KoLy =1y )+ g —1p.)

or X T X
14K o
9=, U=l

Thus, the given procedure can be used in the calculation of installations for drying
gas suspensions and the determination of the consumption of heat, air, and dust in drying.

NOTAT ION

c, mass specific heat, kJ/kg*°C; G, mass flow rate, kg/sec; I, enthalpy of a unit mass,
kJ/kg; Q, heat, kW; t, temperature, °C; W, mass flow. rate of moisture, kg/sec; x, moisture
content per unit mass of dry material, kg/kg; W, specific, mass, flow-rate concentration of
dust, kg/kg dry air;e¢ , relative humidity, %; r, heat of vaporization of water, kJ/kg. In-
dices: v, vapor; a, air; s, dust; as, air substituting for dust; no prime, at entrarce to
air chamber; '", at exit from air chamber; ', at entrance to drying chamber; ", at exit from

drying chamber.
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OPTIMUM CONTROL OF MULTIZONE CONVECTIVE DRYERS

I. P. Baumshtein, M. S. Belopol'skii, UDC 66.047.37
and 1. G. Myaskovskii

The problem of the optimum control of multizone convective dryers is solved. A
dryer used for dying pipes is considered as an example.

Multizone convective dryers are widely used for dryiné materials in different branches
of industry: chemical, construction materials, etc. In these dryers the drying agent is
supplied by zones, and to each zone one can supply "fresh" drying agent, that "exhausted"
for all the other zones, and "cold" air. Transfer of the material is accomplished with trans-
porting devices.

As the optimality criterion characterizing the energy expenditure on drying we take a
criterion allowing for the consumption of "fresh" drying agent and the consumption connected
with the flows of drying agent from one zone over to another:

n n !
I = 2 [cuG:gj +Z (c2iiG gji +6‘3iinz)]' , (1)
i=1

-
! i

where Ryi = 0 at Ggji = 0 and Ryj = 1 at Ggjj > 0. The first term c13Ggj in Eq. (1) char-
acterizes the expenditure of "fresh" drying agent, with the coefficient c,j depending on

the potentialities of the heated gas as a drying agent; in particular, the value of c;j in-
creases with an increase in the gas temperature. The other two terms in Eq. (1, Czjingi
and cs3jjRji, characterize the expenditures connected with theflows of drying agent from the
i~th to the j-th zone, with the value of the coefficient csji being determimed by the capital
expenditures on the installation of the corresponding blower and the expenditures on the idle
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time of its electric motor, while the value of the coefficient c2jj depends on the hydro-

dynamic conditions of the flow between zones.

The controlling actions are the flow rates
the dryer, the flow rates of "exhausted" drying
design of dryers, also the sizes of the zones.
mathematical model of the dryer, are imposed on

of "fresh” drying agent into each zone of
agent transferred between zones, and, in the
Limits, which are determined primarily by the
the parameters characterizing the drying

process, including the controlling actions. 1In
the following basic assumptions:

1

constructing a mathematical model we make

the dryer consists of three interconnected heat- and mass—accumulating capacities:
the material, the drying agent, and the transporting device;

2) the parameters of the material (moisture content and temperature) and the transport-
ing devices (temperature) are distributed over the coordinate along the motion of the
material and the transportingdevices and are concentrated in the transverse direction;
the parameters of the drying agent (temperature and moisture content) are concen-

trated by zones;

3)

4)
5)

the heat capacity of the material is a linear function of its temperature;
the kinetics of the drying process is described by the following equation:
Odwldt = kw. (2)

With allowance for the adopted assumptions, to obtain the mathematical model of a multi-
zone convective dryer we must use, as indicated in [1], the equations of material balance
(with respect to moisture) for the material and the drying agent and of heat balance for
the material, the drying agent, and the transporting devices for each j-th zone:

Ow
f1= = ask;w, 3
Ox
0 Ol Qo+ azk;w -+ asitig; + asilogi “
T ox a5 + Gt + arw '
f[s= 5 = asity + asit1gi 4 ao/t o3, (5)
n
' Gy (024 tog; + 0.47 togidy; -+ 595 da) + %0gi + aiGyy— Gy, 5 (0,24 bagi+ 0.4Ttpg5ds; + 595 dy)
i=1
i
_‘T_ 23] ljtlgj + ay ljtggj —_— antmj,av + al?[t-t]‘,av ~—}— aiijw},aV + al3kjwf,avtmj,av ~|—— Ayyj = O, (6)
n
Engidzz + a91Ggj+ a1sGaj — Ggj, xdyj -+ Ayskeswj,av = 0, o)
=
at x=0 w=uwy, by=HIm, ft="1lt. (8)

liere

i
ng-z = Z ngi+ a19/G gi + G aj
i=1

if

n
0.24 2 ngitzgl + amng—l— 0,24 agoGgl.
- el

| P
b agi -
0.24 Gg]"E

Xj xj
W, ay = f wdx /(x5 —x;—1)itmpav = j b / (e — x_1);

X3 - .
j-1 Xjy
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X
tyjav = S hdx /(x,- —Xj_1).

Xj.1

The following limits are imposed on the parameters characterizing the drying process in
multizone convective dryers:

1) the moisture content of the material at the exit from the dryer must not exceed some
value wf determined by technological regulations:

at x=1 o<y (9

2) the rate of change of the moisture content of the material along the length of the
dryer must not exceed the drying rate Noy determined on the basis of the equation for the
limiting safe drying curve:

ow
ox

v<§AQr§ (10)

3) the total flow rate of drying agent from the j-th zone into all the other i-th zones
obviously cannot exceed the flow rate of drying agent enterlng this j~th zone, i.e., we have

the inequality
n

EGgii<Ggi'E' (ll)

i=1
i+

So, the problem of the optimum control of multizone convective dryers can be formulated
as follows: to provide the minimum energy expenditure on drying in accordance with the opti-

mality criterion (1) in the presence of the connections (3)-(7) and the limits (9)-(11). The
controlling actions are ng and Ggji, as well as x4 in the construction of dryers.

The difficulties in the solution of the stated problem are connected with the presence
of limits of different types and with the presence of both continuous and discrete functions
in these limits. As indicated in [1, 2], to solve this problem one must use a method based
on theuse of generalized functions and the method of Lagrangian multipliers. To allow for
the limits (10) and (11) we use the method of penalty functions. Then the functional (1)
takes the form

- i [C”Ggf +2 (e2i1Gji -+ Caie ”)] + 1o 4 Ecaf {(GSJ 1 2 Ggu)

j=I1 i=1
i*j . ;:é] LT.'

if

] , (12)

where ‘
Iy = cil(Ner — aikjw) — {Ner — aikjulP.

The values of the coefficients c, and cs4 are chosen as arbitrary but sufficiently large
[2]. We assume that Eqs. (6) and (7) are satisfied through the choice of the corresponding
values of tag: and dz:, for which these equations must be solved for tazgj and daj bynumeri-
cal methods. The expressions for the Lagrangian functional and the auxiliary variables Vi,
P2, and Ps have the form

2[ g (L‘Pﬂ ot w20 tt+w3f3)dx] —1, (13)
P |
awz + by gtfz -0, (15)
m
aws'+% %o (16)

t

The boundary conditions for the auxiliary variables Y., Y2, and Y5 at the right end of
the trajectory (at x = 1) are determined on the basis of the boundary conditions (at x = 1)
for w, ty, and L. For w this condition is determined by Eq. (9), while strict limits are
not imposed on the values of the temperatures of the material and the transporting device at
the exit from the dryer (tp and ty at x = 1). As a result, we have
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’q)i(l):_:o at wgwf’
Py ()=—10, at w>ws, where bf,’+1’=bé+bi[w’(1)—wf},

Pa(1) =0,
Y3 (1) = 0.

Here . is the iteration number in the numerical solution of the problem,and b, and b; are

coefficients whose values are chosen so as to assure the rapid convergence of the iteration
procedure.

(17}

Solving Egqs. (15) and (16) with the condition (17), we obtain ¢, = 0 and ¥s = 0. With
allowance for the fact that Yy, = 0 and ¢5 = 0, Eq. (14) with the condition (17) is solved in
quadratures, but the resulting integrals are not taken and can only be determined by numeri-
cal methods.

We use the gradient method to minimize the functional. The numerical procedure for
solving the optimization problem consists in the following.

1. We assign the initial values ng, G%ji, and xg. By solving the system of equations
(3)-(7) with the initial conditions (8) for all the j—th zones of the dryer, we determine the
values w’(x), to(x), tg(x), t3gj, and dgj. Fquations (6) and (7) are solved by Newton's
method while Eqs. (3)-(5) are solved by the RungeRutta method. Iteration procedures are
used in this case, since for each j-th zone in the solution of Egs. (6) and (7) both the

values Wi,avs tmj,av, and ttj av and the wvalues tzgi and d2; are known for those i-th zones
3
for which 1 > j.

2. We calculate ¥3(x) by solving Eq. (14) with the condition (17) and the values Ggj =
gzj’ Gggi = Ggij’ x5 = x3, w0 = wox), tp(x) = tp(x), tp(x) = ti(x), tagj = tagj, and
2J = Zj- .

3. We detemine the values of the derivatives

as o
0G gj G s Gfy» ), W0 By B, gy 30 %) =00,
aS G® , GO, x0, w° #9, 10, £ ., 49, 9 =&, ,
OGwi; ( gj’ g!i s Ai v by b ng » Qois . 5

g

oS ) ~

ax_ (ng, Ggo]l. ’ x? ’ wO, tgng ‘tﬂ * tgg] y dg! s 'lp?) = 6Xj .

K

4. We determine the new values Ggj = Ggj + €645G5» Ggii = Ggji + €Gj19Gy1, and x} =
x% + exjéx-. The values of the coefficients €Gj» €Giis and €xy are chosen from the condition
of convergénce of the search procedure.

The difference between the values of the functional (1) in two successive steps can be
taken as the criterion for ending the search procedure. The search ends when this difference
does not exceed some value A chosen in advance.

The procedure given above for solving the optimization problem was used to calculate
the optimum operating regimes for a multizone convective dryer used to dry pipes in the con~
struction material industry.

The following are the main characteristics of the dryer: number of zones n = 6; flow
rate of material 9050 m/h; amount of material inside the dryer 262,000 kg; moisture content
of material at entrance to dryer w; = 22.1%; coordinates of ‘boundaries of zones: x = 0,14,
x =0.28, x = 0,465, x = 0.65, x = 0.84, x = 1; flow rates of "fresh" drying agent by zones:
Ggi = 0, Gg= = 7000 kg/h, Ggs = 7290_kg/h, Gga = 0, Ggs = 15,340 kg/n, Gge = 12,370 kg/h;
flow rates of "exhausted" drying agent flowing between zones: Ggue = 12,370 kg/h, Ggus =
15,340 kg/h, Ggau = 27,710 kg/h, Go s =35,000 kg/h, Gg,, =42,000 kg/h, other Ggyi =05 no
cold air is supplied to any dryer zomes.

For the indicated comstruction materials the equations for determining the drying coef-
ficient k and the safe limiting drying curve have the following form [3]:
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Fig. 1. Curves of variation of moisture
content of the material along the length
P \\ i of the dryer: 1) optimum; 2) actual re-
gime.
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In calculating the optimum regimes of the dryers indicated above we also assume that
the heat losses to the ambient medium and to heating the material and the transporting de-
vices are constant, the boundaries Xj of the zones are fixed, and the coeff1c1ents c3ji in
Eq. (1) for the functional equal zero. - The calculations were made on BESM-6 and M-4030 com-
puters by a program compiled in the FORTRAN algorithmic language.

The drying curve corresponding to the above-indicated technical characteristics of the
dryer and the drying curve corresponding to the optimum regime for the drying process calcu-
lated by the algorithm described above are presented in Fig. 1.

In the optimum drying regime the controlling actions have the following values: flow
rates of "fresh" drying agent by zones: Ggi = 0; Ggz = 1000 kg/h; Ggs = 1500 kg/h; Gga =
4000 kg/h; Ggs = 13,000 kg/h; Gg,e = 20,500 kg/h; flow rate of "exhausted" drying agent flow-
ing between zones: Ggss = 20,50% kg/h; Ggas = 33,500 kg/h; Ggsa = 37,500 kg/h; Ggzs = 39,000
kg/h; Ggi2 = 40,000 kg/h; other Ggii = 0

Thus, in the optimum drying mode the total flow rate of "fresh" drying agent was reduced
by 2000 kg/h, i.e., by about 5%, whilethe value of the functional T with c1j = 1 and Czji =
0.005 was reduced by about 4.57.
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NOTATION

Ggj, flow rate of "fresh" drying agent into j-th zone; Ggji, flow rate of "exhausted"
drying agent of i-th zone into j-th zone; cij, cz2ji, csji, constants used to "weight" dif-
ferent kinds of expenditures; w, moisture content of material; k, drying coefficient; T,
time; twet, tms Lips tg, tit, tag, temperatures of wet-bulb thermometer, of material along
length of and at entrance to dryer, of transporting devices along length of and at entrance
to dryer, and of "exhausted" drying agent; G, flow rate of cold air; d., moisture content of
"exhausted" drying agent; n, number of zones in dryer; X, Xj-1s xj,coordinates of current,
initial, and end points of j-th zone of dryer; ai-as», constants; B, coefficient depending on
mass composition of material; Ry, hydraulic radius; At, drying potential; v, velocity of
drying agent; F, cross—-sectional area of dryer; wer, critical moisture content of material.
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WAVE REGIME OF FILTRATION OF SUSPENSIONS

E. V. Venitsianov UDC 532.546

It is shown that a wave regime can exist for models of filtration of one-compo-
nent and binary suspensions which take into account the formation of a deposit in
stagnant and flowing regions of the porous bed. Theoretical formulas for the con-
centration in the solution and deposit phases are obtained.

1. Filtration of suspensions in a porous medium in order to purify solutions or extract
components of the disperse phase is a common mags-transfer process. If clarification is ef-
fected by adhesion throughout the porous bed without formation of a film on the filter sur-
face and at a constant filtration rate, engineering methods of calculating the time of pro-
tective action tpr of the filter and the head (H) loss time are based on two empirical rela-
tions [1]:

tpr= Bl—m,
H—h
fy=—=—-—=,
m , (2)

(1)

which are applicable for sufficiently long beds and sufficiently long filtering cycles. A
method of experimental determination of the constants contained in Egs. (1) and (2) has been
developed by technological simulation of the actual process [1].

Equation (1) was first proposed by Shilov [2] for calculation of sorption filters. It
was subsequently shown in sorption theory that this equation is valid for a wave regime when
a concentration front moving through the bed at constant velocity n = k~' is formed, and
that a sufficient condition for occurrence of the wave regime is convexity of the sorption
isotherm [3]. In filtration dynamics, however, the question of the existence of a wave re-
gime has not been investigated. 1In addition, models [4, 5] which generally have no wave
regime are widely used.
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