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ABSTRACT

The volume hypo th esis, a theo ry about t he ene rgy sca le of com m inut ion , was ad opted to ana lyze t he
degrad ation behavior of lum p coal un der different heat ing t im e. T he b reakage energy of cha rs was de­

t e r m in ed by a compression test . and t he res ults s how t ha t t he u lt im a te s t rength o f chars d ecr ea s ed at

t he ea rly s ta ge d ur ing t he heat ing pro cess , resulting in a dec rease of t he cha r b reakage ene rgy. A t t he
la t e s t ag e d uring t he hea t in g process, t he ch ar brea kage energ y increased wi t h t he inc re ase o f hea t in g

t im e. The po wer co nsum pt ion coefficient s C K of diffe re nt cha rs were de te rm ined by a d rum experi­

m ent, and t h en t he ch ar de g ra datio n be havior under d iff er ent power consumptions w as predict ed . In

addit ion, a gasificat ion ex pe riment was cond ucted to de te rm ine t he gas ifica t ion act ivat ion ene rgy
(with CO2 ) of lu m p coal heat ed for differe nt t im e. T he resu lt s show t hat t he gasification act ivat ion

energy increased greatly a t t he ea rl y stage d ur ing t he hea ti ng pro cess, which showed opposite cha nge
to t he b rea kage energ y of chars. F urt he rmore, t he in tern a l t em perat u r e and h eat changes of t h e

bonded coa l b riquet t e we re ca lcula ted by using an un s t eady hea t cond uct ion equa t ion. The la rge d iffe r ­
ence bet w een t he s urface and t he center t em perat u r es of coal a nd t he large amount of hea t absorp tion

at t he ea rly st ag e dur ing the heat ing pro cess may have a negative effect on the breakage energy of cha rs.

1. Introduction

Lump coal is used in th e COREX/FINEX process,
w hic h is a new ironmaki ng technology offer ing a s u­
perior en viron men ta l performanc e co mpared wit h
using a blast furnace[I-3]. T he coking process is eli mi ­

nat ed by t he rep lac em en t with lump coal , and thus
the po ll uta n t is greatly reduced . H ow ever, the seri ­
ous degradation of lu mp coal in the melting gasi fier
has been a concern since the ru nning of the COREX
C3000 pl an t in Baos teel. T he m ain difference be­
tween lump coal and coke is t hat the strengt h of
lu mp coal is much lower than that of co ke, bu t at
h igh te m peratures, this can vary greatly wit h the
coke form ing process. The deg rad a tion beh avior of
lump coal is signi fican tly affected b y the react io n
process of the coal. At hi gh temperatures , coal ca n
absorb a la rge amount of hea t du rin g the co ke form­
ing process, and the ca king coal used in COREX
cou ld easi ly bind together durin g the co ke form in g
process , and thus heat transfer was hindered by the
increased coal char[4-6] .

It has been observed that lump coal t ends to m ove
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towards the hi gh temperat ure region over 1073 K
immediately whe n it is added to the top of a melting
gasi fier, en hancing fas t pyrol ysis of the lump coal
and precipit ati on of tar fr om t he lump coal[2,5]. In
previo us work [6] , a large a moun t of residual coal
was also fo und in m ost tuyere co ke sa mples, ill us ­
tratin g t ha t the lump coals added into t he m eltin g
gasi fie r w ere not co mple tely transformed into co ke
w hen they arrived at the tuyere region. Therefore,
lump coal used in a melt ing gasi fier has been se lect­
ed to in ves ti ga te the transfor mation process of the
lump coal a t high temperature (1 273 K).

T he quin tessen t ial an d ea rl iest energy consum p­
t io n theories of co m mi nut ion were the surface area
h yp othesi s , vo lume h ypothesi s and crac k hypoth esis ,
which were prop osed by Ri ttinger[7], KHpm1yeB[8] and
Kick [9] , and Bond[IO] respect ive ly , and they have

been widely accepted to elucidate the m ech ani sm of
energy consum pt ion for comrninur ion ' J' ". Regard ing
com m inut io n at room temperature , the energy con­
sumptio n for the process of coarse co m mi n utio n
(particl e sizes g rea te r than 10 m m ) has invariably
been rela tively acc uratel y determin ed by the vo lume
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2. Experimental

2. 4 . Gasifica ti on ex periment

Different sa mples « o. 07 4 mrn ) prepare d from
the lump coals h eated for different tim e wer e reacted
with CO 2 in a thermogravim etric ana lyzer (Netzsch,
ST A 409C) . Each sa m p le ( 10 mg ) was hea ted to
1273 K at a h ea ting ra te of 10 K/min. The C O 2 flow
rate was set a t 60 mL/min to eli mi na te the in fl uenc e
of gas d iffu sion, an d the gasifica tio n rate was co n ­
si der ed to be co n tro lled by the chemi ca l reaction.

inder of the sa me vo lu me (ef> 12 mm X 12 mrn ). The
ultimate st rengt hs of d ifferent chars were def in ed as
the co mpressive st re ss per unit cross-sec t ional a rea
a t the breaking m oment of cha rs.

The degrad ation behav ior of cha rs was exam ine d
usin g a rotat in g drum ( 2. 2 kW), and the inp ut en ­
ergy was adjus ted by the po w er co n s um ption or rev ­
o lut ions of the drum. A ft er each drum expe r imen t ,
the average particle size of the cha rs w as m easured
by a vibrating screen. Aft erwards , the power co n ­
s umpt io n coeff icien t was obta ined by the equat ion of
Kick ' s vo lume h yp othesi s.

Elemental

annlys is/wr. %
P ro ximate

analys is/w t , %

2. 1 . Sa m p le ana lysis

Tabl e 1 shows the fund amen tal ana lysis of coa l used
in CO REX p rocess.

hypothesis in actual cases. T h e surf ace area h ypo th­
esis has proven to be mor e suita ble for th e fin e g ri nd­
ing (par ti cl e sizes less than 200 p.m) process , and the
a pp lication scope of the cra ck hy pothesis is so m e­
where in between ' 12

J. In actual cases , the particle size
of lu mp coal charged in to the melt ing gasifi er was
approximately 20 m m. In this work , two volume hy­
poth eses were adopted to analyze the deg rada t ion be­
havior of lump coal used in the COREX melting gasifier.

Table 1
F undamental analys is of coals

Note: Fed , A d , and V d arc the fixed ca rbo n , as h and volati le

content of t he coa l in d ry basis , resp ectively; M,d is t he

mo isture content of the coa l in air dry basis .

2.2 . Coke fo rming ex p er im ent

A se ries of co ke fo rmi ng experi ments were con­
duct ed, where 200 g of cr us h ed lump coal with pa r ­
t icl e sizes rangin g fr om 19 to 21 mm was placed in a
s tain less s teel co ntain er . The expe r imen t was ca r ­
r ied out in a heat treatment furnace under dry n itro­
g en atmosphere. Before the expe r imen t , 1 L /min of
n itrogen gas w as co n ti n uo us ly bl own in to the co n­
tainer fo r 30 m m , and then the coa l sa mple con tai ner

w as se ale d.
In act ua l cases, Iump coa l ( 298 K) was di rectly

added to the top of a m elt in g gasifier whose temper­
a t ure was over 1 07 3 K. In this expe r imen t , the coal
sa mple container was not put in to the furnace unt il
the furnace temperature reached 1 27 3 K . The heat ­
ing t ime of the lump coal w as set to 30 , 45, 60 , 90 ,
120, 150, 180 or 240 m in, and the h eat in g t ime was
co un t ed fr om the t ime when the furnace t empera­
ture reach ed 1 27 3 K until cooling co m m enc ed.

A ft er the h eating expe r imen t , op t ica l m icr osc opy
( L ei tz , DA S, G er man y ) was used to determin e the
textural co mposition of different cha r sa mples , an d
the s urface m orphol ogy of the cha r sa m ples was ob­
se rved by sc ann ing electron mi croscopy (SEM ).

2.3. Com p ressioe and drum ex pe riment

A n el ec t ro nic press ure testing m ach in e (Instron,
LD-Y B-2, China ) was used to test the com p ressive
st re ngt h an d elasti city m odul us of differen t char
sa m ples , and each char sa m ple was made in to a cy l-

3. Results

3. 1 . Stru ctures of cha r

Fig. 1 show s the m icrostructure of cha r textures.
The m icrostructure (min eral s and im puri t ies w ere
not li s ted) an d po ro si t y ( measured by mercury in­
trusion porosimetry) of differen t coal cha rs are sum ­
m arized T able 2.

A s shown in T able 2, the princip al com ponen t of
chars were iso t ropic an d mosai cs text ure, and the
cok e st ruct ure com ponen ts and porosity of chars in­
cre ased with the increase of heating time . Fig. 2 shows
the s tereoscan pho tograp h of lump coals heated for
0, 30 , an d 120 min.

As show n in Fi g. 2 , the number of po res in ­
creased w ith t h e inc rease of heatin g t ime. A ft er
heat in g for 30 m in, a large number of pores a re gen ­
erated on the s urface of char compared with that of
the o rigi nal coa l.

3. 2. T wo vo l u me h ypoth eses f or char /coke d egra ­
d at ion

Two volume hy poth eses with differen t forms have
b een proposed by K I1pnI1YCB (Russian scho lar) in
187 4[8J and Kick (Germa n scholar ) in 1885[9J respec­

tively, and they were both established on an ident ical
physica l foundation. Acco rdi ng to the volume hy­
po th es is , the ene rg y co ns umption for m aterial
cr us hing is propo r tiona l to the volume of the mate­
ri al under iden tical t echnical co ndi tions when the
sha pe of the cr us hed pro duc t is si mi la r to that of the
raw m aterial. The physi cal bas is of the two h yp oth­
ese s is that the stress is genera ted on the insi de of any
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( a ) Isotr op ic ; (b) Ani sotropi c ; (c ) Mosaics text ure; ( d) Residu al carbo n par ticl e.

Fig. 1. Microstructure of char textures.

Table 2
A na lysis r esults of coal cha r textu res co m position

Coke/ %

H eatin g Fi ne Medium Coa rse Residu al Residu al Porosi ty
tim e/min Isotr opic Anisotropi c mosaics mosaics mosaics carbo n coal/ % r/ %

text ure t ext ur e text ure parti cle

30 2.90 16. 23 0 1. 16 0 2. 03 75. 70 49.6

45 6. 13 5. 19 3.21 I. 32 O. 32 6. 23 72. 04 57. 4

60 10. 18 2.66 2. 95 2. 36 O. 56 7.89 62. 32 58.3

90 18. 10 1. 05 2. 83 3. 40 O. 95 7.7 1 51. 98 60. 7

120 28. 73 1. 29 2. 41 6.91 1.11 8. 09 32. 88 62. 5

150 32. 10 12.30 0 2. 20 2. 30 12.30 34. 60 63.8

180 52. 45 1. 24 2.9 1 9.24 I. 29 6.32 12. 35 65.2

240 44. 19 17. 94 5. 65 3. 30 10. 10 13. 29 O. 33 65.9

Fig. 2.
(a ) 0 min; ( b ) 30 min; ( c) 120 min.

S tereo sca n photograph of lump co als he a ted for different t im e.

m a terial and then leads to deformat ion ov er the
whole particle under an external force. Thus, break­
age within the material would occur in th e case where
the stres s excee ds the ultimat e strength of the m at e-

ri al. In this work, these two volume h ypo theses
were adopted to eluc idate the degrad ation phenome­
non of char/coke, which has been widely considered
to be a brittle m aterial.
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As shown in T able 3, the ultimate strength of the
ch ars increased greatly with the in crease of heating
time, except for the char sample heated for 30 min.
This phenomenon m ay be caused by the fast pyroly­
sis of lump coal at the early stage, which would lead
to a sharp increase of porosity.

The ultimate strength of chars is considered to be
related to the char texture and porosity. The formu la
usually us ed to expre ss the strength of porous mate­
rial is Eq. ( 5), and it has also been confirmed for
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•

0.300.20
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•

•

0.10

w2=1.31 x 19(doldf)

R2=0.96

Drum exper ime ntal results of lump coa l heat ed for
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Fig. 3.
30 min.

lump cokes!" :!" :

17 * =a~ exp ( - bY ) (5)
where, a ~ is the strength of the matrix (maximum
strength of cha r / coke when Y =O); and b is the co­
efficient to qu antify the effect of the pore volume
fraction on the strength of the porous material.

The porosity of the raw lump coal was only 21. 7%,
as shown in Table 1. After being heated for 30 min,
the char porosity was more than doubled to 49. 6%,
and in the fo llowing heating process, the porosity of
the char increased only to 65. 9% after heating for
240 min, as shown in Table 2. This is the main
cause for the decrease of the ultimate strength of
char s a t the early stage, which leads to a de crease of
W I, indicating that serious degradation of lump coal
would occur in the ea rl y coke forming process.

The degradation behavior of lump coal is de­
scribed by anot her form of the vo lume hypothesis
that was proposed by Kick as Eq. (6) [8,9J :

d
W z= C Klg iT= C Klg d : (6)

where, W z is the power consumption for char degra­
dation, (kW . h/kg); C K is the power consumption
co efficient, which is related to char properties for a
specific crushing equip men t , (kW . h/kg); i T is the
total crushing ratio; d o is the initial av erage particle
size of the ch ar, m; and d f is the average particle
size of the char after the cr ush ing experiment, m.

In this work, a rotating drum was used to exam­
ine the degradation behavior of the chars. The rota­
ting speed of the drum was 25 r/min, and the motor
power was 2. 2 k W. W Z is determined by the revol u­
t ions of the drum during the experiment, and d o and
d f a re determined by measuring the average size of
char particles. Then, C K is det ermined by the drum
experiment. Fig. 3 shows the drum experiment for
lump coals hea ted for 30 min. U sing this m ethod,
C K of chars heated for different time were obtained,
as shown in Table 4.

C K in creased with the increase of heating time, ex-

(3)

(2)

Table 3
Paramet er s of br eak ag e ene rgy of chars

Heating t ime/min (J * / MPa E /MPa W 1 / (kJ 'm- 3 )

0 2.23 37 26 0. 67

30 2.20 1781 0. 51

15 2. 71 183 1 O. 78

60 3. 27 1863 1. 10

90 3.96 1 912 1. 59

120 1. 73 1 928 2.27

150 5. 65 5 106 3. 13

180 6.12 5 157 1. 00

210 7. 12 5 160 1. 91

According to the Hooke's law, the strain rate of
char can be calculated as follows:

a /:::,.l
c =E =T (1)

where, a is the stress, MPa; C is the strain rate of
char; E is the elasticity modulus of char, MPa; /:::,.l
is the amount of elastic deformation, m; and l is the
length of char, m.

Then, the differential equation is obtained:

d(/:::"l)= d( lai = d( l . F lSi = _l dF
£) £) ES

where, F is the compressive stress, N; and S is the
cross-sectional a rea of the char, m ",

The ene rgy consumption equa t ion proposed by
K a pnnuca is derived as follows[8J :

fl ' fF' l 1 l
W = Fd(/:::"l) = F - dF =-F *z-=

o 0 £S 2 £S
a *2lS a *zy

2£ 2£
where, W is the breakage energy of cha rs , k] ; l * is
the length of ch ar a t broken moment, m; F * is the
ultimate compressive stress of char breakage, N ; 17 *
is the ultimate strength of the char, MPa; and Y is
the volume of the char, m ".

Thus, the ene rg y required for a unit volume of
char breakage W I is expressed as:

17 *Z

W I = 2E (4)

Table 3 shows the parameters of char breakage
energy obtained by the compression test and W I cal ­
culated by Eq. ( 4).



771 Q. H . L iu ~I al . IJournal a] 1rml and S/~~1 R esea rch , l nt erna t iona l 21 (2017) 770 - 777

Fig. 4. E xper im ent al and predicted values of d f un der
differen t power cons um ptions .
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Fig . 6. TG cur ve of diff eren t coa l cha rs reacted w it h CO 2 •

Fig. S. Relat ion ship between W 2 and a;

W 2 = O. 1 kWh/kg, the difference of d f between
the raw coa l ( hea ti ng time is 0 min) and cha r heat ed
fo r 240 m in is on ly 2. 27 mrn, H owever, when W z =
1. 0 k W . h /kg, the diff eren ce of d f be tween the raw
coal and char hea ted for 240 min in creased to 8. 96
mm. This res ul t in di cat es tha t the input energ y ,
w hic h is relat ed to the s ize of the m elting gas ifie r
and the smel t in g in ten s ity, has a signi fica n t infl u­
ence on t he lum p coal deg rada t ion a t different coke
forming st ages. I t shou ld not be ignored w hen lum p
coals or se m i-cokes we re used to rep lace cokes in
ironm aking product ion.

3.3 . R esults of ga sification ex pe ri ment

T he gas ifica tio n results of coa l sa mples heat ed for
diff eren t t im e from 5 min to 180 min are sho w n in
Fi g. 6. The in itial react ion temper a t ures of different
coals a re obt a in ed fr om Fi g. 6 and listed in T ab le 5.

A s seen from F ig. 6 , t he coa l m ass loss duri ng the
gasifi cation p ro cess reduced w ith the in creas e of
heating time. The longer the co k ing time of the
lump coal was, t he lower was its reactivit y with
COz• The in it ial reaction tempera ture rose with the
in cr ease of hea ti ng t im e, as shown in Tab le 5. This
indica tes tha t the fin es genera t ion of lum p coal co u ld
be reduced by the pr ehea t ing pro cess.

20

20

•

18

•

16

•
WrO.220 kW·h.kg-1

•
WrO.368 kW·h·kg-1

••
10 12 14 16 18

Exp erimental valu es of d,lmm
8
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14

20
(a) y=x- 5.29

R2=0.95
18

16

14 •
I::

12I::
~ •.....
0

'"<lJ 10 12 14:;:l

~
(b) y=x- 1.l 8"0 18s R2=0.93

<J:a
<lJ 166::

Heat ing
0 30 15 60 90 120 150 180 210

time/min

C K/ (kW·
1. 32 1. 31 1. 17 1. 62 1. 95 2. 76 3. 21 3.83 1. 86

h · kg - I )

Table 4

Power co ns um pt ion coefficie nts of cha rs hea ted for differ ent
time

cep t for the char sample hea ted for 30 min , whi ch is
sim ilar to W I calcu lat ed by E q. ( 4) . C K cou ld repre­
se nt t he deg rad at io n resis tance of char s us ing the
same crushing equipm en t.

T o verify the results calcula ted by vo lume h ypoth­
esis , d ru m expe r imen ts wi th differen t cha rs w ere
cond uc ted. The exper im en ta l and ca lc ula te d results
of d f were co mpared under power cons um pt ion lev ­
els of Wz = 0. 220 kW . h /kg (1 50 revo lut io ns ) and
W z = 0. 368 kW . h/kg ( 250 revol uti ons ) and are
sho w n in Fi g. 4.

As sho w n in F ig. 4 , the p redicted va lue s of d I a re
clo se to the m easured value s , w hic h co nfirmed that
the volume hyp ot hesis is s uita ble for the analys is of
lum p coal deg rad a ti on at h igh tem pera tures. Thus,
the degrad at ion beh avior of lump coals hea ted for
differen t t im e was p redic ted , as sho wn in F ig. 5.

d I of cha rs dec reas ed w it h the in cr ease of input
ene rgy , bu t in cr eased w ith the in crease of heating
ti m e. A n in teres ting pheno m en on to note in F ig. 5 is
that the m ore inp ut ene rgy fo r char deg rad a ti on, the
larger the diff er ences w ere between lump coals heat ed
for differen t time. As an exa m ple , in the ca se where
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300r-----------------,

Init ial reaction
temperat ure/K 837 86 1 87 3 878 884 886 887 895 902

Fig. 7. Gas ifica tio n activation en ergies of d iffe ren t char
samples.

Table 5
Initia l reaction tem peratur e of differ ent coal sam ples

The low act iva t ion energy of lum p coal in the ear­
lier co ke forming process (Fig. 7) shows the high re­
act iv ity with COz, which cou ld result in a h igh fines
ge nerat ion rat e of lum p coal. The gasifi cation act iva ­
t io n ene rgy of the coke forming p ro cess in cr eas ed
rapidly with the in cr eas e of heating t ime a t the ea rl y
st age , and then it did not in cr eas e rapidly again until
it reach ed the fin al stage . The cha nge of ac t iva t ion
ene rg y sho w n in F ig . 7 indicat es t ha t the reaction
pattern o f cha r samples m ay change with the in ­
crease of hea t ing t im e. The gas ifica t io n reaction oc ­
curs on the surfac e of coal at the ea rl y stage during
the heating process , and then it takes place in the
int er ior of the ch ar , w hich may be ca use d by the fast
py ro lysis o f lump coal early during the heating process,
which would lead to a sha rp increas e of porosity.

3. 4. Effect of heat absorpt ion on char breakag e

The coal used in CO REX is a kind of strong ca­
king coa l which is ea sy to bind tog et her during py­
rolysis a t high temperature , and hea t transfer inside
the coa l briquette occurs . In previ ous s t udies[ZO-Z3] , it

has been concl ude d that internal heat transfer is the
rat e-controlling factor of coal pyro lysis , wh ich may have
a significant influence on char br eakage. In this w ork,
the cak ing coa l briquette was regarded as a s phe re.

The heat conduction equation is given as foll ows[ZI.zZ] :

O ( pc I' T ) = ~~ (A r z OT ) + (11)
ot r ' Or Or q v

where, p is den sity, kg/m3; r is t he s phe re radius,
m; A is the thermal conductivity, W/(m ' K); Cl' is
the specific heat ca pac ity a t cons ta n t pressure, kJ /
(kg ' K) ; and q v is the intensity of the internal heat
source , W/m3.

q v was given as fo llows[241 :

Ow op
q v=po ~H J"t= -!::,J-I Ot (1 2)

where, ~H is the specific heat eff ect of pyrolysis,
~H = 300 k] / kg[Z4] ; po is the initia l den sity of coal ,

kg/m3; and w is the m ass fr action of the vo lat ile
yield evolved up to time t ,

A and Cl' o f coa l a re given as[Z3-Z5] :

(

A= 0.23 W/ ( m . K ) T~673 K
A= 0. 23+ 2. 24 XI O- 5 (T - (1 3)

673 ) 1. 8 W/ (m ' K ) T > 673 K

l
c l'= 1 254 J/ (kg . K ) T~6 7 3 K
cp= 1 254 - 1. 75(T - 623 ) J / ( kg' K ) (1 4)

T > 67 3 K
Init ia l co ndit ion : T(r, O)=To.
Boundary condit ions[Z4] :

oT ( r , t ) oT ( r , t )
, I r ~o = o ,-A J I r ~ II , = h [ Tr-o r c r .

T( R "t) ]+E ,O"dT j -T4( R "t) ] (1 5)
wh ere , T o is th e initial temperature , T o= 293 K ; T', is
the temperature of the surrounding gas , T r = 1 273 K;
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For a non-is othermal process, following kin etic equa­
tion s a re used !15.1 6] :

da
di =k f(a ) or G(a) =kt (7)

fa da
G(a) = o f (a ) ( 8)

where, a is the co n vers ion rate ; t is the gasification
t im e; k is the reaction rat e constant ; and f(a) and
G (a) a re t he diff eren tial for m and int egral for m of
the m echanism function contro lling the coa l gasifica­
tion , respectively .

The heating rat e f3 of lu m p coa l is a cons tant .
Therefore , Eq , (7) can be exp re sse d as :

da A
dT =73 exp ( - E a/RT)f(a) (9)

where, A is the pre-exponential fact or ; E ; is the ac­
t ivation ene rg y of coal gasificati on, kJ / mol ; R is gas
constant, J/(mol ' K ) ; and T is tem perature, K.

Ac cording to the derivation and simplification of
Eq s. ( 8) and ( 9 ), the Co ats-Redfern int egral equa ­
tion is obtaine d[17-19] :

In[G(a)/T Z ]=IJ~R ) - E a (1 0)lftEa RT
Co al cha r gasification with COz is reg arded as a

first-order reaction , and the regressi on model G(a) =

1- (1 - a) 1/3 is us ed for data fitting . The da ta from
different coa l ch ars gas ification a re us ed in Eq, (10)
for fitting with l/T as the abscissa and In [ G (a)/
T ZJ as the ordinat e. By the s lope and intercep t of
the fitting res ults, the act ivation ene rgy and pre-ex­
ponential facto r ca n be obtained . The act iva t ion en ­
ergies of lump coals heat ed for diff er en t time are
shown in F ig . 7.
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0: , is the sys tem em issivity ; h is the convec tive heat­

t ransfer co effici en t , W/ Cm2 . K ) , calculated by N u =
2.0+ 0. 6R e ' /2Pr ' /3[24] ; N u is the N usselt n umber;

R e is t he Reynol ds number ; P r is the P randtl n um ­
ber ; O" h is the radiation cons ta n t ; R , is the equiva len t

. ~
radius o f the coa l , R , = "./ 4;;; ; and the m ass m and

densi ty p of the sol id prod uct were m easured by ex­
perim en t .

T able 6 shows the ex pe rim en tally determi ned den­
sit ies of the so lid product s.

Table 6

Dens it y of differen t coa l cha rs

(1 7 )
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Fig . 10. H ea t absor pt ion and break age ene rgy of coa l cha r

at diff er en t heat in g t ime.

the coa l sa mples w it h the thermocou pl e were qu ickly
pushed in to the furnac e. F rom the res ul ts in F ig. 9 ,
the predict ed temper atures fit w ell wi th the expe r i­
m ental dat a.

The heat absorpt ion of coa l cha r a t different heat ­
ing time co uld a lso be ca lc ula te d by the m easured
values o f coa l t emperature, and th e results of heat
absorpt ion Qio, and W I ca lc ula ted by Eq. C4 ) a re
both shown in Fi g. 10 . Q / Q o is th e heat a bsorp t ion
ra t io , where Q is the heat abso r pt ion a t a gi ven mo-

H eating
30 15 60 90 120 150 180 210

t ime/ min

p/
1056 980 863 802 715 735 710 702

( kg 'm- 3 )

For convenien t calculat ion , only th e first term in the
infinite series of the ana lytical so lu t io n[21,22] was used .

8C x, t) 2 sin,u, - ,ulcOS,ul C 2F )
8

. exp - ,ul a
o ,ul - Stn,ul . COS,u l

_ l-sin C,ul.r) (1 6)
,u ,x

r as at
w here , 8=To -T f ; x- - ' Bi = - ' Fa=-' Bi

R ,' A ' R;'
is t he Biot n um ber , and Fa is the Fourier n um ber; s
is diathermy dept h of the coal , m ; a is t he thermal
diffus ivi ty , m" / s ; 80 is the initi a l exce ss tempera­
ture, K; and ,ul is the eige n va lue of the differential
equa t ion .

8m 8
The curves Cnomogram) of e;; Cr = 0 ) an d 8

m

change wi th Fa and Bi and ca n be obta ined from
Eqs. (1 6) and (17), and the relationship in Eq, (16)
w as adop ted for each point in the s phere :

8 8 m 8 T mCt)-Tr T -Tr

8o =e;;8m= T o-Tr T mCt )-Tr

T -Tr

T o-Tr

where, T m Ct ) is the cen ter tem pera ture of coa l at
t im e t, K; and 8 m is the ce n te r excess temperat ure
of coal , K.

T h us, the temperatu re of diff erent points in th e
sphere can be ob ta ine d by check ing the nomo­
g ram[21] . F ig. 8 show s the dis trib ution of the in ternal

te m pe ra ture of coal char at differen t hea ti ng tim e.
T o va lida te the ca lc ula t ion resul ts , the predi ct ed

curve of the tem pera ture hi s tory of the coa l center is
co mpared wi th the exper im enta l dat a, as shown in
F ig. 9. The expe r imenta l t emperat ure was m eas ur ed
by a ther m ocoupl e plugged in the cen t er of the coal
samp les thro ug h the ga s ex it po rt o f t h e co n ta iner .
After the empty muffle furnace was heated to 1 273 K,
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ment, and Q o is the to ta l hea t absor pt ion .
It can be seen that the heat absorption of lump coal

was concentra ted at the earl y stage of co ke formation,
and the a bs or be d heat of the fir st 1/ 3 phase could
acco un t for 80 % of the total heat a bsor pt ion , and the
heat absorption rat e at the early stage is also high er than
that a t the late stage , as sho w n in F ig. 10.

A s sho wn in F ig. 10, the ch ar breakage ene rg y de­
creased a little initially during the heating process.
A ft er heat ing for 30 m in , W I increased w ith the in ­
cre ase of hea ting t ime. Thi s resul t indica tes that the
la rge am oun t of hea t absorption and the la rg e differ­
ence betw een the s urface and the center te m pe ra ­
tures of the coal briquette a t the fast pyrolysi s s tage
of lump coal m ay hav e a negative effe ct on the
s t rengt h of cha rs ; this would ca us e ser io us degrad a­
tion of lump coal in a m elt in g gasifier.

4. Conclusions

(1) The cha r breakage ene rgy decreased a t the
ea rl y s tage durin g the heat in g process owi ng to the
large number of po res produced by py ro lysis of coal.
A t the late s tage durin g heating, the cha r breakage
ene rgy increased w ith the inc r ease of heatin g t ime.
T he power co ns um ption coeffi cien ts , which can be
used to cha ract eri ze the degrad ation resistance of
cha rs, w ere det ermin ed by drum expe r imen t , and
the volume hyp othesi s was p roven to be s ui ta ble for
the characte r izat ion of char degrad a tion b y the ve ri­
fica t ion expe riment . The rel a tio nship be tween the
avera ge pa r ticl e size of cha r s afte r crush ing and the
inp ut ene rgy was p red icted by Ki ck ' s volu me h y­
po thesi s , and the resul t reveal ed that the in p ut ener ­
g y, wh ich is re lated to the size of the m el t ing gasifi­
er and the sm elting in te nsity , has sig nifica n tl y dif­
ferent in fl uenc es on the lump coal degrad at ion at dif­
fere n t coke forming s tages.

( 2) T he gasificatio n activation energ y of lump coals
a t diff erent heating t ime w ere determin ed by gasi fi­
ca ti on experiments. Unl ik e the ene rgy cons u mpt ion
fo r char breakag e , the gasif icat ion activation ene rgy
of chars in creased grea tly with the in crease of hea t­
in g ti me in the ea rl y coke fo rming process. Fu r ther­
m ore, the internal te m pe rat ure and hea t changes of
the coa l b riquette we re ca lc ula te d by using an un ­
steady hea t conduct ion equat ion . The result shows
that the coal b riquett e absorbed large amounts of
heat a t the earl y s tage of the co ke forming process ,

wh ich m ay have a nega ti ve effe ct on the strength of
ch ars. T here is a big difference bet ween the s urface
and the cen ter t emperatures of the coal briquette a t
the earl y s tage during heating, and this m ay be an
important reason fo r the lump coal degrad ation in
the m eltin g gasi fier .
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