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The flow of an incompressible fluid in a turbulent boundary layer on a plate with distributed transpiration is considered. Closure
conditions are obtained in the form of universal dependences of the shear stress and other components of the Reynolds tensor
on the gradient of the mean streamwise velocity, which can only be found on the basis of data that are known for a flow over an
impermeable plate. As a result of the asymptotic solution of the problem for high Reynolds numbers, similarity laws for the
velocity profiles and turbulent stresses are established, which enable one to calculate these quantities using data which are known
for an impermeable plate. © 2005 Elsevier Ltd. All rights reserved.

The well-known analysis of the flow in a turbulent boundary layer on an impermeable plate, which was
carried out for the first time in [1-3] using dimensional analysis (see also [4]), is obviously very restricted
with respect to the number of governing parameters of the problem and does not yield any interesting
conclusions when there is a non-zero transverse velocity on the wall. In this case, however, a universal
functional relation can be established between the turbulent shear stress and the gradient of the mean
velocity [5, 6], and the use of this relation, together with the equations of motion, enables one to solve
the problem.

The similarity rules for the velocity and temperature in the near-wall region of a boundary layer, which
extend the logarithmic law to the case of a transpired wall were obtained in this way [5] and the para-
meters in the asymptotic case of boundary layer with suction were calculated in [6].

The further development of this method [5, 6] in the present paper has enabled us to solve analytically
the problem for a boundary layer on a plate with moderate injection or suction, and to obtain universal
representations of the velocity profile and components of the Reynolds tensor which hold everywhere
outside the viscous sublayer.

Some of the results presented here were obtained earlier in [7] using a less general formulation.

1. FORMULATION OF THE PROBLEM

Consider the incompressible turbulent boundary layer flow over a smooth flat plate with a constant
free-stream velocity U, at the outer edge of the boundary layer and with a constant transpiration velocity
v,, directed along the normal to the plate surface. We will assume that turbulent flow develops immedi-
ately from the leading edge of the plate. We will also assume that the level of turbulent fluctuations in
the free stream is negligibly small and has no effect on the flow in the boundary layer.

The gradient of the mean longitudinal velocity and the turbulent shear stress are functions of the
Cartesian x and y coordinates and of the governing parameters of the problem:

ouldy = F(x,y,v,v,,U,), (4v) = Fy(x,y,Vv,v,,U,) (1.1)
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Here v is the kinematic viscosity, and the origin of the Cartesian system of coordinates is on the leading
edge of the plate.

By virtue of the elliptical nature of the problem, the quantities occurring on the left-hand sides of
equalities (1.1) can also depend on additional conditions, which are formulated below with respect to
flow, for example, where separation of the boundary layer occurs in the case of injection. Only an attached
boundary layer will subsequently be considered and the effect of the additional parameters on this is
negligibly small.

We now introduce the boundary-layer thickness

A = Fy(x,v,0,,U,) (1.2)

into the treatment as a certain quantity which characterizes the transverse scale of the flow.
Now, expressing x and U, from the first equation of (1.1) and Eq. (1.2) and substituting into the second
equation of (1.1), we obtain

(W'v) = F4(y, V, U, A, gl;)
Applying dimensional consideration to this relation, we shall have

ta\ au2 . au _Uwau'l _y
(u'v) = "(Y'a—y) S(R,B,M); R, = vay B= y_R,(_a;) » M = A (1.3)

The local Reynolds number R, is equal to the ratio of the characteristic values of the turbulent and
molecular viscosities. Like the functions Fy, ... , F4, the function S is universal for the class of flows
being considered, which depend on the three parameters v, v, U,. We will assume that it is continuous
when 0 S Ry < o0, —0 < B < 0, 0 <M < o, differentiable within this domain, and that it satisfies the
condition S(e, 0, 0) # 0. As was shown in [5], the last inequality is the condition for the existence of a
logarithmic velocity profile in a boundary layer on an impermeable plate.

Relation (1.3) is an expression of the shear stress in terms of the mean velocity gradient. Since the
effect of the transpiration rate must decrease on moving away from the wall, the parameter  was chosen
such that the local Reynolds number R; is in the denominator.

Similarly, for the normal turbulent stresses, we obtain

w=(3) siR B, 03 =2 sk B, =(E) SERB (10

Here, S;, §; and S3 are certain universal functions. However, a continuity condition can only be formu-
lated for the function S,, which describes the behaviour of the Reynolds-tensor component associated
with transverse velocity fluctuations. According to the theoretical representations in [8, 9], which are
supported by measurements, this component behaves, close to the wall, in a similar manner to the shear
stress. The quantity

5,(,0,0) = (k/5,)* (1.5)

therefore exists and is not equal to zero. Here, k = 0.41 is von Kdrmén’s constant and, according to
experimental data, the constant 6, = 0.95 [4].

The behaviour of the components (') and (w'), which are associated with velocity fluctuations in
directions parallel to the wall, has a more complex form, according to which

S[(°°’ 0’ Tl) = —Allenn"'o(l)’ S3(°°9 09“) = —A3K21nn+0(1)’ n_)o (16)

where A, and A are universal constants. According to experimental and theoretical data [10, 11],
Ay = 1.1 and 45 = 0.36.

The conditions for the functions S, Sy, S5, S; are formulated using the following physical assumptions
[8, 9]: the viscosity is only essential in a thin region close to the wall (a viscous sublayer) and the outer
scale (the thickness of the boundary layer) has no effect on the behaviour of the components (u'v') and
' ) close to the wall but, by v1rtue of the considerable anisotropy of the near-wall vortices, it still has
an effect on the components (u' 2y and (W' %,
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In the case being considered, the stream function of the averaged flow w(x, y) satisfies the boundary-
layer equation with zero pressure gradient

YWy~ Vi, = (VY,, = (u'D)), 1.7
x>0, y=0y,=0, y,=-v,; y-oe: y,-oU, (V) —>0 ’

In problem (1.7) we now change to new variables using the formulae [12]

- dR, y , Ux _ UA
v=UA¥E ). AQ) = R, =Ry, M=% R =—- Ry=— (1.8)

The logarithm of the Reynolds number based by the boundary-layer thickness and the normalized
distance to the wall are chosen as the independent variables £ and 7. In addition to the dimensionless
stream function ¥(§, n), a second unknown function A() is introduced, which has the physical meaning
of the rate of longitudinal change in the transverse scale A. Taking relation (1.3) into account, we obtain
for the functions (&, ) and A(&)

ALY, Weq = Won (¥ + W) = (¥, SR, B, M)+, ], (1.9)
- v,
R = én’¥,,, B=BMRY¥,,) . B-= o
e

é)—oo, n= 0: \P'\ = O, A(\P"’Wg) = -B (110)

N ¥ o1, n‘l’,m./S(R;, B.n)—0 (1.11)

Relations (1.10) specify the conditions on the plate, and relations (1.1) specify the conditions on the
outer edge of the boundary layer. In accordance with the order of the differential equation, two
conditions are set for the velocity and shear stress on the outer edge.

We shall seek an asymptotic representation of the solution of problem (1.9)-(1.11) when § — . We
introduce the small parameter € and the new independent variable { = €&, 1/{ = O(1). The small
parameter in the present problem is therefore a quantity which is the reciprocal of the logarithm of
the Reynolds number, based on the characteristic transverse scale of the flow.

We specify the transpiration rate on the wall in the form

B =¢b, b=0(1) (1.12)

that is, we shall assume the order of smallness of the magnitude of the transverse velocity on the wall
to be quadratic in the parameter &.

The asymptotic expansions of the solution with respect to the small parameter € will have a different
form for the different characteristic regions of the flow. Two such regions arise in a direction perpen-
dicular to the wall: an outer region, where the molecular viscosity can be neglected in the boundary
layer equation and the characteristic scale is the boundary-layer thickness, and a near-wall region, the
characteristic scale of which is determined from the condition that the turbulent and viscous stresses
are equal in order of magnitude.

2. THE NEAR-WALL REGION OF THE BOUNDARY LAYER
We introduce the following variables (wall variables)
_ yUe(p u = \|’y v, cf

v, = o ¢ = 3 2.1)

nEVT BT e

We introduce the following variables (wall variables) where c;is the skin-friction coefficient. We integrate
Eq. (1.9) across the layer and change to the independent variables & and y,, . For the function u4(§,y.),
we obtain the equation
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du,\? Y. &) Ou,
(y_,_aT".) S(Rl, B, —68 )+3—}Z—l—v+u+ =

A do} N ’fou
e 2 2
= T[d_(gju+dy++ a_&‘.’.u+dy+'u+‘[a_gd)’+] (2'2)
0 0 0
_ Zau+ _ v, au+ -1
R =5 B= y_j(a_y)

Taking the limit when € — 0, 1/ = O(1), y, = O(1) we obtain the first-order ordinary differential
equation

U, \2 du,
(y+ay+) S(R, B,0) + 5. =1+0U,, U0)=0 .
R, = yzfl_l.]_* = i(aU,()—l 23
! +dy+’ y+Rl ay+

for the first term in the expansion U, (y.) of the function u (&, ).
The asymptotic form of the solution of Eq. (2.3) in the outer part of the near-wall region, that is
outside the viscous sublayer, has the form [5]

2 1
= N+, U, -1) = E[lny++C(v+)]+0(y:a), y, =0, 0>0 (2.4)
+

The quantity VS(e, 0, 0) plays the role of the von Karmén constant and C(v.) is a certain function.
At the same time, C(v,) = Cy + O(v,) when v, — 0, where Cy is the second constant in the logarithmic
law for the velocity profile in the case of an impermeable wall [5]. According to experimental data,
Cy = 2.05.

The qualitative behaviour of the solution of the problem depends on the relation between the shear
stress on the wall and in the outer region of the boundary layer. Three characteristic flow behaviours
can be distinguished: moderate transpiration when the shear stress is of the same order of magnitude
in the outer and near-wall regions, strong near-critical injection when the shear stress on the wall is
much less than in the outer region and strong suction when the friction on the wall is, on the other
hand, much greater than in the outer region of the boundary layer. The first type of flow behaviour is
considered below. In this case, all the empirical constants and functions occurring in the solution can
be determined from experimental data for an impermeable plate. Strong injection [13] and strong suction
[14, 15] have already been investigated.

3. THE OUTER REGION OF THE BOUNDARY LAYER

The function A(£), which specifies the rate of streamwise change in the boundary-layer thickness, is a
small quantity. Hence, in the first approximation, the left-hand side of Eq. (1.9) can be equated to zero,
whence it follows, when account is taken of the conditions on the outer edge, that the streamwise velocity
is a constant across the layer. The perturbation of this constant quantity in the next approximation is
of the order of A(E).

We shall therefore seek a solution of problem (1.9), (1.10) in the outer region of the boundary layer,
where 1/m = O(1), in the form

AE) = €A, (§) + €7 Inery(§) + O(eD) (3.1)

W(E M) = W) +n+AE)FE M) +OED) (3.2)

We put f(€, 0) = 0; then ¥,,(§) is the value of the stream function on the wall. By virtue of relations
(1.12) and (3.1), it follows from the second condition on the wall (1.10) that
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d¥,(8)
dg
Substituting expansions (3.1) and (3.2) into Eq. (1.9), taking account of relation (3.3), and taking the

limit when € = 0, 1/ = O(1), 1/m = O(1) we obtain the boundary-value problem (the notation
T(n) = VS(e, 0, n) has further been introduced)

¥, (6)+ = 0(¢) (3.3)

[(nfrmT)Z]n +nf1m = 0; f(C, 0) = fn(c’ °°) = 09 nli_l?”nfnnT_)O (34)

for determining the function f(, n), which enables us to conclude that the function f({, ) can be chosen
independently of the variable (. Moreover, for a specified order of magnitude of the transverse velocity
on the wall, the solution of boundary-value problem (3.4) is of a universal nature, since it is independent
of the conditions on the surface over which the flow occurs. In other words, the function f(n) is exactly
the same function for the cases of a transpired or an impermeable plate.

Integration of Eq. (3.4) gives

n
nf"T:D-J"Z’—;
0

where D is a constant. When account is taken of the condition for the shear stress, we shall have from
this that

v [
n

and the improper integral on the right-hand side converges. Hence, the solution of the boundary-value
problem (3.4) has the form

oy pdn [ odng
fm = ’{2111T(111)!T(T\2) (3.5)

Since T(0) = x, from (3.5) we obtain the asymptotic form of the solution on the wall
vy < F1 a - _ fan
fi() = 2(Inn+4g-nF)+0M™), 10, Fi=J-f(=) = [55. a>0  (36)
0

where A, is a certain constant.

Note that transformation (1.8) allows of a certain arbitrariness in the choice of the boundary-layer
thickness so that this quantity can be not identical to the transverse scale occurring in the formulation
of closure condition (1.3). We introduce the new transverse scale A, = A/c, where o({o, €) is an arbitrary
function provided that the condition for a monotonic increase in the boundary-layer thickness is satisfied.
We label all quantities, which are defined in the case of a boundary-layer thickness Ao, with the subscript
o. The equalities

No = ON, fo(no) = Ozf(ﬂ) (3-7)

follow from (3.5). According to these equalities the constant 4, in the asymptotic representation (3.6)
is independent of the method of defining the boundary-layer thickness.

4. MATCHING OF THE SOLUTIONS FOR THE OUTER AND NEAR-
WALL REGIONS OF THE BOUNDARY LAYER

The solutions of the problems for the outer and near-wall regions contain two unknown functions: A(§)
and @(&), which can be found as the result of asymptotic matching [16]. In accordance with representations
(3.1), (3.2) and (1.3), the estimate
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(W)U~ N (E) = O(e))

holds for the turbulent shear stress in the outer region of the boundary layer. Considering the case of
moderate transpiration when the shear stress is of the same order of magnitude on the wall and in the
outer region, we will seek the skin-friction coefficient in the form

O(8) = e1,(0) + 2 Inety(§) + €:45() + £ e1,(L) + € Inets (L) + O(E?) (4.1)

For matching, we will base ourselves on relation (2.4), which holds in the near-wall region outside
the viscous sublayer and the asymptotic representation for the streamwise velocity

F a
¥, = 1+ ?‘[exl(g) + €2 Inery(§)1[1nn + Ay - InF; + O(n*)] + O(€?) 4.2)

which is obtained from the solution for the outer region of the boundary layer when n — 0 on the basis
of representations (3.1) and (3.2) and asymptotic form (3.6). These two relations hold in the intermediate
zone joining the two characteristic domains.

According to equalities (2.1), the relation between the wall variables y ., U, and the outer variables
n, ‘¥, has the form

82
(§) o(8)

An estimate of the order of the residual term in the second formula of (4.3) follows from the estimation
of the right-hand side of Eq. (2.2) when account is taken of expansions (3.1) and (4.1).

In (2.4), we now change from the wall variables to the outer variables using formulae (4.3) and, when
1/¢ = O(1), 1/m = O(1), we expand both sides of the equality with respect to the small parameter € up
to terms of the order of elne inclusive. We express the streamwise velocity using representation (4.2).
Instead of the skin-friction coefficient, we substitute series (4.1) and, at the same time, assume that

+0(ee™), v, =

= @(&)e”*n, U, = (4.3)

1(§)#0, £(L)+b=0 (4.4)

Since v, = Of(e) in this case, it is sufficient to use the estimate C(v,) = Cp + O(g) of the function
C(v,) occurring in asymptotic form (2.4). We equate similar terms on the right-hand and left-hand sides
of the equality obtained in this manner. As a result, we will have seven algebraic equations for the seven
required functions A,(§), A5(8), £1(€), ... , t5(£), the solution of which is

M) = X2 l(g) @) = 220 () < 0D ) - PO

, 7
1) = —-"’4‘%)25@, () = é 15(0) = é[z((g))+2R(§)] “5)

kF,0(8)
4

According to solution (4.5), the second inequality of (4.4) is equivalent to the inequality A,() = 0
and inequalities (4.4) express the conditions that the leading terms of the expansion of the skin friction
do not vanish during injection and that the function A(§) does not vanish during suction.

We determine the connection between the variable £ and the streamwise coordinates x from relations
(1.8) and (3.1)

P(L) = 1+b(2%)2, 0(L) = 1-b(§c)2, R = In —Ay+Cy

1 M (8)
j A(§) (x O elnelz(g)+0(e)J (4.6)

1

When account is taken of the expressions for the coefficients of series (4.5), expansions (3.1), (3.2),
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(4.1) and (4.6) give the required asymptotic representation of the solution for large values of InR, which,
however, has the serious drawback that, in the case of real Reynolds numbers, which determine the
magnitude of the small parameter &, the terms of asymptotic expansions (3.1), (4.1) and (4.6) do not
decrease sufficiently rapidly.

We will make use of the freedom noted above in our choice of the boundary-layer thickness in order
to transform the series to a more convenient form. To do this, we write expansions (3.1) and (4.1) in
the following equivalent form

2
A®) = EPE) e X0 ne 4 g(gy)+ 0(e)
18 F.C @7

exQ(g) & KP(C) (9 3
o) = ? z [lne+R(§)]+§ [lns+R(§)+2Q(c)] +0(e%)

Expansions (4.7) are identical to expansions (3.1) and (4.1), in which the values of coefficients (4.5)
are set up, to written quantities of the order of €2 and &, respectively.

We now introduce the new transverse scale A. = A/o({o, €). The independent variables and the
required functions corresponding to the two different scales are related to one another by the equalities

{=Cotelno, @) = golta), A(E) = Ao(Eo) (o+s Z ) (4.8)

The last equality was obtained in accordance with the definition of the function A(§) (1.8).

Taking account of the fact that the value of the quantity F;, which is defined by equality (3.6), changes
according to formula (3.7) on changing to the new scale, we write expansion (4.7) for the new variable
and put Inc = -Ine — R({.). Only the leading terms then remain in the new expansions and, according
to equalities (4.8), we shall have

§ = Lo-ellne + R(Lo)] (4.9)

2
A® = S 1o )], 0 - 298l 1of 5] (4.10)

o

Hence, an almost identical change of variables (4.9) reduces asymptotic expansions (4.7) to the simple
single-term form (4.10). This can also be shown by direct substitution.

When account is taken of relations (4.9) and (4.10), integral (4.6) is transformed in the following
manner

_ & Lo £
R, j - (g) €2K2P(Co)Q(§o)exp[? +Ag-Co+ O(Co)] @.11)

An asymptotic solution of the problem is obtained in the boundary-layer approximation when the
stream function satisfies Eq. (1.7). However, all of the results still hold if the system of complete
Reynolds-averaged Navier-Stokes equations is used as the initial system when constructing
expansmns (3.1), (3.2) and (4.1). The terms in the Navier-Stokes equatlons which are not taken into
account in boundary-layer theory only affect quantities of the order of € in expansions (3.1) and (3.2).
The solution which has been constructed is therefore an asymptotic solution of the Reynolds-averaged
Navier-Stokes equations which, when € — o, has the same accuracy as the boundary-layer equations.

5. THE UNIVERSAL VELOCITY-DEFECT LAW

Solving the second equation of (4.10) for €/{., we obtain
2Ke/Co = (A + Q)1+ 0(gy)), A, = c//2+B, &, = [c;+B 5.1)

Here, account has been taken of the fact that, by virtue of the inequality €, < A, + ¢ < \58*, we can
write O(e,) instead of O(A, + ¢).
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Substitution of expression (5.1) into the first relation of (4.10) gives

A = 25014 0(e,)] (5.2)
Fl

A similar expression has been obtained [17] (see also [4]) on the basis of dimensional considerations
for the case of an impermeable plate.

We obtain the final form of the formulae for the streamwise velocity distribution in the outer region
of the boundary layer and, also, of the Reynolds numbers, based on the boundary-layer thickness and
distance from the leading edge of the plate, from relations (3.2), (4.9) and (4.11) taking relations (5.1)
and (5.2) into account.

Ue—u _ ()
—-_UeA* = ___Fl +0(gy) (53)
E E 2K
Ry = pro Ri=grms E= exp[f(A*-(p)+Ao—Co+0(£*)] (5.4)

Equality (5.3), obtained earlier in [7], is a universal velocity-defect law which extends the well-known
relation for an impermeable plate to the case of transpiration.

The universal function f'(n) can be defined using Coles’ empirical formula for the velocity profile
on an impermeable plate [18]

£ _

e %[lnn—O.SS(l +cos(nmn))], 0<n<1 (5.5)
1
Here, the quantity A is chosen as the distance from the wall at which the streamwise component of the
mean velocity differs from U, by 0.5%. In this case, F; = 1.55/k, Ay = 0.23.

Integrating both sides of the equality (5.3) with respect to n from 0 to o, we will have

8*/A, = F)A[l+0(ey)] (5.6)

where 8* is the displacement thickness of the boundary layer. For represent the results, it is convenient
to use a transverse scale, defined by the equality

A* = §*/A, (5.7)

Expression (5.7) is an extension of the boundary-layer thickness introduced by Clauser [19] to the case
of a permeable plate. According to Clauser’s data, Ay = 0.246 which is extremely close to the value
cited above which was calculated using Coles’ formula (5.5).

In order to check the theoretical results, experiments [20-25] were chosen which had been carried
out under conditions which correspond to a sufficient degree to the formulation of the theoretical
problem. In particular, the level of turbulent fluctuations on the outer edge of the boundary layer in
the experiments in [20-25] can be assumed to be small.

The notation

U,-u 2(U,—u)
D=—-—=—, D =
UeAy U, (A + Jo,/2+ BulU,)

p o YOuldy-(Wv)  p _ (u? P - (v?
- U2A2 ’ l_UzAz’ 2'U2A2
etk etdk etk

is used in all the figures.

The experimental velocity profiles in the boundary layer on a plate with injection for different values
of the parameter B and Reynolds numbers [20] are constructed in similarity variables (5.3) on the left-
hand side of Fig. 1. The solid curves correspond to Coles’ formula (5.5). The experimental data confirm
the correctness of the velocity-defect law: in the outer region all the points lie on a single curve, which
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Fig. 1

corresponds to the velocity profile on an impermeable plate (the left-hand side of Fig. 1). At the same
time, the interval, in which the proposed similarity relation is satisfied, depends very much on the
injection parameter. For an impermeable plate (B = 0), the universal curve describes the velocity
distribution through the whole thickness of the boundary layer apart from the viscous sublayer which
is very close to the wall. As the rate of injection increases, the region of applicability of similarity law
(5.3) contracts and, in the case of the value B = 0.008, which was the largest value of B in the series of
experiments in [20], it is approximately 80% of the boundary-layer thickness.

Slmllarlty law (5.3) must be satlsﬁed at high Reynolds numbers. In the case of the data of Fig. 1, the
minimum Reynolds number is 3.5 x 10°. Velocity profiles, measured in [20] at lower Reynolds numbers
(R, =32x 10%, 1.6 x 10° ), are available: these data do not satisfy the velocity-defect law which has
been estabhshed

Velocity-defect law (5.3) enables one to formulate similarity rules for the distribution of the
components of the Reynolds stress tensor. From relation (1.3) and Eq. (3.5) for the shear stress, we
obtain

vaulay (u v) L M) - f(ﬂ)+0(e*) (5.8)
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From relations (1.4), for the normal turbulent stresses in the outer region we shall have

W _ P
VAL -[ F, ]Sl( »0,Mm) + O(g4) (5.9)

The relations for the components (v and (w') are completely analogous to formula (5.9). There is
a function on the right-hand side of equality (5.9) which specifies the distribution of the component of
the Reynolds tensor in the boundary layer on an impermeable plate.

On the right-hand side of Fig. 1, the data from the measurements of the shear stress in [20], constructed
in similarity variables (5.8), are compared with the calculated curve corresponding to the right-hand
side of formula (5.8) in which the function f'(n)) is given by expression (5.5). In the case of an impermeable
plate, the calculated curve and the experimental shear stress profiles are extremely close (B = 0, the
right-hand side of Fig.1). This confirms the correctness of the approximate equation (3.5) obtained in
this paper, since Coles’ formula describes the experimental velocity profile quite well (B = 0, the left-
hand side of Fig. 1). In the case of injection, use of variables (5.8) enables one to superpose the shear
stress distributions obtained for a single value of the injection parameter but for different Reynolds
numbers. (It is obvious that the anomalous behaviour of the three profiles corresponding to B = 0.001
and 3.5 x 10° < R, < 7.3 x 10°, and of the single profile corresponding to B = 0.00375 and R, = 1.3 x
10° is due to the inaccuracy of the measurements). However, the experimental data only agree with
the calculated curve in part of the boundary layer in the region which is adjacent to its outer edge; the
length of this domain contracts appreciably as the injection rate increases.

In Fig. 2, the experimental profiles of the components of the Reynolds tensor associated with the
streamwise velocity fluctuations (the left-hand side of Fig. 2) and the transverse velocity fluctuation
(the right-hand side) [21] (also, see [22]) have been constructed for different values of B and R, in
similarity variables (5.9). It can be seen that the experimental data obtained over an extremely wide
range of the injection parameter at different Reynolds numbers satisfy similarity rule (5.9) in region
consisting of approximately three quarters of the boundary-layer thickness.

Velocity-defect law (5.3) can be written in the form

U,- :
UeA: B “f';‘”?)”fl(@"’s), fiGm,e) = 0(1), €0

From this, for the integral boundary layer characteristics we obtain

= 1+el({, ), = 1-GAy +€l({, &)+ O(€") (5.10)

0

F,AA, F,AR,

o 2

1o = | j—r‘ﬁ;:]—e)dn G = f% (5.11)
0

0 1
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Here 6 is the momentum thickness. According to equalities (3.7), the second integral of (5.11) is
independent of the method of defining the boundary-layer thickness. The quantity G is known as the
Clauser shape factor [19], and, according to the data from measurements in a boundary layer on an
impermeable plate, its numerical value lies in the range from 6.4 to 7.1; calculations based on Coles’
formula (5.5) give G = 6.61.

The similarity rule for the boundary-layer shape factor follows from relations (5.10)

(1-6/8*)/A, = G+O(g,) (5.12)

which extends the well-known representation for an impermeable plate [19] to the case of transpiration.

The values of the shape factor for a boundary layer on a plate with injection, which have been
transformed in accordance with formula (5.12), are constructed in Fig. 3 using the experimental data
from [20, 23, 24]. As a whole, the data from the measurements correspond to similarity rule (5.12),
although the value of the constant, around which the experimental points are mainly concentrated, is
20% less than the value which is characteristic of a boundary layer without injection.

6. COMPOSITE EXPANSIONS FOR VELOCITY AND REYNOLDS
STRESS PROFILE

Velocity-defect law (5.3) is correct in the outer region but it is not satisfied in the near-wall region where
the velocity distribution is described by the function U, (y.). Outside the viscous sublayer, this function
satisfies similarity law (2.4). A composite expansion, constructed using relations (2.4) and (5.3), enables
one to obtain a representation of the velocity profile in the whole of the boundary layer apart from the
viscous sublayer.

We will rewrite similarity law (2.4) in the outer variables taking account of the expression for the
boundary-layer thickness (5.4).

JT=4D = 1+L0+0(8), o) = é(lnn +Ay-InF)), q = /-\'i (6.1)
%k

On the basis of relations (1.12) and (4.1), ¢ = O(¢) in the case being considered of moderate
transpiration. Solving Eq. (6.1) assuming that g® = O(1), we obtain

D=-®- f-idf +0(q) (6.2)

Equalities (6.2) and (5.3) are now considered everywhere outside the viscous sublayer. We form the
composite expansion for the velocity defect D in the form of a sum of expansions for the two regions,
after subtracting their common part [16]

p=-L_9¢7, O(ey) (6.3)



716 I. 1. Vigdorovich

We now replace ®(n) by the function f'(n)/F; which, according to (3.6), has the same asymptotic
form on the wall. This does not change the order of accuracy of representation (6.3), but allows the
physical condition that the velocity defect should vanish on the outer edge of the boundary layer to be
satisfied. Hence, finally we will have

Uemu _ _f)_gf*(m)
= -1 +0(g,) (6.4)
UAy F, 4 Ff
Here, the estimate O(e«) uniformly holds everywhere outside the viscous sublayer.
Substituting expressions (6.4) into relations (1.3) and (1.4) we obtain the composite expansions for
the Reynolds stresses, which represent these quantities solely in terms of functions which are known
in the case of flow over an impermeable plate,

JNouldy - (u'v) _ ') - OV L af' (M)
T = I:l +—_—fW] I:l +—§-PT]+O(£*) (6.5)

,2 " 1
1

U,A F,

The formulae for the components (u) and (w') are completely analogous to the notation of (6.6).
Expressions (6.5) and (6.6) describe the profiles of the shear stress and of the root-mean-square trans-
verse velocity fluctuation everywhere outside the viscous sublayer. The region of applicability of the
similarity laws for streamwise and spanwise fluctuations is narrower and, close to the wall, is restricted
to the region where asymptotic representations (1.6) hold.

Using formulae (1.5) and (1.6), and asymptotic representation (3.6), we obtain the following expansions
close to the wall for the components of the Reynolds stresses

173
v, L, A vil
V3~ ) = g+ o), ()" = l—ﬂ(ﬁj Inn + O(1)

K
. (6.7)

1
113 v, (A3 v,

N/(u%:%lmnoa), (W) ——-5-] Inm+0(1), 10
2 4x

All the constants in expansions (6.7) are known from experimental data in the case of an impermeable
plate. It can be seen that there is a region close to the wall in which the root of the shear stress and
the root-mean-square transverse velocity fluctuation behave as the logarithm of the distance to the wall
and the root-mean-square streamwise and spanwise fluctuations behave as the logarithm to the power
of 3.2.

Another form of the composite expansion for the velocity profile is obtained on solving Eq. (6.4) for

f'(m)
2(U.—uw) ALY,

U,(Ay + Je,/2+ BulU,) F

Integration of equality (6.4) from the wall to the outer edge of the boundary layer gives a relation
which is analogous to (5.6)

+0(ey) (6.8)

o*
= =
A .—GB/4 FA[1 +0(ey)]

where G is the Clauser shape factor (5.11). The transverse scale A**, which is improved compared to
(5.7), therefore corresponds to similarity law (6.8).

Relation (6.8) was proposed for the first time in [26] as a semiempirical dependence.

According to their construction, asymptotic representations (6.8) and (6.5) for the velocity and shear
stress profiles hold everywhere outside the viscous sublayer, This is confirmed by Fig. 4, in which the
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same experimental data for the velocity distribution (the left-hand side of Fig. 4) and shear stress (the
right-hand side) are constructed in variables (6.8) and (6.5). The velocity profiles [25], obtained not
only in the case of injection but also suction, are presented in Fig. 5 for different values of the parameter
B and Reynolds numbers.

It is now clear from the left-hand side of Fig. 4 and Fig. 5 that the experimental values of the velocity
follow the universal curve almost along the whole boundary-layer thickness irrespective of the depen-
dence on the magnitude of the transpiration parameter. Only points belonging to the viscous sublayer
deviate from the universal distribution.

Similarity, it can be seen from the right-hand side of Fig. 4 that the two-term formula (6.5) provides
a good description of the shear stress profile outside the viscous sublayer for all values of the injection
parameter; the calculated curves are constructed for the values of ¢ indicated in Fig. 4. For constant
B, the parameter g changes slightly along the length of the plat and, therefore, in each case, its value
has been taken as the mean for the given range of Reynolds numbers. It can be seen that, in accordance
with formula (6.5), the experimental shear stress profiles have a distinct logarithmic segment close to
the wall.
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