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ABsrRAcr

(irate systcms are liequently applied in the fleld ol'thennal waste treatnrent. Thc description
ol'the incineratiorl process by a rnathematical nTodel is a very interesting task for research and
de-vclopmcnt up to now. Thcrefore. the description of the solid rnaterial transport ar-rd of thc
mixitrg behaviour along the grate is an important precondition. I'he transport and the n-rixing
bchaviour both depend prirnarily on constructive parameter o{'the grate (e.g. lbrward or re-
verse acting system). Furthermore rnatcrial properties (density, diameter etc.) and operation
pilralnctcr'(urass flux, grate velocity etc.) must bc taken into account.

The degree of relining of an approach used fbr waste treatment should be related to the avail-
ability of data and the accuracy of the data. Calculations arc only as accurate as the physical
and chemical data used into the model.

In l}ont of this background invcstigations at a cold grate urodel to study thc main inlluencing
pat'amcters on the residence tirne beliaviour rvcre carried out. Tlie results were evaluated by
thc "population balance method". This method seems to be well suited to describe the trans-
port and mixirtg behaviour of solid material on grate systems depe nding on material properties
as rvell as fbr dilferent constructive altd oDeration conditions

Knyrvonns

Waste, combustion, grate systems. research plant, rcsidence time behaviour. mathen-ratical
nroclel, experimental investigations.

IxrRolucrroN

Grate systeffls are frequently applied in the f ield oi'thermal waste treatment. The ciescription
of'the itrcincration process with a mathematical model is a very interesting task lbr research
and dcvelopment up to now. The mathematical models prirrarily focused on the conversion of
solicl nlaterial in the packed and moved bed [e.g. 1-4]. These models showed that tluougli the
ttse o1'simplified approaches (spheres, summarised kinetic data etc.) good agreement of theo-
rctical ernd expcrimental results can be obtainecl. At present models also include the post-
colt lbustiolt  process with the ni ixing and residence t ime behaviour in the contbustion ciramber
Lrsing C[;D [e.g. 5-7]. l 'he results o1'the solid bed convcrsion at thc grate are recluirecl as an
input condit ion l<rr the ClrD-nrodcll ing ol ' thc combustion chambcr.

'  [ ' rol .  Dr.- lng. Miclrael Becktnann, Baulraus-tJniversit i i t  \ \ /eirrrar, enrai l :  rnichael.trccknrannf2i lbauirrs.urr i-q,einrar.de:
r  I ) r 'o f .  Dr . - lng .  Re inhard  Scho lz ,  
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All rnathentatical models incorporate approaches fbr description of the solid material transport

alo6g the grate, heat and mass transf'er, kinetics etc. to different extents. The degree of refln-

ing ol'these approaches should be related to the availability and accuracy of the data. It is well

known tl.rat calculations are only as accurate as the physical and chemical data used into the

n-rodel.
'l 'his 

ltaper will lbcus on tire description of the solid material transport on the grate. Rclerring

to tlic above-rncrltioned models one can roughly diflerentiate bctween approaches usiug un-

mixcd packecl bcds [e.g. 8] (cross/counter-current-f1orv) and approaches with n-rixed packed

bcds [c.g. 3,9]. With the exception of travelling grate systcms, mixed packed beds are fbund

in practice.

Ir-n,cstigatious otl a colil gratc model concernitrg thc mixing behaviour of-the grate system will

bc introduced here. The results were evaluated using the "population balance mcthod". This

nrethocl was alreacly used lbr a n'rathentatical model fbr grate systetns using summarised ki-

nctic data. In this model the residence tinie behaviour is described by a serial cascade of con-

tinuous stirred reactors [3] dependent on the type of grate system. Meanwhilc further investi-

gations were carried out using a "cold" Plexiglas gratc model to study tl-re nain parameters

rvhich influcnce the residence time behaviour. This papcr prcsents the results of the variation

ol 'operating paramcter and of material propcrt ie s.

2 llnstnrNcri rIMr BEHAVToUI{ oF soLID MATERIAL oN THB GRATE

hr gcneral, it can be distinguished betwcen three diff-erent urodel approaches and their conibi-

nalions fbr the descript ion of the mixed packed beds:

. 'l 'ransport phenoureua models.

. Population balance urodels.

. Etnpir ical models.

For a detailed description of the transport and mixing behaviour of the solid particles, a solu-

tion 1br the transport equations over the total reaction volume would be necessary. Thereby

the so-called ell'ective transport coefficients vary. Such a procedure is not feasible in practice.

No process can bc exarnined so precisely in detail.

llascd on this background, the "popr"rlation balance method" was developed lbr the mathe-
nratical descript ion of thc mixing ancl residence t ime behaviour in reactor systems. Residence
tinrc l irncl ions give inlbrmation regarding special l iactions o[ 'material and the residencc t ime
ol ' thc l i 'action in thc reactor. With thc aid of this rncthod the maclo-mixing o1'a rcactor can be
clcscribccl. 

' l 'his 
is alrcady sull lcient to describe the inrportant interactions o1't irc nrain inf lLr-

cncing paratnetcls ir.r rnarrv cascs. part icularly in thc l leld of thcrmal waste tre:rtnrcnt.
' l 'hc 

population balancc models arc characteriscd by fündantental ly lcss expencli ture lbr the
incpriry ol 'data und also lbr calculation in contrast to the transltort phenourena modcls. 

' l 'his

papcr rvi l l  cxplain how the popLrlation balancc mctl iod can bc applied to describe the transport
ol-sol icl rnatcrial along thc grate.



3 ExpUTTrBNTALSETTTNGS

lJnlikc other systems such as rotary ki lns [2-14] or f luidised bed reactors [15-19] l i t t le is

knorvn zrbout the residence time behaviour of solid material at gratc systet.ns [e.g. 9-11].
"l'hercfbrc 

the task of a fündar"nental investigation of the main parametcrs whicli inf-luencc
gratc  systcnrs s t i l l  cx is ts .

Reverse acting grate A
Input mater ial  supply
lnput mater ial  discharge

Itig I '\iclrcnta o/'the c'old nodel grate vtith testpo,sitions Jbr forv,arcl and reyer.se acting grute.

'[ ' lie 
investigations introduced here were carried out with a "cold" Plexiglass grate (Fig. 1). At

such a experimental plant the residence time behavisul can be studied independent of the
solici conversion. As can be recognised in Fig.l, reverse acting as wcll as florward acting grate
systetns can be investigated. The rnodel fuel supply, via a rnanually operated feeding hopper,
is ncarly constant. The grate bars are driven by electric motors. The velocity of thc grate bars
is corttinuously adjustable. The solid rnaterial leaves thc encl ol.the grate via a chute.

ColoLtrcd pieccs of model flel were used as tracer rnaterial to investigate the rcsidencc tirne
bchaviour. Iror steady statc conditions of the grzitc the tracer was introduced as a dirac pulse.
'l-lte 

nrass of the solid material rir, and the mass of the tracer nl7.; rvhich was discharged within
thc cqual timc periods A/, r,vas detennined. Furthennore, the number of tracer picccs n7'1 waS
cottntecl. Due o thc lzrct, that particularly in thc case of the reverse acting grate the tracer matc-
l ial is dischargcd ouly incotnpletcly in a rcasonable t ime. a special approximation of the end
ol ' the I{J'D-curve is nccessarv.

Forward acting grate



The mass rclated mean resi-
dencc t irne is giverr by [e.g.
201 :
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t
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urcan rcsidcncc time re-

latccl to thc nurnber of' tracer
picccs can be determined in

Fig. 2, Special muteriul duta of the inpul rrruteriul,s.

thc sarnc rvay. Witli thc mean residence time 1,,,, the urass llux m,

length / and tlic rvidth ä of the grate one can estiniate the theoretical

bc:d:

h , t , r , ,  =  , '  
' : '  ' i '

t . b . p t ,

the bulk density p6 . the

lreight h11,,,, ol the packed

(2 ) .

' l 'he 
evaluation of the residence time investigations is based on standardised values [21].

'flrere 
the mass fluxes miand the calculated bed heights h11,oo,iof dillerent tcst series rel'erred

to tlre maximum values ri1 ,nu, and hthro.u,^. For the test series, "model lirels" rvere useci, A

sumnritry of the characteristic data is given in lrig. 2.

4 Rrsulrs

Speciai enrphasis lays primarily on the comparison of thc rcsidence tir-ne bchaviour o1'reverse

and lbrlvard acting grate systerns. For both test series the mass lluxes and the nrodcl lireis

r.vcrc kept eclual. With the results ol this investigations the previously discussed assumptions

regarding the mixing conditions and the residence time behaviour could bc conllrrned. In

contlast to reverse acting systems. forrvard acting grate systems show a distinctly nal'rower

lcsidence t ime distr ibution (RTD). For small extcnts o1'dispersion (13o > 100; nearly plug l1ow

conditions) the RTD curve rcscmbles a gaussian curve. There are a nurnber o1'ways to deter-
nrine the Boclcnstein-Number lrom the clrrve. 

' fhe 
width at thc noint ol ' inl lection (2'o) is onc

o1'thcm. Thc variance ot cau be evaluated in general f}om:

I  ( , :  . t r t  ,  .n t  , )
r  t  = l - t : ,

Z( t t ,  ' a , ,  )

wirh

o;

(3 )

t '

Model material
, ' . .

? ; i

c a . B - 2 5 0 , 2 2  -  1 , 1 3 400

vl 1 5 0 , 9 - 1 350 550
(: ;:-tr.:1\$

1 0 1 , 3 8 1 400 2200

1 5 2,25 -  2,44 1 300 2200

, l r :  . :  t  
t3 i '

t 'Cer, 20 q A 1200 22QO

( 4 )



onc obtains fbr small deviation fron-r plug flow conditions

D 2

I ior high extcut o1'dispersion (Bo<100; large deviation from plug f low) the Bodenstein-
Nunrber can be determined I}om the parameters of the tracer curve. Due to t5e arrangement of
tltc tests. the cvalrtatiolt tnust be bascd on closed boundary conclitions. For this an a'alytical
expressior"r is not available, however, the variance can be estimated by:

l ^

" ( ,  - -
u . L  B o

Thc narrorver the RTD-curve
is, thc larger the llodenstcin-
Nr-rnrber. Corresponding to the
rcsults in Fig. 3 lbrward acting
gralc shows a rlarrower l{TD
rvith higirer Bodenstein-
Nurtrber than revel'sc acting
gratc. Furthcunore a srnallcr
lulcau residence time results
fbr fbrrvarcl acting grate in
conrparison to thc rcvcrsc
acting system. I'he sarne de-
pcndencc rvi l l  be obtained fbr
the theoretical height o1' the
bctl according to expressiorr
eq. (2) .

o , ,  = r  # ,  [ * ] '  [ ' - , , ' t , ' ]

(s).

(6 ) .
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clctrce time o1'the rcverse acting system. Thc Bodenstein-Nurnbers diIler around a 1äctor 0.1.
Iror the axial dispersion coefllcient D onc obtains arouncl a factor 5 snraller value 1br the for-
rvarcl acting grate in comparison to the feverse acting grate .

Iror the test series in Fig. 3 the
mcan residence timc of the
lbrward acting syster.n is lig. 3
roughly the hall' o1' the resi-

I I ' thc rcsicle nce t inre bchaviour is approxirnatecl  by a ser ies
reactor '  (CSR) clcntents 1'or thc numlrer o1'elements 11..57i  ä
Iovvs:

, B ot l  , , , , = l +  t - O t ' l l r t > 2
1

0  10  20  30  40  50  60  7Q 80  90

Time f  [m in ]
Contpcrri.;ort of the residence tinrc clistributiorr
frtr forv,urd atrcl reverse actittg grate syslems.

o1' connected coutinuously stirred
f-rrst estirnation is obtaitred as lbl-

(7).

(8 ) ,

Swelling clay J , C 278,34 4 , 4 6 24.4 35,3

Swell ing clay 1 5 , 8 9 8,26 60.07 1 4 , 9

lJoz

4
/ l ( . \ / ,  = ' l  + f o r  Bo>8rcsp .



l l  t  s t t Bo > 50 (9).

-l-herefbre 
r,vith thc data fbr tlie

cxample in Fig.3 a number of
clentcnts for the lbrward act-
ing grate rrr'5p:30 and fbr the
rcvcrse actir.lg grate ncsn:4
resr"rlt. For the lbrward acting
glutc, plug l low condit ions can
bc cstimated roughly. Based
on the assumption that tire re-
verse acting grate model has 4
air zoncs in rcal i ty. cvcry air.
zoue can be dcscribed as a
C51l-element [3, I  0,1 1].

Besides the grate construction,
the rnass flux and the grate bar
vclocity have a great influence
on the residence time behav-
ior,rr'. Iloth parameters were
investigated lbr reverse actiltg
concli t ions.
-l-he 

increase of tlie mass l]ux
in principlc leads to a decrease
ol ' the les idence t i rne (F ig.  4) ,
with t l ie exccption of the l im-
itiug statc wherc the bulk rna-
terial slides depending on thc
incl ination o1' the grate.
'l'he 

influence of the grate bar
velocity can be summarised as
l i r l lows:  Thc i r rcrease in  vc-
l oc i t l ' caL l scs  a  dcc rcasc  i n
nrcnn residcnce t imc and a nar-
rower l{- l-D-curve, i .e. the
variat ion around the l-neall
resiclcncc t ime becomes
srlallcr. SirliultancoLrsly. the axial dispersion coel'ficicnt which characterises t5e clegree o1'
back r l l ix ing i t rcreases (Fig 5).  l t  should be mentionccl ,  that there is no contradict  between a
narrowcr ltTD-curvc and an incrcmcnt in dispcrsion coellicient because ciimepsiop afllicted
Iraramctcrs (o, 1,,,, D) are considcred here.
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Fig 1. Influenca of llte mass flow on the nrcan residence tinre
for dilferent nrodel materials.
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Iror constant mass flux, bed
height increases with decreas-
ing grare bar velocity (Fig. 6).
l-hc bed height also increases
u,ith raising of mass f'lux.

l-he results o1'thc befbrc men-
tionccl investigations show that
thc population balance method
is u,ell suited to characterise
the residence tirnc behaviour
o1' grate systems. There con-
structir,'c l-eatures of the grate
systents as well as operational
parartreters are cclnsidered. The
approach on basis of popula-
tiorr balance models is capable Fig. 6.
o1'clescribing the transport be-
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haviour o1'a grate within an overall simulation rnodel [10]. Therewith, in contrary to the
transport phenomena modcls less expenditure lbr the inquiry of clata and also for calculation is
gcncrally llecessary.
'l'hc 

next step lbr the lurther development of this approach is the implementatiotr of the con-
versiotl of solid material, e.g. the reduction of the particle size and the enlargement of the par-
ticlc number etc. during the overall cornbustion process. A count of coloured tracer material in
incltrstrial grate systems seems to be unf'easible. 'fhe 

adaptation ol'the results fiom the colcl-
gratc system to rcal conditions catr be supported by raclio tracer llleasurements. First rleas-
ttrcrltertts with indium werc carried out on the fbrward acting pilot grate [10] in connection
with the invcstigation of the behaviour of heavy metals depending on operational conditions
f221.  

' lhcrcby 
rnodel  wastc 2sooo

*'as uscd. l-he waste ntass
florv and grate movemellt
rverc hclcl constant. ;

lr).
l j ig .  7  shorvs arr  exarnple o l '  g3
nrcasured residence t ime {
cl istr ibution 1br the detcc- ätr
to ls  l r lor rg l l rc  g lu tc .  Duc to  '=

thc insLrl l lcient shiclding ol-
the clctcctols thc shapc ol '
thc curves is widened.
' l 'hcrcl irrc 

an cvaluation of
thc axial back mixing and a -.
calculation ol '  thc l joden- 

t '8'
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stein-Nurnber is diflicult. I-lere the mean residence tirne is defined as the time ol maximum
impulses. The linear correlation bctween detector position and mean residence tirne leads to
the conclusion that axial back mixing is negligible so that nearly plug flow conditions prevail.
The measured mean overall residence time is in the range of one hour. Next srep is the corrc-
lation o1'the results obtainecl fiorn the cold grate witli the radio tracer measurements at the oi-
lot grate. There the scale-up of the geometric parameters should be ilvolvecl.
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