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The structure of a three-dimensional turbulent
boundary layer
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PA 18015, USA
2 Mathematics Department, University College London, London WCI1E 6BT, UK

(Received 20 July 1992)

The three-dimensional turbulent boundary layer is shown to have a self-consistent two-
layer asymptotic structure in the limit of large Reynolds number. In a streamline
coordinate system, the streamwise velocity distribution is similar to that in two-
dimensional flows, having a defect-function form in the outer layer which is adjusted
to zero at the wall through an inner wall layer. An asymptotic expansion accurate to
two orders is required for the cross-stream velocity which is shown to exhibit a
logarithmic form in the overlap region. The inner wall-layer flow is collateral to leading
order but the influence of the pressure gradient, at large but finite Reynolds numbers,
is not negligible and can cause substantial skewing of the velocity profile near the wall.
Conditions under which the boundary layer achieves self-similarity and the governing
set of ordinary differential equations for the outer layer are derived. The calculated
solution of these equations is matched asymptotically to an inner wall-layer solution
and the composite profiles so formed describe the flow throughout the entire boundary
layer. The effects of Reynolds number and cross-stream pressure gradient on the cross-
stream velocity profile are discussed and it is shown that the location of the maximum
cross-stream velocity is within the overlap region.

1. Introduction

Three-dimensional turbulent boundary-layer flows are common in nature and in
engineering applications. However, it is only in the recent past, with the increasing
availability of relatively large computing resources, that a considerable research effort
has been expended in devising numerical algorithms and turbulence models for the
calculation of such boundary layers. Although much progress has been made in this
endeavour, it is fair to say that a basic understanding of the physics and structural
features of this flow is not well-established. In a previous study (Degani, Smith &
Walker 1992), an asymptotic analysis of the turbulent boundary layer near the plane
of symmetry in the limit of large Reynolds number was developed. The latter
investigation was carried out as a first step in understanding the general features of the
full three-dimensional flow which are now taken up in this study. Here a self-consistent
two-layer structure will be shown to describe the attached turbulent boundary layer in
three dimensions, with an inner wall layer in which the turbulent and viscous stresses
are of comparable magnitude, and a relatively thicker outer layer where the viscous
stresses are negligible to leading order.

It is useful at this stage to discuss qualitatively the essential features of a three-
dimensional boundary layer, which is most conveniently described in the streamline
coordinate system shown schematically in figure 1. Here the coordinates (x,, x,) lie on
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FIGURE 1. Schematic of a three-dimensional turbulent boundary-layer velocity profile.

the surface with x, aligned in the direction of the mainstream velocity and x,
perpendicular to x;; x, is the normal coordinate completing the orthogonal system. In
general, the external streamline is curved, which produces a cross-stream pressure
gradient that is positive for the situation shown in figure 1. Although the velocity
vector, uy, is tangential to the external streamline at the boundary-layer edge, it tends
to rotate in the direction of decreasing cross-stream pressure gradient as the distance
from the wall decreases. Thus in the streamline coordinate system, the boundary layer
develops a cross-stream velocity component, u,, the magnitude of which increases from
zero at the boundary-layer edge, reaches a maximum value, and then decreases back
to zero at the wall in order to satisfy the no-slip condition. On the other hand, the
behaviour of the streamwise velocity, u,, is similar to that in two-dimensional
boundary layers. The angle § between u, and x, is known as the velocity skew angle.
Since both u, and u, are zero at the wall, the wall skew angle, ¢, is determined by the
L’Hopital rule and consequently 0, is also the angle between the wall shear stress
vector and x, ; it is also the total angle through which the velocity vector rotates as the
thickness of the boundary layer is traversed. The total shear stress vector generally has
components in each of the (x,, x,)-directions and also tends to rotate away from the
direction defined by 6,, with increasing distance from the surface.

There are a number of controversial issues concerning three-dimensional turbulent
boundary layers which have been discussed by Degani ef al. (1992) and Degani (1991).
Here only a short summary of the pertinent issues is given.

(i) Although a logarithmic variation with distance from the wall for the streamwise
velocity u, has been observed in experimental data (Fernholz & Vagt 1981; Van den
Berg et al. 1975; Pierce & Zimmerman 1973 ; Prahlad 1973), the structure of the cross-
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stream velocity has not been established yet. A number of ‘law of the wall’ formulae
have been proposed for the cross-stream velocity profile (Pierce, McAllister & Tennant
1983) that contain a logarithmic variation, but this behaviour has not been confirmed
experimentally. Furthermore, the nature of the functional form of the cross-stream
velocity in the outer layer which matches smoothly with the wall-layer solution has not
been addressed. Unlike the streamwise velocity profile, a defect function form for the
cross-stream velocity is not possible since u, vanishes at the boundary-layer edge.
Consequently, both the outer- and wall-layer functional forms for the cross-stream
velocity profile remain to be established.

(ii) The extent of near-wall collateral flow reported has varied considerably ; here the
term collateral flow signifies that the flow is in the same direction as the wall shear
stress vector. Some authors (see, for example, Nash & Patel 1972) argue that near-wall
collateral flow is inconsistent with the governing equations. In contrast in a recent
theoretical study, Goldberg & Reshotko (1984) conclude that the flow is collateral
across the entire wall layer. Estimates of the extent of near-wall collateral flow from
experimental data vary from y* = 15 (Johnston 1960) to as high as y* = 150 (Hornung
& Joubert 1963); here y* = u,_y/v, where y measures distance normal to the surface, u,
is the total friction velocity and v is the kinematic viscosity. At typical Reynolds
numbers encountered in practice, the wall-layer thickness extends to about y* ~ 100.
Evidently the extent of collateral flow within the wall layer needs to be established on
a theoretical basis.

(iii) The location of the point of maximum cross-stream velocity has also not been
determined. Johnston (1960) claimed that the location is well within the wall layer
(y* ~ 15), but Goldberg & Reshotko (1984) suggest that it is within the outer layer.
Furthermore, the dependence of this location on the Reynolds number and pressure
gradient, if any, has not been established.

(iv) For two-dimensional boundary layers, it is well-known (Fendell 1972) that the
appropriate scale for the velocity in the wall layer and the defect function in the outer
layer is the friction velocity u_ = (7, /p), where 7, is the wall shear stress and p is the
density. However, a number of possibilities seem to exist for three-dimensional flows.
Some of these have been reviewed by Pierce et al. (1983) who conclude that the basis
of selection of the velocity scale is not clear and remains to be determined.

In order to answer these fundamental questions in a systematic manner, an
asymptotic analysis of the governing equations in the limit of large Reynolds number
is carried out in the present study. It may be noted that in addition to resolving the
fundamental structural questions, the results of an asymptotic analysis are also of
considerable practical significance. An important modern trend in the computation of
turbulent flow, either by solution methods based on the boundary-layer or full
Navier—Stokes equations, is the wall-function method (Rubesin & Viegas 1985;
Barnwell, Wahls & DeJarnette 1988; Walker, Ece & Werle 1991). Such approaches in
two-dimensional flows are based on the result (Fendell 1972) that the mean wall-layer
develops a locally self-similar form; thus the velocity and the total enthalpy in the inner
wall layer may be represented by analytical functions in the form of law-of-the-wall
profiles. The effectively inviscid flow in the outer layer of the boundary layer is then
computed numerically; the no-slip and heat-transfer condition at the wall are replaced
by the requirement that the numerical solution asymptote in a manner consistent with
the wall-layer structure at numerical mesh points close to the wall (Walker et al. 1991).
Since this approach obviates the necessity of obtaining a numerical solution near the
wall, where ordinarily a highly refined mesh is needed to resolve the intense profile
gradients, a considerable saving in mesh points and computational time is possible. For
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instance, in a recent paper on the calculation of two-dimensional boundary-layer flow
with heat transfer (Walker et al. 1991) it was shown that a 50% reduction in the
number of mesh points — as compared to that required for a conventional calculation
which computes the flow all the way to the wall — was possible without any degradation
in accuracy. Recently, the basic approach has been extended to attached three-
dimensional flows using the theory developed in this study (Degani 1991; Degani &
Walker 1991), where pay-offs in increased computing efficiency are much more
significant. In order to specify the asymptotic boundary condition for the outer-layer
numerical solution and the appropriate form of the wall functions, it is first necessary
to determine a complete and self-comsistent structure for the three-dimensional
turbulent boundary layer.

In the context of the brief foregoing background, the objectives of the present study
may be summarized as follows:

(i) to develop the asymptotic structure of the three-dimensional turbulent boundary
layer in the limit of large Reynolds number;

(ii) to determine the conditions that the external flow must satisfy for the boundary
layer to achieve self-similarity, thus providing the three-dimensional analogue of the
two-dimensional boundary layer (Clauser 1954, 1956);

(iii) to obtain similarity solutions of the three-dimensional turbulent boundary layer
to facilitate the discussion of some general features of the flow.

2. Governing equations

Consider a three-dimensional boundary-layer flow and let U,, and L, be a
representative speed and length, respectively; the Reynolds number is defined as
Re = U, L, /v, where v is the kinematic viscosity. In dimensionless variables, the
Reynolds-averaged boundary-layer equations in a streamline coordinate system are

(h u1)+ (h u2)+h h a =0, 2.1
Uy Ouy aul U, aul Ou, U, 8U, or,
h1 0x, h 2 0%, T a ~ Koyt Ky = h ox,  Oxy’ @2
u, Ou, L Ou, Qu, 2, OTas
B, 0x, h ax2+ 36 —K,uu,+K,u} = K, U2+ ox,’ 2.3)

where the x; are as shown in figure 1 and u, is the velocity in the x,-direction. The metric
coefficients in the streamwise and cross-stream directions are 4, and 4,, respectively,
and K, and K, are the curvatures defined by
1 oh 1 oh
K =- 2 K= 24a,b
! hoh,ox,” % h h,dx, ( )
In accordance with conventional boundary-layer theory (Nash & Patel 1972), the
metric coefficient in the normal direction 4, is taken equal to unity and 4, and 4, are
assumed independent of x,. Lastly, 7,, and 7,, are the total shear stresses in the x,- and
x,-directions, respectively, and are given by

=t 1 Oy
#7 Re ox,’

i=1,2, ‘ 2.5)

where g, are the dimensionless Reynolds stresses.
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In the streamline coordinate system,
Uy > Ug(Xy, %), 4,0, (2.6a, b)

at the boundary-layer edge, where U, is the flow speed along external streamlines near
the surface. In addition to U,, it is also necessary to specify the function g(x,,x,)

defined by U
qU, = Lim —2¢,

z3—~>0 a'x3

Q.7)

where U,, denotes the normal velocity in the external flow, in order to completely
characterize the nature of the mainstream flow near the surface. Assuming that the
component of vorticity normal to the surface is zero, it is easily shown that o, = 1/U,,
and, from the continuity equation (2.1), it follows that the cross-stream metric satisfies

U,dh, U,

K=—F7""="4q¢q. ‘

By ox, x4 28
Note that for the special case g =0 (corresponding to inviscid flows which are
effectively independent of x, near the surface), it follows that 4, = 1/U, also. In general
for g + 0, (2.8) defines a differential equation for 4, which may be integrated along
individual streamlines (for known ¢ and U,).

3. Asymptotic analysis

The turbulent boundary layer is known to be double-structured for both the two-
dimensional flow (Yajnik 1970; Fendell 1972; Mellor 1972) and plane-of-symmetry
flow (Degani et al. 1992). Similar results are expected for the fully three-dimensional
flow and here a two-layer structure is sought which is self-consistent in the limit of large
Reynolds number.

The friction velocity is defined in the usual manner by u, = 7i,, where 7,, is the non-
dimensional magnitude of the wall shear stress. The wall skew angle 6, is given by

tanf, = 7,,/7,, at x,=0, 3.1
while the scaled outer and inner variables, # and y*, respectively, are defined by
N =X/d0 V' =x/4;, 4;=(Reu). (3-24a,b)

Here 4, is representative of the outer-layer thickness and is O(u,). Note that the
definitions of y* and 4, are identical to those in two-dimensional (Fendell 1972) and
plane-of-symmetry (Degani et al. 1992) turbulent boundary layers. Finally, two
pressure-gradient parameters, defined as

4, 19 19

b= Tty afc':’ b= u by afc: (3-34,5)

are of importance in the present study; here the streamwise and cross-stream pressure
gradients are given by

1%, __ U oU, 13p,_ KU = U, oU,

h, 0x, h, 3x,” h,ox, T hy Ox,

First consider the wall layer. Since the total shear stresses in the streamwise and

cross-stream directions at the wall are u? cos 6, and «? sin 8, respectively, the following
expansions for the total shear stress in the wall layer are suggested:

Tig = u2C08 O (X, Re) (X, yD)+..., 7,=1 at y" =0, (3.5a, b)
Toy = U2SINO,(X; Re)1,(X, y)+..., 1,=1 at y*=0, (3.5¢,d)

(3.4a, b)
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where x denotes (x,, x,). The turbulent shear stresses are expected to be the dominant
parts of the total shear stress for large y* and are therefore expanded according to

o, = utcosO (X;Re)o (X, y)+..., o,=0 at y"=0, (3.64,b)
Oy = U2SING(X; Re) o)(X,y)+..., o,=0 at y" =0 (3.6¢,d)

Upon substituting (3.5) and (3.6) into (2.9), it follows that the velocities in the
streamwise and cross-stream directions have the expansions

U, =u,cos0,(%; R U X,y )+..., uy,=usinb,(x;Re)Q" (%, y")+....

(3.7a, b)

Here the profile functions U and Q* are such that
Ur=0Q*=0 at y" =0, (3.8
to satisfy the no-slip condition, and due to the definition of 4, in (3.2), it follows that
Uty =32 /oyt =1 at yt=0. 3.9

Next, consider the streamwise and cross-stream momentum equations (2.2) and
(2.3). Upon substitution of the expansions in (3.5)—(3.7), it is easily verified that

ufcos@wgyii = O(Relu)’ ufsinawgyli = O(Kel’u“)’ (3.104, b)

in the wall layer. It will be shown subsequently that

ReuPcosf, ~° Reudsinf,

0 as Re— 0. (3.114q, b)

Consequently the total shear stress is constant in magnitude and direction throughout
the wall layer and from (3.5),

T, =T, =1, (3.12)
for all y*. Substitution of (3.5)-(3.7) in (2.5) then yields
o, +oU oyt =1, o,+0Q"/0y" = 1. (3.134, b)
It may be noted that (3.135) is identically satisfied if
o,=0,, Qt=U", (3.144, b)

implying that, to leading order, the flow in the wall layer is collateral, a conclusion also
reached for the flow in the plane of symmetry (Degani et al. 1992). This indicates that
the wall-layer flow, in a plane defined by the direction of the wall shear stress and the
normal to the wall, is identical to that in a two-dimensional flow to leading order.
Therefore, the asymptotic form of U* in the limit of large y* is given by

U+~%logy++Ci as y* - oo, (3.15)

where « and C, are the von Kdrman and log-law constants and assumed to be given
by « = 0.41 and C; = 5.0. Equations (3.7), (3.14) and (3.15) are equivalent to the three-
dimensional ‘law of the wall’ originally proposed by Johnston (1960). Note in passing
that models for the cross-flow equation in the wall layer other than those in (3.14) are
mathematically possible, but are believed to be physically unrealistic for the following
reason. If the Reynolds stress o, is arbitrarily specified (subject to condition (3.6a)),
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it follows that 0Q*/dy* is completely determined from (3.135). However, such
possibilities generally imply a flow in which the velocity, velocity gradient, and
Reynolds stress vectors have different skew angles throughout the wall layer and are
not aligned with the total stress vector except at the wall itself. However, the convective
and pressure-gradient terms in the momentum equations do not influence the leading-
order wall-layer solution, and the dominant influence on the near-wall flow is the wall
shear stress. Consequently such models do not appear to be realistic in the limit
Re > o0 as the wall-layer thickness shrinks to zero. However, it must be emphasized,
as illustrated in §7, that higher-order effects associated with the pressure gradient are
not negligible in the near-wall flow for finite Reynolds numbers and may cause the
velocity and shear stress profiles to skew in the wall layer. Consequently the leading-
order solution adopted in (3.14) does not imply that the wall-layer flow is collateral
to all orders, as previously suggested by Goldberg & Reshotko (1984).

Now consider a defect-function formulation for the streamwise velocity in the outer
layer. It may be easily confirmed that in order to match the wall-layer expansion, the
streamwise velocity in the outer layer must be expanded according to

u, = Ue+u,cos0w%—§(3‘c‘,n)+..., (3.16)
where the defect function behaves according to
%%~%logn+co as 7—>0, %%»0 as - o0, (3.17a, b)

with the resulting velocity-match condition given by

ui=%log(Reu,Ao)+Ci—Co+.... (3.18)

*

Here the small parameter u, is defined by
Uy = (u,/U,)cos b, (3.19)

and (3.18) establishes a relation between u,, Re and the outer lengthscale 4; it is
evident that u, is O(1/log Re) as Re— oo.

The expansion of the streamwise velocity given by (3.16) indicates that within the
outer layer, the deviation from the boundary-layer edge value is of O(x,,). To establish
the order of magnitude of the cross-stream velocity in the outer layer, consider (3.75)
and (3.14); using the asymptotic form (3.15) and the matching condition (3.18), it is
easily shown that

u2~Uetan0w+uTsin0w{£log17+CO}+... as 70, (3.20)

in order to ensure an overlap with the wall-layer solution. However, as indicated by
(3.16), the defect in the outer layer is O(u,cosé,), and the cross-stream velocity is
expected to be of comparable magnitude. Balancing the leading term in (3.20) with
u, cos 6, shows that tan 6, is O(u,). This result is in agreement with that obtained for the
flow near the plane of symmetry (Degani et al. 1992) and shows that 8, is small, in
general, in the limit Re — 00; note that (3.11) is now confirmed.

A scaled wall skew angle 6, may formally be defined by

O, = tan (0,,)/uy, (3.21)
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for which 6, is O(1). It may be noted that since 6, is small, (3.21) may be written as
0, = 0, /u, to leading order; however, there is no special advantage to expanding the
trigonometric functions in a Taylor series in the subsequent analysis. In terms of 6,,
the wall-layer expansions of the Reynolds shear stress and velocity given by (3.6) and
(3.7), may be rewritten as

Oy =ulcosO,0,+..., Oy =ulcosO(u,0,)0+..., (3.22a, b)
u,=Uu, U +..., u=Uut6,U"+..., (3.22¢, d)

where (3.14) has been used. It is important to note that the cross-stream quantities are
smaller than their streamwise counterparts by O(u,). Degani (1991) has considered
higher-order terms in the expansions and has shown that these are associated with the
pressure gradient and are O(1/(Reu,)) and O(1/Reul)) for the shear stress and
velocity, respectively. It is these higher-order terms which cause the shear stress and
velocity profiles to deviate at finite Reynolds number from the leading-order collateral
flow behaviour described by (3.22). The details of the higher-order analysis are not
important for the present purposes and are not included here.

For the outer layer, (3.20) and (3.21) suggest that the appropriate asymptotic
expansion for the cross-stream velocity is given by

oG oG
U, = Ueu* 0*{6—1714-“*—6772-"}, (323)
0G, oG, 1
where —577— 1, o Klog77+Co as 7—>0. (3.244a, b)

It may be inferred that the characteristic ‘bulge’ in the cross-stream velocity profile is
a direct consequence of the asymptotic form in (3.24). At the outer edge of the
boundary layer, u, is dominated by the leading-order term in (3.23) which increases in
magnitude as 7 decreases. However, very close to the wall layer the logarithmic
variation in the second-order term begins to make an increasing (negative) contribution
to the cross-stream velocity and at some location within the logarithmic zone (to be
estimated in §7), the cross-stream velocity attains its maximum. Below the location of
the maximum velocity, the logarithmic term is increasingly dominant and serves to
reduce the sum of the O(u,) and O(u2) terms in the cross-stream velocity to O(x3) in
the wall layer, thus enabling a match of the outer-layer and wall-layer expansions (cf.
(3.22d)). Consequently, it is not necessary to introduce an empirical profile to obtain
the desired cross-stream behaviour as suggested by Goldberg & Reshotko (1984).

As indicated by (3.23), the asymptotic analysis must be extended to second order in
the outer layer. The following extension of the expansion in (3.16) is suggested:

OF, OF,
= U1 —<+ul 2+, .
u, e{ + Uy P +uy 3 }, (3.25)
where the asymptotic form for 0F /0y is given by (3.17) and @F, /0y asymptotes as
OF /oy ~ C, as 5->0. (3.26)

The quantities C, and C, in (3.17) and (3.26) are functions of ¥ which are to be found
and which generally depend on the specific outer-layer turbulence model. The
asymptotic form in (3.26) is not obvious and merits explanation. In past analyses
(Mellor 1972; Goldberg & Reshotko 1984), the flow quantities were expanded in
powers of ¢, where ¢ = ¢(Re) and e is O(u,) at some representative station along the
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surface. A logarithmic asymptotic form for JF,/0y was proposed and this in turn
required a term for u; which is O(¢?) in the wall layer. However, in this study, the
expansion for the wall-layer velocity is in terms of the friction velocity u,(x, Re) and,
consequently, the entire logarithmic variation in u, is captured by the leading-order
terms in both the outer and wall layers. It has been shown (Degani 1991) that the
second term in the expansion for the velocity in the wall layer is of O(1/(Re#2)), and,
consequently, a logarithmic variation in 7 in (3.26) is incompatible with the wall-layer
expansion. This point is amplified in detail in Degani (1991) where it has been shown
that an expansion in ¢, when expressed in terms of an expansion in the friction velocity,
produces the result in (3.26). Upon matching (3.22¢) and (3.25), it is readily confirmed
that the match condition up to second order is

i=llog(Reu,Ao)+Ci—C0~u,,= C,.... 3.27)
U, K
Now consider the form of the higher-order terms for the total shear stress. Starting
with the wall layer, (3.22¢, d) are substituted into the momentum equations (2.2) and
(2.3). It follows from differentiation of (3.27) that du, /0x, and du,/0x, are both O(u2),
and upon using (2.1) and (3.2), it is easily shown that

A U R CA e 1

oy* Reu,{hl ax, ¥\ h ax, 0 TRaUege | Ut (3.28)
%=_ 1 {K Uz{l_uz U+2}}+ (3 29)
ay+ ReuT 2 Ye % e .

The values of 7, and 7,, at the wall are u?cos 8,, and u?cos 0, (u, 0,.), respectively, and
(3.28) and (3.29) may be integrated from the wall; subsequent evaluation of these
expressions for large y* yields
1 U,oU, log? y*
2 ——— e e -+ 12
T3 ~ U COS O, Reu, b, ox, y {1 Ux— 3

}+... as y*—>o0, (3.30)

2.+
Tys ~ U2COS O, iy 9,,-5771{2 U§y+{1—ui loizy }+ as y*>o0, (3.31)
where (3.15) has been used. Note that the second-order terms in (3.30) and (3.31)
involve the pressure gradient and act to alter the leading-order collateral flow
behaviour in the wall layer for finite Reynolds number.
For the outer layer, it may be confirmed using condition (3.27) that in order to match
(3.30), 7,, must have the outer-layer expansion

Ty = 2008 O, (%, )+ 14y Ti(%, 1)+ ..} (332)
l 2
Here Tl~1—2,3511%gﬁ+..., T,~—B,1 ‘:{% Ty... as -0, (3.33a,b)

where g, is given by (3.34). Similarly, the appropriate expansion for 7,, in the outer
layer is N 5
Tos = U2 0, c08 O {T(X, p)+u, T(X,7)+...3, (3.39)

~

2
with 1;~2y7’—1%g—’7+..., 1;~1+yﬂl’fg—”+... as 70, (3.35ab)
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where the parameter y is defined in terms of the cross-stream pressure-gradient
parameter S, according to
Y =B/ 0% (3.36)

and B, is given by (3.35). It is important to note that (3.32)-(3.35) are general results
that must hold for any turbulence model adopted.

4. Outer-layer similarity equations

In this section, the special case of self-similar flow will be considered as an example
of the application of the general theory; this represents a limit in which the number of
independent variables is reduced from three to one. It will be subsequently shown that
the parameters g, and 8, defined by (3.3) define a two-parameter family of self-similar
flows in a manner similar to that near a plane of symmetry (Degani ef al. 1992).

Consider two functions ¥ and ¢ defined by

_ 1oy 1 0¢

U, = 7 3x, Uy = 7o, 4.1a,b)
From the continuity equation (2.1), it follows that

Uy=——— -t — 4.2

8 hyhy 0x,  hyh, Ox, 4.2

The expansions of the velocity in the outer layer given by (3.23) and (3.25) indicate the
following expansions for i and ¢:

¥ = Uchy Ad{n+u B+, K+ ), (4.3a)

¢=Uh A,u, 0,4G,(n)+u, G,(m)+...}. (4.3b)
Equations (4.1)(4.3) and the expansions (3.32) and (3.34) for the total shear stresses
are substituted into the momentum equations (2.2) and (2.3) to obtain the similarity
equations accurate to first and second order in u,. For this purpose, it is necessary to
evaluate the gradients of u,; upon differentiation of (3.27), it may be shown that

1 ou, 14} 3 1 0w, 145, 4
h_lé}:—;zo—(ﬂs as)+0(u*), E‘a—xz—zd—o(ﬂn—an)-'-o(u*)'*'

(4.4a,b)
Here j, and f, are given in (3.3) and the quantities «, and a,, are defined as
_U. 104, U, 104,
ST w, by dx,” ™ wu hy0x, 4.5a,5)

Along with the parameters g,, §,, ¢, @, and y (defined in (3.36)), three additional
parameters appear in the similarity equations and are defined as follows:

V= qUeAO/uT’ (46)
_4,U, 1 a0, ud, 106,
AT Gk ey T T Iy ax, (4.7a,5)

where ¢ is defined in (2.7). Since the analysis here is carried out to two orders, it is
necessary to account for the fact that some of the parameters listed may have
expansion in powers of u,. A convenient choice for 4, will be made subsequently (see
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(4.20) below) and hence the quantities £,, £, and v may be considered fixed definitions.
On the other hand, the parameter y (cf. (3.36)) involves the wall skew angle and is
expected to involve contributions from both the first- and second-order profiles; thus
v is expanded as

Y=YotUx Y+, (4.8)
and from (3.36) the scaled wall skew angle has the expansion
B (ﬂn 71)
0 =——+u —_— +.... 49
* Yo * Ya “9)

In addition, since «, and «a,, both contain gradients of 4, they are expanded as

Oy = Oyt Uge Byt ey Oy = Oyt Ug Xy +... (4.10a, b)
In these expansions, u, = u,(X, Re) but, upon substitution in the momentum equations
(2.2) and (2.3), it may be verified (after some algebra) that the coefficients in the
expansions (4.9)-(4.10), as well as £, £, and », must all be constant to ensure

self-similarity. It then follows from (4.4), (4.7) and (4.9) that A, A, = O(u2).
The first-order streamwise and cross-stream equations may be shown to be

T+ (otgg—v)pFy +2p,F; =0, 4.11)
T{ 4 (@ — ) 7G{ + G, = 2y, F;, (4.12)
while the second-order equations are
T+ (a—v)9F, +28,F, = Z,, (4.13)
T,+ (o, —v)9Gy +vG, = Z,, 4.19)

where the primes denote differentiation with respect to . The right-hand sides of (4.13)
and (4.14) are given by

as - 4 4 '/ 4 an 4 2 4
Zy =~ OK ﬂsF1_“sl"7F1_(°‘so“‘V)FiF1 ‘ﬁs(F1)2+ﬂ_ny‘ OGIFI_(ﬂs—V)%(Gl)z;
) o

4.15)
and

Xso

P Gy~ 16~ v, Gy~ (00— B G

Z, =2y, Fy3+ 2y, Fi—
2
B0l G 6o LGy F (416)
Yo Yo
Not all the constants in (4.11)-(4.16) are independent and connecting relationships are
now obtained.

Unlike two-dimensional flow, the definition of a displacement thickness in three-
dimensional flow is ambiguous (see, for example, Nash & Patel 1972). However, a
lengthscale 8*, which is rotationally invariant and hence independent of the coordinate
system, may be defined according to

v [ _Ga+u)t

[ e
Using (3.2a) and the expansions in (3.23) and (3.25), it may be shown that

2

o = — 4y, {Fm g {Fm +2—Y"§Sgg}+ O(ui)}, @.18)
0
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where the subscript ‘oo’ denotes the evaluation of the quantity as y - co and
So =J G; Gydn; (4.19)
0

in addition, F(0) = F(0) = 0 has been used. The outer-layer lengthscale 4, may be
defined as in two-dimensional boundary layers (Fendell 1972) according to
A, = 6*/u,, (4.20)
but where u, is now given by (3.19). Then (4.18) implies that
2
o =—"=S (4.21a,b)

299"

2y,

A first integral of the first-order streamwise equation (4.11) may be easily obtained.
Using the conditions

E,=-1, E

100

,—-1;9F,F,~0 as 9—>0, T,9F,>0 as 75— oo, (4.22a-e)
as well as (4.214), an integration of (4.11) from 0 to co yields
= 1+v+28,. 4.23)

Similarly, integration of the second-order streamwise equation (4.13) across the
boundary layer gives

I+v+ a
Oy = Trv+fs +(1+4,) Sf,—’ﬁ" 208 —ﬂ—Z‘ G+B,—v) S, (4.24)
K Yo Yo
where (4.21) has been used along with the following boundary conditions:
I,,9F,,F~>0 as 5—-0, T,9F,-0 as 5—oco0. (4.25a-¢)

The constants S;; and S;, appearing in (4.24) are defined as
Ser = j F{F{dy, S;, = f F,G;dy, (4.264a, b)
0

which may be evaluated once the first-order equations (4.11) and (4.12) have been
solved.
Next, define the positive quantity o by

o=A4,U,/u, @.27)
Upon differentiation and using (4.5) and (4.10), it is easily confirmed that
00 /0x; = hyayy+O0(uy), 00/0x, = hya,,+ O(u,). (4.284, b)

For a physically meaningful fiow, o must be a continuously differentiable function of
(x,, x,) and consequently

§, 0
a_)62 (hyoge) = a_xl (hg o). (4.29)

But from the definitions of K, and K, in (2.4) and using A, = 1/U,, as well as (2.8), it
follows that

1 oh — 1 ok .
K1= 2=_J8 1 _%

K2= —_— =

Tk, ox, v ", hy 0x, (4.30a, 6)
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Since a,, and a,,, must be constant for a self-similar flow, it follows from (4.29) and
(4.30) that
asOIBn = ano(ﬂs_v)' (431)
One further relation may be obtained by utilizing (3.3) and (3.4) to obtain
U, _ Uk oU, _ U.h,

o, Pr o, = o (4.32a, b)
Since U, (x,, x,) must be continuously differentiable, it follows that
and using (4.28) and (4.30), it is easily shown that for g, and g, constant
Ao By = Pr(@se+ V). (4.34)
Elimination of «,, in (4.31) and (4.34) yields
B v(ag+v—p,) =0. (4.39)

Thus there are three possibilities for self-similarity. The first of these, corresponding to
f, =0, is a degenerate case of flow without a cross-stream pressure gradient and will
not be considered further. Consequently, there are only two cases to be addressed, (i)
oo+ v—p, =0, and (ii) v = 0. Using (4.23) and (4.31), it can be shown that for case (i)

. .. V= _%(1 + 85, Asop = 3(1 +380), no = fu; (4.36a, b)
while for case (ii),

v=0, o,=1+4+28,, a, =(8,/8)1+28). (4.37a, b)

The numerical procedure used to solve (4.11)—(4.14) also provides values for y,, ¥,,
C, and C,. Consequently, from (4.23), (4.36) or (4.37), all parameters are known except
for B, and g,. Consequently, g, and g, form a two-parameter family of similarity
solutions for three-dimensional turbulent boundary layers. There does not appear to
be any reason to rule out case (i) or case (ii), and well-behaved solutions have been
produced for both situations; however, for case (ii), #, must be assumed to be O(1). It
is worthwhile to note that case (i) yields the same relationship for «,, and v as that
obtained for plane-of-symmetry flow (Degani ef al. 1992). The numerical results to be
quoted in §7 are for case (i).

5. External flow leading to similarity

In this section it is demonstrated that self-similar boundary-layer flow can be
achieved whenever the mainstream speed obeys a power-law distribution in distance
along individual streamlines. For simplicity the following development is for case (i)
solutions (equation (4.36)) although the results are similar to those obtainable for case
(i)). Upon integration of (4.28a) along a streamline (x, = constant), it follows that

o= %(14—3,55)(5—.?0), (51)

where s denotes the distance along a streamline, and s, is the ‘constant’ of integration.
From the definition (4.27), o is always positive and therefore s > s, for f, > —3% and
s < s, for B, < —3%. Upon substitution of (5.1) into (4.32a), it may be confirmed that

U, = Uls— s, 2:/17360, (5.2)

where g, & —% and U, is in general a function of x,. The limiting case g, = —3
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@ f,>—% . <0 (K, <0, K,>0) ®) B,>-L B, >0(K <0, K, <0)

© B, <—2 B, <0(K,>0,K,>0) B, <—3% 8,>0(K, >0, K,<0)
FIGURE 2. Typical external flow patterns that lead to self-similar boundary-layer flow.

corresponds to a highly accelerated flow in which o is constant and U, ~ exp (s);
however, it can be shown (Degani 1991) that in this situation K, = 0 and K, is at most
constant. Therefore, this limiting case degenerates to a two-dimensional or axi-
symmetric flow and will not be considered further.

Using (4.30), (4.36) and (5.1), the following results are obtained for the curvatures:

28 1

K=—— =—"r -1 .
Vos—sy K, 1438, 5—s, R (5-3a,5)
With the definition of K, given by (2.44a), integration of (5.34) yields the following
expression for A,:

hy = hygls—s,l, (5.4

where h,, is, in general, a positive function of x,. The function 4,, is not arbitrary in
general; a relation connecting U, and 4,, has been derived in Degani (1991) but is not
needed for the discussion to follow here.

In figure 2, some typical external flow patterns leading to similarity in the boundary
layer are sketched. In the situations shown in figures 2(a) and 2(b), the external
streamlines diverge from each other in the flow direction so that 4, increases with
B, >—3% and s>s,. The velocity distribution along a streamline is given by
(5.2). Furthermore, from (5.3a), it follows that K, < 0. Since g, > —3, the flow
patterns depicted in figures 2(a) and 2(b) may be achieved with either a favourable

—1 < B, < 0) or an adverse (§, > 0) streamwise pressure gradient and the resulting
similarity solutions are realized for (s—s,) large and positive. On the other hand, for
the situations shown in figures 2(¢) and 2(d) the external streamlines converge in the
direction of the flow with 4, decreasing with increasing s. In both cases, g, < —3; hence,
such flows are realized for favourable streamwise pressure gradients only.

For the cases shown in figures 2(a¢) and 2(c¢), the streamlines are concave up
(K, > 0), while in figures 2 (b) and 2(d) the streamlines are concave down (K, < 0). Inall
cases, the velocity profile skews in the direction towards the centre of curvature of the
external streamlines. Consequently, for the flows in figures 2(a) and 2(¢), the skew
angle at the wall 6, > 0, and, for the flows in figures 2(b) and 2(d), 6,, < 0; hence, the
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sign of K, and 6, is the same. Since u, and o are always positive, it follows from (3.21)
that 6, and 6,, are of the same sign and from (4.305), K, and 3, are of opposite sign.
Therefore, for self-similar flow, it follows from (3.36) that the parameter v is always
positive.

In general, v may become negative under special circumstances, and in this context
it is of interest to discuss the situation when the cross-stream velocity develops an S-
shaped profile. Consider the cross-stream profile depicted schematically in figure 1 and
assume that at some location downstream the external streamline changes curvature so
that the cross-stream pressure gradient changes from positive to negative. The inertia
of the fluid in the wall layer is much smaller than in the outer layer and hence the near-
wall flow will respond quickly, but not immediately, by eventually skewing in the
positive x,-direction. Consequently, for a relatively short streamwise distance, K, and
6., are of opposite sign and therefore y < 0. Once the wall-layer flow skews in the
positive x,-direction, then y > 0 once again. On the other hand, the fluid in the outer
layer is slower to respond to the change in cross-stream pressure gradient and a zone
of flow in the negative x,-direction persists in the outer layer, thus giving rise to an S-
shaped profile. Eventually, of course, the cross-stream flow will all be in the positive
x,-direction, provided that the curvature of the external streamline does not change
again. For the similarity solutions considered here, it is evident from (5.34) that K,
cannot change sign; consequently, self-similar S-shaped profiles do not appear to be
possible.

6. Turbulence closure and similarity solutions

Although the results in § 3 were obtained without any turbulence-closure assumption,
a specific model must be adopted in order to solve the similarity equations (4.11)-(4.16).
The main intent here is to construct similarity solutions using a simple self-consistent
model to illustrate the dependence of the velocity and shear stress profiles on Reynolds
number and pressure gradient. It is worthwhile to stress that no attempt will be made
here to try to infer a ‘best turbulence model’ through direct comparison with
experimental data. Consequently a simple representative algebraic model is used here
which is defined by
Tis = €,0U; [0X,, Toq = €,0Uy/0x,, (6.1a, b)

where ¢, and ¢, are the total (turbulent + kinematic) viscosities in the streamwise and
cross-stream directions, respectively. In principle, ¢, could have a representation in
terms of an expansion in powers of u,. However, if ¢, is taken to be represented by one
term (Degani et al. 1992), then substitution of the expansions (3.25) and (3.32) for the
streamwise velocity and total shear stress, respectively, into (6.1a) and using (4.20)
yields

e, OF e, K

L= O sect, op° 2= U.o%secd, o (6.2a, b)
From (3.17) and (3.33), (6.24) implies that
e~ U,6%secO,kn+... as 7—>0. (6.3)

Similarly, if ¢, is also assumed to be represented by a single term, it follows from (3.23)
and (3.34) that

€, &G, 7 €, 0*G,
U,0*secl, dp?° "* U,d*secl, "

3 FLM 250

ﬁ:

(6.4a, b)
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From (3.24b), (3.35), and (6.4), it follows that ¢, must also satisfy (6.3) and thus both
components of the total viscosity are equal in the limit as 5 — 0, to leading order. A
simple model satisfying the required asymptotic behaviour is

€, =€, = U, 0%, 6.5
K, n=K/k,
where € = {m?’ y < K/, (6.6)

since, from (3.21), secd, ~ 1+ O(@d). Here « is the von Kdrmdn constant and Kis a
constant assumed to be 0.016 (Mellor & Gibson 1966). The model captures the essence
of a class of algebraic turbulence models (Mellor & Gibson 1966; Cebeci & Smith
1975; Baldwin & Lomax 1978) for the outer layer; so-called outer-layer ‘intermittency’
corrections are omitted here since they have little influence on evaluation of the velocity
profile. It may be noted that since (6.5) and (6.6) are only used in the outer layer, a wall-
layer damping function is not required. Several experimental data sets indicate that the
inferred ratio of eddy viscosities ¢,/¢, is not unity in the outer layer (see, for example,
Bradshaw & Pontikos 1985; Anderson & Eaton 1989). A non-isotropic model could be
introduced in the present formulation in at least two ways. First higher-order non-
isotropic terms could be introduced in (6.5), although at present there does not appear
to be a fundamental basis for selecting such models. Second a non-isotropic outer-layer
model may be introduced in (6.5) by adopting a different value of the constant K in
each coordinate direction (Degani et al. 1992). Such models have been considered but
do not have a significant influence on the general features of the velocity profiles to be
described in § 7 nor on the evaluation of the wall shear stress. Thus the model (6.5) may
be regarded as the simplest possible turbulence model, representative of modern
algebraic three-dimensional models (see, for example, Wie & DelJarnette 1988).

Substitution of (4.36) and the turbulence model (6.3)~(6.6) into the first-order
equations (4.11) and (4.12) gives

(em F1)' +(1+28) nFy +28,F{ =0, (6.7)
(6n G +(1+28) 1G] —3(1+8) Gy = 2y, F;, (6.8)
with the boundary conditions

F{»%logn—f—Co, G;~1 as -0, (694, b)
F{,G,—~0 as 75— o0. (6.9¢, d)

It may be confirmed that the second-order equations are given by
(em Fy) +(L+2B)nF; + 2B, F, = Z,, (6.10)
(em G +(1+28) G, —35(1+ ) G, = Z,, (6.11)

where

1 + 4 74 74 4 31 774 1 + 3 S. EL 7
z) == 2P o nE— 28 B Fr— gy PG S B e
2k Yo 270
(6.12)

4 1/ l+ 8 / 4 1+ S 74 7
Zy(n) = 270F2+27’1F1_2—KﬁG1_“s1’7G1+ zﬂ F G]

2 2
~(1+24,) K G} +-7/—”(G’1)2 +y—” G, Gi+y,(F)?  (6.13)
0 0



A three-dimensional turbulent boundary layer 59

with a; given by (4.24). The boundary conditions are
F,~C, Gy~(/x)logn+C, as 5—0, (6.144, b)
F,,G,~0 as ¢— 0. (6.14¢, d)

Note that, for case (i), the similarity equations (6.7)-(6.14) are identical to those
obtained for the flow near a plane of symmetry (Degani et al. 1992) except for some
differences in the form of the forcing functions Z, and Z,. A numerical procedure to
obtain an accurate solution of these equations is described in the Appendix and in
greater detail by Degani (1991). It is a two-tier scheme utilizing a series expansion for
small 4 and a finite-difference solution for larger values of 5. For a given value of 4,,
the constants C, and vy, are obtained as part of the numerical solution of (6.7) and (6.8).
Once F and G, are known, the constants in (4.19), (4.24) and (4.26) are calculated, and
for a given fS,, all constants appearing in (6.10)-(6.14) are known. Finally, the
constants C; and vy, are obtained as part of the solution of (6.10) and (6.11).
Consequently, the second-order contribution to 4, may be determined from (4.9).

A Reynolds number based on the lengthscale é* (cf. (4.17)) may be defined by
Reyu = Re U, 6*, and (3.27) becomes

i=llogRe‘,ﬁ-Ci~C,)—u,,‘C1+.... (6.15)
Uy K
With C, and C, calculated, (6.15) provides an equation to determine the scaled friction
velocity u, in terms of a given Re,.; note that a first-order estimate for u, is obtained
by equating C, to zero in (6.15). Finally, the skew angle 6, and friction velocity are
determined from

0, =tan"Yu, 0,}, u /U, =u,sech,,. (6.164, b)

7. Results and discussion

The calculated solutions of the similarity equations show that the second-order
corrections to u, and the outer-layer streamwise profiles are small at the large
Reynolds numbers considered in this study and for all practical purposes may be
neglected. Consequently, from (3.16) and (3.22¢), a composite streamwise velocity
profile is

/Uy = {1 +u, dE, /du} +u, U — U, (7.1)
where U, is the common contribution, written in terms of the wall-layer variable by
U, = u,{(1/c)logy* + C}. (7.2)

In contrast, both terms in (3.23) are necessary to describe the cross-stream velocity

profile in the outer layer (see also Degani er al. 1992). Using (3.22d), a composite
profile is

W _[dG, . 4G,

{dﬂ T

U,tanf,
where (3.21) has been used to define an appropriate non-dimensionalizing quantity for
u,. The wall-layer velocity profile U" given by Walker et al. (1989) was used to define
the composite profiles.
Similarity solutions for the full three-dimensional flow were calculated for a variety
of cases. The results presented here are for the conditions

B, =05 A, =-02 (7.4a, b)

32

}+u=I= ur-u,, (7.3)
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FiGURE 3. The streamwise and cross-stream velocity profiles for g, = 0.5 and g, = —0.2:
----- , Rey = 5000; ————, Re,, = 50000.

and are representative of the other situations considered. The four constants obtained
as part of the numerical solution are (to three significant figures)

C,=—129, 7,=0.124; C, =039, 1y, =—0.665. (1.5a-d)

Note that the scaled wall skew angle at the wall may be evaluated from (4.9) using this
information.

The streamwise and cross-stream velocity profiles for two values of the Reynolds
number, namely Re, = 5000 (u, = 0.0369) and Re; = 50000 (u, = 0.0306), with the
pressure-gradient parameters given by (7.4), are plotted in figure 3; here the quoted
value of u, is the first-order estimate obtained from (6.15) with C, = 0. Although both
profiles contain a logarithmic variation in the overlap region, figure 3 indicates that this
behaviour is not evident at the lower Reynolds number. However, at the higher value
of the Reynolds number, the logarithmic variation is well-defined for both velocity
components. Another noteworthy feature of the result in figure 3 is the extent of near-
wall collateral flow. At Re, = 5000, the two profiles coincide to only y* = 5, but at
Reg = 50000, the profiles coincide to about y* = 50, indicating that the extent of
collateral flow in terms of the wall-layer variable increases with increasing Reynolds
number. The results in figure 3 perhaps also explain why the issue of the extent of near-
wall collateral flow is controversial in the literature, and why the logarithmic nature of
the cross-stream velocity has not been observed in experimental data obtained at
relatively lower Reynolds numbers.

Next, the effect of Reynolds number on the cross-stream velocity profile is
considered. The composite profiles for the cross-stream velocity given by (7.3) are
plotted in figure 4 for various Reynolds numbers for the values of the pressure-gradient
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FiGure 4. Cross-stream velocity profiles for g, =0.5 and g, =-02: ----- , Reg, =1000; ———,
Re, = 5000; —-—-— , Rey = 10000; —-—-— , Reg = 50000. (@) In terms of the wall-layer variable y*. (6)

In terms of the outer-layer variable 5. (¢) In terms of the normalization in (7.15).

parameters listed in (7.4). These profiles are plotted in terms of the wall-layer variable
y* in figure 4(a) and the outer variable in figure 4(b). Although the composite profile
for u, contains a logarithmic variation in the overlap zone, the logarithmic portion of
the profile is clearly evident in figures 4(a) and 4(b) only at the highest Reynolds
number. In terms of y*, the location of the maximum, say y; ., becomes substantially
larger with increasing Re,. as shown in figure 4(a). On the other hand, in terms of the
outer variable, the location of the maximum denoted by 7,,,, decreases slightly with
increasing Re,. as indicated in figure 4(b). To explain this behaviour in u,, consider the
cross-stream total stress function 7,, defined in (3.34). It follows from (3.35) that

_Tm % Y .
ufcos b0, K7710g77+.--+u*{1+K21710g 77+...} as 50, (7.6)

which is a result that is independent of a specific turbulence model. However, for the
model adopted in (6.4), the maximum in cross-stream velocity occurs at the point
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where 7,, is zero. It will now be shown that this maximum occurs within the overlap
zone. Define an intermediate variable £ = x,/4,, such that 4,/4,, 4,/4,-0 as
Re— 0. The scale 4,, is to be determined by requiring that £ ~ O(1) where 7,, = 0.
For convenience, let 4,, = y4,, where y is to be found subject to the requirement that
x>0 as Re— oo. Writing (7.6) in terms of the intermediate variable £ and isolating
the dominant behaviour as y -0 with £ fixed leads to

Ta3

2

Consequently, the location of the maximum cross-stream velocity in terms of £ may be
written as £,,,, = k/(2y), where y is given by the equation

This relation gives —xlogy = us. (1.8)
U log(—logu,) }
X “log u*{l + log 1, coop o as u,—0. (7.9)

This scaling of y establishes the result that the maximum in cross-stream velocity is
located within the overlap zone.

The location of the maximum cross-stream velocity may also be expressed in terms
of the outer-layer variable 7. Retaining only the leading-order term in (7.9) leads to

Kily,

Tmax = 57 Toguy)’ (7.10)
It follows from (6.15) that u, is O(1/log Rey) as Re;, — oo and thus
1
Nmax = O(log Re,.Tog (log Res*)) as Reg — . (7.11)

This confirms the slow decrease in #,,,, with increasing Re; that may be observed in
figure 4(b). On the other hand, in terms of the inner variable,

yjnax = Nmax Rea*, (712)

and it follows that y} . must increase rapidly with Rey, as seen in figure 4(a).
Another noteworthy feature in figures 4(a) and 4(5) is the increasing value of the
maximum cross-stream velocity with increasing Re,,.. It follows from (3.23) and (3.24)

that
u,

U,tand,,

Writing this equation in terms of the intermediate variable and using the leading-order
result in (7.9) it can be shown that

~14.. +u*{llogn+Co}+... as 7-0. (7.13)

L B
U,tand,

The second term on the right-hand side of (7.14) is negative and, consequently, the
maximum value of u,/(U,tané) increases towards 1 as Rez;— co. However, the
maximum value of u, itself is expected to decrease with increasing Re,. and to illustrate
this, it is useful to consider an alternative normalization for the cross-stream velocity
function that does not involve the Reynolds number. Substituting (3.21) and the
leading term in (4.9) into (7.3) results in

YU _ P, []0G, 56} .
7= 70”*{{3317*"*@ +u, U —=U,}, (7.15)

1+ *logu* as 1> Ymax- (7.14)



A three-dimensional turbulent boundary layer 63
0.030
) s \
0.025 / N
/ \
0.020 4 / /'/ N
EN 0.015 - / / \ !
0.010 / \‘
| /) ;|
0 ------- T T T rTTrTT L LLLL LR T T CTUTTTr ..ll.lkl T e
10° 10' 10° 10° 10*
y+
Ficure 5. Effect of the cross-stream pressure gradient on the cross-stream velocity profile for
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B,=—02.
Profile B, C, Y1
2 —0.05 0.578 —0.663
2 —0.10 0.541 —0.663
3 —0.15 0.480 —0.664
4 —0.20 0.394 —0.665

TasLE 1. Values of the parameters for four calculated profiles

where only the leading term in the expansion (4.8) for y has been retained. The profile
function (7.15) is representative of the actual cross-stream velocity attained in physical
space; it is plotted in figure 4(c) where it may be noted that the maximum value of
cross-stream velocity decreases as Rey — co.

In order to illustrate the influence of the cross-stream pressure gradient on the cross-
stream velocity profile, the Reynolds number was arbitrarily fixed at Reg = 10000 and
the outer-layer similarity solution was computed for three additional values of the
cross-stream pressure-gradient parameter 8, with g, held fixed at 0.5. The parameters
computed from the numerical solutions are given in table 1; for each case, vy, and C,
are given by (7.5a, b). The normalized cross-stream profile given by (7.15) yields the
most representative picture of the actual cross-stream velocity distribution and is
plotted in figure 5. The scaled wall skew angle may be evaluated from (6.16), and both
it and the cross-stream velocity increase with increasing cross-stream gradient as
expected.



64 A. T. Degani, F. T. Smith and J. D. A. Walker

0.03

/7, / “
0.02 - / \

uy/ U,
N“\.\
NN

l{‘/
0.01 4 Ky
P/,

0 0.2 0.4 0.6 0.8 1.0
/U,
FiGURE 6. Hodograph plot of the cross-stream velocity with respect to the streamwise velocity for
B,=05and g,=-02: ----- , Re; = 1000; ———, Re, = 5000; —-—-— , Rey =10000; —-—-— ,

Re,. = 50000.

It is common practice in the literature (for example, Johnston 1960; Hornung &
Joubert 1963; Goldberg & Reshotko 1984) to present the streamwise and cross-stream
velocities in terms of a hodograph plot and, following this tradition, the results in
figures 3 and 4 are replotted in figure 6 in this format. The normalization in (7.15) is
used for the cross-stream velocity profile. Plots of this nature are the basis of the
empirical ‘triangle law’ which appears to be a reasonable approximation over a range
of Reynolds numbers; note, however, that since 6, > 0 as Re -> oo, the slope of the left
side of the triangle decreases with increasing Reynolds number. It is of interest to note
that the structural details of the cross-stream velocity profile, apparent in figures 3 and
4, are disguised when plotted in the hodograph form in figure 6.

8. Conclusions

The asymptotic structure of the three-dimensional turbulent boundary layer in the
limit of large Reynolds number has been derived. The streamwise velocity profile is
similar to that in two-dimensional boundary layers with a defect-function form in the
outer layer; however, the velocity scale of the defect includes a dependence on the wall
skew angle. The leading-order term in the outer-layer expansion of the cross-stream
velocity profile asymptotes to a constant but the second-order term behaves
logarithmically as the wall layer is approached. It was shown that the characteristic
‘bulge’ in the cross-stream velocity is a natural consequence of the asymptotic
structure, and that the wall skew angle scales on the friction velocity. Although the flow
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in the wall layer is collateral to leading order, the higher-order effects of the pressure
gradient are not negligible at the large but finite Reynolds numbers in practice and can
cause the profiles in the wall layer to skew substantially.

Conditions that must be satisfied by the external flow in order for the boundary layer
to achieve self-similarity were derived. It was determined that the streamwise and cross-
stream pressure-gradient parameters form a two-parameter family of similarity
solutions. By using a simple turbulence-closure model consistent with the results of the
asymptotic analysis, similarity solutions for the outer layer were obtained which were
then matched asymptotically to an analytical wall-layer profile. The composite solution
so obtained described the velocity profiles throughout the thickness of the boundary
layer. It was shown that the extent of collateral flow in the near-wall region, measured
in terms of the wall variable p*, increased with increasing Reynolds number.
Furthermore, a logarithmic profile for the cross-stream velocity was not apparent at
low Reynolds numbers, but became clearly defined at higher values.

The effects of Reynolds number and cross-stream pressure gradient on the cross-
stream velocity profile were investigated. It was demonstrated that, with increasing
Reynolds number, the location of the maximum cross-stream velocity from the wall
increased in terms of the wall variable y*, but decreased in terms of the outer variable
. It was determined that the location of the maximum cross-stream velocity is neither
in the outer nor wall layers, but within the overlap region between the two layers. It
was shown that the magnitude of the maximum cross-stream velocity increased with
decreasing Reynolds number and increasing cross-stream pressure gradient.

Finally, it must be noted that the present theory pertains to an attached turbulent
boundary layer; it is not expected to be applicable to a flow approaching separation
where very large wall skew angles have been observed experimentally. The structure of
the near-wall flow presented here is generally consistent with the dynamical model of
time-dependent turbulent flow near a wall as discussed by Smith et al. (1991). On the
other hand, the dynamics of the instantaneous flow in the region of a separating
boundary layer are complex and poorly understood; consequently, it is expected that
the structure in such regions is more complex than the two-layer structure considered
here.

The authors gratefully acknowledge the support of NASA Lewis Research Center
under Grant NAG 3-771 and AFOSR under Grant 89-0487.

Appendix

The numerical algorithm to solve (6.7)—(6.14) is a two-tiered procedure (Walker &
Stewartson 1974; Yuhas & Walker 1982), using a series expansion for small # in the
inner tier and a numerical solution for » > 7, in the outer tier. Here #,, denotes the
boundary between the two tiers where the two solutions are joined smoothly together;
here 5, < K/k, but the results are independent of the specific values used.

First, consider the inner tier where the solution of either (6.7) or (6.8) is of the form
(Degani 1991)

L =% a,n"+logy X b,y". A1)

n=0 n=0

Recursion relations for the coefficients a, and b,, are readily obtained by substituting
(A 1) into (6.7) and (6.8) and using (6.9, b). The solution of either of the second-order
equations (6.10) or (6.11) has the general form
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%=X s,n"+logn I 1, 7" +log*n X u, 7", (A2
n=0 n=0 n=1’

and formulae for the coefficients s,,, 7, and u, may be obtained upon substituting (A 2)

into (6.10) and (6.11). However, the expressions for the coefficients are long and are

given elsewhere (Degani 1991).

Consider the first-order streamwise equation (6.7) and for convenience Fj(y) is
denoted by f. With g, specified, the constant C, in condition (6.94) is to be found. If
two arbitrary values of the constant C,, denoted by C; and Cj are assumed, two series
solutions in the inner tier, denoted by f; and fZ, are obtained. Each series evaluated at
7, provides a boundary condition which may be used to obtain numerical solutions
(denoted £} and f2) in the outer tier 7, < # < co, using standard boundary-value
procedures. Since (6.7) is linear, a linear combination of the two solutions is also a
solution; hence

fi=B,fi+B,f;, fo=B.fat+B:f3 (A3a,b)
in the inner and outer tier, respectively. Here B, and B, are constants with
B +B,=1, B C;+B,C¢=C,, (Ada,b)

in order to satisfy (6.94a). To ensure a continuous first derivative at 7,,, it follows from

(A 3) that
B{(fy =S+ B =fZ)=0 at y=ry, (A5)

where the primes denote differentiation with respect to 5. The slope of the series
solution is obtained anaiytically from (A 1), and for the numerical solution a six-point
forward-difference formula is used (Abramowitz & Stegun 1965). The constants B,, B,,
and C, are evaluated from (A 4) and (A 5) and the true solution is then constructed
from (A 3).

For the first order cross-stream equation (6.8), the constant vy, is unknown. Using
a similar approach, a solution for Gj(s) may be constructed by assuming two arbitrary
values of y, to generate series solutions in the inner tier and numerical solutions in the
outer tier. A linear combination of these two solutions is then obtained which satisfies
(6.9b) and has a continuous first derivative at 4 = #,,. In this manner, y, and the true
solution for Gj(y) is produced. For the second-order problems, consider the forcing
functions in (6.12) and (6.13). From the known first-order solutions, the constants
Sip Sty Sy defined in (4.19) and (4.26) are obtained and used to calculate a,, from
(4.24). In this manner, only two unknown constants remain in the second-order
equations, namely C, and vy,. Since the form of the second-order equations is similar
to that of the first-order equations, they may be solved in the same manner to yield the
second-order solutions Fy(y) and Gy(n) along with the correct values of C, and v,.

In the above procedure, it is necessary to evaluate the derivatives in the outer tier
numerically. Since #,, is small and the solutions contain logarithmic behaviour for
small %, significant error may be incurred in the evaluation of the relatively large
gradients and, hence, B, and B,. By introducing the transformation £ = logy in the
outer tier, it follows from (6.9a) that

df/dé—>1/k as £——o0. (A6)

The slope is O(1) in the transformed systems and this facilitates the accurate evaluation
of B, and B,. A uniform mesh in £ is used, and this produces a fine mesh near the wall
in terms of #, with a relatively coarse mesh farther away.
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