STUDY OF A TURBULENT BOUNDARY LAYER IN A SHORT CHANNEL UNDER
THE COMBINED INFLUENCE OF INJECTION THROUGH A POROUS WALL
AND ACCELERATION AND TURBULENCE OF THE MAIN FLOW

V. T, Kiril'tsev, V. P, Motulevich, UDC 532,526
and £. D. Sergievskii

Results are presented from measurements of characteristics of a turbulent bound-
ary layer on a porous wall of short, plane channels and an examination is made
of features of the calculation of such flows with the use of a "mixing length"
model.

As is known [l], channels of various geometries are among the main structural elements
of modern power plants which use gas or gas—liquid heat carriers. An effective method of in-
tensifying heat transfer in such units is the use of short channels (of a length L/D < 30),
in which the local heat~-transfer coefficient changes by a factor of two or more. The effic-
acy of using short channels stems from the fact that it is possible to effectively influence
heat transfer through changes in the inlet conditions (such as by changing the level of tur-
bulence) only on the initial sections of the region in which the boundary layer develops. It
is in this region that the thermal, concentration, and hydrodynamic boundary layers develop
simultaneously. Thus, the study of turbulent boundary layers in short channels with differ-
ent initial and boundary conditions is a problem of great practical significance. However,
the investigator is confronted with serious mathematical complications in any attempt to solve
the problem analytically. These complications are aggravated by the fact that the structure
of the boundary layer is significantly affected by conditions at the inlet of the channel.
There are also methodological difficulties in experimental studies of the problem. These dif-
ficulties are due to the fact that it is necessary to perform measurements in thin boundary
layers.

The theoretical methods available to date for turbulent boundary layers are semiempirical
in nature. Thus, the development and verification of any theoretical analysis require suf-
ficiently accurate and well-documented measurements — mainly measurements of the mean and
fluctuation velocity fields.

Our studies were conducted in a wind tunnel with a rectangular working section [2].
The velocity of the main flow at the inlet of the working section was about 20 m/sec in all of
the tests., The geometry of the channels was as follows (see Fig. 1): a convergent channel
(dP/dx << 0) (1), a channel with parallel walls (dP/dx < 0) (2), and a channel with a flow
regime which approximated as closely as possible a flow with dP/dx = 0 (3), i.e., a channel
with some divergence. Thus, henceforth channel 3 will be referred to as the divergent chan-
nel (dP/dx > 0). The divergence of channel 3 obviously depends on the injection parameter.
Ten holeés to sample static pressure (sections 0—IX) were located in one of the side walls of
the working section 35 mm from the surface of the porous plate 4., The holes were similar to
the holes in [3], which made it possible to minimize the error of static pressure measurement
due to flow separation turbulence, and curvature of the flow at these holes and to avoid hav-
ing to introduce corrections for these measurements. The experimental conditions and the
measurement method were similar to those in [4-6].

The main measurements of the characteristics of the turbulent boundary layer were made
in sectioms III, V, and VII with turbulence intensities of 0,35 and 2.25% for the main flow
at the channel inlet (we obtained a total of 90 profiles of the longitudinal velocity compon-
ents). Since bending of the top wall began between sections III and IV, in some cases the
flow regime with dP/dx = 0 was not reached in section III. This section was chosen for meas-
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Fig. 1. Geometry of the channels studied.

urement because of the need to evaluate the effect of channel geometry on characteristics of
the turbulent boundary layer at the inlet, other conditions being equal,

Figures 2 and 3 show typical measurements obtained in section VII.

Analysis of the empirical data shows that under all of the conditions investigated, an
increase in turbulence intensity in the main flow e¢ leads to an increase in the thickness
of the boundary layer § and a decrease in the value of the form parameter H = 8x/8xx. These
findings are consistent with the results in [17, 18]. The change in the displacement thick-
ness 6x and momentum thickness §xx here depends on a combination of acceleration and injec-
tion parameters. At K= 0 and F = 0 and with flow in the convergent channel (K = (1.20-1.65)¢
107°) at F = 0-0.01, an increase in e mainly affects the external part of the profile of mean
velocity U: it becomes "diffuse." (For K = 0 and F = 0, this is expressed in the familiar
reduction in the size of the "wake" region — see Fig. 3c.) The values of 8% and Sxx increase
(a similar result was obtained in [7] at K = 0 and F = 0), but Sxx increases more rapidly than
6% because the form parameter H decreases. At K =0 and F_> 0, an increase in g¢ is accom-
panied by noticeable deformation of the entire profile of U: it becomes fuller (meanwhile,
the greater the value of F, the greater the effect of €5). This leads to a decrease in 6% and
§xx, despite the fact that the thickness of the boundary layer increases. However, Sx de-
creases more rapidly than 0xx, since the value of H decreases in this case. A similar result
was obtained in [7].

Figure 4 shows certain characteristic results of measurement of mean velocity U in sec-
tion III of the working part of the unit. We should point out the pronounced effect — espec-
ially at F > 0 — of the channel geometry downflow of section III on the characteristics of the
turbulent boundary layer in this section (other conditions being equal). Meanwhile, the
change in the profile of mean velocity with the transition from the divergent channel to the
convergent channel is similar to the change with an increase in acceleration of the main flow.
In fact, this transition is accompanied by a nearly twofold increase in the acceleration para-
meter K in section III, i.e., a change in the conditions of motion downflow (with constant
conditions of motion upflow) restructures the flow field upstream. This is confirmation that
the characteristics of the turbulent boundary layer depend on the entire flow field rather
than just on local conditions and its history of motion.

The experimental data obtained is of limited value if it is not generalized in the form
of some kind of relations which can be used in practical calculations. As was shown in [8-
10], the characteristics of a turbulent boundary layer developed on a porous surface with in-
jection and acceleration of the main flow can be calculated with sufficient accuracy by means
of a relatively simple model based on the concept of "mixing length." 1In the opinion of the
authors of [8-10], the central part of this model is the expression for Ay in the Van Dreist
decay factor [1 — exp(—y4+/A+)]. The available relations for A4 are based on measurements of
profiles of the mean velocity U. The authors of [9] used one of these expressions to reliably
describe even such an important fact as the empirically observed but unexpected increase in
the Stanton number St with intensive injection and slight acceleration of the main flow (re-
lative to nongradient flow with the same injection and a fixed Reynolds number calculated from
the enthalpy thickness), even though each of these factors individually lowers heat transfer.
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Fig. 2. Profiles of the U and ﬁTi components of veloecity in section VII of

the divergent (a, b) and convergent (¢, d) channels (I — U/Ue, II —‘Vé"/ﬁe):
a) K=0, F=0; 1) gg¢ = 0,52, H = 1,37, Rexx = 1284, Cg = 3.60107%; 2) g, =
2.5%, H = 1.34, Rex*x = 1332, Cf = 3.95¢107%; b) K =0, F = 0.01; 1) ¢, = 0.5%,
H = 2.11, Re#x = 4412, Cf = 0.511107%; 2) €, = 2.5%, H = 1.85, Reax = 4137,
Cg = 0.7510107%; ¢) K = 1.2¢107°, F = 0; 1) €e = 0.35%Z, H = 1.31, Rexx = 800,
Cf = 4.08¢107%; 2) €5 = 1,6%Z, H = 1.29, Rexx = 846, Cf = 4.02¢107%; d) K =
1.38¢107°, F = 0,0076; 1) €g = 0.35%, H = 1,5, Rexx = 2215, C¢ = 2.03¢107°;
2) €e = 1.3%, H = 1.44, Rexx = 2455, C¢ = 1.92¢107%, D = 40 mm — width of the
channels.

Thus, in [8-10] the effect of injection through a porous surface and acceleration of the main
flow on. the development of the turbulent boundary layer was generalized in the form of an em-
pirical relation for the Van-Dreist "constant" Ay, As regards the additional effect of tur-

bulence of the main flow, there are still no relations which generalize such a combined ef-
fect. : '

Comparison of the results of numerical calculations using the expression for A4 proposed
in [8] and characteristics of turbulent boundary layers measured under the flow conditions
investigated showed that besides the corresponding corrections for the Van Dreist constant,
it is necessary to establish the value of the Karman "constant" y in relation to the boundary
conditions. Such a relation is lacking in the literature:

1) The value of % increases with an increase in the injection parameter F [1l1] —«k =
11.5 F + 0.433 at dP/dx = 0}

2) at dP/dx > 0 (K < 0) and F = 0 the value of ¥ increases [12-15], while at dP/dx < 0
(K > 0) it decreases [16] relative to k = 0.4;

3) at F = 0, an increase in the turbulence intensity of the main flow €e 1s accompanied
by an increase in x [17].

The system of equations, solved numerically by an implicit scheme, has the form
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Fig. 3. Profiles of mean velocity in section VII in the absence of injection: a) 1,
2 — convergent channel (K = 1,2¢107°): €e = 0.35%, Rexx = 800 and c¢ = 1.6%, Rexx =
846, respectively; 3) data from [10]: K = 1.45¢107°, ¢, = 1%, Rexx = 775; b) 1, 2 —
channel with parallel walls (K = 0.21+107°): €e = 0.35%, Rexx = 1184 and e, = 1.85%,
Rexx = 1283, respectively; 3) data from [10]: K = 0.586¢107%, e = 1%, Rexx = 1674}
c) 1, 2 — divergent channel (K = 0): e = 0.5%, Rexx = 1284 and e = 2.5%, Rexs =
1332, respectively.

Fig. 4. Effect of channel geometry on the profile of mean velocity in section III: a)
F =0, gg = 0.35%; 1) K = 0,24¢10%, Cf = 4,13¢10%, Rexx = 517; 2) K = 0, C¢ = 4.2¢
1072, Rexx = 488; 3) K = 1.2¢107°%, Cs = 4.15¢107%, Resx = 355} by F = 0.01, €e = 2.257;
4) K =0, Cg = 1,83¢107%, Rexx = 1139; 5) K = 1.2¢10~%, Cg = 2.68¢107%, Rexx = 743.
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The empirical coefficients in the proposed corrections for n, accounting for the effect of
injection (kg), acceleration (kg), and turbulence intensity of the main flow (k¢), have the
following values determined in numerical experiments: kg = 15, ke = 5¢10%, kg = 2.5+10%,

Ke='—

The below follows from the proposed expression for «,

1. The main effect of e; will be manifest in the: range up to about 7%, i.e., the changes
in € in the calculation will be noticeable in this range and the surface fraction coefficient
Cf will undergo its greatest change. These findings are consistent with the conclusions in
the experimental studies [18, 19] at dP/dx = 0 and F = 0. However, as was shown by the exper-
imental studies [20], € is also seen to have an appreciable effect on characteristics of the
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Fig. 5. Profiles of mean velocity! a) data for the section VII: 1) K = 1.2¢107%, F =
0, €e = 0.35%, H = 1.31, Rexx = 800, Cg = 4.08¢107%; 2) K = 1.85:10°, F = 0, ¢, = 1.3%,
H = 1.35, Reax = 525, Cf = 4.39107%; 3) K = 1,38¢10"°, F = 0,0076, € = 0.35%, H = 1,5,
Rexx = 2215, Cf = 2.03+107%; 4) K =0, F =0, g¢ = 2.5%, H = 1.34, Rexx = 1332, Cf =
3.95¢10"%; b) data from [10]: 1) K = 1.45+107%, F = 0, o = 1%, H = 1,24, Rexx = 775,

Cf = 496°107%; 2) K = 0.586¢107°, F = 0, ¢, = 1%, H = 1,21, Rexx = 1674, C¢ = 438.107%;
3) K = 0.586¢107°, F = 0.00403, ce = 1%, H = 1.32, Rexx = 3720, Cf = 2.14¢107%; 4) K =
1.44+107°, F = 0.00406, €o = 1%Z, H = 1,32, Rexx = 1688, C¢ = 2.90¢107°, I) calculation
performed from Wheatfield's empirical expression [22]; II) calculation performed from
the proposed modification of this expression.

Fig. 6. Calculated and experimental data in section VII: a) divergent channel, K = 0,
F =0.01: 1) e, = 0.5%, 2) 2.5; b) convergent channel, K = 1.38¢107%, F = 0.0076;1)ee =
0.35%, 2) 1.3, 1I) calculated profiles for 1; II) for 2,

turbulent boundary layer at F > O when €¢ > 7%. This means that given the proposed expres-
sion for k, the coefficient kp should depend on €, and increase with e€,. A value kp = 15 was

chosen as a first approximation in view of the relatively small range of €, in the present
experiments.

2. The value of Kk in the external region of the turbulent boundary layer depends on the
Reynolds number Rexx and increases as it decreases (at Rexx > 6000, we take Rexx = 6000,
i.e., there is no correction for the effect of Rexx at Rexx > 6000). This relation is simi~
lar to the well-known dependence of mixing length on Resxx [16].

An actual turbulent boundary layer does not react instantly to a change in the longitud-
inal pressure gradient. There is some lag. This phenomenon was analyzed in [21]. Following
[9], we accounted for the phenomenon through an "effective pressure gradient:" in the accel-
eration parameter Kg and the dimensionless pressure gradient P+e used in the expressions for
N and k, we replaced the local pressure gradient dP/dx by a certain "effective" gradient found
from the empirical expression

dpP,

dx

P'_‘Po

’
xP

dpP
= k
dx Tk

where Po is the static pressure at the initial moment of acceleration of the flow (in the
present case, this is the pressure in the inlet main of the wind tunnel directly ahead of the
inlet convergent duct); xp is the distance from the point corresponding to the value of Po;

P is the running value of static pressure. As regards the coefficient kp, we should expect
it to depend_on the velocity of the main flow Ug: the value of kp should increase with an
increase in Ug, which is equivalent to the effect of the history of the flow over large dis-
tances downstream. As the first approximation for ﬁe = 20 m/sec we took kp = 0.3. The dev-
elopment of the turbulent boundary layer was calculated from section III to section VII of
the channels investigated. The initial profile of mean velocity in section IIT was pre-
scribed by means of the empirical expression

1 b1 —_—
Uy =5 [arctg (0,094) + [T — arctg (0.09y+)]<y/6o)«} + (u;* — %)V thla (y/8,,)"] ,
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where

2 4
a = arcth (g2)/2": b:ln[i‘fﬂi@_ /1 04: b —b[14 0475 _!L) ]
(g2)/ arcth (g%) n 1 + 5,

here, if y > 8o, then we take y = §o;

1 0.18Re
U — t 3% sk
* T 0oUF e ( UF ) .
g2: P ’
0,18UF
: 0,45{Re
5 T0.00UF arcg( UF .
g5= 7T 3y
T o.a8Uf
Uy=172(1 4+ 2R 0555Hl/ ) 14+ 1)]
= eX — - ’
: (+ Re, ) p[ ( Re** ( G
U, = 0.87 + 0,07 | -9—=1 ]/ Reys )H
5= 087+ 0.0 57 Re,, + AR )’
146** G+1 . " . n .
8, = 7 01 is the "effective" thicknessof the turbulent boundary layer; G =
H—1 o  1:4 \2( HIlgRe 3
——H——U:' is the Clauser form parameter; U;=UgU,; AR Z( H ) ( 1+()g.0055173 .

The parameters Uz and Us represent the quantity U/U at y/Sxx = 2 and 5, respectively. The
expression for U+ is a modification of Wheatfield's emplrlcal expression [22]. The expres-

2

the exponent with y/8x%x, and the expressions for the velocities U, and Us.

sion in [22] differs from the expression here in the additive term {42— -—auﬁg“%Ogyg]Qﬂaoﬂ

Figure 5 compares experimental data with results calculated from the initial expression
of Wheatfield [22] and its proposed modification. The presence of acceleration in the main
flow obviously improves the agreement between the experimental profile and the profile cal-
culated from the modification of Wheatfield's empirical expression (one curve was drawn where
both calculated profiles are close to each other). The friction velocity Ux was determined
by the method in [4].

Figure 6 compares results of the numerical calculation and the experiment in section VII
of the divergent and convergent channels. It can be seen that the agreement is satisfactory.

Thus, the combined effect of injection through a porous surface and acceleration and
turbulence in the main flow on the development of a turbulent boundary layer can be general-
ized in the form of dependences of the Van Dreist and Karman "constants" on the boundary con-
ditions of the flow.

NOTATION

U and '? mean and fluctuation components of longitudinal velocity; V, mean transverse

— - 3 . Ve dP .

velocity; ¢ = '2/U, turbulence intensity; K=-— _583 el acceleration parameter; F:—p_‘i’f—‘”—-

pele
v dp
P = pd; 4. » dimensionless pressure gradient; p, density, Ux,

friction velocity; Rexx = 6**Ue/ve, » 0% and 8x%, thickness of the boundary layer, displace-

nent thickness, and momentum thickness, respectlvely, Cs,_local surface friction coefficient;

us dynamic viscosity; v = u/p, k1nemat1c v1scos1ty, U+ = U/Ux; y4 = yUx/v; I, mixing length;

k and A4, Karman and Van Dreist "constant;" P, static pressure. Indices: t, turbulent; w,

wall; e, main flow (or pertaining to "effective pressure gradient").

injection parameter;
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