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ABSTRACT

At this time, Thailand has been using natural gas as its main fuel in
electricity generation at the present time. A number of these reserved natural gases
are likely to be dramatically decreased in the future. However, Thailand also has
abundance of another fuel resource, which the lignite coals that are considered
lower quality but cheaper compared to other fuel resources. Even though the coals
is not fully accepted and bad reputation for its harmful impact on environment, it is
being developed and used with Clean Coal Technology in order to lower the
pollution from the coal combustion. The objective of this research is to apply
microbubble for coal cleaning. In this study, the microbubble was produced by three
different bubble generators: porous stones, ejector nozzle and ejector nozzle
combine with pressure tank. The result shows that the size of bubbles produced by
porous stones are appeared larger compares to the bubbles produced by the ejector
nozzle are smallest. The average diameter of the bubbles from the porous stones
and the ejector nozzle is about 385 um and 85 pm, respectively. In addition, the
bubbles from using the ejector nozzle combine with pressure tank are the smallest.
The water becomes milky due to the presence of a lot of fine microbubbles. It was
found that for case of pressure at 6 bar in compressed tank, the average diameter of
the bubbles was 38-40 um. In addition, the flow characteristics within the flotation
column was studied, which the glass plate was installed at the central for dividing
the flow channel. From the experiment, it was found that the height of the 50 cm
glass plate allows the fluid to flow across the column longer than the 35 cm glass
plate. Because the fluid can move in the first flow channel as the entrance is longer
before recirculating back to the other side of the flow channel. For the study of

cleaning and separating coal powder, the lignite coal samples were crushed to
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smaller than 250 um. The 1 kg of coal powder mixed with 2 litre of water was added
with diesel oil as collector for 8 kg/tons of coal and pine oil was added as frother for
0.15 kg/tons of coal. After that, the coal slurry was fed into the flotation column
containing water of 22.5 liters. The water flow rate and air flow rate were kept
constant at 20 litre/min and 0.7 litre/min, respectively. Moreover, the result of
cleaning and separating coal powder was also investigates by using 3 bubble
generators in order to carry the coal to the water surface or coals concentrate. For
the coal cleaning, it is found that the bubbles from the ejector nozzle combined
with pressure tank can carry largest amount of coal power to the water surface. The
ejector nozzle and porous stones can separate lesser coal. In addition, microbubbles
can be caught with the coal powder smaller than 150 um, up to 93.1 percent of the
total coal volume. While the proximate analysis of components in separated coal, it
was found that the ash content and volatile matter content were decreased about
20.5% and 14.4%, respectively. On the other hand, the fixed carbon was increasing
about 26.0%. In case of increasing pressure in the pressure tank from 3 bar to 6 bar,
it was found that the coals concentrate was significantly increased. In addition, the
ash content and volatile matter content were decreased about 45.5% and 21.5%,
respectively. On the other hand, the fixed carbon was increasing about 38.8%.
However, increasing the flotation time for cleaning and separating coal powder, the
results show that the coals concentrate had decreased. While the ash content, sulfur
content and volatile matter content were also decreased about 20.3%, 13.9% and
11.5%, respectively. On the other hand, the fixed carbon was increasing about 33.1%

and the gross calorific value in coal was increases to 9.3%.
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2.2 walulagauiiugzann (Clean Coal Technology)
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walulagauiuasaiandanisenlug [2] Felisreazidunnasaldll
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2.2.2 waluladduiuazarnvazinlniviadleiluldusslond (Combustion)
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(1.1) welulaBnisdemasiiduns (Pulverized Fuel Combustion,
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(1.3) inalulagnisimraninvesinanielanlnudu (Pressured
Fluidized Bed Combustion, PFBC) iluniswilwdidnuiiuwuuiiendunswnaninvesina
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wuurda sl
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ladaeldgamgiivazainudugs seslafiigveindsesnuisznaunislalasiauias
I3 & @ 1 [ d’f a Ql' ¥ ) ) ¥ o w a
arsvaulneenlediludiulug Maamdsilaaggniuiilvazeialagnisindnuaiiy
nouni 1Y Aedawmdsnledusnainiiun g dudamdwan 19 luldduansianu

Tunsdaaszviaulaile wniuea vsenwlalasiauls
(2.2) waluladl@eiwdainalrannaiuitu (Coal Liquefaction
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NARNSUINDUS TININWANARNLAZATAZANEHN0)

(3) walulagduasnzidomdazoin (Dimethyl Ether, DME) Wwwnalulad
a o v v a A o =2 @ ° & a av v ° =
i lsinsldauiunazenawazusendn Fadunisuiefnedwunlauiannnisyviumile
duituuvinnsalbndiveandiau laelinsuyuisuineilouiuazasvaulasenlenuilyd

Tl Tunszvrunsunlndifinenlaasinuaudfndafinatingdouman

2.2.3 walulaganuiivazaianainisuibng (Post-Combustion) wiamalulagnig

Ua9NuUNaNSENUADaILINA DY

< o w a

walulad o uiuazaiandanisientng Wun1sidauaneiinduainn1siud luel

[V
a v a0

duiiu neuilezgnudeseondaninuanden dvisfieglusuveiuazesssineg wazfie
weluladithunldustymlutunoud 1ud
(1) nsfrdaduazens iedufugninnludasiifuazesssiieg tatuly
NSYUIUAIS ﬁaﬁ?mﬁaLﬁumsﬁﬁmﬂuazaaqﬁaﬂén 3ziin1sldaunsaldmsunisanduu
avensiiAntuil dslnevaildiuey ldun
(1.1) Lﬂ‘%@ﬁﬂf}!uéfmlﬂﬂ’l (Electrostatic Precipitator) 1Jun1si1dn

Huazesdaglindnnmslniade Wekuazesuniouiuawulniiagyilviuazesdvse

o

N

Tl wazidlowdouieudiludadaiu Fediusegliihinssiuiuluazesss fazgnanali

Y Y

AnfuuniusIuTIn (Collector Plates) ogneludafiuru szuuiifionnfivseansaingaunnty

Y

MIANIUEY



10

(1.2) 1ATBALBNEULUUANTYY (Cyclone Separator) Hugunsalfldly
nMsuenduagesseenanfeiiinainmsmnlniawiu Tngldvdnveausavies eliine
efiuazessnavagifinnisvauia wwviliuaressdadimdnunnnirndtusas gousn
20NN

(1.3) Lﬂ'%laqmms'lqmwuqﬂ (Bag Filter) Lﬂuqﬂﬂscﬁﬁﬁqﬂmamﬂué’a
nsesusniuazentanIINmeiAn N T lvsiudiu

(2) msidnfedamesiaeenled (Flue  Gas  Desulfurization) vUu
nszvrumsiidaiedamledlasenles (S0,) fignudesoonumienfieiamdansiunlg
annsousleifu 3 wuv Ao wuulden LUK uAZLUUAWI winszuINNIANdafie
Faleslnoanleduuudonazduiifouun dulngiléiduuuy Limestone-Gypsum lay
nsandunaueshiuiugudluiuisefuiedameslneenledinauoglufuiiay
navesUFAzedandnailiAanisnuduazanazneudududy Faduasuszneui
annsadunliuselovila

(3) nsfdafelulasiusenled Wunszuiumsidainglulasiauesnlen
fignudesaenimioufnefindsnawlnd nszuaunisilduniviarswasiiussdniamgs
Ao Selective  Catalytic Reduction  (SCR) lagnislduauludeitnluiugasendu
Aelulasiaueenles navesiisensiadululasiauuas

dmsudiuildnnisyamiiesdesinunsdiehenuazerndae dwfudd
veAeudmeuaransadinievunazueneanainitldie winsauiufifounidn
U929 30-40 um wHINABAITUINBBNIINATUNINIUNTZUIUNTANS taznaliltAndym
yiouafindedaandeuld uonanddnfnnsgydsiiuindulimnamninaueglud
TusmAdsiaulanisvaruareialngismenisnm uasduufeiiosUssgndldviosernea
szauluaseuldlu Flotation Column ilelfinanuansnsalunsihnuazeinssd ey
wonsdufiuitvuneyniadnliegeliussansam tnogadufnuinavesuunlosid

aruaisalun1sandunsauifvuinoun1nniee wasauiivesnisinaisuly

Flotation Column

2.3 ¥ANN15YIN1UYB9LATAARELSLUUARENY
Y] a ] Y . Y] a v ¢
dnwazIpdLATDIaREILILUUARANY (Flotation Column) Wansisgu# 2.1 Aodu
Snwauzluviensanszuenendisus 1 m July Sidurugudnaiegieios 2.5 cm laevily

[ 1

a ! v/ ! LS Id (% L3 (= [ 19 Y a
b\ @ﬁ'JUGUENﬂ’J']lIEJ']’JG]@L?{MN’]U@JUEJ?’I@'NLUU 10:1 meduuaglufiluianiuusliminaniay
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Suthuniioumadansus nisadaasenmaszniniulagliennagndnsinusavhmeseinie
(Sparger) ?z'faﬁgwqw,é‘m ﬁéﬁy’qaauiﬁma'wumﬂaé’mﬂ lildnesenniefiduunndnming funy
digeedul uanantudraeiinisliindsdnsinuriaianys (Distributor) nieadnmamauuy
yesnedudfieiiiorliiusarerntu nsteussdoudrdrunatsvesneduditse sy
0.5-1.5 m sandruuuvesnedud WeinlenaliveweanUzns funesernafiaostuun

11 v 6

nF1uEs FonuTnmii dufuud dliusfinetunesenmaaesiugaiuuuresaedui
Foni1 Furesusasy Saafiufignulesernmanyuiundieargnindnsgdsasiiuans s
flazornlvaduseniiniwadassus drunsanazlnaasiiuarsvesneduidsgnuenasnly
UsyAvBnmvaneadassuititusgfumiugeosnading dumisestesiou UTunhdns

USinauneso1na 9nsin1stouns insauesusleu wazUsunauesansiad

Washwater
1 I\
Froth Phase — 10080001 | Froth

)eeeeeee! Nl >Outlet

Cleaning Zone o=
_v

Feed Inlet T~ >

Pulp Phase —
Recovery Zone

Air or AirYWater
Injection T———— >

Tailings
¥:> Outlet

5UN 2.1 LASesaseusuuunedut [3]

2.4 wé’ﬂmsa%ﬁamammﬂﬁumﬂLﬁn

° o o I3 o oMY  an o &
AMSUNTETNINBIDINAVUIALAN Iﬂamlﬂmmmmlﬂ 4 7% MU

a o 1

(1) Mm3daomiar I uiansnIunInuiueda LHulane uHUldurIe
1A § @ v [ ! g @ =) Y a a ¥ !
WU Bnes Wudu n1sdneimaniutuvesiaguaiivivliiianesenianiivuiadusiy
Audnane 1 mm Fuld drn1sanvuinvesgniuainsoanvuinveletoniale wivuing

wyudeadivuadnniImesenIaateil dnaviiiianisgadsainusulussuuiui dos
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v A

Igndenulunisiaulungadu waggnsuneginiuiinalinesenianudeyeonuinnis

U 9 Y
[

dduresernmeandvunalngtu wanslugui 2.2

o a

UM 2.2 fmidiavlesenialagnisdnenniaruiannsu (4]

(2) nsdmdinausueinialiazarsluvesnar tudnislunisadng
WosomArUIAEn Ao nsSaiiuAufueIMAmndeveurarIutinutuledufauenA
avansluveamaldinniu ndntudanduioananusluds ernafiazansluvesan
wnduganiugfine niudaduresoniaiifouadn wisnsiitynludesesnsls
wisulunsdneinmaiideutiaunn WeadaeserniAruimdnlaiusu auiniioame

wennilypgunsallunisairalesomadudivunlvguasiinnududou uandugui 2.3

5U# 2.3 Mmduliavleseimalagldnisdaiiuanudueinidliazareluveavan [5]

(3) NstEAdUteLds9daN Ul UTDIAY FINDLMLAANISAUYBIAINUAU
dsuavinlivewnaninaututuludunidaniaususinitanusuls 3enatedu
NoI91INIAVUIALAN UBNAINLAUAVDIPAULNTIDLALITNARDUUINVDINDIDINIANLANTY

atalsfmuistdlymiulinnauarmsmuauuuavesaseIna faaastugui 2.4
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High-Frequency  Low-Froq ‘
US Hom H
/ b
} | y
- — r"
—
Coupling Mounting ")
olution Cone ‘

sUN 2.4 saniianesonalagldafumiledesdeiuluvaanal (6]

(@) F3n5lTusadoudngosnasanialidvuiaan fenaasldlunadinsy

vuaswsudousingosnes vioanvldreavainuiieAISIgRUAnUSIINNTANA LA

¥

ManunsosaneseInAi N Nanluve 108 19TULse AuinN1SAnReugae et AL

1
aadaq

I3 ° o Y oa A Y aa I3 A a v
PUINLANAY FINIUIDUNUVDMN ABD a’lm‘mai’m‘l/\laammﬂwumumLaﬂLLazuﬂiu’lmMWﬂl@

TnnisniuAuANILTIveaRvaIvEoAISItun dwandlugui 2.5

Microbubbles

Spiral
liquid flow'

Gas pillar

o a

sU# 2.5 iianesenialagldusaudoudngoswaslitvuiaan [7]

9N 4 nénnsfinaanludnsdu Feanunsoadisiesennimunndnldians
wiazaatuludewesuawazUsunaveseeinia Muluiwududeurenadestiia
WosonAnaznslangsulunisadislesornidauindn Inaadestidanesernadily
nénmsltusadeusingesnosaziduguuuuiiie lidudeu wazlindanuroudnedonnia
giJLLUUmié’mLﬁummé’ummﬂlﬁasmstuﬂJaamm UDAIN ﬂﬁawmmmmmﬂ%mmuaz
yuanosemaladnde Tuvuiiedosiidanedlinannisdaemmiuiagnyuuasld

AduboEssdsinuluvawalldauisarinle
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2.5 MInunuenasiingldas
2.5.1 m3adenasaInIAvaLEn
JUN 2.6 wanslassasianistuaiisvdunieludindanesernisuuiadnwuuld

nstuaIuvesvewnal (Swirl Liquid Flow Type) F5lunainUuaggnadsiuviensaiinfiu

Y

1AdianaeInIAvUIAANNTdnwusluviensinszuan unazlrariululududavevie

WeasensekauIunglugesinwewienseinTzuen d1ueNAIEgNaAHIuLKLeesHalY

Y

AUT18YRIRINUTANDI8INTIA WAINUBBNKIUINIBBNTNDYA1UATITIUNTBUAUUN

Tudnwariiluneseinavuindn FadunareInsmyurieavedtin g uILAIeAUSIEs

Gas pillar

Liquid

N L Spiral
<‘§‘>’;’ liquid flow
7

Liquid

UM 2.6 lassaanmsivaniglumiutianesemeuuuldnisivaiuvesveunad

(Swirl Liquid Flow Type) [7]

SUM 2.7 WanadIn L iane901n AU AENLUUYIaNURS (Venturi) S991U5106d

Y Y

Ma1veIianIugs NesenAIzgnnaNegivvesmailuanitzveslnadetaniug 9Ny
N17M1a2gNLI BUNAILYIABADATEIMBLINYT daNaluiin1SIiuAIINAULTIIaTaENq
neviuiu vliAaresenalivwiadnamioeafialsingnisallnsieiniau (Cavitation)

= ) v a < < o
99y N D991NAAANNTAR LA NLTUNDIVUIALENINUIULIN

FususniuiaresernAvuialdnuuunied.dnmes (Ejector) Feildnwazidunie

[ '

n3anszuen Meluiidemialvadmivveuvaiignesnuuulivauazvegiunntdauwuy
< Y o Y a a v Ao v v
Jududule vliAanisidsuwdasanusuidudeunmuidunmenisiva lagenieazgng

lngdalud@nsunisninuduandiuiniga 1ntuinusngn1sallnsseiniady vinlv

Wesmmaianisaatsuandunassvwadnuazivsunaunn dwansugun 2.8
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Microbubble

Throat \{

(0}
Gas ] iLiquid
o a

JUN 2.7 daiiliavlesernieuwiadnuuurieraugs (Venturi) [8]

o %, Microbubble

g :'

o

Liquid

o a

JUN 2.8 daiiliavleseinewiaidnuuuriedidawmes (Ejector) [8]

JUT 2.9 wanssaillanasoniavuiadniuunsdneiniafieaudugalid
TUazaneluveunad (Pressurized Dissolution) S¥UULDINALALYBUNAINLYNSAAILAIN
mugenieludidnanuiu ausinirazagluveunaiivan1isdudi wesenAvIAENaE
a gf’ d' ! a g 1 L3 (% r-:l' a =
\induilloUdegvaunaldudiiiuindiananuny lagnvuiaiazUsuiuveanaseiniei

WnTULVUBENUANUAULUGIDR

Y
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Microbubbles

Pressurized
section

Decompressed Pump
section

5UN 2.9 MmiuliavleseiniaszaulunseuluugneINIAREAINAUES

(Pressurized Dissolution) [8]

2.5.2 NMTUYNBUAINAINITABYUS

Shen waz Wheelock [9] lé@nwnmsvhenuazetnauiiudyiiva (@ way
ogUszana 26% Tnesvimitn) deTBngnousssuuuidensunguuesoyaasduiinasduly
ih Tneldnlesenmmundnsssuluaseuduimunguion lunuitetnduresornaruin
Bnsgdulunsougndaifiunruduuiauduledusauiiolfornimazaielutl (an 136
Hu 205 kPa) ndsanniuanaudungiuiuriliiuinnstuaudaidundurlesenie
suadndialfiuanuadosvoseseinia warldnauaiaadl (-Octane) asludidntos
Jszanm 1.0 Yumsdeediduiimindiuiiu nsanisvadeunuiniansmungy

[ %

EMINIIOUAUN UNBIDINARDUTUAR Imsﬁaéfwuu%i’mL“f]u%mmmuﬁg]ﬂﬁﬂ AN

Y

Y
v a

oon (Ui manay 6-7% lastwiin) weneguszana 75-85% Tuvasiituiiegiudnsazdy
Aouveiiiniisaudaiu

i uwazane [10] Méfamunszuueneynauuunzneuasslaeifisludiunes
lelnaudtelinsuenlnlsindamios (Pyritic  Sulfur) fusyAndamgedu 3l 2.10 wan
WHUNNTRITTUURZNeuaeTdesenast AU lunseudusindu Tneduansasiidiuves
elnauiiudninauesormelunududaiuings ssuufiaduildnaaeudwazuenng
fufudifdawiadnds 45 pm annsadnseuiulivEoUSinatidn 1.5-1.6% Tagtivinain

ANUNTUSUIUTLHIDUY 9.8%
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Wash water

Cleancoal | — . Feed
[ _‘/,. Screen plates
AirtFrother -4~ Air bubbles move upward

Bubble
generator

Fluid flow in cyclone

“Cyclone

Pump

Tailings

JUN 2.10 ununmaedutassuswuuiiialalaau [10]

Tao uazamz [11] lineaeuldnetonimuwiainszaulia (Picobubbles) Tu
sruwThA Wz AuaAndUssaRiuseesena faguil 2.11 flesainszuunzneuase
Tnevhiluannsoldvhanuazoiauasdndunsiiuluiisuunn 06-0.15 mm nsdndutuey
fupnudululdioyniauagrlaseinmazyuiu uazanudululdfeuninazvgasenain
ylpso1na IneiBasunznouiiusydvsnindigslussiioyaiafivuia 10-100 um madnniy
Prsrunindaussaniamnisdnduazanasedieaunn wiinnisiiaszdnudanisld
wpsemavadnsgiudlaannsadiunsiniveunialddty iesnannsaiiuleniad
sumavuiurese mALazannsuend lunuidednsaiaesonaruadnsesulla
Tagerdandnnisadnsusingnisailnssenia (Cavitation) ludaidaneseinidvuiaan
wazlsmaaeusndumsnuluredinissiuvios foansiduiugudnarsuuia 5 cm wudnidle
\Wieuiurlesemavunadnszsulunseu aunsafiunnuassasnduganiy 10% Tunsdlns
furlinaosldd uazansaifiuauaunsadndugendn 40% lunsdlnsiuaiinaosldlsid

Han wagany [12] lévinsanwlagld CoalPro Flotation Column faguil 2.12
fiinnlag Canadian Process Technologies (CPT) wdsniilsmaaeuliyanedinianous
Anvimannzdoulunmsassfivmizan uaziIsuiflsuuszansamnsvitauvesaedu
aBuus HaNsANYINUIUSEANSAMARRUaRELsANIaRasews (Conventional Cell)

lnuradutasuusas 40 cm gnuuaeeniduusiinueInedaInIATuIAENkaTUSLIN
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WosonAduivaynIaguiu dmiunisiianuazenauiuslgaedulaseus wulile

drufivazemnuinduunlduazinlnle 85% Mindidn 81% NUseaANSAIMNITHENGIAn
v

62% LilovUSeulisunuwadasswsnivatuiudinduuldle 70% A1da3a1 70% 9

Y5LaNTNIN 42%

Quartz particles

Phosphate
particle .
——%¢c ol
=8 2 O “«Q
Om
l’icububblci\' @ Od

Static mixer -
Cavitation tube

Air +Frother

Tailings

JUN 2.11 wiunmeedutlasausvageuiunasonmavadnsyaulla [11]

\

Wash water
=
2222 Concentrate
3 4%&% Cleaningzone 4
\
W  Concentrate
oP
Feed %% Froth zone
P e 3
o O
o Collection zone
o
= Feed ’
50 ——— Collection zone
) o]
Gas —»| theee
.\ P
» Tailings Tailings

Ul 2.12 ununmAedutiassis wuu CoalPro Flotation Column [12]
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Jena uwazag [13] lanaaeudSouliisunisitivadassusiaznoduiasgus
AmudvhauareniuiuRiUSInaan, asseme, uazansusuLRdY 24.0%, 19.8%
WAz 53.8% Auandu Tunsneaaedldipvansiadl e Wiiufia (Lisht Diesel Ol dwsuilu
fiadoufneymaduiiu wazihifuau (Pine OIl) dwiuiadouialsifureseinia Ssa1nns
naaeulSsuisulszan3ninnisdeudiu nuiineduiassuseslinanisdsiianunse
mdndsanusneanldunnniinisidisadassus

Sobhy wagany [14] l@AnwInszurun1IdanazuenaynAd Uiy deasi
Usgdnsnmgegaiileldfueymadiufiuivuin 50-600 um naaeulnenislivesennia
yuradnszsiuuilu (Nanobubbles) iendenannisairsusingnsalinssernialugaiiia
yl939111AYLIN 91NAITNAABINUIIBYAAEIUTUATIvUIALENNTY 150 pm Lleduriy
WosenmavaEnsysuuly avinlildduiuitanunsatnduanldeuld Wity 5-500%

wamslugud 2.13

Wash
l water
0.12 cm/s

30cm

Fuel Oil Collector ~ Froth
0.49 kg/t Zone [}

Concentrate
Feed 0.5 cm/s Q'

y
Feed 7% Solids T % 210 cm
5 min conditioning MIBC (‘-\I] ‘Ll'
Frother (7(:L on
30 ppm L 4 s
* 5.08 cm
Static  Cavitation > Diameter
: Mixer Tube
¢ Nanobubble 4 *
7! "
O Microbubble i

¥ Coal
@ Ash

]
Cyclones

Tailings

11 L/Min Slurry [ 4
Flow Rate

JUT 2.13 ununneeduiassusuaziaiianeseinavndnszivunly [14]
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2.6 mMguAuaINgudeyatinsing
2.6.1 m3adenasaINIAvIALEN
AnsUns US  0258509A1 [15] tauajuuuudaniianesain1Auuimanssau
lunseu ne3nsihenmarugieguuinvosusulsines ifndmyusgluvoanar fauand
Tuguil 2.14 usadeuiAnanmsiedeuiduimsseninweanariunsvesusulsine sy
wwitliresorniagngosifunasuuindn Fdannsnaimlesenmauuindnszdulunsou
Iaduauann Ingludesdeduliinnisialuunyuiuvesveamal usagseadisounisvyu

A v = Y Aa 3 o A
SUE)\TQ']‘U‘VI&J‘U‘Wﬂ@usﬂWQQQQQQSIWW@QEﬂﬂ']ﬂV]NSUU']@Laﬂ @QLLﬁ@\ﬂUEUW 2.15

Microbubble

11— -

Gas @S[Qi_h%qﬂ 4 T8

JUN 2.14 didanssonmavuadnsyaulunseu

lngTsnsidnenniaruguuiavedsines [15]

100 um

BUEELE DIAMETER

10 zm

ROTATING SPEED

JUN 2.15 awnesenniaiilannaunsaladiavloseiniswinian

d' < LY 1
RTINSy ulusEAusigeg [15]
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anUns US 6382601B1 [16] tausguuuumiiniianeseiniAuuinéansyiu
lupseay Teausaasieneseniafidouin 10-20 pm laegdiddanesenniAvuinani
v J ] a v 901 LY 5 o 1 [ n:l'
anwazlluviensensie Imadrvesluiwidudanonun 3 dunus dauanslugui 2.16
wagililAnusanilgudnans (Centrifugal  Force) nTgyinuuvadnaIbazusIgaudnans

(Centripetal Force) nsgviruuemanieuriu dauanslugun 2.17

(PRESSURE WATER)

(PRESSURE WATER)

=T

CENTRIFUGAL rPa

CENTRIPETAL FORCE
80

AIR BELF - SUCKING
OR FORCIBLE FEEDIN

™~—300

(PRESSURE WATER)

o a

JUN 2.16 fidaneseiniAvuadnseauluaseu [16]

(PRESSURE WATER)
CENTRIFUGAL
FORCE

Pa>Pb

(PRESSURE WATER)

UM 2.17 nsifausanllifudnatsazisegaudnanaveniuazeinianigly

Y

friianesenavustanseauluasou [16]
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andns US 72612831 [17] wausgluuumiiniianeseiniAuuinéansyiu
lupseu Feanunsaasiaesennianfuwindinil 20 pum lagfiudaneseiniAvuiaiani
anvauzduriensinsie Iniswdsunlasiunnindalivengesn dewanslugui 2.18 39

wuuinmiulianesenialidnvuziluviensnszuanidnuiindifann daandlugud

2.19 FINFBN15aS19NeI0INANTVUIALEN

Water

Air i
P

i

i

19 1 ‘:

v ™

[ ' 20
—3> Microbubble
+4—50

40

30
JUN 2.18 fadudianesoiniswiadnssauluasey wuuviensingie [17]

Water

|

Microbubble

JUN 2.19 midlanessoniasumdnseauluaseu wuunsinszuannai [17]
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an3Uns US 747289382 [18] tauajunuudaniianesan1auuimanssiu
Tuaseu Fsanunsaadraloserniafiduuinsingd 2 um 411150AUANUSIIYBINEIDINA
Igdensldunuiuitissozrinsanuinmseeniiioadniios vieldntdaunmeeenvesve
nsanszvonudnlidiumis fanandlusuil 2.20 wazguil 2.21 awddu dmsudaduie

W’e]\‘l’e]’]ﬂ’]ﬂ‘Uu’]ﬂLéﬂﬂ%ﬁﬁﬂﬂmzL‘ﬂ‘LJVi’e]VINﬂiz‘U@ﬂﬂa’N

Water

Microbubble

Y

JUN 2.20 siillanaseoiniAuunndnssaulunseu LUURARINUALKIRINUSIIN

N1999NVIN 99N ALENTIDE [18]

Microbubble

d2

Air —> =2

3

Y

JUN 2.21 diudianesoiniswiadnseauluasey wuuAnsanidiausiaainmnseen

Yo9NDI9INIAUNEIU [18]
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avsUns US 0126436A1 [19] tauenisimuidiniiaveseiniAuuintinggdu
lunseu Wneiiviofinsanigludnnilaty auilauandugui 2.22 lngddulianeseiniasuin
dnilazdenilUldswiuaunsalaunlasenuuy duwandluguin 223 Jsaunsoadis

Wosonanvunegluyae 50-200 nm

Microbubble
A
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JUT 2.22 fafudaneseinisuadnsyauluaseuy wuunswiederunisiva [19]

JUN 2.23 gunsaiiidedldsiuiuimnidaneseinmeavunadnseaulunseu [19]
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an3Uns US  0214436A1 [20] @ueunuuianidanesain1auuimanssau
lunsauuuunonen Aeansluguin 2.24 IaLAureInIseankuy Ae d3Usranlidudeou
ausandnladneg lnednvuzvespenamduiuuanvuinasil vsuiiueinimiugl

nensruandlduNugudnanasd anunsmhluussgndldiuiintienviiluaiauseuls

>

7

Microbubble == - Water

A

o Aa

JUT 2.24 ffudaneseinauadnsyauluaseuw wuudidames [20]

nNsdvAutayaINdvsUnsiiuuwuldidnsAnfudanilianeseiniauun
[ [y ' < a a $%
dnseavluaseulunainvanesuuuy Tnswsasuuuuniuseansainlunisasreesenie

& a J o X o a I
uadnfLana1eiveanly yenantifiansanuauUinaLarsunneseIneld

2.6.2 NIUENBUNIARILNTADELS

Avidling US 6056125 [21] iausgunsaiuazisnmsuendsanusnesnaindiudiu &
wandluguil 2.25 Inemsuszgndltszuuaiiaiesennidlunismaaeugiunedutiassus lne
nsfnssluiinlinsanansvesnodutinesus dmfvadausoyuisasyliinannis
Huthu denalidsanysnuazlidhngaoonandiuiiy

avUns US  0242000A1 [22] wauajuiuuvedneduiassus danvazidure
nssnszuenuwelng nlsinudiasiuafinsaiedmiussueieen suanidnvas
Hulslaau deveslnalnanluredulaziinnsmunies viliasandsniideudueynia
sufiugnindneenluls faguil 2.26

ansUns US 5167798 [23] tawemsienaunialasmedudassuswayldnesainia

[ LY [ A ¥ LY aa a
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iielildeuniafiazoinuaraunsadinduunldly Jagaiuveanisasislosoiniavuindn
seauluaseu Ao TUsedvEnngs wazsAgn
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— (GAS BUBBLES

—

42d Likb

8
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5UN 2.26 pesudassusdmsuaa iy wuulelaau [22]

a

avising US 6073775 [24] waupgunsaladaneserniavuiadnszaulunseuild

AUABAL

eD_

s 1 v 1 a o [ ~ Y < a o o
uaosws lnsauarsidnvailulelaauisldiduusnadmsuienayninuas
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deanysneanainiu aun1AaIuinzIUAUNeIINIALIIARLTNEAUULYDIRBRUY dau

Y

Y a VY ] o s Y a
sULﬂ']LLaSa\iaﬂUSﬂﬂZmﬂaﬂﬁjﬂquaqqmaﬂﬂaauua@EJLlj ﬂx‘iLLaﬂﬂug‘U‘VI 2.28

EED
DISTRIBUTOR
s~ PULP

r\QJR
MICROBUBBLE
LéBEHERMm

LEVEL s e
GONTROLLER —

"Si L( ] PUNP

OTHER

JUT 2.27 pesutaseusuazgaasialasernavmdnseaulunseu (23]

UM 2.28 reduilasausuuulelrauuazgnainanssomeavuadnsyaulunseu [24]

angdns US 0089679A1 [25] taussuuuumimiiiavieseinianseuiugunsaidn
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a Y v v

WUNIDUNIA BILANFIDYAUUUANTDIABANUADELS INUUBUNIAILIURUNBIBINALE

apgusuuy MnUuatlasenlunuviemudnmeau AIgUn 2.29
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JUN 2.29 AeduuuargUnsalnuaunIa [25]

IINAITNUNILIATETHILL nuTnisasswslagldvesernimuiadnidunis
Lﬁuﬂizﬁw%mwmaaLLiM‘%aﬁwuﬁuiﬁqa%u NaMAD @1U150AN9ANTETIBanUSIIMLaTIUKSe
&aanuUsn S1mniduasdamlodoenanauiiu lusaifierfuaiunsaiuusunansuey
m‘ﬁ'LLazmmm%’aﬂudmﬁﬂﬁqﬁu 2819l5AMUNTEUIUNTYSDITNTaS 19BN ATLIA
Anéhaiidedesludunislindsnuanufidudies fafuladufinveinisuszgndisng
aseasonmerwndnsyavlunsou lnedgaiunsonuauTinitAwamoioINIATUIAEaN
LY 338&3@'}%@8&1”3@&ﬂuﬁ;ﬂéﬁ'mu SnvanoseniAuInLEndauanaaieldeinnin
weasaniarialy uenaniivlesermeavuiadnannsaineiavoduiveyaaruiadnlda

v L3 1

s wnldduneduvassusdmivinazuennsduiiu ioddauazuendsanusneen
NBURAY 611"38Lﬁuﬂizﬁm%mwmmdmﬁﬂﬁqq;ﬁu venanipedudassusildlunuive 3
AnuLAnssnAsduassuswuuTly Ao nsdnuiufuUsMRsInatInodu dndunts
doennslva ilewiiuszarnaivameseniauagduiiuliaosoglunedudlduiudu s
Frofiulszansnmlunsdraasuenseduiuliity venanisddidussuuinlwaiy de
dnlenafioyniansduiivazduiuresenmarunadnlduiniu dwadenisanyiuim ds

anUsndmntiduazdaiies Fuluanmgliifauaiivnisdaindoy
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unil 3

YANARDILATIUNIUNITIAY

Tuun#l 3 ulsnsvaaeseenidu 3 @uvdn léud duinis nsfnwisUiuuiay
dnwaiznsianessINIFrwIAdnINdInLlanesgULUUsIge saknsaruneneseInA
uonanidnvinginssunisinanielusauianesernia Tagldlusunsudiu amig
waraniuadlva ANSYS Ver.15.0 (Fluent) dauilans nsAnundnuaznislnavesueadlvaly
AdutasulLs LagtUSouig unasendnen1sidn15a1801nLas AT IE A TNEYN1ARUY
Particle Image Velocimetry (PIV) uagn1sinassnisinamislusunsuauiunisnanans
adlvia dauilanu Anwvuanles, Amnuduveseinianigludannudiu, mmgwauwiuﬁgu

LAY SLYLIANNIUNARDNITAILAL LY NNIAUTAUY

3.1 s18azideaflnlanosaIn1AvUIALAn

SUT 3.1 nansdnuwuzunsdinudanosoinantdlumniddsuiadu 3 wuu lown

Y

[y = LY

FFAANTUNIDWINTIULUUITU (Porous Stones), MAARUUBLIALMDS (Ejector Nozzle) wag

9

f v v %

Y a a &
ﬂ'ﬁﬂL“Uﬂ’JQﬂLL‘U‘U@L"\]ﬂLW@iﬂﬂUﬂ\‘iﬂ’J’]@J@u (Pressure Tank)

U

v G v o U a d‘ = v 1
TAANTUNTDNINTIWUUUITUNININIEAAUTELANLGIINN (FUN 3.1(N)) UVUIALEAUNIUY
AUGNAT 4 inch wazdlauInvasgnu (Pore Size) Wwdgwiniu 140 A lageainiaaiunsaiva
Hugesinasegany 1 esantaginaniidnuazilugngu andudliodneainianiudi
lUfviauseansenamilousaduiingie vinlwenianesnuinszatesoanlulosnasil
vuatngUzduiu dauiidawuudidames (57 3.1()) iandeaniigfivuindusiiu
AUENAa 1 inch x ¥ inch 1@1g3aua % inch Hnswihumianinisanuuiavesitid (aonen)
dmiumsgeeinadianluriine FaNDIDINANHIUNITHAL DUMEAINULSIVDIT dINal
Annisnszateunneeniduneseiniauwiaan wenaintinisldiiadauuudidamesegiuds
[ t:l' r-:" (v (v ] v a a & & ¥V [
AN (5UN 3.1(R) B0 1dendnnIsgaeIn1FInn1euentiIuiidauuudidawmesidiunge
ludaanusu Tngfnualvanuduinldlussuvegludag 3-6 bar [26-29] LlaR1nnsiiiy
Ausuliiudnlaglganiawazilomuaus NS UULANTY d9NaliAINISaLaNeUDa
T a1l a X = a = < | vy a ~
21NNA LU ANANTY AU UNDIDINIAYUIALENLALEINA LIUS U UYDINDIDINAN
QI g d! 1 goj dl 2 1 dl a 901 1 % ) o
WiNAu Fern1sarateveseInaluinNnuauie Wegnmalivesiwiiu 25°C [30]

LAASIUAISI9N 3.1



A13°99 3.1 AINITAZANETDIDINIALLUUNTIAIUAUATAY

AUAY (atm) anmeazanelusi (g/ke)

1 0.023
2 0.045
3 0.068
il 0.091
5 0.114
6 0.136

(n) TARNIUMTOIINTIEUUUY (@) Wdauuudidnmes

(Porous Stones) (Ejector Nozzle)

(A) DIAIUAY

(Pressure Tank)

JUN 3.1 susuusmiidanesernavunadndlilunuide
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3.2 S1UALIDYAYANATDY
dl a v dl ¥ U s 1 ¥

LRUANYANAaRINITluNWIdY JUN 3.2 Usenaumenadulasuusiazynasng
WeoseINATWIAEN 91N3UN 3.3 uansguuuuvasnedutassusiidnvauzduddmasuriiein
N3¥aNta YWINAINNTIE 12.5 cm 813 30 cm WAEES 75 cm ASINANAAWNUNUIUIAAIIY
1119 125 cm Mndlegiupedud 5 cm Sanwazdunisudstesnisivasenidu 2 9o il
14 I v 9; =3 1 y I o [ % v
Ferdunadivesinaznosainiavuiadn duilsvindunseend msuluanduludaye
1% < a gj a . o Py (% '3
aialsanAvInEngnAsa Tnein1sa1egunn 1inch 31wau 2 § Lingiuvesnedud

o [ 2/ [ = v v o a v a

dmsugeasaasainiAvwingn dlsznaulume dafiulinneseinia (Fdauuy
8dAwes), Juussiugevaieluin (Multi-Stage Centrifugal Pump) 8%e Arwana Pump
JU MTVS-215 9u1a 2 hp, faA31uau (Pressure Tank), 13e3inas (Rotameter) dmsuin
gnsnslavesn 8%e Well Ju Z-5032 (Range: 8-80 litre/min) uazlsnnfiwasdmiuin
8n3slvaveseInia 8ve Ki instruments (Range: 0.1-1 litre/min) Aauanslugun 3.4

Tudrurestunaun19v19u 1Isuanu lnadudiniidanesernie (Microbubble
Generator)  Fuduiidauvudiiawes einiagnaadnludAnduntsnensnuaziin
Usangnisallnssorniadu dewalineseiniainnisaatsunniduresauiaan Tned
lsmfiwesdmiuinuazmuaudnsinisivavesemeanivadiludsiiiiianeseinia deun
9; Aa @ 1 & 901 1Y v v v [y a
undneserntevuiainiradiuduiinssiuganazidrludedaniuiu Tnsusuiuees

£

WeseniAvzduegfumiusuludidaaiiudu antuifdvesoniavuiadniadeuiiiva
HWABIhmhnuTukaravanUIanisivave lnggruAmiulsnidines ntui
N < D v e 1@ o w W
ninesomavnadnazlnalingredulassunludwudaly
wananiiyaveassdadiludiuvemedmiuidsuduninii (Bypass) Wieviuandns
S A ] v o Y aay o IR, ] v Yy
nsivavesfiiwiendn dwiuldlunsaindesnisaivaudnsilvavesiilviiuendnls
ey L nNn1sUTudnsInsivaveninluviendnlutesas dawalvduseiulussuugediy ¥

p1dinavi it swvisgUnIaiaus demela
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@ medutiaseus (Flotation Column)
® @ lsanfiwasun (Water Rotameter)
(® ueanaa (Ball Valve)

@ \nainAuaY (Pressure Gauge)
’ .
1 5 (® farunu (Pressure Tank)

.

; () édafunau (Check Valve)

. L v

; @ Ushuseaugaagluin

;' (Multi-Stage Centrifugal Pump)
' LY o a

: fnfianasemAvuaian

.‘

L]

.
’

(Microbubble Generator)
(® lsmiimasarnia (Air Rotameter)

eeeccccaa,
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Main Line
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3.3 nMsAnwanvazasivanteludinuianesenidvuinan Tneldlusunsuaiuln
manardnsvasluia ANSYS Ver.15.0 (Fluent)
3.3.1 nstmualunaiidlunissiassnisiva
nuiseildsrasmginssunisinavesinnelufidudanesernidvuinidn
(Thanuuudiiawes) IngldlusunsuAuiamanamansvaslua ANSYS Ver.15.0 (Fluent)
Hunssaeamslvauuy 3 iR (30) uarlidnwasvidosUuuuifisatumsvanes uenainil
Smusanzinfilnaduazesnainlawy (nsnnassagliernidlnadnlugie) osann
ﬁmsmLawwé’ﬂwmsaﬁlwaﬂmﬁwmaiu?;ma%’waﬂ/\IaqmﬂWﬂﬁuuwmLﬁﬂ
dmunuusiassnisinavesiatudaneseniavuinaniildluudse @
Auualiduidawuudidames ﬁg‘d'i'NLLazmuﬂmﬁaaﬂﬂﬁmﬁuﬁw‘éﬂ’m US 0214436A1
1201 TneTamaiidnwazdurensinszuen ameluilvueiufinddnanasuuuidudusule
ﬁmum‘lﬁﬁmmmLé’umu@uéﬂmwmsﬁmafﬂ (D) WiNAU 6 mm wag 10 mm, VUIALAURIY
quéﬂmqmqaaﬂmmﬁﬁ (d) Wi 6 mm uaz 10 mm, Ywadwuguinaianenen (d;)
WINAU 3 mm, 4 mm kag 5 mm @3UANNe1 G (L) Lazn9eenvewn (1) SANAif

20 mm Uag 24 mm MUEIRU dIuANLITeIReRen ((;) HA1ANN 3 mm Auanslugud

35

Isometric View

Side View

1.9 cm

JUN 3.5 wuudaesvesdaniliaveseniauuinian (1dauuudiinwmes)
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3.3.2 N158519n30 (Meshing)
Supeunisadnanin (Meshing) vedlunaildlunissiassnisina lnefmuali
sUuvumsaseniadidnuusfugnuiaidvdsunasaiitiuuudiaes fafunindafiay
axdonnnuinadiiinsvensuaraniuiinindnvesiasiliawesemavumdn (Fadauuu

3lawes) dwandluguil 3.6

Hexahedron (Quad) Grid Zone

Hexahedron (Quad) Grid Zone

Hexahedron (Quad) Grid Zone

[

UM 3.6 dnvazvsaniavuwuudassimnidaneseiniavuedn (Hdawuudidames)
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3.3.3 miﬁﬂﬁuﬂﬁau‘lﬂﬂauwm (Boundary Condition)
nss1aesmsinavesimelusaiiiianesenniavuinidn (Fdnuuudidames)
susldnuarnsinavoninfunisimauuuliudeuudamunan (Steady Flow) m1s
furailifiarsumaninnisaiomuasnsgapdeniuieu Inefvualigungivesid
Amadt saustalaiAnnavesansslugag
mstmualeulvveuauuuuSaessiidanesemavuinidn dauanslugy
7 3.7 wiseendu 3 U3 Mhun Ul 1 Velodity Inlet (@) fousnadidunadh
v04n15lua Inerinuaanvarvreanadiluguhuurerusa US04l 2 Pressure Outlet
(@une) Aovnaiifvualiiunsesnueanisiva lnefvundnvauzvemisesnlugiuuy
P3ANAL duusad 3 Wall (Fvn) Aevsnaiidmuslhduniwenisinavesiiiuin

NoIDIMAVUINLAN (TRAALUUDLIALHDS)

3D-view - \

Pressure
Outlet

JUN 3.7 nsfmuateulaveunvesiuudtaesiiiidanesernAvuedn

FAnwuUBANaY)
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A15AIMUALIULYTDIAINLEINI TN, ATUFUNI9eeN, HETIUeInITiva,
AMUNULLUUBALANUNLATDIUN T9l518azLden nail

Al < %

Houluuaannus It
o < q' ¥ ya QA' 1 [y} 45 ] 'y}

- mMuuaeusvedluainiadnlriaasivinny 0.9178 m/s Fuvindu
gns1n15anlelunisveassasa 15 litre/min

Noulvraamnusunieean

- MRUAANUAUNIIDBNYBINIT AN UAUAUUTTEINE (ANUAY
WnAANAY 0 Pa)

= Y

Woulvvaaniavaanislua

- mvuabkdslidnislea waglufinnswedaud

HouluraamnunuILLULaE AN N

- MruAANEEIKLNLaEAUNEAYeY A QUNYNUNENARBIATIN

Density = 996.2 I<g/m3 ey Viscosity = 0.000819 kg/m-s

3.3.4 35n15AUIN

mslnanigludiiiianesenirvuindn (Fdauuudidanes) awnsaesuie
WOANTIUVDINIT LN Tnelduvushassnuiutau Fenuddeiaulawvusassmudul
lkUU Shear Stress Transport k — o Model (SST k — @ Model) %ﬂgﬂﬁuwmmzﬁwmim
Menter’s [31] lésnanenuuusians 2 #iln naunaudiseiuszninanissiassanududi
WUV k — & Model dmsumsiuanmsinafiusnatulnaanuids Outer Layer) wagn13
$ravsmuiiutiuiuy k—o Model dmdunmssuamsinaiiusnadudonids (nner
Layen @sannsalinanisgiirvesdneuiilndidssuasidniunisivatuumyuiu uazns
Inausnalnanunids

Audsnsmuinlarivundanesiuduiuy SIMPLE (Semi-Implicit Method for
Pressure-Linked Equation) N ETO RN RN, Spatial Discretization Tuusiazaunisildly
AT URINUAAILAITIT 3.2 ImaﬁmuﬂL'E"aulsusl,umswqﬂﬂizmawaﬁmmmﬁmwmm

(Residuals) Wiy 1x10°
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A157197 3.2 NSARUATIEavBsnveieuly Spatial Discretization @1%5UN1991889AS

Tnanislunifinnasanievuisan (hdanuudiinmas)

Solution Method Spatial Discretization
Gradient Least Squares Cell Based
Pressure Second Order Upwind
Momentum Second Order Upwind
Turbulent Kinetic Energy Second Order Upwind
Specific Dissipation Rate Second Order Upwind

3.3.5 N1SUIAIITUIUNSIANMNRUIZANF IS URUUIAD9
TUNISUIAITIUIUNSANIDAINUALLDYA LA ULNLNIE AN UL UUINAD Laely
TumadinidanesonAvUIALan (Faawuudiarnes) lanirualilumaiisiuiunsai

wWANAN9TURN U LN 6 1aaa bawn

Tuwmad 1 200,600 Elements
Tunad 2 518,220 Elements
Tunad 3 1,050,720 Elerents
Tuwnad 4 1,513,560 Elements
Tunad 5 2,089,940 Elements
Tunad 6 2,540,320 Elements

msfnalduuusiassamuiuliuiuy Shear Stress Transport k — o Model
(SST k—w Model) fuuadanasiuduuuu SIMPLE (Semi-mplicit Method  for
Pressure-Linked Equation) WLag Spatial Discretization VJﬂLVl@iJL‘fJULLUU Second Order
Upwind

mﬂgﬂﬁ 3.8 LAASHATDITIUIUNGATINAONISNSEANBAIILTINNLLISAT (Y-Axis)

'
1=

PANLMUININANIADABA WUIINANITINADINDINUILANLANANAUAILALUAAT 1 DaluLna

=3

a = A o a a = ~ ° a1 Al [ )

7 4 wagtlauIIUIUNTAINLULAAT 5 DILULAaT 6 HANITINARILAINLNALABINY T4

ausaagulaidnuiuniaimangandmiunisiiluldlunisdiasediluean 5 fAe

2,089,940 Elements LH{a991N3NUIUNIANLOY DIV LANANITINABUAAAMURANAIANI D
d{' 1 o a d' a d! v o d' v =2 o [ Q’Jl =3 1o I 4

AANALAABU d@UINUIUNSATIUINAULY F9liNanIsINaaInAaemAdeny Aatudslisndudas

1¥n3antiusunann essannidunisduldamsnensiazallunisinass
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[ Sy BTy
0.0010 f A T
[ *\\ \k\ o
[ * i\ !
i N
3 * A L
0.0005 * A !\
- | ‘*’ f YSnadiiansan
E [ * |
0 o F * 4
% [ * 4 - Tuwa 1(200,600)
o i ; 1 - Tuwea 2 (518,220)
-0.0005 | * A - Tuna 3 (1,050,720)
[ /
[ * A - Taea 4 (1,513,560)
*
[~ , A//‘ - Tana 5 (2,089,940)
-0.0010 - & BSE - Taea 6 (2,540,320)
Far W T = =i nar WEENENENEE SRR EANE

21.0 21.2 21.4 21.6 21.8 22.0 22.2 224 22.6

V-Velocity (m/s)

=] < v A Awv o a @
E‘U‘VI 3.8 NNINTLANYAMULIINULUITAN ATUAINUUANDIDINIAYUIALAN

(Wadauuudidames) N9uruninenge

3.4 MwazBuayanaasLaztusaud WU TIaTLAWaeNA

U7 3.9 uansusunmyemaassdmiuinvunsieseInia angUnedududeuse
fugnaseeseniavumdnszaulunseu (Microbubble Generator) #a8a88133WIA
14 inch Wt luredniuasdassuvaiiaoserna Ineududnsinisivavesi, §ns1ms
Inavesorna uazanudunudoulaluusaznmvaass aniuganesermedioglunading
Tilvasiundndilugmiestnmes uandluguil 3.10 Tasviarnusunszanlavuinniunia
12 cm 81 16 cm Andsznuidnfiuuduezeian Gelvuiawitussunsyanla uenainiss
Fudeahesyninaiunszanuazusueyesan 0.2 cm ilelvnlasornavuiadnanansaeglu
Fosinld 1nnzgfusiueraidasiuiu 2 3 dmsudumadi-senvesmesoniauuadn fads
Nd999anIsALUUATINea (USB Digital Microscope H1000X 5.0 Mega Pixel) fingsveny
1,000 Wi B uuuvesriesinues dmdudiosunteseinia druiifiluasenanniiesineg
Uoendudnaauiniuiy

dmsutunaunisifiuiogig Susensganesenaadnainaedulliilva
rugunsallaedsnidni delusewinaduiuasresonmaannsoluadgiosinldogs
fariios Aeundnndniiedslesenmeauuniinlviindsognislusiesinnles anduriesy
ylpsormavunadnsendosganssmiuuuAineadiuan 100 1w i mdlaluiaszsin
PUIANDI81NA A28LUTUATH MATLAB  T9A15AIUIMA8ATANITILASIERAIN (Image

Processing  Method) wagfmualian1sALILaAIRaNUTbuFUvBREURIUuAUINaIS
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vosas Faluusaznmilduiuresoiniauszana 30-50 Wes Asuanslugun 3.11 9ntuih

NANNTIATIEALARZAINUIMNANRABYRIVUIANBI N Al ULRazdaulYy d1usieazidunLay

Woulunltlun1snAaeinvUIANeI9INA LAAILUAISI9N 3.3

A1919% 3.3 518az8nvRIiIkUsLaskauluRlglun1IAaninvUIANBIa1NA

S19aL28ARLUS waulvwazvuin

fidanssenavunnidn - JaRNIUnIeTINTIEL U

s

v a a &
- WINALUUBDLIALABDT

€ v o 2

- Whidakuudiamesatutiaug

Y

9MSIN5 a9 20 litre/min
951115 ae98INA 0.1, 0.3, 0.5 waz 0.7 litre/min
AMUAUYBIUN UG 3,4, 5 Way 6 bar
. @ T T Teven T |
: op view |
L | o° & © o - :
(:) l : d o0 i |
1 | Inlet ¥ 5 Outlet |
l I ° Cots :
| ) T I
® | u -
T\‘ | _ 4 = :
Y RN e ;
lk : L P
' — ] (D neduniassus (Flotation Column)

@ l @ ABNN MBS (Computer)
(3 néasgansseil (Digital Microscope)
@ Wdasadng (Light)
() siasiinnias (Bubble Chamber)

(®) uvanaa (Ball Valve)

cccccae
P ceaa
o e

e
=
o=
.
~§

T 1

Inlet Outlet

5UN 3.9 unun nyanaaesdmiuinvuianeseIne
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° o ans =
o o
o o G @ 1.0000 55.7007
Q . e Slo000 70708
oo o oy oo
= L 6.0000 67.1496
Rito Do Slooao  ealsees
o G‘ 9.0000 50.6437
(o] G 11.0000  71.0811
(n) gudne @) Ysudunmua-d  (A) waneua (1) aunoI8INA

g‘dﬁ 3.11 WANAILASIZANINAETUSWASY MATLAB

3.5 SwazBunyannaaLaztunaudmiuMIAnuaneansivavasadlualuredin
3.5.1 nsAnensiadeudl Tagldlusunsusulamienamansvasiva ANSYS
Ver.15.0 (Fluent)
mATeildaemginssumsinatuvesninislurediniaosus neldlusunsy
AUIUNINAANERSVBILAA ANSYS Ver.15.0 (Fluent) Tngn1s3nassnisiuanuy 3 4@ (3D)
warddnwauniajuuuumiouiun1svnaed Feuuusrananislnavesveslnalunodud
aeus tawudlumasenidu 2 d Ineduusnivuaduveduanieluedmsulvadiuay

U = Y

InaeenanAeaull Fedau1nAUAINg 3.4 cm wage1l 5 cm E“i’)ﬂﬂﬁ@\‘iﬁ?‘lﬁﬂﬂlﬂﬂﬂ@ﬂl%a

¢ A o

aelupeduy Tanvuzluddmdensuinauniie 125 cm 813 30 cm wazge 60 cm

c‘l’ v a d' < 1 1 % Y o [y | g dl> a [y 6 a
wonanineludiddiuiiluresing (Gap) Vulldmsuununudianssnarineau oyl
YUINAIUNINAzENIMT DU UADRNTABEWS UAseiUTAIgIvaILNUnY Tnaivun T

ANHEvBILHUNUARaUlY 35 cm wag 50 cm dakanslugui 3.12 uag 3.13
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Isometric View Front View

60 cm

JUM 3.12 ULUUT109909ARUNARELT tAUAIINEIUBILEUNY 35 cm

Isometric View Front View

60 cm

A2 <«

@34 cm

JUN 3.13 LUUT100909ARNNABELT IAUAIINEIUBILHUNY 50 cm

drunsasensa (Meshing) uulunaneduiassws n3nfianvaziluwuugnuian
Adey wazdAuasldunuINUSUINANTY dIUTRUADTENINIADFLLRALYIENINY -88N

vosvadlva Amualinaddnvauzilugueuunauseninningunssaundeuuazgnuinn

dwdey eliaenadesiuguisveduuiaes Auandlugun 3.14 uay 3.15



a2

Hexahedron (Quad) Grid Zone

Tetrahedron (Triangle) Grid Zone

A

3D-view

Front View Side View

Hexahedron (Quad) Grid Zone

Tetrahedron (Triangle) Grid Zone

Bottom View

JUN 3.14 SnuaizaInNIAULLUUTIA0IRRNNADENLT AINEIVBIMAUAY 35 cm



a3

Hexahedron (Quad) Grid Zone

Tetrahedron (Triangle) Grid Zone

A

3D-view

Side View

Front View

Hexahedron (Quad) Grid Zone

Tetrahedron (Triangle) Grid Zone

Bottom View

UM 3.15 SnuaigenIAUULUUTaaInatasels MUEIveIuwsuny 50 cm



aq

Tudupeunisimundoulvveuiun (Boundary Condition) Tnglidnwaznislua
vosdunsinauuuliasunUamiunan (Steady Flow) MsAunadldfiansauinaainnig
fewuarnsgdoanuiou Tnsfmualvigungiivesihiided sauiildAnmavesmiuss
11029 mﬂgﬂﬁ 3.16 wanudoulvveunuuiuusaesnedutiassus wiseendu 3 Ui
Ifud USmdl 1 Velocity Inlet 13w Aeusvaidumadivesnisiva Tnefmun
dnwazveamadiluguuuuvesmuigi vinmi 2 Outflow @una) Aeudiuiidmusliiy
NeeaNveINIsva lagimuainyurventesntusuiuuraenILauy druudnd 3 wall
(@) Aeusnaiirmuelidundweinsivavesreduiassus edwiuiusiuieionadn

uayepenvoadlviane

Isometric View

Front View

—a —

Y

A

3D-View

Bottom View

Velocity Inlet  Outflow Velocity Inlet Outflow

3UT 3.16 M3fmuaReulvreUUATBILUUTIABIADRLLADEIS
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A15AIMUALIULYTDIAINLEINI TN, ATUFUNI9eeN, HETIUeInITiva,

[

AU LUUBALANUNLATDIUN Tadls18azden Aatl

Al < %
Houluuaannus It
o < 4' 2 va q' 1 [y} 45 | 'y}
- MuUAAULSve9 AL L ATANAIRYINAU 0.05507 m/s BLvinfu
gns1n1sianlelunismeassasadi 3 litre/min
Noulvraamnusunieean
- e lrALsUN19eenvRInIs lraluwuy Outflow FafiAnfu 1
= Y]
Noulvvanilsvainisiva
- mvuabkdslidnislea waglufinnsiedaud
HauluuaIAINUNUILLULELANUNTNVD LN

- MrueANNrEILLLLaEAUnnvel o 9uUNYNUNENARBIRTIN

Density = 996.2 I<g/m3 ey Viscosity = 0.000819 kg/m:-s

dnsuisnisauan eelduuuinassanududiuluy Shear Stress Transport

k—® Model (SST k— o Model) @uasnisemunalaninuasanasfiuidulwuy SIMPLE

(Semi-Implicit Method for Pressure-Linked Equation) lagsigazldenvey Spatial

Discretization lUkAazaNNITNLGIUNITANUIUAINUARILATSIN 3.4 Taeninusdaululu

{1 a . Y -5
qumﬂizmawaﬁmmmm‘wmm (Residuals) 1Ay 1x10

A197197 3.4 NTMNUATITaIBYATDeulY Spatial Discretization @11SUN159180977S

Traneluneduiiaasws

Solution Method

Spatial Discretization

Gradient

Pressure

Momentum

Turbulent Kinetic Energy
Specific Dissipation Rate

Least Squares Cell Based
Second Order Upwind
Second Order Upwind
Second Order Upwind
Second Order Upwind
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3.5.2 nsAnwInsiadaun lagldnasaigninuaziiasienninaynaLuy Particle

Image Velocimetry (PIV) [32]

a

SUN

Y

31njuasduldnFeuneduynadianasainiAvuiadnsedulunseu (Microbubble

3.17 wandHUNNYANAadmIuAnuanwusn1sivavevetlvalunedul

Generator) fB@18819UUIA 1% inch dauArmgavesLiutuiinmsuuasuruadmniuld
Tunsnmaes Téud 35 cm waz 50 cm WeAnwiAuuandsesnsivafiiatuniely
GRLH

Tunsneaesazfuiiluneduifissdu 60 cm Ysunsiilueodud 225 litre
muQmé’mwmﬂwammﬁﬂﬁmﬁﬁ 3 litre/min 91n1uld Polyamid Seeding Particles wu1m
50 um FeilguaniAduoynirvuindnitannsausiuassegluvedlvaiiiolfidusAnna
nslvald dmfutunsunisldnumsnaveuniatuvesinasiaiertuvesinaii fosnis
Anwnadlunivurduneu dalieafuoymeasiluvasvafiaz@nuilasnss anturosy
Wuoynafinautuvesinaadiuluvesivadifeanisiny Sausunumaineynaduogiu
AEINsalunsazTieuLasaz oty madlulTinaditesiAuly sildnisusadi
nsindeuiiveseynaldlidaau wivnidueynielutSinaiiunniduly dwwalinisnszas
freseynaluveslranuuiuiy vhlvinsueafudnuugniaiedeuiiveseyaialden
uify savildanansailuiiesgimmadnsiidesnisld

1n3U7 3.18 uansgunsaifildlunisareninnisinaluneduy Faunmidl
nsAnwdnwaznsivadzgndesinulneusuduaaises (Laser Sheet) viiloyniad
\ndeuitogluredlnaiinnisazviounas Inimualsinnudvesnsudesuaaaisoineii
15 Hz anifutuiinnmdiendas CCD 8%e Imperx u CLB-BL620M-TC000 taud 50 mm
$1uu 300 0w i lUAeTEinaR1ulUTUATY Davis 10.0.4 tilevmeAim s tadsvesusiay
sumafindeuiingluredul anduisaildluieuiisufunanissiassdelusunsa

ANUIUNNINAANEATUBIbAE ANSYS Ver.15.0 (Fluent)
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@ medutlassus (Flotation Column)
@ wissrdiaudaltos
(Pulse Nd: YAG Laser)
@ unasaslul (Power Supply)
@ aunsalaauau (Remote Controller)
® gunsaiidendadaynyn
(Programmable Timing Unit)
©® Aruiiame3 (Computer)
@ néasddnea (CCD Camera)

JUN 3.17 ununmyanaaesdmiuAnwidnuuznisivaluneduy

SUN
U

3.18 gunsalildlunisarenmnisivaluneduy
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3.6 91UAZIDYAYANAADILAZVUNDUFINTUASAUHU
nsanakasweniea1uiu neldszuvinluatunisluredulassunswasnasainia

[ o v ad 1% 1 ) & 1% 1
YUINLAN a’]ﬂﬁiU’Jﬁﬂ’ﬁVlﬂaE]QlﬂLL‘UQ’EJE‘]ﬂL‘U‘L! 3 YUNDU IWLLﬂ

=] 1 a
3.6.1 N13AAVUIAVITONITUAGIUIU

Aaeg1aniuiiudnludainuiiosiiung 9.61U19 Ussynszaauas 50 kg 970
o 1 A A A& v 1 a U U & o= v i
mogranunauiuiiduieulvguaraziBuntsUuiy AuIwasunTEUIUNITANTUIN

- ' a A ooy = o  w v ) % & 1

wauAauiuiellvuIn NIz aud suN1ae TunsunisuaUseneulusiaipiadden
(Jaw Crusher) 8%® Guanming Ju GM/EP-100x60X wagtAsoauakuUADUIES (Hammer
Crusher) 8%0 Guanming Ju GM/PC-400x200A vimtiigasuasAnssunnauiiuuunle
Tiuaneenainduluiudny drasesuanuuveaiad (Ball Mill) Ywiiuag uiuawin
anliazideaduny uananldilaznssAnvuIALUUNINTgIU (Standard  Sieve)  Be

Y 1w

Endecotts wuUu ASTM Laboratory Test Sieve %ﬂ“ﬁj@ﬂmﬂ%"aﬂwﬂ&i’l (Sieve Shaker) fvie
Fritsch Ju Analysette 3 Pro iefauasuenneduiuliivunndnnan 250 pm [33-35]
dlesnifueiidfigadmiunisaseus fauandlugud 3.19
dmiutunsunisuauasfnuunauiy éﬁ’ﬂLLamﬂugﬂﬁ 3.20 31 nnsdeudy
Fuiiidnvasdutourualngdiasosdesuasipdeunuuudouiiog el ufiuwnn
Jutusazdawmdnas seundeuduiiudirissuauuuveaiiad Suneutduiudilsoxd
ANAZLEEANIN (AABAUNILTY) Ifﬂmmmaqmmuﬁuﬁlﬁ%%uagﬁ’mzazwmlumium
Mntiudgdunaunissouuardnruiananiuiu Tastnsdufinludiuagunssdnaun
19557 TevuAvewzn ey 1iua 75 um, 106 pm, 150 pm wag 212 pm Nty
dounzunsaveidduiatuanuuingivg Ssogfuuulumuuagidndegduans waiidy
aanifuonsesdu (Pan) thyanzunsannsgiudnanlunuueionus musdiuiud
runsualdlunzunsstuuuan Suesuarieulinsufiusonsiusremzunsinzatonn
aslUABgUURZUNTIAAZULIA Lﬁa%’aﬁéﬂwﬁﬂmmmmuﬁuﬁﬁnagjuummmsaLwiazsummﬁ

5ot U uvnsasvaIntuiule
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(n) 1A30498 B8 (1) LATDIUALUUADULIE (A) WAIDIUALULUUDALIAA
(Jaw Crusher) (Hammer Crusher) (Ball Mill)

(9) AZUNIIAAVUIALUUNINTFIY () LATDAVEN
(Standard Sieve) (Sieve Shaker)

JUN 3.19 gunsalildlunsuasiuiiu

i

auiy

(Raw Coal)

N

Lﬂ‘%mEjEJEJ Lﬁ‘s‘aautmmuﬁaulmfim |A3asUALUULATiag ATWNTIANVLIALDZIASBAEN

(Crushing) (Hammer Mill) (Ball Mill) (Standard Sieve
and Sieve Shaker)

UM 3.20 TunauNITUALALARYUIAE WY
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3.6.2 MawsEaaN A UELLAZsTUUNITES 1B ATUIALEN
dmfvyannansdnsuazuennsduiiu dauanslugud 3.21 Ussneusmeonedul
apgusuazgaaseneseINAvLInLEn TudiuveInisveasiiiesn 2 @i lawn nswsey
anmduiiu uagsruunisaisiaseImAvadnvowssutdmivduaruenusdiuiiu

T mualidtunaukaznswseninghvaenndesiuaiuidevendn daa [36]

JUN 3.21 YANARDIRNLAZUENHIATUTY

(1) MIwSgranImaIuiiy - 13UINeUNIEUALEanANUTUlAEAIUAY

aaumniluwoui 70°C Wuian 1 9alus JUT 3.22 uansdunoun1sinsguan ne Uiy ag

9 U

'
a

Buanthastuiiu 1 kg wauduiilasauauarududuresiomaumsinty 509% Solids wa
sfuludsuduanin (Conditioning  Tank) nauwaslusdufiuuaztihagniaditu Toe
upuAiwestuiiail 620 rpm Tauszana 1wt wmnduduisiufisedadu
asLAaBURILTUSHNM 8 kg/tons of coal asluluveswan naulmdiudnuseuna 2 udi

(2) MawssusTULa et mAadn huhadunediniaosus Tned
Uinmstilunedut 22.5 litre Wiogeaingiunadind 60 cm antudaszuuateasennia
vadn Inensmuaudammsivatenit, sasnislnavesernia uazauduiideniudu
panioulunisnaaesfisinun udsnduiduidiffuaudaduaisiedounesuiunw
0.15 ke/tons of coal aslupeduiifidneserniAvuiadn gﬂﬁ 3.23 uARIENYALIBILIY

ADALUNDULALUULIUATZUVAS 1IN 991N AV UIALAN
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(n) BagWit 1 kg () NIUARNLARIAIUNEY (R) VOIHAUNTOU

AnsunnSany

5UN 3.22 duneumsinseuan na iy

(n) NeWUATEUU @) Sududaszuu (@) Wesonidlvain (@) USunauneeenne

a¥1anlasenie asavlasenie PG RLH PRtV TR IR Y
a Y S IR a % <
5UN 3.23 dnvugvenhluredutniounwazyuzilnszuuainaaseiniAvuiaLin

3.6.3 TUABUNITAN AT LENKIELTY
dwdutuneuvoinsdraazuenusduiiu Tnesvasdoauaviiouledildlunis
npass faandlunsei 3.5 ludruvesunounisanauasenaae Uiy Iugﬂﬁ 3.24 (33970
thaassaufinunsUsuaniniuasaanidnlideunth Jouruviowuia 1 inch dafindaly

ATITUUSUNLAANDIDINIAVUIALENADETUNN Imas?wLmﬂwwﬂmqaaﬂsuawmmamxagsh

=

A1158AURILN 40 cm wWiawfiulanalvvenanUsne AUNeI9 N AYUIALEN AINTUNIUALN

LY Y]

Juiuneseniraesdugiaullidudiuresiaug (Concentrate) lnewaiiufignwesenia

Y
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1

MIUTUNIIEITYNYEANLAN1TAUSENaIUNLS TRoevis0Tus LieviIiNafiuuaiIuas

[
= 2

XY | a XY | al Y YA
Q%l@l‘ﬁ'ﬂLlﬁ'ﬂﬁzaqﬂmu ﬂﬂLLaﬂﬂug‘d‘m 3.25 u@ﬂ‘ﬂqﬂuvnLLTVlI'Viaau@E]ﬂ‘ﬂqﬂﬂaauuzﬂzﬂqqﬂ&ﬁﬂ

Tdnauy @ULsAUNTeNLS (Tailings) azusnlanivuzduimssuliiguiu diklsuaznig

A a

LLi'"LUa‘ULLﬁﬂémm%qummm 110°C dugUfl 3.26 uaAIENYAIEYBIILINAININNTENS
wazNIaULHE Indulaiiausfiinunseuuisluiesginidiulsgnauiiegluduii
(Proximate Analysis) #111105511489 ASTM Fauszneusie 381 (Ash), Fawled (Sulfur),
15588 (Volatile Matter), A13UsuAsil (Fixed Carbon) wagArAu¥eu (Gross Calorific

Value)

o a o Y cs' v i a
M1919N 3.5 5’]853L@EJ@7J@QW’JLLU3LL@8LQ@UVLSUV]EL%ELUﬂ']iV]Wﬁ@Qa'NLLagLLEJﬂNQﬂ'TU‘Viu

NUazLYAMILUT Wouluwazuun

[y A @

sUwuumiiudanesoimavuimdn - Jaguguvserivsieuuuany

a9

v a a s 3
- WINALLUUBLIALABDT

v v

- dauuuddaweigiudiniusiu

Usinasilunedud 22.5 litre

mmqmsiuﬁuu 35 cm Wag 50 cm
Sasnslnavesi 20 litre/min
MIINTIaTes81NA 0.1, 0.3, 0.5 wag 0.7 litre/min
T TR TSR 3,4, 5 uay 6 bar
YUINAIUTAU <212 pm

USunaiauiiu 1 kg
Usnashdmduuduann 2 litre
Usinauansindeuinns (Whituiwa) 30 g (8 kg/tons of coal)
Usinasensindeunes (thsfuau) 18 g (0.15 kg/tons of coal)
AnsLsaluindmsuUSuann 620 rpm
naildlumssSonan nious 3 min

nanillunnsansduiu 30, 60, 90, 120 waz 150 min
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(n) Budouvaanay () WogonAdIu  (A) Waspmanaunu  (9) WesenAanIunu
FUNIBIUAY NanuRAY Sulraiuy naauiulaIu

nelumedud nelumedud

5UM 3.24 TunauNTANUAZRENHIATUTY

(n) WILINADEIULNU () AnasdunuuILs (A) NS AN 1T
N2991n¢ Wiarra1uaniuy

JUN 3.25 Tumaumsiuiaus
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(n) FILINHIINAITAS (V) WILINAIINDULIAG

JUT 3.26 anwazaewhusildanmsduazuenuesuiumeraeINIATLINEN

'
a

sUN

Y

luATBUAINSUA1IMIAINUALDIANIANURY USENBUA8NISANYIaNYMENISan1eTy

Y

uiianasaniavuianan eeldlusunsusiuiamanaransyadlna ANSYS Ver.15.0

3.27 wanununmasuianssud miunuidenis@nuldneserniase sy

(Fluent) iiteldlunisiinsngsinginssunisivauagdadefinasenisiinnosenia i
L‘U%EJ‘ULﬁ‘UUﬂJUWWWE}QﬁLﬁW\]’mﬁDﬁWLﬁﬂWax‘ia’lmﬂg‘ULL‘U‘UGI'N‘] Wevdeulufivngausonis
Aneso1nIrvuInLEn Yenanndiinisanudnwaensivaiuveweslnanislunedul
aeuls Feflauunnnsanaedutivhly e nshnuduiunsinatsdmdunlaresnisiva
ioiulsvans nwlunsérasavusnreduiulag ety wwen@unisinunlagldlusunsy
AUIIINaAEnsYadlia ANSYS Ver.15.0 (Fluent) Wan1sa1801nLagIAIIERAIN
BUNIAKUY Particle Image Velocimetry (PIV) dmsuludiuvanisdisuasuentanuiu &
wiseandunisanuuiansenisuagduiiu soudunisiseuanmEuRUTINTISEUUNNS
a51anlaeenAIUIRLEN mﬂﬁ?ulfé’haj%umaumié’wLLazLL&Jﬂmmuﬁué’wwgqmmmmmLﬁﬂ
TaeAnwsuusvietladeiitinadenisusndadevusenaindiudiu léun sukuuvesiaiuie

[y 1

Wod0INA, AU, ANFIVBIUNUAY TITSTEEzIaTlTlunTAasLenRaa Uil

' (%
faaa (%

WalilanadnsNanan isluwivaauSunumnsinule sauan1sanusanidauaniueonain

q
[

AU U A0, Fawes wazansseue TuasReINuaINNSaNUSINMAISUBUASTILAZ AN

AnuFoulusuiiuliaule



AaNssuN 1 miﬁﬂmé’ﬂwmzmﬂwama‘Lué’hﬁ'}Lﬁm\IaqmmmmmLﬁﬂ

TagldlusiensuAuIumIamariansvaslua ANSYS Ver.15.0 (Fluent)

\

/

a d‘ U
NANTIUN 2 NITINVUIANDIBINA

\

/

A9N35U9 3 NSANEIANBULASIavIvadlalunaduy

TUSHATUANUI NI NAANERNSYD It VE

®
ANSYS Ver.15.0 (Fluent)

ﬂ"liﬂl’WEJ.ﬂ’]‘WLLﬁZ%Lﬂﬁ’]%ﬁﬂ’]W@Hﬂ?ﬂLL‘U‘U

®
Particle Image Velocimetry (PIV)

\

y

A9N35UN 4 NMA1NUAY

A

% NTAATUINNIDNITUANIURAY

NILATYURNINOTUAY
1% <
LAY I UUNITATNNBIBINAYUIALAN

=+ JUADUNITA AL LU NRIA LAY

y

A3UNaN15398

JUN 3.27 ununmasuianssunmsAnwldnesenmieaszauluaseu

ANNSUAYINAINUAEDIANIDUIAY
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unil 4

NaN1SAN®EN

Tuuniudaiomesnidu 4 daundn 18ud dniivisesuisnavesnsfinudnun
nmslnaneludinudaneseinavuindn (hdasuudidanes) Ineldlusunsunismuin
yswarmaniveslna  ANSYS Ver.15.0 (Fluent) diufiaesoSunsiieafiunavessun
vlpsornafldandindanesornanadnguuuuineg duilasesuisnanisdnwins
Inavesvadlvanigluneduil Wouiuarugsosusiuiy 35 cm wag 50 cm TnsiFouliion
wAnssuNstrasenitensidlusunsuduiamanamansvaslua  ANSYS  Ver.15.0
(Fluent) wagnsldnsaienImuasiiAsIennImeynIALUL Particle Image Velocimetry

(PIV) Lazd1uNFosutsnanIsAnEINIsaALazenkea LU Inegldnasaniavuiatéan

4.1 nsAnednuvznsivanieludaniiianasainidvuinan TaeldluswnsunisAuan
Manaransvaslna ANSYS Ver.15.0 (Fluent)
4.1.1 n13ns18AUSmazausunelufntianasaInIAYUIALEN
9INFUN 4.1 LaAINan1INIEe8AUST (Velocity) WIS X 699 way
a a = o o a < v a a & I ) ¥
N1sausnnsnatanglusnlanese N avuInan (Faawuudiinmas) tnan1unun i
nsnsinavesvadlauinaUnmadl (Velocity Inlet) iA1asid 15 litre/min waglyindu
Tunnnsdl dunelddrfdumiimadt  0)  vesiiiulanesoniavuiadn 3uinis
a < a ¥ 1 & % g a
Wasuwlasanusivesvediva lnsnvunaduiiuaugnaemad, D=6 mm A5
WAndudAunnIdlaisuiunsal D = 10 mm Wunau1a1nsmnsinisivaniiaimai vinliile
YUIALFUNIUAUG N1 L RUYY Fedanalyarnuisiidtanas deunduusiiuivesluasy

¥

4 a 1o 1 1 8 a a X 1 v o =
AABUTLUNE A WMUIABABA (d7) NUIAUSITNISIURBURUALRNTUDENINEYIURY FnsIv

o—

[

HdnwazaNutuduuin ImaLﬂuwammﬂmﬂwaquu%nmﬁﬁmsammmLﬁumu@uéﬂma
YIFIUAUINIUIUNTIRDADAYDITAA L TANDIDINELIALEN YAl ARAINNLTIURINTIvE
& a1 a ‘g ‘gu./ v ) 1 @ a A & a
LAz TITANTY vonanldunalaindunirerenmduusnunausiiaAuinige
asmlsﬁmmumLé’umu@uéﬂmmaﬂaﬂ fnasanusAnTunslufmidanasainia
YUIALAN NAIFD dipvuaduUruANgNa1AARAWEATY LAkl 3 mm, 4 mm kag 5 mm
denaliiminusivesvaslinaiirinanainiuaisu nasantuiiiovadlualrasonaindiwnus
AaAanlUdwm1eean (d) vaesnniianataInIevuInan dunaldinaiusisuiaianas lag

PN Y ¢ 2 Aa £ a1 v A A o a
WummaumuﬂuaﬂaN‘VIN’eJEm, d =6 mm ANULIIMNLAAVULATUDYNINUDLNYUNUNTEU



57

v
a =

d =10 mm uaﬂmﬂﬁé’awudwmﬂLé’umu@uﬁﬂmmaﬂam TnanaruSAATUUSIIN
Uinnseenvesvesina tnsfivunaiduiiuaudnanensn, dr = 3 mm ANMUSITLART LT
1 ﬁ' =1 [y} = d" @ a1 o
Agegailaieuiunstl dr = 4 mm Wag dr = 5 mm B9ANUTILAIAAIALENTY

dIUsUN 4.2 LEAINANIINTEAIBANIM (Pressure)  WdIUnUe X 6199 wag
NsaUs a1 neludifiianeasenavuInan (haawuudidames) Taativuali
AUAUUSIAUUINNI9NVBIRI AN UAINUAUUSTENNIA (Pressure  Outlet) %58

U =l 1 1 . 1 . = 1 d‘ o 1 v
ANNAUNANANMIAY 0 Pa wazwhiuluynnsdl A1ngunudniduwndvady (0) ves
£ o a [ a' a d' [ a di{ dl‘ v A I
N IANI1NAYUIALEN LSUTNNSUASULUAIUDIAIUAULAATY TIANUAUTATUUIN
lnevuaduRIuaudnaanIadl, D = 6 mm anusuniiadungludiinidaneseinie
@ a1 v 1 = = [y a dycu | v 1 1

yunaandatesnitileiguiunsdl D = 10 mm usnIndFmuiivuadusuaugnag
AaABA (dy) InaranuAuUsIMIAi1vevetlya nandfe vundurHIuANdNaIInenen,
dr = 3 mm anuduAiadulaunfigaieweuiunsdl dr = 4 mm wag dr = 5 mm
AuEAU siedilavetlualsuiadeundigiuninanan nudninnisiuasuwlanudy
ag19vuTule Fansmddnwuranutuduau nodunauiannnisivaniuusiuiinisan
IALEURIUALENANR LIRS IreRoaveianLianese N AYLIALEN T9T
AUADAARBINUNATDINITNTEEANULST Ao Wiaadusivesnisiuanielusidiiie
NOIDINFVUNALENLNNTY AINALAARAIUSUARRIaINS aALsulATuaY 91nNTuLilavad
Ivawpdauiioanansiwnirsranludmisesn (d) vassnndanasainavuindn dunale
1 [y a Al < a ‘g a v 1 & a
Pauiususianduuiniiudy Tuvasivunadurdiuaudnanaenen, d; = 3 mm 3013
WATUWUAIAMUAUUSIUNIEDNINNANUAURAAULALLSUTA LU INAANUAUUTTENNA LD
vasluatndsunlndtuiinnisesnvasdiindanasaimavuisanlaginii Weeuiunsal
dr = 4 mm Wag dr = 5 mm suaIeu

nanlagsilaivuaduiiuaudnarsaensn  (dy)  dxasenisideuudas
AU vazausunsludIfudanesa N AuUIaLEn (Fhaanuudidanes) Ao YuiaLEy

a 1 Y

H1ugudnatsnenandlintey danavinlanuiiidanun Tuvuziderfuaiusuiiindu

fAAnauLINTgn AUUTINAINE1ITIEINITAAADINIAIINANEUBNLUINNE A 1LTn

WosenAwInanlAGgn



Velocity (m/s)

Pressure (MPa)

d
I i

d

T

W
o
T

N
o
T
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—O— (a) D= 10 mm, d= 6 mm, d;= 3 mm
—=&— (b) D= 10 mm, d= 6 mm, d;= 4 mm
—0O— (c) D= 10 mm, d= 6 mm, d;= 5 mm
—&— (d) D= 10 mm, d= 10 mm, d;= 3 mm
—A&— (e) D= 10 mm, d= 10 mm, d,= 4 mm
—@— (f) D= 10 mm, d= 10 mm, d;= 5 mm
—O— () D= 6 mm, d= 6 mm, d,= 3 mm
—=4A— (h) D= 6 mm, d= 6 mm, d.= 4 mm

—0— () D= 6 mm, d= 6 mm, d;= 5 mm
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0 0.01 0.02 0.03

X-Axis (m)

0.06

—O— (a) D= 10 mm, d= 6 mm, d;= 3 mm
—=4A— (b) D= 10 mm, d= 6 mm, d;= 4 mm
—0O— (c) D= 10 mm, d= 6 mm, d,= 5 mm
—&— (d) D= 10 mm, d= 10 mm, d,= 3 mm
—&— (e) D= 10 mm, d= 10 mm, d,= 4 mm
—@— (f) D= 10 mm, d= 10 mm, d;= 5 mm
—O— (8) D= 6 mm, d= 6 mm, d,= 3 mm
—=4A— (h) D= 6 mm, d= 6 mm, d.= 4 mm

—0— () D= 6 mm, d= 6 mm, d;= 5 mm

JUN 4.2 N15n58318ANUAUTRIWING X A1aq nelusiiidaneseinavuinign
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4.1.2 Wavawnasualnudulruneludrnfianasanidvuinan
1NJUN 4.3 uanen1InseateveanasulIatauiudiy (Turbulence Kinetic
o o a < v a a & & ~a v
Energy) aglusnndaneseiniduuiaian (haauuudidawmes) taglunstnvuiaiduniu
AUGNAIMINGY, D = 10 mm waguuadurIugudnamigeen, d = 6 mm (U7 4.3(),
JUN 4.3(b) waggun 4.3(c) wuimdsnusadauduliuisdundainiivesivainioud
N1UADADAYNI BN BUSIIUNDUNIDNAINEINNTANDIDINFVUIALAN UDNINTFUNNALA1N
% 1 6 = 1 a o '3 y 1 Qll a 49{

YWIALFURIUALEINA1DIRBABA (dp) InasauSuiuveandinuladanududiuiiiadu
nafe Wevwaduruaudnasvasnerendnas Inavilivesnaniouiniennus ey
ANULSAITLINLTY FatuUSAINDUNINeRNANFIALTaNaI N ATLIAANTWARANLTUUIU
Yosveslnaty lngfivwiniduiiuaudnanensn, d; = 3 mm (JUN 4.3(2) a1nsaiin
nauaataududiuiniign Welsudunsdl d; = 4 mm wag dr = 5 mm ALEIRY
(5UN 4.3(b) ung3ui 4.3(c))

drlunsaiivnaduriuaudnaamadl, D = 10 mm  UaguuInaEuRIY
AUENA1NeEN, d = 10 mm (FUT 4.3(d), JUN 4.3(e) war3uil 4.3(f) nudninndanuaal
AMUTUUIUUT N UNIIDDNAINFEINWLANDID NI ATUIALAN LY ULABINY WANSIIIUIAL
ANUUUUIUNARTUIAIINANI LB UAUNTE D = 10 mm bag d = 6 mm LUBIANNIUIA
WuruAugnatmeenivuniny dwalimdinuaataudulivaiuisansgatveenly
souvshunglurasdiiudanaseinaundnlauinnit uanantdidunalenvunaLdy
| & =1 ) Y a [ '3 y 1 I a [y I <
HIuAudnanvesnenen (dy) naviliiandanuaatauduliugudediy sglsinny

uaLduuAUdnaNAenen, dy = 3 mm (U7 4.3(d) awnsaifandenuaatanuiul

'
P

wnian Weeuiunsdl dr = 4 mm Uag d; = 5 mm Muawu (FUN 4.3(e) wargudn
4.3(f))

1%

dmiumsnsznendanuaatanududin nsdinvuadusugugnatmiad,

D = 6 mm Uarvuindurugudnatmieeen, d = 6 mm (U 4.3(g), JUN 4.3(h) uazgun
4.3(31) nuiranwurnsiianasIusatautudiuusiiunounitseanaindiniiie
WesanAvuadninuAdteadeiungdl D = 10 mm wag d = 6 mm wenAINLVUIALEY
1 Cs o = 1 a o L3 y 1 d' a dy Ql'
H1uAugna1sveInenen (dy) Snsdinadeuuiuveamasnuaaianutudiunindu lngi
PNAEUHUAUINA1ABABA, dr = 3 mm (FUT 4.3(g)) ansnsaiiandsnuaatanuiudiu
WINAge Weaeuiunsdl dr = 4 mm uag dr = 5 mm Mudeu (5UN 4.3(h) wazguan

4.3(i))
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nalagnnsuladnvuiaiduinugudnatmigesn (@)  dxadenisnszany
WHIUAUAMNTUUIUY LTB9INUSIAINN99DNYIRIN L EANDIDINAVUIALEN A1UITALAN
s awuuulrundannvealnatndauNiIuAeAen TilavuIANUNNEIFANI9eaniA
LA deralviiinnisnszanendanuunnduduiy wenanndvuinduiiugudnanenen
(d7) SnasipUsuaunsiiandanuaatauduldiy fe Wevunadurugudnalnananila
Pouad adnabingsuIauaNuduTuilAuInTy f9uau1soasueiiudulaI1 USiun
a o 6 y 1 LY o a a0 1 ¥ ¥ [}
wnnasaauanutuliungludinuiianeseinid Jarugiglieiniaaiuisadnlunaunu

veslualandu wonanfdlelvesemaruialvaiiansuanaarsilunesuindnla

4.1.3 wavasanududaunglusniianasenidvuinn

N3V 4.4 uanmaveInNALLEeY (Shear Stress) Aelushinianaserne
YuIaN (dauuudiiames) ImaiuﬂiajﬁsuumLé’umu@uéﬂmqmaﬁw, D = 10 mm Wag
YuALdURIUAUINa1IIseen, d = 6 mm (JUT 4.4(a), JUT 4.4(0) wazgUT 4.4(0) unalél
FRneududeuvesvedlausnadantwerensn dadunamnanmsluaiitiiuudnad
finsanuuadurugudnanveswimadiundreasnvesiniianeseiniFuuInian
fnaviildiinauiswesnisinawazanuaiidiiniu Siaenndosfiunareinisnsyans
anuamelusiiudanoserniAuunadn uenanidmuiiUSinaauduEeuiiingy
\Hunasnannvuindusitugudnatsvesaenen (dy) Insflvuiadurtugudnatsnonen,
dr = 3 mm (3Ul 4.4() aansaifseududeuunuilndiuniesnenanunniign
iesnunaminanniaiusvesnisivaninnituivadug luvasiideovuaduni
Audnansnaroniinty Tdun d; = 4 mm uag dr = 5 mm (U7 4.4(b) wag3udl 4.4() Twa
¥lvanuduidouditiniy flusinaanamiudisu Fafunaminainmiuivesnisived
Tnanupeneatosnitlunsdifl dr = 3 mm

dauiuﬂﬁaiﬁsuumLé’umuquéﬂmﬂmu%, D = 10 mm LALIUINLAUNIY
gudnansnisenn, d = 10 mm (U 4.4(d), U 4.4(e) uazsud 4.4(0) nudnimeudy
douusansinadanifinensnduifiontu uenainidunaldinfaiududouiniy
N3¥80gIaUUTIIANNINeaNvaIdIndarase nAuIaEn agelsinuvuinduriy
AudNa1IvBIARADA (d7) fnavildmnududeuiifnt uilduwandsiu nanie suinduy
uguinatsnenen, d; = 3 mm (§UAl 4.4(d) shlkaraniivewedlvaiileindeudiinu

ADABANAILINTU ASNALAUSAINANUNTIUDIADABATIAINULAULIDUYDITUYDI LAALNLLNN
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P luvedlflorunaduiiuaudnansaenoaiiivdu 16ud dr = 4 mm wag dr = 5 mm (U

7l a.4(e) uargui 4.a(n) Tnavinlieududeuiiintu fusinaenasmudsy
dmiunsalvesuinlduriuaudnaemadl, D = 6 mm uazyuIaLEuNIY

fudnatsnisenn, d = 6 mm (JUT 4.4(9), JUR 4.4(h) wazgui 4.4() FunaldiAnanu

= U

wuideuuiumsivadantisnenannelusmiildanasoinimvuadn Fedidnvasieatiu
~a a1 oA A Y N o ] =gy
N3N D = 10 mm wae d = 6 mm wadlA1desnInileiiguiunsilang1s uanINUEs
A v da £ v ¢ -
wuhUSinauanunu@euiiiniy lWunaunanaunadurugudnaavesnenen (dy) lagi
PNAFURNLAUINANABABA, dr = 3 mm (FUA 4.4(g)) ansnsaiinanaAudeuusnunlng
fluniaresnananuIniign lesainusnudinanianusivesnistvauinniiuinndug
Tuvugilovunaduruaugnaneneaiiudy laun d; = 4 mm uwag d; = 5 mm (JU7
a.4(h) war3UN 4.40) Tuavilimnududeuiiiniu Tusunuanawmiuaiiu Fadunan
AMnANUSaINsanlrakurerentaanItunsilf dr = 3 mm
nalagamsulaivuaduriuagudnalsnenen (d,)  dxaseusunnaIy
wudeuniintuniglusmiudanasoniavuindn lnsnzusnailndtuaiiverenen
Fausianaenan dnavilinnusivesvedlvatiglunisdndeuroseiniauuinivg ignae
dhandsffdaneseinrruindnliuangeseendureseiniauuiaidin tnevuaiduniu
Audnatsmaneniidnas aelianududsuiiianigludiindaneseniafininiu 3

aunsafngeenasomavunluglrtaunanlanay

173 < v o A [3
4.1.4 wavaudunieaansameludaiiiianaseiniavuiaian
N3UT 4.5 wanudunieninusa (Streamline)  wesvadlna aneludiiie

Wo991n1AYUIALAN (FaauwuUdLdaLnes) Tnglunsalnvuiaduruaugnatmisd,

'
a

D = 10 mm UaguIndURIUANENa1anIeeen, d = 6 mm (gﬂﬁ 4.5(a), 3UN 4.5(b) wazgy
7l 4.5(0) Aunaldindlevesdlvaindeuiiinuuinunenen Fsiinsanvuiaidusinugudnans
YosunismadndinenenvesiaiudaneseiniArundn duaviliinaausswenis
Inauazarusidianiiniy vennnifuinadeufunentessiiiianesenisvuindn
wuIngAnssuvesnisivaldnvaziiunisluanuunyuiu (Recirculation) At uuay
annsafsvedlvatiegsou Wawautunszuanisivandn Tneamnglunsdifivuimduriiy
gudnansnenen, d; = 3 mm (U7 4.5(2) naFnssumslvauuunyuuanndign e

dieuitunsal dr = 4 mm uaz dy = 5 mm auARU (3UT 4.5(0) uazguT 4.5(c)
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dulunsdiivumduigudnarmadl, 0 = 10 mm  uazvwAduRY
gudnansmisenn, d = 10 mm (UM 4.5(d), JUT 4.5(e) uazgudl 4.5(1) wuindums
anusIveetlauinieuiiinveenvesiilianeseiniavuiaan ddnuaenisiva
Wuwvumyuuufentu wifusnadaniufledisufunsd 0 = 10 mm  uay
d = 6 mm esrnuuaduriiuguinarsmsesnivualug vlviarnsveswedlvagstu
ndnindeuiniuuinaneren Mntuvesiatiogsouy iantsvsuauwazivadilna
funseualvandnlduusanitlunsd D = 10 mm war d = 6 mm uenIINTVLIALEUHTY
gqudnaninenen, dr = 3 mm (Uil 4.5(d) uandiifuiadumemuisivesesluadil
Sz dunisinauuumpuauietuinnilae Weiteuiunsd dr = 4 mm ua dr = 5 mm
Uy (U7 4.5(e) wazguit 4.5(N)

dmiunsalvesuuinlduriuaudnaemadl, D = 6 mm uazruIaLEuNIY

o

ANINANINI908N, d = 6 mm (gﬂﬁ 4.5(g), gﬂ‘ﬁ 4.5(h) waz Ui 4.5(1) dwnalainusianau

Y

&

)

v o

fanseenvesmituiavetoniavuindn wuimgAnssuvesnisinall Snwazilunisiva
WuumyuI (Recirculation) LAnTuLarasnsafsativafiogsous iWmnauiunssuants

Tnandn FaUanwULReINUNSAN D = 10 mm wag d = 6 mm wadlAtesninilawieuiu

[
=

nsdifanany uennimuivuiavesnislvanuumuiuiiietu Wunasnanwuiadu
ugudnanavesnenen (dy) Insflvunadusinugudnatsaenen, d; = 3 mm (3Ufl 4.5(g)
ansaianginssumsinauvuvyuiuiidsnniiagn Wewlsudunsdl dy = ¢ mm uay
dr = 5 mm AUy (SUT 4.5(h) wagguil 4.5()
nanlaeamslaivuaduuaugnannenen (d;) lxadengAnssunisiva
wuunguuiiintuntslugaiidanesenavuindnlasenzuiinunouniesn i
ndniivedinaindoufiiiunenen ilviauswesesviagatu nduresivadiogsous
Wanisuywiukazinaiilunaudunseualnandnlagunse dwaliian159ae1n1ain

nMeusnuNgsnudanasanIavuIadnlauInTu



Turbulence Kinetic Energy (J/kg)
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Y-axis (mm)
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o
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(i) D=6 mm, d=6 mm, d_.=5 mm
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30 34 38 a2 a6 50
X-axis (mm)

;nJ‘T/'i 4.3 w&uaatautulau (Turbulence Kinetic Energy)

Usafinansaun



Velocity u. Gradient Y (x10°)
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Y-axis (mm)
o

S+ """ —
30 34 38 42 46 50
X-axis (mm)

sU 4.4 anuduidou (Shear Stress)
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Velocity Streamline (m/s)

Y-axis (mm) Y-axis (mm) Y-axis (mm) Y-axis (mm) Y-axis (mm) Y-axis (mm) Y-axis (mm) Y-axis (mm)

Y-axis (mm)
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10 20 30 40 L)X

(a) D=10 mm, d=6 mm, d,=3 mm

USRI

(h) D=6 mm, d=6 mm, d_.=4 mm

30 34 38 42 46 50
X-axis (mm)

JUT 4.5 1dun1snnusa (Streamline)
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4.2 M3invuanaseInie
4.2.1 nMsAnwdnuazvesassmeAiildandaiidianasgunuusiieg
mivmaaaLU%EJULﬁaué’ﬂwmmaw\laammﬂﬁléfmnéﬁﬁﬂLﬁmfxlaqgmwwmq
liun Jaguiunieninsiewuuaiu Mdauuudiianes waziidauuudiiamesaiu
Saaudu Taedwualignsnisinavesiuazenniaiidunnnsd fie 20 litre/min uaz
0.1 litre/min guandu daunsanislimdauuudidamesidiudennudu lainualiau
suneludadidini 3 bar
Nanansmaasdluguil 4.6 uansdnvuznisAaneseiniAnndiLinmes
JULUUANY wudaunsaasanesenaliivuedntd wadlaanuwandrsiulusivesun
wazUIunamedeinia Tnenisdaenniaruianwgundeimse (UM 4.6(n) dnuazves

I a

WosonAnladvuinlvguazasediviaindeunagusnalndiuiiiidaresainiayinnuy
Ingesenialiansalvaiuvsearanegludndunaiuuld eswinnesenieuialg
=4 v 1 I3 = = A = a Y = v
T8N IMNBIDINIAYUINLEN AD ANUMTEINSaANULEDYSYRINBlUse Fauanladne
ndmesoinewnin dauiwiliesenmaliansaasdegluiila

1 [ @ ::4' a v a a a 4 ::4'

drudnuavamlaioniAruIaaniiinanidauuudlanes (UN 4.6(v) 210
ns@Enwnistuanindulusiudanesenievuisanlasldlusinsunisinasanisiva Tu
WTe7 4.1 yirlvnsiuindlevesinansstnlvanuusiiunsnanveaindanuudiianes
dgaalinisliausnainaniianuiiguazanudud Jailieinieanaiguengngadi

o & a o & y | | v a v o
1nelumdn wananninisiandsnuaauauduliu relrenniandiunngluman
anunsanaunuileundu Tuvasmednudaunlvaniuasnan vinlmAnAuLAULBUUS I
Indfiuniavesronen dwalingfnssunisivaresinfivwdeudisieninusigs Yaelunisdn
gauvpsorniavunlugflvanuidiunlusdelidauindnas Fsdanalainvesernieai
AnTudvuindnninnesornafitina1nn1seneInIANIuTannIunIeRInsIe yenani
WoseniAenadiausansegluilauiusasiinnisazandsuunesenialauinnii
\HesanaaaudRvearloserniauunaiin e fe ussasedam ibiaunsaaesagluul
Taunu
lel Y a & € 1 o v} 1y Ql' 4:! % [

wenaNUNsEMIEawuuBidawmasaiudinuiu (FUN 4.6() Feo1dandnnis
AneINIAIINATEUENHIUIdaLUUBdAWesItIgnludtAuiY  dinaliuSuiaues
WesonIFWIAENtusEUUNINNTY Neiiaderesnisifinturesuiinamesoniauegiu
ANMuUAUYeINNeTudwRANsUY A WatiuAusulriuilnglde N AwazIloAINUUY

saluszuuiiindu dwalidinisazarsvesenialudniiintuniungesing Jaiadu
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Wodon1AvUIALaNLardINaliduSu Yoo N AT ANTY Funalaindnuusued

NoI01NEMAAT LI VUIALE N ULR I TUNTIEEaLuUBLAAma s I 1uAe) Tuvmenig

Tan9Auaua N5y tanee1NALUSUIaANTY TInuunnneluAea Nl nwuL Y

q

Aaeiuneatui drugui 4.7 uansdnyurvesatanNAUSIAUININIBaNYRIIRATe
fuaedul Fedunalainnesainimainnisldiidadiinmesgiudeniuiu a1uisad
WesemavundnuaziivSInangadliadisuiuindanesoinasUeuuaue
dmsumsilSeuiigurninveaeseiniAanmAnilagukuuaiee lag3sndni
Fepauutndaissinudiategurles anuwinluamuiudislusunsunsuinmes
MATLAB &enanisAnuiauandbiiuiivuiaduiiugudnaluadeveanessainiailaainnis
Y ! Y = ' Py o o 13
gne1niaNuTannu duwiaussana 385 pm diunesemantaaniidaiuudidnnes

wazn1sldidaunuudiinmasdiudniudu vuinveslasegluyag 82-85 um win1sld

famnuAuansaiiuUSaamlasananeglut liunniu dandduun 4.8

td o3 t

v v P v

Judn ¥1een g 11980 Y91 W1aan
(n) Tanniunse () Wdanuudlinnes (A) FadanuuBianmase
FINTIYLUUINY AUNIAIIUAY

5UN 4.6 dnwaizn1siiane@INIAINAIALTanegURUUIa9
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@

(n) TannIunse () Wdauuudidamnes (A) Wadauuudiinnase

q

v v

FINTIYLUUINY AUDIAITUAU

UM 4.7 Snvaizvaaaseiniausiiulinniseen

‘ 'OO' p?o
& B \ » o
! SR o
- © e QeI

o

100 pm

(n) Jannguvse () WRaLuUBLIANDS (A) WdauuuBiirmese
WINTYUUUY AUNIAUAY

JUN 4.8 amieneeseInIFINNdeanssAtLuUAIneadmsuinvuanes

¢ 1 LY

4.2.2 Jaseniinasadnuuznasainianldainii2auuudidanasanudanlus

u

lunisnaasadIsuiisuruareanlanndifulianesguuuusingg wuiinsly

[

o A a s 1 Y Y 1% o < N A
wmaauwuuslameiaiuiianudu aunsaaitaesemanivuiadnuasiviununiig
niiduvesnadldfnan deiudvinisneassliuldsudinnuduuardnsinisinaves
A ' = A A |a = o
g1nAnkeuludiee tienvuianesenaAlidniaziivSinauanzauign Ingifinue

AYUAUYBIUNIUEIDAANUAY (P,) WiNAU 3, 4, 5 way 6 bar @1UsnsINSuaveIeIna (Q,)
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fmualifaiifu 0.1, 0.3, 0.5 wag 0.7 litre/min uanaindimnuadnsmslvavesiilid
AAsiITl 20 litre/min whiumnnsdl

nsldmdndiiamasdmsugaeiniagiudiniiudu vinlierniaainateuen
ansnsaiiluazangluthdsmaliAsosemanuadn 23Ul 4.9 wudideuuarusily
filigatu dwalsimaseniefldiouindnas Tasanusu 6 bar vilvirlasennasivunidn
fandleifisuiuanusudug lusasiersumaiusnnnsivaveseinia Gaeliesernia

Tuszuuiiusunaniudu walkidnasanisanuunanadanie
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Y9491NARILA 0.1-0.7 litre/min  Anavilvnesorniaiiladauinlungluniunisiinduyes
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Average Bubble Size (um)
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Water Pressure (bar)

JUT 4.10 nyanuduiusseninanuduivsuaneseinalagiade

—e— P, 3bar

| %\ —wv— P, 4bar

~ —a— P, 5bar

P, 6 bar

B ___}_ ________ { — -k — Ejector Nozzle
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Air Flow Rate (litre/min)

4.11 NMNANUFURNUSTLNIN9ENTINNS IMaresanIAfuILInNeI1INAlaeLRAY
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4.3 msAnwidnsuznsinavesvasivauazresemavuiadniifindulunedu

lunsAnwidnwaznisinavesvedluanislupeduil lneususvezaiugaves
wiutuiiRndsnanseodinl delfAnmslvaiuresodlva Tasfseduaugedl 35 cm way
50 cm Mnduisuifisudnsarnisiadouiivesteslvassnitmasinnissiassnsinade
TsunsuAunanamansvadlva ANSYS Ver.15.0 (Fluent) WazAMENgaINNITVAGDS
lagldnisaneninuariiasenameynIALUY Particle Image Velocimetry (PIV)

9N3UT 4.12 wansawmaiias contour ANuEIvesesinailadouiiiigaodu
mﬂgﬂﬁ 4.12(n) Wunaarnnisiraesdnvuznistnanis lUsLNTUAILINN WA AIERS
voslna ANSYS Ver.15.0 (Fluent) dauguit 4.12(v) ilunanisnaasdaglinsdieninuay
AATIANINBYNIALUY Particle Image  Velocimetry (PIV) Tunis@nwanwaenisualy
podutl Tnefusiufumiugs 35 cm Aamsenansaeduiifioundstesnisiva Buanuasla
lyawdn (nlet) mesnudreuasivasen (Outlet) neduvIveIReaul laemmunlisns)
nslnavesveslnausnamadiedi 3 lire/min angudunaldinusnudvednaluaiii
aodutiruiwesnseuansivadinannuaziinsisvesivaiiegseu Tdrumanlunszua

Tvandn druusnunsivalnnilinaduiinsaTannuiy wuItAuSItAtsgNINUaNAINT

=

Fuvuiinmslvainnduresihanduielnauludidiue weivedlvavisduiindeu
Jusuuuanneulvainndu dmsuuinamsesnveseedu fihundlnasenannaeding
(undudyaasianesenAvuiaian) waziivivdulnaiunduludinudrevesneduy
8nAss wandlsiuimstusiutudielfvesafansivaiuiduniy

druguil 4.13 uananawesuay contour ANuEIvesesinailadouiingaedu
TnsUsuanugvesuiutundu 50 cm  uasU3suifisudnuaenisinavesvaslnadie
TUsunsufwmmanamansvasina ANSYS Ver.15.0 (Fluent) (5Uf1 4.13(n) wagn1svnaed

Y

lngldnisateninuagiasienaineynIALuy Particle Image  Velocimetry (PIV) (JU
4.13(v)) NWaMIANYIMUIINTRALEIeIIUY dewalnvedlvalinsinfeuiligey

a v = 1 :.’I & 1 d‘d U [l v 1 ‘:‘I
Usnusuuumilowsunuvsedianinisivawuuinndu lngvedlvaaiunsoeglduiuluge
ASINUNINT1ABUNISIaIUNa UL USIA1UIINVRIRBALY d1uSuusiuNveelunalualdn
AoAuUALTITRINTTLANITIMaliALIn wasdinishvedlnafiagseus Tadumauly
NszualManaNguFe T UNTAANNFLHUAY 35 cm WeNIINUNUTINITAALKUAY 50 cm
frelvvaslnalnaldmNeeeauluINAILENUAY 35 cm  Lie991nNve9laaIu1IsaLAAB U

Tugesnisivatlafeiumadnlageniineunsiunduandnilarasyeanisiva
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Velocity (mm/s)
2.0

1.8
: 1.6
1.4
1.2
. 1.0

0.8

| 0.6
0.4

0.2

Inlet Outlet Inlet Outlet

(n) CFD Simulation (@) N1sNAas PIV

JUN 4.12 Wisuilsudnuaznisivaiuveswastivalunedul lngninugavesununuy 35 cm

Velocity (mm/s)
2.0

. 1.8
: 1.6
. 1.4

1.2
. 1.0

0.8

0.6
0.4

0.2

0

Inlet Outlet Inlet Outlet

(n) CFD Simulation (@) N1sNAas PIV

JUN 4.13 Wisuiiguanwagnsivauvevesiralunedul Ingainuaawewsuiy 50 cm
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4.4 MIANYINITANUALUENIUYNIANIE LAY
4.4.1 N15A8UAIBEINATUAY

TunszuaunsTouauuiuaznSIRavUIANIRSg W wiseanidu 5 vua leun

75 um, 106 pm, 150 um wag 212 pum legdaunvinsavesaidudniuainvuingiveged
Fruuulumaungdniiogiuans uasiduasaniuninsesiu (Pan) thyanzunssnsgiu
fanamlunsuueienud ludunsumamnnisnszaigrunavesiuiundinnsunazden
Tnensdudaogsmuiiuium 200 ¢ ldlunzunssduvuan Buwduazsouldusiuii
foMuIYRIELATY nTzTemnasluiseguumzLnusazrun Wodsiwiinvawmadudiu
fifrseguunzinsaudarauiafasathlumuasmunaedsvosssduiiuld Meaziden

maququﬁuﬁﬁwagﬂumLmNLwiazsumm LAAIIUASI9T 4.1

A15199 4.1 N19NTTANYIUINVDIATURUNSININAITUAAZLDYA

YUINEIURAY (um) Uanaguiiuaie (%)
0-75 31.5

75 - 106 23.6

106 - 150 18.5

150 - 212 13.5

212 $ulu 12.9

379U 100.0

4.4.2 MsAnwdnwaznsassvassuiviiteulvanwiauansneiy
neaslssulfisudnvaurnisassvesauiu neddeulunisusuaniniausuay
UseLanweainildnaasaunndneiu swazidondauanslunisied 4.2 lumsvaaedldng
fufiurundnnit 212 um ilvasslutin3anns 200 ml antud3eudisudnuans
auinvBIt Ui TIusAnYINaYEINSUSUAN Y IE URLLAT TN AN SEUIUNNS

ANLAZLENNIUTAUsRD U
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AN5197 4.2 518azdenLaraulldUSsuisuNSanyveIa Uy

f9819 @nInRIATURY Uszinnvagiin

n Taiusuanin van

% USuanm (Fuhsiufioa) ¥an

f U$uanm (Baunhsiufioa) dhiidweseniavuiadn (Bushsiuan)

Wesnivesauiiuiinuandinlidendmselidveuun (Hydrophobic) ety

drudaldanunsaniudmiivdile 9ngun 4.14(n) mMmamauduilliiunisusuanmasluly

1%
o

Wnldvseunliiinesona wudamiuliawnsasiududituinld Junenquasyeguuy
a1

du3UN 4.14(0) wandliiiuinauiuiiiunsuivaniniadisansindeuliong

Wsuea) Weamasluiuaideliinese1niasuialan wuIa I uRALINaIRIUaId 1He99n

Tuihwandslifivesernmeavuiadn ililiaunsodienediauiuaestuinile uafing

' 1%
1 o w

guAuUAIUYINTuNauisaansls dadunauiannnisiedaviansniinsududiunay

AN suendusEnIniwazdidy auiiungniadeumetidudivaisaunsaasgaguy

21

=)

ANNSUAUAUNHIUNITUSUANINAEATAABURILS LBnastutniinasannia

& = a = Y A 1 a = X o
YUNALRNTINUENTARDUNDY (UUUFU) LWEJGU'JEJIWWENE]']ﬂ']ﬂmﬁ'l']ﬂl,ﬂua?lnﬂmu @QLLﬁﬂﬂiu

U7l 4.14(p) wudiesenniAwindnainsaduiumauiudaniousieiiundine siug

=3

3
Y
1% 1%
a o o [ a o
W

kA wenInlfidunaiiuduvestuiudmendaoseg i dnyazlinuiuinway
v ' < b & a
Funguillutuveailenuiu
v & % I a o & v oA 9 a oA o
AetiulunmnaaesisazienduiudndudeWinisusuanimuesioug Wevly
aeglutnfineseniavwimdnyiliinnisaauazihenkinuiu WesainneenAvuIe
dnanunsaduiunsauiivazideadeflinuaudiliveuinliaesugiaun drunafiunie
a A M oy = < ! v A Aa vy e
dudevuiilidesnisialasoimavuinidniidaisadunsenie il Jgnuenseniazay

Y

AIAUAY



(@) ausuiiunsUsuanmassluinndne e niswuInLEn

3UN 4.14 Wisuiileudnvaznisasevesauiuileulaanmiowansaniu

75
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4.4.3 M3ANYINAVRIRINLTAN@INMATULUUANY ABaN1TAIAZUENKIE U

Tun1snaass@neIn1sataazwenuan1uiu Iaslddiridanasainievuiadn

[ [y

3 wuu WA Tagnsunseiivseuuuanu Widawuudidawes wasiidauuudilaweseiu

H9ANUAU LNDANYINAYDINBIBINANLADNITABYVDINIAIUAY MAIINANDIDINANIEAU
g uAuLanediaosTugiag agnaiusldnisusuazsinleulannuauy mnduds

S o = = a Y A < o ° a ¢ ¢ P ! a
u’]‘V]‘UﬂL‘UﬁsJ'UWlEJ‘U‘UiiJ']iUGUENW'JLLiV]Lﬂ‘Ulﬂ LLa%u’ﬂfU'}Lﬂi']%%‘ﬁ']@\‘iﬂﬂi%ﬂ@‘U'VlL‘Via@Iuﬂqu‘Viu

solU Inamruadaulunisnaasssatandlunisien 4.3

A191991 4.3 Tgaziduaulazieaulunisnaassdtalazkenasauiy ngldmniianeseinie

YWIENTURUUAN
319a8AR LU Roulawazvun
susuufmfdaneseInAvwIaLEn - TAANIUVTETINTIEL UL
- hidauuudidawmes
- dauuuddaweigiudiniusiu
Usinasilunedud 22.5 litre
mmqmsiuﬁuu 35cm
Sasnslnavesi 20 litre/min
MIINTIaTes81NA 0.7 litre/min
T TR TSR 3 bar
YUINAIUTAU <212 pm
USunaiauiiu 1 kg
Usnashdmduuduann 2 litre
Usinauansindeuinns (Whituiiva) 30 g (8 kg/tons of coal)
Usinasensindeunes (thsfuau) 18 ¢ (0.15 kg/tons of coal)
AnsLsaluindmsuUSuann 620 rpm
naildlumssSonan nious 3 min

INFUN 4.15 UAAIINUAENITABYUBININ U AORUUTNRAUNUNUILUUIMIAUL
LAEN1990NVDIVBINa TAeN1IE18U09A0A NN UA ILNUINATITUAIALTANDI91N A

[ c{' [ [ ! a Yo = Y
YUIAAN INFUN 4.15(n) Wudnwarnsasgvesuiu laglddanniunsermsegiuuany
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Husrdnfianlasernia dunaldindvesormeanualngjassogifnihuinadnssiumumis
vasvanse uonnimesenmaszdunsduiufiasslflueguinmumarivesaedil
drunsléfidauuudiames lusud 4.15() wuiwlesenniemuadnainsadu
funsdhufiusarassiieuinufiniluaedul venandnislitdawuudiianesdiu
fannudy szdrsiuuiinuveaesainialiuiniu dwalinsdufiufiduiureseinia

AENaoeTugRat ALl daanslugui 4.15(r)

v v

(A) Wdauuudidnmesaiuiniudiu

5UN 4.15 dnwugnsasgvainiauiiy WeguuuuvasiiiiiavesainiAwansineiy
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91n3U7 4.16 uansnmduiusszIlegULuUYesiidnnlesennafuUI
susiAuld wuidhiidemesenmausazsukuuansaaii oo efisinuanangaly
nMsimgRnfunssuiuldunndeiu Ingnsdaemaiiuiagnuvievimae esernied
#dauelug) shlisssznaniiesanunsoeglutldroudn sosvienaserniaazunnaans

' a 1 a8 v | a A a £ a |a A ~ Y
Aoufagassdudiiyl dwaliusuiuneseniaiiinduivsunaldiisaineiasny gl
FanTuLaesTUgRIU FeTunausiiula Ussuu 83.7 ¢
| Y A a o I3 a I3 95 ~ 1 1% v a 1
drumsliiaawuudilawes lnsllannusiveaiivariudiunluiigdn gnise
AMULSIUSIIAUADADAYBIIEALAD YN lANNAUUS AR INEans1Ad NUUBINALYN
gainunnegluiidauazanuisivesindadeunaseiniauds sziibiviesonaunnaziden
[~ < < [y} 1 a < v 1
sandunesuiaién lngvlesomAvuindnausaniziunsauinuuaanlawasy 1enys
Tiaufuassugiailauinnitnisldimselunisadimes Ineusuausiiulaain
mMsimdauuudidawesiunisasiaes Suseanm 197.8 ¢
A ad o o a a & & v v @ o ° v ~
wenantillet@auuudidamesunldmugdiuieninuau agvilvneseinail
USunauiiuundu iesannidleanusuludaiady oniaignaadiunaidisaazaeluun
1AUNNTU FITUANUNUILUUVDINBIDINANI BUS UL INBID N FAlussUUg auTluINT U
a a [y 1 a v :9; Q’lj < aa
WidlaniannesanAaIu1sanIziuRea1uRulANINIL YanandneaaInIAvUIAENAL
AuautRnssagluiilauiy ssdielivsunavesiusvseauiunassiuuntuniini sty
MaAnLuuddamasiietadufen nsusuiuimusiaulaainnislddeanusuiuUsuu
WpsenAtAUTEIN 244.5 ¢
INANTNTN 4.4 LEAAINISNTLIYVUINVDIATUAUNAIDINNIUNTLUIUNITANAY
wenraguRiumeratoNauaanilaandailianesguuuudieg neiiusilalde
LATLUNTUIAMIEALLNTIAAVUIANINTTIU NUTINBIDINATIAAIINATINBINANILTAR
WIUWTOWIMTIBUUUY  ausadnduiursauuiduuimdnnd 150 upm lauszunu
Fovay 50 vesUSIIUAUAUNNA LW N AEGsdaunlveg vinlrAuaiunsaly
nsduiurssuRuAdvuadnlatesnitnsingduiunsauiunivunalve)
AUNDIDINIAVUIALAN N LA ANNITIRALUUDLEALNDS F101TOFNAUNIE T URAUNI]

YUIALANNI1 150 um tanndeseuay 89.6 vesUsuruatuiuiarun Jadunauiain

Wo191n1ANtvuIaLan vinlwlantanweseiniAaIuIsasuiuNIa I uRURTvUaLan 1A s

[ (%
= o

wenNTustasefivesneteINIAaLsang s uAuASvwaEniase Yugiiilaangn

Wi uiunsalveaeseINIANlAINN1TIREINANILIAANTUNTOTINTIEWUUITY
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Tuvaizfinisdnuazuenasgufiudiereserniauinidn fiad19a1niidauuy
Siimmedafudsanuiu Jsosenmaildfivunadnuaztiefinsiuiuvosmiaseniauug
dnluszuuldunnty awnsadfivlentadinesonniavuimdndnduiunsdruiulduiniu
Wit dunaldimseuiivdiulngSesay 93.1 veslSmasuiiuiome Svwadnnin

150 pm

1200

1000.0

1000 |

800 |-

600 |-

400 |-

Concentrate Weight (g)

244.5

197.
200 | 278

83.7
0 [ 1]
Raw Coal Porous Ejector Pressure
Stone Nozzle Tank

Microbubble Generator

JUN 4.16 anuduiusszninsguuuuresiiuianeserniafiuusunasius il

A9 4.4 NNSNSTINYIUIAVDINURUNAIDINHIUNTEUIUNITANMAE WY NI UAUAE

WOI9INIAVUINLAN

YUINEIURAY (um) USanuguiuaie (%)
TAANTUNTO by Wdauwuudiinmes
Wnsiewuuay Blanes ANUEIANUGY

0-75 12.2 51.4 56.8

75 - 106 17.5 20.4 21.1

106 - 150 20.3 17.8 15.2

150 - 212 21.6 9.1 5.6

212 ulyl 28.4 1.3 1.3

33U 100.0 100.0 100.0
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UL ludieszvnUIunaesAalseneuiiniesgluduiiu 3
Usenaumig 301 (Ash), @155esme (Volatile Matter) wazA15uauasn (Fixed Carbon) 910

nsnaaemull WesenAiinndInianesguuuunie awnsaimefunsauiuLag

(%
o = LY

wysliaeugioul esunglainmuiiugdiauaudiliveuiianunsainiziniuneseinia

¥
=

wazgnenlviaesdugiaun Turausiuaiunieduiovuluauiuninuaudivnniisesnly
vl minuINITLENMIBaNINA LAY Aty uiuaeevsoksliauusansuay
a X | v a I3 ' a a a X a
A¥01AUINT9TUY danalruSuiuesnusenaulunsauiuianuUasuwlasiniy Taed
USunauaien (Ash) visedsanysnilenanas Fedaunaladinisdneinieriuianniuvseringe
LUV @1U1508AUSLIUTLONINLAY 30.65 Wt.% db s 26.29 wt.% db a@unisiy
MAALUUBLAAMTa1UNsaanUSUUTENRN AU ST 24.36 Wt.% db uBNaIN
a’l’ Y v a a < & 1 o v [ ) v a dy % =]
dnisldiidauvudidamasaiudeniiudu vinliuIunadiinanaundedssuiu
25.22 wt.% db lagamsiuuaimiiidaneseiniena 3 sUkuy awnsaasielaseinie
yuaanfiduiumsauiulalunnnsdl uenaniideuendanysnuazaiunsaaniIun
X oy oAa | a v o = ) \ Y a Sy oAy o v | v
Agndegludruiuliguieriu dwmalilsiatiinlandinnisaianasainiouans

Usvanal 20.5% fauanslugudl 4.17

35

30 | 1
i
1
1

Ash (wt.%, dry basis)
o » ) G S &
T T T T T

Raw Coal Porous Ejector Pressure

Stone Nozzle Tank

Microbubble Generator

JUN 4.17 anuduiussenineguuuuresiiniavotonafiuusnndien (Ash)
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drudSinaanssame (Volatile Matten) JU7 4.18 wuiniidnanasuaglndidssdiu
Tunnnsdl Tnefineunisdrsanuiiu SUSinaanssemeegil 6439 wt% daf w&sInKIY
nsrUIUNIAANazLENHanuiiuseese AR NN TERRIM AR TaANTU T
PINTIRUVITULED USHaanaandie 56.47 wt.% daf drunisldmdauwuudidawmeslunis
a¥aesornaruInEn ansnanUiiuddiainida fe 64.39 wt.% daf ldndeuszana
55.14 wt.% daf si¥eusvanas 14.4% uenaniinsldvdauuudidamesgiudmud 91
TWUsumvesaseniarundnifinty dawalvuiuinarsssimeasasainifuinie
55.93 wt.% daf

dmdumsiasieimuIunansuaunsi (Fixed Carbon) Ul 4.19 wudidian
datulunnnsd uenanidunaléinuuunfuenasiluduiuiifistuiialndifesty
Tnglaseniadildainnsdnermeaiiuiagnsuvdevmsewuuaiy - amisodiayiuw
psUBLASTIINAL Ao 35.60 wtd daf intudu 43.52 wt.o% daf dhunslévdauuy
Sidamaslunsateosoiniavuinidn dliusinuafveuluduiuiidnfuduanis
Usvanal 26.0% 30 44.85 wt% daf uenaniimsléhdauuudidametetudieudu
ylsUSnmmsueuistuan 35.60 wt.% daf 10 44.06 wt.9% daf

o3unelaunmsliinusutaeaiusEnousie T 148 (Ash), @155z
(Volatile Matter) wagen3uaunail (Fixed Carbon) fleglumufiundsainsunisdnauazuen
Ferlasanmanndaridanesgluuufiuandietu nuinadiduaransssvedaianas
Turaugiinvounsiifiaiiuiu fiunesdusznoudandniineidsuulasilndifesdi

watiloUSsuiisuluwdvasUsunausS I amLs s eauRuNasYudRUN 1nSUN 4.16 NS

Y Y

v v

Td@auuudidawmesgiudrnudiu vilieseniafiladivunmdnuaziivsunaun demal

USunaiusildfiunniign sesaswndemdanuudidnnesias aangunsoimseuuuaiuy

fatuasunglaUSIN LI Naranwarausaun luTdUs s lewidlaRNan Apnisaldwasken

q

1
v v [y =

mnuumerlatenewadniinainnsldmdauuudilamesgiudmnuiu Jegaelid

USunausuiiuanniian wazdianunsoanuaiuuaziiumnisuaunsilaniian
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~ 14.4%
1
D 1
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2
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Raw Coal Porous Ejector Pressure
Stone Nozzle Tank

Microbubble Generator

3UN 4.18 Anuduiusseninsguiuuresianianeseinia

AuUsuneanssene (Volatile Matter)

50
=~ 26.0%

[ 1

& 40 !

c 1

%) 1

©

o

T 30 |

S

c 20 |

[o]

2

S

O

9 w0}

X

(i

0
Raw Coal Porous Ejector Pressure
Stone Nozzle Tank

Microbubble Generator

UM 4.19 anuduiusseninguiuuresiiiilaneseinia

AuUSunuANsUBUAI (Fixed Carbon)
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4.4.4 NFANYINAVIAMUAULATAINFIVIUAUN ABNTITENIUATHENHI LY

v v

A ! Yo a a g 5 1 Y] 1%
A1NNINaIN 4.4.3 ‘W‘U'J']ﬂ'W{LGUW'JQQLL‘UU@LQWL@]@?@J VONAIIUAU d@IH1T0AN

wazhenmiguinlviaestuginiiliunnian dwlulunisveasstiisinisusuanuduludam
Woulurnee efnwinavesnusuiinenisarsiazuena1uiu LHesa1nnsiuAuau
PrgvilinesonalivuisdnasiazausafinUsnave et nialuszuy  neivun

Waulun1svnnaadakandlumisnean 4.5

a a A o i a d' o ) o
M1319N 4.5 5']8@3L@EJ@LLagL\T@Ul%ﬂ']i%@ﬁ@ﬂa'mLLa%LLEJﬂNQfI']‘Ll'Viu LN@U?‘U?’]QWNWUIUQQLL&%

AINEIVDIUHUN

S19a2LUARILUS

woauluwazauin

sUkuudilianoseInIAuLInEn
Usinanilupodusd

mmqmsiuﬁuu

Fmsmslnavesi

95115 a8 N
audurosiluds

YUIADIURAY

USunaanuiiu
Usinanhdmdudsuann
USinaansiadouiiong Whsfudiea)
Usinaansiadeunlos (thsfuau)
A luRRd S uUSuan

LA IUNNSIASIUFNINRAILS

[y

WaanuuBiiamaigiuiinnuiu
22.5 litre

35 cm wag 50 cm

20 litre/min

0.7 litre/min

3,4, 58y 6 bar

<212 pm

1 ke

2 litre

30 g (8 kg/tons of coal)
18 ¢ (0.15 kg/tons of coal)
620 rpm

3 min
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(%
I [

HANITNAADIAUAZRENKIE LAY LafiMUAAIINEVDILNUNY 35 cm NUT
ylpsommvuadnszivluaseuiiaiianiauuudidanesuazldgiudenusiu ileui
Usinamlasennialussuuldunniy  uenannilunisvaassdafuasindeues (nsfuau)
iiolirlosennirvunndniianuwmideinasiiiuauadosiniunes arnduthduuiinu
nMsUSuanmeasaeuRaus (thifuies) Jeuaduihiifneseniavuadn fnunls
funisinysenteseswaNogdiniiszduRath 40 cm Taeundsntouvomanadluly
Aodud LAZAANSEUILNTE AT L nrEuRudsTlasonAvumEn danslddnuuiindnd

% 6

d1ufiuassegnireauilunnnsd WesainweseiniAvuiadnaunsaduiurIauiuLas

Y
1%

ngdlvaeetugRaild dauandusuil 4.20 mnduduiivduiioosvierusiuouiuay
Fahatn wuidlousumnusunelugeseliiviuain 3 89 6 bar vilduSinamesenne
gunLEniinnty Faiidruraelineduiivanusainizfunesornidld it uguioniu
FaundanrIuNSEUIUASA LAz L NRaE UL YlFUSnaduRufiassviorius
1NNTu fe 248.4 g, 259.2 g, 288.9 ¢ ua¥ 294.3 ¢ auddiu lnefiauduneludesawingu

6 bar aunsavihlvinaufiuassliunfandomeuiunnuiuadus duanslugui 4.21

(A) AIUAU 3 bar () ANUAY 4 bar

(M) AUAU 5 bar (9) ANAU 6 bar

5UN 4.20 Wiguliigudnunen15aeveeuiuinINAy 3-6 bar AUEALAUN 35 cm
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1200

1000 |-
800 |
600 |
400 |

0

Raw Coal

Concentrate Weight (g)

Pressure (bar)

JUN 4.21 anuduiusseninsanuduiudSinausiiuld lneanugawsiunu 35 cm

uenaniiIeuiisudnumemssssvesniuiiu Tnensuiuarugaueausiuiy
iHosmnnsmnaesldfndausiuiilinssnansneduy weliAnnisinaiuvewesdlva Tdud 1
warduiu Preriinlonaliviesormavunadnduivauiiulduiniy Im&ﬁum’mqwm
WWURRINRY 35 cm 1 50 cm

NAN1SNAADIA AL LENNINTUAY Imammqwamﬂuﬁu 50 cm mﬂgﬂﬁ 4.22
Funaldimesornavuiadnannsaduivnstiufiuwar nesliassduginldynnsd
Wuieiu andunseuiuiiassnseiuslUsunieasdaiimin Wisuiiisuusuna
auRuiilamdsiunssuiunsauazienneuiu lunsaideulvvesnisiinausuluds
Seligetuann 3 bar @16 bar wuindlenruduludufindy dwalivlesornmavuadng
Usunandfiuanndu ﬁ'ﬂﬁ?qummmJumLﬁﬂ%qaﬁiaﬂﬂa%’uﬁ’ummuﬁul@fqﬁwduﬁmﬁu R
MEIIINHIUNSEUIUNNTENAZ L NN UL WUTUSInuEuiufiasvdeiusinndy
fio 350.8 g, 378.1 g, 402.9 ¢ ua¥ 419.3 ¢ muadu Inefiaudunisluddnvintu 6 bar

anunsavilvimaauiuaselaunnfiandowisuivanuiuadus duansugui 4.23
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(A) ANUAU 3 bar () AUAY 4 bar

(A) AUAU 5 bar (4) AIUAY 6 bar

5UN 4.22 WIguligudnuaien15a8eveIuiuiAILAY 3-6 bar AYUgLAUM 50 cm
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o
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!‘-:J 400 |
o
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B I I

0
Raw Coal 3 q 5 6

Pressure (bar)

JUN 4.23 pnuduiusseninsmnuduiuuiinaiusiiuld lneanugawsiun 50 cm
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aSuiglagninsinlainadiugeveduiunuifalinsinatsaedutassus

[y

figauszasAiialiasornisuundnaiunsaniziniuraiuiu Hrewendsanusnviseuaiu

nlifaaniseanainaduiuld anntunesoniavuiadndiengnsauiuliassdugioui

Y

nanenduiusuieduiiuiiaey (Concentrate) druslesenmAmuaidnuazaufivuisdiuay
Ivaunduindnilsvestesnisivanielunedunl uaziinnszuiunsinauazuenuamuiudn
ns ogdlsfnuiivusfiooseguuiniusduargnnssatiuasasenmeanlilnainndy
annduas Sedwmaliusiléivinuanas fdunnnimaaeauisudiounslduiuiy
39 35 cm wag 50 cm wuiwTinashusildislerunssuaunsdnauazuenasauiiu el
ATgRIHLALIY 50 cm Wlesommadnainsduiunduiiuuasnedliaesiu
ghnhldfinin dodisutunsdimslfuuiufstanugs 35 cm dunanisiesesivia
ssAusznevluduiundsanmsing Tasthusildannsaassdauaswonnenudiu el
Foulomsldusiufunatsgs 50 cm  lWAemeimdmusznaudngn Wosinanansold
Usinashusiunninisldusiutunatsgs 35 cm

[

YanNUUIeugunsain1siiuAusun e ludwnAIusUL Tn8rnaIaInn1sand

v v

wagkenauiuigneseInImLaEnfias1nnidauuudidawmesgiudminudu wuide

1%
=< =) Y 1

Y] a £ ] v a & a1 = aa
ﬂ']’]iJ@quu53UULW3JGUU ENNEﬂ,ﬁﬂiuqmsﬂaﬂwaﬁaqﬂ’]ﬁmu’]@Laﬂllﬂ']ll']ﬂsﬂu FIUANIDANWULUYU

9
(% '

AaNefUNDIt LN wansliAut I UUILUEYIUSUUNBI N ATUIALAN satulenian
NOIDINFVUNIALENAE TUA VRO UAUTLINT WU BnadariganUsuiadidmseduiovy
a1 v ' a ya v
Alifpansasnanauiuladnaie

INFUN 4.24 wanspNudiussenienuauiuUsiadien (Ash) dunaladn
WaauiulAwiuIY daalvusinadionluaiuiudetanas Faarniudivsinudinedi
30.65 Wt.% db Ma9AINNIUNTZUIUNITANBALMENKIDIUAUAENBIDNIATUILENTAS

& 1

ndauvudidamesdiudeniiudu lnedetiinanudunisludasaninudi
Haud 3 bar 896 bar duneldiSinamialuduiuidianas 16un 2522 wt% db,
25.65 wt.% db, 24.73 wt% db wag 16.71 wt.% db suddiu vieUimadidianasan
foun13d3gada 45.5% osuneliiudenaserniauwadniiuiinaaniu usiunsmi
mafinturesauiy dsalfinnuannsolumswendsanysnviesafiueanainusnuiiug
1Ny et Avwadndsamsatiewgsnanufiuliasstugianilduniu

Y

LULREINU
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35
=~ 45.5%

30 |

(S — |

Ash (wt.%, dry basis)
) » S G S >
1 1 1 1 1

Raw Coal 3 4 5 6

Pressure (bar)

JUN 4.24 pnuduiusseninennuiuiudanadin (Ash)

d1r5UnN1sIAT1ERUSUINENSIEIMe (Volatile Matter) Taenaun1satsiusuney
a1ssemeaglunuiiu 64.39 wt.% daf ﬁmam‘tugﬂﬁ 4.25 BAIINRIUNTTUIUAITA LAY
wenwaguiu ngldidawuudidameigiuiinnududmivasnmeseiniauuindn wae
Uuanuduiieeine wuiudlefiuarudunigludssnanuduligedu 990 3 bar 89 6 bar
dawalisinmuanssumelusuiiudidanasuarindifestulunnnsd foll 55.93 wt.o% daf,
56.30 wt.% daf, 55.40 wt.% daf wag 50.58 wt.% daf mIUEINU 1I0anasaIntal 21.5%
athslsAnunanisaasiiinauaenndasiun1sanaresUsuniidn Tnofinesonie
YuIaLEnansatdanieandudevuilidesnisludiuiueanls dearsszmedmdu
aqﬁﬂazﬂawﬁaﬁgﬂLLEJﬂaaﬂmﬂmdmﬁué’wmaa’]mmmmLﬁmﬂimﬁmﬁ’u

dmSunanisinsziinamsusuail (Fixed Carbon) flegluduiiu rou
AsTUIUNTAI AT LENReaUTY SUSIaASUsuAIT 35.60 wt9% daf §9Mda9InnIsans
LazuenRsduiugeraseneuaEn nuitdloausunigludidnausuiuty diwa
TUsInaansueuasitlauinTy Fadunmldinfiannusu 6 bar Usinamnsusuasitianunn
flan Ao 49.41 wt.% daf wieifuBuanifutszaa 38.8% wazdenndestunisanases
USunaitiuazansseme arunsaesuigldinanusuiidanfuiu dedenaldiusunn
Woseneunadnuiiuanty vililemainesenneuuadnanunsainie funauiiuuas

wendsanusneanlulaunTuiuiy dualinIuNNILN1TaLaZLENA8 NI INIATUIALEN
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' 1%
! a o=

fUSuumSUBUAIILNTY daunusuA1dus USunamsusunsituauiuiianiudiu

=Y

WULAEINY TIUNTUNAUAUAIA 3 bar 89 5 bar JUSUIUANSUIUAININALAINY AD
44.06 wt.% daf, 43.69 wt.% daf Uag 44.59 wt.% daf nuawiu dauansluguin 4.26

70
~ 21.5%
—~ | m------m-mmmTmmmmmmmmmmmsmsmssmees 1
$ eof ]
- :
< 1
® 50 | 4
>
ko)
QQ. 40 |-
5 30 |
t
©
=2 20}
9
=]
)
(¢} 10 |
>
0
Raw Coal 3 q 5 6

Pressure (bar)

JUT 4.25 Anuduiusseninanuiuiudinaesseve (Volatile Matter)

60
~ ~ 0,
Y 50| A —— 38.8%
& 1
< H
g 1
> Or i
°
$
i’g- 30 |
c
o)
£ 20}
©
U
o
£ 1w}
L
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Raw Coal 3 q 5 6

Pressure (bar)

JUN 4.26 Anuduiusszninanuiuiuinaasuauasi (Fixed Carbon)
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4.4.5 N1SANYINAVBLIAN MY IUNITANIHALE NI TUAY

FusulunisnnasstlaAnYINaYe 952 8Ea1NIRNITAILALLENHIOIURAY Tne

WinkaulvvaaseagnaMigdmsuanews bown 30 W1, 60 Wi, 90 w1, 120 U way

[

150wl Wneldmdauuudilamesgiudmnududmnivadiaeseiniavuinian way

[

AMuuliaNUsUlugIPNAUTA1AIMNAY 6 bar wasanndeulusananivesaniavunn
ananunsaduiunsauiu wazanunsangdliassdugnan vinlildwausuinign diu

Y

s1vazdenaus) NUlunsmnassiiuandlun1snei 4.6

A15197 4.6  S1warideanaslioulun1snaanId1sLarLenaea1uiu 588881015819

LANMIAU
= L dl
S18aL28ARLUT wauluwazauin
o o a < v a a & € 1w o Y
sunuumALiiarlasoniAvunaLan WiaawuuddAmesaiuianLd
Usunanilumaaud 22.5 litre
AILELLAUNY 50 cm
9MSIN5 a9 20 litre/min
9MIIN5L1aY898N"A 0.7 litre/min
AMUAUVDIUN UL 6 bar
YUINAIUTAU <212 um
USunaiauiiu 1 kg
Y31t dnsudSuan I 2 litre
USuuansimaauRaug (dudiea) 30 g (8 keg/tons of coal)
USunauansiaaaunes (Unduan) 18 g (0.15 kg/tons of coal)
AL saluidmsuUsUan 620 rpm
PN = a ] .
LA IUNNTIASIUFNTNRALLS 3 min
LA lUNNSANID WA 30, 60, 90, 120 waz 150 min

ASUTURUlUNITNARBY IAEEUIUNAIAILATDUDTUAUNHIUANTUSURN NI

drodul  antuislasslivlesenniavuindniuiunsauiiukasaestugioun  in

Y

ATLUIUNITANLAZBYNNIAIUTAY AU aATUNAIANUARaUluAMUAENINRaURUNRDY

' 1% '
v o Y =

PI0MILI tdN1vU W lUoUwAILaE TN AN YINAYDITLELLIA I UNITANNLASLEN

auuseld
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JUN 4.27 wamsanuduiusseninanaildlunisdsiasienausauiuiuysunm
Ly} |d' < 4 1 zﬁ' d' ¥ 1 a q' é{ 1 Y a Ly} |a{' < ¥
FIAAULS WUINTDIAAITLUNITAN AL LS NHIAIUAULANTY danaliuSuainsinule
fA1anas na1lAe wetouranaladluAedulanuls NTUNDIDINIAYUIALENANNITOTU

Aursnufiukasngsiiaosdugioul nawinasuaiinvua lawd 30 w1, 60 Wi,

Y

90 WY, 120 W waz 150 W19 WUIIUSUIUEUAUTNA8TUVURIWITL UL ULA%an taeh
nalun15de 30 wiil lddsunaiusiiuinian fe 495.6 ¢ drunarlunisarsauium
WNTURIN 60 W D9 150 uil USunuiinsnieaiufiunasuiiaianas laun 4324 g,

375.2 g, 325.8 g uay 2428 ¢ muawu dadunasnandndnwavesnisiva lneduay

]
al

Woson Az g uAuNasseg uuRIUAANsInINNAUaIRuasveIReaut Turae

[
=

wanlumsdsuiiuniiudy deahlviduiuiiaeseguuinhilonmanagasiiuansnniy

WUNU

1200

1000 |-

800

600

400 |

Concentrate Weight (g)

200 |

Raw Coal 30 60 90 120 150

Time (min)

JUN 4.27 anuduiusszninanandildlunsdrsuasuenmauiuiuiinausiviuld

Mndutduiufiassudeiusluiinmeimuiinaudiudsenouiindong
MEIINENUNSEUIUNS A AT LIRS UL EWB e N AvLIAEN UsznaudieU3unadian
(Ash), USuneudaues (Sulfur), Usunaansszive (Volatile Matter), USinaansusuasi
(Fixed Carbon) wagA1Amiou (Gross Calorific Value) @ananisiinsizvisiauanslugud

4.28-4.32
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n3UR 4.28 wansmnuduiiusseninananildlunsdisuazie nnsaudiu
fuvsinaaidn (Ash) dmfunanisieseiuiinaudidifiegludiuiu nenoudaiuiiu
fUSAE 42,11 wt%  db  duvdsannisdnsuasusnnniufiudaeesainie
yuadn wuiiinadiddaanadunnnsd ngudunaldihsseznaifldlumsdiuas
LenasEuRueneseIN ATLIAEN Wonauly 30 uIf, 60 wadl, 90 wf, 120 Wil
way 150 W9 USunatidnlusufiudranasnde 35.25 wt% db, 33.56 wt% db,

35.65 wt.% db, 41.85 wt.% db way 36.54 wt.% db MUANU WIPaNAIINNLANUTTUN

20.3% asunglainfievasoiniavunadnduiunsaiuiiu antuglengauiuliaesug

Y
v
a o L3

A1 Turuendadevunsenaniuilideinisazuendioaniazauatgniuaaveinadul

YA P LANNALDIAUINTY

50

a0 }

30 |

20 |

Ash (wt.%, dry basis)

Raw Coal 30 60 90 120 150

Time (min)

UM 4.28 anuduiusseninaaildlunisinaazienneauiuiuuSunadie (Ash)

1N3UN 4.29 wanannuduiussenitanaildlunisdeuasuennaauiuiy
USunaudawles (Sulfun) lnsneunisansauiiudvsinadames 13.66 wt.% daf uazndsain
HUNIEUIUNMTANMAzRENE LU erteINAvIALEN WuIUsadamesTnanasly
S a1 Al v L% ! I £ = A 7 s [ a 1
nnnsiluaziianlndifisaiu nandndenils As dauesenveglusuresarsusznounilaegly
Wevesauitu vlivesemevwindnannsausndamesoenainauiiuled des Fwingy

dunaladnszegarlunisanseazwenanuiie 30 U7, 60 Wi, 90 Wi, 120 w1l way



93

150 U9 v lviUsunadaesanaandy 13.58 wt.% daf, 11.88 wt.% daf, 11.76 wt.% daf,

13.14 wt.% daf wag 11.87 wt.% daf MUaIRU seanasanmuUseain 13.9%

16

Sulfur (wt.%, dry ash free)

Raw Coal 30 60 90 120 150

Time (min)

5UN 4.29 anuduiussenhsiandildlunisanauazuenausauiuiuusunadames (Sulfur)

31N3UN 4.30 wanannuduiussenitanaildlunisdeuasuennaauiuiy
USunauansseivie (Volatile Matter) FaliUSunauansseinenaunisand 74.27 wt.% daf uay

1% {

NEIINNIUNTZUIUNITANUAL LS NHIE U AUMENDIDINIFVUIALEN WUITUTU a1 TTeIAed]

oA

Aranaslunnnsaluasdamflndidesiy ansudunaladnssesiianlunisaawazuenaui
30 W%, 60 W, 90 W, 120 WP way 150 w1l Awavinlwusunaanssemegluniuiivanas
Annpdy 65.76 wt.% daf, 66.47 wt.% daf, 67.38 wt.% daf, 71.68 wt.% daf uay
70.55 wt.% daf mua1AUu 139anaaInnaunIsaNsusednn 11.5%
dmsunamsiiaseiuiinaasuounsil (Fixed Carbon) flegludiuiiu derou
FraeuiufiUsunansuaunsdl 25.72 wt% daf Tnendsainnisanauasiensienesannia
gurndn nuiunaefuouasiifianfudulunnnsd 9ansudanalédnsresiaan
Tunsansuazuenueuiiuil 30 wfl, 60 wfl, 90 unl, 120 urft way 150 wrft Fuavialy
USinaumsusuasiludiufudanfiuiuandudu 30.22 wt% daf, 3353 wt% daf,
32.60 wt.% daf, 28.32 wt.% daf UaE 29.45 wt.% daf AUy HaeLiuTuaInAoun1sans
Uszanad 33.1% fagUfl 4.31 Jauansanuduiudszninananildlunsdanazuennadiuiiu

v a s el' . Y& 1A a v v
AuysnuATUaUAIn (Fixed Carbon) LLaﬂ\ﬂV‘L‘VTujqLN@OWUV‘UQﬂanLLagLLﬂﬂﬂﬁﬂwaﬂﬂqﬂqﬂ
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YUIALAN ANNsnandsanusnusenidananuLazdinaliaruiusuiaaIsus ULy

WuLREINUY

80

60 |-

40 |

20 |

Volatile Matter (wt.%, dry ash free)

Raw Coal 30 60 90 120 150

Time (min)

JUN 4.30 anuduiussenisiannldlunisinauazienusiuiu

Audsuneanssene (Volatile Matter)

agelsinunisiasazienmeauiunlgnasoInAvLIndn wanainidiugiely
AsiinUSinaasusunsiings SedamaroUsunaniaudeu (Gross Calorific Value) lu
druduilfiugugae mmgﬂﬁ 4.32 uansanudunusszuinaaanfildlunisdisuazien
aenuAnAUUTINAANSeU (Gross Calorific Value) a3unelaindlousunamsuaunsii
Ty ﬁwiﬁﬂ'wﬂaﬂm%fauiud'luﬁuLﬁuzﬁﬁTULﬂziuLﬁEJ’JFfu Taedusunuanuseuluatuiuneuy
19819 26.06 MJ/kg daf H891NRILNSTUIUNITENSTIVIAN 30 WIft B9 150 uft Swaviilvien
mm%fauqa%uﬂu 28.49 MJ/keg daf, 27.65 MJ/kg daf, 27.80 MJ/kg daf, 25.95 MJ/kg daf
way 25.91 MJ/kg daf @uainu vaainTuaniAnUsyana 9.3% asungldiniesennie
uAEnaINsadwazLendudolusenanauiivld viliauiullanuas ernuaziediv

USunauanuseuluatuiuliundu
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JUN 4.31 anuduiussenhanandildlunisanauasienusiuiu

AuUSunuANsUBUAIN (Fixed Carbon)

5 ~93%
0 A
gy
c 25 F
[%2]
©
g
. 20 |
on
a4
~N
)
2
o 15
3
©
>
v 10 |
b=
S
©
U 5L
a
°
G}
0
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Time (min)

JUN 4.32 pnuduiusseninanaldlunisinaasienneaiuiu

AuUSunuAImINLSau (Gross Calorific Value)
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asUlagninsiuladnssezianldlunisdrsuazionuaauiuininay Ml

Nosa 1N AYUIRLENANU T UAURIETLAUL U UTY  wazdatiufdanseanuaniuluauiu

Yo URUNaRY TS 9IS LANUALDIANINTIVU TIRNEIINNITIATIEVBIRUTENBUNIBE

Y

Tuguiiy wunUsunudnn Usunadamas wazUsunuanssemediaianad uuuefinsuay

AskazAIAuSauluauRLTA I ALTY a819lsARILNTIRNTUYITEEEIaTluNITANAY
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wunNRagUAY Ideneyagiusvsensnaseiiusuiunanas asulun1siiansandanans
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v a

naaes IndudenifeyavesuiuiaiusiiuldsiuinismdndandsnunuSeuiiisy
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unii 5
#3UNan15Y

a o

5.1 d@3Unan1sday

o

MAdpifTgUsrasdifieAnyinisdsuazunasduiivluneduiaosus Tngld
wosormavuwinanszduluasouduidufunsdiuiiu Tnefidanusidnuidevuinuas
dnwauzveseseniaildandaiuianessiuvusiieg Tiu Saansuniemseuvuan,
shaauuudiames wasnslimdauuaidanesaudimudu sainugeweauriuliy
uarszazaTiNafen s sazusNEIE LAY nenndiAnwdnumnsinavesedlvalu
ARdNtanulLs LaetUSouig unasendnen1sidn1sa1e01nLas I IE A TNeYN1ARUY

Particle Image Velocimetry (PIV) kagn1591889n15t1an 8 lUsASNATUINIINaAERS

(%
Y v a

Yoilna 9nHan1sAnwausaaule fall

(1)  wuiavesdauuudiianes wandliiuidnsidiuseninuduniy

¢ v Y ¢ =~ ] ) ¢ y !

AUENANNINTT (D) agldunuguenalsnamen (dy) Tnananasuaatauludiunay
ANNAULERY Tansdunnstraiintunieluiida Faruiaduriuguinaisnonen
3 mm iliAnNsIAsuLUasIUInNfneg1ens iUl danalilinn19dounagndsnuinn
Ql' A o Y] P ¢ N "
Mgn Weeuiuvrnaduriugudnansnenanitngniy

(2) NVBINBIBINIANLANIINAITEADINIANIUTANTUNTERINTIBUUY
97U wuIesenniadvuialugnindofisudunisldimadauuudifamesiunisainsg
Wose1N1ATUIALEN T8 UIAEURIUALENAT1RREYEINBI8INIATINTINTIBUUUIULAE
Wdauuudiinwesuszanad 385 um way 85 pum AN

YY)

(3) mslddauuudidawmesgiudinnudu Weiinanudueineliuiniu

gdanalivinameseimeavuiadnlussuuiinduiie lasuhddnvazguadievoaiiug

[
= 1

desanomiafigngaaiunsaazargludilduindy druvuinvesreserniaiidusiiu
@uémmm?aﬂwmm 38-40 pm Inefinnuduenmaludsdnuiniu 6 bar

@ nsPaudutunasreduld ULl sdesmsina Weldvaslnaiinnns
ey 9nwan1sfnwisienmaislagldnisaieninuaziinsizinimeyniakuy Particle
Image  Velocimetry (PIV) Wmfw:ﬁﬁuaalwauNdauﬁé’hmmmlm’masﬂuﬂaé’uﬂié’ R
#0AARDINUNITINADINTSLNaN18IDAUIINIINaA dnsvaelva uaﬂf\nﬂf‘jmmqmmciu
50 cm thelvivesinalualdistineduiinnniusiuiy 35 cm Wesanveslnaanunsa

= = ! y a U 4 ' ! ! v a y 1
wasuflugesnisluailaferiumatnlauiunit neunsiunauNidnievesdasnisiva
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(5) Tun1sNAaBIALaTLENNIaUAUAENBI N FYUIALEN SuTudesdinis
USUaNINUDIRIE LA AN NURINBID1INA Tansiiuaswadl tokn unsTufwakasinduay
A a A o wa = A H = ' S .
WesniiduAudigaaudfnisnienin fe kiilenumseainulidveuin (Hydrophobic)
= 1 a % 4 Q’lj a %’ C% d" % a 1 v
Fldaunsaineiniuasorniela wananninisiutnduauiieusuan niiveseas ¥aelu

NosenATlANULED 8 ShaTMTeININGTU nlvnesendanusaduiunaauiulafTw
(6) Fnulianesainiang 3 sUuuu laud Tannsunsermsiewuuany,

1 [ U ¥

WRAALUUDEAWDS  LaznNISITMAnLUUDLAMBSATUSIAUSY a1u1T0a319W991n#A

Y

2 dl a vy

TiflawauazUsunaiuandeii wildef-Uoresegnusunavesiusiiuls nisldnida

6 1 [ a

wuudidawasaiudinnnuu dnavitbiiusnlaivsuauinian sesawnfe Weseniaan

Y

WRALUUBIIAWD LA TN NTUSOMIVTIELUUIIY AINEIRY

(7) dwsunisnszatsvuavese Ui wuiesonEvaEnilaanna sy
vhanuuudldamesgiudinudy amnsaduiunsauiuifvuiaidnndt 150 um leunnda
Zovaz 93.1 Y0sUSInauiuianun uonainivosorniavuadn Swiefidadsantsn
sonand1uiuld TnonuinaunsaanUsunatiduazanssemeludiuiuaslaussann
20.5% way 14.4% eudsu Tuvazionfurasliiunnansueunsiiluduiuiianduiy
Uszunu 26.0%

(8) finugevasusiuty 50 cm WosemAvuadnannsndufumsuiuld
unuuasndusrognisiiganiiusuiu 35 cm feufiesermavunadnuasdiuiiuasiedoud
Tuarunduudnilsvesdeinislua dunaldarnusuaaiiusiuldndsannnisdns
Farusiinumsadnefnsasuiy 50 cm USinamnnniinsasuasuenTaedusiuiu
AANEN 35 cm

(9) wlpsarnnisiiiwausuludesndwmaliusununssernialussuuien
sty fefunsveassdsuazienduiulaodfisausuannay vlsrusilaiusuna Tne
e 6 bar mmsaLﬁ@if\laqmmmmmLﬁﬂiuswwmﬁ'qﬂ lilonafivosornasy
Aumsanufiudiunnty sy slduilihusilaivsunaunniuuiu uenaninesenne
FuInLEn Sateidnasanusnesnaindiuiiuld TnenuiranunsaanuSunadiduay Ui
a1sseegluntutuaclauseunm 45.5% uway 21.5% auaiau Tuvazinelnugielnusunn
asuounslus A fintulseanm 38.8%

(10) @ wmsuszeznalunsdraazuenasaiuiulagldnasorniaruisian
wuiileszoznanlunsaauazienauiuiuty dealiiusildfivsinuanas Tuvasd

USunuesAusenauliegluauiiu laun Ysunatin vsinadaumes wasdsuiaassemeiian
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ANANTUAEINU AD 20.3%, 13.9% war 11.5% ANUAINU NN UNUTZELIaUAITAY
LAZLYNNIOTUAUANTY ANUITOLANUSUIUAISUDUAIT LANNTUUTEUNN 33.1%  WAZAI

AMUSUIUANUAULALTY 9.3%

5.2 UBLAUDLUY
NuITeilavinnisAneinisatswazienneauiulureduy Inaldvesaniavuin

1% v

2 o A & ¢ = P 4 ' P ) a a
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Adsorption average pore diameter A° 140.2641
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M| micromeritics’

MicroActive for ASAP 2460 2.01 MicroActive for ASAP 2460 Version 2.01 Page 1
Serial # 375 Unit1 Port 3

Sample: sand head
Operator:
Submitter:
File: D:\USERDATA\2562\0076-6215¢ lw#ie\sand head.SMP

Started: 15/1/2562 17:32:43 Analysis Adsorptive: N2
Completed: 17/1/2562 15:34:28 Analysis Bath Temp.: 77.300 K
Report Time: 29/1/2562 10:12:23 Thermal Correction: No
Sample Mass: 2.2620 g Warm Free Space: 16.4541 cm? Measured
Cold Free Space: 47.1429 cm? Equilibration Interval: 5s
Low Pressure Dose: None Sample Density: 1.000 g/cm3

Automatic Degas: No

Summary Report

Surface Area
BET Surface Area: 0.0878 m2/g

Pore Volume

Single point adsorption total pore volume of pores
less than 3,429.938 A width at p/p° = 0.994394596: 0.000308 cm3/g

Pore Size
Adsorption average pore diameter (4V/A by BET): 140.2641 A
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TEST REPORT COAL ANALYSIS

Report No. 610625 FOR PROXIMATE ANALYSIS
Page 1 of 1 d o
CUSTOMER : Viﬂﬂ—?j. NSC-TISI-TIS 17025
TESTING 0104
LAB NO. 610629-01
SAMPLE NAME 87U 15 VUITaR9A U SAMPLE DATE 16/08/2018
SAMPLE DESCRIPTION - RECEIVED DATE  16/08/2018
SAMPLE CONDITION - ANALYSED DATE  17/8/2018 - 4/9/2018
PARAMETER UNIT METHOD RESULT
MOISTURE % by weight ASTM D3302/3302 M-15 21.91
ASH % by weight ASTM D7582-15 *32.88
AS RECEIVED VOLATILE MATTER % by weight ASTM D7582-15 33.58
FIXED CARBON % by weight ASTM D7582-15 11.63
SULFUR % by weight ASTM D4239-14* *6.17
GROSS CALORIFIC VALUE MJ/Kg ASTM D5865-13 *11.78
Kcal/Kg ASTM D5865-13 * 2816
* NET CALORIFIC VALUE MJ/Kg ASTM D5865-13 10.74
Kcal/Kg ASTM D5865-13 2566
ASH % by weight ASTM D7582-15 *42.11
VOLATILE MATTER % by weight ASTM D7582-15 *43.00
DRY BASIS FIXED CARBON % by weight ASTM D7582-15 14.89
SULFUR % by weight ASTM D4239-14* *7.91
GROSS CALORIFIC VALUE MJ/Kg ASTM D5865-13 * 15,09
Kcal/Kg ASTM D5865-13 * 3606
* NET CALORIFIC VALUE MJ/Kg ASTM D5865-13 14.43
Kcal/Kg ASTM D5865-13 3448
INHERENT MOISTURE % by weight ASTM D7582-15 15.12
ASH % by weight ASTM D7582-15 * 35.74
AIR DRY BASIS VOLATILE MATTER % by weight ASTM D7582-15 36.50
FIXED CARBON % by weight ASTM D7582-15 12.64
SULFUR % by weight ASTM D4239-14* *6.71
GROSS CALORIFIC VALUE MJ/Kg ASTM D5865-13 *12.81
Kcal/Kg ASTM D5865-13 * 3062
* RELATIVE DENSITY AS 1038.21.1.1-2002 1.72
Remark : ThePgerSalL#wtgt;?‘E Fﬁa?ﬂgdtﬁ)*ghi?l iﬂgafég?'ttgiegbt-r ?issfjgggggﬂgg haarllldnr?(gtbi?\crl(a%g)t;j Enc ?gee')l('%llptaicrl:ggi.tation schedule for our laboratory
ApProved By i Reported BY : ...ooovviiiiiiiiinii e
( Dr.Kanitta Wongyai ) ( Miss Nucharin Whangdeeniran )
SCIENTIST LEVEL 9 SCIENTIST LEVEL 7
Laboratory Section, Geology Department, Mae Moh Mine Planning and Administration Division, EGAT Rev.14 01/09/59

801 M.6 T.Mae Moh A.Mae Moh, Lampang, 52220 Tel. 66-054-254136, 66-054-254037 Fax. 66-054-254037
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FBNUNAM INATDU
s R3965 /61 wi:  1/1
Suiioonsrsans: 30 WYAINYU 2561 fuisudethe: 26 WOAIMEU 2561
uiluvelidnsa: 4999 /61
%auazﬁaégnﬁh MA3IIINSTNIRTBINA AN IMNT SRS I inededayauaiund
Anagou: WIGNTING NOUGIE HAZUNTINYI gnasal
Suivhmsnagou: 29 WOAINIBU 2561
IEmsnaaeu: $1989 WI-RES-Macro TGA-001 18 In-house method based on ASTM D7582-15
in3pailonamoy: Macro TGA, TGA 701, LECO, USA
mAHAMSNATOL: Thermogravimetry
ANINAIDENA: A
SaZIDHAAIDEN: DURY . 26000010
WaNINATOL:
S L wedidusvenimin Aufivuumnasgny
1l f0e = e . R
< , ANNFY CAERETTT/A £ TETE, K1 R )
1 WINsy 11.45 (0.02) 39.07 (0.14) 26.21 (0.14) 23.28 (0.01)
2 Ejector 9.75 (0.09) 39.99 (0.11) 28.27 (0.16) 21.98 (0.06)

Jusunsunaeey 1) Heat from 25.00°C to 107.00°C at 6.60°C /min ; Nitrogen 2) Hold for 15.0 min at 107.00°C; Nitrogen
3) Heat from 107.00°C to 950.00°C at 50.00°C /min ; Nitrogen 4) Hold for 7.0 min at 950.00°C; Nitrogen
5) Heat from 600.00°C to 750.00°C at 3.00°C /min ; Oxygen 6) Hold for 15.0 min at 650.00°C; Oxygen
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PSU LECO TGA-701 SN:11999

499961@1-1 ASTM D7582 MVA In Coal |1.1278 0.9988 0.5578 0.2624 |11.43 B39.11 [26.19 23.27 |29/11/2018 1:30:24 PM 41.65 32.08 26.27
499961@1-2 ASTM D7582 MVA In Coal |1.0664 0.9441 0.5263 0.2482 |11.47 39.18 [26.08 23.28 129/11/2018 1:30:24 PM 41.69 32.02 26.29
499961@1-3 ASTM D7582 MVA In Coal |1.0719 0.9491 0.5320 0.2495 |11.46 38.91 [26.35 23.28 |29/11/2018 1:30:24 PM |41.57 32.14 26.29
Initial Mass 1.0887 0.03 3.118 3
Moisture 11.4538 0.01668 0.146 3
Volatile 39.0658 [0.13909 0.356 |3
Fixed Carbon 26.21  0.139 0.529 [3
Ash 23.2750 [0.00551 0.024 3
Volatile Dry 41.63  0.059 0.141 3
Fixed Carbon Dry |32.08  [0.059 0.183 3
Ash Dry 26.29 p.011 0.042 3

29/11/2018 3:44:19 PM

Page 1 of 1



PSU LECO TGA-701 SN:11999

29/11/2018 3:44:40 PM

499961@2-1 ASTM D7582 MVA In Coal |1.1799 1.0657 0.5944 0.2592  9.67 B9.95 28.41 21.97 |29/11/2018 1:30:24 PM |41.68 34.00 24.32
499961@2-2 ASTM D7582 MVA In Coal |1.0448 0.9430 0.5239 0.2303  9.74 40.11 28.10 22.05|29/11/2018 1:30:24 PM 41.75 33.82 24.43
499961@2-3 ASTM D7582 MVA In Coal |1.0307 0.9292 0.5178 0.2261 9.85 B9.91 [28.30 21.94 29/11/2018 1:30:24 PM 141.69 33.97 24.33
Initial Mass 1.0851 .08 7.588 |3
Moisture 9.7545 0.08798 0.902 [3
Volatile 39.9920 0.10568 0.264 |3
Fixed Carbon 28.27 0.159 0.563 3
Ash 21.9840 [0.05629 0.256 |3
Volatile Dry 41.71  0.041 0.099 [3
Fixed Carbon Dry |33.93  0.099 0.293 3
Ash Dry 24.36 0.058 0.239 3
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¥ o711/61
NENUHHNANIINATDU
i iea: R3940 /61 nwih: 1/
Suitoonsrsani: 29 W AINIBU 2561 Suisudethe: 23 NOAINIBU 2561
muiluvel¥udmsa: 4962/ 61
Founziloggnin: mMAdnimnssuniedna Az drmnssumaas uninoderawainaiung
Anaaeu: WIBNTING HONGIY LAZUNE WY fnasall
Suiivhasmageu: 26 WOAINBU 2561
IEmInaaey: $7904 WI-RES-Macro TGA-001 1@ In-house method based on ASTM D7582-15
inSesilonameu: Macro TGA, TGA 701, LECO, USA
mAtAMSNAToU: Thermogravimetry
ANNGIBEN: A
3AZIDARIDEN: DAY I 402081
NANINATOL:
a o nesidudvenimitn (iduaunasgny
) RGN 5 o ? — : -
ANNTU MIIE mveunsdy | m
1 3 bar 5.60 (0.04) 42.15(0.11) 28.44 (0.24) 23.81(0.19)
2 4 bar 5.77 (0.06) 42.16 (0.10) 27.90 (0.02) 24.17 (0.11)
3 5 bar 4.60 (0.03) 42.27(0.34) 29.54 (0.26) 23.59 (0.13)
4 6 bar 3.73(0.13) 43.85(0.12) 36.33 (0.09) 16.09 (0.07)
hlsunsumaaey 1) Heat from 25.00°C to 107.00°C at 6.00°C /min ; Nitrogen 2) Hold for 15.0 min at 107.00°C; Nitrogen

3) Heat from 167.00°C to 950.00°C at 50.00°C /min ; Nitrogen 4) Hold for 7.0 min at 950.00°C; Nitrogen
5) Heat from 600.00°C to 750.00°C at 3.00°C /min ; Oxygen 6) Hold for 15.0 min at 650.00°C; Oxygen
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PSU LECO TGA-701 SN:11999

26/11/2018 5:38:00 PM

496261@1-1 ASTM D7582 MVA In Coal |1.0570 0.9972 0.5513 0.2500 |5.65 42.19 [28.50 23.65 |26/11/2018 4:35:07 PM 41.85 33.08 25.07
496261@1-2 ASTM D7582 MVA In Coal |1.0314 0.9739 0.5384 0.2477  |5.58 42.22 28.18 24.02 26/11/2018 4:35:07 PM 41.85 32.71 25.44
496261@1-3 ASTM D7582 MVA In Coal |1.0190 0.9621 0.5339 0.2420 |5.58 42.03 [28.64 23.75 |26/11/2018 4:35:08 PM 41.78 33.06 25.16
Initial Mass 1.0358 0.02 1.871 3
Moisture 5.6048 [0.04284 0.764 3
Volatile 42.1469 0.10624 0.252 3
Fixed Carbon 28.44 0.238 0.836 3
Ash 23.8075 [0.19135 0.804 3
Volatile Dry 41.83  0.043 0.103 3
Fixed Carbon Dry |32.95 0.210 0.638 3
Ash Dry 25.22 0.195 0.771 3
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PSU LECO TGA-701 SN:11999

26/11/2018 5:38:18 PM

496261@2-1 ASTM D7582 MVA In Coal |1.0158 0.9579 0.5289 0.2452  |5.70 A42.23 27.93 24.14 |26/11/2018 4:35:08 PM 41.87 32.52 25.60
496261@2-2 ASTM D7582 MVA In Coal |1.0189 0.9597 0.5297 0.2454 |5.81 42.20 27.91 24.08 |26/11/2018 4:35:08 PM 41.88 32.55 25.57
496261@2-3 ASTM D7582 MVA In Coal |1.0626 1.0011 0.5543 0.2581 |5.79 42.04 27.88 24.29 |26/11/2018 4:35:08 PM 41.82 32.40 25.78
Initial Mass 1.0324 0.03 2.535 3
Moisture 5.7655 [.06042 1.048 [3
Volatile 42.1589 0.10238 0.243 3
Fixed Carbon 27.90 0.024 0.087 3
Ash 24.1726 0.10583 0.438 3
Volatile Dry 41.86  0.034 0.081 [3
Fixed Carbon Dry |32.49  0.081 0.249 3
Ash Dry 25.65 [.115 0.447 3
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PSU LECO TGA-701 SN:11999

26/11/2018 5:38:38 PM

496261@3-1 ASTM D7582 MVA In Coal |1.0463 0.9979 0.5526 0.2453  4.63 42.55 [29.37 23.45 |26/11/2018 4:35:08 PM 41.82 33.60 24.58
496261@3-2 ASTM D7582 MVA In Coal |1.0826 1.0330 0.5745 0.2560 4.58 42.36  29.42 23.64 |26/11/2018 4:35:08 PM 41.73 33.49 24.78
496261@3-3 ASTM D7582 MVA In Coal |1.1273 1.0756 0.6033 0.2670 4.59 41.89 29.84 23.69 |26/11/2018 4:35:08 PM 41.55 33.62 24.82
Initial Mass 1.0854 D.04 3.734 3
Moisture 4.5977 0.02961 0.644 3
Volatile 42.2677 0.33930 0.803 3
Fixed Carbon 29.54 0.256 0.866 3
Ash 23.5916 0.12817 0.543 3
Volatile Dry 41.70 0.134 0.322 3
Fixed Carbon Dry |33.57 0.072 0.215 3
Ash Dry 24.73  0.127 0.514 3
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496261@4-1 ASTM D7582 MVA In Coal |1.1146 1.0739 0.5841 0.1801 |3.65 43.94 [36.25 16.16 |26/11/2018 4:35:08 PM |42.15 41.09 16.77
496261@4-2 ASTM D7582 MVA In Coal |1.0494 1.0088 0.5500 0.1688 |3.88 43.71 [36.32 16.09 |26/11/2018 4:35:08 PM |42.10 41.16 16.74
496261@4-3 ASTM D7582 MVA In Coal |1.0645 1.0256 0.5582 0.1705 |3.66 43.90 [36.42 16.02 |26/11/2018 4:35:08 PM 42.13 41.24 16.62
Initial Mass 1.0762 0.03 3.170 3
Moisture 3.7300 [0.12748 3.418 3
Volatile 43.8519 0.12069 0.275 3
Fixed Carbon 36.33 0.087 0.240 3
Ash 16.0870 0.07020 0.436 3
Volatile Dry 42.13  0.021 0.050 [3
Fixed Carbon Dry |41.16  0.078 0.190 3
Ash Dry 16.71  0.076 0.457 3

26/11/2018 5:38:56 PM
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Page 1 of 6
CUSTOMER :  dhansu@aufiaswitung (drat19a1naaeiminssuaans U FIARIUATUNS)
NSC-TISI-TIS 17025
TESTING 0104
LAB NO. 610706-01
SAMPLE NAME Concentrate (¥u3) SAMPLE DATE 10/09/2018
SAMPLE DESCRIPTION C-30 min RECEIVED DATE 14/09/2018
SAMPLE CONDITION - ANALYSED DATE 18- 25/9/2018
PARAMETER UNIT METHOD RESULT
MOISTURE % by weight ASTM D3302/3302 M-15 8.91
ASH % by weight ASTM D7582-15 %3211
AS RECEIVED ;
VOLATILE MATTER % by weight ASTM D7582-15 38.79
FIXED CARBON % by weight ASTM D7582-15 20.19
SULFUR % by weight ASTM D4239-14=2 *8.01
GROSS CALORIFIC VALUE MJ/Kg ASTM D5865-13 *16.81
Kcal/Kg ASTM D5865-13 * 4017
* NET CALORIFIC VALUE MJ/Kg ASTM D5865-13 -
Kcal/Kg ASTM D5865-13 -
ASH % by weight ASTM D7582-15 * 3525
VOLATILE MATTER % by weight ASTM D7582-15 % 42.58
PR SPol FIXED CARBON % by weight ASTM D7582-15 22.16
SULFUR % by weight ASTM D4239-14%2 x8.79
GROSS CALORIFIC VALUE MJ/Kg ASTM D5865-13 *18.45
Kcal/Kg ASTM D5865-13 * 4410
* NET CALORIFIC VALUE MJ/Kg ASTM D5865-13 -
Kcal/Kg ASTM D5865-13 -
INHERENT MOISTURE % by weight ASTM D7582-15 8.91
ASH % by weight ASTM D7582-15 %:32:11
AIR DRY BASIS .
VOLATILE MATTER % by weight ASTM D7582-15 38.79
FIXED CARBON % by weight ASTM D7582-15 20.19
SULFUR % by weight ASTM D4239-14¢* *8.01
GROSS CALORIFIC VALUE MJ/Kg ASTM D5865-13 *16.81
Kcal/Kg ASTM D5865-13 * 4018
* RELATIVE DENSITY AS 1038.21.1.1-2002 -

Remark : The results relate only to the sample(s) tested. This document shall not be reproduced except in full.
Parameters marked "*" in this report are not TISI accredited and not included in the TISI accreditation schedule for our laboratory

Reported By : ....... M

( Dr.Kanitta Wongyai )
SCIENTIST LEVEL 9

( Miss Nucharin Whangdeeniran )
SCIENTIST LEVEL 7

Laboratory Section, Geology Department, Mae Moh Mine Planning and Administration Division, EGAT
801 M.6 T.Mae Moh, A.Mae Moh, Lampang, 52220 Tel. 66-054-254136, 66-054-254037 Fax. 66-054-254037

Rev.14 01/09/59



| LF-044 |

Report No. 610706

ELECTRICITY GENERATING AUTHORITY OF THAILAND
TEST REPORT COAL ANALYSIS
FOR PROXIMATE ANALYSIS

Page 2 of 6
CUSTOMER :  dhanmsu@atnfiaswiiung (fat1eannaasianssumans U.FIURIUATUNT)
NSC-TISI-TIS 17025
TESTING 0104
LAB NO. 610706-02
SAMPLE NAME Concentrate (¥u3) SAMPLE DATE 10/09/2018
SAMPLE DESCRIPTION C-60 min RECEIVED DATE 14/09/2018
SAMPLE CONDITION = ANALYSED DATE 18- 25/9/2018
PARAMET! ER UNIT METHOD RESULT
MOISTURE % by weight ASTM D3302/3302 M-15 11.52
ASH % by weight ASTM D7582-15 29.69
AS RECEIVED :
VOLATILE MATTER % by weight ASTM D7582-15 39.07
FIXED CARBON % by weight ASTM D7582-15 19.72
SULFUR % by weight ASTM D4239-14=2 *6.98
GROSS CALORIFIC VALUE MJ/Kg ASTM D5865-13 %16.25
Kcal/Kg ASTM D5865-13 * 3885
* NET CALORIFIC VALUE MJ/Kg ASTM D5865-13 =
Kcal/Kg ASTM D5865-13 -
ASH % by weight ASTM D7582-15 *33.56
: VOLATILE MATTER % by weight ASTM D7582-15 *44.16
PR BAS_IS FIXED CARBON % by weight ASTM D7582-15 22.28
SULFUR % by weight ASTM D4239-14=2 *7.89
GROSS CALORIFIC VALUE MJ/Kg ASTM D5865-13 *18:37,
Kcal/Kg ASTM D5865-13 * 4391
* NET CALORIFIC VALUE MJ/Kg ASTM D5865-13 =
Kcal/Kg ASTM D5865-13 &
INHERENT MOISTURE % by weight ASTM D7582-15 10.16
- ASH % by weight ASTM D7582-15 30.15
AIR DRIt VOLATILE MATTER % by weight ASTM D7582-15 39.67
FIXED CARBON % by weight ASTM D7582-15 20.02
SULFUR % by weight ASTM D4239-14=2 X709
GROSS CALORIFIC VALUE MJ/Kg ASTM D5865-13 *16.50
Kcal/Kg ASTM D5865-13 * 3944
* RELATIVE DENSITY AS 1038.21.1.1-2002 =
Remark : The results relate only to the sample(s) tested. This document shall not be reproduced except in full.
Parameters marked "*" in this report are not TISI accredited and not included in the TISI accreditation schedule for our laboratory
Approved By : ............. K@m‘?}? ........... Reported By : ........... /A'L"W ......................
( Dr.Kanitta Wongyai ) ( Miss Nucharin Whangdeeniran )
SCIENTIST LEVEL 9 SCIENTIST LEVEL 7

Laboratory Section, Geology Department, Mae Moh Mine Planning and Administration Division, EGAT
801 M.6 T.Mae Moh, A.Mae Moh, Lampang, 52220 Tel. 66-054-254136, 66-054-254037 Fax. 66-054-254037

Rev.14 01/09/59
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ELECTRICITY GENERATING AUTHORITY OF THAILAND
TEST REPORT COAL ANALYSIS
FOR PROXIMATE ANALYSIS

CUSTOMER :  dhamsudaudasuiinng (Matvanaaeimnssudans u.aouaiuasuns)

NSC-TISI-TIS 17025

TESTING 0104
LAB NO. 610706-03
SAMPLE NAME Concentrate (#u3) SAMPLE DATE 10/09/2018
SAMPLE DESCRIPTION C-90 min RECEIVED DATE 14/09/2018
SAMPLE CONDITION - ANALYSED DATE 18- 25/9/2018
PARAMETER UNIT ~ METHGD RESULT
MOISTURE % by weight ASTM D3302/3302 M-15 9.83
ASH % by weight ASTM D7582-15 ¥392:15
AS RECEIVED :
VOLATILE MATTER % by weight ASTM D7582-15 39.10
FIXED CARBON % by weight ASTM D7582-15 18.92
SULFUR % by weight ASTM D4239-14=2 *6.82
GROSS CALORIFIC VALUE MJ/Kg ASTM D5865-13 x16.13
Kcal/Kg ASTM D5865-13 * 3856
* NET CALORIFIC VALUE MJ/Kg ASTM D5865-13 -
Kcal/Kg ASTM D5865-13 -
ASH % by weight ASTM D7582-15 %3565
, VOLATILE MATTER % by weight ASTM D7582-15 * 43.36
DR BAsls FIXED CARBON % by weight ASTM D7582-15 20.98
SULFUR % by weight ASTM D4239-14=2 X757
GROSS CALORIFIC VALUE MJ/Kg ASTM D5865-13 *17.89
Kcal/Kg ASTM D5865-13 * 4276
* NET CALORIFIC VALUE MJ/Kg ASTM D5865-13 -
Kcal/Kg ASTM D5865-13 -
INHERENT MOISTURE % by weight ASTM D7582-15 9.83
ASH % by weight ASTM D7582-15 %3215
iR DRY BASIS VOLATILE MATTER % by weight ASTM D7582-15 39.10
FIXED CARBON % by weight ASTM D7582-15 18.92
SULFUR % by weight ASTM D4239-14=2 %1682
GROSS CALORIFIC VALUE MJ/Kg ASTM D5865-13 x16.13
Kcal/Kg ASTM D5865-13 *:3855
* RELATIVE DENSITY AS 1038.21.1.1-2002 -

Remark : The results relate only to the sample(s) tested. This document shall not be reproduced except in full.

Parameters marked "*" in this report are not TISI accredited and not included in the TISI accreditation schedule for our laboratory

o oo

Approved By : ....

Laboratory Section, Geology Department, Mae Moh Mine Planning and Administration Division, EGAT
801 M.6 T.Mae Moh, A.Mae Moh, Lampang, 52220 Tel. 66-054-254136, 66-054-254037 Fax. 66-054-254037

( Dr.Kanitta Wongyai )
SCIENTIST LEVEL 9

AL/

ReportediBy .t v s Bl

( Miss Nucharin Whangdeeniran )

SCIENTIST LEVEL 7
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ELECTRICITY GENERATING AUTHORITY OF THAILAND
TEST REPORT COAL ANALYSIS
FOR PROXIMATE ANALYSIS

LF-044

Report No. 610706
Page 4 of 6

CUSTOMER :  dhamsudaufiasuiinny (Matvannaasimnssuaans u.8ouaruaiuns)

NSC-TISI-TIS 17025
TESTING 0104

LAB NO. 610706-04
SAMPLE NAME Concentrate (¥#au3) SAMPLE DATE 10/09/2018
SAMPLE DESCRIPTION C-120 min RECEIVED DATE 14/09/2018
SAMPLE CONDITION - ANALYSED DATE 18- 25/9/2018
PARAMETER UNIT METHOD RESULT
MOISTURE % by weight ASTM D3302/3302 M-15 9.77
ASH % by weight ASTM D7582-15 *:37.76
AS RECEIVED :
VOLATILE MATTER % by weight ASTM D7582-15 37.61
FIXED CARBON % by weight ASTM D7582-15 14.86
SULFUR % by weight ASTM D4239-14¢* *6.89
GROSS CALORIFIC VALUE MJ/Kg ASTM D5865-13 *13.62
Kcal/Kg ASTM D5865-13 % 3255
* NET CALORIFIC VALUE MJ/Kg ASTM D5865-13 -
Kcal/Kg ASTM D5865-13 -
ASH % by weight ASTM D7582-15 * 41.85
VOLATILE MATTER % by weight ASTM D7582-15 * 41.68
PReBD FIXED CARBON % by weight ASTM D7582-15 16.47
SULFUR % by weight ASTM D4239-14=2 * 7.64
GROSS CALORIFIC VALUE MJ/Kg ASTM D5865-13 *15.09
Kcal/Kg ASTM D5865-13 * 3608
* NET CALORIFIC VALUE MJ/Kg ASTM D5865-13 -
Kcal/Kg ASTM D5865-13 -
INHERENT MOISTURE % by weight ASTM D7582-15 9.77
ASH % by weight ASTM D7582-15 * 3776
it b VOLATILE MATTER % by weight ASTM D7582-15 37.61
FIXED CARBON % by weight ASTM D7582-15 14.86
SULFUR % by weight ASTM D4239-14=2 *6.89
GROSS CALORIFIC VALUE MJ/Kg ASTM D5865-13 ¥ 13:62
Kcal/Kg ASTM D5865-13 * 3255
* RELATIVE DENSITY AS 1038.21.1.1-2002 -

Remark : The results relate only to the sample(s) tested. This document shall not be reproduced except in full.
Parameters marked "*" in this report are not TISI accredited and not included in the TISI accreditation schedule for our laboratory

Approved By : ............. //\ ....... &%\7)‘7 ........

( Dr.Kanitta Wongyai )
SCIENTIST LEVEL 9

Repoited By it seiindammn . an s

( Miss Nucharin Whangdeeniran )
SCIENTIST LEVEL 7

Laboratory Section, Geology Department, Mae Moh Mine Planning and Administration Division, EGAT
801 M.6 T.Mae Moh, A.Mae Moh, Lampang, 52220 Tel. 66-054-254136, 66-054-254037 Fax. 66-054-254037
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LF-044

Report No. 610706

ELECTRICITY GENERATING AUTHORITY OF THAILAND
TEST REPORT COAL ANALYSIS
FOR PROXIMATE ANALYSIS

Page 5 of 6
CUSTOMER :  dhansu@aufiaswitung (frat1vannaaedainssudasns U.FIARUATUNT)
NSC-TISI-TIS 17025
TESTING 0104
LAB NO. 610706-05
SAMPLE NAME Concentrate (¥7u3) SAMPLE DATE 10/09/2018
SAMPLE DESCRIPTION C1-150 min RECEIVED DATE  14/09/2018
SAMPLE CONDITION - ANALYSED DATE 18- 25/9/2018
PARAMETER UNIT METHOD RESULT
MOISTURE % by weight ASTM D3302/3302 M-15 10.18
: ASH % by weight ASTM D7582-15 *.32.82
AS RECEIVED .
VOLATILE MATTER % by weight ASTM D7582-15 40.21
FIXED CARBON % by weight ASTM D7582-15 16.79
SULFUR % by weight ASTM D4239-14¢2 *6.77
GROSS CALORIFIC VALUE MJ/Kg ASTM D5865-13 *14.77
Kcal/Kg ASTM D5865-13 * 3529
* NET CALORIFIC VALUE MJ/Kg ASTM D5865-13 -
Kcal/Kg ASTM D5865-13 -
ASH % by weight ASTM D7582-15 * 36.54
VOLATILE MATTER % by weight ASTM D7582-15 * 44,77
DRY EAsls FIXED CARBON % by weight ASTM D7582-15 18.69
SULFUR % by weight ASTM D4239-14¢> %753
GROSS CALORIFIC VALUE MJ/Kg ASTM D5865-13 * 16.44
Kcal/Kg ASTM D5865-13 * 3929
* NET CALORIFIC VALUE MJ/Kg ASTM D5865-13 -
Kcal/Kg ASTM D5865-13 -
INHERENT MOISTURE % by weight ASTM D7582-15 10.18
ASH % by weight ASTM D7582-15 * 32.82
AR P VOLATILE MATTER % by weight ASTM D7582-15 40.21
FIXED CARBON % by weight ASTM D7582-15 16.79
SULFUR % by weight ASTM D4239-14=2 Xi6.77
GROSS CALORIFIC VALUE MJ/Kg ASTM D5865-13 * 14.77
Kcal/Kg ASTM D5865-13 %8530
* RELATIVE DENSITY AS 1038.21.1.1-2002 -

Remark : The results relate only to the sample(s) tested. This document shall not be reproduced except in full.

Parameters marked "*" in this report are not TISI accredited and not included in the TISI accreditation schedule for our laboratory

Approved By :....

Laboratory Section, Geology Department, Mae Moh Mine Planning and Administration Division, EGAT
801 M.6 T.Mae Moh, A.Mae Moh, Lampang, 52220 Tel. 66-054-254136, 66-054-254037 Fax. 66-054-254037

( Dr.Kanitta Wongyai )
SCIENTIST LEVEL 9

Reported By : ........

( Miss Nucharin Whangdeeniran )
SCIENTIST LEVEL 7

Rev.14 01/09/59



121

ANANUIN A.
UNAMUSIATULNYUNS 1
= o/ v 3
msﬂﬂmame}zu:nqs‘lwaimmaswﬂmmmﬂ%uﬁﬂLaﬂ

Taelda2auuudidanas



msuUs:gu3zms 1890 msiginndonuncuSouausa
uaunsnidiundiuounaznszusums (ason 16)
s:v3109uUn 23-24 AumWus 2560

U quainoususimsineniisd SoksaBeolki

[ % [
ﬂ'lﬁ'ﬁﬂHﬂaﬂﬂmgﬂ'lilﬁasl%ﬁqﬂﬁi'mw gdanIFadnIaLan

TnaldvaauuudiSainas
A STUDY OF FLOW CHARACTERISTICS OF MICROBUBBLE GENERATOR BY

EJECTOR NOZZLE
dselniie anase’ unanga
@38y FovWws adeainasnwIduiiafnmansuen s inansluzasninasatmasuia
3 q
rya Wwnedan in laglfasmIdiuimnanaraasnis e wasasanasemeazuiatanidunuyd

FaLnas 5nwmuﬂwiamanizuaﬂmﬂ‘luﬁ"ﬁadﬂ’m"lmaaf”mi"wadmmﬁgﬂaammulﬁ
& d o o = & o ° v a A o Ao o
ggrguazaanunwindauuuidutiuiule vlifanindfouudssanueundudan

v o wnd o ' @ ° =
andstnalula i nSIIBLaZ A0 DT AWLEUNIINT LR Iﬂammﬂ?gﬂgmiﬂrJa@‘[umﬂmmemwwa@mmnﬂqﬂ
AAINITULASRINR AMESAINTINATRA S waztiadangnisoilnssarmedu vldwssanmeaiamssssuandunaszmnadn

~ o " e o o a W . o &
VRNMINYIRYRIVRTWAIUNT 2.]IVAN 90112 ININAIN SL%THS"/W]ﬂEGVLWWQWiMWNa’ﬂad’ﬂy%”lﬂLﬁ%N']%g[%?Jﬂﬂ'NYI’NL"lI”I’]Jad‘uﬂ(D) 6,
L € o L €
E-mail: chayut@me.psu.ac.th 10 mm, PUIALEURIUGUINA1INBaNTIN(d) 6, 10 mm, PUIALEURIUGUINAIIAD

A8A(d,) 3, 4, 5 MM UAZEIUAUINTILTIVEIOINA NAIINMIANBINLIIVUIALEURU
guﬁnmamwﬁwaaﬁw LAZUINALFUAIUEUINAIABABATNARBANLTY ANGAL LAz
wadnsswvesihluudaztumslng

adan:  Wasermauwmaian, widedidaeas, awanasenia,  n3dnaainig

6
waraasadlna

Abstract

The purpose of this research was to study of flow characteristics of
microbubble generator using computational fluid dynamics. Nozzles created small
bubbles as ejector type microbubble generator. A cylindrical tube within the channels
for fluid flow that was design to extend and reduced the area of steps so that the
complex pressure change along the flow. Air was sucked by minus pressure point.
The bubble was reduced to a number of microbubbles by the cavitation. In the
experiment, considering the effect of diameter of the water inlet (D) 6, 10 mm,
diameter of the water outlet (d) 6, 10 mm, diameter of the throat (d,) 3, 4, 5 mm and
position of the air inlet. The results show that the diameter of the water inlet and
diameter of the throat affects the speed, pressure and the behavior of water in each
layer flow.

Keywords: Microbubble, Ejector nozzle, Bubble diameter, Computational Fluid Dynamics
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Abstract

The purpose of this study was to study flow behavior in ejector nozzle for microbubble generator. The ejector
nozzle composed of two circular flow channels connected with convergence and divergence section. The water flow
was accelerated in convergence section. The air was introduced into the nozzle through air hole and mixed with water
in throat section. Then the water with air bubble decelerated in divergence section and became microbubble. In this
study, the flow simulation technique was applied for understanding the phenomena of microbubble generation using
commercial software, ANSYS Ver.15 (Fluent). The effect of nozzle geometry on flow characteristic was also investigated.
It is found that the contraction diameter ratio between inlet diameter and throat diameter effects to the flow behavior

significantly.
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1. Introduction

Water is an important resource for human life. The
wastewater from industry need to be treated properly
before discharge to natural water resource. Recently,
aeration in the water by microbubbles is an attractive
alternative. Because the properties of microbubbles have
many useful characteristics, such as a large gas-liquid
interfacial area, long residence time in the liquid and fast
dissolution rate so that they have an advantage to dissolve
the oxygen gas in air into water. Microbubble has been
designed and developed to use in wastewater treatment
[1-3].

In general, there are many techniques to generate
microbubbles [4, 5]. This study focused on microbubble
generation using ejector nozzle. Fig. 1 shows the typical
ejector nozzle. The liquid flow with high velocity flows in
small channels and then shear the gas flow into small gas
bubbles. However, the mechanism of microbubble
generation is still unclear. In this study, the behavior of
water flow passing ejector nozzle was investigated using
computational fluid dynamics. The effect of nozzle
geometry was also studied. However, the air is not

considered in simulation.

2. Numerical Simulation

2.1 Simulation model

Fig. 2 shows the ejector model using in this study. The
ejector nozzle consisted of flow channel with two different
diameters. The flow channel has convergence and
divergence section connected with throat section. The
water from pump has forced to accelerate in convergence
section. The air flow is introduced and mixed with water in
throat section. Then the water with air bubbles
decelerated again in divergence section. The air bubble

then break into microbubbles.

imsrational
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The nozzle geometry was investigated for nozzle inlet
diameter (D) at 6 and 10 mm, nozzle outlet diameter (d) at
6 and 10 mm, with different the throat diameter (dr) at 3, 4
and 5 mm. For all simulation, the nozzle inlet length (L)
was fixed at 20 mm, the nozzle outlet length (I) was fixed
at 24 mm and the throat length (Ir) was fixed at 3 mm. All
simulations were carried out for inlet condition with

constant water flow rate at 15 1/min for comparison.

Liquid

Fig. 1 Ejector type microbubble generator

58 mm

Ir 1

k Feoke )

19 mm D d

Fig. 2 Simulation model using in this study

2.2 Simulation setup

Since, the Reynolds number for water flow at inlet
based on water flow rate and diameter at inlet was
Re=20,300.The flow was in turbulent flow regime. So,

turbulent model was applied for this simulation.

2.2.1 Governing equations for turbulent flow

In this study, the flow is assumed to be incompressible,
steady state, and turbulent flow. The governing equations
for Reynolds-Averaged continuity, Navier-Stokes and

energy equation are as follows [6, 7, 8]:
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Continuity equation

opu;

=0 1
ax,. &)
Navier-Stokes equation

ou; 0 ou; | op
u,—=—1/\u+u, )—|—— 2
j 6Xj 5Xj {(ﬂ 'ut)axj } ox, (2)

Energy equation
oT 0 U, | oT
puj—— = Lot 3)
ox; ox;|\Pr Pr, )ox;

The SST (shear stress transport) k-@ turbulence model
developed by Menter [9] was applied for taking term of
turbulent viscosity. For this modelling, a blending function
(F7) is introduced which is equal to one near the solid
surface and equal to zero for the flow domain away from
the wall. The SST k-w turbulence model combines the k-@
model near the wall and the k-£ model away from the wall
as a unified two-equation turbulence model. In addition,
the SST k- turbulence model also features a modification
of the eddy viscosity is redefined so as to take into account
the transport of the turbulent shear stress. This
modification is required to accurately capture the onset of
separation under pressure gradients [10]. The model

equations of SST k- turbulence model are as follows:

Turbulence kinetic energy, k

alpV k Vi o
a(,ok)+ (ov, ):TW Vi o
ot OX X ;
+i +& ﬁ (4)
ox Oy )OX;
Specific dissipation rate, @
olpV; @ Vi
alpo) AVs0) w000 (Wija_‘"
ot X Ve o Ox; X j 0, )OX;
1 ok ow
+2p(1-F1)0,, — (5)
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Blending function, F;

4
k 4 k
F, = tanh] min ma){ ‘/— ,SOZOVJ, Pu2” (6)
B ay yo)CDyy
(D, =max| 2pc,, LK 0@ 410 7
® OX; OX;
Turbulent viscosity
[ pkoag pk
=min| —, ;a1=0.31 8
M (g) SF, J 1 8
Blending function, F
2
F, =tanh| max 2:/% ,5020v 9)
Bay yo

For Blending function, F; is equal to 1 at inside the
boundary layer and 0 in the free stream.

The coefficients of the k-wand the k-£ model respectively:
k-omodel;
o=1.176, 0,=2, =0.5532, #=0.075 and £*=0.09

k- model;
o=1, 0,=1.168, @=0.4403, $=0.0828 and £*=0.09

2.2.2 Simulation conditions

The numerical model was considered for one phase
flow of water. The air flow will not be simulated due to
complexity of simulation. The properties of the water are
shown in Table 1.

Table 1 Water Properties

Room Temperature Density Viscosity
() (kg/m?) (kg/m-s)
28 996.2 0.000819

Fig. 3 shows the detail of simulation domain with
boundary condition. The water velocity was applied for
inlet boundary condition. The constant pressure outlet was
set at atmosphere for outlet condition and other boundary

surface was set as wall boundary condition.
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(a) Detail of the simulation with boundary condition

(b) 3D model for simulation domain

Fig. 3 Detail of simulation model with boundary conditions

2.2.3 Grid system

Hexahedral grid structurewas generated for 3D
domain in microbubble generator as shown in Fig.4. The
grids would be finer in region of convergence and
divergence in microbubble generator. Inlet and outlet
region have been created a combined grid to the consistent
with the geometry of the domain. About 2,000,000

elements of quadrilateral grids were used.

(b)

(©

(

Fig. 4 Grid distribution in different simulation domain,

(a) grid on surface model, (b) grid on the center of throat
region, (c) grid on the cross section of inlet region and

(d) grid on the cross section of outlet region

2.2.4 Numerical method
The flow field was simulated by using commercial
ANSYS Ver.15.0 (Fluent). The

software, numerical
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computation was carried out by solving the governing

equations with boundary condition. The SST k-@
turbulence model was used for solving turbulent flow. The
solution method is based on SIMPLE algorithm with
second order upwind for all spatial discretization. The
solution is considered to be convergent when the
normalized residual of the algebraic equation is less than a

prescribed value of 1x10-5.

3. Results and discussion

The flow filed of water inside the microbubble
generator was investigated in this study. The geometry of
microbubble generator are described in Table 2. The water
flow rate was fixed at 15 lI/min for comparison with
different generators.

Table 2 Detail of the microbubble generator diameter for

simulation
Models D (mm) d (mm) dr (mm)
(@ 10 6 3
(b) 10 6 4
(o) 10 6 5
(d) 10 10 3
(e) 10 10 4
§i)] 10 10 5
(g) 6 6 3
(h) 6 6 4
(i) 6 6 5

Fig. 5 and Fig. 6 are shows the variation of velocity in y-
axis direction and pressure along the center of the nozzle.
The increase of velocity occurs in the convergent section
due to transformation of pressure into kinetic energy. The
maximum velocity occurs in the throat section; therefore,
pressure drop rapidly. The results can be explained at
before the throat inlet has the velocity changes so rapidly
causes the graph is positive slope and maximum velocity at
the throat. Then the velocity is decrease when through the
throat. Otherwise before the throat inlet has the pressure

drop changes so rapidly causes the graph is negative slope
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and minimum pressure at the throat. For the microbubble
generator model is (a) D=10 mm, d=6 mm and d7=3 mm
has maximum velocity and minimum pressure at the
throat when compared with other models because the
maximum different of the contraction diameter ratio

(D/dr).

—0— (2) P=10 mm, d=6 mm,d =3 mm —@— (d)D=10mm, d=10 mm, d = 3 mm
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Fig. 5 v-velocity distribution at center along y-axis
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Fig. 6 Pressure at center along y-axis
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Fig.7 shows the contour of turbulence kinetic energy
(TKE) on the center plane of microbubble generator along
y-axis. The result shows the region behind the throat has
the high TKE in which high amount of turbulent energy is
extracted from mean flow. The rapid reduction in cross
sectional area causes the increase of TKE. This is clearly
seen for case with the throat diameter of 3 mm. For case of
larger throat diameter, the region of large TKE cannot be
found. This turbulent kinetic energy will enhance the

process of bubble breaking behind the throat section.
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Fig. 7 Contour of turbulence kinetic energy on the center

plane of microbubble generator along y-axis

Fig.8 shows the shear stress at the throat wall within
microbubble generator on the center plane along y-axis.
The throat diameter is 3 mm has maximum shear stress

between layers of the flow because in the velocity is higher
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than other case of throat diameter. This shear stress will

cut the air bubble to small size.
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Fig. 8 Contour of shear stress on the center plane of

microbubble generator along y-axis

Fig.9 shows the velocity streamlines on the center
plane of microbubble generator along y-axis. The reverse
flow occurs at near wall region when the flow through the
throat, especially with more different diameter of the inlet
diameter and throat diameter. This reverse flow will be

effect to pressure drop in nozzle.
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Fig. 9 Velocity streamline on the center plane of

microbubble generator along y-axis

4. Conclusions

In this study, the flow characteristics in ejector type
microbubble generator was studied using commercial
software, ANSYS Ver.15.0 (Fluent). The main results can be
concluded as follows:

(1) The effect of the throat diameter (dr) at 3 mm as
shown the value of maximum velocity and minimum
pressure because the different diameter of the nozzle inlet
diameter and the throat diameter is maximum.

(2) The effect of the nozzle inlet diameter (D) at 10
mm has to change the velocity and pressure rapidly. But at
the nozzle inlet diameter (D) is 6 mm and the throat
diameter (dr) at 3 mm to minimum pressure when
compared with D=10 mm dr=3 mm at same position

(throat region).
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(3) For the position of air inlet is the lower pressure

region or throat because this point air is sucked by the

pressure different with atmosphere pressure.

5.Nomenclature

Symbols

CDy, |[- Cross-diffusion

D [mm] diameter of the nozzle inlet

d [mm)] diameter of the nozzle outlet

dr [mm)] diameter of the throat

k [m2/s2] turbulent kinetic energy

L [mm] length of the nozzle inlet

1 [mm] length of the nozzle outlet

Iy [mm] length of the throat

P [Pa] pressure

Pr [-] Prandtl number

Pr¢ [-] turbulent Prandtl number

Qw [1/min] water flow rate

T [K] temperature

u [m/s] velocity components (u; v; w) in
Cartesian directions: x; y; z

Greek

U [Pa-s] viscosity

Ue [Pa-s] turbulent eddy viscosity

v [m2/s] kinematic viscosity

Ve [m2/s] turbulent kinematic viscosity

Tw [N/m?] wall shear stress

) [1/s] specific dissipation rate

p [kg/m3] density

Ok [-] turbulence Prandtl number for
turbulence kinetic energy

o [-] turbulence Prandtl number for
specific dissipation rate

o BB -] turbulence model constant

Subscripts

ij [-1 space components

6. Reference

[1]

Ohnari, H., Saga, T., Watanabe, K., Maeda, K., Maeda, K,
1999. High functional characteristics of micro-bubbles
and water purification, Resources Processing, Vol. 46
(4), pp- 238-244.

Sadatomi, M., Kawahara, A., Kano, K. and Ohtomo, A,

2005, Performance of a new micro-bubble generator

The 314 International Conference on Engineering Science and Innovative

Technology (ESIT2018), Phang-Nga, Thailand, April 19-22, 2018

(3]

[4]

(5]

(6]

[7]

(8]

[9]

nnnnnnn

=]

€&y 018

with a spherical body in a flowing water tube,
Experimental Thermal and Fluid Science, Vol. 29, pp.
615-623.
Sadatomi, M., Kawahara, A. Matsuura, H. and
Shikatani, S., 2012, Micro-bubble generation rate and
bubble dissolution rate into water by a simple multi-
fluid mixer with orifice and porous tube, Experimental
Thermal and Fluid Science, Vol. 41, pp. 23-30.

Terasaka, K., Hirabayashi, A., Nishino, T., Fujioka, S.,
Kobayashi, D., 2011. Development of microbubble
aerator for waste water treatment using aerobic
activated sludge. Chemical Engineering Science, Vol.

66, pp. 3172-3179.

Mori, Y., 2015, Micro-bubble generator, United States
Patent No. 9,061,256 B2.
Anderson, ].D., Governing Equations of Fluid

Dynamics, In Anderson, ].D., Degrez, G.E., Degroote, |.,
et al. (eds.), Computational Fluid Dynamics, 3rd ed.,
chap. 2, Springer, Heidelberg, Germany, 2009

Baliga, B.R., Atabaki, N., Control-Volume-Based Finite-
and Methods, In
Minkowycz, W.., Sparrow, E.M., Murthy, J.Y.,, (eds.),

Difference, Finite-Element
Handbook of Numerical Heat Transfer, 2nd ed., chap.
6, Wiley, Hoboken, New Jersey, 2009.

Patankar, S.V., Numerical Heat Transfer and Fluid
Flow, chap. 2,

Washington, D.C., 1980.

Hemisphere Publishing Corp.,
Menter, F.R, 1994. Two-equation eddy-viscousity
turbulence models for engineering applications, The
American Institute of Aeronautics and Astronautics

Journal, Vol. 32(8), pp. 269-289.

[10] Menter, F.R.,, Carregal Ferreira, ], Esch, T.M. and

Konno, B., 2003. The SST turbulence model with
improved wall treatment for heat transfer predictions
in gas turbines, International Gas Turbine Congress,

November 2-7, Tokyo.



138

AANUIN 9.
UNAUSINITUNIUNS 3

Application of microbubbles for cleaning coal powder



Available online at https://jcst.rsu.ac.th
Formerly Rangsit Journal of Arts and Sciences (RJAS)

Journal of Current Science and Technology, July-December 2018 JCST Vol. 8 No. 2, pp. 57-65
Copyright ©2018, Rangsit University ISSN 2630-0583 (Print)/ISSN 2630-0656 (Online)

Application of microbubbles for cleaning coal powder

Prapaipis Tawonsri, Somchai Saeung, and Chayut Nuntadusit™

Department of Mechanical Engineering, Faculty of Engineering, Prince of Songkla University, Hatyai,
Songkhla 90110, Thailand

“Corresponding author; E-mail: chayut.n@psu.ac.th

Received 31 October 2018; Revised 8 December 2018; Accepted 27 December 2018
Published online 30 December 2018

Abstract

It is known that Thailand has been using natural gas as its main fuel in producing electricity at the present
time. A number of these reserved natural gases are likely to be dramatically decreased in the future. However,
Thailand also has abundance of another fuel resource, which are the lignite coals that are considered lower quality but
cheaper compared to other fuel resources. Even though lignite is not fully accepted and has bad reputation for its
harmful impact on environment is being developed and used with clean coal technology in order to lower the pollution
from the coal. This aims to study characteristics of bubbles produced by three different bubble generators: porous
stones, ejector nozzle and pressure tank. Moreover, this study also investigates the result of coal cleaning by using the
generated bubbles in order to carry the coal to the water surface. The result shows that the size of bubbles produced by
porous material are appeared larger compares to the bubbles produced by the ejector nozzle combined with pressure
tank are smallest. For the coal cleaning, it is found that the bubbles from the ejector nozzle combined with pressure
tank can carry more coal powder to the water surface. In addition, flotation time also affects to remove sulfur and ash
of the coal. The removal of sulfur content and ash content in coals, decreased with increasing flotation time. In
addition, the fixed carbon and gross calorific value of the coals were increased with increasing flotation time.

Keywords: bubble size, clean coal technology, coal, coal analysis, flotation column, microbubble generator

1. Introduction Present commercial coal cleaning

Coal has been used as a source of fuel for methods are mostly based on physical separation;
centuries. In addition, coal is found in prodigious chemical and biological methods tend to be more
amounts throughout the world and has lower cost expensive. Typically, density separation is used to
as compared to other fossil fuels (Franco & Diaz, clean coarse coal while surface property-based
2009). However, coal utilization has a few methods are preferred for fine coal cleaning. In
negative impacts on the environment. Coal is a the density-based processes, coal particles are
complex chemical mixture composed of carbon, ~ added to a liquid and then exposed to gravity to
hydrogen, and dozens of trace elements. When separate the organic-rich phase from the mineral-

coal is severed as a fuel source, some of these ~ '\Ch phase. | In dthe Igurched pr_?ﬁertﬁ—baseg
components would convert to gaseous emissions, processes, pulverized coal IS mixed with water an

such as sulfur dioxide (SO,), nitrogen oxides a little amount of collector reagent is added to

(NO,), and other chemical by products through the increase the hydrophobicity of coal surfaces.

coal combustion or thermal decomposition. These Then, air bubbles are introduced in the presence of
. . P ' a frother to carry the coal particles to the top of the
emissions have been established to possess

3 slurry, separating them from the hydrophilic
harmful effects on the environment (He, Gu,

X mineral particles. Commercial surface property-
Wang, & Zhang, 2017) and human health, which based cleaning is completed through froth or

contributes to acid rain, greenhouse effect, and column flotation (Ni et al, 2015; Park,
lung cancer (Longwell, Rubint, & Wilson, 1995; Subasinghe, & Han, 2015; Bu, Zhang, Chen, Xie,
Beer, 2000). For these reasons, the introduction of & Peng, 2017; Babu, Patnaik, & Sunder, 2018;

environmentally friendly Clean Coal Technology Bhunia, Kundu, & Mukherjee, 2018).
(CCT) is one of our subjects of having more coal Microbubbles are the bubbles with

utilized. diameter ranging from one to several hundred
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microns, and they are characterized by a great
interfacial area concentration per unit gas volume
and low relative velocity between the bubbles and
liquid phase (Maeda, Hosokawa, Baba, Tomiyama,
& Ito, 2015). These characteristics are of huge
applying in enhancement of adsorption of
impurities at gas—liquid interface and mass transfer
between the two phases (Takahashi et al., 2003;
Takahashi, 2005). Microbubbles are, therefore,
utilized to improve efficiencies and performances
of various industrial systems such as water
treatment systems (Chu, Xing, Yu, Sun, & Jurcik,
2008; Terasaka, Hirabayashi, Nishino, Fujioka, &
Kobayashi, 2011; Rehman, Medley, Bandulasena,
& Zimmerman, 2015), washing processes
(Oliveira, Rodrigues, & Rubi, 2009), bathing
systems (Tajima et al., 2008), chemical reactors
(Matsumoto, Fukunaga, & On, 2010), medical
systems (Kaneko et al., 2007) and plant cultivation
(Park & Kurata, 2009). Since efficiencies and
performances of these systems depend on the
diameter and number density of microbubbles, it is
essential to optimize them in development of the
microbubble generators (Serizawa, Inui, Yashiro,
& Kawara, 2003; Hirai, Komura, Saechout, &
Sugiya, 2009) and to understand a mechanism of
microbubble generation.

Various types of microbubble generators
have been developed, and most of them can be
classified into four methods, i.e., the method based
on bubble breakup due to shear flow or pressure
wave (Sadatomi, Kawahara, Kano, & Ohtomo,
2005; Fujiwara, Takagi, Watanabe, & Matsumoto,
2003), the method using ultrasonic wave (Makuta,
Takemura, Hihara, Matsumoto, & Shoji, 2006;
Thiemann, Nowak, Mettin, Holsteyns, & Lippert,
2011), the method using microfluidics technology
(Xu, Li, Chen, & Luo, 2006; Arakawa, Yamamoto,
& Shoji, 2008; Shintaku, Imamura, & Kawano,
2008) and the method based on bubbles of
dissolved gas due to depressurization at a
decompression nozzle (Fujikawa, Zhang, Hayama,
& Peng, 2003; Hosokawa et al., 2010).

Meanwhile, coal cleaning by selective
collection of an aqueous suspension of coal
particles was demonstrated on a laboratory scale
(Shen & Wheelock, 2000). The microbubbles were
produced by saturating water with gas under
pressure and then releasing the pressure as the
water was agitated. Cyclo-microbubble flotation
column is an advanced column flotation
technology for fine coal cleaning developed (Li,
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Tao, Ou, & Liu, 2003). It combines cyclone
separation with column flotation to enhance pyritic
sulfur rejection and separation efficiency. The
cyclo-microbubble flotation column has been
successfully employed to recover fine coal from
discarded waste ponds and replace conventional
mechanical cells. Froth flotation is used in the
coal industry to clean a fine coal (Tao, Yu, Zhou,
Honaker, & Parekh, 2008). A fundamental
analysis has shown that use of picobubbles can
significantly improve the flotation recovery of
particles by increasing the probability of collision
and attachment and reducing the probability of
detachment. The experimental results have shown
that the use of picobubbles in a column flotation
increased the combustible recovery. The
amenability of beneficiating a fine hard coal using
column flotation has been studied using a CoalPro
flotation column. Column flotation is capable of
producing an acceptable clean coal concentrate of
85% combustible recovery with 81% ash rejection
at maximum separation efficiency of 62%,
compared to conventional flotation which has 70%
recovery with 70% ash rejection at an efficiency of
42% (Han, Kim, Kim, Subasinghe, & Park, 2014).

However, under the former condition,
there is a limitation because a high energy
consumption to generate microbubbles and high
cost for design. Consequently, it is cause of not
widely used in the industry. In order to solve these
problems, three types of microbubble generators
were tested in order to observe how the factor
affects the generation of microbubbles by using a
shear flow method of microbubble generators,
which for decreases the energy consumption and
reduced cost for design. Furthermore, experiments
on microbubble generators implementation in coal
cleaning to remove excessive impurities for
efficient and environmentally safe utilization of
coal.

2. Objectives

This study was aimed at enhancing
recovery of fine coal sample using a specially
designed flotation column featuring a microbubble
generator.  Several kinds of the microbubble
generators were also evaluated based on the size of
bubbles suitable for the impurities removed from
the coal.

3. Materials and methods
3.1 Microbubble generators
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Figure 1 shows the three types of bubble
generators used in this study. The air is introduced
through small holes in an air diffuser or porous
stones (Figure 1(a)), setting at the bottom of
column, and the flow of the bubbles is controlled
by a rotameter. However, there is a limit in the
size of the bubbles produced by such methods.

In Figure 1(b), the ejector nozzle can be
made with PVC pipes, the inlet and outlet
diameters were 1 inch, the throat diameter is %
inch. At the throat portion of the ejector nozzle, ¥4
inch diameter air hole was drilled through the wall.
When the water flow passing through the throat of
the ejector, the velocity is accelerated which
creates a low pressure zone that draws in and
entrains a suction air. The shearing of air—water
mixture in turbulent flow creates the microbubbles.

In addition, the ejector nozzle can be used
with pressure tank (see Figure 1(c)), the air is
dissolved in the liquid into a tank by pressurizing
the air-liquid mixture. When this supersaturated
liqguid is flashed wusing a reducing valve,
microbubbles are generated. The size and number
of the microbubbles depend on the pressure in the
pressure tank and the decompression process.

3.2 Experimental setup

A schematic diagram of the experimental
setup is shown in Figure 2. It consisted of column
flotation, a microbubble generator, rotameter for
air, rotameter for water, a high pressure pump and
a pressure tank.

All experiments were carried out in a 28
L column flotation with glass walls (12.5 cm wide,
30 cm long and 75 cm high). The middle portion
of column has a glass plate with a width of 12.5
cm and a thickness of 0.6 cm above the base of
column 5 cm but the glass plate high varied 35 cm
and 50 cm. To ease clean coal collection, a glass
with a platform was mounted at the top of the
column flotation. Half the surface of the platform
was leveled with the top end of the column
flotation, and the other half was an inclined
channel so that liquid or coal could easily flow out
of the column for coal collection. The
microbubble generators used in the experiments as
shown in Figure 1, the air flow rate is measured by
an air rotameter and controlled by a valve. The
water in the experimental setup was recirculated by
a high pressure pump, and a water rotameter was
used to measure discharge.
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3.3 Measurement of the size of microbubbles

The diameter of the microbubbles
produced at different liquid pressure and air flow
rates were measured. The schematic diagram for
measuring bubble diameter is shown in Figure 3.
Air was introduced into water at the bottom of a
column flotation. Produced microbubbles were
introduced into a bubble chamber, which a glass
plate 0.2 c¢cm thickness, 12 cm wide and 16 cm
long. The space between the 2 glasses 0.2 cm for
the small bubbles can be trapped in a bubble
chamber. Bubble diameters were determined by
analyzing bubble pictures captured from a digital
microscope camera, which set at the top of
chamber. For analysis, images processing method
the MATLAB software was used.

Image processing method via MATLAB
coding was employed to average the bubble
diameter from the picture that captured from
digital microscope camera. In this process,
transforming the original images to grayscale
images is shown in Figure 4(a). Next, the gray
levels of target object (bubbles) and background
are very different. It is easy to accomplish the
image with a direct threshold, just as shown in
Figure 4(b). Then, the image was directly used to
detect the bubble edge for determine the diameter
of each bubble as shows in Figure 4(c). Finally,
the results of average diameter of bubbles was
calculated by dividing the number of bubbles as
shows in Figure 4(d). An average diameter of
bubbles was received from 10 pictures.

3.4 Materials and methods

Lignite coal samples used in this study
were obtained from Mae Moh Mine, Lampang,
Thailand. The coal samples was first crushed in a
jaw crusher and then further crushed in a hammer
crusher. Finally, a gyratory crusher was used to
grind the coal samples to a finer size. After
crushing and grinding, the coal was screened with
sieve and shaker to about 250 pum to be used as a
feed in all flotation experiments. Then stored in
plastic bags until required for flotation tests.

Prior to each test, the flotation feed was
conditioned at 50% solids (consist of coal and
water). Then add kerosene used as collector to
enhance the hydrophobicity of the coal particle
surfaces into the flotation feed. Conditioning was
conducted in a conditioning tank that was equipped
with a motor and three blades placed vertically of
the tank. The impeller rotation speed was kept
constant at 620 rpm.
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Figure 3 Experimental apparatus for the measurement of bubble diameter
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(c) Pressure tank
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Figure 4 Bubble image processing via MATLAB software

At the beginning of the experiments, tap
water was added into the flotation column from the
top to the desired level. Flotation was started with
generating bubbles. Water flow rate and air flow
rate were kept constant. Pine oil was mixed
thoroughly as the flotation frother. The feed slurry
entered the column in the upper portion of the
flotation column, 45 cm below the overflow lip.
After being fed into the column, the clean coal is

Table 1 Experimental details for coal cleaning

55.7007
59.2979
70.7494

(d) Diameter of a bubble

concentrated by rising bubbles ascend to the top
and the tailings coal is gathered at the bottom of
the flotation column. The concentrate and tailings
products were collected and dried in the hot air
dryer at 110°C for 24 hours. Experiments were
carried out at different flotation times keeping all
other parameters constant. The details of these
experiments are shown in Table 1.

Parameter Value

Coal size < 250 microns
Collector dosage (kerosene) 8 kgt

Frother dosage (pine oil) 0.15 kgt
Impeller speed 620 rpm
Conditioned time 5 minutes
Water flow rate 20 I/min

Air flow rate 0.7 I/min

Feed position (below the overflow lip) 45 cm
Flotation time 30, 60, 90, 120, and 150 minutes
Drying temperature 110°C

4. Results
4.1 Comparison of bubbles generated by the
microbubble generators

Figure 5 shows the photographs of
bubbles from each generator. Comparison of
bubbles generated by the microbubble generators:
porous stones, ejector nozzle and ejector nozzle
combine with pressure tank. In the experimental,
the water flow rate and air flow rate were kept
constant at 50 I/min and 0.7 I/min, respectively. It
is clearly seen that each generator can generate the
fine bubble but there were differences in terms of
size and quantity of bubbles. For case of
compressing the air through the porous stone, there
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is a large bubble and present near to the generator
only.  The bubble cannot be circulated or
accumulated in water for a long of times. While
the bubbles from the ejector nozzle are smaller
when compare with the bubbles from porous stone.
In addition, the bubbles from using the ejector
nozzle combine with pressure tank are the
smallest. The water becomes milky due to the
presence of a lot of fine microbubbles.

Average diameter of the bubbles
generated from porous stones, ejector nozzle and
ejector nozzle combine with pressure tank were
385 um, 57 pum and 54 pm, respectively.
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(a) Porous stones

(b) Ejector nozzle

(c) Ejector nozzle with pressure tank

Figure 5 Comparison of the bubble from the microbubble generators
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Figure 6 Relations between mean diameter of bubbles and air flow rate for different water pressures

4.2 Effect of pressure on bubble size from ejector
nozzle and pressure tank

Figure 6 shows the effect of air flow rate
on the mean diameter of bubbles for different
water pressures (Py). The ejector nozzle combined
with the pressure tank are used because it is
expected to increase the number density of bubbles
formed in the flotation column. Under a given air
flow rate, the mean diameter decreases with the
increase of the water pressure. For a low water
pressure, the mean diameter increases sharply. But
for a higher water pressure, it increases slowly.
Thus, it is important to increase the water pressure
in order to enhance the number density by
increasing the air flow rate and suppress the
average diameter of bubbles.

62

4.3 Effect of flotation times for coal cleaning

In the experiment, it uses an ejector
nozzle combined with a pressure tank to generate
bubbles.  The microbubbles will increase the
probability of collision and reducing the
probability of detachment. The flotation times
varied at 30, 60, 90, 120 and 150 minutes. The
results show that flotation time at 30 minutes, the
maximum coal concentrate was 495.6 g. When the
flotation time increased from 60 to 150 minutes,
the coal concentrate was decreased to 432.4, 375.2,
325.8, 242.8 g, respectively. The water and
bubbles effect to the coal concentrate on the water
surface recirculated to the bottom of the column.

Finally, the coal concentrate and tailings
were proximate analyzed to determine the amount
of residual components after cleaned and separated
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including sulfur, ash, volatile matter, fixed carbon,
gross calorific value. The proximate analysis of
coal samples as shown in Table 2.

The results show proximate analysis (dry
basis) of the components in coal, which raw coal
and cleaned coal (consist of concentrate and
tailing). The effects of flotation time on removed
sulfur and ash of the coal sample in the interval 30-
150 minutes are shown in Table 1. These
experiments were performed with samples of
concentrate coals and tailing coals. The results
showed that the removal of sulfur content in the
concentrate coals and tailing coals, decreased with
increasing flotation time. The concentrate coals at
10.2% sulfur content was achieved at 150 minutes
of flotation time. While the tailing coals at 7.1%
sulfur content was achieved at 120 minutes of
flotation time.

For ash content in coal, the results show
that in the concentrate coals and tailing coals were

decreased slightly with increasing flotation time.
The coal powders entrapped in the froth were
removed with an increase in flotation time, thereby
decreasing the ash content of the clean coal. The
concentrate coals at 20.3% ash content at 60
minutes of flotation time. While in the tailing
coals at 20.5% ash content at 150 minutes of
flotation time.

In addition, volatile matter in concentrate
coals and tailing coals are increased slightly with
flotation time about 3.2-3.4% at 60 minutes of
flotation time.

Finally, the fixed carbon of clean coal
increased along with the gross calorific value, with
an increase of the flotation time. The concentrate
coals reached 49.6% of fixed carbon and gross
calorific value of 22.3% at 60 minutes of flotation
time. In addition, the tailing coals reached 48.0%
of fixed carbon and gross calorific value of 21.7%
at 150 minutes of flotation time.

Table 2 Proximate analysis of raw coals, concentrate coals and tailing coals, dry basis (db), —250 pm

Coal sample Flotation time  Sulfur Ash Volatile Fixed Gross calorific value
matter carbon
(minutes) (wt. %) (wt. %) (wt. %) (wt. %) (MJ/kg) (kcal/kg)
Raw coals - 7.91 42.11 43.00 14.89 15.09 3606
Concentrate coals 30 8.79 35.25 42.58 22.16 18.45 4410
60 7.89 33.56 44.16 22.28 18.37 4391
90 7.57 35.65 43.36 20.98 17.89 4276
120 7.61 41.85 41.68 16.47 15.09 3608
150 7.10 36.73 44.38 18.89 17.16 4101
Tailing coals 30 7.54 36.30 44.45 19.25 17.25 4122
60 7.50 37.26 43.06 19.66 17.02 4069
90 7.68 37.82 43.78 18.40 16.72 3996
120 7.35 34.79 43.98 21.23 17.59 4204
150 7.73 33.49 44.47 22.04 18.37 4391

(Laboratory Section, Geology Department, Mae Moh Mine Planning and Administration Division, EGAT)

5. Conclusion

The following major conclusions can be
shown by this study:

1. The size of the bubbles generated form
porous stone is larger than the ejector nozzle. In
addition, using ejector nozzle combined with the
pressure tank will generated the bubbles are
smallest.

2. The bubble size decreased with
increasing the pressure of the water in pressure

tank. On the other hand, the number of the
bubbles increased with increasing the water
pressure.

3. The small bubbles or microbubble can
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increases the probability of collision between the
coal particles and bubbles. So the amount of
concentrate coal has increased.

4. Flotation time affects to remove sulfur
and ash of the coal. The removal of sulfur content
in coals, decreased with increasing flotation time.
Also, ash content decreased with increasing
flotation time. In addition, the longer flotation
time has the effect that the microbubbles stay for a
longer time in the water. Microbubbles can be
attributed to the high collision probability, high
attachment probability and low detachment
probability because of the introduction of the
hydrophobic attractive force.
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Abstract

The purpose of the research is to study the cleaning and separation of coal powder in circulation
flotation column. The lignite coal from Mae Moh Mine with sizing smaller than 250 microns was
studied and then cleaned and separated coal powder using the microbubbles, which generated

by ejector nozzle. The average microbubble size was about 54-57 microns. In the cleaning process
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for coal powder, small air bubbles can catch the coal powder and float to the water surface in the

column. When compared to the coal powder before washing, the amount of ash can be decrease

about 20.5% and the heating value of coal can be increased to 21.7%.

Keywords : Microbubble Cleaning coal Column flotation Ejector nozzle
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