efficiency decreases w i t h  increasing inlet 
sorbent particle diameter for the sorbent slurry. Snialler sorbent particles provide a larger cumulative surface area 
for reaction and would, thus, enhance the SO? removal efficiency. O n  the other hand, sirice the sorbent so lut ion are 
highly soluble, the SO, renioval efficiency is expected t o  be higher than t h a t  of aorheiit s lur ry  case. T h e  sorbent 
solution case i shown not t o  be a function of  inlet sorbent part icle size. 

Effect of In le t  Droplet Size. Figure 6 shows that SO? removal efficiency sl ightly decreases for the sorbent solu- 
t ion and slightly increases for  the sorbent slurry w i t h  increasing inlet droplet diameter. 

Effect of D r v  Sorbent Reaction Rate Coefficient. Tlir reaction rate coefficient depends on the dif fusivi ty o f  SO? 
i n  the solid illaterial, t l i e  part icle size, and t h e  moisture content of the particle/droplet.' T h e  abi l i ty o f  t l ie  cl iei i i ical 
reaction iiiodrl t o  predict ohserved efficiency i a  highly dependent on t l ie user's choice of a reaction rate coefficient. 
Figure 7 shows t l i e  correspondence betweeii the reaction rate coefficient and SO? removal efficiency for t h e  s e t  
o f  operating conditions. This figure indicates that the reaction rate coefficient does not affect the efficiency u n t i l  
t l ie coefficient exceeds a value of  10'' cni'/gniole.s. [ii the present study, a value of IO' was assumed u n t i l  f l i r ther 
information hernines available. 

E R e c t o l h D r a D l e t  TeniDerature. Figure 8 ~ h n w s  that SO? removal efficieiicy decrexses very d i g h t l y  wi th  
increasing inlet droplet temperature for both solutioii and slurry cases. 

Elfect of Iiilet Gas Teinoerature. Several concIu2iioiis liave been reported regarding the effect o f  inlet gas teni- 
perature on SO, renioval etficiency. The experimental resiilts performed by Apple and Kel lyLs indicate t h a t  SO3 
removal efficiency increases w i t h  increasing inlet pas teiiiperatore. However, Biiel14 concluded from his experimental 
tests that the inlet gas tei i iperati i re has a negligible effect. Tlie nunierical results performed by Danile, e t  al." 2nd 
Ma, et a1.I" indicate that SO,. r e i i i w a l  efficiency increases slightly w i t h  increasing i i i l e t  gas teinperature. Figure 
9 sliows that SO? reinoval eficiency increaes for t l i e  ;orbent. solution and decreases for t h e  sorbent s lur ry  wi th  
increasing inlet gas teiiiperatiire. This i i i ipl iei  that t l i e  effect o f  irilet gas terriperstsre on SO, removal efficiency 
depends upon t l ie form of  sorbent. 

Effect of ADDroach to Saturatioi i .  Approach to satural ioi i  is defined u t h e  diKerence hetween flue gas exit  
temperature and dew point. Once the gas exir tei i iperati i rs ai id dew point  are defined froi i i  the solut ion based on 
t h e  process stream inaterial and energy baln~tce. the approach to s t u r a t i o n  teinperature can he computed. This is 
a11 iniportant process paraineter. Nunierical results iiidicate that SO2 reilloval efficiency decreases wicl i  increasing 
approach s t i i r x t i o n  t~emperature"." 2s illiist,rsted i n  FiRiire in. This is due t o  t,he decrease iii tota l  ( l rop let  area 
r e s u l t i w  from the decreased voluiiie of i p r n y  dur iug the d r y i i q  period and the decrease i n  core v ~ l u i i i r  of equil ibr iuni 
water lhrld by t l ie solid after the (Iryi i ig period ends. 

ERect, of Inlet CaIS Stoichiometric Ratio. Stoicliionietric rat io is defined as the nioles of C'nlOH).: fed to t l ie 
systeni per n d e  of  SO?. This  parameter is thought to he the most impor tant  factor influencing the FGD system 
performance. The overall SO? reniovol efficiency increases successively w i t h  increasing inlet Ca /S ratio.".'j '.*' 
Figure 11 denlonstrates this for h o t l i  sorbent solution a i id  slurry cases. This is diir n ia in ly  to the decrease in 
l iquid-phue resistance t o  SO2 mass transfer dur ing the dry ing period. 

Finally, a c o r ~ i p ~ r i s o n  to D S I F  experi i i ientd SO? removal data for this calculation is given in Figure 12. The 
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inodel predicted the SO? renioval efficiency w i t h  il tendency t o  under-predict at t l ie upstream of the spray dryer. 
Since no good correlations are available to estiiiiate t l i e  liquid-phase resistance in the droplet to the mass transfer‘ 
t l ie diHeresce between predicted and measured efficiencies was anticipated. 

4. Conclusions 

The numerical results presented above predict several significant phenomena i n  t l i e  FGD systeni. Although it 
is t l ie author’s opinion t h a t  a full  understanding of these plienoineiia is far froni being achieved, it is hoped t h a t  
these results w i l l  aid in advancing t l ie fu ture research efforts. M a j o r  higl i l igl i ts and conclusions of the present study 
are: 

I. A general two-dimensional coniputat ional procedure w.ls developed to niodel steady, turbulent, reactive, 
multi-phase flow in a spray dryer FGD system. A clientical modeling program, SPRAYMOD, was successfully 
incorporated i n t o  a general f luid modeling program, LEE-2. 

2. The effects of relative velocity on the siniultaiieous heat transfer from gas phase t o  the droplet, and the 
inass transfer f ron i  the droplet to t l ie gas phase were considered dur ing the coiistant rate of dry ing period. T h e  
patt icle/draplel trajectories superinrposed i n  the two-diinensioiial turbulei i t  flow sLreani were also taken i n t o  account. 

3. Comparison with one set of the  DSIF data sliows good agreenieiit between model predicted and observed 
part icle velocity dislr ibutions. 

4. Parametric studies reviewed herein have brought t o  l ight some of the gross effects of inlet-gm specifications 
and operating par.mneters on the duct  injection F G D  performance. The numerical results show that  i n l e t  Ca/S 
stoichiometric ra t io  reinnins tlir single most impor tant  aspect of the duct  inject ion on i t s  performance. However, 
other variables wliicli showed appreciable influence included the d r y  sorbent reaction rate coefficient and t h e  forni of 
sorbent. Thi. study provided R considerable insight for duct inject ion F G D  perfornmnce optimization and scale-up. 

5 .  To correct the tendency t o  under-predict the SO? renioval efficiency at the upstream of  the duct  inject ion 
would require modeling of the wet part icle stage. 

6. A three-~liinriilii”i,=I numerical inode1 for B duct  inject ion FGD s y s t e m  will be pursued L- a l i l t t i re  effort to 
compute the gas Row field. the droplet  o r  jorhent particle dynaniics, and t l i e  evaporation and clieniical reactions 
simultaneously. The droplet/part icle size distribution, agglomeration of particles, and wall deposition should also 
be considered i n  t l i e  niudel. 
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