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( SUMMARY )

- In this study, wet air oxidation (WAO) technology is handled to be
capable of effective treatment of organic waste water, WAO mechanisms
within gravity pressure (head pressure) vessel reactor that can reduce
power consumption, installation space, etc. of previous
method(electrical-mechanical reactor pressure). Aim of this study is to
have follow-up commercialization research foundation through the
fundamental research on the theories and analytical model.

- (First Year)
= Related field preceding paper, patent, etc. preceding research analysis of

investigation

» Found a deep well continuous oxidation reaction mechanisms and
influence factors under subcritical condition

= Establishment a theoretical analysis model for analysis evaluating

Purpose & influential factor on the oxidation reaction
Contents = Analysis of reaction characteristics and establishing basic theory base
on reaction kinetic models
- (Second Year)
= Establishment of mass&energy balance model on deep well reactor
types
= Examination of oxidants injection position and reaction yields
accelerator
= Investigation of reaction model & sensitivity evaluation of design
parameters for commercialization capacity.
= Batch type reaction units to design, produce, experimental evaluate a
bench scale
= Establishment of road map for follow-up commercialization research
promotion
- Technical trend (included patent) analysis results of WAQO, GPR, catalytic
WAOQO, etc.
- Vertical GPR reaction influence factors and reaction mechanism analysis,
Results oxidants feed analysis results
- Establishment and investigation-comparison GPR simulation models,
optimization simulation results for various conditions
- Equipments design/production, evaluation results for fluids and oxidation
reaction experimental
~Technical trend (included patent) analysis results of WAQO, GPR, catalytic
WAQO, etc.
—=Avoid patent, reactor configuration-system design, utilizing of
non-technology to identify research for follow-up research
Expected |-Vertical GPR reaction influence factors and reaction mechanism analysis,

Contribution

oxidants feed analysis results
—=GPR design, a patent application idea, utilization on follow-up
commercialization scale-up model development
-Establishment and investigation-comparison GPR simulation models,
optimization simulation results for various conditions

_5_



—Analysis engine design source code development, utilization on
commercial grade design code development at follow—up research

-Equipments design/production, evaluation results for fluids and oxidation
reaction experimental

=FEvaluation of multiphase flow model, design of the flow control model,
utilization on continuous operation system design

Keywords

. wet air
gravity pressure ) ) " .
oxidation sub—critical deep well organic wastes
reactor .
reaction
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9, 20084 F ATI|HAA 54

g 4 o
o 500 m Aol WG HAG A7) A0 A el A AR A4S B
s A9 Batel Aakel f4 A7l FEeA 48T = AE AL Sesidn

- B A AT gAEd AAFE D BdRE A58 BeRds FYPstu, 294
#7¢ 2@ A3 Foko] okdA 2R scale-up AN AA BES AW 2) A%
HY-AA Fgol Hsd LES vty FHS T AL

- EE FEREY F37] A wgHe] i BAE AR P FAE WANT
714%9] of W B 2 5 Qe
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o AVE FHE(IIFE 5A,
G A0 5 el Ao GRAM A4 £EE Avdad

(1) &2 4Fs} QWS- (Wet air oxidation reaction)

2 2FHWAO, wet air oxidation)+ HAAFE ] H71ES st 71s 9 sty
24 Zimmermannol o8] HExZ :erEla, 1950 thel HE 2 83l Ho] Ak
o] &5 At WAO AL 112(400~573K), 114(0.5~20 MPa)e] =71&
ZEs HAGEHE Tk 2 AstAleL JFAIA B At 7]
AL E8A9 s 7HEgetn SIS ol Y ¢S AbshA ¢ %3]1_‘1:—:3: = 7HA
Z B ol VR HEEHE SH9=ES HuF AN Wang et al, 2007).

Wy A oko

(7h) v]=v) 52 A3} ¥k-$-(non-catalytic Wet air oxidation processes)

1) Zimpro thermal sludge cinditioning process
H el WAO(Wet air oxidation) 712 F 7FA|7F d+=d, A WHA= Zimpro TSC
processO|th. "= FRJo Al A 2R AS FEstd veE E9A floe FX2E
#o] WE3st= 7lwolt). o]l F9 PACT(powdered activated carbon technology)
process® ©o|&H A, B=T/F2 A =HoA AEE BAE AYARE o] JlesteE st
= FA 3= A Chowdury et al. 1986; Goldstein and Lokatz, 1963; McDonald et
al. 1974; Annual report 1996).

) EERAGel 2~llo], ANSYS FIUENTE €-8-3F Erosion Model®] 31X %P E, ANSYSIH A& $1g CAE & mjAxl, 2013,
.3, 26.

2) MESHEA, Aa7leolop] 7+ VIsdR, 2012

3) AT, olFH, EWY &Fo] e THA FAAE U], 2009
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holding
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- . W e o R
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Air compressor X au‘st gas exchanger i\
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= control Steam
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e e o
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Landfill}, | (Vacuum filter) :
Soil amendment Il Filter press ‘
Composting fi == Belt press = Treated ..:j Pii—
Wet/dry land application | Centrifuge boiler -
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a9 2.1.2 Zimpro® LPO process for TSC T4 %=

1985 Dietriche LEZHolEE F3 F2 Atst wsS Fdsia, 2 A A
pilot scale 7FE9] AH|E AL&3te] HA 3 280, 320 °ColA 60 min.7F WS 33
}\—]j]

g olE B f7EY FUES 9o r AE st wHS AT 186719
H Zimpro WAO AH]F 10970586 %)7F A WAA&E# A 2 glo] o] §&H, Fx
o 2970(15.6 %), B4 Al 127065 %)5 ol o] &5 A H(Dietrich et al. 1985).
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00°C: I
o | | Low strength spent
E | | caustic (dilute sulphides)
3 \
g
£ 150
L
z
o
=
175+ __
180 1N
Thermal sludge ‘
. conditioning oN-
5 —200 phosphorus wastes
= Ethylene spent caustic P/N/S/pasticides
(sulphides)
g 2204
£
- Partial sludge
g 240 destruction/autothermal | @
= Wet air regeneration T 2
2 Athos” sludge destructi g
= 260 ey 2 | Prenol wastewaters
) — % | acrylonitrile
Naphthenic and cresylic =
280 1 || {refinery) spent caustic 8
L E Acetone*, oligomars®,
b methyl-methacrylate”
g High pressure = | Chioripated pesticides
=1 sludge destruction o Pharmaceuticals
ig g | Solvents
£ asp Lignin sludge dastruction 2| carboxylic acids
] — g Methanol
5
x
L—-372°C
(Critical point)
*Catalytic
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5 WA WAS VerTech process@ AtAS AMstA| 2 AL&3to] E8{A S o] FY 3o
ol 2 Uy Bl SRR tA FHE Eetee T84 F4 4ks) vbg Aladla e
o]
= H

kS-S H QltH(Knops et al).

Off-Gas

Effluent
Input Sludge

{ EHeat
Exchanger
o

Super
Heated
Water

Operating
Gravity
Prassure |/

19 214 VerTech process

(2) =] 52430k (Catalytic wet air oxidation processes)

LS-LC processE= TiO-ZrO.o ©A ¥ Pt-Pd &2 o]&3F Uz e =w& A}
€3 CWAO(catalytic wet air oxidation)& A <. 24+e] A (slug flow)7} &2 23
H o

715 AR Ao R, o] Whao A A HHE dsia 2o

of

& =

]+ & ¥ o]t} (Nippon Shokubai Technical Leaflet, Zhang and Chuang; 1998).
Zhang and Chuang< alumina 9 Ao Pt-Pd-Ce& £33t ZuE AF&3}o] black liquor
& FA4E vbSS FEl A dHgAE AT 272 4337463 Kell 1.572.2MPa®] x71 9
A e, ML 80 %o, 2413 o] whE-E wl, TOC(F#7I§H4) %kl 60 %4
T A, whge e Suje] Aol wet Ho) 70 %W =7bA TOC grol #Hadts A
3}

N

Check Valve 4-way Valve

Bubble Meter

Back Pressure Controller

' (F Condenser
______ | Liquid Sampling
L—Tube & Filter

Parr Reactor

a9 215 LS-LC A FA4%




Osaka Gas CWO processt titaniat} titania-zirconia B (YU Z T+= A EFD) #
w5 THES =Y FHE ARESt #HFA Y ste $ASEA, thad 2ol vl 7hA 9
A 2 HlE Aol dFaksth

- @7t ddAF Aol B8 FHE FEE AErbs A HgA gl o] &

- FALZAA A= HF A

- Tufftride 374 ¢ cyanide #F+ §5

- strE A e zho] #HgY AP Tl o &

Kurita Watertt9d& A= A4 485 /I, dRYolrk AFagr w85k NO.
o] nitriteF B = W HF = 1L Pt/TlOzg} Whgsto] No= WHEEHE FH08A, o] A2y A
gk o] NaNO, =9 gtFo]FH AbaRETt 507100 °C @ =X A vhg-& X133t
T e AHo] A (Cooke and Taylor, 1993; Fukatawa et al, 1993; Harada and
Yamasaki, 1993).

P Magnetic rotor

-~ Pressure gauge
@

y Sampler for gas
/.' ' Stirring wing

Baincier Eull «——H- Glass autoclave
for liquid Y (250 cm?)
Y Heater

F"c‘.\ T -_"'Cllllyll
i H—— Magnetic stirrer

29 2.1.6 Kurita process &3 74 %

Ciba-Geigy processi= 19903t A|oFs|Ale] Hd3} 29 T A8H 7|a2 F249
dshal 300 C7A SR ZhEste] A9l Al E 95799 %60 E& R AFSh opAEATE
T APstE Y dg ol dhR Yol o de] Hof At o] 3L F e HE Adol A
Aol i, aAFHA &2 S AR e Sl o3 F oAAAEEH L e ) g R
Yol= %"74 A AA AA g oo Fvf ¥HE F3  2,.8-dichlorodibenzo—p-dioxin©]

99.8% ©]% A ¥ tH(Herold, 1995).

LOPROX process™ Bayer AGA} /]OH NE T g HE A Aenks-7]o 4k
4 HlelA AAE FYste AsNEEES AXE FAHolt 2% Wele 200 °Colst ¢ E
9= 5720 atm. quinoned] Fe o] 7:‘;&@ SulE AR AAHeR fr=de] 85790

%7} AAET 60765 %9 7120l CO,= Absl¥ th(Holzer, 1991).

WPO process= IDEAFe] 9a] 7Bd=Elom 907130 °C, 175 atm.Z 7 sfol A w3}
pH 3 8o Fe¥' 7} w2 28t 3alsteart A2 Algdnh 19924 A0
A A 5 mie £3FS AEete AHE AFE H2 7Y Fe-Cu-Mn ZWE AHgetE &

Aol sl A tH(Striolo et al, 1994(p. 184, 363); Falcon et al, 1993).

o
=2 9




ORCAN process= WPO processol A F4E FAH o2 ETH ZurishollA A5l ~9

2= o] A 7HHLQ Atk o] Wkgo] 22 AbsA R 37| E AREstal 120 °C, 0.3 MPaoll A o+
71 ol d ol dig AA o] AFE. Aol Ho0.9F Fe?'olo] o3 Atsheth AL 44
gEl FAL 4 mPh, COD 7-10 g/l 79 HAFE AFsts A THoNA 19960328 A}
45 A Luck, 1999).

ATHOS process= W71 Ed9 HAo] gle &84 A FAHO=E, 48 %9 5=
L8 A E 250 °C, 50 atm.ZAslol A AStA 2 AlAae ZujR o] &S AL gEE FAHo
2, 02 34 ov Fd2 35 AE A o £9A ¥4S T3 s FHo
A tHLuck, 1999).

e
i Events
Oxygen _’l
[ |
Thickened i
sludge "t T1 1
i i '?"
=Overﬂ0w > : Q E =
v | |19 ]
: ! L d
i =1
. i
19 2.1.8 Toulous A4 A7 &4 °ﬂ/‘1 ATHOS processol AegH T
(3) thAl %= 52143} ¥H-3-(deep well wet air oxidation processes)

FAACE YAE F4 Abs g7, T8 b wkg7], Vertech HES7IE ©olvt &
S50l AFEH Aok Hbg7] e FHE #Y s ENS7](PFR)S WA S AL&sta, Wb *
AL whs AZH Hbg Y] R YAHEE wkS et of#H ol Wyl Akl whgo njxE WS
Z7Ae s B8t o™, Schluter?t Lovo 52 DWR WHEA|2H"lo] thdleo], Gerdemann
& Landsberg thAl® F2] Akst dbgA ="l tiste] AdAF 2 2ddS 8k v
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2 TH(Schluter, 1995; Lovo et al, 1990; Gerdemann & Landsberg, 1992).
A= FAASE dhg-7] 9] Ao we} X9} ¢fe o] Wstsitt. 5 =4

A

of Bzt olFHA = @AV Al w71 X wet AR A He S-S 2 "
AWl FAAS S H = w0 AF 9 Ao W& ES5dS aHefoF s

A&kl RS- 7] (CSTR) S AFslubee e @ wgte] 7oA B #el &go=
Fr7lEde] Faet Asgo] g ek FdEHe 1P EE, AN 4 2 AsHA
¢ TS AEA) 9 37HA AHY ="l ¢ et sdE w7 1A AdE el A
AbstE k= Aotk ey thil = A" A% 50071,500m Zole] FAY APsEW
21(PFR)2] wb&o wha} 9 o} FJ5 = Abaote] HEQ X wpef, vbgAI7HE, vk
ZIW FREEIA), dEde] Eale 22443 540 depxit

HE3-712 95 = down flowoll A= A @ EZo] Baxo] A3ty = 7Heis =
= A dArE F2 wkSoltt down flowed A9 AAAEIS] Momentum & Energy

N

balance, AF29} 7}~ 2Fefe] Material balance’} @&ttt 2 wks-7] slito| A 71 =& <
A 2L E FASH up flow GAZE o] Fo e wep Agstd {frIEAS] FHdE Abs
Al (FA)ebe] wkgo 2 Abshab-go] )

.

(4) &&A7

=) AF3}-F A (photocatalytic  oxidation process, PCO)¥ #Z& 1nFAstdAge
(advanced oxidation processed, AOPs) 73t 4t3}2] S A hydroxyl 4,
T W F71E 55 ASAA LdES wmEA AAG=H B Zlsolth F5vl AOPs
= WEA WA= FobR, Aoldd B BALelA UV bande 43 olUAE zEal Q)
7lell Abstelo] & hydroxyl et Zs Adste 374 HsA 1 Atsti ol (Carey et al,
1976; Choi, 2003; Fujishima et al, 2000; Tezcanil-Guyer and Ince, 2004, Nam et al,
2011; Na et al, 2012; Shie et al, 2008).

o r
N
A
o
o
oo
ol
ol
2
=)

20« om+ H

0, 07

= wofol TiOy7k a4 dS Hx= dTald A2
biphenyls 29 24:3tet7] A8 TiO.2 #EAS AbE3t
APz olw, ol A d= Asks, A
o ed" edE Al o]&. F=vhe] Tl

Maew, pHEk F71 oleel 7
o

do
N
&3
oo
i
lo
oir
k1

Ao14e] shgol Fe5H ouAL AW, ty] wE 3ol AA FFE] He Wl
A UAE Agety] eI, R FHEAR A A 7
L Rl mEd oUW olfE TR FEE EFT] Agse] £ee wolug o
2 Fa@ v ek A7 BE0] ALE g AT EE 715l AE TIO, Zn0, CdS,
3

b Y
Si0; T3 £ FEFv7t F2 A 9len, 5 shek 2] Qb ol 7t
)=
RN

(
= 0

R

]
ofell M &&= 5. FF= TRl




weh 747] o MeEg GuAE A EE obd weAs ol HEu wrel WER oY

A]

ol/&e] ol A7}

A& (hole, h+)o] A==

ZAE A

OH evlzr @4 s},

A7} WA sl
@A WAH Apsh AZol ok wg

TC
E "C}E)]—

B 7h = a,

710,22 750, (% + e53)

TiOy(hyy+ ey

* 202

.. OzH

) recombination
_recomornation,
cb

H,0—OH +H"

750, + heat

h),+ OH,,,— + OH

Oy fep—+ Oy

+2nt

aq

Al
>

AR WAL A of

I 7o AL =3

or H,0, + H*
UV photon
« OH+H~
1% 219 UV el 95 wrmAe] 48 3ukg
Power meter —.
O
Gas
pressure [ Quartz tube
control P -
box | [
Pump | P
#— BU Plllﬂp
|
| Iid
] f
Regulator : KI or TPA
aqueous
| f solution
0, i =
gas i
I
|
' =~
/Hagnetlc bar \
T
Reactor Light
Cooling——— source
water i
J
2% 2110 FEv) A5 wgrle] mAw

_13_



2]
HA(FE AFsE), ¥ 7F=(COs, No)E AMEste] 84402 H7|ES Agsts 7ol

S WAl 2N Z2YA (T=374 °C, P.=22.1 MPa)E AM&-38tal Q7k2=2 0, CO29F
7] WhgA G s FAAT7] 98 s SAS o] & (Botella et al, 2003; Calzavara et
al., 1998; Lee et al, 2005; Veriansyah et al, 2007).

Veriansyah's =9 3}8t&Ae] AHge gt FATAE S5 WA =AY FRZ Q2L
SCWO ¥H3g-71& AAg vk Stk §kg7|= ol ¥ FxE FAH UL ¥4 HEHE FE7F U
Ho AlgE o] t}l, Ado = OPA(isopropyl alcohol®} isopropyl amine Z3 €4)2} TDG(sarin
3} thiodiglycol &3 &ADete= F 7HA #F7]&uj7} ARG H AT A4 23 38}

23 el Aeel dg A5 g v e, TDG Al SHake]l A H L1, o] =
2% oF7|sk=t, TDGE 99.99 % o/ st =™ Ak Aol A &4 &4 ¥
2ol WASHA] eFal Ao w377t 7hsE o 91w, Veriansyah F°] aLbE

et 2t

)

Waste line:
1/8" SS316

Oxidant line:
v C-276

| lT _____
|
Liner:
SCWO Reactor: l Tiariim € E
Hastelloy C-276 1 | gl El 8
gl g 8
HE- .
1L
1L
! ) Water line:
Effluent line: % 88316
" C-276
a9 2111 vHg7]e] UiE =W
Lee & 454 @ =3 A8d 7719 2l H3l SCWO &42 ol &3k
om §715< 24-dichlorophenol(2,4-DCP) #3&]o] 2tstA 2= HyO, AbE3tgom w-g
& 420 °C, 250 barz=dol A FavkgS T3l v At o]Eo] AR wEr|= iR
g BT E, FAY w7l ojgHom FAHERE o FItet FF AlA®lS EIst
AL dar, 52 glo] 5/l Al FrEel e givkal Baskar gl

4) =3 AR, 714w 2] nlo] @ 7k~ 8} ARd 7L 2012
5) =g AT, skereeiA Ag 3 A8t A3 A, 2011
— 14 —



Porous
ceramic
tube

Counter
agent

1. Oxidant(I1,0,) 2. Wastewater(2.4-DCP) 3. Water

4. Counter agent(NaOH) 5 High-pressure pump 6. Pressure gauge

7. Check valve 8. Ball valve 9. Pre-heater

10. Heater controller 11. Thermocouple 12. Data storage system

13. Condenser 14 Line filter 15. Back pressure regulator

16, Airwater separator |7, Sample tray 18. Reactor 19, Safety valve

15,
Qp----mm-mmmmmmmmeoooee -
H
BRanad i
e :
1 Pttt dlobd 11 | o
Feisiass ! Counter
9’:'-‘ o i _apent
Sositetes '
5 ;
i Nomporous
' ceramc
1 _tube
'
i
i
:
'
3 : Water
i
i
H
i
& + Wastewater + Oxidant
1. Counter agent(NaQOH) 2. Water 3. Wastewater + Oxidant 4. High-pressure pump
5. Pressure gauge 6. Check valve 7. Ball valve 8. Pressure transducer
9. Datastorage system 10 Pre-heater 11. Heater 12. Heater controller
13. Heating tape 14. Heating tape controller 15. Reactor 16. Condenser (cooling zone)
17. Line filter 18.Back pressure regulator 19. Air‘water separator 20, Sample ray 21. Thermocouple

a9 2113 WHEA Aty Ros PEd wg A2

Calzavara ‘<& SCWO &4 # &zl F23 de =3 A4S aldstr] 9l EE
w olg ¥ TR AAste] R4S WAsta wukA dis gAete] Fr1de AL
WetE ATE Fgsigen v & 40071000 °C& xA3}aL,

FS7] o 5o FHF RN 2k
S S8l 300 bar7kA AYA A

e Fad v o
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Ti inner shell ’7 Water + Oxidant

— heater I_I cooler
—

Waste —» . __:. _Q_Q-) \ _m,

heater | | cooler

Effluents
19 2.1.14 Calzavara 5°] a¢ks SCWO ¥HH-3-7]

Chien 5ol o5t 1990 B tirtelAvt =y 3] =71 10RHE o4 F7]
X3 g}gtq’ ol =2 Br ¥ Ho R g ZHE IR HUELS §&7F
HA e A2V des ST 23 AAEEA oA s/m e/ azs 2oshe
ANALE/ Qg oz Qe 3= o] U3 H7I=E HHA =, olZEA HHA A
329 5~15 %7} BrolojAl HBr, Bra¥ o}y 2} polycyclic aromatic hydrocarbon, tho]S-4l
s UEE HrlEo] A E = FAEo] Atk

o5 T ATdA =dA ZA NaOHeF 37 ZHE 2o #H 7|59 Absle
gt A5 Fdstdon, APAdor THE 3= FA A BrEd 2YAFANE 3F
oA Na'# whgste] #H7]&9 &3 &&o] S7tHe AA(E AAHBachir er al, 1998;
Chien et al, 2000; Kim et al, 2012).

Na e
»  Na---Br"-Resin —» NaBr+ HBr
Printed Circuit  SCWO Br, + CO; (+H,0)
Board Wastes a0H BT
e e

C
29 2115 SCWO 345 53 ZHE 3|29 A& =4

Kim 52 t&e] # o]2urAE T4 ow Agstart ol 7iet 524 whe7|
£ % SCWO sA4= /MEesion, ¥ o] 2ugksA S ol F4 ¢ FaFolA HT=
el el Wouk vk o 22 A4S Tl 24403 e e S8 Zaste] nE=EA 24
AlA A ALY HE7](220 mDE fr7]1E et 1 o] F AAL-Yste] 24 LuHS-7]
2 RbS T Fol2 FA = ofdA =N &7 Thestdla, sl A= 515 °C
of oA whgo FasEATh ofefol WA AAA PR Wgr]e} AAL-ATE g7
o 28-S deEhdn
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Tubular Reactor

ﬁ
(@@

Cooling
Water

Svrlnge
Pump

o

Slurry H20:z

a8 2116 Wz ~AY FEY SCWO system® &2

B) 71E5F 8of
- Armando =(2002)°] A-ZAde] wEw {714 HYI= Al wel ZaE 2 Eet
A= Aoz 39

- Lixiong (1991) 5 #7159 At3utgS o =3 4= 9l generalized kinetic model<
= A [e]

Aot on #3P s EFW2A(PFR)SY 524 4Fshdkg-o 3o S, J. Gerdemann & A.
Landsberg (1992)%= GPR ®H&A|Z~®lo| dste] 7hzb HA3d+ 2 Rdgs 33 vt
A=

2
=2
=)
[rit
g
K=
e,
S
i
=
[t

>
o
o

- 19861 Jay L. McGrew et al. EPA X2 AE
o

Q

an =
downcomer+ upcomert 1.75-in, 2-in¢] A Fo = A 25 HHs-7] Zo]= 1000

= [e))] pe

= =

=
[
=

3 8L/min® o2 2000 mg/Le COD TEE YolFda wks7] A oA of
260 °C2 7} =okom Ald PWe oF 468 bardg. ©] Wl AFAIZS 20730 Eol o
. oF 50 %<2 COD7F AAS NS

- Z2WA 5(1999)e] Aol ot Ax migA &= A=A AYgssE: $H A9
AFm g ARSIl kst E ARRSte] of2] JHA] Wk RS WSAIT|HA F24k3)
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2 AR olwol wWEgre 20 bar, WELE 150 °C, pH 20, HAsFL T
1,00072,000 mg/Loll A HE-3AIZF 1 hr &<9F 40755 %2 COD¢ AlAES YERY

- Janez Levec & (2007)°o] Actel= FHulgAitkst dbg7] Fx22A SHulirr 59
plug— flow section®] monolith FE|Z A X o] ZFujF24ksl vE&o] DA EE 319}

Plug-Flow Section
(Structured Catalyst
Packing)

Wastewater
Feed

Oxygen

CSTR Seclion

a9 21.18 w52 2k3t 2 d(Janez Levec)

o AR E

3 At 99 Thames® U@ &= Apeldoorns oA FTAFES A3 plantE 14
stel MSW, st&el#] 55 A2 sta dow, u=e A9 A sl 7l gk
AA A8S E3te] Ohio 750 ton/day, Huston 100 ton/day, New jersey 240 ton/day, St
louis 600 ton/days th49 H71E A7 223 FAHLS APsty PSS A4

o}z g7} Ty dREA = AZFRAFY oMo z+z; 30 ton/day e} 60 ton/day TR
Z Pilot plantE 7135t AdeH7IE Wol AFqE=E AAMAe v 3low, GeneSyst Y
Providentia Envio. Solutions solA & 479 Zlold w& 7t ol dSste= H A=
I Age 7S N Folth

)%
>
oo

cefell S FAdtst Ve FHujel Vuke £ HuigARtarl A7 % Ve FRE
o] FiL . FulsAAste FAAEEY A48 WEE 2t oY ol Ak F24kE o
Fe odE4d AYaeEs Uede FHS e g4 HHe R A9 w538 SUhet
Al A

3 2AAF ASHSCWO, Supercritical Water Oxidation) 7]&o] Witsld #AI5-E &3
How AT & dv AW Agrlez F5 i o AT Tl AR #
Aol st vk oy g FEH gt EZﬂL oﬂﬁﬂx] Sk gl

olg]g AHlEHo EAE Aty 9% ditom W= FoA= 131291 ZolE 2 km
o AFste] xAATE A= E97] #H d 7h &= g
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679

EPO
39

JPO
303

USPTO
199

KIPO
138

% adj2 (x or F==*)) or (deep* adj2

well*)) or (5% or (gravit* adj pressure*)))
and ((52)* or wet*) adj2 (A3}« or oxidat*))

o

ST

1

222 GPRE ©]

(((

\
it

=
puy
<
i)

700

Ho
o

Wi

¢+

!

o

wjr

7|zt
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0
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RPC Waste Management Services, Inc.
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SHELL International CORP.

35 40 45
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et
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a4 2
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Mg 2% Hr) VIdEel 7 B Hles AAEen, O dglres

A9E=U¢l TOP39 2% 199+ Modar, Inc., 291 RPC Waste Management Services,
Inc.,, 39 A A2 A A8l Ao = ERE

=9 7ol A9E AT Aom YEy, v ¥ 5] m7bEo]  sfdokel it
o] wEA olFolxa glew, gow P Yl Lokl ik Aol v

BlE7]el sldals Aow UEgon 47557k HolsuA

o} ) EYY

FE UG —
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_23_



- 1989 ¥} 1993 %=

i
b

2238 BE EF U A7) 7)Ee] AEFHow
= O

A7F gk
- 1994\ ¥} 1998 =7} A wet oxidation, reaction zone @ 7|%&o] A7} gt
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v, AN ES A4
- HA A

((waste water) or sludge or sewage or (organic waste) or (solid waste)) and (((wet or
water) and (oxidation or oxygen)) or (biological treatment) or hydrolysis) and
((gravity pressure) or (vertical and (shaft or cube)) or (deep well) or (tubular body))
and ((subcritical or supercritical) or ((mass or heat) and transfer) or corrosion or

((oxygen or air) and injection) or (heat exchanger) or catalytic)

3 223 AR

=Y =20l =} 3 SEHS
2011.03.15 us Waste treatment apparatus and method US8318104
2009.06.17 Absolute Aeration yg | Svstem and method for reducing pollution ina |\ canqq, s
body of water
Ecoenergy Gesel Ischaft fur
2004.11.13 Energie—und Umwelttechnik DE Wet-mechanical treatment of mixed waste US7469846
mbH
2004 05.17 Apparatus for biological treatment of waste US7018530
waters
Thermal waste recycling method and system,
2004.05.13 BI0 3D Applications FR and application thereof in the treatment of US7591982
waste with a high water content
2003.09.24 Biosys Pty Ltd. AU Organic waste treatment apparatus US7863039
2003.02.06 UTC Fuel Cells, LLC Us Fuel cell stack melting of coolant water | \egoa505g
during frozen startup
2002.08. 19 VAl Fuchs GmbH OE Metal lurgical oven and g material basket for US7374716
a metallurgical oven
2002.04.16 |  Eau-Viron Incorporated Us Method and apparatus for treating waste | a7 15a69
streams
2002.02.25 | Worldwide Water, L.L.C. us Porteble, potable water recovery and US7089763
dispensing apparatus
20020295 VA Ltd. CA Methods and apparatus for biological US6733662
treatment of waste waters
Noram Engineer ing and Apparatus and method for controlling |iquor
2000.05. 11 9 9 CA circulation flow in long vertical shaft US6468429
Constructors Ltd. .
bioreactors
19981217 Niro Process Technology, AL Method and apparatus for freezeconcentrating US6247321
B.V. substances
1997 1299 Coqtrol}lng wastewatgr.tregtment by US5989428
monitoring oxygen utilization rates
1997 1217 F{Itra?|on system and method for removing US6015497
biological wastes from aquaculture tanks
) . . Device for aiding the solubilization of gases
1996.11.06 Wildlife Science, Inc. us ) R US5770062
in liguids
Envirocorn Services & Production and purification of contaminated
1995.03.03 P us effluent streams containing ammonium sulfate | US5536385
Technology, Inc. A
and ammonia
1994.07 19 Regengrat|ve Environmental Us Rotating pack bed f||ter with continuous US5810895
Equipment Company, Inc. cleaning system
1994.05.11 |  Praxair Technology, Inc. Us Terephthalic acid production using US5523474
evaporative cooling
19930922 Environmental Energy Us Waste treatment systgm and mgthod utilizing US5339621
Systems, Inc. pressurized fluid
19920831 Environmental Energy US Waste treatment systgm and mgthod utilizing US5280701
Systems, Inc. pressurized fluid
1992.03.02 | Alternative Systems, Inc. Us Integrated hazardo”zn?fbm”ces management | \ssp64112
1991 09,11 Omnium de Tra|ﬁements et de R Process and installation for biological US5192441
Valorisation (OTV) treatment
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Int'l Environmental Systems,

1990.07.06 Inc.; Globe Environmental Us|us Sludge treatment apparatus US5068031
Protection, Inc.
1989 12.08 Mineral Process Licensing AL Hypochlorite removal from waste stream US5039429
Corp. B.V. effluents
1987 09,22 Modar . Inc. Us Method for.sol}ds separation in a wet USAB22497
oxidation type process
1987.06.22 | Verrech Tref;'ge”t Systems, |y Fluid treatment method US4774006
1987 .04.13 James A. Titmas Associates Us Method qnd apparatus foh gnhan0|ng ph9m|ca| USA799408
Incorporated reactions at supercritical conditions
1987.02.24 VerTech TreTzzent Systens, us Process for effecting chemical reactions US4744908
1987 .02.02 VerTech Treatment Systems, Us Method of effecting acpelerated oxidation USA744909
Inc. reaction
1987.01.21 | Envirotech Corporation Us Method and apparatus for biological US4974816
processing of metal-containing ores
1986.08.25 | /erTech Tre‘?rt]ze”t Systems, | g Fluid treatment apparatus US4741386
1986.04 24 Installation for |nJect!ng oxygen into liquid USA704204
media
1985.07.17 VerTech Tre?zzent Systens, us Fluid treatment apparatus and heat exchanger US4671351
1985.05.03 Hurgn Valley SFeeI Corp.; UsIUS Methoq and appgratus for S|mult§neously USA606760
Fritz Enterprises, Inc. separating volatile and non-volatile metals
Method and apparatus for disposal of a broad
1984.09.12 spectrum of waste featuring oxidation of US4564458
waste
Novex Talalmanyfejleszto es
1982.03.01 Ertekesito Kulkereskedelmi HU Apparatus for treating liquids US4533470
Rt.
1982.02.18 Method for cleaning waste water US4505820
19810910 C-1-L Inc. CA Long vertical shafﬁ bloregcﬁor w|th modified USA367 146
waste liquor injection
Method maintaining a constant gas to solids
1980.06.13 C-1-L Inc. CA ratio in effluent from a long vertical shaft [ US4287070
bioreactor
1980.06.13 C=1-L Inc. CA Means for Separat|on.of gas and solids from USA279754
waste mixed |iquor
Method for protecting a bioreactor
1980.06.13 C-1-L Inc. CA pressurized head tank against extreme surges | US4272379
of influent waste water
1980.05.29 Union Carbide Corporation us Solid refuse disposal process US4291636
1980.04. 14 Eco-Research Limited CA Prevention of flow reversal in vertical waste USA308 144
treatment apparatus
1979 11.07 Canad!an.L|QU|d Air Ltd/Air CA Apparatus for biological treatment of waste USA246111
Liquide Canada LTEE water
1979.08.03 Omipure, Inc. us Compact electrocatalytic sewage treatment | g 50,75
unit for maritime use
Locher & Cie. AG; Cellulose . . )
1979.02.13 Attisholz AG. CHICH Sewage ventilating basin US4392954
1978.07.27 Union Carbide Corporation us Method and apparatus for treatment of sludge US4204958
1978.01.24 Respiratory Care, Inc. us Humidifier—nebulizer US4195044
1977.01.05 Union Carbide Corporation us Fish culture tank US4141318
1975.08.27 Harsco Corporation us Scum skimmer apparatus US4046693
1975.01.27 | BASF Aktiengesel Ischaft oT Method of treating waste water with jet US4009100
nozzles
1975.01.10 Intercont Deve lopment AUIAU Electro—pyrolyt|c upright shafﬁ type solid 1S3996044
Corporation Pty. Ltd. refuse disposal and conversion process
1974.02.19 Atlantic Fluidics, Inc. us Sewage treatment system US3931012
1973.12.03 Irvine Ranch Water District us Pressure pipe treatment for sewage US4042494
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US Supercritical oxidation apparatus RPC Waste
4 1994.04.01 == for treating water with side Management
5582715 A C .
injection ports Services, Inc.
Method and apparatus for
reverse—injection wet oxidation,
sintered material catalytic
. . . Board of Regents,
US = reaction, sintered material . )
5 1994.01.18 5 : ) .. The University of
5454950 A filtration at supercritical
o . . Texas
conditions, sintered material gas
separation, and high temperature
pressurization
US Waste disposal method and
6 2006—0060541 2004.09.23 7N apparatus using wet oxidation
Al and deep well injection
Method and apparatus for
EP - disposal of a broad spectrum of  Burleson, James
7 1986.01.06 5= . .
0228755 Bl waste featuring oxidation of €.
waste
SUPERCRITICAL WATER
MODELL
EP = OXIDATION PROCESS AND
8 1992.06.23 == DEVELPOMENT
0595858 Bl APPARATUS OF ORGANICS
CORPORATION
WITH INORGANICS
WO = A APPARATUS AND METHOD
9 2004-083128 2003.03.20 = 9 FOR PERFORMING DEEP WELL  VARTECH, B.V.
Al 5= WET OXIDATION
WO =+ ]  GRAVITY PRESSURE VESSEL
} EAU-VIRON
10 2006—-049897 2005.10.21 = ¢ AND RELATED APPARATUS
- INCORPORATED
o7

A3

AND METHODS
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E3FHFE | EP 0595858 Bl (1992.06.23.) No. 8
) = JP 3036077 B2, KR 0250244 BI, IE 71028 Bl, AU 2269092
= A . CA 2111847 Al , AU 656995 B2
499l MODELL DEVELPOMENT CORPORATION
) W SUPERCRITICAL WATER OXIDATION PROCESS AND
= °® | APPARATUS OF ORGANICS WITH INORGANICS
MODELL, Michael | KUHARICH, Evan, F.|
kg 2} |
ROONEY, Michael, R.
wme) =y 17 EAE ASAZIE el g@ 2ARE FHakel 1 B
Sy | P9 METE A8 wE EREE 91D AR 128 Y
AR e g %
i X IPAEY
— AXH HEY 9o A MiET ALY A WAS v ug ¢
E ¥3ete= Jtea 71 HEE v, FU1EH B9 EA5k AR,
1y 7] ABAZS A3IA 7= W
Cgagy | - LISl T4l AT hedzol Co2168 Eakdhel, kel
T T 54 AZAAE 7E Sl A, mbebA R Ha 2= oF 550 °C o] 8}
- HEY dkg7]9] 7449 A =7) Inconel 6255 %3}@, vlgh2] gk & o)
AE 2E o 650 °C olatE 71
— kS S350 15S A HEY HHSTloA v HAe] AEHS T
AT A Fr1AA, 77 BEAE EA4 }7%‘% Bl 2] WEg-7] ol A Hk
a7 & &k FAAE, HEY w79 e & A JAR= HHdeta
A g ERE LR 98 5w olu vobx, Telu dAAs)
) A Bes BEay 4A2 2o A4S naE
— Fu AN PAaE A% At 44 Az v go] =3 AA
A Fas I vha AARE ERAA FE AR PPOE A




[

AT

WO 2004-083128 A1(2003.03.20) No. 9

R

EP 1646588 Al, AU 2003304008 Al

=Yg VARTECH, B.V. (NL)
_ APPARATUS AND METHOD FOR PERFORMING DEEP WELL
v o]
WET OXIDATION
g zp FLEURKE, Marco, Jan, Hendrik, Patrick(NL)

- 11w o
1 : _ N2
s 2l d .,
= T‘k i HM:‘_
s-H1 [l i _ ~
10 ‘\! e 35 cadz 9a Ae ==
N o de A s AE FAs
20- 1 i
| llr 99 929 A9 vax
s 1 |[BE
3 ||j
— A e 2EY FAR A S8 A 54 A5} A2l s deol
ol Q& Aak T ws 8] FAE Ay
74 - Tolx g Ba T & A A% AgAS whg 8¢ B
(B7HES) | - dud BAE A8l d g W7E AXA AAE T
A A7 2ERS QA F
- SolzZg At Al TF FROR ojfetE AL Yo F

— o] AzHe) EEE FA AVNE 2EYS FUtE BrE 712 B
WY, RE SOl Aold A=F FHY 5 US

— 57 vol i W8 WS $hadt] Siste] W £ol ofdl 9% 2
9o FEE AT AL AFFES A o] A&

_36_




T Mo bx_ﬂdﬂa
o y;ow ‘AluM_
~ Mmma%lm.ﬂo‘_t fow,Mﬂ_
oF du N e o B o oo ® W T g
%@MM@@M %%ﬂﬂoM% ™ B
R ﬂ%?zi%; ﬂ%%ﬁww e o)
wn 3 ﬂ%og]L.otEmz_ %71&”%%% R xw
w oo T ut]7@%ﬂ%ﬂﬁ %HH]E MWE
- o kol dﬂleo_HVeﬁﬂﬂ%u Wﬂ‘olbtﬂulmn_i I TR
% il 2 oz " o] & B oo e Mg = o
- - . iTELais iicEs o
- > ) B ﬂ%%@_%@y ] 7w
T W g % s o
A ‘ ol I R —m L ol
m ufmu ﬁﬂmw O#Wm,rrm_.ﬂumu%% ﬂ%u%ﬂ.%@m T
= ) P = — o mh 7 = o e = .1_|ﬂ}_»l
T = X ox By o PEE L3
o. 5 o TR %mﬂzmw¢mrmb _dme%e%% T
Z = Mo io T o e 3 N % n B & i~ o Q
~ o T — e o T — = 5 P
ou B L] A X oo X oo W 9 R D dOt,m —
~ m u N = \wl_/l,wﬂnm ~ | ﬂﬂrq,mﬁﬂﬁie otz_v
% < = o 21 W N _ op o X = = B %o B 2 M MM_ I
= = s B il IR 2 = TRR o g o W
o o R o% o] No T P LT o= o R g gy
S m 2 ﬂmﬁﬂ , m-ﬂ]ﬂ%oﬁ%ﬁﬂ%o_u WMUU%]J&I&.L A+ N
o) > % XTM_AH 1Waﬁ%7n€] Wwﬂﬂ%%ﬁﬂnﬂ ﬂm,_.b!
S z |2 s ﬂﬂ_zmwﬂluw. M o° of W W w g
= S s 2 b T ey o = g ! B Mo
~ ) 0 X K e TR K O] —
G182 | B g budebse SESE L AL S L
g 3 7 W R I e SRR MY
0 wm O EL\LIUH,H o1r N4 PHT_,&.L7
>~ o Z. M A g i <z o o = A (I ) [
2 | & 52| 8 A = ﬁnzn1%oaf%ﬂ |
X - |z & s = ® Mol%?aa . _
= ; X B n
AAUT m m YE nA\nu JMIﬂv_AH | | ~
| = | & = = = T — =~
S | = ! AVnD - " ~ ﬂqu
S Z | = & o & o oy
N < ~ = o <
=84 |83 i =
=0 _.__._/o..\_._)u B X
w0 o X =
r s 0 G
.wv_ il o) B Eﬂ_
2 G-y el o
m ‘a 0 ° il 1..:._(
:: ul il
g

- 37 -



o

£3to] 34 s 71Eol ar, 1990

o
il

O 2000+ th el

2009 #2010 ol =

=9 Al

Hof o] 7]

=
=

= A

o]
PR

_38_



wele] mAzU7E ASHA LT A o
B ARglel ddE 9@ =y s)w siee] 1)

- 2 A= 7l HelEZE EAeE ] 2 EU, Y=, A8 AFS i ew At

O =i A%

- e A (A4 7ksAdel 7 F)
strEeA e YT FAFgEeR EREY fEvetE steEeAe] Tt
AL A EE S
FAFAH] ¢ 15,7239 91(20143 7] 5)
A AL g Ed X101 A+ AAEFA X 15 A = 1167142014 7))
st A g AlE 9] L A (10,187E/Y, AR H] 10,8009)
S A (2,523E/Y, AFAH] 4,9239)

Al SH (N A) - AF((5B2)>487 (19)>E}§}(16)>§] H] 3}(14)>31.3H(13)>7] A (2)
st A A7~ A 429483 m®
w A=A
AL 1 10187%/2 aF5<eA(AEL 699 %)

% 231 S52dA A}

2 158 52 174 209 137 380 -
(W /E)
42w}
71,721 28,782 76,728 57,407 67,000 88,000 38,567
(2/3)
w Fawd - 2030, shEel A A R ve] ek A 28 A F(QH(FAF, 2012)

- A= S E A Ay d3H(E A, 2014)
- _;_24,]_ et al,

- HAAE AHY, 2011

olm glolx AFH aF
20 WrER LT

o
rﬁi'
ro
=
w _,




232 71 99 §714 ¥7= Az

H7E TF e A AHE/Y)
(FAYE) Hu)s A3t b2 3t
=4 E247](2011d) 12,777(&/%) 4,669 7,149
FAHE2(2010) 136,000(m*/<) 119,000 -

- 714 AAY vhol @75
20119 @ V1% SAEF 5 F714A0AA60A nhol ok ag AYAt-o] &5
N2=Aek 2008 d o] Mol AAE 437] A ol A 3P4F¢€V1 R A
A(79%) 2 & AAsklo, 20099 o] Fol= wdAF, 7hsas A7
&t FA Ol HH2011 17174 FAAR oA &EAA ?ﬂ%b%/%).

>
N
l"O

%5}
3

<7

12
!
J

01
>
o

1

ANy
NN

>

[e]

>

_
-

1

F 233 vholorlasiAde] Ay 44 A
CEIREESS

A= A =R S5 HEEx SeEEA KA
2008 43 1 5 3 20 14
20094 3 1 2
20104 6 2 1 3
20114 3 1

il 55 2 9 7 20 17

Al APl RS T 43424 /AR sterad Aok W Agaldol 42 25078 =/
A (578 %), 15577 =/24 (359 %)= FEs AATH =2 7]9 7}
AL 742 208 =/U(0.7 %), 640 /L (1.5 %ol EF}g AAolrtd 2011d%E A =
< 13384,000= 22 =AM A=, M A A ASF o] Aol w2
o2 YerETh did A A 36668 R Hit e ES oF 844 %ol th2011

14 AR NIA BEAH AREAD,

LA
n M
kr
_>J‘_1/
A

3 234 wpo] 7t~ A] o] AHEE E A (2011d)
og _ 3
EAGE S PR = A 3
A Al 7] s B (= 2217 13
A | FRE/YQ) 43,424 298 1,831 640 25,078 15,577
2 1] Z(%) 100 0.7 4.2 1.5 57.8 35.9
e | FEREFHE/G) | 13,384 36 384 125 6,925 5,864
A 1] 5(%) 100 0.6 2.9 0.9 51.7 43.8
O =9 A%

- FHATED)S 7714 #H7= A s A

EU+ “wl ¥ A % (Landfill Directive,99)"E F3 oy &7} 7ls3 #H 7] &0 ths] =
2 FX R eH, AR A Ee g A AF 53X E A

s, ME@s, B9, 292 9 o rEobs Hole MEtnd aEE F47%

’

_40_



of FFd ddE 7HAa 9lew, Hiele 7hAEE Al 170017] oY +d Tl o,
s34

e FFsm A

AR Zpat BAFAAAAE, Qe AUPLAA A F BA 2ol A QA
%, 29H} 29 at FE AGFE B B A4S da Yok

7P {71 H 7= AE 84 Aol F5ES fa JdPYHE o YA (Intelligent
Energy for Europe) Z2 18 ¢] =M 7}lA~ge8]e Z 2 A E (Green Gas Grids Project)s
3| A=zt vlol o 7k A N AFE W& Folth

- =9 #H7lE YA st A

3.5001 HERH AT 3ol A

o
fo
=2

2
= T2 18 E g 30 21 2 A|Zbel A7} 7hssk A
2 G713 Aol MEHAG S vay dEGAME TS =2 SA4E 7]
Y 7S ERE QAo e 54 €714 astrisel iy

&
of gshslo] vk
3

£ 235 39 §714 vhole AN AUAT ARGt A, BAED)
Yzt 3|AY 71 A g w7
Linde AG Wies-baden Linde BRY/KCA FaE7E Az =
& . S'Chmack' Biogas AG Euco/Coccus i AR
- Biotechniche Abfallverwe o o1
4 BTA e MR
o -rtung GmbH & CoKG
= 292 | Kompogas AG Kompogas AzxH 7=
& " 7)o | Organic Waste Systems Dranco Nz 7=
X822 | Valorga International Valorga AzxH 7=
FAHtw, S8, Q-
i E Inc. Flow- P
Biogas Energy Inc ow-storage Process B
n| = Enhanced anaerobic Fihite, A #H7=
Power—-X ey o) oo
Treatment(ETA) A7 E, sQH 7=
Microgy, Inc. Microgy system 2R, 247 &
AP EY Wgt g S 527, FAHE 7]
@ vk Bison(bio cycle system &, st5&EA, =
on site) ==y
st el de] 5& vhele FAEVE, A2y
& 7oA E 2 RSN e =
o 2 FRhA 2 Al 2~ F) AFH 7 &, ks A
npo] @ A 2| Al ~ 8l — F-gf
& Hitz 3]E}bx] 24 S =AY 7
) Hitz SJEHA Al 2"l (buhler system) JE247]
v Webhdg vps
aw St VIR 7h Al 294, A5z
@ QA A Al2~El vlo] e 7k A N
7], 7 s
EEEIES]
B o SAE2Y 7], Fol, 25
& tstnf Hlol 27t~ 3¢ ZUE = o °
=1
2wl g Mol =E Al
ISt PARES] : HaEtd ERIEE A o sy
H}o| Q 7} A~ Al
CEEX R PAMsys PISZEE AZ snvn gqm za)

_41_



- =9l sterE A A Wy R A A

@O EU9Y steE8 A

EU 7Fd=ro] 19959 1570=toll A 2010 2870 =ro 2 s a&ex] LAy
1995 739%FE(dry base)oll Al 2010 1,178%F=E(dry base) . & F7}aFdt}. & & ¥y
ol o] &5t Aol 5% % M Bow 2zt wigeso® Agsta JYrHHAA LR A
Y, 2011).

% 1998'd OSPAR ¢ ofell ola #l7] 29| s = Far o

o
ol

= A

@ m=o strEYA] Ay A%
1980 t7HA = &t E8AE 7, &5, weol AH Fristd oy 1992 &) Gl
AW FA3a EX FUS AFAAs 9o 19949 a4 Y] A& o 73k
AAste] dAe, =24, A doll Az Thsst=sE ea Atk §
bio-solid® “gelste] wig, &7b 9 HEA o8&, &4 HAdR T vhFe B
A7 A, 2010 7009HEC R 7}

O

Moo

A

AN

=

=
=

=
o

i
I oE W o
AT

=
=

o q;
il

)
(o
Lot
ol
o
k=l

o
Y
—_
O
O
0
L
WS
©
0
2
rf
S

A2 15k shEEE A HEE Azt oEste] 1998 &7 § wigE A 1A

A olgH Fe AA Al 82991 153ECR WEES AX s A, o
FE B gue nEAee] =4 dd SselAs PRI b 9B e
dredAs TPF 4714 A8 Fe 2010900E 199940 122 FaAY BE
2 AR QLS Qs Ak’ ouAs AAS FEE A A} 201299
= StrEeAY A7F vlEo] Fa vlolortAet P AR o] H|Eo] FUFste] oY
A o] g-Eo] 135%0] =ata Utk 1998 187vHEC|H & e A= 20121 224VHE O

A7) el s = d&elt
71, AE/FE)S WAl B obH R Qdste] o gk A Al

|
Whel= A2 QA H o] gk 2005 dFE S22 E2Ad 7] 9] A v
;|

ol ol ¥ & uEs u = 4 S,
5 22k 24 §lol AP F ' Al zFlolt)

- 2 AT A8 e seAE eyt MHd FoEA aul g EA9F A
WA GA o] AbAjste] Jow, 53] sheAE $A MAH 8 rAl st &
87F ks Aew dyyo] & AE3s AFE Aot

_42_



)

wjr

o
3

mjn
;Oﬁ

7y 7=

24 % Aol

o
o

E]_]_’

EREEICE

el

il

=K

4
A

o

=
T

1

o H gl

/1% LCC BAHA 47 $3E

AT e,

AstrlEe Fdulel A&

Al
&

GPR 7% 2

goll A ¥ =

Al
f= i

- aA

283 A7t

FolAls 7]uke]

A=

_?4

3} 7]

A3

2~ EHl o
— 1 =2

3 A

THE

b selA Ae 20149 71E A% AEZE 12 572390 U0 o8 AEE 2

- 3§

—

o AFY] A1

T 3
=0
0| o
"R
w3
N
T
ﬂmo o)
o 20
ol 9|/
0 TR
oo
N E
63 O
AL
Gl i
my o
] =
o
o o
ﬂ.o g
= ™
R
v 3
K St
] o
o o
=
: {]
(@)
© ~
o o]
oy M
Gy st
oo TR M-
W oo o

ojn
R

kK

fite)
o
i
0p!

o

il

B

_43_



0 N&FE

|
= - L <0
Tor @l o ol el
< w| U K N
2 wyo z0 N K 1o 1
| K M| K o " ﬁaﬁ_
| A K [ w0 i
X ojn = < % Eo - o 1Ho 0 el M._
ol o < o | o = = N ! nl wr ro 7l 1=
= || D LICIRIRE TF | B o O pal _ " X E|
b7 i e S| MR T
XXX m = & & K ol = Do U=
Rl ROK RO < 7|l = =™ o -
] -— ._._.o —_— K _.A|_ .Ao L
TRk DN =l X A - =
| . o o W o N ﬂ U
N 10d
10d oF
I_-I_ —
5 e o__. ol
Np O . Kl o X0 i K
EN LIS < < W % mw K oK
— S| oclolol| § ° o Kk A o0 — — ol _
T |=|—=|=|® S35 8 ¥ | X o = | I%0 =l = E =
iy — | = K | oo o | = zr T Y
T o (@) | = ok _A._ LU AI._._ =) o = =
» 2 mooo=od [ TR S o=
al ] D z M 00 "l W 5 o
o 2 ol E R ow [N s _M_ﬂ 0 o o Wi mm
- N = = K p X Kl TR — | =
oK Do | o Lz 2 pe - H_._ N Ea
A o 2o (o) & &l a o
Kl < . J—
AF = R B0 @ Pl ot 1 Y
w | |2 i R N | S = B
~ NN NG L o o Hoo ol Kr
n e P T R | E oo
@ |®|e| 2| Y| 4+ _ K =
~ — | = ~ = o l|lm ol - S
il = | X o | = )

N || = | B . of or W
~lalq)e TSI D=0 85 I T 2 s
o] < | = wﬁ.o m .nlnm w | B R M o @Mﬁ@_. S ~ ..W_._
ZT x| RGN 32 <] K3 . ~ ol KO =y 2 % =
— Al Ay = Al A =0 o ~ xr
< CHRS o o 5 QoK SR T ®
o <a o N o< HlE ol =

= 95} Tl ok ol 20 . =
B = 0 Z - K gl
01 S < K T BT —
w <8 X L ~ O
I+ AN |za N A<
o) = b < =0 | - T o
IhES O H&m S G
MR = RN
AN A

- 44 -




7 23
AFALAT 2o

M3ZE.

1.

Up reactor

2Ly

T p | _ N 2% | e |
£ Ll 8 AN @ E CE|EE
i Hoa T i < " T JEIY 1
5y g o R EREL
£3 "ga & 3 C e = A =
5 (7
N T o
T a gl e WL
N _ TR =
T : ® e B oL _@
X o = T w o A W i+
‘or MWL _ZT.C N T_ Z.E m;A 1 il jo —
a— J - o 3 =N S - I —
xofz & 0 § oI, efw BE siwx @ .
oF T f = < = v —
e mp 0 Rk M T o o, o N o < H oM % oo W X %\ N W
R P A oA g ®Ma¥a oy ST S o wE <
E R - R do X N W T ww T e ¥og R P e N %o 5 N
— L.H —_— P 0 ;Ir\_«' = o X U;A Xn_u ﬂg ﬁO iy R ﬂ o Lm
= LF o Toeg HEme o MR W B R %Mﬂu B S
TR Tl ommA® AT T em g i w o Cw yooTra
T El Pe® fbgw 25 wPE- zEe piEo U i 7 E£EF B
by s O ) ! 0 ) X = —~ o — % =
B %y HTm aMT® T wE W e w ﬂwuurm% = W AN
PXT = Ham pcteE. B R4 s @ © T g M © o' g
~ = <R =
SLun? Tl weax 58 4iPT vEe oPPs Jse T EFC
: e = — 0 ) CR—- ~ Moo = N~ N —_
_— = o 2 B U i = R = _ - T AW
) =50 = o o —_ -—
dm G il M 2 H B W P4 B G B g oo B dp KK 4o 5RO
| * X Lo U X ;R ~ | G oo X! L. B o S R o N
30 O ] 0 O @ O O S O o B OO

_45_




s st 77 o

S

5})

°

|

A 271150 atm.

il

o]

Fsieh.

7}

)
45

o

-

7}

-

mo
Nlo
%
oF

ol

o

)

olo
T

=)
ca

—

0
Am

golel o

}

o
yad

ju—

o

¥ 387

[e)

-

a2l 7]

|

¥

o 2bsh @

1d

[e)
= A

3

]

A

=
o

(1) Oxidation

o AR of

iz

7 s}sk
2 A FHH(Carey, 2000; McMurry, 2000; Smith, 2010).

1

kel
i

2789
[RERCNEN

=

=

2Na <> 2Na“ + 2e (oxidation)
[e)

Cly + 2e < 2Cl (reduction)
Cly +2Na < 2NaCl or (2Na", 2Cl)

Mel Az

of A ofF

A o] =

o

g

A

Mo
o

o
Nfo

™
)
R

N
i

O, + 4H" + 4e < 2H,O (pH<7, 2FA)
H.,O < 2H" + OH~

Oy + 2H0 + 4e < 40H (pH>7, &714)

3} (wet air oxidation, WAQO)

sHWAO)

=HA=

4

Apele] o

2ksk= 180~315 °C, 2~20 MPa =71

-
R

<

1P

<
Az

by
T

2,

ol 15~120 min. &<t

°

g O, Akl w49
NOx, SO,, HCI, t}o]<

R

-

2] WAO

-
T

s}

T ol (Luck, 1999; Kolaczkowski et al, 1999;

2

=

E
X184

& a7

T

A
ol

AT &
et} o

-
o

3

°

] 2]

A

-
1

o33
=

—
o

X0

el
Ho

&)

=

AFn] 7}

ol =2 F

&t7] o

5

e oF

o

AL

=

=

7]
- 46 -

RERCIE EE R

o

Wang et al, 2007)
213 FAdo=z <l




)
Q
=
= 5 E
= & E z 2 z T N W
~ ho] v —n — o ! f —_
5, Q% <5 8 R L
= 2T lg pe g0° g Yo o
_ ) ® O O oy 0 o )
° 8 g - Mo % g R ﬁ WAE
5 o w T = T 5 o - S
ﬂ.AlO © HT [=1 X ME L < m no OT ‘HA_I,._
5} K il A = G © o AF T F g
) o ) o Mooz L S o o ojy ol
G :3 FTy & B B L RRx o® T°
a 3 = N~ RO = AR N 2 Lo =P PIR
> 9 ok 2 oy o+ =28 . g -
I TS S S & ®=E X T oy B
o RN N5 o N : = T it r
= ) © . LG TR =g 2 T o F Y
W s © g 8 X F g FHE oW R
™ 8 w5 % T R o = —————— T Wﬂ o o
N < S W ™ o Mﬂ SSInY = | %o o do N = (e 3
ok ﬁr‘_mﬂ n %mﬂef Mo L g T .]ov
— % 5 o= W B g ) L2 Mg lhw
3 8 I w : 2 oMy T =585 &
i 3 ) w0 8 < o T oo
= 5 g w o EZeT 3 T PEe R
— <) oy do ™ oK o ol T = M " T I ] = o
N 2 T FmroRwmz g B =z ® . T4 BER
R T oF ~ T X g = ~o T o o- S T oF
- T = £ © T _o® pEEll
A < Ho A”AW 5 - & = B Ex X BS Wl_M o o .m m = =
i ) ° B N = - N moMo - = & g oF
o O o Y n _ S - = <o T S X oH T
R R ~ Mg Y e o
pelll < X ne OM _dﬂ ,m wﬁ ~ m _L 5 8 o
g @ UK E RS N = I B
T .m\ma < A Nd - o | T m 2 o o ﬂnua H.WM ! T X o ol
5= f vz ~
i 2 & T IeRy f C MBY NM5DoX
A £3 — of B o ~ o m. - = TS o —
— 3 o o o ~ X g N B = r ACCIIE
X 93 o T oj o) ™ 4] oI T, B A R 02} N
oo = up o o X & & Sy T Lemg T
= @ 3 TH oy ofJ T = K = - ouikag = G
P 2 N — M A P2 e ‘ W r o 5 o oF N
= 5 o et K — ~ m_#.o = m XD = ol M Ay 1 5 o ar
o S gy B Mo = ook &l S o M W BT
3 ~rTawx U < _ o H(s%%
o R = oo 5= T T ﬂﬁﬂhﬂ
TR —_ = Q or Bo o < o H
o T < o 2 %o 0 o}
= G ™
QMJW%_,O oF ol
of W T = He

- 47 -




] Oﬂ ,\1 [QARE1 93]

R

lutk A o2 oz 9 7] H Aloldd)el A st}
Bo QAL 374C, 221 7Igtola o] zAstolA B85} 3

549 =4 WgE B
ot A ol el A ES F718 et 7F2=(0, Ny COz.)ell tidh 55 &Alolal %9
Al 29 Zoll g7 AT ASHAIE Tt wEA H 7| Eo] &sjdtt. 400~450TC
o 4 datsletsol ojxbatetaz o] Ago] SEWE WEH 600C ~ 650C ZHAAE 1
¥ =2 AP H(Wang et al, 2007)

Input
Waste sludge High temperature
«—
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t=0 & W, A9 s%=+= [Al, B9 %= [Bleta Aosta FHS A&t [A] [Bl
e Adelshd,

[A] =[Alje 21(3.2.7)
_ k,[A] B _
_ kst 2 0 kst (ey + Ky )t 2
[B] [B]Oe PR e e ] 21(3.2.8)

9 3262 dubAel fr)Ee Ha wkg mde wel [A+B]e] W= CODY TOC#H
2= F71E o AA Fe JdAAHJ mAlolth mEkA {r1ES A& A9 B 49 %
7] kol W3k 3 gkl A9} Bl oz uiro] FH HkSo] ASSS AAE F QA H
t}. olgl= [A+B]Y &4 HA3E&S YERd 2ot}

[A+ B] 4], [ k, sty k, 7(k1+k2)t]+ (B, o ht 21(32.9)

(A+Bl, [Al,+[Bl, k+k —k K, +k,—k, (4], + B,

T =S B 27155, [Bol = 0o]¥ 9] A& ofgjel o] A

[A+ B k, — kit ky—ky ke

- T A
[A+ B, kpth—k P 41(3.2.10)

AN
et

Aol Aed AE5s T8 T AL oHHEATD S8A¢ COD AAES
[e)
o

T e, AAAAS] HEEE Fek)E AN 4 dtk(Lixiong et al, 1991).

- 2 g aZd WAY S

Aty o g 2ksli= Atgtgo] A3 EH (e &F, 94 FAS T3 A5 H5 A
T35 AREE I Uk SsEAINE A Ay HaEE EfdEveie] Ao 1 AREo]
AR ZoE53L dv FAlolth ol& tigte® fksteo] 1 Hold QFo] YERA HAL
Efdzvge figh i v8% a 3 FENLE STUHATIIVIE ST SHAIRE {7
E deA oz wbgshy] witel frl=e tEFe] Boke dHo]l AdthHRook, 1974).

¥ 321904 & 4 Ad5%9] hydroxyl radical(OH radical)2 4ts}2lo] tf& AbsbA|o] w]3}k
of W Hojuar g o R wES SRR FU|HdAsdEY 22 FRsE 24 A
%35 FalEeE Aow d#A

# 3.2.1 Chemicald] w& kst v

Chemical Relative to oxygen
OH radical 2.33
O3 1.68
Ho0: 1.48
HOC1 1.24
ClO; 1.06
Cly 1.06
0o 1.00




o @y oleh Zol WFASWE OH radicalsl A4 LE F7/HA171E Wo] FRan AL
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o Az, gEUel ANdorn Pt Ed FUAHERE f714e] A4HH, o] F 1)
ol ORI FAA A 18 A oldA AT WAt A
g% o et e;«u a%ow 27 W A5 Bl s

o] ksl free-radical mechamsmE EsE Aow Udx
I Dayo(1973)JJr W1111am 5(1973)9] =woAE Z2u 4ty FEike] Absle = free
radical mechanismo| ¥ofgttial w3 stS v Shibaeva 5(1969)2 AFAE AFE S o9
obA A Abshukgell tigh MAYF] #AS AGelA ol A7V} HE
FEFS A FevtE Ao 2 YERYA| free-radical mechanism ©] &8 SIWHE 3k}

At wiAYSFY ;AL AsAIQ] AFATF a-carbons FA S FE7F XA, F
ARERE ol EAre] A, ofdd A o= a7t & JAHA = Ao

Wt Free-radical mechanism 2 7129 oldA H ZdA Ashit&& AWEd 5 =
A oz WolSolx 3 glon, o weARE ofg e prhb

ASHA 2= T AP erﬂ‘l@r—riﬂ AbEE = AR B JHAIAL fle]l Aol oF
gk C-H bondE & Aste] #iksteart Hm dilstais thA] o] 23t

S AN (Day et al, 1973; Shibaeva et al, 1969; Williams et al,
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hydroxyl radical
1973).

RH + Oy — *R + < HO,
RH""HOQ*’ 'R+H202
M+H202_) * HO

R : the organic functional group

M : homogeneous or heterogeneous species

234 ¥ hydroxyl radical 71& 3 WS- (25 4)3te] organic radicalS& 3/ 3Fal organic
_]
O

gt

radicale AF249} WHS- organic peroxide radicalS &
RH + - HO — *R + H:O
R+ 0Oy, — * ROO

organic peroxide radicale ©& #H71=3 w3t organic hydroperoxide®t THE

organic radicals WHEo] Wt}

*ROO + RH — ROOH + *R

A4 ¥ organic hydroperoxide®= #3|% 7] % =Zo]7] W&o, A} =42 FA &
EH AEHA FIE oA EA Y %l
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(Kolaczkowski et al., 1999; Ploors et al., 1973; Rogers and Mayher, 1980; Wang et al,,

2007).
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-
=

-]

4 3.

50 100 150 200 250 300 350

Temperature (°C)

2.7 FI7IUH X AEaA

Lo

1 2 3

Oxygen Partial Pressure (MPa)

<

9 328 qbae] FEqtd Abae] et

2 Atole] shstd kg
A e sE Ao
e WAUZS

g2 v

1

-

o] 7] ol A,

¥4

o] aL

o}e)

KN
=

s}
o}

Tt

o
i

e
?ﬂ%f‘f}% =84 §kgoltt
2o =3 g FUke obdY As Fd =4 A SR 4
g 4= At Wang et al, 2007).
= w, Yi@igHi/wFPi—Xi 21(3.2.14)

_55_



dr

ry = 7HAe] el A i

Yi = Z1AelA i

T

ol

03
&

X

¢

N
gt

'
o

i &= ol o

9]

Hine = =ollX 714 &

A tH(Kolaczkowski et al, 1999;

Ploors et al, 1973; Rogers and Mayher, 1980; Wang et al, 2007).
21(3.2.15)
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dC/dt = kiA(Cs—C)

i 24
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f-5 &= (mg/L)

-
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(2) 3#=vf 23} (photocatalytic oxidation)& %

B o TiO7F 234 <9d s Hx=2 d5sld A2 Careysolth. 152 polychlorinated
biphenyl& @943} 317 Hﬁﬂ TiOze] A S ARt A B2 A7) X]ﬁﬂ%oltq
olefgt A= A3k, A, AxA, AL T, AdHT 5o EG 7] L49H
HE A ol & FH Bal&ro] nxE Q¢lorE 25 FEn] gy, i
pHZL, F71 ol9 #F, F7HtsE9] v 5 o8 2o we} v kinetic Zdoll 9|3

ndg

Super Oxide

<|Ol>% Cboz 0

ngh& monductlon Band

Band Gap Q * @

H,0 + CO,

Photocatalyst

W Photo Oxidation
Valence Band

@ Organics
OH-
Hydroxyl Radical

a9 329 FEF g MAYSAHIES o5, 2011)

Langmuir-Hinshelwood(L-H) #t-g-& %+ Ads 2 wh&o 2
Aow HelY. F3 H=+ ofde &
faRlso] dASA FAEHH WgE =5
e &2 wL Co dgte] daprom A7t 7hs st Goswami, 1995; Lichtin et al.
1996; Romeo et al, 1999; Wang et al, 2007).

dc K KC A

o] 710l A,

C= g9 Hw

t = A%

K, = 7§ &%

Ky, = 52 339 &=

- 9C- gK,0= ke 4(3.2.18)

ppom FEe] FEE el AhY oo W I kgl
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Hol gt ol FAF 13
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A A=
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C= Cpe M 21(3.2.19)

> FIPF

Eo] Abste ofdAl AR 2UA oA E=A o] Fo KT

A & g A oA L} vEEo el e 5 3}eA Wy

HE-S- Z 7ol A éi?‘s}% Hk-g-Z2 71 o]t} Weber%% PCBS(pOlychlormated biphenyls) 2]
35

s7Hta 2d3s %E?ﬂﬂr(Weber et al, 2002)
ofd Al 2AA E ZolA REE9] kinetics$t & ¢hd] olajE A ¥l B A
TAREC] AASA AojE xSt A ZIEAQD vES A A Bo fr1=4] 27 ¢
=7 o]FolAlE ¥A4E eI HAstetee =YS vl2ela Atk giFEe] Aeol 54
g Rkg wAYUS 9 whE £ S oldlated & Efol "tk A5 A olikste,
ek, 4, hEYoket 22 VE 249 g wWiAYUSS FdsaL, 29A =6tk
A e 22 53 fr1ste= £ dmel s dotr gttt
A e P oR Q) FES Aste vhe AR7E EAsk, A=l ==
g g 7HA ool A7 EAFH. Tester 2 2 4] &= 5%‘ At Ao = 9
=2 Atgkel ¢ H“}Eﬂ] ‘”"35‘}% AL BAAG. olHg =2 T At Axole 3
dojup=dl o= Fx Aol Ao= ditstEast 4R

A “H ]E‘r(Tester et al, 1991).

Portela v% obIAI9L =AAl F AL HE g SEFE #&| AFsta thE
Aot wdeo] Avzgia vlws] Beed, B wdo X T 2 HgstA dxsts Ay
A5 F ST o] A= oAl B A A HEAL oldA oA T
Eo # FAF 12 9 AT fALEk Y, 2AA oA ALY dXEgS g = A
o} Gloyna®t Lik fAF 1AHHSE 55 2994 2744 FEdoz Aggdn. 152 §5
Ak "HolES& AASte] ofef ol A P rHGloyna and Li, 1993; Portela et al, 2001).

E 322 oA 2UA B Aste] g £E 28 FAYYE

Organic compound . . Oxidation .
key intermediate Conditions
category end product
Hydrocarbons and Subcritical and
CH3;COOH CO2-H:0 .
oxygenated hydrocarbons supercritical
Nitrogen containing o
] NH;5-N>O N»-H>0O Supercritical
organics
Chlorinated organics CH;3Cl, CH3OH HCI, H-O Supercritical
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o BejARE A 29AZ S5 4 =d, 1944 = down flow IAANA &

LY =HL] st dAEA, ThEEe] vl o 1At {FrEA
(Ao] HFdH= et 20A = dAe WA =8 up flow HAHO=E A4tste
AS)TolA EalE7] 42 F71EA(type A Atgubgo] 9& o]itstetiel E(D)E
Hq AgE AT

(Gl

d

saneRE __ 1|

x| (H213) 23X (M)
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o

U
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h

29 3210 AT F2 At urg)

2 (HIE)
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,‘0: s
SAREQ olitstgist E=(D)E ASHATE Adtd EHARE obdlel Zrh(Lixiong et

=




al, 1991; Bernal et al, 1999).

A2l FAAE A A= REG Ao whel A9 FEj7F A Hel S, C H DE 3
Hup, A= 7Ie 24 Aol A= plug flow ‘%*é*& 7] Joll uwheb Ag] 3l
A7t AA At w3k 9bg-7] 9 Zolo wme} FFdfo RS 57} 23, 12908

_|>4
b 2

A —» g
ks

D
k
k, ‘“’/’r
k,
C
=

a9 3212 W3

712H(VFA; volatile fatty acids)

Fr
T watEdl ojitsE st =

iE-S-719] down flowe} up flowz T 18T = Ao} dAl=
H00meS aeshH AdA SE AstEE A k3ol down flowol A
A DE e AY, SellA A3 DR Zals = wk3-o] up flowel] A

2 g D
F2 dojuAm AsA EENAES ool szl mte} down flowel N E CoF Dol A4
2e e & 4 9l

Lixiongs (1991)2} Bernal's(1999)¢] Aol ¢l &A1Y 7hralinks 2 Absiet
12} wEgolw,| ke AAE T 4§ X ogt ojEAo] wijAlE o] e
o Fad oz el 4 dtk(Lixiong et al, 1991; Bernal et al, 1999).

m o
o

ac,
— = kC, 21(3.2.20)

dC.
WS: k, Cy— (ky+ky) Cy 21(3.2.21)

dC
d‘;FA =k, Cy—k,Cpy 21(3.2.22)

HhE S5 Tk, ke, ks, kee HEES] RESAFEA 22X ik 3Fo]l™,) Arrhenius

ke = ko BT 21(3.2.23)
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k’ 1 W1 ¢12} (pre-exponential factor)
E; - &4 3t A| (activation energy)

t=0°1M 9] FX=E 22} Cap Cso, Cypao &F 8k, #19] Eaf 42 ofefje} o] Ao et

et 2(3.2.24)
C a0

Cs _ k, —kit (kg kt ]

Cao  kyThks—K, ¢ € ) 4(32.25)
CVFA k k, e K e—k1t_ e—(kz+k3>t_e—k4t :

CAO k +1{ k ( k4_kl k2+k3_k4 ) }*\—1(3226)

continuity equation)

1) Up tube (AF)

d(vluplu ) + d(vgupgu )

- Al
5 o 0 21(3.2.27)

D EE(m/s), p o BDx(kg/m?), z 1 9 Eol(m), 1: A g 7 u s AF

2) Down tube(d}5F)

d(vap,)

=0 2](3.2.28)
dz

- o J & 4=#] 2] (energy balance)

(Energy Accumlation) = (Energy flow in) — (Energy flow out )+ Q—I— W:—i— W},

Low

steady-state ©] = & energy accumulation< 0°] = &,

2 ) 2
0=Y" [U+;7+£] m,— 3 [U+U—+ﬁ] Myt QF W+ Wiy
in out

inlets c c outlets 29(, 9

2 . 2
- Y [U+;7+£] o Y [m;?&} O+ Y PV (3229
n out

inlets c c outlets c c inlets

+ ) (PV)

outlets

out ouf

2 . 2 . . .
0=Y" [U+PV+ 2%+ ﬁ}mm— D [U+PV+U—+%}mout+Q+ W, 2(3.2.30)

inlets c c outlets 290
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outlets

v_2+£}
29. 9.

it

2
inlets

0

21(3.2.31)

Foll A vl

o
W
on

T

rvze)

WZs

—

[e]

(kg/m?), C, :

L Foel Zd(m), U :

(K), p

file)
70
T

ol

o] T+ up tubeE ¥F3o] dojiim,

ol

SIS R B R R

tt}. Up tubeol A A9 & <t

ks
pul

7

=
| .

o,

o} 2 o}

o)
TR

o)
file)
70
T
oF

0

AptotoLl = Apstatic + Apmom + Apfrict

AP,

21(3.2.31)

2
avg
2

Lr
D

LAP, =f

Pressureloss

21(3.2.32)

2
L Vi

=f

AP
th, = L

Head loss

21(3.2.33)

Pr * (1_5)+PG &

S Pm

i

= 714

jﬂt’E"E’ Pa
}9it}h. Rouhni ¢ Axelsson (1970)9] drift flux

S

ol
ol

=
Pr—

A, e thgst g,

=
=

0.25
pg) } 2(3.2.34)

0.5

9

M totalPL

1.18(1 —x)[go(p, —

:z:)+

Pr

z+1—
Pac
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- SEFTY Y

A :m- 2 [ (1—x)2 n z? } _[ (l—sc)2 n z?
Pmom total pL(l_S) e * € ot

] 21(3.2.35)

i} Zol FojRY. S5
outlet 714 =Foll ol ALtEH, T2 F2A48Y] 49 inlet¥ outlet
o] vlzetr] wEedl ZIA g 3 v zstnE Wyl Ao gluhal(Rs
7}

e
ol
5
<'er
o

c2
2. ftp s L~ Miotal

y] 21(3.2.36)
iptp

Apf’rict =

two-phase friction factor f,,¢ ¥+2 ZdE + Ao, 44 d¥AE 2= channeld

M A &Ael s8] tigk ZAolt}. friction factor: Blasius equation®] &J&l #@lo]&m=4

(reynolds number)®] &0 =2 3 =1,

L fy, = 20T 21(3.2.37)

Myotal ® di

Re= ———— 21(3.2.38)
:utp

dolz=2FE A7 A% AxE A HE EE quality averaged viscosity p,, =
o

(4) Two phase flow patterns

Two-phase 52 45, = ol
o oM Fastth A7 X
P, A9 local two-phase & &
713t} S5 wde REo 9]
3ok A5, ZIAS A RS T e okde vl Y EF SRR Usr

A
(Kelessidis and Dukler, 1989).

2
)
i—‘“
fo
©2
N
o
1o
il i
==

i

B
ol

I o
Mo

e

~ bubbly flow : 7|A2 #ZFT F &= FEL 7|E7F AS A Fol 4
2 Bl Qo Yy s A7), Bl )
oy, FH AAe] AR AA 2,
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- slug flow : 71 & =& (void fraction) 17}§ 71Zo] 2HEY v g A 72V =
=oto] o 2 7|29 FHE FAXT. agal 2R FE AA A5 AT o] 2
VNEEL BEI mg #o] vk ¥ nose: 7?1 TAdH FAG FHE Zen e
taylor bubbleso]#}il F-Et} taylor bubble A &ej71o] oaf M= 2=, taylor
bubbles2 22 7|¥ 5 ¥ 33t =% lt} taylor bubblese 153} tube wall AFolol] <A
o] gk o g FyMoglon HE FAlo & 50 e AR TE wZel st
g F= 3

- churn flow : & 7l wel, FA9 Fx2= € AsFE HAAT, s Aoz A
a} O]EO}‘ﬁH kA Hh

= . =92 taylor bubbles®] ¢F2 A dho] wiojwldko 2
2Zhgsh= FEHY dadge A paritye] Aeoltr oldg fE HELS slug flowet
annular flow /\} 19] S Aoty 2 217 2] oA churn flows A=A &S 5 A
o F%5& nE slug flowol A annular flow® ®FZ o] % 3Ftk(Lpolzke}). churn flows
ol Aol wjdAlE FH A AHRE VS & 7] "t dukH o R two-phase
transfer linesol A F &3} %= 5 A A o]t}

- annular flow : 4A o] thal 1% 7|A e AW HAdo] FHHT AEA HWH
(dominant), HA = # TYoZHYH EZS a1, #o FUolA A% 7A &850 st
= 5 1o)== a1

[e)
= &<t ¥ (forming an annular ring of liquid)el] $f< oz ZET 1 QlE
Fute} ztEAe o) waET(dElEn). g&o] AA = oA A
55 AA+= 53] tAHH L two-phase 5o W3 =

el e
ﬁ Q
°°oo a 0 9
° ®
:‘9 og0 Q)
t-d e o
oo ® 08o °
Qa agd
.Ob by [-]
% oo o
&
.
B o g 0
oc oo Qo0
oo 0 ©
2|
Q0 "9, o ¢ L]
e L
S o

(d) annular

(a) bubbly flow (b) slug flow (c) churn flow
flow

19 3.2.14 Two phase &&°| U3 &5 ¢
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3. GPR o|2RdY +Y ¥ BA

oA AE GAE FEbGA FAdsS ABdold WS e olErd Fo
B3 g 34, Aol et J&sa vk £F FyE 2A 72w AB A
Zzade 14 TR e wse e Aeade dsgs Ade wag 3
dol2 AR, ol AANAANE SEwde] oAU L ASAFAA AL
3 zyow 81 & Yo

B Ao thRE FEAuS A9 HAMSSS A 2R A T]/H o] 5
s odAlEHE  EARSEZ] #18l Aspen  PlusolA AlEE= SRK(Predlctive
Soave-Redlich-Kwong) ArejiA 218 Ab&31ith. PSRK WA A&

5, agtol el 7le WAL UNIFAC WH5F2 Abgsdle] =o 2ox m %LE_:]' oﬂ,q oE:]g'jgg_']_Z;]'
54s d3g + Aoy mdA 3 S99 A (mixing rule)oﬂ 0e gk Ags ved 2
o] ZHETY

F= ,frb ‘V(Vi p) & =0.42748 A7 41y b =0.08664"7

’ C ’ c

21(3.3.1)

Pure component "I7l¥ 5 a9t bx A EAS Tcot PecEHE AAre 4 9ltl. PSRK
SR A A o ad] 2EoETTE A (18)9 At

o7 =1+ GU-T%) 4 1~ TH5F + 61— TO9FF 9332
o714 Tre 3Hd Tee dAIEEo] cl,c2,c3i= Mathias-Copemani-8 dojzl

empirical parameterO]J‘ TrO] 1R 2749 C29F C3+= 00]5o] A& 143t 3 4

al)=[1+c(1-T"°)F 21(3.3.3)

Fluid mixturedl Al PSRKYWA 22 wj7fH 4221 a2} b= E£F1F < o3 AT 4 dx
Al19] k& -0.64663 ©|t}.

E N
a=b[g—+ZX1i+ﬂZX,|n£] b=> xb

A b A b, ~ 21(3.3.4)

Gk ool whgo] s

PN
= i ) :1 g
2 FddGo] vfg dAelgtar & 5 A o] sl Ale] Mass fluxs= Two film E%‘_%
=
o

o714 ki liquid film coefficient®] 32 c*L< liquid interface concentration, ci= bulk
concentration ©|t}. cxL2 7] T X3} AhFLolRE Ah fE7F Aok V| AEH
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Aol 2 A& & F vk 53] agxolAe] 7IA= Henrye WAl weh &3] =7}
Z718t7]) wFol| tEo] w2 FARAZL F Fador sl wElbA Aspen Plus Lﬂoﬂfﬂ al
Aol A Feell A AlFeh FEgga 2l PSRK, SRK, PRMHV2, PRWSl o &
s AP Bt

a9 33104 & g 3ol 2ok el el AlEeold agds w3 (Geng,
2010)7 w®larsl] B9kl PRMHV2¢E PRWSE QA9 7F U A7) wjito] 1g2 dolE

= At
0.30 0.15 -

0.25 4

g 0.12 +
S ©
£ E
5 3 0.09 -
= ©
H =
£ £
>
= £ 006 |
o a
3 3
Q (=]
W w
3 . N p.o3 4
O .05 , —a— PSRK o - et —a— PSRK
o G SRK L o SRK
o : —-¥— Experimental —¥— Referance
ekt
0.00 &= T T T T T ) 0.00 T T T T
0 50 100 150 200 250 300 I} 50 100 150 200
Temperature(°C) Pressure(bar)

a9 331 =% 2 ¢fHo mE AR E(E A 100bar, =% F=7 90°C)

100 barol| A9 %o wE A4 -85
0~150 °Col A2l &afwt 27
3o wEl £a%s) FAleks A%S BT

PSRK AHHlm44¢ 120 °C74x 0] webs §8jert gasi 1 olFe Zrbehe
Aoz Ax dolgst Aol AAGAY. 1AL S wAnGolo Lxwol wea}
St wobAr, mengeld £ B4 GA& Wi ssAs Sams Seb
A}, 90 “ColA e 7t Aelug o] e %6115 2A173 SRK AW AE 25
Hlal gtol 50%°] FEAw )

FARARE Aot T FRE 8 dolewol 2 2E 4§ T2 19 Aspen Plus
V86E ol&3ati 45 FE(PFD)v= 19 33204 &2l & & glom 77te] £5 49
~EYE F 33290 vehiirh PFDeIA £ 4w871(GPRIS 2ARRHl glolA AbstAl s
1% GPR 7Hg shabiol A wed 498 mAsch

ol AAE EHA= v =Ho] ofya Ee AlEe] wEA o] o gqEY] wiel
delst7] 7k olel complexstz] wiitel Aspen Plusel ¥ =/do] EAsA o=t
H

7I=e] FAtsbeS bl wdskd (C’Hz)n+%n02—>n002+n1{20 o] e
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IERARCHY

TODOWN

COMP-0:

COLDUT

> g%

#3.3.29] Aspen Plusol A AF&3F E-Zof tste] Aelstdth. GPR we-7]&= 4HskAE 7}
2 st sttt 7Fgske], PFR reactor modelol Al thermal fluid €92 st= 3}
s}

of F
2 A &e down flowsS 7143 3L process fluide up flow= A A3sFo] o
oA ¥4

= 3 4= vl Down flowet Up flows A2 duss &7 ujiof
S AAsgon o] W AQS ~dR 7R E] U=25W/m’K= A A

o m\
m

it

O

(e}

A}
counter—current & 3

3w,

FAa8 kg Al B wEARRA, FHX I fUeR AIHE @A, f7)4akel
CO2¢F H20= ¥+ A 1g)a £9A7F vb= CO29F H20%2 HEs 1 §vhgA2 th& 3
2o

‘i}%é} 1= C6H1206+602 — 6H20+6C02
‘i]}%é! 2 = C6H1206+602 - 2CH3COOH+2COQ+2HQO
HES-21 3 = CH3COOH+20,; — 2H,0+2CO,

¥ 331A4"H 7 @A wreE gl Ay x]= Ahn(2005)2] dHlolHE AHE3H3
o X=3E AgElr] $3k o] 24 2o
o] &£ A &= oF 535 kg of Oy he] o] %ga}q_

F 331 Whed R wE WeEEST 3 FAd st | A

Kinetic coefficient ko (s) Activation energy
(kJ/mol)
Kk 7152 284
ko 0.811 12.3
ks 1211.97 54.4
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¥ 3.3.2 Aspen PlusolA] Ap&3F &=

Category Block content
Feed SLUDGE Glucose = 0.05 ton/h, Water = 0.95 ton/h at
25°C.1bar
Oxidizer OXYGEN Air, Oxygen
GPR reactor UP, DOWN Length = 1000 m
Oiameter = 0.056 m
U=25w/m?k
Heat exchanger HX Cold outlet temperature: 100°C
Pump PUMP 10bar
Compressor COMP Isentropic efficiency =0.8,
Mechanical efficiency= 0.9
Outlet Temp. 200°C, 4stages
M
3 333 dugreA e TRAIAGA T

Hot side Cold side U value(W/m?K)
Liquid Liquid 1000
Liquid Boiling 500
Liquid Vapor 30
Condensing Liquid 2000
Condensing Boiling 4000
Condensing Vapor 30
Vapor Liquid 30
Vapor Boiling 30
Vapor Vapor 30
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GPR W371& o7k 4@ 445 #%ge] w7 34
o

5 A
A 2] we gl a7 QAFte] =S HIES IS Fo

2 ——es——  300m
300 - f o o 500M
| L\A-A\A ——————  750m
] a T s—Ae—- 1000m
aF G-
.A’A f? “v‘v\ L\“ 5
6 250 4 A/B / ‘\% \q,
o K/‘l (‘K} \?\v A\A
[5) = B
= f L o T e, %
2 L @ ® V\A\
® 2 4 e Y
- i & * ., %
o 200 - & i . M
2 )Q/ A = L \z)i
£ A & ek . -
G’ // o P L
+ %l * ;
£ /j i e
150 A ral
f‘/v .,"
5/;? * £
i
100 <+~ : T T T T T T T T T T

0.0 01 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
Down flow Up flow
Dimensionless total distance of GPR

a9 334 whg7] do] ¥ GPR WH 2%

HES-7] Aol W &% By okAe 7 340 yElY 9tk 0.0914 057HA+= down flow=
et a2 0558 1.07H4 = up flowE YHERAT. 53] 05004+ 257 5484 AHsA
ofe] ghetgkgo wE Ydr Q1] 2=t st ok SEANE Y] Holrt dojds
= YHE2E7F S-S & T o ol 2 Y mE &aE AbsiAl et A4 v
T & A, BT Bk Afe wat AFALE AAAERE down flow# up flow
re] o] QoM E fFryste] wE o] TS & F AU

ZF dold 2 dud Q= 21023, 90565, 145676, 185816 kcal/hr ©] 13l 1000 mol A< =
dFe 300 mHET oF {8uAdS & 4 QA ®ES 19 335% % Upflowoll A vapor

= =

S ] Bokal %7 =7] wj&ol vapor fraction 9 Al 1000 mol A 7HE =gk

a0 awvksE gEhikgS E3l B2 VAU B SIS & o ¢
=

[e) =)
o] Grolge] me} vapor fraction®] #A%TS o F Utk

N

mr H

o]

’

71521 glucose?] A&l 79 300 molH+= 27.73% = wi$ A 23 o 1000 meol
A 91T2% = A Mol ThesEs & ANL EeA dAH P Eo] ofd FasEowE &
AEE X|ojof sttt Zlo]E 500 m o] ol A= dFofoF stu}.

712 AL 300 moll A= F&°] 01062 tE ART= 30%AHAE 9@
1 o] = glucose A& = Y24 F8&0] 015 g/g AHZE A
500 moll Al 7Hd =2 714 285 Ao o w yE Huxe 225C 5
A F71E HIEE 64%=E wol AR {74k Aske] dojA A n22 Ha gl

(o3




dlo
o
2
\
o,
)

0.16 g/go 2 714 Hkg7] &
A7HA R Ak avle] 28

fez]
-
Z&steH COM dEYol BAE dfof at7] wiel 21 v&=
A 4 ogla webA] b E84 9 29 1000 myk 1o e] kg vF A Ee Ao w

# 334 GPR Aol & Algdold 23

GPR depth(m)

Category
300 500 750 1000
Conversion(%) 27.73 64.18 80.88 97.72
VFAs yield(g/g) 0.106 0.162 0.159 0.154
Max temperature(oC) 137.75 224.98 271.77 301.21
Dewatering(%) 0.64 5.60 10.61 16.17
0y efficiency(%) 17.04 47.75 64.75 82.02
Heat(kcal/h) 21,023 90,565 163,274 185,816
0.35 -
—=———  300m
0.30 - e 500m
BB ———w——— T750m
rd A“a\ﬂ\ ——a—- 1000m
025 | / i Y
g A/ - M-\‘ﬁ
5 020 ! S, .
g j S
S o415/ e g N
E- .‘I ”r/w’ V‘%kawk* v_._-v”v
| 75
0.10 1 f/ .
i g PR ® ® [ Y LR ® L] *
7 e
0.05 5 olt®
b'_' " - - - - Py » o —o+——*
0.00 : ; . : ;
0.0 0.2 0.4 0.6 0.8 1.0

Dimesionless distance of upflow reactor

19 3.35 Upflowoll 4] 2} Zo] ¥k3-7] ¥ vapor fraction

@) cEA #3

3% 33594+ &9A FEFS 1.0, 1.5, 20, 25 ton/hr&=Z st Algd ol dE
sk 1000 m W7 NFCE HAn Wsy] Haeld HHAE F
sz9 ABLY A FFol 250 FTANE 74% FEW P2,

2 o
ooy
11 (.=

LV

bt

Ol
3

FEFS FAAGA meb HI1HE AR ANR RE FR QoA gadt #71E
AFe FHo= HH 1 ton/hol A+ 4886 kg/h ©]al 25 ton/h oA+ 113.06 kg/h =
A epel 230u0) AW AL EEE 1231%% A% wasdlth meba 1000 m Aol W

&

719] A9 25 ton/h o9 HFoz HAFE Fo] APl FrrH o wer] Lol
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1500 m=2 % F%HFES 5 ton/hi StAS wol, d3&2 995% =2 AIZtE 24875 kg V&
A7k 7hsstal w714k B&2 0.173, a—?%% 16.1%°]™ 4k4 &8 81.8% Ath.

I 335 €8A FEo WwE A BYolHd A3

Sludge flow rate(ton/h)

Category 1.0 15 2.0 2.5
Conversion(%) 97.72 94.42 92.02 90.45
VFAs yield(g/g) 0.15 0.16 0.17 0.18
Max temperature(°C) 301.21 293.81 284.51 274.08
Dewatering(%) 16.17 14.82 13.76 12.92
O efficiency(%) 82.02 77.88 74.55 71.90
Heat(kcal/h) 185,816 235,783 265,349 280,656

(3) 2bsHAl F 57
_]

A ARG B S sHel v ] del Al AL o] FLAMHE o
bol rashs o] EE&HY Rolth wpebd] A s AsAE TrlR ASdts

o, OfO
Jo Sbon
lo 9
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1S r
o

o

b

(o3

o

o

9
o
o

9l AlEE el 9Al 1000m Aol GPRE &3l EASIATE 1 ton/he] f3e &8
50 g/L9 glucose’} o == 535 kg/he] A7 B2 Yl F7]jo)l g Axiabh= 4
slo] o] 24 aFao] 100% duwlol 2675 kg/h FHozE FJs|FAch u:z;s} H] o
8779 50%, % EE AlEH S St 17 3694 & F Axol, AtrhEE
100% = F4& wf 24%0l & AT, 50% = T e woll 70%7HA] Zﬂoﬁ’ﬂﬁ‘r

o
jgmlm

Oﬂjg}_A_J
T

S 50% Ll 47.1% = F7tekith &
g e AT BS fEo R Qs
24h el =& A T 50%0l A1+ 0.35h
No-E ARSI Arg

o HU omx N
ulles X
o o
M
dlo
ftlo
i
- o
%2
]
(L
oo
o
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2
>
O{N' ™
4 3
o
o
> o
N,
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s
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o

Noobopff oo MR 0
L
rir
of
i
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o
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>,

o] = 7+ =8 WHS AFtske] ok

2 Ed 372 AFAR YolFE A £F4AS FFEE A v Zask v)Ae B
97} AAEZ "L AR AsE A s 584 e 59 SHoA BFE UGS
Ao 7 oA

11) J. McGovern, “Friction factor diagrams for pipe flow,” Dublin Institute of Technology, 2011.

12) bl og naver.com, TAHATE tigk 4z

13) fres, “FAgEe] FEde,” A&, 1997.

14) ko.m.wikipedia.org, °|% 713 W&

15) “Aspen physical property system,” Aspen Technology, 2011.

16) Modelling and simulation of a deep well reactor for the net air oxidation of sewage sludge, 1995

17) oFAEAte] tigk Fuje] Screen Test, #7141, dhxolUA7]ed 4

18) Tow-phase model for subcritical oxidation of aqueous waste in a deep-well reactor, 1995

19) AdE, FAHAEE o)8g sFEE vETT =F9 BFEA oS #ek AT, AW gk, 2014
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—&— Conversion

AL - 02 efficiency L 0.35
’ : —A— VFAs yield )
70 - @ £+ Residence time
- 0.30
Fi
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- 0.20
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20 . . . 0.05
50 75 100
Theorectical oxygen demand(%)
19 336 w718 AtsHAR e W ol&F4 Al e kel g
A%E&, A" &, VFAs, AFA17E

AehAl FAAA ] WekA wrge] AZol doup BAWSS Ao Hol, Axel E
ot AL Fol Eool B F AAW FANAF FL4F FFY Gl e A
o7 o] WA Y AsA SeAR BAATE] FAZL 9 Aoln A5
937 UF #e Aol back-flowsl @ Ashale §2& A48 F= 9t

Aspen PlusolA #]-&3}+= PFR reactor 222 thermal fluid®} process fluid= ¥ =4
A=A AsAlE 7 2 FEdd F9S & 4F Down flowel= Edol|wt #ojslal
slehit 8ol = FAdskA] 7] w9l thermal fluidZ A S st AAHS & = 9t} 314

AskA 9 X2 down flowe] Z=7Fo|u} 3/4x A3} o] B4 3 o] spd 9o mw
T4 st oF gt}
g2 WHogol RWALE 98 29 337HF 7o streams UlS3StE  reactoroll
thermal substream® @ %3 ¥HS-7]7F 1000 mAH 1234 o 500 m® 2%, 350 m, 350
m, 300 m 3%, 250 m¥ 44o = FAs] H ko

Down reactoroll A1) xR x9} 7z} Aol HluwE srH 1389 A9 AYstas 274%
o] A% Ase] v 7] FEEEAA e eakE WolFth 4
&£ o7 Lo zo]lE HoFE AL Down flowet Up flow 7+ duwsts &) %27
G7tAY Y s s Aol o do® F4%7] witol] n-stage out =%=9F n+l stage
inlet =x=%+2] o7} A7

shAIRE o] @old4E 11 AES Aol FojmS 1% 338% Fad 9l —’F Atk
ol B MFE US Hol st AEKH gz E A= F 2
o] Zpol7} 2ol Aol 2 Akol7t g7l
ATk 1000 mollA =%=7F AAl Adsete ol AbsAl FAHAE 1000 mE EAFSER 7]
u ol o] A oA ateitge] mE wdS FI 27t FEshA "ok

o r:'i
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# 3.36 GPR PFD W zlolo] mE AlEgolAd 2y

Compound Method 1 Method 2 Error(%)
Conversion(%) 97.72 97.92 0.20
VFAs yield(g/g) 0.15 0.15 0.00
Dewatering(%) 16.17 16.34 1.05
Og efficienty(%) 82.02 82.63 0.74

waj 2 Qo HNEE
Hop 27] go] wfg- AF & 5 Sl
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http://www.engineeringtoolbox.com/overall-heat-transfer-coefficients-d_284.html

Temperature(°C}

Dimensionless total distance of GPR

a9 3311 €3F&o mE yEEE F26B00m 7]15)
70 —&— Conversion 0.9
- Og efficiency
65 —a— VFA - 0.8
s ] fiee COp
§ L 0.7
o 604
5 L 06 B
S 5
£ 55+ 05 2
o ot
(=]
g 901 L04 O
- . - 2
L . w
S 54 7 >
(=] L
3 0.2
s 0.1
o ’
35 T T T T U‘-U
0 10 25 50
Heat transmission coeffi cient[Wr’mzK]
Oy 3312 d#FEo wE AlEdeld Ad(HEE, A 28,
714 &8, olAbster A A&, 500 m 7<)

(6) @ B

5% batch reactorE =3+ orAfEH(2005) dHlolE et AlEdolA FHS v usfE QL
Aspen Plus®] Rbatch R 2 & o] g35}o] 3] F2dk8-o] thslo] vlwE 3| H gt} 50 atmoﬂ/ﬂ
29} AFA|Zbe] W2 {74 A H 7] dEsle] v alsl ¢t




Sap

~M— RTI (180 °C)
—l— RT2 200 Ty
| —0— RT3 220 "C)
—— BT (340 "y

Organic acid/SCOD (%)

0 20 40 60 B0
Reaction time (min)

2% 3313 REGAIZEe e {714 vl &

Run =7 L 2FE(%)
1 10 min, 180 °C 9.62
2 10 min, 200 °C 10.23
3 10 min, 220 °C 9.30
4 40 min, 180 °C 13.3
5 40 min, 240 °C 16.5
6 80 min, 220 °C 12.0
¥ 3374 & £ %o, F 10~15%° A AE&ES Ho  FY T
Gran-Heedfeld(1995)¢] <8 A& &3 524ts Zdgo] w=w 1200 mo] ¥H8-7] A
COD7F 20~30g/Le] 7]# ol 9}101/‘1 Hi %7k 300C7HA FEFstl o™ COD 3l %= 99%
01” ol = A 7]l -‘H-‘ﬂ =92 wkg-7] dolo] wg tlolg et vl dA|sh= FFS Ko
ol W7o shde] 2:E7E oF 200C R T AW

]
o™ John(1986)9] old Al =7 F244kst AA
ANA F71= 7213]%0] 80~99.9% = # ¥ AFo] A conversion®] H Q 7

5ol A% FFLP)E pghollA 10 mT 1 bar® Z7}str= S8 2
500 m, 750 m, 1000 m= AZste] W&7] A shdolA] W= gEHEH SR 30 bar, 50
bar, 75 bar, 100 bar®Z AlEd#olAS Rkt 3 1000 m ¥ES7]dA FHFS 1
Al 25 ton/heZ HAS wW 7129 AA= 97.7%A A 90.5%7F H WA HAp At A v
H3-7] AolE 1500 mZ 3dte] F=Eo] 150 bar 273kl 5 ton/he] FHoz AAS A F#F
o] B F7FSol EFEar 995%2 Al AES HolFATH
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3.7). Gran—Heedfeld(1995),Dusan(1993)2] = 4=
~300C HAZ=2ZH, & AlEHolAd A= Fo

el ztol & Bl
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= T dol7F 1000 meldelunz A7 S3lS o duepE=z Qs 9tE
date FAE ¢ gl de =3 ¢ ous S2lo] mE &AL FASYT. AA=
m b

o] &
VerTech 1200~1500 me] wWHS-7]olA sk 482 85~110 bar”d %= o] th(Kolaczkowski,

SHol g H7]EA T A
& 2 P=pgholl ¢sto] Aibs Ao et
U bgo] EeX A #Erh Downflowol &= AFstA| 7} shctol] A -5

| 7] wed dx7F &@ed] 22y g we B4
liquid hold upX 1° 7FgA Hof lov=z & Aol7t gl sHA R 313
T dd=2 gk 7|gket vk A ESQ COAH vapor fraction®] ZLA W3t & < 7] W
of 9% W3tE FA & F glth
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4 A

WE7F 02 g/L olstolar o] 7MY A< COut 5718te] gk A wE v
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T2 lg/em’® 7FASa QP ou R o2 F3d HAS & Folof It}
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Density(g/L)
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(1) Components

= /\]%Eﬂol’\qq]/ﬂb SHAE FAs L e A7 1Y EE EElHs(EE)d
b3tk =8k &8 A (organic compound) % 7= A (organic acid)< TE-S A
EgEold o AEolAS Y3 ddEAR T (135 A C5H702N, 537HE B:
C2H402, A H= C: CO2, H20, HNO3)

N
OL
ft

el

Hm
o,

A EY o)A A e S X9 AstA (ARl tig e e 22 #3420 YERY
Atk Tl 4L, 49 2U0E WIS Baf AgEo] W] ARE Eojxith w3
B TG FERE FI Eol7be A4&E down-tubest @A FA] ThestnE, wbET
S eE, gezdor FQHATtn H4sd

¥ 342 FaEAe A

Name SLUDGE OXYGEN
Temperature 20 °C 283.8 °C
Pressure 1 atm 133.6 atm
Mass flow 20 kg/s 0.436 kg/s
Component Mass fraction Mass fraction
02 0.00 1.00
CcO2 0.00 0.00
HNO3 0.00 0.00
H20 0.99 0.00
C2H402 0.00 0.00
C5H702N 0.01 0.00

(2) At

AEdelA Bde 4L oly] AN 2 BAe) d9ay Adu BeHd @4
= Z nkgstofol gtk Aspen EARZIOlA = oY ZHA] 24 HlolH9F AEHIMAA S ‘%E}
W= physical propertiesE A|-&3F3l Att. A -8-% = physical propertyol w2} &3=2 A
Ao

] defx B2 &ere physical property A& o] & Qs

AFAgZRNE FAAA M dvra oz NRTL (non-random two-liquid) X =o] A}&F
tH(Wolfgang Schmidt, Process simulation—an efficient and capable tool in environmental
technology). Olsson®} Zacchi(Physichemical processes ,2002)2 Kraft mill #7]=°]A 77}
A fd RASHEE FTES AGs) A8 J1-o, 9-9f 3Y A vl NRTL 42
AL gshe e,

Steven G. S (US8828231, Method for recovering carboxilic acids from dilute aqueous
streams, 2010) #H G A FI25A AHS 3|t 3 AlgHoldoA Ed4A], 8=
54 58 A4S 98l NRTLA S AF&-3FStt

NRTL =d2e &35 9] non-randomonessES L&dl7] ¢3te] Wilsono] AF&3F =44

3 o] AR

s
Mo
o
“
il
5
o
o
Qe
i
oo
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T L2 (exp(— aypgo/RT T L1(exp(—apg/RT
Lo _ (exp( gor/ ),i: (exp( 915/ RT) )_\1](341)
T11 xl(exp(*alzfln/RT) Lag ‘rZ(eXD(*alz!/zz/RT)
o714 al2+ %o ¥ #3F non-randomness® EAAFo|th 44 B E&E S ¢
< HATE Ak
Ty + =1, 2+ a9 =1, 21(3.4.2)
9 HEEvY Fa E 2ee 474 ded g
- $26XD(_ 012(921_911/RT)) - fleXD(_ ‘112(912_922/RT)) 21(3.4.3)
o $1+$2GXD(_‘112(921_911/RT)), 12 332+1’1€XD(_012(912_922/RT)) e
Gibbs YA = EEE JIFS WEth= Scottd] 290|228 A&t 24 EA I
Gibbs AHfrol YA &= th& ZT.
GF= T1Z91 (921 — 911 )+ ToZy9 (912 - 922) /—\1] (3.4.4)
o] Ne tARAR Udusse the Nz A
af @ ;TjiGjiXJ
—== 2 X 2](3.45)
RT =1 n
ZZ]IGkiXk

Tii — (gth *glzi)/RTa Gji = exp(* ajﬂji)

gejets wAmyE RTWY=C5E0 0 ggstn gesin 25w A4
Fag=g
n n
T o3 3 o X T
L JINT i n X 7 £ i 5T
]Il\f,:_ Z}( + n — i Z}g
pGE SR P G 21(3.4.6)
(3) FA k5
SHAE A5 e 718 P EHAES Sdvsk(Ea)e &alE AH
Fr7lEo] TEAE A= S v 2ol 7HARH. Gk a, b, ¢, d, e
=
)

a CGGHON + b Oy — ¢ CHAO, + d COy + e HiO + f HNO;3

e
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k1. C5H702N + 702 - 5C02 + BHQO + HNOg

k2. CsH7O:N + 50, — CoH4 Oy + 3COo + HoO + HNO;3

— 2C0O,; + 2H50

k3. CoH405 + 209

9= Qlth o] 7] 129 CHONE AH3A )

&

CsH/OoN = 8] 78 7F 2 a3kt

ke
.

5H702N+702*>5C02+3H20+1HN03

1

|

e

A A

w
<

o] Azbel u}e} of

A

tot o714

3
T

9]

ke PECY A(347)

n __
=

_TA:k

t}. Arrhenius

PN
T 3

or
=

A
&l

102

Arrhenius

e AxE

o &

21(3.4.8)

k:

W1 %= A (frequency factor) B=& A 4=<k2F2] Q1 AH(Pre—-exponential factor)

k():

g 8kl A

o

E
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D
S
S
w
=
rlo

=5 1807240 °C, 4= 30 bar)el

Cas 2 plotale] 7127 2R
(0]

k1S AAbsdar, VFA %
3ol iteration

%= dlo]E 9 Levenberg-Marquardt algorithm= ©] &

Moz AL she] k2, k3, k4 #S AT vEE2EW RSELEAATE B
3.4.59F 2t}
dC, Ca R
i@ kiCs, In " kit 21(3.4.9)

=
Me A Fr7l1ake]l ZEal7F o A A A A ofMEANY 22 kg AR EAjstE A
o2 ey AdAdet dAstdnh ek kA kO BS, k/ky HlEo] §hEEe] STt
mel ashs S Urhlle] fr14ke] A4urhs @as) wgol $AF Ao e
slod

@95 2 (PFR)?] GPR A28 1
penearal Ag)\éﬂoi kzy k‘g 2 kv S7het

=D)ze] 28 =

3 3.4.4 Reaction speed constant according to temperature

Reaction rate coefficient, k

Temperatures k2/k3 R2
k1l k2 k3 k4
180 °C 0.0520 0.0331 0.0397 0.0007 0.83 0.98
200 °C 0.0714 0.0336 0.0513 3.28x10-11 0.65 0.99
220 °C 0.0762 0.0377 0.0635 0.0016 0.59 0.96
240 °C 0.104 0.0490 0.0991 0.0042 0.49 0.98
ko wWE NEEHLEA olafl k1, k2, k3, k4¢] &Astduyx H WERIAE

LS. -
Arrhenius?] S ©] &3}¢]

T F Atk = Ink; 9 1/TE plotste] 71&7]9F A o=
ESt kye AT F dth
Aspen Plus AlE#lolAdol ARERF M=Ky 2t ZA Sl UA(E)= HAlA Aget <

1=

c

- =

EFWS

—’FEE 5t A9} Lavric 5(2005)0] %<
HH3] AgstE ek

7} 8kt ol ® 3.4

501] LHERL

Zﬂ(L_]_ 180~240 °C, = 30 bar)oll A]
o] ALgE @S

ngon, &g
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3% 3.45 Arrhenius parameter for rate coefficients

Rate coefficient ko(s™h) E(k]J/mol)
Ky, 0 0
k 0.811 12.3
ko, 7152 284
. 1,211.97 54.4

0,

(5) F= (pump)

MA = dirdo=z 3 AGAA Hxzo o FFEnh & AlEHo|AAA HExE &8
5B FEAGH FAME UgY] ARE £E8I, UgUlE Eobe gY¥zdown
GA717) 918 AT BaH ol ¢ wWa o, $Y 7S dx 9L u AHgT}
53k, inlet stream?! sludge stream 4% 1 atmolA 20 atm® 2 ZFFAIAF7] &l 19
atm W F7l@ta 4G FArh BI B FRBAN S e 2t

P,

W, (isentropic) = (A H)g = VdP 21(3.4.10)

Pl

Connections
SLODGE Name PUMP
Inlet SLUDGE
Outlet D1
PUMP Parameter

Pressure increase 19 atm

(6) Cooler

Hao] 52431 wk8-7]= down-tube stream(inner tube), up—tube stream(middle tube),
WZhu] Al (outer tube)®} sAll & 1ol dojdtt o]juf down-tube stream¥} 1l Z}wj A
stream< cold stream, down-tube stream-< hot stream®|t}.

2d 1 AlE ol Adela] 371e] 2EF ] FAld dulgto] dojub= vEET]o g 2l
o] gloemz w37|E 150 m Zo] @9 E up-tube stream¥} down-tube~EHL & w3k
Al 713, 4 L E up-tube stream< WZhuj A9} & wssl= thAl coolerE ARE3te] Wyzh
A7 %= 3]

714 W4 353 down-tube stream< cold stream©]3l up-tube stream<< hot
stream¢| B2 W75 55, up-tube stream® &%+ down-tube stream®| =% HT} Eo}
ofF 3, FHIIHA F2AAsE whg-7] Al~E9] outlet =% %7 (Dusan kodra and Vemuri
balakotaiah) & ZZA1717] 93] wk$7] oA up-tube B89 %7} 150 m (Ao =
WztE = YdduviAE At W2yl ol teAdste slvka 78 ekl
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FTE7t2A F24ks e8], A8k 0 m, 150 m,, 300 m, 450 m, 600 m, 750 m, 900 m,
1050 m, 1,200 m, 1,350 m Xl gk Wz7] "ol = o) 1o 2t

GPR 2d 1 rd 2

Model Aspen plus HYSYS

hot Stream:
omdized shadge

¢ old straam? :
cooling mednem g ? ? g of M- srean
mr—1 | hsat exchanger

cold streaml © Sudge [ down-hatel
hot stream. : cadized shidge (up-nibe)

oadized shidge

{up-taba) cold stresen? & codling medsum
ahete SeH] 359 2% =4
Length (m) Temperature (K) Pressure-drop (atm)
0 325 0
150 370 0
300 420 0
450 465 0
600 500 0
750 522 0
900 540 0
1050 551 0
1200 560 0
1350 564 0
1500 588.9 0

k8- 7] m o) A= up-tube®t down-tubeo] & w35 3l up-tubedl A ¢ AF3}uFL-o] o] F
AANEE HAA3 FATH W7 Zdo] whgTo A U up-tube®] =EE SHFEE AA
) Fr} ol AAl wkS-7]dl A outer cooling jacketd &S MW, f7]Eo] AW 2EY
o HF REE 9F7] dd 28 AqUAE ANE 5 Aok wg7] Rde] gk g4¥x
712 Dusan kodra and Vemuri balakotaiah7} % 2255248} wEg-7]9] 423124 Rdlof] #
& oy & o] &stith

HrE S8 7HgE 55 DI 8hg7I2 Eol7te shdfeolth. o] 2E®2  down-tube

_'F:]_l_
o]

X o
9] streamo©|™, up-tube? stream¥} & W3St AlEYO|A Ao A thermal fluid stream

olgtar st} up tube? stream= ]Eﬂﬂolﬁ Aol A wk2-7] oA AFAT7E E35tE o] W
S-o] doJu= process stream©]t}. up-tube stream¥} counter—current WAl 0% & ugs}
+ down-tube stream©]t}.

&3
o, oo
N
=2
R
rol
e of
i,
o,
Y

742 Dusan kodra®} Vemuri balakotaiah”} &2 2] 52 4ks} 1t
& of A& dolHE o] &3t} process streamoll & 78 (C5H702N),
5, AT s g3 7)) FESIE R vapor-liquid-liquid ©] iE o] AlbE
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=

A = AYAet, FeFdHEAs 18l vk 7 SH(frictional pressure drop)
o] glolt}, EF U3 = inletd outlet 71 A ol o8] AAE W, inlet¥} outlete] &%
7t Aol gltha(sE 4H%

A ) st7] wiZoll 71Al F =Rk vssete, W)
at7F Oolehar 7h 3k whehe Ak el os] AaEotal st FA T w
2t up-stream®] & 4 Ash= Ao, e AS Sl Atttk

Aptotal = Apstatic:pH * g H + sinf = [pL ¢ (1_€)+p(} * 8] *g-° H + sind )‘4(3411)

FTTE ¢ #Y dSdE FES WHEC &8¥r) concentric annulus tubedl A Griffth
9} Synder (1964)= &=%°] 025~030 B2 YEGS Ay oz HS oM Taitel et
al.(1980)2 # o 0.25%2% &3t} Venkateswararao et al.(1982)= A ddolHE 3 =
3 FTIE 025 &S+ ANEHOIA BdoAME 7]E =S Faste F5E 8

Hd 0.25= Attt

offt
)
o]
0
] V)
ox
ol
ol
rlr
o%
& g g
w %
.8
S
~N
__>|~I_v‘l
ol
=2
o
ot
-
X
[
w
B
o,
=
@]
=
=)
o
D
o

frt
off m

R
kI
N
oxl
ob
2 o

%
ghol 00.2, thg 43} o] At vEYY Fah ¥

TAl ekt wWElbA down-stream®] &= 4= A4S

DA )
o i, o [Ho

o
:Io&
)
[
ol
ol
2
S

Aptotal - Apstatic:pbf g H - Sine:pL ¢c*g- H Sin9 }31(3412)

Heat of reaction = FEnthalpy leaving block — Enthalpy entering block — Heating or Cooling duty

Q=AH
o A Bl ZraW(RE) 74
(D A= FAAsEE 7] ALt at
WA FAFe N7 Rl 27 948 H edxde] wEt friEe] i dgol A
F71&e] drty BalHAETIE AEE BE CODE HFAQ 2745 48 F QU o] B
de) AddAE 2 WAE GEge, A, duger PEY 5 gloH, ot B
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A B ol AoA Hig7E
g wW3AI7]a, E uEE
o 74

, A3 0~150m

150 m Zo] @92 up-tube stream¥ down-tubeX~E

5% up-tube stream> WYz Ao} & w3lsl= Al coolerEs A}
F2aksl w7 A" 9] outlet &%= 7 50 °C(Dusan kodra and Vemuri
FEA717] 8 AARs = BES v 3Eol YERUTH

|'

- 249 1 (Aspen plus)

Mudtitube reactor

Dlameter varies along the length of the reactor

ReBCH0 Qimensioes

Length 150 meter
Digmeter 029 meter
Elevation

Valid phases

Frocess stream Vapor-Liguid-FreeWater

Tharmal fiuid stream  Liquid-Only

l PFR-01

~Tube Dimensions

Total Volume 9.908 m3
Length 150.0 m
Diameter 0.2900 m
Number of Tubes 1
Wall Thickness 5.000e-003 m
-Tube Packing -
Void Fraction 1.000
Void Volume 9.908 m3

- 2d 2 (Aspen HYSYS)

o
=

o}

Connections

Name R1

Inlet 1 (thermal fluid stream) D1

Inlet 2 (process stream) U2

Outlet 1 (thermal fluid stream) D2

Outlet 2 (process stream) O-W1

Parameters

Specifications

Reactor type reactor with counter—current thermal fliud
Heat transfer parameters 20 Watt/sqm-K
Thermal fluid outlet vapor fraction 0

Configuration

Reactor length 150 m
Reactor diameter 0.29 m
Process stream valid phase Vapor-Liquid-Liquid
Thermal fluid valid phase Liquid-Only

Pressure

Process stream pressure at reactor inlet 42.24 bar
thermal fluid stream pressure at reactor 20 bar
Process stream pressure drop 13.21 bar
thermal fluid stream pressure drop -34.46 bar
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- FE7A FAAE uES 7], A8 150~300m

Multitube reactar

| ameter varies along the length of the neacior
F|2 R SO0 Jimensioes
Length 150 meter -
Dlameter 029 meter

Elevation

0 mmeter
Valid phates
Process siream Wapar-Liguid-FreeWater ¥
Tharrmal fiiid stream  Liquid-Only .

- 249 1 (Aspen plus)

~ Tube Dimensions

Total Volume 9.908 m3
Length 150.0 m
PFR-02 Diameter 0.2900 m
MNumber of Tubes 1
Wall Thickness 5.000e-003 m

-Tube Packing -

Void Fraction 1.000
Void Volume 9.908 m3
- 29 2 (Aspen HYSYS)
Connections
Name R2
Inlet 1 (thermal fluid stream) D2
Inlet 2 (process stream) U3
Outlet 1 (thermal fluid stream) D3
Outlet 2 (process stream) 0-W2
Parameters
Specifications
Reactor type reactor with counter—current thermal fliud
Heat transfer parameters 20 Watt/sqm-K
Thermal fluid outlet vapor fraction 0
Configuration
Reactor length 150 m
Reactor diameter 0.29 m
Process stream wvalid phase Vapor-Liquid-Liquid
Thermal fluid valid phase Liquid-Only
Pressure
Process stream pressure at reactor inlet 55.03 bar
thermal fluid stream pressure at reactor 34.36 bar
Process stream pressure drop 12.8 bar
thermal fluid stream pressure drop -48.42 bar
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ot
r]I.
oo

7], A8k 300~450 m

Multitube reactor

RSN DiMensinns
Length

Digmeter

Elevatian

H3

Valid phases

Process sream

o
=

1 (Aspen plus)

5

Dlamter varies along the length of the reactor

150 meter =

029 meter

Vapor-Liguid. FreeWster -
Tharrmal fiuid tiream  Liquid-Only -

~Tube Dimensions

Total Volume 9.908 m3
Length 150.0 m
Diameter 0.2900 m
MNumber of Tubes 1
Wall Thickness 5.000e-003 m
-Tube Packing -
Void Fraction 1.000
Void Volume 9.908 m3

- 24 2 (Aspen HYSYS)

Connections

Name R3
Inlet 1 (thermal fluid stream) D3
Inlet 2 (process stream) U4
Outlet 1 (thermal fluid stream) D4
Outlet 2 (process stream) O-W3
Parameters

Specifications

Reactor type

reactor with counter—-current thermal fliud

Heat transfer parameters 20 Watt/sqm-K
Thermal fluid outlet vapor fraction 0

Configuration

Reactor length 150 m
Reactor diameter 0.29 m
Process stream valid phase Vapor-Liquid-Liquid
Thermal fluid valid phase Liquid-Only

Pressure

Process stream pressure at reactor inlet 67.29 bar
thermal fluid stream pressure at reactor 48.44 bar
Process stream pressure drop 12.26 bar
thermal fluid stream pressure drop -61.78 bar
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- FY7herA A48 18], A5} 450~600 m

Multitube neactor Humnt { tuhes ¥
Hameter varies along the length of the neacior

Rpacion dimension

Lengsh 150 meter -

Dlameter 029 meter .

H-ﬂ Elevation

L 0 roeter

Valid phates

Process siream Wapar-Liguid-FreeWater b=

Tharrmal fid stream  Liquid-Only .

- 249 1 (Aspen plus)

Tube Dimensions

Total Volume 9.908 m3
Length 150.0 m
PFR-04 Diameter 0.2900 m
Number of Tubes 1
Wall Thickness 5.000e-003 m
-Tube Packing -
Void Fraction 1.000
Void Volume 9.908 m3

- 249 2 (Aspen HYSYS)

Connections

Name R4

Inlet 1 (thermal fluid stream) D4

Inlet 2 (process stream) Ub

Outlet 1 (thermal fluid stream) D5

Outlet 2 (process stream) 0O-W4

Parameters

Specifications

Reactor type reactor with counter—current thermal fliud
Heat transfer parameters 20 Watt/sqm-K
Thermal fluid outlet vapor fraction 0

Configuration

Reactor length 150 m
Reactor diameter 0.29 m
Process stream wvalid phase Vapor-Liquid-Liquid
Thermal fluid valid phase Liquid-Only

Pressure

Process stream pressure at reactor inlet 78.99 bar
thermal fluid stream pressure at reactor 61.82 bar
Process stream pressure drop 11.7 bar
thermal fluid stream pressure drop -7451 bar
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- FHEGA £ W], A 600~750 m

+ Multitube neactor Humnt { tuhes i

ameter varies along the length of the neacior

Rpacion dimension

HE Length 150 meter v

Dlameter 029 meter .

Elevation
L 0 roeter
Reattor ang 0 rod

Valid phates

Process siream Wapar-Liguid-FreeWater ¥
T\ | Tharrmal fiiid stream  Liquid-Only .

- 249 1 (Aspen plus)

Tube Dimensions

Total Volume 9.908 m3
PFR-05 Length 150.0 m
Diameter 0.2900 m
MNumber of Tubes 1
Wall Thickness 5.000e-003 m
-Tube Packing -
Void Fraction 1.000
Void Volume 9.908 m3

- 249 2 (Aspen HYSYS)

Connections

Name R5

Inlet 1 (thermal fluid stream) D5

Inlet 2 (process stream) [8[§)

Outlet 1 (thermal fluid stream) D6

Outlet 2 (process stream) 0O-W5

Parameters

Specifications

Reactor type reactor with counter—current thermal fliud
Heat transfer parameters 20 Watt/sqm-K
Thermal fluid outlet vapor fraction 0

Configuration

Reactor length 150 m
Reactor diameter 0.29 m
Process stream wvalid phase Vapor-Liquid-Liquid
Thermal fluid valid phase Liquid-Only

Pressure

Process stream pressure at reactor inlet 90.18 bar
thermal fluid stream pressure at reactor 74.56 bar
Process stream pressure drop 11.19 bar
thermal fluid stream pressure drop -86.64 bar
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ZE7bera) 354248k wg7), A8k 750~900 m

Multitube neactor
Hameter varies along the length of the neacior

RERCHr dimensinns

FIE Length 150 meter v
Dlameter 029 meter
Elevation
0
Valid phates
Process siream Wapar-Liguid-FreeWater ¥
‘T\ l Tharrmal fid stream  Liquid-Only .

- 249 1 (Aspen plus)

Tube Dimensions

Total Volume 9.908 m3
Length 150.0 m
PFR-06 Diameter 0.2900 m
Number of Tubes 1
Wall Thickness 5.000e-003 m

-Tube Packing -

Void Fraction 1.000
Void Volume 9.908 m3
- 29 2 (Aspen HYSYS)
Connections
Name R6
Inlet 1 (thermal fluid stream) D6
Inlet 2 (process stream) u7
Outlet 1 (thermal fluid stream) D7
Outlet 2 (process stream) 0O-W6
Parameters
Specifications
Reactor type reactor with counter—current thermal fliud
Heat transfer parameters 20 Watt/sqm-K
Thermal fluid outlet vapor fraction 0
Configuration
Reactor length 150 m
Reactor diameter 0.29 m
Process stream wvalid phase Vapor-Liquid-Liquid
Thermal fluid valid phase Liquid-Only
Pressure
Process stream pressure at reactor inlet 101 bar
thermal fluid stream pressure at reactor 86.69 bar
Process stream pressure drop 10.82 bar
thermal fluid stream pressure drop -98.31 bar
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- FEA F448 8], A5 900~1050 m

Multitube neactor Humnt { tuhes ¥
Hameter varies along the length of the neacior
F'T-" Rpacion dimension

Lengsh 150 meter -

Dlameter 029 meter .

Elevation
L 0 roeter

Valid phates

Process siream Wapar-Liguid-FreeWater b=

Tharrmal fid stream  Liquid-Only .

- 249 1 (Aspen plus)

Tube Dimensions

Total Volume 9.908 m3
Length 150.0 m
PFR-07 Diameter 0.2900 m
Number of Tubes 1
Wall Thickness 5.000e-003 m

-Tube Packing -

Void Fraction 1.000
Void Volume 9.908 m3
- 29 2 (Aspen HYSYS)
Connections
Name R7
Inlet 1 (thermal fluid stream) D7
Inlet 2 (process stream) Us
Outlet 1 (thermal fluid stream) D8
Outlet 2 (process stream) O-W7
Parameters
Specifications
Reactor type reactor with counter—current thermal fliud
Heat transfer parameters 20 Watt/sqm-K
Thermal fluid outlet vapor fraction 0
Configuration
Reactor length 150 m
Reactor diameter 0.29 m
Process stream wvalid phase Vapor-Liquid-Liquid
Thermal fluid valid phase Liquid-Only
Pressure
Process stream pressure at reactor inlet 111.49 bar
thermal fluid stream pressure at reactor 98.35 bar
Process stream pressure drop 10.49 bar
thermal fluid stream pressure drop 109.56 bar
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, A8k 1050~ 1200 m

Multitube neachor Mot { hubes ¢
Dlameter varies along the length of the neactor
REBLT (imensine
RE LengEh 150 meter -
Digmeter 029 meter =
Elevartian
B 0 mater
Festsor ang 0 rod
Valid phases
Process stream Vapor-Liguld. FreeWster =
Tharmal fluid ¢tream  Liguid-Only -

- 2d 1 (Aspen plus)

Tube Dimensions

Total Volume 9.908 m3
Length 150.0 m
PFR-08 Diameter 0.2900 m
Number of Tubes 1
Wall Thickness 5.000e-003 m
-Tube Packing -
Void Fraction 1.000
Void Volume 9.908 m3

- 249 2 (Aspen HYSYS)

Connections

Name RS

Inlet 1 (thermal fluid stream) D8

Inlet 2 (process stream) U9

Outlet 1 (thermal fluid stream) D9

Outlet 2 (process stream) 0-W8

Parameters

Specifications

Reactor type reactor with counter-current thermal fliud
Heat transfer parameters 20 Watt/sqm-K
Thermal fluid outlet vapor fraction 0

Configuration

Reactor length 150 m
Reactor diameter 0.29 m
Process stream valid phase Vapor-Liquid-Liquid
Thermal fluid valid phase Liquid-Only

Pressure

Process stream pressure at reactor inlet 121.75 bar
thermal fluid stream pressure at reactor 109.59 bar
Process stream pressure drop 10.26 bar
thermal fluid stream pressure drop -120.53 bar
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, Ak 1

200 7 1350 m

Mutitube reactor Nk 1 tubes
Dlameter varies along the length of the neactor
H E REBLT (imensine
LengEh 150 meter
Digmeter 029 meter =
Elevartian
B 0 mater
Valid
Process stream Vapor-Liguld. FreeWster
Tharmal fluid ¢tream  Liguid-Only

- 2d 1 (Aspen plus)

phases

-Tube Dimensions

Total Volume 9.908 m3
Length 150.0 m
Diameter 0.2900 m
Number of Tubes 1
Wall Thickness 5.000e-003 m
Void Fraction 1.000
Void Volume 9,908 m3

PFR-09
-Tube Packing -

- 24 2 (Aspen HYSYS)

Connections

Name R9
Inlet 1 (thermal fluid stream) D9
Inlet 2 (process stream) U10
Outlet 1 (thermal fluid stream) D10
Outlet 2 (process stream) O-W9
Parameters

Specifications

Reactor type

reactor with counter—-current thermal fliud

Heat transfer parameters 20 Watt/sqm-K
Thermal fluid outlet vapor fraction 0

Configuration

Reactor length 150 m
Reactor diameter 0.29 m
Process stream valid phase Vapor-Liquid-Liquid
Thermal fluid valid phase Liquid-Only

Pressure

Process stream pressure at reactor inlet 131.82 bar
thermal fluid stream pressure at reactor 120.53 bar
Process stream pressure drop 10.07 bar
thermal fluid stream pressure drop -141.81 bar

- 102 -



7], #3F 1350~1,500 m

T

- 29 1 (Aspen plus)

Multilube reacior
DHameter varies along the length.of the reactor

RERLEOT DiMEns: 0

LergiEh 150 meter -
Diameter 029 meter
Elevation

i
Valid phases
Process stroam Wapor-Liguid-FreeWster .
Tharmal fuid siream  Liquid-Onily -

-Tube Dimensions

Total Volume 9.908 m3
Length 150.0 m
Diameter 0.2900 m
PFR-10 Number of Tubes 2|
Wall Thickness 5.000e-003 m
-Tube Packing -
Void Fraction 1.000
Void Volume 9.908 m3
- 29 2 (Aspen HYSYS)

Connections

Name R10

Inlet 1 (thermal fluid stream) D10

Inlet 2 (process stream) Ull

Outlet 1 (thermal fluid stream) D11

Outlet 2 (process stream) 0-W10

Parameters

Specifications

Reactor type reactor with counter—current thermal fliud

Heat transfer parameters 20 Watt/sqm-K
Thermal fluid outlet vapor fraction 0

Configuration

Reactor length 150 m
Reactor diameter 0.29 m
Process stream valid phase Vapor-Liquid-Liquid
Thermal fluid valid phase Liquid-Only

Pressure

Process stream pressure at reactor inlet 141.8 bar
thermal fluid stream pressure at reactor 131.2 bar
Process stream pressure drop 9.98 bar
thermal fluid stream pressure drop -141.8 bar
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WYl ARE EH WSS olFolAA wou, ARAZ LA WEAT]Y] s
ZuiAs FHHow O mHHnE 559 2R weldth X ATelA 4 &
Wyl AN EY HES e AL FAF exxdon Hgd T

Teamperaure (K)
|

00 —o— downaomer [ref.)
—w— upcomer [ref.}

: T T T T T ! T T
0.0 0.2 g [H] ) 0.8 10
Dimendonless distance from the surface

O 347 REgV W % R

¥ 3.4.6 Dusan Kordra and Vemuri balakotaiah®] = @[ref.] =7

Parameter Base case

1, inlet temperature K 298.15
1; outlet temperature K 323.15
P, inlet pressure bar 20.0
x weight fraction of organics in the feed wt. frac. 1.0

L reactor length m 1,500
D up tube diameter cm 29

. Reaction zone (Oxygen is injected) m 1500

(the bottom 10-20 percent of the reactor) ’
T residence time min 50750
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23+ (pressure profile)
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At o g2 wlEAS f= 234173 o] #Hols= S (Reynolds number)®t HFdl 2%

(relative roughness)®l] &S 2=t

f=¢(Re,e/D) 21(3.4.17)

M3 ZFAA)d 2 Ao x%(e)= ¥ 34739 2)1D

3 3.4.7 Surface roughness values for various engineering materials

Piping Material Roughness ¢ mm
Cast iron 0.26
Commercial steel and wrought iron 0.045
Concrete 0.3-3.0
Drawn tubing 0.0015
Galvanized iron 0.15
Plastic and glass 0
Riveted steel 0.9-9.0

1 : R
i 2.0 log( Tl Rem) 21(3.4.18)

Colebrook WA A2 wZdAIG+E Fsl7] 98] v&E FExdo] HQsiry 1A 19834
S. E. Haalande] vF&A S fol] tisk #4124 S

1 6.9 ,¢/D
— = —18log(—+ (==
7 og( (

ot (5% i) 21(3.4.19)

dolE= S (Reynolds number)= #Adol &3t 33 Mo <ok 3o H|=ZA, Fox
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% 28004 o ¥ Fiel 9o AUAA FAEE ABHon Ui Ao 4(3420)

_ Inertial forces  Va D P VoD

Re= 21(3.4.20
Viscous forces v 7 e :
Vi = &8 Bi&HE
L = vjse] Zoj
p o= A A8 A5 (dynamic viscosity)
v = FA9 FHA A5 (kinematic viscosity)
p = FAg HE
folE= Fi fEol 2HAA FFOA dste Holk AgEY 2FE JAAdgo] A
1 o] F7F va, HEeta A e dAT feo] SAolv. v W=

ro
o,
2
1>
o
fr
(1
o,
ol
ol
rlr
it
i)
i
=
2
ol
ol
;&
o

il
w= - - (34.21)
(1+0.03368 7+ 0.000221 7

p o= T °CollA A4 (kg/m-s)
fy = 0 °Cell Al A (& 0.00179kg/m-s)

T = 2%(°C)
- AR E
A% (%, Density, 71& - 2829 p)= &9 3y o A=ES U= ot 3y
7F 4k o 3k EAo ULyl F45 1 S A At 3 BAo Hi UEe 1

fei3
AA AFe 1 AA F9E e glolw, 4(3422)% 2},

= 2(3.4.22
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m = =49 dAAZF (kg)
v = ZA49 AAFI (m3)

o] A7 A H A (PR, ideal gas law)2 o] 7[AE tF= AE] WA o)t} o]
A71A WA A A 58S 7ES o]Erth BYY WHEH, AFE WA BRA-AEY
WH 9 B WH 52 TP, oF g A BAYL TT 5 Aok o,
AAAAE ol 371A WAl ot @A BY WE dud, ol 23S wesw
Van der Waals JE]g A& AREsht), AW 2271 & A= AA 7]A% o]d7]
A<t vzt A4S YERdT o] VA e Al 21(3.4.23)3 2t

PV=nRT 21(3.4.23)
P = 39 (atm)
V= w3 (1)
n = 71419 &4 (mol)
R = 714174 (8314472 J/K - mol)
T = &%(K)
A7) RS 23] 2(34.24)5 o] &35t 7IAle] HEE AlLte] ) Elit
mP
= 21(3.4.24
p nRT ( )
Aol BRAFS % 348% Zh
3t 3.4.8 molecular mass
A constant
1 Carbon C 12.011
2 Oxygen O 15.999
- AN E

AAD=Z ALkslz] 98] #4838k DIPPR 105 WA 2412 2](3.4.25)9F 215 of 7)o A 3}

2}1] Bl &= Dortmund Data Banke A& do]HE A &3}
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p= - lkg/m?] 21(3.4.25)
BH—(le)D
7T=<2% (K
a9 346+ HEES7] WHo A Z YA wE up-comer EE I} down-comer EE2
S5 yved Aolth ¥ loA ¥kg7] SR A4S 2E7F ol EE d¥FowE A
o] Ryt AXEZ Lxrt #AsHA "l down-comert AL H, up-comer 7] A9}
MA 7} FEEE AEjolmgE 7A7F L339 up-comerd LE7F AdiF o w7 ¥ Zr}
Model 2914 & F2HS & A3 2] DIPPR 105 W2} olo]l, Model 13 394
U FAS 9 AFE3F 212 Rackett model ©]th, AlEd o] Ao d= NRTL RdS AFE

o AEHHAL s o]g3 FHEA TR Aspen plus®t HYSYSo| A=
NRTL E&dA "E F3HS 93] Rackett &S OF%FE defaults} =of glow 2
(3.4.26)3 Zow, oA7AN Z,, &= 7 sErEC dE A¥H o HAAH= correlating

parameter©| t}.

L

RT. hea-ny]_ M

Vim—p— Zi =, 21 (3.4.26)

. - molar volume of saturated liquids

. gas ideal constant

v
R

M : molecular weight
V,  (estimated) critical volume
T, : critical temperature

P

. © critical pressure

Zp, - Rackett parameter

q Z} X WE up-comer E—E—iﬂr down-comer & )= ,
HANA Alake Ao} L FdS Yehdy tEdstE vAdg a2 ey o X
dHEe Fd sk ghrolar b FIbe A b giE] Ze] A AYFHERE U
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Error, % Model 1 Model 2 Model 3
21 12.7% 1.0% 8.9%
180 T T H T T
140 -
120 -
ey 00
i
X
- 20
o |
o = downcomer (ref.)
L 60 -+ upcomer (ref)
o —o— downcomer (madel)
n —— upcomer (model1)
-------------- downcomer (model2) | |
- upcomer (model2)
20 —8— downcomer (maodel3)
—a&— ypcomer (model3)
0 . , . , . , . , .

o0 0z 0.4 0.8 ] 1.0

Dimensionless distance from the surface

2% 349927 W orHEE 2 alel

- 111 -



of
i

3% 3410 &

Model 1 Model 2 Model 3

Error, %
GPR

2.3%

3.7%

4.5%

W

oI

- upcomer (model2)
—&— downcomer (model3)

- downcamer (model2)
—a— Jpcomer (model3)

= downcomer (ref.)

+ upcomer (ref.)
—0— downcomer (model1)

—— upcomer (model1)

180

140 o

(Jeq) ainssald

0
100 ~
80

a
40

a

0

1.0

Dimensionless distance from the surface

A

HEEARkS F8 A
Lo]™, o

KeR
|

f=3et. 19 3.4.10

Joll tato] s

2
kol

3.4.10

o
= I
T Al

’

2

27 v =2 Model 3,

o
- N

==
=

o)
H

ki3

of veERl A

2] o] A ol A]
F-(0.6~1 T-7h)ell A o

S

= AlE

a9 34.11

cd

:]—4_1_.
R

A

Gl

Holg 7k FoAA ol AlEH ol

ki3

o

3.4.11

hya
ar

Model 1 Model 2 Model 3

Error, %
GPR

1.6%

10.3%

)
N

X

112 -



T T e T T
100 o2 o2 o
30 4
=
o
% &0 -
| Y
| B
o
o
2 404
=
(=]
3
W4 | % ref.
—o— modell
—— model3
D T I T I T I T I T
0o 0.2 0.4 0.6 0.8 1.0

Dimensionless distance from the surface

a9 3411 w7 W Ags zead

1% 3.4.12% Gran-Heedfeld6)9] Al E F214ks) wEg-7]o digh 84 Ry} 2 oA+
o A simulation®.Z HEE7] U f{7]E H3E AyEs ag=
Gran—-Heedfeld®] R 4o A= Z7]|ZH0o] AdHol=

A3ts vjals] Hot

279) 912 800m oI A1 7ol A3 Graste]l Wy sFelA YRR Falvt
v fAFE 43S dehith TOCH 43 AAME Ak 0%, A} 228%9] AolE By
W Bl BE] R W RS

o, o] Rt ThAAR A E W A A
NEQ, HAF UAT T, wer] ma el SHEREs} th2s] mEe Aow

= = o=
‘%‘éa T 9}1‘:]'

¥ 3412 J. Gran-Heedfelde] ®22lo] =71

Parameter Base case
1, inlet temperature °C 25
1 outlet temperature °C 45
L reactor length m 1,200
z Reaction zone m 300
T residence time min 30
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——ref.2 TOC(sludge)
—a&— simul. TOC(sludge)
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& 2 AolE molx @ty FNEBAQ H71AHCAUODES FRHY AR T o,
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L=e

50l 087 7HA = 27IRbg= o] AtstE HIFAH =] F479]

] %
ST H04~10) 73 M = HE BdEo] TS &

facs

a9 3413904 & F
oFM L fr7]4ko] el
AT

29 34142 W8] A wE GPRY CH;0.Ne Hghes yehdl e zo|rt, whg7]
ati-ol A AbarE T s CHONS 2bsk7E 5243 o] Fojxlem, whg-7] 7ol 0.073,
0.15, 029 wj 7= A& Z242F 927, 98.2, 100% 5 vHEFH .

[

T 4= 10 ,20, 40 atm

2 (20 kg/s), FFHAF 2% (20°0), 5= £A41] (99%
CsH70oN mass%, 0.1% Os mass%), FAAA2FAE (10%), ¥H37] 3y, AA2FA YA
(1,400 m)

- THEWATF  GH/ON Hdsks %, AFAIZHmin), F3 73

GPR WFg-7]19] Fgtgo] =542 vhg7|d AnkAl hgo] =4 A H 7] wito] =
= e xzdstel A AFrd =2 &Ik IE sty =& HAEES IS AR 4T
T Atk o]+ Dusan kodra(1993)¢] d7-ollA % HolF= Aot 18 Fdgk A7t &5
=5 7FAAFY] S UuATE AREER RS bEe SURA7I7] Sl ws)
dolg STI/MNAFTE WHE A7 & & F Utk o= FFdd BAAS nHste o A4
g RS A™es Fastt

TaE ¢8-S 10 atm. 20 atm, 40 atmoll Wste] EALE R 19 3415 FH
E 4E€d ©mE GPR W f71E S YEH Bolm, wkgT] e wE vk W 7
AA AN F71=3 F714be] 2o W= A9 gUATh

a9 34162 FuE ¢gd mE dIsoln, FE= ¢Ho] 10 atm, 20 atm, 40 atm¥
o WkS-7] SRR b= Zbzb 133, 143, 163 baro|l™, f71&E2 1380 m & A2 L3 A
ol F7lEe] i MBS & T AT FAAE] A, dHo] Absabge] & g3k
S HAA g Aoz Bl
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Mass flow rate (kg/s)

I L I 4 I ~ I
0.20 — 1 C2H402 (10 bar)
—{— C5H702N (10 bar)
—B— C2H402 (20 bar)
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—=— C2H402 (40 bar)
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HH T AR g R 50%, 75%, 100%

I 0 FFFE (20 kg/s), FHAGF =% (20°0), FFE

C5H702N mass%, 0.1% 02 mass%), W57 §3, 2454 (1,500 m)
- F$%WS 0 CoH702N A 3te %, A7 A7 min), F-3] 7%
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FSEA By uiol 7z HAIE 69%, 9% = Ea ) ok},
100% AtAZS FU3 Ao F71Eo EHE S FIAIIERE 100% H&) = At
% 34182 AtAFHEN 2 frlEe] HAES YERH g zelt

0.20 4 | —0— C2H402 (50% 02)
—o— C5H7 02N (50% 02)
—8— C3H402 (75% 02}
—&— COHTOZN (75% 02)
—. 0.5 | —=— C2H402 (100% 0Z)
"L% —&— CSH7 02N (100% 02)
E 1
&
e
= 0.10 -
(=] =
o=
@
[}
5 e B
0.05 _& O o ot O O ot O ot I
0.00 — Pt .
0.0 0.2 0.4 0.6 0.8 10

Dimensionless distance from the surface

g 3417 H}GAAFAEN wE wE-7] il C2H402, C5H702N %

- 118 -



110

R R
Ni I o =
oy mm A
Nz J
Ho 4 i
1_11_ o o
_ = = T
- E WD
D> < F
g o < b =
E|3 = < MM &
Ye) N — 0
i Rl S Y B
_ o o
B @ XA /%\ ! wﬁ dﬁH
B = Pe X 1
..W N 0
O N9 oo
[ak}
£ P T T %
] ~
s E § 2 % @ o N B =
T ¥ <8 g O 2
g _ Mo B o
4 S A = .
5 S R
LT @ o Y & =W
g N B2 T giy olo
= 5
= X Me i = =
a — m () - O’ fi 1Ol
awa |8 3 FISE F& ° mi
SO Ly © ) c < w9 ol B
=58 | S “Zom
[Te I s M % % a E Eﬁ
. a N
i N - gz
el ~ Mo W % - o
2 M Gy S8 < X o
I T f T T T T T T = 1H o) e Tolan! or Y
g8 § 8 R 8 B 8 R 8 & ° C m%mﬂ% EN
.. = .. .. jan
oq ) B LID|SI2 A0 —~ oF
(%) X {4 — ™ A A I
m.ﬁ g g g il i =
. e S 8 %o dr %o AR
= B Bl Mo M o

CSH702N¢9] &S

’

& ¥ vt

FAT.

U C2H402

S

O

U

K
1=

ol
=

X
o 7]
71 C5H702N<®] =2

142
Fg

H
R

o
119 -

|

H

[¢)

1
t}. C2H4022] 7% case 19

0]
yul
o

kls

o i

2

o) 1-
5

# 27k Aol

#]
olt}. casel#} case2ol A

el HolA

o] A

3L
3L

Ay A
It

a9
2 a9

b e

_(H




Mass flowr rate (kg/s)

Conversion rate (%)
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AurAOE Jhz/RA, AA/AA, 7h/AA B AA/AA 5 AZ go] tE fEol

T eI
H a5 o A ANA ZIA S WEo] A= F5 (FF, o, =234 )
Fpo-abmyg | Z1ERE | o ZIACA 71E7F ERSHE f+E (atomizers, combustors)
HA-RA | Zeiag | o AAAAN 2 wEo] &4 s %
d T W o gl &Rt ¥a AGgetA o] Ho] AAFTe EAEE s
7= J A QAT ESE| o AATE 71AI9 HAle] 22 i
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7b2d s, dyA], AES A= wdE 5 qlow onk s AR E 39] deFE e
weskA et ey 9F@”orE T
phase)®] A& #

aela 7k Ake 5‘4]79'% A= %‘?:lf& 37] Z=

t}.V

du,
e .:ﬂ' = Firag + Fpressure T Fuirtuarmass T Fyravity T Fother 21(3.5.1)
'_l . .
O Drag Force
il . G
Firas = 222 Cpllu— (= 1u,) = %mypid—ﬂllu— )
2 p Tp 21(3.5.2)
O Pressure Force
m,
Fﬂres:urf' = / ~pdd= [ R L -
¢ 4 v p}f é1(353)
O Virtual Mass Force
5 _my diu—u, )
virtualmass — o oy At 21(3.5.4)
O Gravitation
Foravity = My - g
Py 21(3.5.5)

AL Jhash YA AA AN A F A4 PEEoE U 4 £ dnh F, &
A9 Ggol Aol AF FFS WAAT A= AN FFE FA BE
Coupling W¥& B3l 7bael G Ui TS 949 L5l AT 5 Urh 34

= al
W, gAbe] £ Wl Awstel o@ Y Wa, B stolZ ehel uf Yol &% vhi/

: ) =

Z (Erosion/Accretion) 314 %2 A%+ 2way Coupling S E3 4= =53 diF

BEHE Fal dAtel IS T, YA A, e, dUA BAHA S Ak S FEl
FAo FdFS F== A4S T oF s

particle trajectory

Mass,
momentum,

/ /

kel AA 4] 7] 2 (Two-Way Coupling)

[
o
w
o
=

o]
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~ Volume of Fluid Model (VOF model)
VOF 2422 14%H AAA(Fixed Eulerian Mesh)olA 485+ #W
E1r’8* fre e Rdg 270 ol e Ao AAW EExE A HAo
ol4e] &3tx A ¢+ A (Immiscible Fluids)7}F &A1& of 7z};
A (Free-Surface)oll #4lS FiL sjAstAl ¥ +=d VOF 24
Zh Aol A Ffrstal, AxtE s Azl e Z; e Fujuints agste] A
?ﬂégé‘} Al #lth VOF 29E& o] &3ste] Ast AW F4& 37 Haixe Ao Aol
(Interface Length)®.t} di2Jo] Al&-% &= ZAApo] Alo]=2E ZHA| A &3hojok s}t & Al VOF
292 Pressure-Based Solvero|l AWk A& 7}538kil, Steady/Transient B0 A EF AL
7hssheh w3, R A ol T2 (Gravity) S alElsof 3o

O SEFYHA

By n. B o BEE 8 :
; 8 ﬁ.ri-s"ﬁ.rj' ar,’ 5 mresby g

21(3.5.6)

O Volume Fraction H.&H4 2]

Surface tension ¥ Wall Adhesion< & W2 F714<l Source Termo. = A & s}
of Alqkstth ke A F42 AR Yol A Zb Aol FoulE Ailste] AAs A
[e) _g_ 3

sl 52 3k vk o3t AlHe] diF dde AMEAF A9 4 (UDFs)E AF8-3ke] A
23t = 3l

VOF E%‘—S— AE 71 R ARE = Schemed wel AW FHE F43t= Fwol &
Z}x =], VOF Explicit Schemes ©] &3+ 4%, Geo-Reconstruct Scheme & ©]&3F AW

o] WA 7|3a7] wAre.

Geo-Recon Compressive CICSAM HRIC Compressive HRIC

(a)VOF Explicit (b)VOF Implicit
13 355 Scheme ¥ Interface scheme H] Xl

o, TAKOIE & BAX Agol A, AN 24 4

A (surface tension)o|t}. H4A] FHo|A o] §lo] wWake
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W R S, dA el AA 3o WAk A8l Ajte] JoemE gHe L
ma WA gheel Zrhwth B gEe EW WA P ese gy T goz W
4 e S &2 2 8 wdl ggs To
19)
Air
19 356 BW FE s
g1 ZAES 193k siA FAo A, A 71 AFE A Coupled Level set + VOF W
HS AFEE 5 de=dl, o] S AFESHA HW EWH FEo] 93-S vX= AHS £ 4
A% 248 5 Aot
Ra << 1, Capillary number = J*ji
Ba »> 1. Webar number e = £EL 21(3.5.8)
a
¥H R e eEY wa AN FAHQ pxgon Aese] Tt 2ol
ds FHoh
e P P Vo |
i e W B Y
1 i 1 v
i tag 21(3.5.9)

- Eulerian Model
Eulerian =22 4 (Droplet)e]t} £ (Bubble)®} -2 7]~ YA (Gas-Liquid), 7]~
A (Gas-Solid) E=+= HA|- B A (Liquid-Liquid) (o] 35S ¥ &3t
Aeet Rdlolw AWME F4%k= VOF Rl G A5Ad
(dispersed phase)®] &% ol Wik i o] 7}s3tt
Eulerian 292 7} Aol g &5%F

o tevt 2

r_{
[e)
=2
g
B
e
b
ok
o,
1>
o
N
N
)
¢ >
ol
ol
A
B
o)
=
ok
o
)

masstrenafar s }ﬂ; (3510)
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Frasqurs Fricticn  Feuyansy F Vnfar fasid Force
R 3 E 1 : =2 4
{5 Frip Fag o g |
L R T T S e
| artarngd Lk Wail Lubrication  TirfusiMoss  Trubulend Disperaisn 21(3.5.11)
“Foroe Foroe Fores Force Fores

it s A A el g s ol & dev) low, oju Wi md HA
Al FEEE 18T F AEE A 7 BRES AFsted, B A4S s fAE A
gt dF o] S sk Mixture B, A& die 3wk Al4FeE Dispersed
Rd g, Zb g dRE BT ALskE Wl Per Phase R Eo]

g -5 sl Al 118 ¥ = Interphase Exchange Forcew of&ll ¢} 720w, AF7tol A3
o7 WAstE JEFd S agste i e Ass dSsted Tasitt

O Interphase Exchange Forces : Drag

— o —

1 i .
Jiras = ?FE‘F‘-"I:-”:_ Vgl Vg ¥yt

i e | oy k) o8, — — — —
Lirag = |ﬂ?::‘;:_ %Fﬂ'prq:""r_ plldf— 1) = %rﬂ_ifil'”i_"'r:':“-z_ Uy 21(3.5.12)

e Ao A A Ewel o HAstH, Tt {iAke] Agshe B AH Y Y
< 9 A Zoh

PAket Al Ak matel o) WA, iAo A77F w9 AL Ag A etA Fo
W, 3 Fgol oa] WEo] W] ZHEHA XekA Ha, W HeA

g B glols £Eet rEAL dRie s WEeAl Hed, ol Agshe
Interfacial force terma ofzfo} 2t}

O Interphase Exchange Forces : Lift

Fip = 0,0,Cr\v— v} % (W X 1)
21(3.5.13)

O Interphase Exchange Forces : Wall Lubrication

O Interphase Exchange Forces : Turbulent Dispersion

H.ﬂo{r -"_1""'.]=R.'17{|'""'_1""']_ K pyVa
—— 3 - TE e e
TistmEne ous deg mean g nurbient chspersion farce 21(3.5.14)
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Bubble-induced turbulence
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-

Modulation of mean velocity distribution
dus 1o momentum transfer
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| Enhancement of
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induced turbulance
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% 7
" é'gmm 2rrnTl_ 7
7
SHA #E :I: P i :I b :I:
tmm 4 3mm Imm 4 0.5mn
7] [
<CEXNE> <L EE>

<0H3IZE 228>

O Mass conservation

8”7;
=0 21(3.5.15)
ox,;

1

O Momentum conservation :

o o oP o ou; — Ou;
)+ — FP— _

— +pg;,+F, 2351
ot ox; Ox, Z) P9 ! (85.16)

O Turbulent model(standard k—e¢) :

0 0 0 M\ ok

E( k‘) + %(pk‘uﬂ = % [(,u+ O'_k)%—i_ Gk_ pE] 21(3.5.17)

D et 2 (peu) = 2| [t P2 s et apS A
ot ox; UV o, o, | ox; e 72k .

O Volume fraction

B d <
E(aqpq) + 8—(aqpquiq) = Sa,+ E (mpq— mqp) 2](3.5.19)
L P=1
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Light sheet optics
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Light sheet
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= First light pulse at t

o Second light pulse at t'

Imaging optics

Flow direction

Image plane
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(Calculation time = 5.00 sec) (Calculation time = 1.00 sec)
1 atm 128 atm 1 atm 128 atm

% 353 W&V SR =& WE F5d FE
£ 21A] 0.45 m¥/hr, 2F3kA 0.204 m?/hr (Calculation time = 1.00 sec)
Bottom Temp = 273.16K Bottom Temp = 573.16K
Temp. contour Phase contour Temp. contour Phase contour
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