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Project Objectives:

The generM objective of the project is to investigate the combustion behavior of single

Coal..Water Slurry particles burning at 1-fightemperature environments. Both uncatalyzcd

as well catalyzed CWS drops with Calcium Magnesium Acetate (CMA) catalyst will be

investigat.ed. Emphasis will also be ' eglv =n in the effects of CMA on the sulfur capture dm'-

: ing combustion. To hell) achieve these objectives the following project, ta.sks were carried

_: over this 2hd tin'ce month period.

|- Project Tasks'

1 PURCHASE OF SLURRIES AND CONSTRUCTION OF SLURRY AG-

ITATION APPARATUS A micronized and beneficiat, ed coal water slurry wa.spurchased from Oti,sca for the needs of this study. This slurry contains 50% solids

(bituminous coal) of mean particle size of 20 /a.m. In the solids the ash content
is 0.94%, the sulfur content 0.86%, fixed ca.rbori is 61.6°A, and volatiles 37%. The

mixture also contains a total of 1% ammonium lignosu!tbnate as a sm-fact.ant. Tt_e

slurry sediments within 8 hrs, therefore, to prevent sedimentation _.ulapparatus was

constructed to continuously tumble bottles of slurry, at slow speed, using a small

motor, Fig. 1.

2 CONSTRUCTION OF A _NATER-COOLED PARTICLE PROBE A water-

cooled particle probe, 60 cm long, 2.3 cm inner diameter, 5.,t cHI outer dia.lnetcr, wa.s
| constructed out of four concentric stainless steel tubes. The outer three constitute .-_,xb,_,_
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the cooling jacket and in the annulus between the inner two tubes inert, gas flows

to quench the combustion reactions. The topmost, four inches of the innermost,

tube are pe_(orated to enable the inert gas to flow to the top of the probe. The

design specifications of the probe and the determination of the required cooling war er

flowrate took into account the heating load in the furna, ce as well as the water pressure

drop in the ammlus. Heat. shield insulation rings were machined out of a low density

alumina plate purchased from Zirca,r and glued on the probe with high-temperature

alunfina glue (Zircar). The overall, outside diameter of the probe resulted to 6.0

cre. The collection probe was then mounted on a translation stage driven by a small

(1/75 HP) dc motor. The whole assembly, shown in Fig. '2, can be ea,sily mov(_d

in position below the furnace a.nd ca.n reach ,'my axial position inside t,he radiatioll

cavity.

3 SUCTION THERMOMETRY While furnace wall temperatures were monitored by

type B thermocouples attached to the w _"., ga.s temperatures inside the furnace were

measured by a suction thermometer, shown in Figs. 3 and 4 . This inst._ _mc1_.

utilized a type S thermocouple in a sheath inside a 0.9 cm i.d., 57 cm long; higl_

density alumina tube. The thermocouple junction was placed at a distazlce of "2cln

from the top end. The bottom end of the alumina tube wa,s attached to a pump t.o

provide suction. Low density alumina blanket was inserted between the t hernlocouple

,,.lJt:atl, and the tube to serve a,s a radiation shMd for the thermocouple tip. Tt2o l)un21)

suction drove furnace gases around the thermocouple junction through the permeable
2--

blanket in order to lower the blanket temperature to the gas temperature. Tt_e

flowrate was increased till the temperature, ,'ecorded by the thermocouple, reactmd

i a minimum value asymptotically. This closely corresponds to the gt_s temperature.

i To ensure that the flow profile inside the furnace was disturbed minimally, sampling
was performed isokineticaly by adjusting the inlet cross sectional area of' the suction

thermometer. The suction thermometer was mounted on the motorized positioner

described above and it winsmoved to various axial positions below the inject, o:"a.s
|

well as three ra,diN positions: at the centerline, close to the wall, and at half-distance

in between.

Two sets of gas temperature data are shown in Fig. 5. It can be seen that, at the flow



conditions where most experiments are expected to take place, the gas temperature is

.... fairly consta.nc in the radiation ca_,it.y except under high injector velocities where the

injector jet, momentum dissipation is slow, as explained in tile next section. Average

gas temperatures are measured to be about 60-70 t,: lower thml the wall temperatures.

4 FLUID FLOW MODELLING Efforts to study the high-temperature, gas-phase en-

vironment inside our experimental apparatus, the laminar flow, drop tube furnace

were continued by employing numerical simulations. Various cases have been exanl-

ined and an example is given below:

t_esults obtained with Fluent for two quite different ca.ses are shown in Figs. 6a-c and

7a-c at fl_rnace wall temperature, T,_, of 1500 K in the radiation cavity, main furnace

flow rate of 2 lpm and for injector flow rates of 0.1 lpm (Fig. 6) and 1.0 lpm (Fig.

7). T_, at the regions were the top and bottom insulation sections exist was assumed

to increase (decrease) according to linear ramp profiles. The entering temperature of

air at the second flow straightener was set to $00 I( in this ca.se extrapolating from

measurements made elsewhere. In all of these plots the scale in the radial direction

has been expanded by 2.5 times. Figs. 6a or 7a, and 6l.) or 7b depict the velocity

profiles in the axiM and ra.dial direction, respectively. In Fig. 6c or 7c temperat_lrc

profiles are depicted. Contrasting these two cases it can be seen how widely the

injector air stream can influence the flow conditions inside the furnace. Under tll_'sc

conditions it. takes a length of about 2 injector inner diameters for the momentmn

of the .jet to dissipate, for the first case but it never dissipates (in the length of our
furnace) in the second case. Again the highest 'velocities are observed to take place

below t.he exit of the injector. It can also be observed that it takes ca. 6 injector

diameters, in the first case, or over 22 injector diameters, in the second case, for the

entering gas temperature to climb to values close to T,,. Many different cases have

been investigated for furnace flowrates varying between 1 to 2 lpm, injector flowrates

between 0_0 and 1.0 lpm, at three wa_ temperatures" 1150, 1500 and 1850 t_i.I_esults

are plotted on Figs. 8-11. Figures 8 and 9 illustrate the effects of the ii_.jector flowrate
|

on the axial velocity and temperature profiles, respectively. For all these cases the

calculated aveIage velocities in. the furnace were in the range of 5 to 10 cm/s. Low



injector flow rates result, in locM centerline velocities that do not deviate much from

the average velocities, meanwhile injector flowrates of 0.5 to 1.0 result in centerline

velocities that are tlp to 7 times higher than tile calculated average. This was a rather

m_expected result. Similar treIMs are noticed in the temperatu,'e profiles (Fig. 9).

Tiffs suggests that. the injector flowrates should be kept to the neighborhood of 0.1

lpm if fairly uniform velocity and gas temperature profiles are desired under these

conditions.

The effects of the furnace flowra.te on the centerline temperature were minimal a,s

shown in Fig. 10. The effects of the axial position of the flow straightener were

also found to be unimportant and moving the flow straightener closer to the injector

tip did not. seem to influence either the velocity or the temperature profiles in the

furnace.

The effect of the wall temperatl_re on the gas temperature is also shown in Fig. 11

where the difference between the furnace maximum wall temperature, MWT, and the

centerline temperature T_ is plotted for the case of an injector flow rate of 0.5 lpm.

The l.argest temperature gradients are experienced at the highest wall temperatu,'es

and it takes six illjector diameters for the centerline to heat to wil.hin 200 I( ft'ore th(,

wall temperature. The corresponding distance for the case of an injector flow rate of

0.1 lpm is one injector diameter only , Fig. 11.

41 4 COMPARISON OF CALCULATED AND MEASURED TEMPEtl.A'I'URE
PROFILES Calculated temperature profiles, along the centerline of the furnace,

have been contrasted lo experimental values obtained using the suction pyrometer;

the results are shown in t 1gs. 12-16. Results obtained at a maximurn wall tempera-

' ture of 1500 K are depicted in Figs. 12-14; the furnace flow rate was set, to 2.0 li)m

-_ and the injector flow rate was varied from 0.1 lpm (Fig. 12) to 0.5 lprn (Fig. 13)

,! to 1.0 lpm (Fig. 14). Similar results obtained at a wall temperature of 1850 I_. and
f

' are depicted in Figs. 15-16. Observing the experimentally obtained profiles it can

:' be seen that the maximum centerline gas temperatures are 60-70 t( below the max-

imum w all temperature, also within the first 2-3 cna below the injector tip the gas

temperature is substantially lower (200-300 K) than the wall. This trend becomes



more pronounced at the highest flow rate (1 lprn) where in the first 7 cna the gas

temperatures are up to 400 K below the wall. The numerical results appear to be

very sensitive to the injector flow rate and even if at 0.1 lpm the calculate gas tern-

peratures are above the experimental ones, at 0.5 lpm ,'u:ebelow, and at 1.0 lpm a.re

weil below the experimental values. Trends at 1800 K are similar arid the agreement

between experimental and theoretical profiles are better.

5 MODELLING THE EVAPORATION OF WATER DROPS The fate of in-

troduced water droplets in the furnace environment can also be modelled with the

Fluent software package. The results are shown in Figs. 17a and 17b a.s two symmet-

ric particle trajectories. In both cases the injector and furnace flowrates were set at

0.1 and 2.0 lpm, respectively m",d tlm wall temperature at, 1500 K. Entering particle
!
. velocities were were set equal to terminal velocities by equating the aerodynamic

i drag forces eqmd to the gravity forces. Figure 17a shows the fate of a, 50#m particle,

w}fich is seen to evaporate in 0.86 see inside the water cooled injector. Figure 17b

shows the lifetime of a 250 pm water drop which reached the radiation cavity and

took an overall of 0.32 see to evaporate. These results wilt be verified by an a.lgorithm

i that is been currently developed.
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COAL-WATER SLURRY MIXING APPARATUS

Motor

- Coal-Water Slurry Container

i

I I.FIGURE I.Schematicoftheslurrytuml_l_ngapparatus.
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2. FIGURE 2. Photograph of the water-cooled, nitrogen flow, particle collection probe,
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4. FIGURE 4. Schema,tic oi the suction Thermomet, er.



$,1_111-

6

m _4_o-

P _,m=- ---0----flow ie
r' _4oo- ,==£3== f low.5
a ....._.....flowt
t Ome-

P

e
:'

l_o"

ll71P"

1570"

l_O" :'

a 4 • s _o _e _4 jB _= ao

Oistance

I ITl_O"

17eO"

_ JTaO"

72o- .A................A...............A,,,"
$700" •' """

t _aao. "_ .....

li1 IlmO" ..

p su_- ..z: ----0---f low. 1

• _emo- _.. =.=C]== flow.5
r ..... &..... f lowl
a $_oo- ..

t. _mJo- "

U _so- _
r,

leLaO" A

i_K)O" ,.

l,e410"

$460"

l,MO" .'",.

cllst.ance

5. FIGURE 5. Gas temperature profiles along the centerline of the furnace, measured

by suction thermometry.



.... 1 iii ii i i i i _ I 7] ' 1_ i _ tit 1til , i /'. , , ,, i, ', /', ',

- ii!i I li l ! ',
' ' , : i i i i i _ ii i i i i i : ii li ' i :

i ] i ] i ii[ li li II : i i i i i i

: : : :_ i : li i i i i li i i i !

i i i i i i i i s ,i i : ; _ .2, --
i i i i : : : i i i i i i i i i '-' _, _
I : I : : I i i i : _ : ! ! ! ! ! ! : I _ _ "

l i i : [ i ,I l I ii li I _ I l _ ""
: i i i i " i _i ii i li )i i i i ....,_ .--._ "',_.4

. ' ..... o.,,,} :_
II _ _

°_ _,v, 4..,.}

©

i -,--, 'U .-

i i i i i _ i ' ' ~ "U ,-

:_ ;-.,I

: i i : ,.k.
, _ E o

, I I _ ._,
, , _ _ ,-_

, : , [ :_i : - iT 1 "4 "_ c.:) ,5l _ '_-_

i i i i i !{ ii ,. . ii i ' _ ! ! ! c_ _ o _-_

I I I I I| :1 II I 1 , I i I 1 :1 II II :1 l

_F_ ii i ] iJ i i i__L"..12__i__ .ii iii) ii i_"' :' {i : i i {_ ,:,.5

._ii ! !: i i i : : ,,. i i _
ii _ i i i! _

I [ !1 {! ! ! !1 ! !' ! ! :l :l _l ! !
1 I _ :" :_ : : !1 ! ! ! ! ![ {J !! ! !

l I ', ,, II li 1 II II I I ', li :: : I !

1 ] : ii :: i ii :_ i': ]1 i il " '

,, l ull
......... , - -- _ _ _...._-._ , , . , ,, ,_

.... , ...... llIP;,l, .... I,' ,'n,illr '. ,, ,iri,a_;,;i=,,,,,,,li.,lll.,,,.,,iI11r '_i, 'ITl "II_pI'HU Irl ........ '_qnPl_ lp,iii' ilii'" li ,,,, Trl,,,,



IIIIiI''I
i i i i i : i i i ,i i i i 'i i i li :, '_,,

 ,l,ii i i _ ,,_ _ -

i t ', ._ _ _,,

I I

........... L_ i I ( i ..... n -- .'_

ti ! :! : i ii!f , i,

...... le ' I_ " _,_,I ...... llI,i ,qlnlnn III_ li .... _ q ' l_l lP llll .... ql.... _,rllll irHq, '_' ' _, ,,l,,, '_l_ ' ,,rll,,llq_",,l,"w" III,'











NEWCENI 26-_,ZAR-90 14:53 Page ]

centerline gas temperature for !500 MWT,0.1 ipm inj flow



, NEWCEN2 26-1,.bkR-90 14:59 Page 1

centerline gas temperature for i500 MWT,0.5 ipm inj flow
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FIGURE 13. Comparison oi" experimental and theoretlca] temperature profiles at

the centerline of tile furnace. Inject.or flowrat, e at 0.5 lpm, furnace flowrat,e at 2.0

lpm, wall temperature 1500 I'[.
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centerline gas temperature lot 1500 MWT, I.0 lpm inj flow
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FIGURE 14. Comparison of experimental and theoretical temperature profiles aLt

the centerline of the furnace. Injector i:lowrate at 1.0 lpm, .furnace flowrate at 2.0

lpm, wall temperature 1500 K.
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centerline gas temperature (K) for 1850 K MWT, 0.5 ipm inj flow
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FIGURE 15. Comparison of experimental and theoretical temperature profiles at

the centerline of the furnace. Injector {'lowrate at 0.l 1pm, furnace flowrate at, 2.(]

lpm, wall temperature 1850 I,[.
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centerline gas temperature (k) for 1850 K MWT,O.I ipm inj flow
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