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ferent shapes of the feeding stream are very close. Considering the fact that the computations
were performed in the region where X does not depends on 4, it shows that the shape of the
feeding stream can affect the product distribution only for very slow feeding rates.

One can conclude that the proposed model of micromixing enables prediction of influence of
main processing parameters such as Da, 6, a and F; on the course of mixing and reaction. The
model gives also the possibility to relate the shape and size of the reaction zone to the product
distribution. Contrary to the lamellar structure model [22,23], the present approach takes into
account not only mixing within separated fluid elements but also mass exchange between the
fluid elements and their surrounding. This is due to the fact that the volume of the reaction
zone grows because of molecular diffusion, accelerated by deformation. However, it should
be pointed out that the model relates the growth of the volume of the reaction zone only to
the diffusion coefficient of the reactant initially contained in the reaction zone. Thus, the
model estimations are correct provided that an initial concentration of this reactant is much

higher than the concentrations of other reactants in the environment.

5.2. An Integral Method for Mixing and Chemical Reaction in Deformed Diffusion
Layers.

When mixing in a local frame of reference proceeds between species reacting
instantaneously, the reaction zone is reduced to a plane and the process is completely

controlled by molecular diffusion. In the case of single irreversible reaction
vV A+vy'B = vy P (5.50)
one has to solve the system of two equations of type:

%-—a-x_aﬁ = Dﬁa_z_c_t (5.513)
ox " ox?

with the condition linking species fluxes at the reaction plane:

ac, dcg
vA'DA—a;ﬂJB'DB'Ex* =0 (5.51b)

Solution of equations (5.51) is difficult due to the presence of the moving boundary. Only in
a specific case D,=Dy can system (5.51) be reduced to

oc o oc _ N 62(.' (5'52)
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where

C = Vg€ =V, Cp (5.53)

is a new composition variable. After solution of equation (5.52) the concentrations of real

reactants can be obtained from the composition variable:

_ lel+c

c, = , (5.54a) Cp = le|-¢ (5.54b)
2:v,

At this point a simple integral method is proposed, allowing simple estimation of reactants
conversions for the general case D, #Dy or D,=Dy. A starting point for this formulation is
a proposition by Tryggvason and Dahm [74].

These authors considered a single, combustion reaction of type (5.50) with the second-order,

temperature dependent kinetics

E

R;= iv‘.-ko-e-ﬁ-cd "G i=A,B,P , (5:25)

where the minus sign is appropriate when i={A,B} and the plus sign when i={P}. The process
is considered in a local frame of reference following the reaction zone movement (with x axis
pointed perpendicularly to the initial interface between A and B). Applying the usual
assumption that in the vicinity of the coordinate origin the velocity field is given by the pure
strain flow {v,, v,, v,}={-a.X, a,y, oz}, Tryggvasson and Dahm [74] formulated dimensionless

transport equations for species concentrations and temperature:

FC -z (5.56a)

ac, a, : z _
— (U +A X)) — = -——+v,"Da-e 7-C,*Cy, i=A,B,P,
ar 0X Re-Sc; 9x?
a0 a0 320 -z
_T-(U +A -X)-_T= L T+vP'Da-He‘e er.CA.CB - (5.56b)
ar - r =X Re-Pr ox

Dimensionless variables in equations (5.56) are defined with respect to characteristic reference

values L', u”, T" and ¢* for length, velocity, temperature and concentration:

LT *
r.u* v, € T A =(!'.xL

‘ (5.57)
L* L* i ut 1 c * i u*

The dimensionless parameters in equations (5.56) are given by:

Re-Sc, = u*-L*/D,, (5.582) Re-Pr = u*-L*/D,, (558b)



- Damkd&hler number Da = ko-c*L*/u‘ ,

~ Heat release parameter e =t

- Zel’dovich number Ze = —=_

(5.58¢)

(5.58d)

(5.58¢)

where Dy, ¢y and q are thermal diffusivity, constant volume specific heat and heat release per

unit mass of fuel respectively. Symbol U, in equations (5.56) is the normal velocity at which

the local reference system follows the reaction zone.

If the diffusion layers are so thin that C; and 6; reach their far field values before encounter-

ing another layer, equations (5.56) can be integrated with weight functions X! [74]. Assuming

that X'+(@C/0X) for i={A,B}, X'-C, and X'{6,-0,") go to zero sufficiently fast far away

from the reaction plane, so that the moments defined below:

: oiE:
o = fo-—_—'dX , i=A,B , (5.592a)
A
MP = fx;‘.CPdX . (5.59p) MT - fXj'(Br”erw)dX (5.59¢)

are convergent, Tryggvason and Dahm [74] expressed the results of integration of equations

(5.56) in terms of M, M;* and M;":

amy
ar
. +oo Ze
dM;’ - ; 6,
—p =t UG ACM, +v!.-Da£e C,-CpdX ,
am, 2-Cr =
2 i i b 0r o0
= 2-U -M-2-A, M5 +2-v,-Da[e 7-C,-C,-XdX ,
dl-\ X 1 X ' Re'SCI» i :{; A B
+oo _Ze
am,* 5 =
o =AM, +vP-Da£e r.C,-CpdX ,
dM,? s
dIl’ =-U, My -2-4, M +v,Dafe "C,CpXdX,

(5.602)

(5.60b)

(5.60c)

(5.61a)

(5.61b)
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am,? , , 2°MF i

AT =2:UM,"-3A M, +Re'ScP +\’P'Dafe I+@ G- X5dX. (5.61c)

am," e

dlf =-A,"M,"+v,"He:Da [e "T-C,-C,dX , (5.62a)

aM,” e

dli =-U,M,"2°A,"M,"+v,He'Da [e °"-C,-Cy-XdX , (5.62b)

am," 2-M,T =

dlf =-2:U, M3 A My ; +v,-He Da [e °T-C,Cy-X2dX . (5:62c)
err

The symbols + or F in equations (5.60) always relate the sign on the top to reactant A and
that on the bottom to B. Symbols C,* and 6, denote the far field values of concentrations
and temperature. |

Equations (5.60)+(5.62) involve temperature and reactant profiles only through the "reaction
integrals". Tryggvason and Dahm [74] suggested that to find the "reaction integrals" and
consequently determine the evolution of moments (5.59) one can use '"relatively crude
representation for the actual temperature and concentration profiles".

Let us first discuss the problem of selection of U,. In the simplest case, one can set U, equal
to zero and then the local frame of reference is fixed at the initial position of the interface
between A and B. If the reaction zone is supposed to move far away from the system origin,
moments (5.59) can grow considerably, which can affect accuracy of calculated conversion.
Tryggvason and Dahm [74] proposed to chose U, in such a way that the first moment of
temperature profile vanishes. In this case one obtains from equation (5.62b):

2
u,=v -22Da.1, ®.c .c,xdx . (5.63)
X P MT
0 -0

Then the system of equations (5.60)+(5.62) was closed assuming that concentration and
temperature profiles are self similar and can be characterized by a family of simple functions.
These functions may not satisfy mass transfer equations in their differential form but can be
sufficient to estimate the "reaction integrals". Tryggvason and Dahm [74] implemented in
computations two type of functions.

The first group of functions called "linear" (sketched at figures 5.7ab) is defined as:
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C(X) 1 if  XSA;76,/2
_EC'T: 172+ (A;-X)/8;, if A;-8,/2<X<A,+8,/2 (5.64)
‘|0 if  XZA,+5,/2
0 if X<-8,/2
C(X)={ Cy if -8p/2<X<b,/2 (5.65)
0 if  X208,/2 ,
0 if X<-8,2
0.(X)-0,"={ 0, if -8,/2<X<8,/2 (5.66)
0 if X282 ,

where A, are displacements of the reactant gradient profiles from the coordinate origin and &,

their widths. 6y, and Cy, represent in equations (5.65) and (5.66) uniform temperature rise and

product concentration levels.

Figure 5.7a. Figure 5.7b.

"Linear'" concentration profiles.

Each function (5.64)+(5.66) is dependent on two parameters and thus moments (5.59) become:

M =3C A, M =zCr(6212+A2), (5-67)

1l

MFE =6 8., M =602, (5.68)

Il

MT=06,%,, M =0,8712. (5.69)

The second group of "smooth" functions (shown in figures 5.8ab) is defined by:
(X _

o

3

| (XxA)P+15:82-(XxA)
T
2 [(X:I: Ai)z - 53]3.’2

(5.70)

B[ =

5

6
CAX) = B (5.71)
HX) = Cy (X+5,2)%
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5,7

DN =g e T
A(X)-6;" = B, TR

(5.72)

e 26P%|
e P ——

Figure 5.8a. Figure 5.8b.

"Smooth" concentration profiles.

In this case moments (5.59) become:

Mi=3C A, Mi=3C(322+A2), (5-73)
4 2

M," = ?Cm‘ﬁp > M," = E'CM"EPS , 5:74)
4 2

MOT - E'BM&T > MzT - g'BM 6T3 Biis)

The correctness of these approximations was verified by Tryggvason and Dahm [74] and
Chang et al. [75] by comparison of results of full numerical solution of equations (5.56) with
the results obtained using the integral method. It was found that both "linear" and "smooth"
profiles are quite sufficient to determine quantities such as the total temperature rise, the total
reaction rate or the total product amount with a few percent error. Moreover, the integral
method was proved to be increasingly valid as Schmidt and Damkghler numbers increase; one
should, however, remember that the convergence of full numerical simulation is very difficult
to achieve.

In the present work the integral method by Dahm and co-workers [74,75] was adapted to
model a local mixing with instantaneous chemical reaction A + B — P, occurring in isothermal
conditions. Assuming that the considered diffusion layer is isolated from other diffusion layers
one can describe mixing in Lagrangian frame of reference using system of transport equations
(5.51a) with boundary conditions:

- at the reaction plane (5.51b) and



c,=¢cp=0, (5.76a)
- in the far field:
c,(x- -0 = ¢, (5.76b) cplx~+oo,8) = cpp (5.76¢)
and with initial conditions:
¢, (,0) - { Cgo if x<0  (577a) ¢ (0) ={ 0 if x<0 (577
if x20, B Cpe If x>0.

Using for simplicity the dimensionless variables:

Ca0

it :
= \Di.eu.x ,(5.78a) r=§-(e2 -1), (5.78b) Ciz_"f_ , (5.78¢)
A

and assuming that »,=py one can transform equations (5.51), (5.76) and (5.77) into:

oc, &C,

dCy; Dy &Cy

i (5.79a) =B _TB (5.79b)
gt &g ot D, og
7| s (1 (5.79¢)
dg g, Da o e,

C,=Cy=0 atk=§;, (5.79d)
C(E--1) =1, (5.79¢) CyE = +2,T) = cpolC,y » (579D

1 if E<O 5.79 [ o if £<0 .
CA(EsO)={0 if E >0, ( g) CB(‘E:O)‘{ CBOICAO if £>0, (5.79h)

where £, is the position of the reaction plane; the reaction plane is from definition
perpendicular to £ axis. Equations (5.79) present so-called Neumann’s problem. The analytical

solution of this problem is given by Carslaw and Jaeger [65, p.288]:

C &0 -1-Lref /@A) (5.80a)
1 +erf(AL)
C.(E,T)= €p0 _po L [E /(2 Ve .DBIDA)] , (5.80b)
’ Cao Cao0 1 —erj‘(l/‘/DB]DA)

Ep=2°A T, (5.80¢)
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where constant A can be determined from the following expression:

_&12
12
e _Cp | Dy e Ur (5.81)

Lrerfl) ¢y \ D, 1-erfln /D, 1D;)

Let us now solve Neumann’s problem using an integral method and compare the results of

calculations with the analytical solution. This will show how exact is the integral method by

Dahm and co-workers [74,75].

The gradient concentration moments are defined as follows:

b.‘(?]
M} = fr,f-—"dz i=A,B, (5.82)

where the integration limits according to the boundary conditions (5.79def) are:

- for reactant A a,=-=, b=k, (5.83a)
- for reactant B ag=8p, by=+=. (5.83b)
Differentiation of (5.82) with respect to the dimensionless time yields:

dM; . db, oC,
J =pd L. E

J._da,.-acf
dzt " dt OF

a)— -—
£=b, dt OoE

g&f at

b
v [E 3{?3](15 , (5.84)

E:af

Integrating by parts the last term in equation (5.84) and using relation:

s I e (5.85)
drf., dv 0E|_, Ot
one receives:
. b,
4 , : o (2] By
dMJ =b‘.j‘ dc" _al_j.d_c_' _j.fErl -(-——']dﬁ ) (5.86)
dt dt l£=b, dt RPN o ot

Substituting equations (5.79ab) into equation (5.86) and using relations (5.79def) and (5.83)

one obtains for j=1:

A
“dl | eo] . (5.87a)

dv O |, di D,

dM,® D, 3C,

(5.87b)

EEER

Notice that the right sides of equations (5.87) determine the rate of consumption of reactants

in the instantaneous reaction. The numbers of moles consumed for unit time and per unit area
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of the reaction plane are given by:

@i oc,
=D, ¢,y j °‘ (?D“U- I i=A,B, (5.88)
x=xp 4 Ok g -¢,

where the minus and plus signs refer to reactant A and B respectively.

ac,
J,;=%D; —
ox

Let us now approximate the concentration profiles by two-parameter "linear" functions as

defined by equations (5.64) with X replaced by £. In this case the first order, gradient

concentration moments (5.82) become:

Cro
MA = -A,, (5.892) M7= 2.5 (5.89b)

1
Ca0

and equations (5.87) take the form:

dA dA D
S (5.900) A T (5.90b)
dt 8, dt G By
with the boundary condition:
1 Ds w1 (5.91)
6, Dy cy O
The reactants cannot coexist, so the concen- c
tration profiles cannot overlap, as shown in fe 5
: — 2 T e—b— G,
figure 5.9. Consequently one has: ST
/
7
7
A+8,/2=A,-8,/2. (5.92) A, A, E

The initial condition for differential equa- Figure 5.9. Linear concentration profiles -
, . instantaneous reaction.
tions (5.90) is

=0 8,=8,=A,=4A,=0. (5.93)

The analytical solution of the system of equations (5.90)+(5.93) reads:

5, =JuT, (5.94a) 6p= T (5.94b)
D, ¢y
c
A,=-2 JTIv , (5.94¢) =) ._C_BE “Jt/v , (5.944d)
40

where
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v =4 -(1 + —Ci'lg]/
Cgo

To evaluate the accuracy of the integral method let us compare the total numbers of moles of

(53

D
1+_Pi.ﬂ] ‘ (5.95)
D, ¢,

reactant A consumed per unit area of the reaction plane:

N, fJ dt=-c,, \l—faa - (5.96)
V21 +1

as computed from exact solution (5.80) and by the integral method.

From exact solution (5.80) and (5.81) one has:

-a2 1
¢ : (5.97a)

L+erf(A) Jm-t

ac,
% le-¢

and

- 2-D -
Mameury| ot (T 27) (5970
0 1+erf(l)

From approximate solution (5.94) and (5.95) one has:

1 (5.98a)

and

: Zel)
N,/=c,, | (/2T 2 G,

Expressions (5.97b) and (5.98b) were plotted in figures (5.10abed) for different values of

ratios cpy/c,yo and Dg/D,.

2.00 " 0.80
k 3 —
| "1 —
"] 0.64 ——
s 160 ~ [———+ 2 P ey
oz 1.20 = =1 4 0.48 // =
o ' / i a d
2 oso0 — = 032
3 V4 C
0.40 r T 0.16
0.00 000 —
e} 2 4 6 8 10 e} 2 4 6 8 10
5

Figure 5.10a. cBO/cﬁlI:l’ DB'{DA'—:I' Figure 5.10b. cgy/c,y=0.2, DB[DAml.
) and the integral method (- - - -).

Comparison between the analytical solution (
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1.50 0.50 p—
e 120 R 0.40 e
o ,_,.'——P'_‘:':-:::-'"'_ o ~ L
= === = +~
-z, 090 = Z 030 -
= ,/" = M
A o060 8 020 [+
S o N4
0.30 { 0.10 (
0.00 0.00 —
0 2 4 6 8 10 o 2 4 6 8 10
T T
Figure 5.10¢c. cyy/c,g=1, Dy/D,=0.1. Figure 5.10d. cyy/c,=0.1, Dy/D,=1.

Comparison between the analytical solution ( ) and the integral method (- - - -).

Analysis of these figures indicates that for D,=Dy and 0.2 <¢y/c,, <5 the error of integral
method is not higher than 11.4% (figures 5.10ab). The integral method also well estimates
reactants consumption when cgy/c,, ratio is close to unity and 0.1 <D,/D, <10 (figure 5.10c).
However, it should be noted that the accuracy of the integral method rapidly deteriorates when
either cgy/c,y<0.1 or cgy/c, =10 (figure 5.10d).
The method of the gradient concentra-

tion moments can also be applied in the

case of two interacting diffusion layers, “i‘;‘l‘;ﬁg“m__, ;‘r__w_l‘t‘iﬁg'ggﬂ
forming a deformed and reacting slab,
as shown in figure 5.11. Cp :

Mixing and instantaneous reaction be- Y

tween species A and B initially forming B

a slab of thickness s, is now considered.
The layer is stretched in two dimension- Figure 5.11. Two interacting diffusion layers.

al stagnation flow, in the same way as

shown in figure 3.2. Also in this case the material transport equations are given by (5.51a),

whereas the boundary and initial conditions are now:

dc
- at the coordinate origin ?;:0 , (5.99)

- at the reaction plane equations (5.51b) and (5.76a) ,

~ in the far field equation (5.76c) .

The initial conditions are:



S7s

Cpp If Osx<s,f2

_ 5.100a 0 i s /2
CA(x,O) { 0 if x230l2 , ( ) CB(x’0)={ Cs0 i X>S§/2 ' (5'100'3)

Using for the dimensionless variables:

t
F=% . (5.101a) cep (4 (5.101b) =S (51010
S A

0 s@’) Ca0

one obtains again differential balances in the form of equations (5.79ab) with the boundary

conditions given by (5.79cd), plus additionally:

ac,

L =0 (5.102a) CyE~+o,1)=—20  (5.102b)

E=Ls Ca0

and with the initial conditions:

_J1 i 0<E<1/2  (5.103 ;0 if £<1/2 (5103pb
CA(isOJ‘{o if  Ex1/2, e CB(E’O)'{CBUICM it £>172 . G1P

The analytical solution in the considered case exists only for D,=Dy and can be obtained from
solution of equations (3.8) derived for an inert tracer - equation (3.9). The discussed above
method of moments can be easily adopted to describe a general case including D,=Dy and
D, #Dy. Defining now the moments for reactants A and B as:
Er o
M - {E"- %C;_A g . (51042) M2 - J;gf._aa%ﬁdg  (5.104b)

leads to the same expression for time evolution of Mii as (5.87). In the first stage of the
process, the reactant profiles can be approximated by equations (5.64) with X replaced by &,
so the moments and governing equations (5.90)+(5.92) remain unchanged, whereas the initial

conditions become:

t=0 8,=8,=0,  A,=A,=1/2. (5.105)

The first stage of the process ends when the diffusion layers start to interact, or when
A,-8,/2=0. (5.106)
In the second stage of the process the "linear” concentration profile for reactant A (5.64) is

replaced by

e N TS Bt
CA(E,r)={ YT i s, &1
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as shown in figure 5.12 and consequently

MA = -C (5.108)

am Oy -
Notice that in the profile (5.107) the parameter representing the position of the diffusion layer
A, disappeares but one need to know the concentration of reactant A at the system origin
C.m> S0 there are also two parameters.

In this case the equations (5.90a), (5.91)

and (5.92) become: <
< B
d Cant o he— B,
—Z(Cd) = X (5.109) C,
i Cm 0 = S S
\\ CA //
Cam - Eﬁ-i@-i (5.110) N Iy /
04 Dy ¢y B \\\ / A, E
b =Ag-0;/2, (5.111)  Figure 5.12. Linear concentration profiles;

) . instantaneous reaction, second stage.
whereas equation (5.90b) is unchanged.

The backward Euler scheme was applied to solve the governing equations (5.90)+(5.92) in the
first stage and (5.90b) and (5.109)+(5.111) in the second stage of the process. Figures 5.13abc
show a comparison between the exact conversion values of reactant A and these given by the
integral method for the case when D,=Dj. As it can be seen, there is quite good agreement
between the analytical and numerical results. However, it should be pointed out that the

conversions of reagent A were slightly underestimated in all cases.

—— analytical -—=- integral
solution method
100 e
80 /'.‘4::‘- ”'-‘-
® 60 b e =
[ = ~
b 40 _ /%
2
D), /"
o L ey

000 005 O.10 015 020 0258 0.30

5

Figure 5.13a. Conversion of reagent A in instantaneous reaction; c,,=cgy D,=Dy.
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analytical "—=== integral
solution method
100 o
80 e
= 60 o
P - -1
< i
o 40 ///
20
O

OHS ) Lt O.20 0.45 0.60 DL S

T

Figure 5.13b. Conversion of reagent A in instantaneous reaction; cyy/c,,=0.5, D,=Dj.

analytical -——= integral
solution method
100 =
80 //:’/: P
L 1T~
it -7
N 60 [ B
;>-:= 40 ///
20
O

O (ICHS 0.06 0.09 0.12 0.15

T

Figure 5.13c. Conversion of reagent A in instantaneous reaction; cgy/c,;=2, D,=Dj.

Recapitulating the above considerations, one can see that the integral method similar to that
proposed by Dahm and co-workers [74,75] can be very useful in modelling of local mixing
with instantaneous chemical reaction. The method is very simple and easy to use. On the
contrary to the method proposed in the previous point, it allows to take into account
differences in diffusivity coefficients of reacting species. Although the method can only be
used when the concentrations of reactants are initially not very different; for the concentration

ratio higher than 5 or lower than 0.2 the first integral method gives better results.
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