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Part (2)*

Differential Analysis of Boundary Layer
(Lift and Drag of Flow Over Immersed Bodies)

In this part we consider various aspects of the viscous effects in the boundary layer region and the
relationship between the boundary layer and the flow over bodies that are immersed in a real (i.e., viscous)
fluid. Examples of such immersed bodies include the flow over air around airplanes, automobiles, and falling
snow flakes, or the flow of water around submarines and fish. In these situations the object is completely
surrounded by the fluid and the flows are termed external flows. External flows involving air are often termed
aerodynamics in response to the important external flows produced when an object such as an airplane flies
through the atmosphere. Although this field of external flows is extremely important, there are many other
examples that are of equal importance. We should note that the boundary layer region and the large viscous
effects exists also in many internal flows. Examples include the entrance length of the flow in pipes or ducts
and the near wall flow in a diffuser where in both cases the viscous effects in boundary layer flow is
dominant.

We study the boundary layer flow to calculate all the forces generated because of the viscous
effects at the wall. The fluid force (lift and drag) on surface vehicles (cars, trucks, bicycles) has become a
very important topic. By correctly designing cars and trucks, it has become possible to greatly decrease the
fuel consumption and improve the handling characteristics of the vehicle. Similar efforts have resulted in
improved ships, whether they are surface vessels (i.e., surrounded by two fluids, air and water) or submersible
vessels (i.e., surrounded only by water). Other applications of external flows involve objects that are not
completely surrounded by fluid, although they are placed in some external-type flow. For example, the proper
design of a building (whether it is your house or a tall skyscraper) must include consideration of the various
wind effects involved.

As with the other areas of fluid mechanics, two approaches (i.e., theoretical and experimental) are
used to obtain information on fluid forces developed by external flows. Theoretical (i.e., analytical and
numerical) techniques can provide much of the needed information about such flows. However, because of
the complexities of both the governing equations and geometry of the objects involved, the amount of
information obtained from purely theoretical methods is limited. With current and anticipated advancements
in the area of computational fluid mechanics, it is likely that computer prediction of forces and complicated
flow patterns will become readily available.

Much of the information about external flows comes from experiments carried out, for the most
part, on scale models of the actual objects. Such testing includes the obvious wind tunnel testing of model
airplanes, buildings, and even entire cities. In some instances the actual device, not a model, is tested in the
wind tunnels. Figure 4.1 shows tests of vehicles in wind tunnels. Better performance of cars, bikes, skiers, and
numerous other objects has resulted from testing in wind tunnels. The use of water tunnels and towing tanks
also provides useful information about the flow around ships and other objects.

In this part, we first consider the general characteristics of external flow past immersed objects
before we make detailed differential analysis of the flow in the boundary layer region. We investigate the
qualitative aspects of such external flows and learn how to determine the various forces on objects surrounded
by a moving fluid.

" Ref.:(1) Bruce R. Munson, Donald F. Young, Theodore H. Okiishi “Fundamental
of Fluid Mechanics” 4" ed., John Wiley & Sons, Inc., 2002.
(2) Frank M. White “Fluid Mechanics”, 4" ed. McGraw Hill, 2002.
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4.1 General External Flow Characteristics

A body immersed in a moving fluid experiences a resultant force due to the interaction be-
tween the body and the fluid surrounding it. In some instances [such as an airplane flying
through still air) the fluid far from the body is stationary and the body mowves through the
fluid with velocity &7 In other instances (such as the wind blowing past a building) the body
is staticnary and the fluid flows past the body with velocity U7, In any case, we can fix the
coordinate system in the body and treat the situation as fluid flowing past a stationary body

B FIGURE 4.1
(@) Flow past a full-
sized streamlined ve-
hicle in the GM aero-
dynamics laboratory
wind tunnel, an 18-ft
by 34-ft test section
facility driven by a
4000-hp, 43-ft-diame- @
ter fan. (Photograph
courtesy of General
Motors Corporation.)
(b) Surface flow on a
model vehicle as indi-
cated by tufts at-
tached to the surface.
(Reprinted with per-
mission from Society
of Automotive Engi-
neers, Ref. 28.) @)

with velocity U, the upstream velocity. For the purposes of this book, we will assume that
the upstream velocity is constant in both time and location. That is, there is a uniform. con-
stant velocity fluid flowing past the object. In actual situations this is often not true. For ex-
ample, the wind blowing past a smokestack is nearly always turbulent and gusty (unsteady)
and probably not of uniform velocity from the top to the bottom of the stack. Usually the
unsteadiness and nonuniformity are of minor importance.

Even with a steady, uniform upstream flow, the flow in the vicinity of an object may
be unsteady. Examples of this type of behavior include the flutter that is sometimes found
in the flow past airfoils (wings), the regular oscillation of telephone wires that “sing™ in a
wind, and the irregular turbulent fluctuations in the wake regions behind bodies.

The structure of an external flow and the ease with which the flow can be described
and analyzed often depend on the nature of the body in the flow. Three general categories
of bodies are shown in Fig.4.2 . They include (a) two-dimensional objects (infinitely long and
of constant cross-sectional size and shape), (b) axisymmetric bodies (formed by rotating their
cross-sectional shape about the axis of symmetry), and (¢) three-dimensional bodies that may
or may not possess a line or plane of symmetry. In practice there can be no truly two-di-
mensional bodies—nothing extends to infinity. However, many objects are sufficiently long
so that the end effects are negligibly small.

SR > ===

v
7
<

(a) (b) ()

B FIGURE 4.2 Flow classification: (a) two-dimensional,
(b) axisymmetric, (¢) three-dimensional.
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Another classification of body shape can be made depending on whether the body is
streamlined or blunt. The flow characteristics depend strongly on the amount of streamlin-
ing present. In general, streamlined bodies (i.e., airfoils, racing cars, etc.) have little effect on
the surrounding fluid, compared with the effect that blunt bodies (i.e., parachutes, buildings,
etc.) have on the fluid. Usually, but not always, it is easier to force a streamlined body through
a fluid than it is to force a similar-sized blunt body at the same velocity. There are impor-
tant exceptions to this basic rule.

4.1.1 Lift and Drag Concepts

When any body moves through a fluid, an interaction between the body and the fluid occurs;
this effect can be described in terms of the forces at the fluid—body interface. This can be
described in terms of the stresses—wall shear stresses, 7,.. due to viscous effects and nor-
mal stresses due to the pressure, p. Typical shear stress and pressure distributions are shown
in Figs.4.3 a and4.3 b. Both 7,, and p vary in magnitude and direction along the surface.

It is often useful to know the detailed distribution of shear stress and pressure over
the surface of the body, although such information is difficult to obtain. Many times, how-
ever, only the integrated or resultant effects of these distributions are needed. The resultant
force in the direction of the upstream velocity is termed the drag, 9, and the resultant force
normal to the upstream velocity is termed the lift, &, as is indicated in Fig.4.3 c¢. For some

p=<0
U .
A A 4 4
Pressure
distribution p=>0
(a)
Ty Shear stress
- _— —_ /distribution
U —>
“'-\...“ ‘h‘
N— — -
[}
() B FIGURE 4.3 Forces
58“ from the surrounding fluid on a
two-dimensional object: (a) pres-
. sure force, (b) viscous force,
L_,_ I (c) resultant force (lift and drag).

(c)

three-dimensional bodies there may also be a side force that is perpendicular to the plane
containing % and 9.

The resultant of the shear stress and pressure distributions can be obtained by inte-
grating the effect of these two quantities on the body surface as is indicated in Fig. 4.4 . The
x and y components of the fluid force on the small area element dA are

dF, = (pdA) cos 8 + (7,,dA) sin 6
dF, = —(p dA)sin# + (7, dA) cos 6

and

Thus, the net x and v components of the force on the object are

9 = | dF, = l p cos B dA + l T, sin @ dA (4.1)
and J J J

g = [ dF, = — l psin 6 dA + l 7, COs H dA (4.2)
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Of course, to carry out the integrations and determine the lift and drag, we must know the
body shape (i.e., # as a function of location along the body) and the distribution of 7, and p
along the surface. These distributions are often extremely difficult to obtain, either experi-
mentally or theoretically. The pressure distribution can be obtained experimentally without
too much difficulty by use of a series of static pressure taps along the body surface. On the
other hand, it is usually quite difficult to measure the wall shear stress distribution.

It is seen that both the shear stress and pressure force contribute to the lift and drag,
since for an arbitrary body # is neither zero nor 90° along the entire body. The exception is

a flat plate aligned either parallel to the upstream flow (# = 90°) or normal to the upstream
flow (# = 0) as is discussed in Example 4.1.

Example 4.1:

Air at standard conditions flows past a flat plate as is indicated in Fig. E4.1. In case (a) the
plate is parallel to the upstream flow, and in case (b) it is perpendicular to the upstream flow.
If the pressure and shear stress distributions on the surface are as indicated (obtained either
by experiment or theory), determine the lift and drag on the plate.

b =width = 10 ft

p=pk)=0
v
U= 25 fts | —**ﬁ*—h —
o [ Fd N 1
p =0 (gage) ‘ ek ok e _“1“ *
, 4 ft ,

B FIGURE E4.1
T, = T,(x) = (1.24 x 1073)/x Ib/Ht2
where x is in feet
(@)
Solution

For either orientation of the plate, the lift and drag are obtained from Eqgs.4.1 and4.2 . With
the plate parallel to the upstream tlow we have # = 90° on the top surtace and # = 270" on
the bottom surface so that the lift and drag are given by

iﬁ‘f’:—l pdA+l pdA =0
Jrop

and Jbottom

W

O = l 7, dA + [
top

J bottom

T,d4 = 2 l 7., dA (1)
Jtop

where we have used the fact that because of symmetry the shear stress distribution is the

same on the top and the bottom surfaces, as is the pressure also [whether we use gage (p = 0)

or absolute (p = p,,,) pressure]. There is no lift generated—the plate does not know up from

¥
V2 N ‘ p =-0.893 Ib/ft?
p=0.744 (1 77] Ib/ft

where v is in feet /
\Y o) =

A
T, —Td—V)
U= 25 fiis H—» ! i e
— ( 7 | ~ Low p
p=0 Y ¥ | L
——
AN A

(&) ()
B FIGURE E4.1 (Continued)
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down. With the given shear stress distribution. Eq. 1 gives

Pt (1,24 > 1077

Ofy —
=2 [ X172

1b/ﬂ;2> (10 ft) dx
Jx=0

or
99 = 0.0992 1b (Ans)

(o]

With the plate perpendicular to the upstream flow. we have 6 = 0° on the front and

# = 180° on the back. Thus, from Eqs.4.1 and 4.2
P o=

Tw @A — T, dA = 0

J front _lhack

and

9 = pdA — pdA

J front J back

Again there is no lift because the pressure forces act parallel to the upstream flow (in the di-
rection of 9 not &) and the shear stress is symmetrical about the center of the plate. With
the given relatively large pressure on the front of the plate (the center of the plate is a stag-
nation point) and the negative pressure (less than the upstream pressure) on the back of the
plate., we obtain the following drag

~2 0 2
: v
9 = l {0,744 (1 — ':)113/1%2 — (—0.893) lb/ftz} (10 ft) dy
or % = 55.6 Ib (Ans)
Clearly there are two mechanisms responsible for the drag. On the ultimately stream-
lined body (a zero thickness flat plate parallel to the flow) the drag is entirely due to the shear
stress at the surface and. in this example, is relatively small. For the ultimately blunted body

(a flat plate normal to the upstream flow) the drag is entirely due to the pressure difference
between the front and back portions of the object and, in this example, is relatively large.

It the flat plate were oriented at an arbitrary angle relative to the upstream flow as in-
dicated in Fig. E 4.1c, there would be both a lift and a drag, each of which would be depen-
dent on both the shear stress and the pressure. Both the pressure and shear stress distribu-
tions would be different for the top and bottom surfaces.

.

Although Egs.4.1 and 4.2 are valid for any body. the difficulty in their use lies in ob-
taining the appropriate shear stress and pressure distributions on the body surface. Consid-
erable effort has gone into determining these quantities, but because of the various com-

plexities involved, such information is available only for certain simple situations.

Without detailed information concerning the shear stress and pressure distributions on
a body, Eqs.4.1 and 4.2 cannot be used. The widely used alternative is to define dimen-
sionless lift and drag coefficients and determine their approximate values by means of either
a simplified analysis, some numerical technique, or an appropriate experiment. The [/ift co-

efficient, Cy, and drag coefficient, Cp, are defined as @
CL = 1 _2
and 2P Ur A
Cp=
P LR

where A is a characteristic area of the object Typically, A is taken to be the projected oOr firontal
area—the projected area seen by a person looking toward the object from a direction par-
allel to the upstream velocity, U. It would be the area of the shadow of the object projected
onto a screen normal to the upstream velocity as formed by a light shining along the up-
stream flow. In other situations A is taken to be the planform area—the projected area seen
by an observer looking toward the object from a direction normal to the upstream velocity
(i.e., from ‘“‘above” it). Obviously, which characteristic area is used in the definition of the
lift and drag coefficients must be clearly stated.
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4.1.2 Characteristics of Flow Past an Object

External flows past objects encompass an extremely wide variety of fluid mechanics phe-
nomena. Clearly the character of the flow field is a function of the shape of the body. Flows
past relatively simple geometric shapes (i.e., a sphere or circular cylinder) are expected to
have less complex flow fields than flows past a complex shape such as an airplane or a tree.
However, even the simplest-shaped objects produce rather complex flows.

For a given-shaped object, the characteristics of the flow depend very strongly on
various parameters such as size, orientation, speed, and fluid properties. As is discussed in
second year , according to dimensional analysis arguments, the character of the flow should
depend on the various dimensionless parameters involved. For typical external flows the most
important of these parameters are the Reynolds number, Re = pU{/u = Ul /v, the Mach
number, Ma = U/c, and for flows with a free surface (i‘e‘, flows with an interface between
two fluids, such as the flow past a surface ship), the Froude number, Fr = U/ “\/"?. (Recall
that € is some characteristic length of the object and c is the speed of sound.)

For the present, we consider how the external flow and its associated lift and drag vary
as a function of Reynolds number. Recall that the Reynolds number represents the ratio of
inertial effects to viscous effects. In the absence of all viscous effects (. = 0), the Reynolds
number is infinite. On the other hand, in the absence of all inertial effects (negligible mass
or p = 0), the Reynolds number is zero. Clearly, any actual flow will have a Reynolds num-
ber between (but not including) these two extremes. The nature of the flow past a body de-
pends strongly on whether Re > 1 or Re < 1.

Most external flows with which we are familiar are associated with moderately sized
objects with a characteristic length on the order of 0.01 m < { << 10 m. In addition, typi-
cal upstream velocities are on the order of 0.01 m/s << U < 100 m/s and the fluids involved
are typically water or air. The resulting Reynolds number range for such flows is approxi-
mately 10 < Re < 10°. As a rule of thumb, flows with Re > 100 are dominated by iner-
tial effects, whereas flows with Re << 1 are dominated by viscous effects. Hence, most fa-
miliar external flows are dominated by inertia.

On the other hand, there are many external flows in which the Reynolds number is
considerably less than 1, indicating in some sense that viscous forces are more important
than inertial forces. The gradual settling of small particles of dirt in a lake or stream is gov-
erned by low Reynolds number flow principles because of the small diameter of the parti-
cles and their small settling speed. Similarly, the Reynolds number for objects moving through
large viscosity oils is small because u is large. The general differences between small and
large Reynolds number flow past streamlined and blunt objects can be illustrated by con-
sidering flows past two objects—one a flat plate parallel to the upstream velocity and the
other a circular cylinder.

Flows past three flat plates of length € with Re = pUf€/u = 0.1, 10, and 107 are shown
in Fig.4.5 . If the Reynolds number is small, the viscous effects are relatively strong and the
plate affects the uniform upstream flow far ahead, above, below, and behind the plate. To
reach that portion of the flow field where the velocity has been altered by less than 1% of
its undisturbed value (i.e.. U — u << 0.01 U) we must travel relatively far from the plate. In
low Reynolds number flows the viscous effects are felt far from the object in all directions.

As the Reynolds number is increased (by increasing U, for example), the region in
which viscous effects are important becomes smaller in all directions except downstream, as
is shown in Fig. 4.5 h. One does not need to travel very far ahead, above, or below the plate
to reach areas in which the viscous effects of the plate are not felt. The streamlines are dis-
placed from their original uniform upstream conditions, but the displacement is not as great
as for the Re = 0.1 situation shown in Fig. 4 5a.
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