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When a viscous fluid flow passes a solid body (fully-immersed in the fluid), the body experiences a net
force, F', which can be decomposed into two components:

e a drag force Fp, which is parallel to the flow direction, and

e a lift force F1, which is perpendicular to the flow direction.

The drag coefficient Cp and lift coefficient C';, are defined as follows:
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respectively. Here, U is the free-stream velocity, A is the “wetted area” (total surface area in contact
with fluid), and A, is the “planform area” (maximum projected area of an object such as a wing).

In the remainder of this section, we focus our attention on the drag forces. As discussed previously,
there are two types of drag forces acting on a solid body immersed in a viscous flow:
e friction drag (also called “viscous drag”), due to the wall friction shear stress exerted on the
surface of a solid body;

e pressure drag (also called “form drag”), due to the difference in the pressure exerted on the front
and rear surfaces of a solid body.

The friction drag and pressure drag on a finite immersed body are defined as

Fp vis = / TwdA| and | Fp pres = </ pdA> , (113)
A A Streamwise component

respectively. In an inviscid flow, the total drag force exerted on a solid body is solely contributed by
the pressure drag. However in a viscous flow, the total drag force is often a combination of both friction
and pressure drags, i.e.

‘FD :FD,m‘s“‘FD,pres ) (114)

and in consequence,

‘CD = CD,vis + CD,pres (115)

2.6. Friction Drag for Flow over a Flat Plate with Zero Incidence

In this subsection, we consider the drag forces for a flow past a finite flat plate with zero incidence
(i.e., the flow is parallel to the flat plate). The drag coefficient C'p will be investigated according to
the following three scenarios of BLs developed over the flat plate: (1) a laminar BL, (2) a turbulent
BL, and (3) a laminar-to-turbulent transition BL.

For a BL flow past over a finite flat plate (see Fig. 16), the drag coefficient Cp relates to the local
skin friction coefficient C as

FD fAdeA 1 /
Cp= = =|— [ CidA]| . 116
P $pU?A  1pU%A Afy ! (116)

To derive the above equation, we used the definition of the local skin friction coefficient: Cy = +7%5
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Fig. 16: A finite flat plate parallel to a viscous flow. The length and depth of the plate are L and b,
respectively. The drag force is contributed by the wall friction drag only.

(1) Laminar BL over a Finite Flat Plate
As demonstrated previously in Table 9.2 (see page 47), the exact solution on the local skin coefficient

Cy for a laminar BL is

Tw 0.664
Cr=—== 117
f %pUQ /Rex ( )
Substituting this equation into Eq. (116), we have
1 [ 0.664 1 b AN v \05
Cp=— [ ——=—dA=— [ 0664 — 05 bdr =133 (— 118
b A/A Re, bL/0 <1/> B ’ <UL> ’ (118)
or,
Cp = L35 (for a laminar BL) (Eq. (9.33) in textbook)
D — \/R—eL Y q *
UL

where | Re;, = — |, and L and b represent the length and the depth of the flat plate, respectively.
v

(2) Turbulent BL over a Finite Flat Plate
As derived previously (on page 51), the local skin friction coefficient for a turbulent BL over a flat plate
is given by Eq. (93), i.e.

Tw 0.0594
Cf =T 719 1/5 (93)
gﬂU Re;
Substituting the equation into Eq. (116), we have
1 [ 0.0594 1 [r AN v \02
= — ——dA = — 0594 [ — —0.2. = 0. 42(— 11
Cp A/ARe}/"’d bL/O 0.059 <V> 2702 . pdz = 0.07 UL) . (119)
or,
0.0742 . 5 7 :
Cp = —i5 (for a turbulent BL, valid for 5 x 10° < Rer, < 10) , (Eq. (9.34) in textbook)
Re;/

For Rey, < 107, Schlichting gives the following semi-empirical equation for a turbulent viscous flow

over a finite flat plate
0.455

(log Rey,)?58

which fits experimental data very well.

Cp = (Eq. (9.35) in textbook)

(3) Laminar-to-Turbulent Transition BL over a Finite Flat Plate
For a BL experiencing transition from laminar to turbulent pattern, the value of Cp based on the
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turbulent BL (cf. Eq. (9.34) and Eq. (9.35) in textbook) needs to be corrected to account for the initial
laminar BL effect. If the transition Reynolds number is 5 x 10°, the drag coefficient is

0742 174
Cp = % _ 1740 (for 5 x 10° < Rey, < 107) , (Eq. (9.37a) in textbook)
ReL/ Rep,
——
correction
or,
0.455 1610 5 9 .
D= (log Rep )28 e (for 5 x 10° < Rer, < 107) . (Eq. (9.37b) in textbook)
——
correction

Figure 17 plots the drag coefficient for a BL which transitions from laminar to turbulent pattern
at Re, = 5 x 10° for a viscous flow past a flat plate. The values of drag coefficient Cp for the laminar
BL (cf. Eq. (9.33) in textbook), turbulent BL (cf. Egs. (9.34) and (9.35) in textbook) and transition
BL (cf. Egs. (9.37b) in textbook), are demonstrated and compared in the figure. From Fig. 17, it is
clear that for a viscous BL flow over a finite flat plate:

e viscous drag is significant when Rey, is low;

e at a given Rey, (for a given length of the plate L and a given free-stream velocity U), the value of
Cp is less for a laminar BL; implying that for a given length of the plate, the drag coefficient is less,
when laminar flow is maintained over the longest possible distance;

e at large Rey, (> 107), the effects of the initial laminar BL on Cp can be ignored.

2.7. Pressure Drag

Figure 18 shows a viscous flow past a finite flat plate (perpendicular to the flow). The friction drag over
the plate is zero, because the plate is perpendicular to the flow. The drag force is contributed by the
pressure drag only, which is

Fp= ( / pdA> . (120)
A Streamwise component

When flow passes an object with sharp edges, BL separation is triggered and wake is induced.
The drag coefficient for all objects with sharp edges is essentially independent of Reynolds number
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Fig. 17: Variation of drag coefficient C'p with Reynolds number Rej, for a smooth flat plate parallel to
a viscous flow.
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(for Re > 1000) because the size of the wake is fixed by the geometry of the object. Drag coefficients
for some selected sharp-edged objects (for Re > 1000) are given in Table 9.3.

Fig. 18: A finite flat plate perpendicular to a viscous flow. The friction drag is zero (because the plate
is perpendicular to the flow), and the drag force is contributed by the pressure drag only.

Table 7.3
Drag Coefficient Data for Selected Objects (Re = 10%)°

Object Diagram Cp(Re = 10%)
Square prism blh = w 2.05
s, blh =1 1.05
N

%

h
Disk @ 1.17
Ring 4 1.20°
Hemisphere (open end P 1.42
facing flow) @
Hemisphere (open end / 0.38
facing downstream) @
C-section (open side Fa 2.30
facing flow) \
C-section (open side 1.20
facing downstream)

“Data from Hoerner [16].
PBased on ring area.

2.8. Combined Friction & Pressure Drag: for Flow over a Sphere or Cylinder

In the case of a flow over a sphere or a cylinder, both friction drag and pressure drag contribute to the
total drag, i.e. Fp = Fp_pres+ FD,vis- However, the contributions from Fp pres and Fp s to the total
drag Fp depend upon the Reynolds number and surface roughness (such as dimples on a golf ball).

» at a very low Reynolds number for Re < 1, Stokes showed analytically that there is no flow separation
from a sphere, the wake is laminar and the drag is predominantly the friction drag, and the total drag

coefficient is
24

which is plotted in Fig. 19. From the figure, it is clear that the above analytical result of Stokes deviates

Cp (121)

from experimental data if Re > 1.
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Fig. 19: (Fig. 9.11 in the textbook) Drag coefficient Cp of a smooth sphere as a function of Reynolds
number Re.

» Fig. 19 shows that as Re increases, Cp decreases. At Re =~ 1000, 95% of the total drag is due to
the pressure drag. For 1000 < Re < 3 x 10°, Cp is approximately constant (i.e., Cp is approximately
independent of Re). If Cp ~ constant, Fp = Cp - (% pU?)A = Fp oc U?, indicating a rapid increase
in drag in response to the magnitude of U.

» If Re > 3x10°, transition occurs and the BL on the forward portion of the sphere becomes turbulent.
The point of separation then moves downstream and the size of the wake decreases. Therefore, the net
pressure drag is reduced.

The effects of a laminar BL and a turbulent BL over a smooth ball are compared in Fig. 20.
Furthermore, the result of the inviscid flow is also shown.
e For an inviscid flow, pressure drag is the only drag (viscous drag is zero identically because p = 0).
Because the pressure is symmetrically distributed (w.r.t. §) around the sphere, the total drag (purely
due to the pressure drag) in an inviscid flow is zero identically, leading to the so-called “d’Alembert’s
paradox” (which states that for an inviscid flow, the drag of any body of any shape immersed in a
uniform stream is identically zero).
e For the viscous laminar BL flow, the BL separation occurs around 6 = 82°; and for the turbulent BL
flow, the BL separation is delayed to approximately # = 120°. In the turbulent case, the low pressure
wake region is much reduced. Therefore, the pressure drag due to the pressure difference between the
front and rear of a sphere is greatly reduced.

Figure 21 compares flow separation patterns of a laminar BL over a smooth ball and a turbulent
BL over a rough ball. The dimples on the rough ball triggers the onset of turbulence. The turbulent BL
delays the BL separation, and therefore, makes the low pressure wake region much narrower, resulting
in a much reduced pressure drag. With a reduced drag force, a golf ball can fly over a much longer
distance than a smooth balll The key is to use dimples to trigger the onset of a turbulent BL.

Figure 22 shows the drag coefficient for flow over a smooth cylinder. The distribution of C'p around
the circular cylinder is similar to that around a sphere shown previously in Fig. 19. However, the value
of Cp for a smooth cylinder is about twice higher than that for a smooth sphere.
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Fig. 20: Pressure distribution around a smooth sphere for laminar and turbulent BL flow, compared

with the inviscid flow result. For the inviscid flow, the pressure coefficient C, = p;p% =1 —4sin’6,
2

which represents a symmetrical distribution around the sphere. For the viscous laminar BL flow, the

BL separation occurs around 6 = 82°; and for the turbulent BL flow, the BL separation is delayed to

approximately 6 = 120°.

Separation
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boundary layer
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Transition
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boundary layer

boundary layer

(a) Laminar BL separation on a smooth ball (b) Turbulent BL separation on a rough ball

Fig. 21: Flow separation on a sphere with laminar and turbulent BLs (source of figure [8]). The dimples
on the rough (golf) ball triggers the onset of turbulence. The turbulent BL delays the BL separation,
and therefore, makes the low pressure wake region much narrower. As a result, the pressure drag due
to the pressure difference between the front and back of the sphere is greatly reduced.
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Fig. 22: (Fig. 9.13 in the textbook) Drag coefficient Cp of a smooth circular cylinder as a function of
Reynolds number Re.

Characteristic Area in Drag Coefficient

The drag coefficient is defined based on a characteristic area A, i.e.

Fp
Up = $pV24
'When we use this equation, the characteristic area A assumes one of the following three types:
» Wetted area (i.e. the total surface area that is in contact with fluid), typically for calculation of
the wall friction drag over the surface of a flat plate or a ship.
» Frontal area (i.e. the projected area as seen by the flow), typically for calculation of aerodynamic
drag over a thick blunt bluff body such as a cylinder, a car, and a hemisphere. Calculations involving
Table 9.3, Fig. 9.11 and Fig. 9.13 (of the textbook) are usually based on the frontal area.
» Planform area (i.e. the maximum projected area as seen from above), typically for calculation of
aerodynamic drag and lift for a wide flat body such as a wing or a hydrofoil.

2.9. Streamlining

The extent of the wake (separated flow region) behind an object can be reduced or even eliminated
by using streamlining (based on proper body shapes), which in turn significantly reduces the pressure
drag. The speed of flows around a moving object (e.g., flow past an airplane or a truck) is typically
very high (in consequence, the value of Re is very high) in many engineering cases, and therefore,
the most dominant form of drag is typically caused by the pressure drag. The streamlining technique

can be the key to reduce the pressure drag.

Figure 23 compares the flow separation patterns of a blunt body and a streamlined “teardrop”
shaped-body. The streamlined teardrop shape creates a much more gradual adverse pressure gradient.
The much less severe pressure gradient then promotes attached flow much further along the body to
reduce/eliminate flow separation. Figure 24 shows truck model 587 manufactured by the Peterbilt
Motors Company. This truck has been thoroughly tested in terms of aerodynamic performances. The
streamlined hood and molded bumper smoothly divert airflow around the vehicle and trailer in order
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to minimize flow separation and pressure drag.
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Fig. 23: Comparison of flow separation and drag on blunt and streamlined shapes (source of figure [2]).

Fig. 24: Truck model 587 manufactured by Peterbilt Motors Company (based in Denton, Texas).
According to the company sales advertisement, “this truck model is innovatively designed for those
who demand outstanding aerodynamic performance, superior fuel efficiency and the highest overall
value. A streamlined hood and molded bumper smoothly divert airflow around the vehicle and trailer.
Extensive wind tunnel testing and computational fluid dynamics have proven a 1.25% fuel-efficiency
gain. The model 587 is SmartWay designated by the EPA as fuel efficient and environmentally friendly”
(source of figure [3]).

Interesting web links related to aerodynamic drag:

Aeroflexible aerodynamics: https://www.youtube.com/watch?v=Nbk8zSRCytA

Bus flow and design: https://www.youtube.com/watch?v=_NPNiyR5cWo

Speedo research (skin friction): https://www.youtube.com/watch?v=dvMdqvO3R9g

70



MECH 3492 Fluid Mechanics and Applications Univ. of Manitoba Fall Term, 2017

REFERENCES

[1] Pritchard, P. J. 2011, Foz and McDonald’s Introduction to Fluids Mechanics, 8th edition, Wiley,
USA.

[2] Aerospaceweb.org, 2007-2012, http://www.aerospaceweb.org/.
[3] Peterbilt Motors Company 2013, http://www.peterbilt.com/.

71



EF x Mv‘up/t; en Skin ,Fh‘&ﬁ’ ‘Drﬁ / /E)(‘ﬂ—w«,p/@ QS\/)
iﬁ SkTMW Wi

L=360m, B=70m,
Draft D=25m
U=/3 k¢

7 =10C seawrler

E /nd (&) Force jmﬁj"“{ +o
(b) Peder comg Skin

riction DYij /})
Solution: |
@) Regolds number ke =1 Mucticel Mile Per howr
U= I3ke o | kE=1 wm hy

= |3 X 6076 I7 X 03048 6}00 Ium= o7 6-/T £t
‘5535(’”/3 |t = 83048 m (or, 30.4§Cm)

. Prom A}’PWX A, ot 10°¢, L=13TX076 M for Seadator

C Re=YE- 6/5;373;(/355 = /757% 107

c{&r/ﬁ tAe l/a»[ué@[ lq&, we need to wse [5 (7376) o
estimate Ao d”ﬁ c&eff/o)w

0455 1610

(j% QZL)Z 58 Qﬁj_
0455 blto

" ogrora? 7T

=o0.00/4]
~ Mso, Coms: der that
G = —L2—
B = (o 2PU°A

72


wang44
Typewritten Text
72


the petted width = B+ 2D
- the wetted paea: A= L- (B+2D) =360 x (70+25%2)= 43200 (m*)
. D@ru(H'j pfgWW /Oz/ozo #a/n;

N Fo=G-3PU A =po0xtx1020x6688°x 43200
= [ 44TX10° N
07, p 449 MAN

(0. P=Fpll =haa9xidx 46688
. = 9687 x10% W) |

73


wang44
Typewritten Text
73


&W(e 0,,’ Aerodyname Beqg on 4 %m,@ (Exanple #6)

Gwn: D=im, L=2z5pm
=50 KDy P=rol Hi

7=/52

;;Ez‘n_.d: beﬂ,dl'l\lﬂ merfnt Mo at fleéﬂ«i—c |

t
+

SO lwﬁgm L

D

vV ——t———
—,-—" ./’*‘“n\—[

N U N L W WA N NN

- Assume thet the firfj }[Lvée P phifeenly distribted alog e
- hinwey heighe. Hascfoe, Ue Eading moned Mo actiy

ot the base

. tofal rvesultant drag fowce a¥f e

MO_;-FD“‘EL ‘
‘. W}d@f}ﬁ tKa;f CD::

B}
T

7 Mo= r20TA-3 = GA Z0V°

=R =0 x =137 =
WA the standprd tir cord o,
- PR3 ER U=477x007F S
Re= PVD_ p23X /3?X-/
Mk 79xe™
%;an /Z/HMB 7\/3,'
Cp:-ai;

=4&Sx

of the Clirney canbe alen

udz‘/j Ke
%?’&(Pbl\ﬂff.

oot of Mosiys

Drns fvee 8
/‘jﬁrflﬁ fD:EB@J;BA
(

unifvrmiy
distriuted &ésj L, /
Mevsnt prodiced by doeal
dreg fovee af d 5. |
Mo = 6%)#)1, = ]CD[(M
Toted Mot

Mo = (bmedt= [, 4 dE

N oe B=[ole=fprl

e Lrontad ares of the @Jm/w

. = L .1 _ L
SMo={p £ = Fy- 5

W A=DL = |X25 = 25 (m?)

o Me=GAL e

_..;035 )(;25 ' —sz—.)(/\lg 4 /372 ,

= 12944+ ()
Y, 12.966 kpl-my

74



wang44
Typewritten Text
74


kxa/mf/e af /%ro j/mm,,c Dr,@ o dn A Yoaod, —é ﬁrkg Pf”//@&@z‘e |
C txa/k P € ? 7)

e @y&q Y=270mph
- Ag=qe0 va

N ASO(“”(:‘““ bﬂ ﬁW%/fﬁv}) we lZl-!%p 'FD Pc’sfi/‘/t" %/l("}‘m‘( fzaaa//u
4o Newdon's second law. L
- Fp = MA < - M %LE _ | 5 dv
| N = 2GfTA=M g

- Jites 7@‘/ij Y4 &,éfﬁ«w

2 Glh[fde = [F 2= dv

Vr | Vo-li
"535 GDPA ‘5‘—’ - fy'»l =Ly = -1

% AT
To=¥_ 2am o .
N _ - |
TR G s R
om= R J A
3
Medel £l dresy Chocte ac o zz_m/zw, Wi l%m( area.
af A=25 f

Estimate 'f,/\c, »a[&G /llwu:{f/f“ S
Diometer of ‘C/\L {mpw‘a\[ Avea - ,.gr—lg
- D=564 (fe)
Avmrjf, S‘Pﬁéa( V= (T/JZ#V')/ = (270 +/oa)/2 = |85 mph
dmile = 5280 ft B |

| N P


wang44
Typewritten Text
75


Kyefae, V= 185 x£280 st = 21733 ()
brom 7edle 19 V= /Tt

PAnase Roanolds numle, Ty = LR 2334564 .
. Ly L) R 2 sreod ?7;;(,0
Qﬁ > (0% ) 7”/(&/?7/:&{* vE€ Can (130 Tadle 7,) 1o da /f)mw: [9

LOCKK ﬂf@vﬁﬁ;{;ma{ ﬁé(ﬁ /Efi”"; 021 ﬂ 322 T%&
T/;c-— :00 'MFA 160 X 528¢ /3600 = |4 € 57(1(A /
Tp =270 mph = 270X 5280 fre00 = 376 Fi4)

From Egni),

po Wi lg 2W _ 396-MLET > x (k¢
Ve UpPA] ~ 3%x 14667 [daxoerzge 25k S2na

= 5-03‘(5>

N”fé HLK% Wﬁ [7is f/v(, &U{;Mﬁec{ My/m/a[s 7;&(1)015/&)’ 5-6!6{/
i S’PG’ 'M , Ia DI/W 1o [u.LC 12l /f.C 23 AN 1 ﬂf ‘[AC f/ﬁ‘Né-H("
Cspaed V= rooaph. Ke shald e Loser 4an 16}

- Check.

a“_{- "bf = g0 r?;uﬁ/ , ~ _ .
Do [46-67 X564 é
T ke B2 = S s

which & f‘f/‘l('ﬁﬂua{" ,&,jw than (€

76


wang44
Typewritten Text
76




