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A displacement reactor with a nonmoving granular bed (NGB) and equipment in which radial 
influx follows Z- and H-shaped flow patterns have found widespread application in techno- 
logical processes. In connection with the fact that the distribution of the mixture react- 
ing within the granular bed is governed by the overall aerodynamic situation within the 
equipment, an exact solution for the problem demands consideration of corresponding systems 
of equations of motion in the free parts of the equipment and within the NGB. Hydrodynamic 
models of such reactors, based on the theory of an ideal fluid [1-3], are based on the joint 
consideration of a system of Euler equations with a linear or nonlinear Darcy law. The 
calculation is constructed separately in each region, with satisfaction of the conditions 
of conjugacy at the boundaries separating the media, and it makes it possible to determine 
the velocity and pressure fields for a given distribution of vorticity at the inlet section 
[2]. As demonstrated by experiments, in the free sections of equipment with NGB we encounter 
separation phenomena and stagnation zones [4], which are not described within the framework 
of the ideal-fluid model. These phenomena influence the distribution of the flow in the 
NGB and can be explained by proceeding from the theory of a viscous fluid. The model of 
a viscous fluid in porous media has been dealt with in numerous studies. In particular, 
a study was undertaken in [5] on the motion of a viscous fluid in a tube with a granulated 
filler, and an explanation is provided for the appearance of macroscopic nonuniformities 
in the velocity profiles, attributable to the rise in the porosity of the bed near the 
wall. However, no calculations were carried out for equipment with NGB. We present some 
of the results below from an investigation into the aerodynamics of reactors with NGB, based 
on the theory of a viscous fluid. 

i. Formulation of the Problem. We examine a steady plane flow of a viscous incompres- 
sible fluid in equipment with NGB. The regions of flow in front of and behind the granular 
bed a r e identified with G i and G3, and inside the granular bed they are identified as 
G 2 (Fig. i). If we use the method of averaging over the fluid phase for the local volume 
of the porous medium [6, 7], then the system of equations of motion and continuity can be 
written in unified form, valid for all flow regions Gi: 
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where a is the porosity of the bed; ~ = 150(1 - g)2DL/(s2d32Re); h = D/L; Re = u0D/v; 
D represents half the height of the inlet section and L is a characteristic dimension. 

In regions G i and G 3 (~ = i) system (1.1)-(1.3) represent the Navier-Stokes equations, 
while in G 2 (e < i) it describes the motion of a viscous fluid in an isotropic porous medium. 
Neglecting the inertial terms in (1.1)-(1.3) for G 2 leads to the Brinkman model [8], while 
if we neglect the viscosity terms we come up with the dynamic model [9]. 

System (1.1)-(1.3) is solved under the following boundary conditions: 
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Fig. i 

r~: u = ~o(Y), v = O; 

F~: Ou/Og = O, v = O; 

F3: u = O, v = O; 

F a : S u / O x =  O, v = O, p = po 
(1.4) 

(P0 is the constant pressure which is referred to the regime parameters). 

A parabolic or rod-shaped profile for the longitudinal component of velocity was estab- 
lished at the inlet to the apparatus. The possibility of formulating the conditions of 
adhesion in the Brinkman model has been demonstrated rather convincingly in the experimental 
studies covered in [i0]. The condition of adhesion is therefore utilized on F 3. 

System (1.1)-(1.3) was solved by a numerical method with the aid of the algorithm pro- 
posed [ii]. For this purpose we will bring system (i.i), (1.2) +o the form 
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In standard fashion [12] we will then use (1.3), (1.5), (1.6) to find the conditions 
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The s u b s c r i p t s  - and + p e r t a i n ,  r e s p e c t i v e l y ,  t o  t h e  f low p a r a m e t e r s  in f r o n t  o f  and beh ind  
t h e  s e p a r a t i o n  s u r f a c e .  I n  t h e  c a s e  o f  an i d e a l - f l u i d  model ,  Eqs.  ( 1 . 7 )  c o i n c i d e  w i t h  t h e  
c o n d i t i o n s  f rom [ 9 ] .  

D i r e c t  c a l c u l a t i o n  o f  s y s t e m  ( 1 . 1 ) - ( 1 . 3 )  i s  a c c o m p l i s h e d  by t a k i n g  i n t o  c o n s i d e r a t i o n  
t h e  s a t i s f a c t i o n  o f  ( 1 . 7 )  on t r a n s i t i o n  t h r o u g h  t h e  s e p a r a t i o n  bounda ry  G i .  

Us ing  t h e  c o n d i t i o n  o f  s i n g l e - v a l u e d n e s s  f o r  t h e  c a l c u l a t i o n  o f  t h e  t o t a l  p r e s s u r e  

H o v e r  t h e  e l e m e n t a r y  c o n t o u r  } v H d s = 0  and t h e  f i n i t e - d i f f e r e n c e  a n a l o g i e s  (1.5), (1.6), 
C 

we can derive the finite-difference equation for the determination of the vorticity ~. In 
approximation of "the convective terms relative to ~ we use the "counterflow" differences 
of the second kind [13], while in approximation of the diffusion and source terms we use 
the recommendations from [14]. 

The stream function ~ is introduced through the equalities 85/8y = ug, 8~/~x = -vg 
and is found from the equation 

b - f \ - 7 - f F ]  + - g - f y \ T ~ y ]  + ~ = O. 

The b o u n d a r y  c o n d i t i o n s  ~, ~ a r e  s e t  in  a c c o r d a n c e  w i t h  ( 1 . 4 ) .  The v o r t i c i t y  v a l u e  a t  t h e  
w a l l  i s  c a l c u l a t e d  by means o f  t h e  Thom f o r m u l a  in  c o n j u n c t i o n  w i t h  t h e  method o f  lower  
r e l a x a t i o n .  
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A substantially nonuniform grid was used in the calculations, and the cells of this 
grid diminished smoothly on approach to the separation surface G i and the walls of the ap- 
paratus. Test calculations were conducted on grids 41 • 21, 41 • 31, 41 • 41, and 41 • 61. 
The solutions derived at grids 41 • 41 and 41 x 61 coincided and the basic calculations 
were therefore conducted at the 41 x 41 grid. At the center of the cell with the checker- 
board array we determined the total pressure H, while m, ~, u, and v were determined at 
the nodal points. 

The finite-difference equation for w was solved by the method of a stabilizing cor- 
rection factor, while the equation for the stream function was solved by the method of upper 
relaxation. The total-pressure field was found through step-by-step integration of (1.5), 
(1.6). 

Solution fo the test problem (the Poiseuille flow and the flow in a channel completely 
filled with a granular medium) demonstrated that numerical calculation with an accuracy 
of up to 1% corresponds to the known analytical solution [15]. 

2. Results of the Calculation. The flow in the apparatus depends on the Reynolds 
number, the resistance of the granular bed, and the geometric dimensions of the reactor~ 
The regime parameters were varied in these calculations over the following ranges: Re = 
i0-200, L/D = i-I0, d~/L = 0.04-0.12, ~ = 0.39-0.78. 

Figure 1 shows the streamlines in the displacement reactor (a) and in the equipment 
with the Z-shaped fluid flow pattern (b). The computational data were derived for Re = 
75 and 40, ~ = 0.39 and 0.78, D = 0.01 and 0.045 m, L/D = 8 and 5, d3/L = 0.07 and 0.04 
(a and b, respectively). 

As can be seen from Fig. la, the presence of local resistance in the form of the granu- 
lar bed leads to the dispersion of the fluid to fill the entire cross section of the reactor~ 
The streamlines change little in the granular bed and they collect behind thebed toward 
the outlet section of the reactor. In the region of pronounced expansion of the chamber 
and in the streamlining of the corner stagnation zones arise in which the flow of the fluid 
is reversed. The streamline pattern in the plane reactor with Z-shaped fluid motion is 
shown in Fig. lb. The use of viscous-fluid models enables us to detect the presence of 
stagnation zones in the upper corner of the forward bottom edge of the collector, and these 
zones include the granular bed. As the resistance of the bed increases, the recircula- 
tion zone is shortened and becomes concentrated in the collector, while the streamlines 
become more uniformly distributed through the length of the NGB. 

The velocity and pressure fields shown in Fig. 2 demonstrate the changes in these quan- 
tities throughout the entire volume of the displacement reactor. In the case of great 
permeability on the part of the granular bed, the main portion of the fluid passes through 
its central portion (the profiles of the longitudinal velocity component u = Eu exhibit 
a clearly defined jet form with maxima in the plane of symmetry), and with an increase in 
the resistance of the bed the u profiles~straighten out along the length of the granular 
bed. The transverse velocity component v = ev in the NGB is small. The lines for the pres- 
sure Ap = p - P0 in the chamber of the reactor, constructed with respect to the base values, 
are shown in Fig. 2b. The pressure field changes in accordance with the overall flow pat- 
tern, and its drop over the length of thelbed follows the Darcy law. 
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Figure 3 shows the velocity and pressure fields in a plane apparatus with a Z-shaped 
flow pattern with the bed in the form of two shells as the fluid drains out symmetrically 
from the distribution collector. The profiles of the longitudinal velocity component u 
in the supply collector are subjected to continuous deformation and diminish downstream 
as a consequence of the fluid outflow. It is noteworthy that longitudinal flow reversal 
occurs within the granular bed, and that there is slippage of the fluid at the free boun- 
daries of the NGB, something that was observed in the experiment conducted in [16]. As 
the resistance of the bed increases, the @ profiles become more uniform over the length 
of the NGB, and there is a corresponding reduction in the longitudinal flow reversal. 

There is an increase in the pressure within the flow distributor and a drop in pres- 
sure in the flow collector. Such a change in pressure results in nonuniformity in the dis- 
tribution of the filtration flow along the length of the NGB (Fig. 3b). The calculations 
showed that with an increase in the length of the NGB and with a reduction in the width 
of the collecting chamber we are confronted with an increase in the nonuniformity of filtra- 
tion-flow distribution through the granular bed in an apparatus with Z-shaped flow. In 
calculation for equipment with symmetrical fluid outflow we observed flow separation from 
the permeable wall in the final portion of the distribution chamber, owing to the recovery 
in pressure, which is in agreement with experimental results [17]. 

In apparatus with a H-shaped fluid flow pattern the pressure increases within the dis- 
tribution chamber and drops in the collector, in the direction of the flow. Consequently, 
the velocity field in the NGB will be more uniform and this pattern is occasionally more 
preferable from the standpoint of establishing the technological process in comparison to 
the Z-shaped flow pattern. 

We know that an increase in the velocity of the flow in the region near the wall of 
an apparatus with NGB leads to reduced efficiency in the operating process [18]. Such a 
phenomenon can be explained by the reduced density of the NGB packing at the walls of the 
equipment, and this has been confirmed by experimental measurements of porosity [19, 20]. 
In order to take this effect into consideration, an approximate method was proposed in [21] 
in which the narrow zone near the wall exhibited a bed porosity of e w = 0.476, while the 
porosity was e = 0.39 throughout the rest of this section. 

Figure 4 shows the results from such a calculation for regime parameters of Re = 40, 
D = 0.045 m, L/D = 5, ds/D = 0.i. The streamlines bunch up near the wall and the fluid 
spreads out into the zone of elevated permeability. Consequently, the profiles of the longi- 
tudinal velocity component u change. Their deformation begins in front of the porous in- 
sert, macrononuniformities appear (see Fig. 4b), and these are observed behind the porous 
insert as well, gradually disappearing downstream. The latter circumstance is explained 
by the fact that the fluid outflow in the direction of the axis, owing to its deceleration 
in the boundary be4, intensified vortex formation behind the bed and leads to trans- 
formation of the 5 profile prolonged in comparison to the motion of the viscous fluid in 
the channel through the plane-parallel porous insert [22]. These data are in qualitative 
agreement with the results familiar from [5, 23, 24]. 

In actual practice, in order to reduce the effect of porosity nonuniformities at the 
walls, lateral baffles or rings are mounted on the reactor walls in the region of the granu- 
lar bed to deflect the flow from the walls, and this leads to more complete filling of the 
lateral cross section of the reactor. In the calculations for the modeling of these side 
baffles we introduced segments into the porous bed (the dimensions of these segments matched 
those of the baffles) with high resistance. As can be seen from Fig. 5, at the points where 
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these baffles are located the streamlines are deflected from the walls and the flow is re- 
distributed and the profiles become more uniform across the segment. No stagnation zones 
arise in this case and the streamlines smoothly form around the side baffles. 

3. Motion Through the Grid. Metallic grids and packets of such grids can be regarded 
as a thin porous medium. Using the mathematical formulation from [25], we find that the 
problem reduces to an examination of the following system of equations: 

a,# auv ap ( a~u a~u I 

aU~ax q- array agaP q-H~ \az 2+ ay2]--~pv; ( 3 . 2 )  

au/az + aWag = o. (3 .3 )  

An important characteristic of the influence exerted by the grids on the flow is the 
refraction of the streamlines [23]. This feature can be studied on the basis of Eqs. (3.1)- 
(3.3). Let us examine the flow of a viscous fluid in a plane channel with a recess (the 
geometry is shown in Fig. 6a). Near this recess the channel forms a barrier around the 
grid, the latter positioned at an angle to the flow. The boundary conditions are as fol- 
lows: Fl: u = i, v = O, p = P0; Fa: u = 0, v = 0; F4: au/Sx = 0, v = o. 

The calculations were carried out for given values of the angle 0 of flow incidence 
onto the grid and for grid resistance factors of ~p. The refractive properties of the grids 
were estimated by the extent to which the central streamline was distorted. Figure 6a shows 
the streamlines for the regime parameters Re = 250, @ = 30 ~ . The solid lines show the stream- 
lines for the case in which there is no grid (~p = 0). In the streamlining of the corner, 
a stagnation zone appears in the area of pronounced channel expansion, with a reverse flow. 
The calculations carried out with a grid (r = i00) showed that the streamlines (the dashed- 
dotted lines)undergo refraction. On the strength of this, in the upper expanded portion 
of the channel a rarefaction region appears, while the stagnation zone, situated in the 
lower portion, diminishes sharply and is bounded by a small segment around the streamlined 
corner. 

These calculations were generalized in the form of the function n = f(o) In is the 
refractive index of the flow, equal to the ratio of the tangents of the angles of incidence 
and refraction, o = 5aSe/(2E), where $e is the equivalent coefficient of grid resistance, 
connected to Cp by the relationship Cp = aD~e/(2E4)]. Here it is assumed that: $e = 44.3/ 

Re e, Re e = uede/v, U e = u/E, d e = 4E/a; 5 and a are the thickness and specific surface of 
the grid, respectively. 

Figure 6b shows the computational result (the dashed curve), whose comparison with 
the theoretical function [23] (solid line) indicates their satisfactory agreement within 
this range of regime parameters. 

In conclusion, let us note that the results from the solution of various problems as- 
sociated with the motion of a viscous fluid in equipment with NGB makes it possible to 
ascertain numerous quantitative relationships dealing with the aerodynamics of such equip- 
ment. From a qualitative standpoint, these are in good agreement with the earlier-known 
results of theoretical and experimental research. 

It seems to us that the developed mathematical model of equipment with NGB can be util- 
ized in approximate engineering calculations. 
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