SECTION 4  NUMERICAL MODELING

[}
T

4.1 INTROQUCTION

The study of the circulation patterns inside a column reactor is of
theoretical and practical significance, because of the wide use of column
reactors in indu;try as chemical or bio~chemical reactors. The bubble column
reactor offers severa! advantages over conventional fixed bed reactors: e.g.,.
lower hydrogen to monoxide ratios can be tolerated and hot-spots are
controlled in the bed so that catalyst deactivation is reduced. The gas may
be introduced evenly through a distributor plate into the slurry, so the
circulation patterns of the continuous liquid phase can be controlled.

Numerous mathematical modeis are available in the literature for calculation
of relevant parameters such as the gas hoid-up (i.e. volume fraction of the
gas phase), the liquid velocity, and the size and strength of the liquid
circulétion cells. Freedman and Davidson (1969), Rietema and Cttengraf (1970)
and Hills (1974} have reported on approximate models based on pressure
balance to calculate liquid -circulation velocity. Whalley and Davidson (1974)
have shown that their mode! based on the energy balance predicted liduid
circulation ‘velocities which are in better agreement with experiments than
those obtained from the models based on pressure balance. Joshi and Sharma
(1978) have adapted the energy balance method and reported good agreement
between their cal.culations and experiments for the values of the liquid
velocity and void fraction. Clark, ét al. (1887, 1983) have reviewed the 56
called "drift flux models” and presented their improved version. These models
are mainly empirical relations which relate the superficial gas and liguid
velocities to the average void fraction. Clark et al. suggested an approximates
model to predict the empirical constant in one of these models, and found that
it varied significantly as a function of Froude number and Galilee number.

Their conclusion was that "a direct drift-flux approach is not suitable unless
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Thae weid distr bution is known and that I'.‘III.ICI'_-r'ﬂI"‘IC.'f affacts are insignifizant,” A
further restriction in thess models is that the size and the locatlan  of
recirculation” zoMe must be assumed apriori For example, :n the model
—rooosed oy C'ark at al, [1983) fwo-2ones are identified, namaly & cantral zone
where only axlal flow is sgeumad, and a .ower zohe where only radial flow s
assumed.  Such assumpticns, which are inharant to most aoproxmate modals,
raglect possidility of r;u.i'tipre sircuiation cells.  To aiminate such restrictive
agsump® ons, tf 8 necessary 1o develop more rigerocus computational fluid f.low
anatysis with which the circulation and the void “ractlon distribution can be
pradicted apr.ari. However suth comprehensive mumerical sim.lations oF
qas/l'cuid Iwo-phase systems are not given much attertion in tne litarature.
This is not surprising in view of *he fact that the mathematical farmulation for
muiti-phass flowg i3 stll! in a stage of developmant., Thers I3 no cefinite form
of the gaoverning egaatons which s generaly accepted [for & review, 588
Stewart ard wWendroff, 19845 Stner difficulties such as tandl-rg of interacticn
terms lintarface conditions), ‘the boundary and initial conditions, and
imterchase instabitities, make .camprehansive narmerical modeling a challenging
resesr=h area, and it calls for more att_entinn from ths computational fluid
dyami Zlsts.

Fere, .it is regorted on the resuits of 2 study where the flow and the
circulatizn pittarns inside an  isothermal column  reactor model has  been
simulated . numericaily using a finite volume apgrzach.  As a ftirst stap, only
the equations of motion and continuty for the continuous phase, ard tha
zanser vation ;:-.f' masg eguation for tne discrete 3hase have baen solved, The
yas velogity Tield 1s prascribed erpirzaly.  Only The faminar, butbiy flow
regime i% comgidersd. This is done t& avoid the complentigs of a turbuiance

closure modet at higner supecficial gas velacities. Thesa reggits constitute the
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first stage of an ongoing research where the numericai- solution of the
centinuum eqguations of motion for both phases are aimed at, In such =a
procedure, . the only empiricism should come through the prescription of
interfaciai momentum exchange terms.
4.2l MATHEMATICAL MODEL

Consider an L‘msteady, gas-liquid flow inside a vertically situated circuiar
reactor which is assumed to be isothermal and non-reacting. The _gas-liquid
flow is assumed rto be in the bubbiy flow regime which is characterized by a
suspension of discrét'e air bubbles in a continuous liguid such as water. The
mathematilcaf model is based upon the 'conservation of mass and momentum for
the liquid and gas phases including appropriate interface momentumn exchange
terms. Inveoking continuum assumptions and performing a space or time
averaging cver a macroscopic control volume, (see e.g., Anderson and Jackson,
1867; Homsy, 1983; Drew, 1983), these equations canlbe written in vecter form
aralogous to the well known Navier-Stokes equations, ‘Let the subcripts "1”
and 2" or "t and "g" dencote phase-1 (liquid) and phase-2 (gas),
respectively; . « be the wvoid fraction (i.e. volume concentration of gas},
p1=(1-ajog, pp=apg be the macroscopic densities, ps and fg being: the
microscepic liguid and gas densities, respectively; uy be the liguid velocity
vector (uq, vq, wiy) and us the gas velocity vector (ug,va,w2) in the axial x-,
radial r-, and tangential, 8- directions of cylindrical coordinates, respectivefy.

The continuity equation representing the conservation of mass for the liquid

phase is
Be1 . 3pt . . ' :
T p1(7.u1y = it T 7.{p1uy) = 0 (4.1)

where D{ )/Dt is the substantial derivative and 2. is the divergence operator.

The term z.ut is zero for an incompressible flow. There are no source/sink
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tarms in Eg.4.1 because there is no prase change dus ¢ chemical o~ thermal

reactions. For numerical treatrent Eq.d.f is rewritten in the <ongervative

form as
dg 1 1 9 < - -
SE e 2 larv b s (e ) m LAy ) =0 (4.2)

Tre momentum eguaticns for liquid phase, in vecter form [see for gxample

Calik, 198E], are
e— = ~{1-z}7P - w7 + Syp( up-y] * P93+ fo - wiky » U/ (4. 3]

In Ens.(4.3) T is the strass fansor, ¢ 15 the accelaration of gf‘awty, P is
the pressure, Fia 'S5 the momentum exchange function between phase-1 and
pnase-Z, & iz the unit vector in x- dir-ee:tian. » derotas a veclcr cross
preduct and fg is the additonal stress vestor ( 0, ~Teefl o T B BT R
and # - directions, -espectively. The componerts of the symmetric stress

“termzor - for Nawtonian fluids In cylindrmzal coordinates are:

B 5 du _ 2 7.u
L33 dx 3“_'_
dy 2
Trrs 2t 3 H U
T odw Z
Tes = Mgty i FETU

(4.4

1
frg-r'r-h{-ﬂ_r-l-rﬂ‘ﬂ_F}
- 1 gy, g
Tye = Tex = L[ <5 + i J
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whers p is the liguid viscosity. The ditatatian term 7.y wi'l be neglectad in
the momentum aquations, since tha effect of this term is minimal even far g
wide range of compressib.e fleid fiows proviced that the Mach number is less
than 0.30. It should be noted, however, that 2.u  will be kept in the egoaticn
of continuity and the resulting eguations woufd be waiid  for man y
comzrassibie fluig flow prablems unless this term beacemes very largs under
Wnugyal clreumstances, . Macn numbers much :arger than 0.3, In two-phase
tlows the

The term Fqi2 (uz-u1) In Ea.d4.5) represents the momentum exchanga for
liguid-phase equations, .ikewize, Fayigs-uyl is tHe momerium exchange term
for gas-pnase eguaticns, hence Fyp=-F2q. If ihe d.latation term 2., is
neglected, the three components of Eg.4.2 in x-, r=-, ¥- directions, respectively,

carn be writtan in conzervative form as foows

x_ = Momentuny

dpell 3 r 1+
TR L ‘:_I[P1U1U1}' + 2 fprmuwu JrL 2 {pquivy)
3

1 7 12 . ¢F =
= aalixxd 2 ognlrrexd + T Fe LTexd m(1=alz= 4 prgy + Feplug-uy)  (4.5]

- Momertum

LI Lk R B 1 T - pq¥l
et A TR LS PR - LS VLA D s (PIVIWD) - Ay

3 14 . 4 LT . ,
= alrard * g gpletrel 4 2 3 terd - —ﬁ-“ -i"-a,‘iﬁ tP18r tFyalva-vy) 14.6)

# - Homantum
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d . 10 P4 .. ., T L1 _— : \
= itxel ¥ o St Terl Ty sulmae) ~IE (el o teegerTigivp-ws]) (4T

Car The axlsymmetric, ran-swir ing {(i.2. w = 0] flow case with the tyoical

"

gesmetry ghawn n F 3.4,1, E0g,4.5=-4,7 arg greatly simpiified. The final form

of the liguid shase equations which wil be solvad nufrarically ara:

Continuity
%I [e-ug) + % %; (pireq) 7 0 . _ (4.8
i - Homantum
:_x{i"‘.'-i'-"lj + -:-;-;—r-_-[r,agl..-ﬂﬂ z -{'*ﬂ}j—i —#4@ + Feglug-uy]
+ g; ( :%&1} = 3Rl rg‘%"} :—; {#:‘3‘51] - F j-]..”-‘l:_:l:' {4.9)
r — HMomentum.
%§£ﬂ1u1vll + % %F[rPT”1v1J ) "E1"°J%E * Fralva-vn
+ :—; [m%ii} + % :_r {ru::-:13 * %:—r:r#i:—:” * :—Kiw:—'all] 'PI‘E—:l (4. 10;

The agquations for the gas phase can e obta~ed from Egs. (4.3) to (4.00)
by irterchanging the gugscripts ™7 to '27, as well as "t” ard "g".
The global sssumptions nvelved o deriving Eqs. (4.8) to (410} ares

\

igatharmal steady, axlsymmetric, incompressible flow without swirl and without
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chemizal reactions.

It should be nofec irat the wiay tre pressure graczient terms should be
hancled in Egs.{4.8 - 4.:0) -5 a controversial issue. There i& eonsiderasie
debate in the literature { ser for examp.e Stewars anz wendroff, “384) wrhether
*[(1-0;F] @r {1-0)7P shculd te used in these esuations. Bo'h forms zar. gty
tre cond.tion that when the correspending tomentur sguatians for tna Two
pnases are added, thne resulting pressure gra:t'rer;‘. term must be <P, Tre
ecual pressurz mode! {Gtewart and Werdroff, 1384) is adopted, ..g. Py =P, =P;
this pressure is distmbuted a= ("-«)P and of betweern 1he liguid and gas
phases, respectively. In this regard, the press.re gradient terms ara Beirg
treated as part of the intsrfacial momentum exchange, The surfazs tersior
effacts can he included in the in.ter'-'a.ciai mr.\rrentﬁ"n axchange fumction F, ;7 *or
cifferen{ surfzca tensior, o, the drag force and herce tre termina’ velocity of
a b.bble are d*ferent. It chowid be ncted, Pawaver, Y we .rclude a pressura
differerce 25=F,-P,=zde/dp due 1o surface tension, this Jdoes not atter the
form of the above equations. This 15 becavse the bubb:-e diameter dp and t-e
surface tension, o, are fixed for & given flow regi;me and hence F:=P,+da/d4 =
P+4s/dp and 7F2=<P again. In tnis regard, 1ne DFES.SE.IFE Aradient tarms are
Leng treatez as part o the interfecial marsatum exchanga, The surfece
tension éffecis are neglecied in the prezen; stucy.

“he momentum excnange function Fy, wili BE zrezsribed erpiriza'ly in tne
functicnal form

Fiz = Fia io, Rep) {4.11)
wherg .F{EL. is the ﬁutt-le Reynelds  number  which s defined as
RepzrylU:-ur 1dpfee, with dp Deirg the bubbie diameter. The expticit form oF
Eg.«.11 is dizcussed . the mext subzection,

Orce Fy; = F.; (&, Regl is5 prescrited, 'E'n:ls.t-i.E.} through (2,103 written for
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both phases constitute a closed set of & differential exuat ans for “Re &
unknowns, namely a, P, Uy, v, Wz and wva. For tre present numerical
simulations these equations are reduced to 4 Equa:it:-ns; and 4 unknowns by
assuming a slip velocity relation of the form -

Ug = 4 = W, =T {a Rap) {4.12)

L

This explicit form of £qQ.4.1% iz ditcussed in tre following sections,

rtarfaciat Moment x

Tha momentum transfer between tao phases takes place via ssvers
mecnanisms, tha most important of which being the viscou=s drag force
rasulting from the shear stress at the in.ter-‘ace and tHe Tarm drag due to the
pPrEssure disfrihuti.an on the surface of individual bubblas. ther possiktle
mechanlsms for moment.m transfer include added mass effect, magnus efect
{due to rotation),  presgure grad ent, and shear rate effects of the
surrgunding fluid (see for example Finze, 1972). For 2revity these farces ‘wii
not be considered in the present ana'ysis. Irstead, all.;hese-effects will be
lumpes into the drag function Eq. (4.11).

[n the bubbly flow regime, the total drag force can he related to that of a
gingle bubble. Hirt (1982] used fhe follawing rejation for water droplats n

steam (for our problem, fq In the or.ginal exgression is replaced by egel.

Fos 3 0% qeay p 'Y - (.13}
112 4. § — .
%

Syamlat . and O'Brien {1982) suggested the following empirical relation far

dlspersad' gatid particles in a continous liQuid or gas phase

m4(1_¢)plr!'— [T (4.14)
3 b '

)
L1
B ta

b
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whera -p¥ ‘& another emniri.cal dras function given by

. €0 Rep <= Rep/Vy )
':'D = (4-.15:'
YVt

L]

In Eg. (4.15) Cp=CplReg} is the drag cocefiicient for an isoatad particie and vp
i3 the ratic of terminal velocity of a group of particles to that of an isolates
particle. Neither cf the eguations (4.13) or [4,15) is strictly applicable to +hs
tubbly flow regime. However, to 2 first approximation the simpler reation
used by Hirt (1382) should be sufficient for sur purposes, provided that CTp (s
replaced by an émpirical reiaticn for hubhles in water,

Such a Cp relation can be derivec By curve fitting 1o the experimentsl
data presented by ChLft et al. Hé?ﬁ]. For bubbies In pure liguid systems, the
folicwing funmction is suggested by us,

Cp = 2 Rep © _ ©[4.18)
Tre coefficients a and b are given in Tarcle 4.* for different Fevnoids number
ranges. Trig Carticular form is adapted baecause it simelifies the calculation of

slip velocities conziderably.

Table 4.1 Coefficients for Ec.(4,16) for 4ir Bubhles in Pure Liguids

Fep range | a | b
g - = I 24 | 1., 0D
- i@ 1 23.6€ : 4,981
10 - 100 i .8, | g
100~ 1000 [ 6.3 | o.ew
Simpl-fization for the Ggs Pha=s

Instesd of solving for the gas phase momentum eguatiors, the gas

veltgities are determined from & slip veoCity relation of the form of o412
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Far small wcid ratios { .e. dlute fiow.with a dispersed gas nhase) 1ha gas

velgs ties can be caloulatad im the radial and axial-diraction, respective vy, as T
vg T 0 or v T Vg : 1407
kg = Ug + Wy {4.15] n

wnere the z2hip velocity is given 5:3-—.

ug = Upall-=l (4,19)
iUps .5 the terminal velozity of an isclated bubble In an inflnite liguid mecium.
The effect of wvoid ratis, =, on the ship velocity as given in Eg.ie.19) is
suggestes by wallls (1982) Upe ¢an De caculatse by equating tha drag ferse
to the d fference of the buoyancy force and the weight of the bubble.  'aith

tha drag ralation, Eg.l4.16), tnis force balance rasults in

] d‘ {pt_pg} .ﬂ‘db b 1{{:_:1
ilbﬂ=['ﬁ =1 gdb{“ l

{4.20)

For exsmple with B = 1 and a = 24, (i.e., $tokss ranga) Eg.(4.22) raduces 0

1 oieemegt
- — i
Upa = 93 — 7y 9% {d.21)

If the wazer (or liguid} s not pure, the degrae cf coniamination may have
significart influence on Upe. For such cases, M8 ampirical data presented oy
Clify at al, {-978) can be useci.. Arckner altarmative s to uge the termiral
velecity relatiens presented by Fewitt (1982, chapter 2) where the terminzl
velooity of bubbles in clean fluids is srprassed as a function of Rey and The
Galileo number Ga=gre/pes?, |
4.1 DESCRIRTICM OF CASES STUDIED

The numerical study simulated, as :Icéely as possibie, the esperirents

performan by Riatema and Ottergraf ["S70) where & lami—ar higJid circulation
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anc bubble street farmation wars investigated im g Quickfit glass column, THa
gér:matric comfiguration for the giass columh = shown i Fig. 4.1. The
axpagrimental. conditions for the numerically simulated case wara: liouid
(glycarel water sclutlon) dencity et =1‘i53 kasm?, iiguid viscosety
cg=2.35kg/m-s, air flow rate Qa=tt.4cmi/s, oges Fotd-up ‘tg=Td4 com?, Dhubhie
diameter dbzc.ﬁdlurn and tubble street radius rg=5.0 cm.  The ciass ootumn
had a diameter of 22 om and a heignt of 122 cm.  Iritially the column was
fiﬂa.d with the liquit solutien up to a dapth of 82 cm.  1f the gas hold-up of
74 om? i;a afced to the Tigquid wvclume, the total misture velume requiras a
zaiumn heght of approximataely 82,2 em. Thie vauwe was used in the
simulations., Al bubbles were formed By means of injection  reedles,
Accsrding tc:.expar_"rmer'l‘ts, vertical bafflas were placed along the wall, so that &
.'eas;onably symmetricel bubbie strast could  be created. Tre affact of *he
batfles is not considared in the cresams study. The liquid veiocity profile
from the exper-mental work {Ristema znd Otterigraf, 197C) 15 shown in F.Ig. 4.2,
For the sat of calculations where alwr) iz cbtained from the solutian of
Eq.-:_li.EB], a step function esag for r < Fooe ep=0 for r » ree was assumed at
the sniet fgee Fig. 497b). &y wWas 2pproximated as the area fraction of
injecfir:m holes 1o the total ares. & hole diameier of 0.5 dp was assumad.
rgo/R velues were varied between 0.3 an¢ (.9 1o study the Influence aof

distr‘ibﬁ‘tic\n at the ip!et on the cverall circulation oatterns.

Frafiles for a ~ distrivutlon

A= 2 further s mplficatior in the present mcdel, the wvoig fraction s
assumed to vary as s(xF] = eslx) 2(r), and the shape of the profiles a=e'ri
are prescribea empicically, Among variaus shapes imvasticated are cosine,

l.mear and parsbofic profiles.
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The cesine profile is given by

T

0.5 ¢ [1+zasirr/rgl rsrg
a(r) = { (4.22)
i rg ¢ T &R

.

whers A is the column radius and rg is the radius of the bubbie sirest as
obzerved from experiments (Riatsma and Ottengraf, 1970). Eq.(4.22) represents
a smooth function which satsfigs the zaro derivat've conditions at r=0 and

r=rg. The tinea~ profiie 's given by

w{r) = ag (1-rirg) (4.23)

whara r/R z =op{t=xfL) + 1 for 3/4 « x/L &4t
. rg/R = 0.85 for 1/4 ¢ x/\, & 5/ (4.24)

r;n = -apk/L o+ 1 for O ¢ xfL £ 174

The parabalic profile is given by

-t
afr) s ag (1 - — J) ' (4.25)
Fs
where r/e =1 - { [L-x)fL }%*77 for 354 4 %L F1
rg/R = 045 for 1/4 ¢ u/L & 374 (4.26%
ffR =1 - (k)T for 0 ¢ x/L & 1/4

Examples of these proflles are skown in Figures 4.5b, 462 and 473,
respactively.

The center |ine value o for the three cases is detarmined from cantinuity,

i. e
H Ll
iy = 27 jng a{ Fluglx,rirdr (4.27)
D . . .
Equgtion for s-distribution
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Calculations are aiso performed where a(x,}-} is caiculated from

conservation of mass equation for the gas phase:

(a ug) + i — ( reuz) = (4.28)

The advantage of prescribing the a-prefiles instead of determining them
from Eq.(4.28) is “chat all the computationa! uncertainties in solving Eq.(4.28),
such as numerical diffusion are eliminated. Further, the former makes it
possible to investigate the influence. of various a-p‘rofiles on the ciréulation
patterns. |

The boundary condition for o(0,r} at the inlet of the bubble column is
determined by the constant gas volume flow rate Qa given by Ed.(4.27), where
a(0,r) is prescribed as é step function, such as

a{0,r} = eap for 0 < r/R & reo/R

«(0,r) = 0 for rgo/R < r/R € 1 o (4.29)
where rge represents the Iocation of the last row of holes on the distributor
plate. The boundary condition for «{L,r) at free surface is also determmed by
Eq.(4.27) to satisfy the continuity.
4.4 NUMERICAL METHOD

The form of equations for tﬁe continuous liguid phase (Eqs.4.3 and 4.10) is
amenable for using the Afinite volume technigue (e.q. Patankar, 1980) which has
been successfully used for sofution of steady, incompressibie, single phase,
recirculating flow problems. This formulation takes into ‘account density
variation {(say due to buoyancy effects) in space which is suitable for the
present problem where the microscopic density s constant but the
macroscrpic density varies according to P1=pe(1-a). The so called "SIMPLE"

algorithm of Patankar {1980) is employed 1o calculate the pressure field

iteratively. However, modifications have been made to account for the modified .
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