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A model for transfer processes in column apparatuses has been done. The
model may be modified for different apparatuses as columns with (or with-
out) packet bed, two (or three) phase airlift reactors and fluidized bed reac-
tors. The mass transfer is result of different volume reactions as a chemical,
photochemical, biochemical or catalytic reactions, or interphase mass
transfer. The using of the average velocities and concentration permit to
solve the scale-up problems. A hierarchical approach for model parameter
identification has been proposed.
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Introduction

Many heat and mass transfer processes in column apparatuses may be described
by the convection — diffusion equation with a volume reaction [1]. These are gas absorp-
tion in column with (or without) packet bed [2, 3], chemical reactors for homogeneous or
heterogeneous reactions [2, 3], airlift or fluidized bed reactors for biochemical, photo-
chemical or catalytic reactions [4-8].

The convective transfer in column apparatuses is result of a laminar or turbulent
(large-scale pulsations) flows. The diffusive transfer is molecular or turbulent (small-
-scale pulsations). The volume reaction is mass sours as a result of chemical, biochemi-
cal, photochemical or catalytic reactions or interphase mass transfer [1, 2].

The scale-up theory [1, 2] show that the scale effect in mathematical modeling is
result of the radial nonunformity of the velocity distribution in the column. The using of
average velocity and concentration permits to solve the scale-up problems.

Column apparatuses
Many heat and mass transfer processes and chemical reactions are realized in

column apparatuses. The creation of the models in this condition and solving of the
scale-up problem [4, 6] requires construction of a suitable diffusion models.
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Diffusion model

Let’s consider liquid motion in column apparatus with chemical reaction be-
tween two of the liquid components. If the difference between component concentrations
is very big, the chemical reaction order will be one. In the case of liquid circulation, the
process will be nonstationary. If suppose for velocity and concentration distribution in
the column:

u=ur), c=ctrz (1

the mathematical description has the form:

2 2
@w@:]){a ul&z}kc

ot 0z 822 ror arz
t=0, c=cy; @
r=0, -0, r=r 2_0
8r or
_ _ dc
z=0, c(t0)=c(t,]), uc=uc—D—
0z

where u is velocity distribution, ¢ — concentration of the reagent (with small
concentration), k — chemical reaction rate constant, ¢ — the time, » and z — radial and axial
coordinate, D — diffusivity, ¢, — initial concentration, ¢ and & — average values of the
concentration and the velocity at the inlet (outlet) of the column, R and / — column radius
and height.

The radial nonuniformity of the velocity is the cause for the scale effect (de-
creasing of the process efficiency with increasing of the column diameter) in the column
scale-up. That is why average velocity and concentration for the area of the cross-section
must be used. It leads to big priority beside experimental data obtaining for the parame-
ters identification because the measurement of the average concentration is very simple
in comparison with the local concentration measurement.

Average function values

Let consider cylinder with R = R(¢), where ¢ is an angle (in cylindrical coordi-
nates z, 7, ¢). The average values of a function f'(z,7,¢) for the cross-section’s area is:

B (H) f(z,r,p)dS
[ = (3)
where
‘R (co) e
j do, [[f(zr.p)4s == j R(9) jf(z r,@)dr {d @)

(5)
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For a circular cylinder R = const and from (3, 4) follow:

2n | R
| {j f(zr, (p)dr:| do

0

Z, .0
f(2)= SR (5)
Let to present the function f'(z,7, @) as a:
f(zr9)=f(2)fo(z7.9) (6)
where
foarg) =L ELD )

/(2

If ?(z) is the average function (5), the integration of eq. (6) over r into interval
[0, R] and over ¢ into interval [0, 21t] lead to:

_ _ 2nl R
2nRf(2)= /()] {j fo(zr.9) dr} dp @®)
0L0
1 e. 2n R
j{j fo(zr, (p)dr} dp=27R (9)
0Lo
and
Jo = 1o(r9) (10)

Let consider column apparatus, where velocity and concentration are:
u=utzrp), c=ctzre) (11)
The results obtained permit to present (11) as a:

u(t, z,r, @) =u(t, z)u(r, Q)
and (12)
ct, z,r,p) = c(t, 2)c (1, 9)

2n | R 27 | R
I D u(t, z, r, qo)dr}d@ J {[ c(t, z,r, (p)dr}dgo

where

_ 0|0 — 010
u(t,z)= s c(t,z)=
(%:2) 2nR (2) 2nR (13)
2t | R 21 | R
J D‘ﬁ(z, 7, (p)dr}dgo=2nR, J. l:JE(Z, 7, Q) dr}d(p=2rcR,
010 010
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For the average velocity and concentration in the model (1, 2) follow:

u(ry=uuy(r), c(t,r,z)=c(t,z)cy(r),

— 1R g _ 1R q o
u —E(j)u(r) 7, c(t,z)—E(j)c(t,r, z)dr, (14)

R R
Jug(rydr=R, [co(r)dr=R
0 0

Average concentration model

The average concentration model may be obtained if put eq. (13) in eq. (2) and to
integrate the equations in (2) over 7 in the interval [0, R]. As a result is obtained:

oc _oc o*c -
—+aR)yu—=D +B(R)c |—kc
—ra(R)E = {22/3()}
t=0, c=cy; (15)
220, 2(t0) =210, EE:a(R)EE—D%
where z
18 1810c
a(R)=— r)cy (r)dr, Ry=—|-—"Ldr 16
()R_([uo()o()”ﬂ()R.([rar (16)

In model (15) u is diffusivity or turbulent diffusivity as a result of the small scale
pulsation’s. The model parameters o and 8 are related with the radial nonuniformity of
the velocity and concentration distributions only. They show the influence of the column
radius on the mass transfer kinetics.

The parameters in the model (15) are: a, 8, D, and k, where k£ may be obtained
beforehand as a result of the chemical kinetics modeling. The identification of the param-
eters o, 3, and D may be made by using experimental data for ¢ (¢, z), obtained on the lab-
oratory model. In the cases of scale-up must be obtained a(R) and S(R) only (using real
column) because the values of D and k are the same.

Quualitative analysis of the model
For the theoretical analysis of the model (15) dimensionless variables must be
used:
t:toT, ZZIZ, E:COC (17)

where 7, is characteristic time of the process.
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Dimensionless model will be obtained if put eq. (17) in eq. (15):

2 p—
a_c+56_C:% 0 C+ﬁc - KC
oT oz 1>\ az72
T=0, C=l (18)
Z7=0, CT0)=CT), C=a®)C-2€
uloZzZ
where . _
& =a(R)=* B=PBR), K=k (19)

For long time process £, is very big and in the cases & > 10° the process is sta-
tionary. If chemical reaction rate is very big and K > 10 the process is stationary too, but
if & <1 the effect of the convective transport is negligible. Another situations are possi-
ble if compare the values of the dimensionless model parameters o, Dt,//>and K.

Model with radial velocity component

In the cases u = u(r, z) the velocity has a radial component and the model equa-
tion in (2) has the form:

2 2
@+u%+v%=D E+l@+M — ke (20)
ot 0z oOr 0z2 ror o2
where v = v(r, z) is radial velocity component and satisfy the continuity equation:
Gu, v, ¥ g 1)
oz Or r

The boundary conditions of the model equations in (2) and (20) are identical.
Let’s present the radial velocity component as a:

v(r,z)=v(z2)vy(r), V= va(r, z)dr, vao (r)dr=R (22)
0 0

1
R
If put eq. (22) in eq. (20) and integrate eq. (20) over r in the interval [0, R], the
equation for ¢ has the form:
- - 2 -
0 i ll vy, (Rywe =D L 4 pr)z |- ke 23)
5 t 8 z a 22
where
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y (R):llje CLpN (24)
PR Yo

Let’s put eq. (22) into eq. (21) and to integrate eq. (21) over r in the interval [0,
R]. As aresult eq. (21) has the form:

ou
6—+72(R)V— (25)
where
vo(R) = v(©) 1wy,
Ry=—"——"—+—|— 26
72 (R) == £ p (26)
In eq. (26) on the solid interphase v, (R) = 0 and as a result:
vo(@©) 1Ry o
72 (R) 2 % (J) . (27)
The solution of eq. (27) is:
Vo(o) 2_2a0 2
= R)+ — " tar 28
vo(r) {72( ) R M 2 (28)
i.e.vy(0)=0.

In eq. (28) the constant a may be obtained using the boundary condition v, (R) =0
and as aresult ay =2, i. e.

vo(R) =72(R)(2r—%r2J (29)

The constant y,(R) may be obtained, using eq. (22), and as a result

3 3 2,
R)=—, r)=—|2r——r 30
r®=3 wo =gz (0)
Ifputeq. (30) in eq. (25) for the average radial velocity component is obtained:
- ROou
V=——— 31
30z 1)
and eq. (23) has the form:
- 2 -

2 vamin st -y (mie St -p F—w(mc}— (32)

ot Oz 0

where
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7(R) =§y1 (R) (33)

The parameters a, 3, 7, 71, and 7, in egs. (15)-(33) are functions of the column ra-
dius R and may be obtained, using experimental data only.

The model eq. (32) has an additional parameter (R) in comparison with eq. (15)
and identical boundary conditions. The theoretical analysis of the model (15) is valid for
the model (32) too. From eq. (31) follow, that the average radial velocity component in-
fluence the transfer process in the cases du/0z #0, i. e. when the specific volume
(m?/m?) of the solid phase in column (packed by catalyst particles) or the gas hold-up is
not constant over the column height. For many practical interesting cases v =0.

Interphase mass transfer model

In the cases of interphase mass transfer between gas-liquid or liquid-liquid
phases in the models (2) or (20) may be replace convection-diffusion equations for the
two phases and the chemical reaction rate must be replaced with interphase mass transfer
rate:

k(er =xez) (34)

where £ is interphase mass transfer coefficient, ¢; — concentration of the transferred
substance in the gas (liquid) phase, ¢, — the concentration of the transferred substance in
the liquid phase, y — Henry’s number (liquid-liquid distribution coefficient).

As aresult the diffusion model for interphase mass transfer in the column appa-
ratuses has the form:

2 2
& 94 TEU; 94 :giDi[a . "’laﬁ + 7 4 J_ D k(e —xer) (39
ot 0z 0z2 ror 9rt

where g; (i =1, 2) are hold-up coefficients (g, + &, = 1). The boundary conditions for eq.
(35) are similar to the boundary conditions in eq. (2), but a difference is possible
depending on the conditions for contact between two phases.

A similar equation may be obtained for the cases of two velocity component
(20). All theoretical analysis of eq. (15) may be repeated for the model (35).

Stationary processes
In the cases of stationary processes u =const, ¢ =c(z)and fromeq. (15) follow:

_oc o*e _
U= Degye Py +kegre (36)
z

where
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D D k
Dy =D (®) =2, ko =k®) =L K (7)
a a «
The boundary conditions of eq. (36) are:
220, G=cy, cyii —aiic —DE (38)
z

In the cases of radial velocity component u =u(z), ¢ =c(z) and from eq. (32)
follow:
_oc y_ou o’c _
— —~c— =D ——+kC 39
0z a Oz cff 0 z? eff (39)

The results obtained show that stationary model eqs. (15) and (23) are equiva-
lent to convection — diffusion models with chemical reaction (36) and (39), where
diffusivity and chemical reaction rate constant are functions of the column radius.

From eq. (37) follow, that effective diffusivity Dy and chemical reaction rate
k. decrease with the increasing of the velocity and concentration distributions nonuni-
formities.

Airlift photobioreactors

Photobioprocesses represent dissolution of an active gas component (CO,, O,)
in liquid and its reaction with a photoactive substance (cells). These two processes may to
realize in one volume (tubular photobioreactors) or in different volumes (airlift
photobioreactor) [10-12].

The comparison analyses between these two tipes reactors shows, that airlift re-
actor give an opportunity for more intensive photoprocesses in the downcomer zone of
the reactor [13-16].

The hydrodynamic behavior of the gas and liquid flows in airlift reactors is very
complicated, but in all cases the process is result of convective transport, diffusion trans-
port and volume reactions. That is why convection-diffusion equation with volume reac-
tion may be use as a mathematical structure of the model.

Mathematical model

Let consider airlift reactor (fig. 1) with a cross-section’s area F, for the riser
zone and F; for the downcomer zone. The length of the working zones is /. The gas flow
rate is Qg and the liquid flow rate (water) Q,.The gas and liquid hold-up in the riser are &
and (1 — &). The concentrations of the active gas component (CO,) in the gas phase is
c(x,r,t) and in the liquid phase cy(x, 7, ) for the riser and c¢;(x;,7,f) for the downcomer,
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where x; = 1 — x. The concentration of the photoactive sub- H
stance in the downcomer is ¢,(x;,7,f) and in the riser ¢;(xy, 7, 7). X
The average velocities in gas and liquid phases are:
R=2, g4 74 CUNNE S
Fy Fy £y
The interphase mass transfer rate in the riser is:
Iy = k(c —y.¢co) (41)
The photoreaction rates in the downcomer and the riser
are:
]:kocIC2J, [1 :kococ3J1 (42) ob——-

where photon flux densities J (R) and J,(R) are a function of
the radial coordinate 7, because they increase with the radius
decreasing and decrease as a result of the light absorption from
the photoactive substance.

Let consider (fig. 2) cylindrical surface with radius R and
length 1 m, which is regular irradiate with a photon flux den- Gas
sity Jy. The photon flux density over cylindrical surface with
radiuses < R is:

Figure 1.

RyJyo

7

i(r)= 43)
Jo

The increasing of the photon flux density be-
tween » and » — Ar (as a result of the radius de-
creasing) is: Ar

r—Ar r r(r—Ar)

AJy (44) Figure 2.

The volume between cylindrical surfaces with radiuses » and » - Ar is:

V:Ar(1—ﬂ) (45)

2r

The decreasing of the photon density between » and »— Ar (as a result of the light
absorption from the photoactive substance) is:

ATy =J(xy, 7, t)5c2A{l - %j (46)
r
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where ¢, = c¢,(x1, 7, f) is the concentration of the fotoactive substance in the downcomer.
The difference between photon flux densities for » and » — Ar is:

JoRoA A
AJ =AJ, — ATy =002 Jseoar| 1-28 (47)
r(r—Ar) 2r
As aresult
A RyJ,
AS_0J _Rolo 5. 4 (48)

Ar=0 Ay Or 42

where J(Ry) = Jy. The solution of eq. (48) for ¢, = cy(x1, 7, ) is:

RO RO RO
J(x,7t)= exp(5 [ey(xy, p, H)dp j{ Jo—RyJy | %exp{—é [ey(xy,m, t)dn} dp}(49)
r rp P

The mathematical model of the photoprocesses in airlift photobioreactor will be
built on the basis of the differential mass balance in the reactor volume [17-19]. A con-
vection-diffusion equation with volume reaction will be used, where convective transfer
will be results of the laminar flow or large scale turbulent pulsations, the diffusivities are
molecular or turbulent (as a result of the small scale turbulent pulsations) and the volume
reactions are interphase mass transfer or photochemical reaction.

The equations for the active gas component concentration distribution in the gas
and liquid phases in the riser are:

2 2
8%+8u0%+8v0%=8D ﬁ+l£ —k(c—ycy)
a 61” 8)(;2 r 2 (50)
%4_%4_‘}_0:0
ox Or r

2 2
(-2 4 q—gf 4, 29 4y T\ 1 gyp,| L0 10 O || keiyany—
ot or ox 0 or

ou, Ov, v
—akycyc3Jy, — 1,
ox or r (51)
It is possible to suppose that &€ = const.
The equations for the active gas component and photoactive substance concen-
tration distribution in the liquid phase in the downcomer are:

oa 04, % [8201+1%+5261

+v——=D
: ox> ror  or?

u —akycic,J 52
ot ox, or j 0me ©2)
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2 2
0 04 % p|0 % 106 F6 | koo
ot ox, or ox2 ror 5,2
24_&_{_1:0 (53)
ox, oOr r

where x; =1 —x.
Photochemical reaction in riser is possible too and equation for the photoactive
substance concentration is:

0 0 0 o* 0 o*
(1—8)£+(1—8 ul &+v1 & :(1—€)D3 C3 +—lﬁ+ C3 +k000C3J1 (54)
ot or Ox ox2 r or oyl

where J; = J; (x,r, t) is photon flux density in the riser:
0J, B o (X1, ¥y, 1)

or r2
}"ZVO, J1=J(x1,r0,t), XIZZ—X (55)

—d0c3J,;

and c3 = ¢3 (x,7,f) is concentration of the photoactive substance in the riser.

The initial conditions will be formulated for the case, when it have thermody-
namic equilibrium between gas and liquid phases, i. e. a full liquid saturation with the ac-
tive gas component and the process starts with the starting of the illumination of the
downcomer zone: ©

c
t =Oa C(X, 7’,0) = C(O), CO(xa l",O) =
(0)
c
aqxr0)=——, c(x,r0)= céo) (56)
X

where ¢© and c§" are initial concentrations of the active gas component in gas phase and
the photoactive substance in the liquid phase.

The boundary conditions are equalities of the concentrations and mass fluxes at
the two ends of the working zones —x =0 (x; =/) andx=/(x; =0)

The boundary conditions for c(x,r,f) and cy(x,r,f) in egs. (50) and (51) are:

- 0
x =0, L_lOC(O) =uyc(0,r, 1) — D(—CJ
ox )

x=l’ C(L”,t)=XCO(la”at);

x=0, ¢O.rt)=c(Lr1) (57)
= = 0
CI(Z’I)E:CO(O,}’,I)MI —Do[ﬁ) :
ox -0
r=0, %:%: )
or Or
Oc Ocy
r:VO’ —_— =
or Or
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The boundary conditions for ¢,(x,7,t), co(x;,7,f) and c3(x,r,t) are:

x =0, ¢ Ort)y=cy(l,rt)

_ = 0
CO(L t)“l =q (07 r, t)u_Dl(aiJ
x=0

X1
0
r=r, i=O; r=R,, —=0
or
X1 =0, ¢ O0,nrt)=c3(,r1t)

(58)

_ = oc,

c;(Lyu=cy (0,7, t)u— Dz(a—]
x=0

X1
0
r=r, aﬁ:o’ r:RO’ﬁzo
or or
x=0, 0,rt)=cy(Lr,t)

& (L), = c3 (0,7, )ty — D{%J
x=0

r=0, —=0; r=r, —=0

The radial nonuniformity of the velocity in the airlift is the cause for the scale ef-
fect. That is why must be use average velocity and concentration for the cross-section area.

Average concentration models

Let’s consider eq. (50). The velocity u, (x, ) and concentration ¢ (x,7,t) in cylin-
drical coordinates practical do not depend on the angular coordinate. In this case the aver-
age function values are equivalent to the integral average values over radial coordinate:

T () =~ Jug(r. U, 70 ()= [yo (e )dr, E(r.t) =~ [e(or,0)dr  (59)
where i1, (0) = 1.

For the introducing of eq. (59) in eq. (50) must be integrated eq. (50) over  in the
interval [0, ry]. For this aim will be used a property of the average function values:

uy (x, ) =uy (X)uy (r), vo(x,r)=vo(x)Wo(r), clx,rt)=c(x,t)c(r) (60)
where
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[ily (R dr=ry, [V dr=ry, [E(r)dr=r, 61)
0 0 0

As a result is obtained:

— 2_
a—C+A(r0)an—+G1 (1y)Voc =D a—C+B(r0)E —5(5—50) (62)
ot ox axz &

where

A(ro)z—juo(r)c(r)dr B(ro)_—jla—cdr Gl(ro)_—jvoa—cdr (63)

If put eq. (61) into second equation in eq. (50) and integrated over r in the inter-
val [0, r¢], the continuity equation has the form:

ou, _

2 4Gy ()7 =0 (64)
X

where )

Vo) =) 1%

) I”OOV

G,(ry) = dr (65)

If put eq. (64) in eq. (62), the final form of the model equation is:
oc oc 0y o c
—+4 +G =D|——+B -— 66
o1 (r) g — ox (n)e—- ox Lx (”o)c} (¢ —x¢p) (66)

where for G(r() was obtained — see eq. (63):
Glry) =73 Gi () (67)
The boundary condition of eq. (66) has the form:
1=0, ¢(x0)=c?
x=0, uc'” =4 (ry) ity (0)c(0, 1) — D(g(;j (68)
x=1, e(t)=1co(L1) =

The parameters in the model (66) and (68) are two tips: specific model parame-
ters (D, k, &, ) and scale model parameters (4, B, G). The last ones (scale parameters) are
functions of the column radius r,,. They are result of the radial nonuniformity of the veloc-
ity and concentration distributions and show the influence of the scale-up on the model
equations. The parameter y may be obtained beforehand as a result of thermodynamic
measurements.
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From eq. (66) follow, that the average radial velocity component influence the
transfer process in the cases 0 u,/0x #0, i. e. when the gas hold-up in not constant over
the column height. For many practical interesting cases v, =0 and the radial velocity
component did not taken account in the model.

The hold-up & must be obtained using:

_ (I=1y)(Fy + Fy)
(I=1p)(Fy + Fy) + Fyly

(69)

where / and /; are liquid level in the riser without gas motion.

The parameter values D, k, 4, B, and G must be obtaining using experimental
data for ¢ (x, t) measured on the laboratory column. In the cases of scale-up must be speci-
fied 4,B, and G only, using a column with real diameter but with small height (D and £ do
not change at scale-up).

The same procedure may be use for egs. (51) and (57) and as a result is obtained:

d¢, _ d¢g _ on d% ¢, _ ko _
—+ Ay (ry))uyy — + Gy (1y)co — =D +By(ry)cy |+ —— (¢ —xcy) —
EY 0 (7o) ox 0 (7)< ox {axz 0 (7)< 1_8( %)
ky __ =
—a—— M, (ry)cocy S,
(-2 3 (n)cocs
_ Q) (70)
t:0’ CO(x’O):_a
X

x=0, ¢0,0)=¢(L1),
¢ (Ltyu = A(ry)iy (0)cy (0,8) — D (%j
ox x=0

where 4, By, and G are obtained on the analogy of 4, B, and G — see egs. (63), (65) and
(67). The concrete expressions of 4, B, and G are not interesting because its values must
be obtained, using experimental data.

In the egs. (52) and (53) with boundary conditions (58) must put the average ve-
locity, concentrations and photon flux density:

ulx,r)y=u@@)u(r), cxnrt)=cx1)q )

_ N (71)
ox,rt)=c(x1), Jrt)=J(x1)J(r)
where p p
u(x)= fu(x, rydr, ¢ (x,t)= ! Jpc] (x, r, t)dr
Ry -1y ,O Ry -1 %
» x (72)
c 0 J ! f.}( 1)d
c(x,t)= c(x,rt)dr, J(x,t)= X, r, t)dr
Ro_ro;[ Ry -1y S
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After integration of egs. (52) and (53) over 7 in the interval [, R,] the problem
has the form:

0¢q _0q _ Ou
Z 4 A (7, R =L + Gy (1, R )T — =
o 1 (79, Ry) ox 1 (1o 0)1ax

0’ ¢ _ __
=D, l:a—czl + B, (r5, Ry } —akyM(ry,Ry)cicy, J
X

(0) 73
t=0, ¢ (x.0)="— 73)
%

xl :0, El (O,t)zao(l,t)
_ - o oc
Co (LY = Ay (15, Ry)u(0)c; (0, 1) — Dl{—lJ
x=0
0¢, _0¢ _ Ou
—=+ 4 ,R —=+G, (1, R —=
o1 2 (19, Ro)u Ox 2 (15, Ry ey ox

o*c _ -
=D2|: Cz+Bz(r0,R0)cz}+kOM(rO,R0)clc2,J

o2
_ 050) (74)

X

t:(), 52

x1 :O, 52(0, t):E?’ (l, t)
= o oc
3 (L), = A, (ry, Ry (0)2, (0, t)—Dz(#j
1 x=0

where 1 R _
M1y, Ry) = [ ¢ ¢Jdr (75)
RO - ro VO

and are obtained an the analogy — see egs. (24), (26), and (28), but limits of the integrals
are [rg, Ro].

J in egs. (73) and (74) may be obtained from eq. (48) if put eq. (71) and to inte-
grate over r in the interval 7, R,]. As a result:

jo_ 1 (76)
N, + 8N ,5,
where 1 Ry o7
AT M
0/olUty — 1 ;g r (77)
Nz(ro,Ro): Jor Céjdr

. . RyJo(Ry —1y) 5, ) B
The integration of eqs. (54), and (58) lead to the equation for c;:
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—= 4+ A5 (ry)uy¢3 + G5 (1)) — =
at 3 (1) & 3(79)¢; ax

o’c _ k -
:D3{ 3 +B3(7’0)C3}+(1_08) M3(70)COC3J1;

X
(=0, 70 =c; (78)
x=0, &(0.0)=5 (1),
_ - - oc
G (L o)u = A3 (r)uy (0)e3 (0, 1) - Ds[_3]
ox x=0
where
— 1 R 1 0. _ ~
o n o 0
and 43, B3, and G; are obtained on the analogy of 4, B, and G.
Jin eq. (76) may be obtained from eq. (55) after integration:
T py=—t0 (80)
where 1 7 o,~
P (ry) = = [r*Jydr
) J (”0 ) 0 (8 1)
1 o5~
Py (1)) =—= reeyJ,dr
Uy
For many practical interesting cases:
Ju _Ouy 0w _, (82)
ox 0Ox Ox

and model parameters number decrease, i. e. G= Gy =G, =G, = G3 =0.

Hierarchical approach

The problems (66), (68), (70), (73), (74), and (78) are mathematical model of an
airlift photobioreactor. The model parameters are five tipes:

— beforehand known (c(o) s céo) s Ry, JosTo)s

— beforehand obtained (¢, y, a, 5, ko),

— obtained without photobioreaction (k, D, Dy, A, B, Ao, By),
— obtained with photobioreaction (D, D,, Ds), and
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— obtained in the modeling and specified in the scale-up (4, 4y, 41, 42, A3, B, By, B1, By,
B3, M, M, Py, P,).
The problems eq. (66), (68), and (70) permit to obtain (k, D, Dy, A, B, Ay, By)
without photobioreaction if put:

a(l,t)y=cy(L1) (83)

The result obtained show a possibility to build airlift photobioreactor models us-
ing average velocities and concentrations. These models has different type parameters re-
lated with the process and with the apparatus (scale-up). This approach permit to solve
the scale-up problem as a result to the radial nonuniformity of the velocity and concentra-
tion cross-section distributions, using radius dependent parameters.

Airlift three phase catalytic reactors

The hydrodynamic behavior of the gas and liquid flows in airlift three phase cat-
alytic reactors is very complicated. In these conditions the convective and diffusive trans-
fer with heterogeneous catalytic reactions are realized simultaneously [4, 20, 21].

The creation of the models in these conditions and solving of the scale - up prob-
lem [1, 2] require construction of a suitable diffusion models.

Mathematical model

Let consider airlift reactor for alcohol oxidation [22-25] with a cross-section
area F|, for the riser zone and F for the downcomer zone. The length of the working
zones is / (fig. 1). The gas flow rate is O, and the liquid flow rate Q;. The gas and liquid
hold-up in the riser are ¢ and 1 —¢.

The concentrations of the active gas component (O,) in the gas phase is
c(x,r,t) and in the liquid phase c((x,7,?) for the riser and c;(x,7,f) for the downcomer,
where x; =1—x.

The concentration of the alcohol in the downcomer is ¢, (x,r,f) and in the riser
section ¢ (x,7,1).

If the active sites concentration of the catalyst particles is sufficiently big it may
be put equal to constant.

The average velocities in gas and liquid phases are:

70=%7 71=&’ 7=% (84)
FO FO Fl

The interphase mass transfer rate in the riser is:

R=k(c—xc) (85)
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The alcohol oxydation rates in the downcomer and the riser are:

Ry =kocyich®, Ry =kyclich? (86)

The mathematical model of the chemical processes in airlift reactor will be built
on the basis of the differential mass balance. A convection-diffusion equation with vol-
ume reaction will be used, where convective transfer will be results of the laminar flow or
large scale turbulent pulsations, the diffusion transfer is molecular or turbulent (as a re-
sult of the small scale turbulent pulsations) and the volume reactions are interphase mass
transfer and chemical reaction.

The equations for oxygen concentration distributions in the gas and liquid
phases in the riser are:

oc oc oc 0’c 10c 0%c
E—+euy—+evg—=eD| —+——+—= |- k(c—ycp)
ot ox or axz ror 8}/‘2
(87)
Ouy  Ovo Vo _
Ox or r
0 oc oc
l-g)—+(1-¢ —ty, — |=
(-0 =2 4 )(ul vy axj
o%¢ 10c¢ o%¢
=(1—8)D0[ 6xzo +;a—: +?20]+k(C—XCO)—kOCﬁIC§2 (88)

ou; 0Ovy v
ox or r

=0

It is possible to suppose that € = const.
The equations for the alcohol and oxygen concentration distributions in the lig-
uid phase in the downcomer are:

0 0 0 02 0 o°
i+ui+vi=Dl[ a 1%, Clj—kocf‘cgz (89)

ot axl or 6)(;2 ror arz

2 2
99,09 00 _p 076 106 076 ) 4w (90)
ot ox, or ox> ror o’

where x; =1 —x.
The equation for alcohol concentration distribution in the riser is:

2 2
1-6)2% 4 1ef uy 23 4, 29 ) _apypy| B 106 TG | e (o)
ot or Ox ox2 r or g2
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The initial conditions will be formulated for the case, when at = 0 the process
starts with the gas motion beginning:

1=0, c(x,r,0)=c, ¢(x,r,0)=0 )
¢ (x,n0)=0, ¢, (x,r0)= céo) , c3(x,r0)= céo)

where ¢(¥and céo) are initial concentrations of the oxygen in the gas phase and of the
alcohol in the liquid phase.

The boundary conditions are equalities of the concentrations and mass fluxes at
the two ends of the working zones —x =0 (x; =/) and x =/ (x; = 0).
The boundary conditions for c(x,r,t) and cy(x,r,f) in eqs. (87) and (88) are:

_ 0
x =0, L_IOC(O) =uyc(0,7,t) - D(—Cj
ox )

x=1L clr,t)y=ycy(Lr1)

x=0, ¢y, rt)=cy(Lr,t)

& (L 1) = ¢y (0,7, )y — Do(%] (93)
0x x=0
V=O, %=—aco =O
or Or
r:ro’ @zaﬁzo
or Oor

The boundary conditions for ¢;(x;,n,¢) and c,(x;,7,f), and c3(x;,7,t) in egs.
(89)-(91) are:

x =0, ¢O,rt)y=c;(rt)
_ = 0
C3(l,t)1/_ll :Cl (0,”', t)u_Dl(ij
Ox o

oq o¢ )
r=r, a—:O; r=R,, 6__
r r

x; =0, ¢, t)=cy(l,7,1)
_ = oc,
co(Lyu =c, (0,7, t)u—D,| —=

0x, 0

%% _o, r=R 0

r:}/" —_— ’ = . —_—
oy 5y
x=0, c;0,r,t)=c/(,r1t)

— = 0c
x=0

(94)

ox
0 0
r=0, ! =0, r=r, ! =0
or or
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The radial nonuniformity of the velocity in the column apparatuses is the cause
for the scale effect (decreasing of the process efficiency with increasing of the column di-
ameter) in the column process scale-up. That is why must be use average velocity and
concentration for the cross-section area.

Average concentration models
Let’s consider eq. (87). The velocity u(x,7) and concentration c(x,r,?) in cylin-

drical coordinates practical do not depend on the angular coordinate. In this case the aver-
age function values are equivalent to the integral average values over radial coordinate:

17 17 17
Uy (x) =r—ju0 (x,r)dr, vy(x) =r—J.v0 (x,r)dr, c(x,1) =V—Ic(x, r,t)ydr (95)
0% 0% 09

where i, (0) = .
For the introducing of eq. (95) in eq. (87) must be integrated eq. (87) over r in the
interval [0, ro]. For this aim will be used a property of the average function values:

uy (x, ) =uy (X)uy (), vo(x,r)=vo(x)Wo(r), clx,rt)=c(x,t)c(r) (96)

where % Yo "
[urdr=ry, [Vo@)dr=ry, [E()dr=r (97)
0 0 0

As a result is obtained:

oc oc __ o%c
— + A(ry)ug — + G, (ry)vpcy =D| — +B(”0)C —_(C %) (93)
ot ox ox?

where

_J-lac " oc

A(ro)——Iuo(r)c(r)dr B(ry)= -—dr, Gl(ro)— voa—dr (99)
0

If put eq. (97) into second equation in eqs. (87) and integrated over 7 in the inter-
val [0, R], the continuity equation has the form:

ou,

—L 4G, (ry)Vy =0 (100)
X
where ‘70 (”0)_;0 (O) 1 4] ‘70
Gz(r0)=r—+r—j7dr (101)
0 09
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If put eq. (100) in eq. (98), the final form of the model equation is:

oc _oc _ou o’c Y P
E+A(Vo)uoa+G(r0)ca—xo=D{§+B(ro)c}—;(c—xco) (102)

where for G(r,) was obtained:

G(ry) =3 Gy () (103)

The boundary conditions of eq. (102) has the form:
1=0, ¢(x0)=c?
= _ oc
x=0, u,c'” =4 (1) 1y (0)2 (0, z)—D[a—CJ (104)
X
x=0

.X':l, E(Z’t):XCO(Z’Z)

The parameters in the model (102)-(104) are two tips: specific model parameters
(D, k, &, y) and scale model parameters (4, B, G). The last ones (scale parameters) are
functions of the column radius . They are result of the radial nonuniformity of the veloc-
ity and concentration, and show the influence of the scale-up on the model equations. The
parameter y may be obtained beforehand as a result of thermodynamic measurements.

From eq. (102) follow, that the average radial velocity component influence the
transfer process in the cases 0u,/0x #0, i. e. when the gas hold-up in not constant over
the column height. For many practical interesting cases & = const, i. e. 0 #,/0x =0and the
radial velocity component did not taken account (v, =0).

The parameter values D, k, 4, B, G must be obtaining using experimental data
for ¢ (x, t) measured on the laboratory column. In the cases of scale-up must be specified
A, B, and G only, using a column with real diameter but with small height (D and k& do not
change at scale-up).

The same procedure may be use for egs. (88)-(94), and as a result is obtained:

8%, _ 05, _ ou
E+Ao(ro)u1 E‘FGO(’”O)COE:

py |8, p (10) B |+ = (& =93 ) = Mo (1)~ g e
00x2 0l0) Co 1+, 0 0l0) 7%

1%, -
Mo(ro):—jc(fllcfzdr (105)
}"0 0
t=0, ¢;(x,0)=0
xZO, Eo(o,t):El (Z,t)

_ = — = 0¢
¢ (Lyu = A(ry)uy (0)cq (0, t)_Do[ ox J
x=0
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where A, By, and G are obtained on the analogy of 4, B, and G — see (99), (101), and
(105). The concrete expressions of 4, B, and G are not interesting because its values must
be obtained, using experimental data.

The integration of eq. (89) over r in the interval [r,, R,] lead to the equations for

“ 08, _ag _ o
E+AI(VO>RO)u6_x+G1(rOaRO)CIa_x:
o%c _ _
X
=0, & (x.,0)=0 (106)
xl :0, El (O,t):E3(l,t)
_ = _ 0c;
(L) u =4, (rg,Ry) u (0) ¢ (0, t)_Dl(a_lj
X x=0
where
_ o _ 1
M(X): ju(x,r)dr, cl(x’t): Icl(xar’t)dr;
Ry =1y 3 Ry =153, 107
R (107)
Ry —1y o

and A4,(ry,Ry), B1(r9,Ry), and G;(ry,Ry), are obtained an the analogy of 4, B, and G — see
egs. (99), (101), and (103), but limits of the integrals are [rg, Ro].
The integration of eq. (90) over r in interval [, R] lead to the equations for ¢, :

dc. _oc _ Ou
7 A (0, Ro)i =+ G (g, Ry) & —— =

o’ ¢ _ L

52
_ 108
t=0, ¢, = CEO) (108)
xl ZO, 52(0, t)zzo(l, t)
_ = _ oc
c3 (L), = A4, (ry, Ry) u(0)c, (0, 1) —Dz(a_zJ
X x=0
where Ry 17
e = IQ@ngm @=_I%@n0w (109)
RO —VO 7o 7"0 0
The integration of eq. (91) lead to the equation for ¢5:
9¢y — 0c _ Oy o? < = ko cHiIGH:
E+A3(”o)”1 E+G3(Vo)csg:D3 ?7”33(’”0)03 _Mo(”o)l_gco G
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t=0, &(x0)=c”
_ = _ oc
a(Lt)u =A45(ry) u;(0) &5 (0, Z)_D3(8_3j
X x=0

where A3, Bs, and Gj are obtained on the analogy of 4, B, and G.
For many practical interesting cases the specific volume (m*/m) of the cata-
lytic particles or gas hold-up are constant over the column, i. e.:

u Ouy Ou _
ou _diy Ol _o 5 5. =3 =0 (111)

E_ ox ox

and model parameters number decrease, i. e. G= Gy =G =G, =G3=0

Hierarchical approach

The problems (102), (104), (105), (106), (108), and (110) are mathematical
model of an airlift three phase catalytic reactor. The model parameters are five tipes:
— beforehand known (c(o) s céo) Ry, 1),
— beforehand obtained (&,y, 1, 15, k),
— obtained without chemical reaction (k, D, Dy, A, B, Ay, By),
— obtained with chemical reaction (D,, D,, D3, M, M, ), and
— obtained in the modeling and specified in the scale-up (4, 4y, A1, 42, A3, B, By, B1, B2,
M, My).

The problems (19), (21), and (23) permit to obtain k, D, Dy, A, B, A,, B, without
chemical reaction if put:

& (Lt) =2y (1, 1) (112)

The result obtained show a possibility to build three phase catalytic airlift reac-
tor models, using average velocities and concentrations. This approach permit to solve
the scale-up problem as a result to the radial nonuniformity of the velocity and concentra-
tion, using radius dependent parameters.

Fluidized bed reactors

Many technological processes, as a catalytic chemical reactions, burning, heat-
ing, drying, etc., are realized in column apparatuses with fluidized bed [9]. The hydrody-
namic behavior of the fluidized bed like to the motion in counter-current flows. A cylin-
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drical surface, where velocity is equal to zero, is the border between the rising and the
downcomer flows. In this sens the fluidized bed reactors are similar to the airlift reactors,
where the solid phase plays the role of the liquid phase. On this base is possible to use the
methods for modeling of the airlift apparatuses for fluidized bed modeling.

Hydrodynamic model

Let’s consider a fluidized bed column with a horizontal cross-sections area f, for
the riser zone and (£ — f) for the downcomer zone, where F is the horizontal cross-sec-
tion's area of the column.

The average velocities of the solid particle in the riser and downcomer are v and
vy, where v, is the average sedimentation velocity of the solid particles.

Let’s assume that velocities of the solid phase v and v, are known beforehand as
a result of experimental or computing methods.

From the mass balance of the solid phase is obtained:

v =(F =1 (113)

‘70
f=—T2F (114)

v+

Let’s assume that gas flow in the riser carry away the solid phase, while in the
downcomer solid flow carry away the gas phase. If average gas velocities in the riser and
downcomer are u and v,,, a circulation gas flow exist.

The gas flow rate in the riser zone Q is result of the inlet gas flow O, and circula-
tion gas flow Q:

0=0)+0, =uyf (115)

where

O, =vo(F = f) (116)
As a result was obtained:

v +v 0O,

117
vg F (17

50:\74‘

If accept a cylindrical form of the riser and downcomer zone, the radii may be
obtained from:

f=nrg, F-f=n®R>-15) (118)
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Convection-diffusion model

Let’s consider fluidized bed column with catalytic chemical reaction on the
solid interface. The axial and radial gas velocity components in the riser are # and w:

u=u(r,z), w=w(rz), 0<r<r, 0<z</ (119)

where / is fluidized bad height.
A component of the gas phase react on the catalyst particles interface and its
concentration has radial and axial non-uniformity:

c=c(r,z), 0<r<t,, 0<z</ (120)

The convection-diffusion equation for this case is:

0 d o°c 10c 07
wl ewop| L8 228 ke (121)
0 0 212 ror  or?
where the velocity components satisfy the continuity equation:
ou Oow w
—_— + —_— J—
oz oOr r
The convective transfer is result of a laminar or turbulent (large-scale pulsa-
tions) flow, the diffusive transfer is molecular or turbulent (small-scale pulsations) and

the order of the catalytic chemical reaction is one.
In the downcomer the convection-diffusion equation has the form:

d¢ o¢ d’c, 10¢ 0
Uy —+w —=D +——+— |-k (123)
z

=0 (122)

6212 ror  or?

Gm Om  m (124)
0zy Or r
where z; =1 -z, u; = u;y (7, z1), wy = wy(7, z1), ¢| = ¢1(7, z;) are axial coordinate, velocity
components and concentration in the downcomer.
The boundary conditions of eqs. (121)-(124) are obtained on the base of the as-
sumption for an ideal mixing in the two ends of the column:

o 0, oc

z=0, c=¢,, —cy+=—c¢(r)=uc—-D—
f f 0

z
21 =0, ¢ (r0)=c(, vocl(r,O)zulcl_Dlzi (125)
2
I":O, @:0, ]":ro, @:%:0’ I"ZR, ai:o
ar or or or
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where ¢ is initial gas concentration, and ¢, ¢ — are average gas concentrations:
17
c(z)=— j o(r, z)dr
-9 O

Co=—=¢cy +——c(r,])
o fo
The radial non-uniformity of the velocity is the cause for the scale effect (de-
creasing of the process efficiency with increasing of the column diameter). That is why
an average velocity and concentration for the horizontal cross-section's area are used.

(126)

Average function values

For the average velocity and concentration in the riser zone may be obtained:
17 17 17
u(z)=—[u(r,2)dr, W) =—[wr2)dr, &)=—[crnz)dr (127)
o % 0 % 0 %

If use a property of the average functions, the velocity and concentration may to
present as a:

u(r,z)=u(2)u(r), wr z)=w(z)w(r), c(r,z)=c(z)c(r) (128)

where 1% 17 17
—ja(r)drzl, _jvv(r)drzl, _jz(r)drzl, (129)

0% oo "o

The same results for the average velocity and concentration is obtained in the
downcomer zone:

u (r,2) =y (2)uy (r), wy (r,2) =w (2)w; (r)

R
¢ (r,2)=¢,(2) (r), - [ rdr=1
i
1 fe £ (130)
w, (r)dr=1, ¢ (r)dr=1
R_r()rjol() R—ror{‘()

Average concentration model

The average concentration model may be obtained if put egs. (128)-(130) in egs.
(121)-(125) and to integrated the eqs. (121), (122), and(125) over r in the interval [0, ]
and egs. (123)-(125) in the interval [ry, R]. As a result was obtained:
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_oc _ou o%c I
O‘(”o)“& —}/(VO)CE :D{g +ﬁ(r0)c} — ke

z=0, ¢=¢, ﬁOEO:a(VO)ﬁE—DZ—C (131)
z
ou _
E:—Vo(ro)w
1. 110¢
a(ry)=—[u(Mer) dr, Bly)=—[-==dn
Ty To o ¥ OF
0% 0 (132)
1r0~ — ~ _~O 1y ~
y(ro)z—jw(r)a—cdr, y0:M+l war
39 or Ty o
(o RV 2~y RYG 2
oy (ry, R)uy — —y,(ry, R)ey — =
1o 1621 1 1821
d% ¢ N
Z

_ _ _ - __ oc
71 =0, ¢ 0)=c(), voc (0)=a,(r,R)u¢ — D, a—zl
1

o _
—1_ _7/1(0) (ry, )W,
oz
| U 1 f1og(r
a, (r, R) = [ (G rydr By, R) = [- 1D (134)
R—ror0 R—roror r
e 0am o py MR =W 1 R O)
7100 R =2 [ () =—=dr 7[5, R) = R +R_r0j = dr

"o "o
where o, a1, 5, B1, ¥, and y; are obtained on the analogy for «, 8, and y in eq. (32).

In many cases the concentration of the solid phase is constant, i. e. 0u/0z=0
and Ou,/0z, =0,i.e.y=y,=0.

A similar models may be obtained for burning or heat and mass transfer pro-
cesses in fluidized bed (heating or drying of the solid phase), but must be used two-phase
models.

Hierarchical approach

The problems (131) and (133) are mathematical model of a fluidized bed cata-
lytic reactor. The model parameters are different types:
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— beforehand known — F, R, Oy, co,

— beforehand obtained —f; ro, vy, v, [, uy, ¢, k,

— obtained with chemical reaction — D, Dy, &, B, a1, 1, and
— specified in the scale-up — «, 3, a1, B1.

As aresult a hierarchical approach in mathematical modeling (model parameters
identification) is possible to be used. The parameters D, D,, a, 5, @, and f; may be ob-
tained using experimental data for ¢ and ¢, after solution of the inverse identification
problems.

Conclusion

The result obtained show a possibility to construct diffusion models of column
apparatuses for heat and mass transfer, complicated with chemical, photochemical, bio-
chemical, or catalytic reactions. Models of a column with (or without) packed bed, two
(or three) phase airlift reactor, and fluidized bed reactors are presented. Average veloci-
ties and concentrations are used. These models have different type parameters related
with the process and with the apparatus (scale-up). This approach permit to solve the
scale-up problem as a result to the radial nonuniformity of the velocity and concentration
cross-section distributions, using radius dependent parameters. The model parameter
identification on the bases of average concentration experimental data leads to big prior-
ity in comparison with the local concentration measurements. In many cases the
diffusivities in the convection-diffusions equations are small parameters and inverse
problems for parameter identifications are incorrect (ill-posed) [26, 27].

Nomenclature

a — photoreaction equlvalent (kg active gas component / kg photoactive substance (cells)),
¢ — concentration Jkg/m

D — diffusivity, [m7/s]

F  — horizontal section's area of the fluidized bed column [m?]

Fy — horizontal section’s area for the riser zone, [m’]

F1 — horizontal section’s area for the downcomer zone, [mz]

f— horizontal section's area of the riser zone in ﬂuldlzed bed column, [m?]
J — photon flux density in the downcomerzone, [erg m?s']

Ji — photon flux density in the riser zone, [erg:m *s ']

k — chemical reaction (interphase mass transfer) rate coefficient, [s ']

| — apparatus height, workmg zone length, [m]

O — gas flow rate, [m’s” ]

0, — liquid flow rate, [m’s™]

r — radial coordinate, [m]

ro — riser radius, [m]

R — downcomer radius, [m]

Ry — column radius, [m]

t — time, [s]
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— axial velocity component, [m/s]

— radial velocity component, [m/s]

radial velocity component in fluidized bed column, [m/s]
longitudinal coordinate, [m]

— axial coordinate of airlift column, [m]

N oE o<
I

Greek letters

6 — light absorption coefficient
& — hold-up

[ — reaction order

¢ — angle coordinate, [rad]

% — Henry’s number
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