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1 Viscous Incompressible Flows.

As was shown above, inviscid (zero viscosity) hydrodynamic approximation was able to produce various
qualitative and sometimes even quantitative results on various pressure-dominated flows.
The main drawback of the Euler equations
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E+uVu:f%+gi; V-u=0 (1.1)

can be demonstrated on a simple example of a flow between two plates at y = +H driven by a constant
gravity g. The boundary condition for a normal -to-the-wall component of velocity is v = u,(£H) = 0. To
write an equation for kinetic energy K = fV £u - u of a large volume of fluid contained between crossections
at ¢ = —L and ¢ = L with |L| — oo, we multiply (16.1) by u, integrate over entire space occupied by the
fluid with the result:
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In the gravity -driven flow, where the pressure p(L) = p(—L) (zero pressure gradient) and the normal
component u, (£H) = 0, we have :
0K

meaning that with time, kinetic energy of a fluid grows to infinity. Since w = /2K/p, we can solve this
equation to obtain: K o ¢gt2. This is in a gross contradiction with the real-life flows.
Solution to this contradiction is of course found in the estimate (5.3) showing that in a close proximity to the
wallu=0,y? <v/ %Z , where by the no-slip boundary condition u = 0, y* < v/ g—; , the viscous contribution
cannot be neglected. Thus, the equation for a channel flow must be written as:
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In case g = 0, the flow must be driven by a non-zero pressure gradient % = const # 0. In a steady state,

integrating the Navier-Stokes equation over y-coordinates in the interval (—H,0), gives:
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Deriving this relation we took into account that in a channel flow u-Vu = 0 and the y-derivatives of the
velocity profile 9,u(0) = 0 due to the symmetry of the flow about the z-axis. The details will be discussed
below.

Couette flow.



This a flow between two plate with the one at y = H moving with velocity U and the second, at y = 0,
at rest. The plates are long and wide with pressure p1 = p(x1) and ps = p(z2) with xo > x1. Neglecting the

gravity force we write equations for components of velocity field:
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These equations are to be solved subject to boundary conditions:
u(H) =U; u(0) = 0; v(H) = 0;v(0) = 0; (1.9)
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Figure 1: Couette flow. Schematic.

The channel can be considered ”long and wide” only when the test section (see Figure 9) is located far
enough from the inlet/outlet, so that that the flow features are insensitive to the x-ccordinate variation.
Therefore, we can set all z-derivatives % = 0. From the continuity equation (16.6) we have %Z = 0. This
means that v(x,y) = const. Since v = 0 at both plates, we have v(y) = 0. The solution to (16.8) is:



p(z,y) = pgy + f(x) (1.10)

where f(z) is as yet undetermined function. This solution leads to a method of generating pressure gradient
in this flow by keeping different fluid levels at the inlet and outlet (see Figure 41). The momentum equation

(16.7) gives:
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In a set up we are considering, pressure can be a function of both = and y-coordinates. However, as follows

(1.11)

from (16.10), the z-component of the pressure gradient g—i = a,gia;) is y-independent. The balance (16.11)
can be valid for an arbitrary pair of coordinates (z,y) only if right and left sides if (16.11) are equal to a

constant. Thus, the solution, satisfying the boundary conditions (16.11) is:

vy, o0 H® y
u(y) = Uﬁ[lﬁ-%QuU(E -] =Uz(1+k(z—-1)) (1.12)
where z = y/H and k = %%. Thus,
fl—z =U(1l — K+ 2k2) (1.13)

Three possible cases must be considered. In a neutral (zero pressure gradient x = 0) case, the velocity field

Yy
=U= 1.14
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When the pressure gradient is negative (p1 > pa) , it pushes the flow in the direction of a moving wall. This

is the case of favorable pressure gradient. The velocity profile

u(z, k) = Uz(1 + |&| — |K|2); O.u=1+|k|(1—2z) (1.15)

We see that in this case, in the vicinity of the wall at z — 0, the velocity distribution is a monotonically
increasing function u(z, k) > u(z,0).

In a flow with adverse pressure gradient x > 0, the situation is different: the pressure force acts in the
direction opposite to the velocity vector w. Since p = p(x), independent upon y, it is large and the slow-

moving fluid elements in the vicinity of the y = 0 plate are most influenced by it. We have

u(z, k) =Uz(1 — |k| + |K|2); O, u=U(1— K+ 2kz) (1.16)
Near the wall (z — 0), when pressure gradient is larger than a critical value k. = %%, so that the critical

pressure gradient
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Figure 2: Couette flow. Normalized velocity distribution =7 vs Y

47+ a. Zero pressure gradient k = 0.  c.
Favorable pressure gradient k < 0 . Critical case Kk = 1. d. Adverse pressure gradient £ > 0. Negative

velocity indicate flow reversal.
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so that d,u(z) ~ U(1 — k) < 0, the velocity profile u(z) < w(0) = 0 and we can notice appearance of a

(1.17)

reversal region with negative velocity u < 0. The flow reversal is related to a general and very important
phenomenon of flow separation which we will discuss below.
Problem.. 1. Find the width § of the reversed flow layer in Couette flow as a function of pressure gra-

dient g—g. Plot the graph § vs %. 2. Is the flow reversal possible if the viscosity effects are neglected. Explain.

Infinite channel ( Poiselle) flow. Now we consider the flow between the two plates at

y = +£H/2, driven be the non-zero pressure gradient. The problem is formulated by equations (16.6)-16.8)

with the no-slip boundary condition u(:l:g) = 0. From the contunuity equation (16,6) we have % = %Z =0,



which, combined with the boundary conditions gives v = 0. The remaining equation (16.8)

0
w_,
Ay
tells us that p = p(z). Again, the z-derivative of velocity field is zero, so that the momentum equation
reduces to (16.11). Since p = p(x) and u = u(y), we conclude that % = const. The solution satisfying the

boundary condition:

Op H?
u(y) =I5 S

The mean velocity is calculated readily (H is the width of the channel):

S/ dy/ dz = 2H/ y)du = umaz (1.19)

( - 4(%)2) = umaz(l - (%)2) (1.18)

and the wall-stress:

au(_ 7) _ 4,U/umaz

Tw = Toy = 1 oy o (1.20)
The skin friction:
F= 002 " pumesH UH  Rey  Reanr  Rew ‘
where the Reynolds number
2Hu
Rey =UH/v Rey = Tu (1.22)

Problem 1. Consider a fluid layer of hight h = const which is bounded from above by a free surface and

below by a fixed plane inclined by the angle a to the horizontal.
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Figure 3: A gravity - driven fluid layer.

Determine flow due to gravity. Prove that:
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Cylindrical Coordinates.

Velocity vector:
u = ure, +ugey +wk

Position vector:
r=re +zKk

Unit vectors:
e, = icosf+jsind
eg = —isin@ + jcos@

Figure E.2: Cylindrical polar coordinates.

We express the velocity vector, u, in terms of its three components u,, ug and w as shown
in Figure E.2. Typical grad, div, curl and Laplacian operations are as follows
a ap
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Vp = erar +e0:60 + kaz (E.14)
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The continuity equation and the three components of the Navier-Stokes equation with a body
force f = fre, + foeq + f-k are:
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Figure 4: Cylindrical polar coordinates.



2. ]:_“Lllly developed flow in pipe. Consider an infinite pipe. Usually , this means that
the pipe length is much larger than its diameter, i.e. D/L < 1. There is no a well-established theoretical
criterion how small the ratio a = D/L has to be. The old experimental data on a friction factor in fully
developed turbulent flow, obtained by Nikuradze from a pipe with a ~ 10, happened to be in a relatively close
agreement with the most recent results by Smits et all observed in Princeton Superpipe with a ~ 30 — 40.
In any case, it is clear that a test section where the measurements are taken has to be somewhere in the
pipe where nonuniversal features of inlet and outlet can be safely neglected neglected. As in the case of a
channel flow, we set % = 0. By the symmetry, a% = 0. We have incompressibility equation in cylindrical

coordinates:

ou 10

and the Navier-Stokes equations

ou, ou, 1@ u,  0%u, laur Uy

e ot or :_;8r +u Ox? + oz ror  r? (124)
ou ou  10p u  0%u  10u
“or TUar = par TVom T i) (1.25)

The boundary conditions: u(r = R) = 0 and by the symmetry of the problem: %H:O = 0. Since dyu = 0,
it follows from (16.23) that %%(rur) = 0 and, as a result, ru, = const. Since u,(R) = 0, we conclude:
u, = 0. Then, as follows from the equation (16.24) g—f = 0, which gives p = p(z). Analysing each term of
the equation (16.25) we derive:

op  0*u 10u, pd, du
o~ M tia) Ty e (1:26)

Since we know that p = p(x) and u = u(r),
dp p d du
2 = =2y = t 1.2
dr r dr (r dr) cons (1.27)

and

du 1 dpf A

- il 1.28
dr p dr2 + r ( )
The boundary condition u < oo at r = 0 sets A = 0. The final result is:
w(r) = 12U~ ) = (1 — ) (1.29)
CA4p dr oo R? ’

Show that for the pipe of radius R and length L:



T =R =g ="
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TAp 4,
= 1.
C=%Lt (1.30)

where Rer = UR/v and massflux

R
Q= 27rp/0 ru(r) dr

Now we derive a a useful relation for a pipe flow. Since w and pgz are independent upon x, we can rewrite

(16.24) as

Suu
2

2( (gv)—i—g T 4 pgz) = ——— = const
o

where a = Z;. (Show that for a laminar flow a = 2.) It will be shown below that a fully developed

turbulent flow in a pipe a &~ 1.02 — 1.05. The above relation can be represented as:

0 [0 0 o 8/JEL
%(Pl(ff) + 7pu12 + pgz1) = %(pz(ff) + 7/)“22 + pgz2) + Rz const
Integrating this over = from 7 = 0 to x; = L gives:
Qg o ap o SuulL
(p2(2) + 5 pu2” + pgz2) — (pr(@) + - pur” + pgz1) + ==L =0
and dividing by L/pg leads to :
2 2 - 2
8uulL
E+a1£+zl = p—1+a1£+zl+ /“; L= p—1+a1£+zl+hL
Py 29 Py 29 R Py 29

where the head loss

SpauL w? L
hy = 2L =dep——
o R? CfZgD

This energy balance relation tells us that the total energy of a fluid element is spent on a work against both
surface (pressure) and viscous forces.
Problem 1. A vertical IV capillary tube of diameter D = 0.3cm and length L = 50c¢m is connected to

a patient blood stream. The parameters of the problem are shown on the Figure. Find amount of liquid

supplied to the patient per second if its density p = 1gr/cm3 and the bloodstream pressure ps ~ latm .
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Solution.

S8pru
R2
Mass flux = pur R?

L

pg(H + L) =

Problem. 2. Consider a flow in a pipe of annular cross-section, the external and internal radii Ro, R;.

Derive solution:

_ Ap o 2 R% _R% r
)= gty M)
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Figure 5: Flow geometries. a. Problem 2. b. Problem 3.
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Problem 3. Flow between rotating coazial infinite cylinders. The radii of the cylinders

rotating about their mutual z-axis are Ry > R;. The angular velocities are §2; and {29, respectively. In

cylindrical coordinates:u, = u, = 0 and up = ug(r). It also clear from equations that p = p(r). In this case:
dp

e pug /7 (1.31)

and
d2 Ug 1 dUQ ug

dr? +; dr 2 =0 (1.32)

The boundary conditions: ug(R1) = Q1 Ry and ug(R2) = Q3Rs. Seeking the solution to this equation as

ug = Ar?Y, we obtain a simple algebraic equation for v with solution v = 4+1. Thus,

ug =ar+b/r (1.33)

The final result:

_ DRI -R] (- Q)RIR1

(1.34)

R TR A R

Figure 6: Velocity distributions between to coaxial rotating cylinders. Lower curve; Ry = 1; Ry = 3; Q1 =

5; Qg = 10.. Upper curve: same cylinders with € = 50; 5 = 10. Arbitrary units.

The frictional force acting on the cylinders is found from the stress:

8u0 Ug (Ql — QQ)R%
o= pl— — =g, = —2u~—— =2 1.35
Tr,0 | or r lr=p, H R% — R% ( )
The force acting on the unit length of the cylinder is Fy = 27Ry79,(1). The moment of that force is

M, = F1R,, so that

(1 — Q) RIR?

M1:747T,U, R%—R%

(1.36)
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It is clear that My = —M;.
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Infinite plane disk (von Karman flow 1921.

Flow between inclined wall (Hammel 1916)
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Stokes’ first flow problem.

We consider an infinite plate y = 0 which at time ¢ = 0 starts moving in the x -direction with velocity
U = Ui. Prior to this instant, at ¢ < 0, the plate and surrounding fluid were quiescent, i.e. u(r,t) = 0. By

the no-slip boundary condition, at y = 0, the fluid moves with the velocity of the plate, i.e.

u(y =0,t) =Ui (1.37)

The shear stress generated by the plate motion acts as a driving force applied to the fluid layers in immediate
vicinity of the plate, i.e. at y = 0+ e. This layer drives the next one which is further away etc, thus leading
to development of the non-zero velocity field at y > 0. Our goal is to describe the ftime-dependent low
generated by the moving infinite plate.

The Navier - Stokes equations and incompressibility constraint in this case:

ou Ov
e + @ =0 (1.38)

8u+u%+v@ __1@4'_1/[827”4'_@]
ot Oz oy  pox 0x2 = 0y?

v v v 10p 0%v 0%

Ut AV = = 4 V[t 1.39
ot +u0x+vﬁy p8y+y[8w2 +8y2] (1.39)

are to be solved subject to the second boundary condition:
lim u(y,t) =0 (1.40)

y—o0

The plate is infinite, so that its properties are independent upon coordinate x. Thus, d,u = and as follows
from (16.37), the y-component v(y) = const. Since v(y = 0) = 0, we conclude that v(y) = 0 and u = u(y, t).
With this result, the equation (16.39) gives g” = 0, meaning that p = p(z). This gives:

=

du  1op

ot por  Uap

2
Since 0,u = 0, differentiating this equation over x gives: gzé’ =0 and

p=ax+b
For any fixed y = yo, p(z1,y0) = p(z2,y0) and the above relation for p gives a = 0 and 9,p = 0. The

equation governing the flow is thus:

Ou 9%u

v _, 2 1.41
at oy (1.41)
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Subject to boundary conditions u(y = 0,¢t) = U and u(y — oco) = 0. This is a well-known diffusion equation.
To simplify the partial differential equation (PDE), we can transform it into an ordinary differential equation

(ODE) by introducing a new variable 7, so that u = u(n)

Y
= —= 1.42
"= T (1.42)
This gives:
ou_oudn __nou
ot  onot  2t0n
S _ v o
oy? vt on?
and
Pu_ nou (1.43)
o2 20n '

Introducing ¢ = g—g transforms (16.43) into a simple equation:

oy m

on 2¢
with a solution:

’(/) = Ae_§

leading to

Y n2
u:A/ e~ Tdn+ B
0

The boundary condition (16.37) gives B = U. To evaluate u(y, t) in the limit y — oo, we have to calculate

0 2
u(y = 00) = A/ e Tdn+U=0 (1.44)
0

The integral is evaluated readily:

giving A = —\/;U. The result is then:

w=U(1 - \/3/077 e~ dg) = U[/OO o~ T AETH(t) = Uerfc(\/y—;t)H(t) (1.45)

where H(t) =1 for t > 0 and is equal to zero for ¢t < 0.
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Figure 7: a. Velocity u(n)/U; b. u(y,t)/U for different times ¢ = 1;2;4;, respectively.

The curve presented on Fig. 47 is universal and solves the problem. For example, if we are interested in
velocity u(y,t) in an air flow (v &~ 0.15cm?/sec) at a point y = yo = 0.5cm at time tq = 1sec, all we have to
dois: 1. form ng = yo//vio ~ 1.25. 2. From the Fig. 47a we find readily: u(n) = u(n = 1.25) =~ 0.1U.
At the same point, but at a later time ¢; = 10sec, corresponding to n; = 0.4, the velocity is: u =~ 0.7U. This
example illustrate the physics of the flow: the velocity field diffuses from from the source (plate at y = 0)
into the fluid.

The method of solution, based on a ”similarity variable” 7, leading to transformation of a PDE into ODE is
extremely general and is based on a deep physical insight and properties of space and time.

Qualitative analysis. As we see from the solution (16.45), the velocity distribution u(y,t) # 0 for any
t > 0. This means that somehow the entire fluid (0 < y < 0o ) is in motion. This unphysical result is an
artifact of an incompressibility assumption used in the derivation. Indeed, any fluid perturbation, generated
at t = 0 by a moving plate, propagates with the speed of sound which in an incompressible flow is infinite.
This unphysical result is not too dangerous since, it is clear from Fig. 47, very far from the moving wall
the velocity is negligibly small, provided n > 1. We can define width of the Stokes layer § by a convention,
for example u(y = 0(t)) = U/2. Unlike the flows considered above where the channel width H or a pipe
diameter D introduced length-scales of the problem, the equation of motion (16.41) defined on an infinite
domain, does not contain fixed parameters 7" and L defining characteristic time and length-scales of the flow
evolution. All we are given are the varying time ¢ and viscosity v = const, which is the only constant of a
problem The only physical quantity having dimensionality of a length-scale, which can be constructed from

t and v is

where + is a dimensionless constant factor. In accord with our definition, the Figure 47 gives v = 0.53.

Problem.1 . A butterfly is flying above an infinite plate on a constant hight A = 5ecm. At ¢ = 0 the plates

17



starts moving with velocity U = 10cm/sec. How long will it take for a butterfly to ”feel the wind” if it is
sensitive to the air motion with velocity uq;- > lem/sec? Find the outcome if h = 3m

Problem 2. At t=0, a tiny volume of die is issued at a point (yo,zo) above an infinite plate which, exactly
at this moment, starts moving with velocity U. Find coordinates of a spot at an instant t. Describe the
motion. If needed, use numerics. (Hint: analyze the problem analytically if 1. yo < /vt and 2. yo > Vvt).
Problem 3. What is the major difference between the flow generated by an infinite plate moving with velocity
Ui, considered above, and that induced by a semi-infinite ( x < 0 ) plate moving with the same velocity.

(Hint. Analyze the derivation of equation (16.41)).
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Stokes’ second flow problem.

Now, let us investigate the flow generated by an infinite plate, described in a previous section but

oscillating in time as:

u(0,t) = Usinwt (1.46)

Repeating considerations leading from (16.38) to (16.41), the problem is reduced to diffusion equation (16.41)
subject to the time-dependent boundary condition (16.46) at y =0 and v = 0 at y — oo.

Qualitative considerations. This problem resembles Stokes’ previous one with a single, but enormous,
difference: the time - scale T o< 1/w = const. This means that now, out of viscosity v and time T, we can

construct a parameter § having dimensionality of a length-scale:

6 x \/vjw=VvT

This parameter can also be associated with the width of the Stokes layer but as we see, unlike in the
previous example, now it is finite. This result can be readily understood: due to reversal of the plate speed,
in this case, the Stokes layer has only finite time (= T) to develop. Thus, the above relation, obtained on
dimensional grounds, can be derived from (16.32) by substituting 7' = 1/w instead of ¢.

Since

et = coswt + isinwt

we will be seeking the solution to (16.41), (16.46) as

u=¢(y)Im{e"}

Substituting this into (16.41) gives a simple equation:

0% w
Tyz = z;d)(y) (1.47)
Now, if ¢(y) = Ae?*¥, we find from (16.47):
k2 =Y 1.4
= (1.48)
and
w
kio=®+4/—1— 14
2 i (1.49)

Since v/—i = (1 — i)/+/2, the solution to equation is:
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u(y,t) = Aexp((1 — )2) + Bexp(—(1 — i)%) (1.50)

[« 9

where the length-scale (penetration depth)

2v
0 =+/2= 1.51
w (1.51)

is one of the most important parameters of the theory. Far from the plate (y — oo, the velocity u — 0. This

is possible only is A = 0. The solution, satisfying the boundary condition at the wall is thus,

u(y, t) = UIm{exp(—(1 — i)%)} (1.52)
u(y) = Ue™ ¥ sin(wt — %) (1.53)

This relation describes the so called damped wave of the wave-length A = §, propagating in the direction
perpendicular to the oscillating plate. Due to the exponential factor, this wave decays on the same length-
scale ¢, which can be called ”penetration depth”. This fact illustrates an important property of Newtonian

fluids: due to wviscosity, no transverse shear waves can propagate there.

Figure 8: u(y,t) from relation (16.53) for wt = 10 and § = 0.5.

It is clear from the Figure 48 that tte wave is damped on a scale § ~ 0.5. The force acting on a unit area of

the plate is calculated readily:

Tuy = _Maug;’ ) = U,/ wupsin(wt 4+ m/4) (1.54)

The energy dissipated per unit time per unit area of the plate is equal to the mean of the product of 7,

and velocity u(t) evaluated over a cycle 0 <t <T = 1/w:
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1 (T 2
—Tyyu(t) = ff/o Aty U coswt = % # (1.55)

This solution stresses the difference between the two Stokes’ problems: in the first one, the time of the
boundary layer development 0 < ¢ < co while in the second flow this time if finite T~ 1/w, thus leading to
a finite-width boundary layer thickness.

Boundary Layers.

Let us consider a flow over a thin flat plate occupying a half-space y =0 and 0 < x < co. At x < 0, the
velocity field is u(x,y) = Ui. It is clear that some features of this idealized problem are present in various
finite-size bodies (planes, cars, trains submarines etc) moving in a fluid. In an ideal flow (v = 0) the solid
plate cannot modify the speed of an incoming fluid, so that u(z,y,t) = U. In a viscous flow, the situation
is dramatically different.

Due to viscosity, on a solid plate u = 0 and far from it (y — oo0) u = U = const. Thus, there exist a
fluid layer where velocity of a flow varies from zero at the plate to, for example, u(y = §) ~ 0.99U. This
interval, dominated by viscous effects, is called boundary layer (BL) and the distance § is called the width
or thickness of the boundary layer. By this definition, in an interval y > §, the velocity varies very slowly
(0.99U < uw < o0) and the viscous effects are negligibly small. Since at z < 0, u(y,z,t) = Ui = const,
very close to the inlet at x = 0+, the width of the BL is infinitesimally small. It grows with increase of the

distance from the inlet and, in general 6 = §(x).
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——l
—_——
= 0.99U
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P o * ] -
%4 a Xao x
Ve w

b 2

Figure 9: a. Development of the boundary layer in a laminar flow past flat plate. b. velocity distributions

in two positions x; and xs.
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Studying two Stokes’ problems, we discovered that once the plate starts moving with velocity U, it takes
some time t for the viscous effects to ”diffuse” from the plate at y = 0 to a point y > 0 in a fluid. This
is a general property of viscosity (diffusion) -dominated processes. In a frame of reference moving with a
free-stream velocity, the speed of a plate is —U and we can apply the physical insight developed for the
Stokes’ first problem. It can be seen from Fig. 49 that the fluid element entering the plate (take this as
t = 0) with velocity U at a distance y = § from the plate will start ”feeling” substantial viscous strain only
after time t ~ y?/v. In other words, after this time the velocity of this fluid element will ”substantially”

decrease, for example, by one percent. It is clear that this time ¢ &~ 2 /U, which gives:

v
O~y — 1.
i (1.56)

It is important that (16.55) is the only flow property having dimensionality of length that can be constructed
out of x, v and U. The coefficient a = const can be found only from detailed theory based on the Navier-
Stokes equations. The BL thickness defines the distance from the plate where the viscous effects dominate
dynamics and cannot be neglected. Outside the BL, the velocity can be taken as a free stream velocity:

u(y) = U. We see from the relation (16.55) that as © — oo

0
— 1.
P 0 (1.57)

Mass conservation.

The flows considered in all previous sections were unidirectional i.e. with a single non-zero component
of velocity field. This simplifying feature does not exist in Boundary layers. The fact that in this flow
the v-component of velocity field is not equal to zero can be understood from the mass conservation law.
Consider a control volume shown on the Figure 50.

In the boundary layer 0 < u < U, is it clear that in the cross-section number 2, the mean velocity

1 6
ﬂ:f/ u(y)dy <U
5 Jo
The change of mass in the control volume bounded by the surface 0- 1-2-3 is equal to the flux though the

surface 1-2-3. Therefore, since the mass flux though a surface is equal to

/pu'nds

by considering the figure, we write the total flux across the surface 1-2-3:

T

5
m:p/ (u(y) = U) dy+p/ pu(y) -n3 dy =0 (1.58)
0 0
If no sinks (chemical reactions, bubbles formation etc) present in a chosen control volume, the mass inside

a control volume cannot change. Thus, since w — U < 0, the vertical component perpendicular to the layer
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Figure 10: Top: Control volume. Bottom: Boundary layer thickness d(x).

boundary is v = u-ng > 0 which means the fluid is pushed away from the plate. To compensate for the
loss, the ambient fluid is entrained into the BL. This process leads to broadening of the boundary layer with

the distance x to the origin.

i v

i .
§(x)

Vi ol ol o A A A A AV Y 4

X XrAX

S(X-ﬁA)

Let us consider a fraction of a boundary layer between points x and x+ Ax where A is small, i.e. Az < z
bounded by a surface 1-2-3-4. (see Fig. ). The surface 3 coincides with the shape of the boundary layer
and ng = bpr,. The mass conservation tells us: if no sources or sinks of mass are present within the closed

volume, then

3(=x) §(z+Ax) T+Az
m= j{pu -ndS = —/ pudy +/ pudy +/ (u-n)prdr=0 (1.59)
0 0 x

At the edge of a boundary layer, by definition, the x-component of velocity field is u = U where U is a
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free-stream velocity. However, in the growing boundary layer there must also be a vertical component v # 0,

so that the total velocity is equal to u = Ui+ vj and (see Fig.):

v dé(x)

tana = U= da (1.60)
It is clear from the Figure that ny;, =j —itana =j — id‘;(f), so that
dd(x
(u-n)y,=v-U dic) (1.61)
o(x) 6(z+Ax) z+Az d5($)
r'n:?{pu-ndSz —/ pudy—l—/ pudy+/ (v=U )dz =0 (1.62)
0 0 x du
Dividing this relation by Az and using, valid in the limit Ax — 0, identities w = % and
TEAT P (A
LTZ:() = f(z), we derive:
d [o@ dé(z)
— d -U =0 1.63
iz J, pu(y)dy + p(v 1) (1.63)

It is clear from this relation that the entrainment velocity v — U d‘fi(;) < 0. This mean that a fraction of a

fluid moves into the boundary layer, thus leading to its broadening.

Momentum conservation..

According to the Navier-Stokes equations , momentum flux from a given control volume enveloped by a
surface S is equal to the total force acting on it. Therefore, the balance for the z-component of momentum

is:

j{pu(u ‘n)dS = —i- ]{(p ~ po)ndS +17{n- (7]dS (1.64)

Here [7] stand for the shear stress tensor at the wall with components 7;; = ,u(g;;’ + g%z). Since, in the case

we are interested in, ng = —j , i(n- [7]) = M%Z|y:0-

At the edge of a boundary layer u(u-n)yr = U(u-n)pr, = U(v — Ud‘;(;)) and since in this case p = poo, we

can write:

6(x) §(z+Ax) z+ Az dd(ﬂ?) z+Az
]{pu -ndS = —/ puldy +/ pudy +/ Uv— Uw)dx = / Twall(A)dA  (1.65)
0 0 T T

Dividing this equation by Az — 0 and repeating considerations leading to (16.62), we obtain:

d [°@ do
pu?(y)dy + pU (v — U dE:)

% ; ) = —Twall (166)

The y-component v can be eliminated using the mass conservation law (16.62) giving:
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d [°@ o(w)
%/ pu-dy — U/ pu(y)dy = —Twall (1.67)
0 0

Dividing this expression by pu? and recalling the definition of skin friction

1
cp = Twall/§PU2 (1.68)
we derive:
4 ) u). e
- 1— dy = -~ 1.
dr J, U (1= )y =5 (1.69)

The relations (16.62) and (16.68) define the force and mass balances in a boundary layer.

Qualitative derivation (estimate) of §(z) o /.

Although the relations derived above are very useful, they do not provide us with any information on the
z-dependence of the width of the laminar boundary layer and the velocity distribution u(y). Of course,
this can be done analytically only by solving the approximations based on the Navier-Stokes equations or
using numerical simulations. However, very important conclusions can be obtained from simple qualitative
considerations.

We know that w(0) = 0. Thus in the proximity to the wall by the Taylor expansion we have u(y) ~ ‘g—Z|0y.
At the edge of a boundary layer u(d(x)) = u.. Let us, as a first try, use the linear extrapolation in the

interval 0 <y < §(x)

u(y) = U(;(y—x) (1.70)

It is clear that this relation is a rather crude approximation to reality. Indeed, in the interval y > d(x)
the velocity distribution is u(y) &= U = const or ‘g—Z = 0 which is in a gross contradiction with the above
assumption giving g—Z =u./0(x) # 0. Still, it is interesting to analyze the consequences of a simplest possible
model (16.69).

With the assumed velocity profile, the stress at the wall is

ou
Twall — qu‘wall = /LU/5((E) = gUQCf (171)

Substituting (16.69) and (16.70) into (16.68) gives:

(1.72)

and
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dé(xr)?
dx

1%
=12 1.
i (1.73)

Solution to this equation is:

§(z) = \/ﬁ\/? = \/ﬁ\/%ew (1.74)

where Re, = Ux/v. This remarkable result, based on a simple qualitative dependence (16.69) gives an
absolutely correct functional dependence § o< v/z, which can be used in various applications.

As a next example, let us consider the velocity distribution (guess) u(y) = U sin %_ Since in this
case g—;ﬂy:g = 0 this distribution gives a smooth transition from the boundary layer velocity profile to the

free-stream distribution. In this case: 7Tyeu = u#(’;) and ¢y = 5(7;1)’U. Substituting this into (16.68) we

obtain after simple integration

4 —mdi(z)? v

dr  dx 22U

§(x) = W\/Z\/Z ~ 4.8z/\/Re, (1.76)

This relation is very close to the one é(x) =~ 5z/+/Re,, derived by Blausius (see below) from the Navier-Stokes

(1.75)

and

equations in the boundary layer approximation.
Sensitivity to the details of velocity distribution.

The results obtained above are:

§(z) ~ 4.82\/v/U; o = 4% é (1.77)

which is to be compared with the “exact” relations:

0(x) ~ Bx\/V/Ue; cr = 0.664 i (1.78)

UeX
Problem. Consider a model delta-wing of the shape presented on the Fig. Find drag and drag coefficient.
Choose a strip of the width dz. Using the relation (16.77):

dD—Q/CT dx2dz/cPU2c dx = U2d,z/c 0-664 dx = 1.328u+/Re, dz
ST T 02f*p 0o VERe, - ¢

where Re, = ucc/v. It is clear from the Figure that ¢ = L(1 — 2%), and

5 ko
D= 2/ dD = 2.656uU\/ReL/ = fz dz
0 0

with £ = 2z/L:
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Figure 11: Laminar flow past triangular plate.

1
D = 1.328uU ReLL/ V(1 =¢&) d§ =0.885uU L/ Rey,
0

The area of the wing is A = L?/2 and

D 354

T 10212 T Rep
This is the result based on exact solution (16.77). With the model (16.76), the derived drag coefficient

CD

is smaller by a factor 4.8/5. Taking p ~ lkg/m3, v ~ 0.15 x 10~*m?/sec and L ~ 20m we derive for a
plate cruising velocity u. ~ 700km/h the drag force D = gugcfS ~ 800N. This correpond to the pwer
Du, ~ 158000N which is unreasonably small for the body of such large area traveling with such a speed.

The reason for this result will be discussed below.

Prandtl equations for the boundary layers.

Now we show how (1.38) is obtained from the Navier-Stokes equations. The analysis is based on the order of

magnitude comparison of various quantities. We will say that in the limit  — oo a property A(z) << B(x)

if:

lim A(x)/B(z) — 0

For example, if G = ad(z) + bz, then, based on the derived estimate we have §(z)/z o =2 — 0. Thus,

in this limit § can be neglected as small.

If the plate is long and infinitely wide, the flow is two-dimensional and the continuity equation is:
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ou ov

ou v _ 1.
%t 3= (1.79)
U 1%

= - 1.
. : (1.80)

We see from the above estimate that the continuity equation can be valid only if % ~ 3. This gives:

~-U 1.81
v (181)

It follows from the qualitative energy balance considered above that v << U. The momentum equation for

the z-component:

ou ou 10p u  O%u

It Y e e 1.82
u8m+vay p6x+y(€)x2+6y2) (1.82)
U2 U2 10p U U
- - ~eP 4+ = 1.
x x p O0x 1/(£E2 * 52) (1.83)

Based on the relations derived above, we neglect u% as small. Using the relation (43), the terms in equation

for the v-component can be estimated as follows:

ov v 10p 0%v 0%

I I A 1.84
hrr * v@y p Ox V(axZ 8y2) ( )
U?%5 U?s 19p Ué U
-0 =0 Sy 1.85
2 T2 p Oy d 3 (596) (1.85)
Since p &~ pU?/2 and the remaining contributions to (16.85) are small, the equation (16.84) can be balanced
only if:
Ip
9P _, 1.86
o (1.56)

which gives p = p(x). This result is very important and useful for aerodynamic applications. By definition,
at the distance from the plate y = 4, the velocity u(y) is basically equal to that in a free stream, i.e.
u(d) =~ U. The formula (16.86) tells us that for a fixed value of coordinate x+ = X, for 0 < y < 4,
p(X,y) = p(y = 0) = const. However, at y = §, the viscous effects disappear and potential (inviscid)
flow approximation becomes accurate. Therefore, the pressure distribution within the boundary layer can be
obtained from the well-understood and simple potential flow theory. This result can be used as an input to
the full theory based on the Navier-Stokes equations leading to accurate evaluation of velocity and the forces
in the BL.

Based on these order-of-magnitude estimates the equations can be simplified:
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ou Ov

u  ov _ 1.
52 "oy =" (1.87)

ou ou 10p 0%u
um + —= =

- - 1.
Oz Uay pOx y@yQ (1.88)

The boundary conditions;

uly=0)=v(y=0)=0; uly—o00)—=U; v(y—o00)—0; (1.89)

It follows from the estimate (16.82), (16.83) that non-linear and viscous contributions to the equations of

motion are of the same order if vU/6% a~ U?/x. This immediately gives:

5 x \/’T; (1.90)

derived above from the energy balance. To obtain the proportionality coefficient in this important relation,
one has to solve the equations (16.87)-(16.88).

These are )are called Prandtl’s equations for boundary layer. Some regard these equations as a turning point
in mathematics which led to the rise of applied mathematics as a separate branch of knowledge. The major
contribution of Prandtl’s discovery to our understanding of nature is in the fact that even in the limit of very
small viscosity v — 0, there exist a region of the flow (0 < y < ¢), where viscous effect dominate dynamics.

Similar phenomena have been later been observed in various branches of physics, chemistry and mathematics.
Blausius solution.

As we saw before, the streamfunction representation is very useful for solving two-dimensional incompressible
hydrodynamic equations. Thus, let us introduce ¥ (z,y), so that u = 9,y and v = —0,%, and rewrite (16.87)-
(16.88) as:

O P WY
R G (1.91)

ox oy? g oy’

Introducing the streamfunction simplified the problem: instead of solving the system of two partial differential
equations (16.70), we have to deal with a single equation (16.91). Still, we have to solve a strongly non-
linear equation of two variables x and y. The next simplification comes from the assumption that within the
boundary layer, the two-dimensional velocity distribution u(z,y) is self-similar, i.e. written in coordinates
u(n) where 0 < n = % < 1, all curves corresponding to different values of = collapse, i.e. are the same.

Defining n =y y% we seek solution as:

P(z,y) = V2UvaxG(n) (1.92)
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Keeping in mind that

oy _opon _ |Uv e
9o = 9 on = 5 LC(m) = 0G' ()]

O _ 0% _ e

0% U

Simple calculation pls do it ! gives:

G/// + G//G _ O

This equation is to be solved subject to boundary conditions easily obtained from (16.89):

G(n=0)=G'(n=0) =0; G'(y — o0) — 1

Numerical solutions u(n) and v(n) are presented on Fig. The numerical solution gives

VT 5.0z
6=5.0y/— =
U v Re,
where Re, = Ux/v. The stress at the wall is
ou pUG"(0) pU?
wall = U3 |wall = —— =0.332
Twall 'ué'y| 1 e %Rew
VU
and the drag per unit span of the plate of length L is:
pU?L

L
D = / Twall dx = 0.664
; u Rep

The drag coefficient:

D 1328
- LipU2L  /Re,

The entire velocity field is found from these curves as follows:

Cp

(1.93)

(1.94)

(1.95)

(1.96)

(1.97)

(1.98)

(1.99)

(1.100)

(1.101)

Problem. A flow with velocity U = Ui enters a channel of half-width H. Estimate the length L of a devel-

oping flow such that at > L, the flow can be considered as developed.

Solution: Close to the inlet, two boundary layers are formed. At the distance L these BLs overlap forming

developed velocity profile. Thus, for the estimate we can take: § =~ H = 5.0./vL/U. Thus: L >

L > HU — Rey /25. For Rey ~ 500, we have £ ~ 20.
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Figure 12: Universal velocity profile in laminar boundary layer. = G’(n) vs 1. L is a length of a plate in

numerical simulations.

This estimate is a subject of an active discussions in the field. FEarlier experiments, conducted in 1930°s
by Nikuradze in Germany in a pipe with L/H =~ 10, were treated with suspicion by the US and European
researchers. To resolve the dispute, a remarkable facility, Princeton Superpipe with % > 30, was designed at
Princeton University. Interestingly, the obtained data on the friction factor in the range of Reynolds number
variation 10* < Re < 107 were very close to Nikuradze’s. In addition to friction factor, ”Superpipe” enabled

one to investigate various fine features of velocity distributions in a wide range of Reynolds number variation.
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Figure 13: Developing flow in a channel.
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2 Turbulence.

The velocity distributions for the laminar viscous flows, derived above, are so accurate that they are used
in viscometry for an extremely precise determination of viscosity of a fluid. For example, take a capillary of
radius R and measure a flux of a fluid driven by a given pressure gradient of gravity field. The flux is found
from a time needed to fill a given volume V. It is clear from relation (16.30) that v = %QO‘RAI, where «
is the angle between the tube and horizontal axis. One can measure the tube parameters, water flux and «
very accurately, which immediately leads to the precise determination of viscosity v.

However, the laminar flow approximation leads to some manifestly incorrect conclusions. Let us consider a
thin an very light sheet of metal of mass M = 20gr, length and width L ~ w = 100cm and drop it vertically

under the action of gravity. The friction force in the developed boundary layer acting on a falling sheet is

the only force acting on a body and in a steady state:

Mg — 0.664pU> LW
Reg,

Simple calculation gives for terminal velocity U ~ 85m/sec corresponding to Rey =~ 6 x 105. The obtained
speed is unreasonably high for such a light body.
To explain this any many other paradoxes we have to consider the Problem of Turbulence, which is one
of the most ubiquitous phenomena in Nature and to this day remains one of the last unsolved problems
of continuous mechanics. It was described by Leonardo da Vinci 500 years ago, who watching a water
flow passing a stone in a creek, wrote in his notebooks that first the phenomenon is born close to the
stone, develops slightly behind it and decays (dies) downstream. Being an artist of uncomparable quality,
he sketched the entire process and coined the term ”turbulence”. Since then, it was observed in rivers,
atmosphere, stars, bloodstream, various machines and devices.
Transition. First precise investigation of the onset (transition to ) of turbulence was performed by O.
Reynolds in 1883 (see Fig.54).
In his classic experiment, Reynolds investigated propagation of dye issued from a narrow capillary into a
water flow in a pipe. Since water is a very good solvent, the dye trajectory is close to the flow streamlines. At
Rep < 2300 the dye, moving with the flow velocity U, formed a narrow line without any signs of broadening,.
This can be easily understood since the molecular diffusion - dominated law of broadening gives for the time-
dependent width of a dye -stream § ~ v/t where the diffusivity x ~ 1076 — 10=8¢m?/sec. The diameter of
the tube in Reynolds experiments was D ~ 10cm and its length L ~ 1m. For Rep =~ 1000 — 2000, the mean
velocity U =~ 1—2c¢m/sec giving for a time, the fluid element stays in the flow 7" ~ 50 — 100sec corresponding
to 6 ~ 1072 — 10~%cm, which is impossible to detect by a naked eye.
The picture changed dramatically when the Reynolds number was brought to Rep > 2300 (see Fig.54b).

The trace of dye became chaotic and filling the entire tube. It became clear to Reynolds that this effect was
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Figure 14: Evolution of dye issued from a narrow capillary into a pipe flow. a: Rep < 2300. b: Rep > 2300.
Reynolds 1883.

impossible without generation of w,, component of velocity field perpendicular to the mean velocity of the
flow. The effect of Reynolds number is demonstrated on the next Figure where the left plate shows a flow of
Re just above the transition. A slight but clear deviation of the dye trajectory from a strait line is seen. A

flow of a higher Reynolds number is shown on the right plate: the dye trace is much more chaotic and the

mixing with water is much stronger.

Figure 15: Evolution of dye issued from a narrow capillary into a pipe flow. Left: Re; is larger but close to

Reyr =~ 2300. Right: Re > Re;. Reynolds 1883.

Transition to turbulence is cased by an instability of a high Reynolds number flow to small perturbation.
If at t = 0, a velocity distribution U(x) in a stable laminar flow is perturbed by an infinitesimally small
perturbation u’ so that U(x,0) 4+ u’, due to the viscous effects, the perturbation the state u — U. It is also
clear that if at ¢ = 0 two particles in a laminar flow are separated by a distance r — 0, their trajectories stay
close during the entire evolution. In a turbulent flow these trajectories depart exponentially fast and the flow
rapidly ”forgets” its initial condition. Moreover, the flow never returns to the initial velocity distribution
U(x).

Turbulence Problem. If we measure velocity field at a point in a steady or regular oscillating laminar
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flow, the obtained signal will be either (bfu = U = const or u = coswt. I turbulent flows this signal will

look differently.

U

Uzt <U>+u' |<U»

| N S

Figure 16: Velocity as a function of time. Dat from Princeton Superpipe (A. Smits.)

We can see that the flow velocity in a pipe can be represented as a sum of a regular or mean u = U and
a random component u’ with the mean value u’ = 0. Accepting a chaotic concept of turbulence, Reynolds
suggested the velocity decomposition u = U+u’. This decomposition is simple and accurate in a statistically

steady (time-independent U) flow. This can be seen as follows: by definition of the mean

1 T
ﬁ:hmf/XU+wm=U (2.1)
0

However, if, for example, U = Uy sinwt, this expression gives U = 0 leading to the loss of very important
information about, for example, periodic vortex shedding behind bluff bodies. Thus, it is desirable to
average over time T =~ 1/w and if the "random component” varies on a time scale 7 << 1/w, the averaging,
strictly speaking, will be less accurate but the information about time-dependence of the "mean flow will be
preserved.

In case of statistically steady flow,

Uu' = 0; (u)? >0 ulul, = —0; (2.2)

Using these relations we see that

m>=w+wﬁ=W+ww (2.3)

and that the fraction of kinetic energy of a flow is lost into velocity fluctuations not contributing to the mass
flux through the pipe. These losses are often huge and one of the principle goals of turbulence theory is to

evaluate the mean properties of the flow.
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With the Reynolds decomposition the equation for the mean velocity is:

D v vuswvw= -y (2.4)
p

On the first glance this equation looks like the Navier-Stokes equation for the mean velocity U. However,
the contribution from the Reynolds stress 7 = u’ - Vu’ representing the forces due to turbulent component
of velocity field, defining the ” Turbulence Problem” is very hard to evaluate.

Turbulent Boundary Layers. Physical and numerical experiments on a flow past flat plate, considered
above, show an excellent agreement with the Prandtl solution in the range of the distance to the leading

edge x, such that 0 < Re, < 2 — 3 x 10°. After that the BL becomes irregular with a typical width growing

much fast than familiar § ~ 5x/Re,. (See Figure).

Figure 17: Structure of turbulent boundary layer.

As we see from the Fifure, the single snapshot of the irregular streamlines in turbulent boundary layer
barely reveals any coherent velocity profile, BL width and anything else we studied in a laminar case. The
photograph taken at a different instant of time will look quite differently. However, making many snapshots,
superimposing them and dividing by a number of snapshots, produces an averaged picture of a mean low in
a BL in a flow past an airfoil shown on a Fig. 58 below.

In general, the boundary layer consists of a few distinct regions. First, the laminar BL at the leading edge
of a plate (body). After a transition point corresponding to Re, ~ 2 — 3 x 10° the BL becomes turbulent
and occupies the interval 0 < y < §(x). Outside, y > §(z) the flow velocity is u(y,z) = U = us. The
structure of BL is not that simple. Very close to the plate, in the interval called ”viscous sublayer”, the flow
is characterized by an interplay of viscous and inertial effects. It is the instability of viscous sublayer that
leads to turbulence generation. The structures formed there as powerful bursts are emitted into the outer
layer generating irregular pattern which is a mixture of turbulent flow and quasilaminar patches of entrained

fluid from the outside. The mathematically rigorous theory of this phenomenon does not exist and below
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Figure 18: Averaged Boundary Layer in a Flow past Airfoil.

we present a semiqualitative representation of this important flow.

Nominal Limit of

Boundary Layer
—_— .
Transition
Region (short)
—_—
_-.

Leading Edge

Transition Viscous Buffer

Point Sublayer  Zone Graph of velocity u
against distance y from
surface at point x

Figure 19: Structure of turbulent boundary layer.

In accord with Kelvin theorem if vorticity w = 0 on any point of a streamline, it is zero at all points on
this streamline. This is so, provided we are not dealing with dividing streamlines on a surface of a solid

body where vorticity can be generated. A turbulent flow is vortical, i.e. full of closed streamlines effectively
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mixing fluid elements from different layers of a flow. This is schematically represented on the Fig.58.

LAMINAR TURBULENT

< >

i Y
Dye Trace '

>

Figure 20: Structures (eddies) in turbulent boundary layer. Schematic.

Mixing length hypothesis.

According to kinetic theory of gases, if two fluid layers, separated by a gap A, move with different velocities
U(y + A\) and U(y), then the force per unit surface (shear stress ) 7 = u%—g where kinematic viscosity
v = % X UpmsA = csA and c¢g is a speed of sound. The physics leading to viscous forces was described
in detail in Chapter 1. In 1920’s, L. Prandtl suggested treating vortices in turbulent flows ("eddies”) as
hypothetical "molecules of turbulence” leading to efficient mixing. From this qualitative picture, by analogy
with kinetic theory, Prandtl assumed existence of a shear force originating from Reynolds stress. To follow
his line of reasoning, consider a vortex of a radius [ and angular velocity ) = %—7;/ (see Figure. 60 ). Since
velocity u’' and € are fluctuating properties, it is clear that in general there exist an entire spectrum of Q’s
and u'’s. Analyzing flow structures Prandl introduced a concept of mixing length [,,,;» = [ and assumed that

Q =~ %—g. This led to the celebrated Prandtl mixing length hypothesis:

= 0 = B pmialia| (25)
Umiz = Clmix% (2'6)
thus
= ut% (2.7)
i = plfm\%\ (2.8)
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The equations for a BL flow are:
Ozu+0yv =0 (2.9)

OU +UdU + Vo,U = faipp +8,(vd,U + %) (2.10)

Unlike laminar flows, turbulent flows involving ever-changing velocity fluctuations, is always
time - dependent. However, in some cases u(x,t) = U(x) + u/(x,t), so that while u is time-
dependent, the mean flow ( U ) can be steady, i.e. not varying in time. This class of flows is
called statistically steady. Consider a simple statistically steady flow in a channel ( 0 <y < 2H) or a
boundary layer flow. By the virtue of no-slip boundary condition, 7 = 0 on a wall. Integrating (17.10) in
an interval y = 0 to y = H in a channel or 0 < y < § in Bl, we obtain:

| Ip ou 5

9]

$|H = _V%huall = ui = U, (211)

where u, is called friction velocity. Now we can introduce skin friction in a fully developed turbulent channel

flow:

f=—7= == (2.12)

The equation for a channel flow can be rewritten in dimensionless variables

Uy =U/us Yr = Yus /v (2.13)
as:
arp Uy 0 26U+ Tt
ol _ U 9 297+ 2.14
p v Oyy " T Oyt pU3) (2.14)
1 d Tt dU+
— = —1 —_— 2.15
R, dy+( " pui) dy+ (2.15)

where R, = w,H/v. This equation is to be solved subject to boundary conditions: U4 (0) = 0 and
9,U+(R.) = 0. In this coordinates half - width of the channel H is equal to Hy = “2 = R, and

Combining (17.8) and (17.15) gives:

1 d )

U, dU,
— = 1+ il — 1) —
R* der( + +,mzL|

dy+ ) dy+

Below we neglect subscript + in Iy .. In the case of fully developed channel/pipe flows this can be readily

(2.16)

rewritten in a simple form:
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. aU+

R* 8y+

valid in a part of a flow where 9, U, > 0. Solving quadratlc equation we obtain:

U, 1
6y+ 2[2

mix

[—1+ \/1 Fa(1— %*)lmmz} (2.17)

Now we need an expression for l,,;,. Theoretical determination of mixing length is a difficult problem,

depending upon flow geometry. For wall flows, in the interval y+ < R., Prandl, suggested

[, (2.18)

so that:
1 d dU, , dU.
i 7(1 1K 2 2 ‘ + )7+
R, dyy dy+
1

This equation defines three layers characterizing an arbitrary wall flow. 1. Viscous sublayer y; < %87

(2.19)

Uy
Oy 4
where:
1 d*U,
~ 2.20
and
2
yi +2Cyy +D
v, =—"+*-——— 2.21
' o (2.21)
Close to the wall where y; — 0, by the Taylor expansion Uy = %er giving: D =0and C = R, fgﬁ Also,

it follows from the definition of u, (17.11), that %mau =1 giving for the viscous sublayer Uy = y.

2. Universal Log-layer. At R, >y, > 1 = 8U+ = % :
L
1
1_ 4. |dU+ |dU+ (2.22)
R* dy+
and
1
Ui~B —|— Iny, (2.23)

3. Outerlayer y; ~ R..

Accurate measurements of velocity distribution in boundary layers, pipes and channel flows showed a rather
good quantitative agreement of this description with experimental and numerical data. Still, some unsloved
questions remain. Using these or similar relations we can evaluate the mass flux, stress on the wall, energy

of the flow etc. This gives for the flow past flat plate:
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§ = 0.37x/Re"?
¢y = 0.0576Re; 2

van Driest factor. This model was proposed to more accurately account for the viscous sublayer y; — 0.

In the wall coordinates it is:

iz = K’y-i-[l - e—y+/A] (224)

where A =~ 26.
Numerical Project. 1. Consider fully developed turbulent flow in a channel
(pipe). Using two models (17.16) and (17.22) calculate curve f = f(Re) where

Re = mTH Compare results. 2. Repeat the same for turbulent boundary layer.

2.1 Free Shear Flows. Wakes, mixing layers, jets.

Now we consider application of the mixing length concept to free shear flows. If the linear dimension of the
body which is the source of the wake or a nozzle is L, we are interested the far downstream where g > L
and the geometric details of the flow generating mechanisms are unimportant. There the flows are assumed

self-similar, i.e. can be written as

Ulz,y) = u(w)F(%z)) (2.25)

where 2§(z) is the width of the wake (jet etc...). The self-similarity in general means that the y-dependence

of a property, in this case velocity field, can be represented as

and in each cross-section the velocity dependence upon y-coordinate is represented as a ratio /. Therefore,
the velocity distribution in cross—sections x; and x5 can be obtained by a simple rescaling by length-scale
o(x).

Far wake behind the cylinder.

We assume that the Reynolds number is very large so that vy < vrp.

ou ., ov
or Oy
PO U0, 0 .

ox dy Oy r oy
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Figure 21: Far turbulent wake behind the cylinder.

These equations can be linearized: writing U = U, +u’ and assuming that U, > u’ we can use continuity
equation (17.26) to obtain an estimate u’ ~ V < Us. Then, neglecting Vo,u’ = O((uv’)?) compared with

Ud,u’ = O(u'), we derive a simplified equation of motion:

o’ 0 ou’  ou'
- 2.27
o = 5 Gl 5 1 5) (227)
which is to be solved subject to the boundary conditions:
o' (z,y) — 0; dyu’ =0 (2.28)

as y — oo and y — 0, respectively. According to the drag theorem, the drag on a body can be found from

momentum theorem: take control volume including a body and obtain

H/ U(Us — U)dy = D)2 (2.29)

where the factor 1/2 accounts for the integral taken over half-space. For a part of the wake where 9,U > 0

the equation (17.27) reads:

Uod(z)v (x Usxd' (z) OF 5 0 , OF OF
UodDUID) pyy - V00, OF_ 2 008

u(x) u(z) " On 877 on On
Asn — 0, F'(n) — 0 and F(n) — 0 for n — oo following from the boundary conditions (17.28). The global

el (2.30)

constraint (17.29) is transformed to:

o0 D
/o Fondn = 3 @) (2:31)

The flow is self-similar only if equation (17.30) involves only the 7-variable. Dependence upon
x must disappear. This happens only when:
Usod(z)u/ () Usod' () D

u(@)? =ay; —— = ag; 2T u()3 () =1 (2.32)

o with as yet unknown constants a; and ag. It follows from the last equation (17.32) that

u(z)
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D

o) = 2pUqcu(x)

and substituting this expression to the first one gives:

/

u 2a1p

Z 2.
o D (2.33)
and
1 D asDx
_ . §x) = 2.34
u(w) = g1/ o («) \/Z (234
where we used the condition o = —a;. The velocity distribution has minimum at x = 0, so that 9,/ < 0 in
the entire wake. Having this in mind. the equation (17.30) reads
J OF OF
2 2
()2 F)=0 2.35
o (G a4 ) (2:35)
which is equivalent to
0, 5,0F ,
— —)" = F|=0 2.36
5105007 — e (236)

Integrating this once gives

oF

cv(a—77 =t/ aanF + const

Since at n = 0, F'(0) = 0, the constant C' = 0 and taking into consideration that 0, F' < 0, the final equation

is:

oz(8—77 = —vaanF (2.37)

with the solution:

F(n) = C?[1 — <n1>%12 (2.38)

where 7. = (3aC/ \/@)% We see that as 7 — oo this solution becomes meaningless and there is no way to
satisfy the boundary condiiton at infinity F' = 0. Thus the expression (17.38) must be used in the interval
1 < 1. where F(n.) = 0 and assume that it is continued to infinity.

Now we would like to calculate the unknown constant C. The constraint (17.31) combined with the expres-

sions (17.34) reads

[e%s) 1
/ F(p)dn=1= / C*(1-n%)? = 9 e (2.39)
0 0 20

42



which gives C' = 1.49 and a = /a2/20.

We still have one undetermined parameter. Experimental data give:

[D
5(z) ~ 0.805 pTﬁ (2.40)

which, combined with our solutions yield as &~ 0.65 and « ~ 0.18. Thus:

Ulz,y) = Use — 1.38 pggc - (%)%]2 (2.41)

where §(z) is given by (17.40).

U/uo(x)

Figure 22: Universal velocity distribution in turbulent wake. Comparison of theoretical prediction with

experimental data. .

Plane Jets. In this case, the equations (17.26) are valid with one difference: no linearization of the
kind (17.27) is possible.

First, based on the momentum conservation:

/ Uu-ndS ~ U?(2)S = U*(2)é(z)H = J = const

— 00

where S = d(z)H = S is the cross sectional area of the jet (H is the dimension perpendicular to the page).

It is clear from the Figure that §(x) ~ z sin @ where o = const is the jet angle. This relation gives:

U x Res = U(x)d(z)/vo x V&

7

1 .
T )
Since the are of a round jet is O(§?) the momentum conservation leads to U o< 1/z and Res ~ const.
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Figure 23: Plane jet. Schematic

It is useful to work with streamfunction ¢, so that: U = 0,9 and V = —0,%. Again looking for a

self-similar solution in the form

b=/ F() (242)
where nn = y/d(z). We have:
13} F
i —nF )]
oy 1 a F' "
920y ‘5@@[2 0k
o"F _ 1(n) n
oy F™/5(x) (2.43)

and , in the mixing length approximation, the equation of motion for thj ¢ -function reads:

W Py WY 5D DY O
Oy T oz oz Y au a2l o 2.44
Oy 0xdy  Ox Oy @ dy (6% () oy2 ' oy2 (2.44)
Using (17.43) we have immediately:
o Oy o a o b a O /
Jy 0xdy Oz Oy>  46%(x) ()" + FF] = *452(56)577(}71?) (2.45)

and since in a jet maximum velocity is at the center plane 8§¢ > 0 we can write the equation for the

half-plane y > 0 with the result :

0 0%y 0% aad?(z) 0
2 Y 52 - _ —Z (F"\?2 2.4
Equating (17.25) and (17.46) final result is:
2a(F")? = FF' (2.47)
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Where, due to the boundary condition at y — oo, the integration constant was set equal to zero.

non-linear equation equation can be solved numerically subject to the following conditions:

F(0) = F"(0) = 0; F'— 0;n — o0

and

/ TR =1

Using experimental result a ~ 0.25 gives o = 0.1 which is reasonably close to the data.
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Problem. The plate of the width W and length L moves in the air with velocity U. Neglecting vortex
shedding, find the drag. Assume transitional Reynolds number Re, ¢+ ~ 250000.

Solution: in this flow the drag is entirely due to viscosity. The transition point

Ty~ 2.5 x 10°v/U

If Tip < L,

2 L 2 T L
 0.664 .
D= W—p;] / cr(x)dr = W—pU [/ 0.66 dx +/ 0 0576d$}
0 x

0 2 VRe, . Re))
pU2 1338xtr L Ttr
D=W"—"[——-—-4+0.072(=—55 —
2 [ 250000 + (Re%2 12.01)]
If: x4 > L, the flow is laminar and
pU? 1.338L
D=W~—-
2 [ Rej, ]

Boundary layer separation.

Often pressure gradient in the boundary layer is not equal to zero. One such example is the problem of
Couette flow or a flow past cylinder we discussed above. The origin of pressure gradients in fluids flows are
many and vary. They can be externally imposed by pumps and other devices, generated due to non-trivial
velocity distributions like in potential flow past cylinder (¢, = 1 — 4sin?@). The flow velocity, which at
stagnation (0 = m,r = R) is equal to zero, first accelerates away from it, reaches its maximum value at
6 = w/2 with subsequent decceleration toward next stagnation point at § = 0,7 = R. By Bernoulli law, the
pressure distribution along the cylinder surface does not stay the same. Strong pressure gradients occur in

the flows with sudden expansions and contractions, flows past the steps etc.

In a statistically steady state the Prandtl approximation for the boundary layer is:

u0yu + voyu = —% + yagu (2.48)

Near the wall where y/§ < 1 the velocity u(y)/U < 1. Therefore, the nonlinear terms in (17.21) can be

neglected and the remaining equation reads:
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Figure 24: Velocity and pressure distributions in the vicinity of separation point.

dp 0%u

Oz 671/2 ‘plate

Due to the no-slip boundary condition, this equation is valid in the vicinity of the solid wall for both favorable

(2.49)

and adverse pressure gradients. In case of the favorable pressure gradient d,p(z) < 0, we find %\plate < 0.
In the interval y > §(x), the velocity u(y) = U has a maximum, and thus %b < 0 and we conclude that at
all points inside boundary layer aiu = 0. In this case viscous term in the NS equations is balanced by the
pressure gradient without dramatic increase of the y-component v. This corresponds to the attached BL.

Let us consider the case of adverse pressure gradient g—i > 0. This situation is depicted on Fig. 61. At the

edge of boundary layer u(6) = U and, as y — 0 has its maximum, and as before:

0%u
87y2|plate <0
and the positive pressure gradient cannot be balanced by viscous effects. There, far from the wall, the

balance can be achieved accounting for the non-linear contributions. Near the wall, due to (17.22)

0%u
87y2|plate >0

Thus, somewhere in between, there must be an inflection point where
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0%u

— =0 2.50
- (2:50)
See point S3 on Fig. 61. From continuity equation d,u = —d,v, we have:
Y Ou(z, y)
=— ——d 2.51
v(z,y) /0 5 W (2.51)

In the deccelerating flow (away from the maximum of velocity at # = 7/2 on a cylinder surface, for example
) % < 0 and, by the virtue of (17.24), the vertical component v > 0 (out of plate) is larger, the larger the
decceleration. When the positive vertical component becomes too large, the flow separates if

ou
gy ltete =0 (2.52)

Indeed, at this point any further increase of decceleration will lead to the flow reversal. It can be shown that

in the limit of an infinite Reynolds number the component

1
VIog — T

at a separation point xgy tends to v — oo which leads to a rapid grows of the boundary layer compared to

v X

the case d,p = 0. From these considerations we see that at the separation point

Ju

o =0 (2.53)
see point Sy on Fig.61. The relation (17.23) and (17.26) are necessary conditions for the flow separation.
Numerical and experimental determination of separation points is a delicate task especially dealing with
streamlined bodies where the separation point moves with variation of angle of attack, Reynolds numbers
etc.
Problem. A cylinder is moving in the air with velocity U. Find an approximate position of the separation
point on a surface of a cylinder.
Solution. In this case we choose the origin at the stagnation point § = 7 and, assuming narrow BL (6 < R),
take coordinate along the BL [ = RO. The direction perpendicular to the BL is re,. According to BL
equations (16.86) O,p = 0, i.e. the pressure distribution within the boundary layer does not vary in the

r-direction, we can use the results of potential flow theory giving

_ U
Poo = D)

thus, since | = RO, O;p = 9yp/R we have according to (17.23)

(1 — 4sin?0)

sinfcosd@ =0
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and

0=m/2

As we can see from Fig.62, this simple estimate is close to the super-computer-based numerical simulations.

Figure 25: Boundary layer separation on a surface of a cylinder. At the separation point g, u(6y, R) = const

Re ~ 10°

The instability of a boundary layer is a complicated dynamics process depending on very fine structure of
the wall flow. Many factors effect this process and sometimes it is extremely beneficial to delay it. One of
the possibilities is artificially perturb the developing BL by vortices, jets, suction (blowing), creating noisy
or regular patterns on a surface etc. One of such attempts is presented on Fig. 63.

We can see, in this flow the separation point coincides with the sharp rear edge of the body of this car.

Pressure drag.
According to the Stokes formula: the drag (friction) force acting on sphere of radius R moving with velocity

U is given by the relation:

Fy =D =6mpRU (2.54)

giving skin friction:

D 12

CD = - = —
%’/TRZ Rer

(2.55)

The experimentally determined skin friction is shown on Fig. 65 in an excellent agreement with the relation

(17.28) in the range Rer < 100. At Rer >> 100, a completely different dependence of ¢p(Re) has been

49



WITHOUT VGs: WITH MICRO VGs:

CRUISE AIRSPEED

-

SMOCTH AIRFLOW VORTEX AIRFLOW
NC REDUCTION IN CRUISE SPEED

SLOW AIRSPEED

BOUNDARY LAYER BOUNDA
SEPARATION ATTACHE

STALL AIRSPEED

LUNCONTROLLED
TURBLILENCE

CONTROLLED

VORTICES

NOTE: AN AIRCRAFT EQUIPPED WITH WORTEX GENERATORS

Figure 26: Separation control with an artificial surface vortex generation (VG).
In flows pst bluff bodies like sharp-edged buildings, some cars etc, the pressure gradient behind the edges is
so large that the position of separation point is prescribed by geometry. One such example is shown on Fig

63. The separation point is seen right at the rear of the JEEP car.

Figure 27: Streamlines in a flow past JEEP.

observed. In one of the problem of this section we, calculating the terminal velocity of sphere (M =
100kg; R = 2m falling in the air under the action of gravity, derive absurdly high number.

The reason for this dramatic disagreement is easily understood from the picture of Figs. 65- 65. The flow
separation, accompanied by the vortex formation and shedding is a huge source of energy loss thus acting
as an additional drag on a moving body. Moreover, the main action takes place outside the body surface

where the viscous effects are unimportant. Thus, the only source of drag is pressure and the pressure force
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Figure 28: Velocity and pressure distributions in the vicinity of separation point.

acting on a body can be presented as

D, = DA = a,pU?/2

where A is the area of a relevant cross-section and «, is a numerical coefficient. Anayitic evaluation of both
ap, and A is, in general, impossible. This is a subject of Computational Fluid Dynamics, utilizing modern
numerical methods and computers to accurately simulate flows past various bodies. During some 50-60 years

CFD evolved into a crucial tool revolutionalizing engineering design cycle. An important conclusion from

2D,

the above relation is that the pressure drag coefficient C), = 75

~ 2a, = const. As we learned, the friction
drag C; o« 1/Re and we see that as Re — oo, pressure drag is always dominating factor. This explains
general shape of the dependence shown on The Fig. 65.

Problem. A sphere of radius R and mass M falls under action of gravity. Assuming a simple relation

Cp

% + 0.4 giving correct numbers in two limits Re — oo and Re — 0, find terminal velocity when

22V 3.33gRPephere

air

V. « 3.33gRParhere

air

Solution: The force balance:

Wil

pU?T R?
4—
dt

= Mg — 6muRU — 0. 5
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Time - independent terminal velocity is defined by condition DU/dt = 0. Thus, we have an algebraic
equation:

U——@—l— 2251/2+ My
R Rz 0.4psiam R

M = %wpsphweR?’. This solves the problem for both limiting cases. Consider: a. v = 0.15¢m?/sec, R =

10cm, psphere = 1gr/em?. Density of the air is puir &~ 1072gr/cm®. 2. The same but psppere = 10gr/cm?
and R = 30cm.
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Figure 29: Velocity and pressure distributions in the vicinity of separation point.
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