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OxygenTransfer  from FineBubblesDispersed  in Water
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   Procedures to predict the utilization  of  oxygen  in completely  segregated  fine gas
bubbles, spargcd  into liquid, are  presented and  discussed. In such  a  system  the  change

in mole  fraction ef  oxygen  and  thus thc change  in volume  of  the bubbles with  retention

time cannot  b ¢  ignored, so  that  the quantitative analysis  becomes  complicated,

   Methods of  deterrnining thc mass  transfer  coeMcient  from the experimental  data in
the finc bubbles system  are  also  discussed. It is noted  that  besides the unsteady  state

method,  commonly  used  in the previous works,  the steady  state  method,  in which  the
oxygen  utilization  of  the exhaust  gas is measured,  can  be recommended  for application
in practical  opcTations.

  In activated  sludge  waste  water  treatment

and  single-cell-protein  production, the sparg-
ing of  enriched  oxygen  gas into liquid is often

practiced. In such  cases,  it is strongly  re-

quired to increase the  one-path  yield of  the
oxygen  utilization  of  the  feed gas in the

liquid. To  accelerate  oxygen  transfer from

gas bubbles, an  effective  way  to increase the

gas-liquid interfacial area  is dispersing fine

gas bubbles through  the liquid.

  In the  previous investigations on  the  mass

transfer  from gas bubbles to liquid, however,

bubbles of  large diameter, usually  more  than
2 or  3rnm,  have been employed.  Little
work  has been reported  on  the  finc-bubbles
system,  which  involves a  milky  swarrn  of

bubbles with  submillimeter  diameters.

  In the  fine-bubbles system,  each  bubble
in the  swarm  is completely  segregated  and

coalescence  seldom  occurs.  The  ratio  of

the surface  area  to the  volume  of  the  gas
bubble is so  large that  a  considerably  high
value  of  oxygen  utilization  can  be expected

even  in a  shallow  tank.  Therefore, the

changes  in the  oxygen  concentration  and

thus  in the  volume  of  the  gas bubble in the
process of  oxygen  transfer into the liquid
must  be taken  into account.

  In addition,  the lack of  information on  the

mass  transfer  coeMcient  on  such  fine gas
bubble precludes the  correct  prediction of

the oxygen  utilization.

  In the  present paper, we  propose procedur-
es  for quantitative treatments  of  the  oxygen

tra'nsfer from the swarm  of  fine, bubbles to

water.  The  procedures will  allow  predic-
tion  of  oxygen  utilization  of  the feed gas when
the information on  the mass  transfer coeM-

cient  of  the  bubble  is obtained.  Methods  of

determining  the mass  transfer  coeMcient

from the experimental  data for the  fine
bubbles  are  also  presented and  discussed.

   Oxygen  Utilization in a  Swarm  of

           Sparged  Bubbles

  Fundamental  relations  fbr a  single

bubble As  mentioned  abeve,  the  gas
bubbles in a  swarm  sparged  into a  liquid
tank  are  completely  segregated.  Coalescen-
ce  of  bubbles will  not  occur  unless  something

obstructs  the  free motion  of  the  swarm.

Therefore, the oxygen  balance in a  single
bubble of  the  swarm  ieads the  fbllowing
equation.

    (vpe*cefv.)-g-:1-=ktap(Cbz-a) Cl)
The  oxygen  utilization  n in the  bubble will  be
given as  a  function of  the  residence  timeTin

the  liquid, by solving  Eq. (1) under  the
following initial conditions.

    T=O;  ,1=O  (2)
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  The  fine gas bubbles with  diameters less
than  2 mm  were  observed  photographically
to  be spheri ¢ ai.  The  surface  area  ap  of  the

each  bubble is thus  given by

    ap:=(6vp)2/3Ti!3  C3)
The  volume  vp as  a  function of  the  oxygen

utilization  n in the bubble, under  the  pressure
P  in the  tank,  is expressed  by

    vp==v*po(i-Szon)CP'/P)  (4)
Here v*pe  is the  initial bubble volume,  con-

verted  under  the  atmospheric  pressure P*,
and  is given by

    v*po=(Tdpe316)(PIP')  (5)
  The  mole  fraction of  oxygen  in the  gas
bubble  z  is related  with  the  oxygen  utilization

v by3}

    z==zo(1-n)rCl-Szon)  C6)

where  S=  1 -6,  and  fi is the  number  of  moles

of  gaseous product yielded per mole  of  oxygen

consumed  in liquid. The  pressure P  at  a

vertical  distance l from the  gas sparger

position, depth  h, is expressed  by

    P=P'+(h-l)(l-Oi)(g/gc)pi (7)

The  average  gas holdup ¢ t is given by  the

following under  the  assumption  of  the  uni-

form  radial  distribution of  the  gas holdup.

    fo, ..  .mh -1 j Ylhpdl (s)

  The  dissolved oxygen  concentration  satu-

rated  with  pure  oxygen  in water  Co in Eq. (1)
is proportional to  the  pressure P  as

    Co =-  Ce'(P/P') (9)
where  Co* is the  value  of  Co under  atmos-

pheric pressure P*.

  Given quantitative information on  the

residence  time  distribution of  the  gas bubbles

and  the liquid in the  tank,  and  the  mass

transfer  coeMcient  of  the bubble, one  can

estimate  the  value  ef  the  oxygen  utilization

ofthe  bubble swarm  in the  liquid.

  In the following, for the  sake  of  simplicity

it is assumed  that  the  oxygen  utilization  for

a  bubbte  of  average  diameter  can  represent

that  for the  bubble swarrn.

  Plug  flow of  bubble  swarrn  When

plug flow of  the  bubbles in the  swarm  is
assumed,  the  residence  time  of  gas bubbles
in water  is the same  for each  bubble. The
location l and  the  residence  time  r  of  the

bubbles in the  tank  are  related  by

    dl==(u,1ep)dT (10)
Here ug is superficial  gas velocity  in the tank.

  Substituting Eq.  (10) into Eq.  (1) gives the
fo11owing equation:

     '-dd-l7== ( i.V,",z, ) .9,
 kta,cco2-ct) (n)

whcre  ap, Et, b*pe, 2 and  h represent  thc  values

of  ap, kt, v*po,  z  and  n, respectively,  for the
bubble of  average  diameter. The  boundary

conditiens  are  given by

    l-O;  fi::O (12)
The  rising  velecity  of  the  bubble  swarm,

which  is given by ugtg, is related  with  the

apparent  slip velocity  of  the  bubbles swarm

u,, the  gas holdup  g and  the  superficial

liquid vclocity  ui by

     
-//g-=1l!itt-+us

 (l3)

  The  slip  velocit'y  of  the  bubble swarm,

composed  of  completely  segregated  bubbles,
is related  with  the  interaction between
bubbles, and  thus  with  the gas holdup g.
This relationship  has be en  obtained  empirical-

ly by Koide, Hirahara  and  Kubota,2) as

foIIows: 
'

    u,:=u,o[O.27+O.73(1-g)2-80]  (l4)
Here uso  is the  rising  velocity  of  the  single

bubble, which  has the  average  diameter
of  thc  bubbles in the  swarm.

  The  superficial  gas velocity  in the  tank  ug  is

also  given as a function of  the  oxygen  utiliza-

tion and  the  pressure P  as  fo11ows :

    ug=u'go(1-Szeh)(P'fP)  (15)
  Eqs. (13), (14) and  (15) show  that  the  gas
holdup  g  can  be obtained  as  a  fun ¢ tion  of

the oxygen  utilization  fi and  the distance t

from the  sparger  under  a  given gas feed
velocity  u*go.  Since the  average  surface

area  of  the  bubbles ap depends also  on  i and
t, the  oxygen  utilization  n as  a  function of  l
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can  be obtained  by solving  Eq. (11), simul-

taneously  with  Eqs. (3)･v(9) and  (13)･w(15),
under  the boundary conditions  of  Eq. (12).
Numerical integration coupled  with  a  trial
and  error  procedure  wil1  be applied.  It

should  be noted  that the  mass  transfer
coeMcient  kt of  the  gas bubble  also  changes

with  the  diameter  and  the  slip  velocity  of  the

bubble. The  experimental  data for kt will

be rcported  in a  fbrthcoming papcr. The
flow chart  of  the  calculation  procedure is
shown  in Fig. 1.

  Completely  mixed  flow of  bubble
swarm  When  the  flow of  gas bubbles
in the  swarm  is assumed  to be completely

mixed,  the  change  in the  oxygen  utilization

of  the  individual bubbles with  their varied

residence  times  must  be noticed.

Start

Da.tainput

ueo,dpoth,c6,Cti?Sti.andzo
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Assu:neY tl

Setinitialcondition,Eq.{IZ)andi=1t3

t4Yes
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el,･･-9ij-1y;･j-a'
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Subroutineto

obtaink-t'2

Calc.YijfromEq.(13)withEqs..C14)and(IS)

bytrial.andkerrQr
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Fig. 1. Logic diagram of computer  simulation  to predict the  exygen  utilization

   for plug flow ef  bubblc swarm.
   

*1:
 an  arbitraty  value  in the reasonablc  range  is selected

   *2:
 crnpirieal  correlation  for ki wi11 be given in a  authers'  forthcoming paper

   *3:  idenotes the  increment ofAh

   *4:  J' denotes the  number  of  repetition  times
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  The  oxygen  balance equation  (1) holds
for a  bubble of  average  diameter, and  thus

     ( i';o.ZO-) gi.T =kta,(dio2-  Ct) (16)

where  d) is the  average  valuc  of  Cb in the

tank.  The  initial conditions  for Eq. (16) are

    r=O;  h=-O (17)
The  arithmetic  mean  value  of  the  pressure P
in the  tank  can  reasonably  be assumed  to be

given by

    P--p'+-l-(1-e)(g/g,)piH (18)

wherc  ip is the  average  gas holdup through

the tank.  The  oxygen  utilization b of

bubbles with  residence  time  r  is obtained  by
solving  Eq. (16) simultaneously  with  Eqs.

(3)--"(6) and  (18), under  the  initial con-

ditions of  Eq. (17).
  The  average  value  of  the  oxygen  utiliza-

tion  i, of  the sparged  gas at  the  outlet  of  the

tank  is obtained  from

    b,...,Y]O'fi(.)E(.)d. (19)

Here h(T) is the  oxygen  utilization  of  bubbles
with  residence  time  r.  E(r) is the  residence

time  distribution function Qf  the bubbles
and  is given as  folrows fbr the completely

mixed  flow:

    ECT)=-+. exp(-T/i)  (20)

.Start

Datainput

Ueoidpo,H,h,p-,c6,ct,6andzo
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Fig. 2. Logic diagram  of  computer  simulation  to p

   for completely  mixed  flow of  bubble  swarm.

   *1  and  *2  are  the  same  as  in Fig. 1.

                .
redict  the oxygen  utilizauon
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swarm  in  this case  is  thus  obtained  by the

procedure which  is shown  in Fig. 2.

   Determination  of  Mass  Transfer

             CoeMcient

  To  predict the  oxygen  utilization  of  the

fine gas bubble swarm  in water,  it is im-

portant te ebtain  correct  information on  the

mass  transfer  coeMcients  for the  bubbles.

  As  mentioned  above,  since  suMcient  in-
forrnation on  fine gas bubbles has not  been
reported  experimenta1  studies  are  required.

In the  fo11owing we  discuss methods  of  deter-
mining  the mass  transfer  coeMcients  for the
fine bubble  swarm.  It is assumed  that  a

uniform  radial  distribution of  bubbles is
sparged  at  the bottom of  the tank  in these
    'expemments.

  Steady-state  method  The  dissolved

oxygen  concentration  a  is maintained

negligibly  low by adding  an  oxygen-demand

reagent  to the liquid. The  difflerence in the

mole  fraction of  oxygen  between the  inlet
and  outlet  gas is measured,  from which

exygen  utilization  n can  be obtained  and

the  volumetric  oxygen  transfer  coeMcient

kia evaluated.  This is called  here the

steady  state  method.  In the  fine bubble
swarm  system,  the coalescence  of  bubbles
can  be negligible.  If the  bubble diameter
and  hence the surface  area  a, is obtained

photographlcally, the mass  transfer  ceeth-

cient  kt can  separately  be determined.

  a. FbrPttcg.17bw of bubble swarm  When
air  is sparged,  the  change  in diameter of  thc

gas bubbles with  the  oxygen  consumption

The  mean  residence  time  of  the  bubbies in

the  liquid tank  

-r
 is given by

    --･-h/il, C21)
The  average  slip  velocity  of  the gas bubbles

il, is related  with  the average  gas holdup ¢
in the  tank  by  Eq. (13). The  avcrage

superficial  gas velocity  ag is also  related  with

the  average  oxygen  utilization  i, and  the

pressure i5 in the tank  by Eq. (15).
  The  oxygen  utilization  of  the  gas bubble

is negligibly  small,  and  bubble diameter
can  be taken  as  the  average  diameter of  the

bubbles in the  tank  space  above  the  sparger.

Arse fbr the  gas holdup and  the  pressure,
constant  average  values  in the tank  can  be
used.  Therefore,

    a,=ab  g==fo, P===P (22)
The  average  bubble velume  Sp and  the

average  superficial  gas velocity  ilg in the

tank  are  also  expressed  as  a  function of  the

average  oxygen  utilization  h and  the  pressure
P, respectively,  as

    --  v M
    v,=:v',o(1-6zolj)(P'/P)  C23)

    ilg =u'go(l  -Scoh') (P 'XP)  (24)
The  ratio  of  the  average  sunhce  area  ip to
'v"p

 of  the  bubbles is also  related  with  the

averaged  diameter dp by
    - `i -
    a,/v,=6/d,  (25)
By  substituting  Eqs. (6), (9) and  (22)･w(25)
into Eq. (11) with  Ci=:=:O,

     g7- =-  ki c*o A(-pP-.-) -i lillil!,i (26)

     A==  a6,9iint, (27)

The  boundary conditions  of  Eq. (26) are

    i==O; b=:O (28)
                                =

  Taking  the average  constant  value  ki for
the  mass  transfer coeMcient  and  integrating

Eq. (26) with  the  boundary conditions  of

Eq. (28) gives

     k"i ===  o'-*,lhA ( Pi' ) [8zoht
         -<1  -Szo)  ln (1 -ho]  (29)
From  the measured  value  of  the  oxygen  utili-

zation  of  the  exit  gas  be, the average  mass

transfer  coeMcient  for the  bubble  of  average
        tt

diameter  ki can  easily  be obtained  from
Eq. (29). The  same  relation  between the

volumetric  mass  transfer  coeMcient  KLa==kta
and  the  oxygen  utilization  as  Eq. (29) has
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been derived by  Urza  and  Jackson4) for
deep tank  aeration.

  b. Ibr completely  mixedY7bw  of bubble swarm

By substituting  Eqs. (6), (9), (22), (23) and

(25) into Eq. (16) with  a=O,  one  obtains

     
rdd.ll-

 ..k  
6Vmd.f7!-D

 (1-ij) (3o)

The  initial conditions  of  Eq. (30) are

    r==O;  lj=O 
'<31)

Solving Eq. (30) with  Eq. (31) by  taking

constant  k gives

    o...1- ,.p(-  Ltrtg. lovm .)  (32)

Substituting Eqs. (20) and  (32) into Eq. (19),
integrating and  rearranging  leads to
          -

     k='=: 6cd*',v. 
-l-i -i @'". (33)

When  the  liquid flow velecity  in the  tank  is
neglected,  the  mean  residence  time  of  the

bubbles  7  is expressed  by

    f--h/ils=hip1ilg  (34)
and  hence

     k-"t==a.,LhAr(ei!)h'(lr-t--,.`,Di`) c3s)

  Since the  fiow of  the gas bubbles is assumed
to be completely  mixed,  the  exit  value  nt is

taken  as  the  average  oxygen  utilization  in

the  tank  and  thus  the  mass  transfer  coeM-

cient  it is easily  obtained  from the  measured

valuc  of  ljt.
  It must  be noted  that the steady-state

method  should  be  applied  to obtain  the

volumetric  mass  transfer  coeMcient  KLa==kia

in tanks under  practical operation,  although

a  smalt  change  in oxygen  concentration  in
the  sparged  gas must  be detected.

  Unsteady-state metheds  These
methods  are  commonly  used.  First, by
bubbling nitrogen  or  by  adding  a  small

amount  ef  oxygen-demand  reagent,  such  as

sodium  sulphite,  dissolved oxygen  concentra-

tion  in water  is made  negligibly  low. Next,
after  starting  to feed air  into the  water,  the

change  in the  dissolved oxygen  concentration

in the  water  is measured.

  In these  methods,  the  fo11owing assump-

tions  are  rnade,

  1 ) The  time  required  fbr the  liquid mixing
is small  compared  with  the time over

which  the  exygen  concentration  in water  is
measured.  This allows  the  assumption  of

complete  mixing,  that is, of  uniform  distri-
bution of  the  dissolved oxygen  in water.

  2) The  residence  time  of  the  gas bubb!es
in water  is also  short  compared  with  the

expeTimental  run.

  a. Cbnventienat methed  Under  these

assumptions,  the  mass  balance of  oxygen  in
the  liquid phase leads to the  fo11owing :

    (1-e)ddCe'==-illi--Y;'Eia-(Co2-Cr)dt
                                (36)
As mentiened  above,  in the  experiments,  the

depth of  the  sparger  h is only  slightly  less
than  the  depth of  water  Hl The  average

value  of  the  gas-liquid interfacial area  per
unit  liquid volume  a-, as the  averaged  value

through  the  tank,  is given by
           -p -.
    a"-a==6pfdp  (37)

  In the  previous investigations, carried  out

on  larger gas bubbles, the  change  in the

oxygen  mole  fraction in the bubbles 2 is

usually  small  and  the  constant  oxygen  mole

fraction in the  sparged  gas zo, has been  taken.

And  since  the  gas-liquid interfacial area  is

not  measured,  the  volumetric  oxygen  transfer

coeficient  is defined as

     KLa=  -h--11hkta-/(1-g)dl (3s)

Eq. (86) is thus  expressed  by

     qdC-#==K,a(c,z,-c,) (3g)

By taking  the  average  yalue  bo in the  tank

as  Co and  integrating Eq, (39), one  obtains

                 dozo-Ct            1

     
KLa""e-eoin  i,ao (40)

where  eo is the  time  when  the  disso!ved
oxygen  concentration  Ct acends  from  zero.
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Thereforc, KLa can  be determined from the
obs ¢ rved  change  in Ct with  time.

  b. Direct measurement  of gas:Phase oxL)tgen

concentration  In the  completely  segregated

fine bubble swarm  the  gas-liquid interfacial
area  is so  large that the  oxygen  utilization,

that  is the  change  in the oxygen  mole  frac-

tion  i, in the  sparged  air  is too  large to  be
ignored. The  integration of  the  right  hand
side  of  Eq. (36), therefbre,  must  be  carried

out  with  varying  values  of  2 in the  direction
of  the  tank  depth.

  For simplicity's  sake,  the  average  value

in the tank  is taken  as  (Coi-Q)dp, and  Eq.

(36) becomes:

    (l -ip) 
ddCe'

 ==  kM,arCoz--Ci)., (41)
'The

 constant  average  mass  transfer coeMcient
ki thus  can  be obtained  from

     k =-  gi iF,2 [t' 
C.t,id.

 g) (42)

  When  the  exygen  mole  fraction in the  ex-

haust gas 2e is observed,  the  fo11owing
logarithmic mean  for (Ce2-Ci)ap can  be

    
'

 assumed  plug  flow of  theapplied  for the

bubbles swarm.

  (Coz-Ct)av
              CObZO-C*OZ,
                                (43)
      

-ln[(Cobzo-Ci)/(C*o2,-a)]

where  Cob is the value  of  Co at  the tank

bottom. For  the  completely  mixed  flow,

on  the  other  hand, (CoZ-Q)a, can  be
directly obtained  by substituting  the  observed

value  of  the  oxygen  mole  fraction in the

exhaust  gas ze as  z.

  However,  the  simultaneous  observation  of

the oxygen  mole  fraction in thc  exhaust  gas
along with  that of  the dissolved oxygen  con-

centration  in water  is not  easy,  because of

the  considerable  delay involved in the

measurement  of  the  oxygen  composition  of

the exhaust  gas.
  c.  PredictiDn ofgasPhase oAvtgen  concentration

Without direct measurement  of  gas phase
oxygen  concentration,  the  value  of  (Co2-Ct)ap

can  be predicted by the  following methods.

Thcse  are  more  straightfbrward  approaches

than  the  approximate  methods  presented
by Jackson and  Shen.i)

  When  a  plug  flow of  the  bubble swarm  is
assumed,  the  oxygen  balance is given by Eq.

(11) at  any  instant. By  substituting  Eqs.

(22)N(25) into Eq. (Il), and  taking  the
                              -
average  ebserved  values  for e and  dp in the

tank,  one  obtains

     d6 -  AE,
     

md-t'm
 z, (Co2-Ci) (<F4:)

whercAis  given by Eq. (27). .
  Substituting Eq. (44) into Eq. (36) gives

    (i-¢)dd? -=  )l} ./:' 
aio

 -dd7-dt-- jk'il}O o,

                 , . (45)                 '

By  comparing  Eq. (45) with  Eq. (41) and

substituting  Eq. (37), one  obtains

     (Co2-Ct)..=NZO fi, (ca)
                kAH

It is apparent  that the value  of  (Co2-Ct)ap
can  be easily  obtained  if lj, is calculated  for

a  given value  of  k. This can  be simply

done by solving  Eq.  (44) with  Eq. (6) and

with  constant  Ct, under  the boundary eon-

dition of  lj =O  at  l=O.  The  solution  is

   szolj,r{i--8-(Il-;O,Zl-cC,!)-}in

     i-  
`3-iCZ

-

,OicCi)
 lj, -=(6o-ci)it.ah

                                (47)
Since h, is not  explicitly  obtained  as  a  func-
tion  of  h in Eq, (47), trial- and-error  calcula-

tion must  be used.
                                   =

  Once  ht is obtained  for an  assumed  kt,

(Co2-Ci).v is given by Eq. (46) and  then

the  value  of  
-it

 is determined  frorn the  ex-

perirnentally measured  time gradient of  the

dissolved oxygen  in liquid (dCtlde) from Eq.

(42). The  trial-and-error  procedure  is

continued  until  the  assumed  value  agrees
                      =

with  the  obtained  value  for kt.
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  When  completely  mixed  fiow of  the  bubble
swarm  is assumed,  the  relation  between

(Co"Ci)av and  S. shown  in Eq. (46) can  be

adopted.  The  value  of  i, can  be evaluated

by substituting  Eqs. (6), (9), (22), (23) and

(25) into Eq. (16):

     
,,?..s/.rvtf!(p,')[(a--Si)

        -(bo-6CJ)i]  (48)
                    =

Then  taking  constant  kt and  solving  Eq.

(48) with  the  initial condition  ef  fi==O at

T  :O,  h is yielded as  a  function of  residence

time  T.  Substituting h into Eq. (l9) with

Eq. (20) and  integrating gives
         q-

      -  kiBh(Cb-Ct!zo)

    
lj'-1+27Bri''//'c'bT:'Msc,)'

 
(49)

where

    B=Al(1-Szoh.)  (50)
Therefbre, the  trial and  error  method  must  be
applied  to determine  ". from  Eqs. (49) and

(50).

             Conclusion

1. Procedures for predicting the oxygen

utilization  in a  completely  segregated  fine

bubble swarm  sparged  into water  are  given
for the  both plug flow and  cempletely  mixed

fiow of  swarm.

2. Methods to determine the  oxygen  transfer

coeMcient  for the  bubbles are  discussed.
3. In the  steady  state  method,  the oxygen

utilization  of  the exhaust  gas is observed,

while  the  dissolved oxygen  in water  is kept
negligiblc.

4. The  unsteady  state  method,  which  has
commonly  been used  in previous works,  is
modified  for the present systern,  in which  the

change  in oxygen  mole  fraction in the gas
bubbles cannot  be ignored.

            Nomenclature

A  given in Eq. (27) [cm･sec/mol]
a  gas-liquid interfacial area  per unit  liquid

   volume  [l/cm]

a)Ba

Ctdpggc

hHkt

surf}ace  area  of  single  bubble  [cmz]
given in Eq. (50) [cm'seclmol]
saturated  concentration  with  pure  exygen

in water  [mollcm s]
dissolved oxygen  concentration  [mollcms]
diameter of  bubble [cm]
gravitationalacceleration [cm/sec2]
gravitational conversion  factor

                      [g-cmlG･sec2]
depth of  gas sparger
liquid depth
mass  transfer  coeMcient

   [cm]
   [cm]
[cmfsec]

KLa volumetric  oxygen  transfer  coeMcient

t distance from gas sparger
P  pressure
ug  superficial  gas velocity

ut superficialliquidvelocity

u. gas-liquid slip  velocity

use terminal  velocity  ofsingle

   water

v.  molar  volume  of  gas
vp bubblevolurne
(Greekt3

6ePl9nTSu

N*oe

1)2)3)4)

gas

mole  fraction of  oxygen  in gas phase

number  of  moles  of  gas
mele  of  oxygen  consumed

..1"fi

timeliquid

 density

gas holdup
oxygen  utilization

residcnce  time in liquid

   [1/sec]
    [cm]
   [atm]
 [cm!sec]
 [cm!sec]
 [cm!sec]
bubble  in

 [cm/sec]
[cm3frnol]
    [Cm3]
     [-]

produced

perscipts and  subscripts

 averaged  value  for bubbles

 averaged  value  throughout  tank

 under  atmospheric  pressure
 under  conditions  ofr=O  or  t=O

 the exit  condition
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