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MODELING TURBULENT FLOW AT A PERMEABLE
PLATE WITH STRONG INJECTION

A, A, Nekrasov UDC 533.6.011

It is shown that available experimental data on the thickness of the turbulent-boundary layer
and the filling of the velocity profile under strong injection are satisfactorily generalized
using the parameter py,viy/poul.

The boundary layer at a permeable surface has been investigated in a large number of works but as yet
no satisfactory answers have been given to a series of important questions arising from the study of suchflows,
In particular, there is no agreement as to the existence and form of a universal parameter determining the
boundary-~layer thickness at a permeable plate under strong injection,

Strong injection is taken to be such that the velocity profile degenerates to a straight line and the concen-
tration of injected material at the permeable wall approaches 100%.

Most researchers believe that the thickness of the turbulent-boundary layer at a permeable plate is
uniquely determined by the parameter (pwvw/pouo) - Re?, regardless of the strength of injection. This view
is based on experimental results obtained with intermixing gas flows either of the same density or else of only
slightly different densities [1-5].

Boundary layers with infermixing gas flows of significantly different densities were first systematically
investigated in [2, 3]. Tt was argued that the generally used injection parameter should be modified by the intro-
duction of a factor with a variable index so as to take into account the density ratio. However, only results ob-
tained for the thermal state of a permeable plate were generalized using this parameter,

Systematic data were given in [6] on the thickness of the turbulent boundary layer at a permeable plate
when the intermixing flows are of significantly different densities, It was established thatthe boundary-layer
thickness and the filling of the velocity profile depend on the parameter (9yVy, /PgUy) Oy /)% Rel 2, where k=
—0.25%0-% for 1=<py, fo,=3 and k=—0,5%! for 0.07 = py, /0y =1, regardless of the injection strength, It was
shown that the same parameter also determines the separation of the boundary layer from the wall.

In {7, 8], an interferometer was used to determine the conditions for the separation of the turbulent-
boundary layer at a porous plate with the injection of heterogeneous gas. As a result it was possible to con-
firm that the separation parameter (PwVey /Poug)e Re%? depends strongly on the density ratio of the intermixing
flows.

Thus it has been shown that under strong injection the parameter O Ve Poitg)e Re%?2 does not uniquely deter-
mine the flow in a turbulent-boundary layer at a permeable plate. Note, however, that empirical parameters
with a variable index in the factor (oy,/0¢)", such as are introduced in [3, 6], do not have a clear physical mean~

ing, since they derive neither from boundary-layer theory nor from jet theory. Therefore, neither of them can
be regarded as a general parameter,

Translated from Inzhenerno-Fizicheskii Zhurnal, Vol. 34, No. 1, pp. 94-98, January, 1978, Original ar~
ticle submitted October 1, 1976,

0022-0841/78/3401- 0061 $07.50 ©1978 Plenum Publishing Corporation 61



Consider the hypothetical flow forming from the mixing of gas flows issuing from two permeable plates
inclined at an angle of 7/2 to one another and having a common point,

The important feature of this flow is the presence of a mixing zone, which occupies an angle much smaller
than /2, ‘

Depending on the parameters of the intermixing flows this region may occupy any position within the
region under consideration. :

By analogy with the propagation of a transverse jet in a carrier flow, assume that, in the region where
the walls have no effect, the position of the mixing zone is determined by the parameter pyv2 /poud.

Hence it is evident that at points of separation of the boundary layer from the wall, where the effect of
the wall vanishes, the position of the mixing zone will again be determined by this parameter and will not also
depend on the density ratio, in view of the symmetry of the problem with respect to each of the plates.

It has been shown experimentally [8] that this parameter also determines the separation of the boundary
layer from the wall,

It was shown in [6] that for large subcritical injection the shape parameter and the separation parameter
are of the same form, Evidently, there is a region close to critical injection where the position of the mixing-
zone boundary is determined by the velocity ratio and does not depend on Re,

In the absence of Re from the determining parameter [8], it may be assumed that the form of the flow at
this level of injection is determined mainly by forces due to the pressures of the intermixing flows, despite
the increase (noted in [8]) in friction in the mixing zone as injection increases.

On the basis of the fundamental principle of similarity theory, an attempt will now be made to derive a
parameter determining the boundary-layer thickness at a permeable plate under strong injection and to ob-
tain an approximate estimate of this thickness, Assume that the frictional forces under strong injection may
be neglected; i.e., the flow is mainly determined by forces due to the pressure,

The resultant force acting on an arbitrary elementary volume of liquid within the boundary layer may be
resolved into two components F, =p (Du/Dt) and Fy=p (Dv/Dt). Since the flow is mainly determined by forces
due to the pressure, the similarity condition for strong injection is evidently simply the equality Fx/ Fy =const.
For the case of steady flow

ou 7/ [ Ov dv
F,= — —_— d Fy=p{u—+v—07|.
cme(wgErogy) me Rme(ug o)
Tt is of interest to estimate the order of magnitude of these components.

As shown in [9], the right-hand sides of these expressions consist of terms of the same order, i.e,,
u ®Ou/dx) ~v (du/dy) and u Bv/dx) ~v (Bv/dy). It was confirmed experimentally in [4] that this result applies
to a boundary layer with injection, Therefore, the order of magnitude of Fy and F, may be estimated from
one of the terms, i.e., Fx ~pu(du/dx) and Fy ~pv (9v/dy). For a plate of length x, gu/ax is proportional to

uy/x.

Taking the carrier-gas flow velocity u, as the horizontal component of the characteristic velocity, and
the density of this flow p, as the characteristic density, it is found that the horizontal component of the resul~
tant force acting on an elementary volume of liquid is pouﬁ/x 193.

Now consider the vertical component Fy.
The vertical component of the characteristic velocity is taken to be the injected-gas velocity vy.

The injected-gas density p, is taken as the characteristic density. The characteristic linear dimension
may evidently be taken to be 6 — 8,, where §; is the boundary-layer thickness in the absence of injection.

Thus, the vertical component of the force acting on an elementary volume of liguid is of the order of
pwv\zwf (6 — §8,). Then the similarity condition for the flow ata permeable plate may be written as follows:
(pouoz/pwvév) < (0~69/x =k or 6 — §; =kx(owv%v/p0u%). In this relation there remains the indeterminate factor
k on the right-hand side.

By analogy with the results for the boundary-layer thickness at an impermeable plate [9], it may be as~
sumed that for turbulent flow only the structure of the formula obtained is correct, since the parameter in-
cluded in the formula must be raised to some power m. The value of m may evidently be determined from
any other considerations or from experiment.
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TABLE 1, Experimental Conditions for Literature Data

Surface| Lit. |Nota- fw X, Tes {Up Injected
form | source|tion N Re, mm’| °K m/fsec gas
1| 0,138 2,6. 105 90 | 280 | 41,5 | Helium
2 | 0,069 3,3- 10 95 | 281 | 49 | Hydrogen
g 301 2,5. 108 90 | 200 | 42 | Air
S 4 01 5,110 9 | 202 | 8 | 7
5 5 1 9,8. 105 9 | 291 | 164 | °
B 6] 6 | 1,77 1,2 - 105 90 | 513 | 58 | "
o 71 1,68 2,7 . 108 90 | 487 | 113
8 1,67 4,9.10° 90 | 485 {197 | °
9 | 2,37 4,910 90 | 290 Argon
" (] 10 | 1 6. 10 1060 | 290 | 7,9 | Air
£ {4] 1! 1 2. 108 2500 | 290 | 14 | "
o (4] 12 |1 4.10° 450 ] 200 | 14 | "
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Fig. 1. Dependenée of relative boundary-layer thickness
(@) and shape of velocity profile (b) on injection parameter.
The notation is given in Table 1.

Analysis of the data of [1, 4, 6] shows that for fixed pou% the measured values of the boundary~layer thick-
ness may be generalized with good aceuracy in the coordinates 6 — &g, (pwvﬁv)n'5. Hence it follows that the ap-
propriate value of m is 0.5.

The formula for the calculation of the boundary-layer thickness at a permeable plate then takes the form
6~ 60=kx(pwv‘§’/p0u02)0.50

The next step is to attempt a generalization of the available literature data on the boundary~layer thick-
ness and the filling of the velocity profile using the parameter pyv2 /ogv3.

Note that, despite the large number of investigations of the boundary layer at permeable plates, the num-
ber containing reliable experimental data remains extremely small. Most of the results are of limited sig-
nificance, because of the previous history of the gas flow arriving at the plate and the presence of alarge pres-
sure gradient along the plate.

The results of classical experiments [1, 4] on intermixing flows of the same density, which are known
to be free of these limitations, and the results of the unique experiments of [6] on intermixing flows of sig~
nificantly different densities are consideredbelow; the corresponding experimental conditions are given inTable 1,
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These results were obtained by approximating the experimental velocity profile by a power law of the
form u/uy= //6)/D, In Fig. 1, dependences of (6 — 69)/x (a) and 1/n (b) on the parameter (oyvZ, /0gv§)™5, ob~
tained in [1, 4, 6], are shown.

It is evident from Fig. 1 that the experimental data for strong injection may be generalized, with satis-
factory accuraey, using the parameter pwvf”/pov%. As is evident, the approximating straight line may be satis-
factorily extrapolated to the weak-injection region(dashed lines).

In [2, 5-8], it was established that strong injection begins when the injection parameter is close to the
value @wVfN/PoU%)O'S =0,02, The fact that in the region 0.01< (pwvﬁ‘/pouﬁ)"-N 0.02 close to the beginning of strong
injection the experimental data may be generalized using a parameter obtained in a consideration of the jet
problem confirms the assumption that viscous forces have no significant effect on the form of the flow in such
boundary layers.

The scatter of the experimental data in the weak-injection region 0,001< (L)szv/pbu(z))o'5 <0.01 prevents
any definite conclusion as to the form of the flow. It is only possible to note that on the basis of these data
there is no reason to expect a dominant effect of viscous forces in this region,

NOTATION

X, ¥, longitudinal and transverse coordinates; u, v, longitudinal and transverse velocity components; p,
density; 6, boundary-layer thickness; 6,, boundary-layer thickness in the absence of injection; Re, Reynolds
mumber based on plate length and parameters at boundary-layer edge. Indices: 0, external edge of boundary
layer; w, wall.
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