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Fig. 5.2 Differential control volume in cylindrical coordinates.
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Table 5.2 Mass Flux through the Control Surface of a Cylindrical Differential Control Volume
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Fig. 2.8 Notation for stress.
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I FIGURE |
An experiment for
visualizing laminar .
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] FIGURE 2

(a) Cylindrical coor-
dinates and velocity ) }
directions in a tube. t\' B

(b) Axlal velocity dis- 3 —
tribution for laminar (V)

flow in 2 tube. () (Vg )
Axial velocity dis-

tribution for turbu- (a)
lent flow in a tube.
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l FIGURE 3

Variation of centerline

axial velocity with
respect to time
(turbulent flow) ’/\;‘
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Table 6.1 Elementary Plane Flows

Uniform Flow (positive x direction)

u=1u W=Uy
e s v=0 d=—Ux
: — I' = 0 around any closed curve
it | SRR, SA | A8
x
\ Source Flow (from origin)
q q
* t ” A S W=
2mr 2
s

N Origmn 1s smgular point
P 1 “ G is volume flow rate per unit depth
‘ I' = 0 around any closed curve
' Sink Flow (toward origin)
- =T
b, l # v 2mr v 21:0
- 9
_ —>""€;’/3— = V=0 = o inr
7\ ™
Origin is singular point
4 X q is volume flow rate per unit depth
' I" = 0 around any closed curve
Irrotational Vortex (counter-
-— clockwise, center at origin)
-— AY K
Vs - V.=0 - = Inr
e K K
—-— \\ Vo= — & - —i;o

U ‘ I x // Origin is singular point

K is strength of the vortex

\ Ve I'= K around any closed
N 7 curve enclosing origin
N — I" =0 around any closed
curve not enclosing origin
- Doublet {center at origin)
/ A%
\ Guodogy yo-Alnd
/ r— re r
\ .
X Noo # v..=-;lzsina ¢ - Lot
ng 7
- -— - -
: \ Origin 15 singular point
/ A is strength of the doublet
P / \ \ I' = 0 around any closed curve
§ g B




UT |n91$‘- el sasiils Lfi.‘.‘lﬁ)“xﬁ'a’ L;L‘b °).L“’ °3)§ &wl.uas)m S 09y ;_“,.03 3 (&0

SUPErposItion suluw sass 99 skl ya S 4 sl
Sose o (A e 5 o&SI BB e Oloa Gl WP BlS S ma S saalie (LS ias
A sSea ia el dulae S QLY dolae 4 olasl 1 wsd oo b g (eIY dolas
LS (W sl aa )w s sals 5155 aa (59, w185 oo sl sams 90 slpbisa oV¥olas ol
il nls 1 GedgY dalas Ll iy, pn SHcpl b anl cuns & alls 5 Se Glisa sla S

S eadi sl gl dadin slgibioa ol 15 GdY dalae Ll 50 v =+, S8 (et 4 O
L5 oo sasels SUPErpOSItion =¥l ()l
cneal lae 0l ge liie sla SN slasl ool Ll suladl 358 sleilla Lol cue 5 5o

Cia usa ) ok Gbls pab, Syl Bla3 VA 51 U8 sl © L S cpl (555 0 LS
S 88 S
Gdly Slsden cual g b S ol slasl o Saoluagoues olaiadils caas) s 0,8 Sal sl o
lasads | alla cpl Saa go ke alSL il
3o pgu g a0 @ bssse (5558 4 9se Poae 1 5o sla Y asede Sl BT (Jy)
S Ta (55108 1900 aas Jol 5o (sl s0iuS [ ahas (5o, e LEls 4 (guie
o Y Sy s 5 pme i g3 SIS ol oLt ol s sl sletila3T 5 ol ST L il
oo Y O old Glioa (Al oVl gl P ol loa S eslaa Suui gltend o S50
= 2805 50 ¥ 50 olosa O O Llas HLul S aS e 58, @a il G Jhe S sl
IR



s_j ﬁ}lc (oW ouSliils ‘;ﬁ.]s)..x:.b sl o)'L» 05; &5:.0[5.3‘05)%:& iy 05 - a PRV

Table 6.2 Superposition of Elementary Plane Flows

Source and Uniform Flow (llow past o half-body)
Vissl '.0—0-.-"'%".[‘—W|+0:5%0*U_\'=%3+Urxinﬂ

P y

7 E:

. Y, ¢=¢...+¢.,=¢|+¢:--%—lm—(}x-—%lnr—Ur
ll o

Source and Sink (equal strength, separation distance on 1 axis = 2a)
T T T e R ) \ 4

]
H
W $ Im S Ers . \ (- E

n v Sty =di iy = E;lnn?z—;rlnrﬁiq‘;lnf: N1
nf& S |
(= O X la, Q1 R < 1

i S

/ \ 3 E i y

!
L)

Saurce, Sink, and Uniform Flow (flow past a Rankine body) ~ —
Gt sy =i b= Lo - Louy =

Viix3)
P

- %m, =@+ Ursin

b=y, b+t by =i+t by = -%lnr. + %lnn- I

¢=,iln£3— Ur cosd
2wy

Yy
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fable 6.2 Superposition of Elementary Plane Flows {contd.,)
Vortex (clockwise) and Uniform Flow

K K ;
¢=¢.-+'l'./=¢'|+d'z=E-lnr+U,v-§;Inr+Ursm6

o K K ) P
X " 7 v ¢=¢,f¢.,—¢.+¢3-5;0—ljx-E;G—Urumﬂ ) -~ /‘T‘\{“\\\ : ~
-------- --l--—_~_7'-q-‘——
x L 0 4 '\\\:-
v N :
: 1 \._ Raw i
| ‘\'\\:“‘
I s
1
Doublet and Uniform Flow (flow past a cylinder)
6-¢4+w.,-qh+\ﬁz--A—""_"—0$L'ya-A';:"qwt»'rsin0 .
AN a*\.. Y
wlUfr=2)sing=Urli - < -
g L(r Ur)smv Lr(l ,z}"'“” a Y i FPIS-T00 SRRy G0 B, (oo
b et gt +dy=-20 L AT cosn

G=U (r + l)cnsﬂ = ~Ur (I . a_’]mw
Ur r?

Doublet, Vortex (clockwise), and Uniform Flow (flow past a cylinder with circulation)

sesadld _-__-_a_-_-_-
\

Va = = y =-:‘Si"8 5.. ;
U=yt g =9 tdntan - +2’lnr+IJ) k'f
W iy Asinl K o il K e
9 r=— - ?2—#lnr+Urs|n9—Ur(l F.;)sm0+§;lnr et e |
x
Acosfh K
B=di+ bty =g tdrtda= =" + - Ux

U r 2w

2
a= ﬁ;x PO N O—Urcosﬂ--(h(l#gt)cosﬂﬁ- -2%0

Source and Vortex (spival wrtex)

- K
v Vo = = 58 S In g

®V K
5 ' ¢=¢,..+¢..=¢|+¢:-—ig;lnr—§;0

’f;P
X

Sink and Vortex I's
=t 4=y = 5 5 Inr
Va K
v P ¢=¢;.~+¢.-‘¢|+¢7*§?;lnr-2—w9

v

4.

Vortex Pair (equal strength, opposite rotation, sepuration distance on 1 axis = 2a)

Ve K K K, ri i P
v | 4 w'xl‘.'+&.-z"c'l|+&:="z—wlnr.-rz—ﬁ_lnu‘i’—'ln; - \\ 2 .'/ /.-"""’\\
<y | J >l
y K K K B \ F Y e N
i . $=butda=dirdr==gobid = 6 0) -{-—1(3-,53-;-_:-' (-
= B\
x (e, O} \

(=0, O




UT |n91$‘- el sasiils Lfi.‘.‘lﬁ)“xﬁ'a’ L;L‘b °).L“’ °3)§ &wl.uas)m S 09y ;_“,.03 3 (&0

%%Sﬁbé;ixg‘)f‘)df’a:\:ﬁ_‘.amL;QJJ.JJJSbJL‘@A‘QSMbJL&&L@JlﬁJ.}%A:\SJ:Lg‘xL;&JJJJ
5 OoS 4dal (e 5w (lase (Gbsa JSE (Glsa b o oSI laiiiue upes .ol sl slgbsa

) sud suls LES Jgas 5o
Olos sSINET S5 e aas o Olis 1) oAl 6 Gloa Kb s Glos S oS5 o) Jle
%ﬁdﬁuﬁ@‘ﬁwb%ulﬁﬁguﬂ|.A_&Ju_oul_ﬁﬁb‘)m.‘f_..uédt).‘a“)ddﬁib%‘
ol sy HLdd 55 Gun) e sl 1 Olioa Ga JSB (e Sae (g il s suli sleba
Blse Ja 512 55 5200lS S50 sha el Sl soliinl b Sae b asfieus slgdig) 51 855!

.JJ—!-:ZJ «® a.ALil..u\ GJA:Q e é%ﬁ%

CAlgass Gl g 4 S b S 5 Gl uadlia S Slbl ja gl JBe

Sl cal oS oboa 5 8 gloa So S5 (iasa b SIS BB sk gansse Ol @l
S ol (615 e s JameatiBy 5 Olisa @B el o JS (g 0l il S Bk o Gl
Lo 5 S paddie |y puili mlac 5 ¢S B S g | ooy Glase sl can 15 0bsa
..s:sJJTg:u.u_s:sbuAla...uJLié

S5 oulall 348 wlla s 5 sud slanl oA sa a8 SIS LB jae (o g0 (Lo e suls Jla
2l 5 Glisa 5 @8 ol
s Gl sa
ey ey 5 o5 il
e e (lase 1
S Ll g
ol el 1
PNV X Iy SR
o e 5 oSS B e Ghoa Olase ) s pas aa b a8 oo Olisa il ida 8l

-

)

s aal a8 5 6l olioa B 8 Jsaa S Gl



'"';l |°91‘c el sasiils Lfi.‘.‘lﬁ)“xﬁ'a’ L;L‘b °).L" °3)§ &wl.uas)m S 09y ;_.,,.05 3 (&0

w=y 4 ty¥ :—ASIn9+UrSin<9
¥ . r
i R
P2
b aal s e s Jasiliy
¢=¢d+¢uf:—Acose—Urc039
r
¢
: . o¢ 10¢ .
Lro&—au#ﬁ)&)&éﬁ%ﬁf&ﬂﬂgu@yer—a— JV9=——£ ‘L‘Jl}.&)‘bdlﬁ.ﬂ.ﬂ‘[—}
r r
sl
0
Vr:—%:—/lcozS e+Ucose
or r
QZ_E%Z_ASTH—UsinQ
roo r
V =V,6, +V,é, —(— 40088 Ly cosejér +£— ASINO _ 4 sin ejée
r r
<V
Pl V=V 6 +V6, =0 o« wita glals S bl
Vr:Oz—AcoseJrUcosezcose[U—%j
r, r
A .
2():}1%.4;.& rZ\/g:a ulq\,Vr:O‘&ile’g
Vg:0:—A5|2n0—Usin«9:—sin0(U +Azj
r r

0=0s7 S 85V, =0 oyl by

(r,0)=(a,0)5(a, 7) oz wala ;) Sow LI
S ldi

<—

ouib i S Gl bl gl Sk edls gl Gl el V=0 taapls r=a b oo Sl a8 LB
adolas pl el can) pda yn e bsa il sl suls GLEs Joua o S shilan el (5] 6 5000
a5 ada® K G ol Gl oSO Lo, LIS WIS (oo Gl s dhaligs 58 Gu (s



'"';l |°91‘c el sasiils Lfi.‘.‘lﬁ)“xﬁ'a’ L;L‘b °).L" °3)§ &—i»-—ol-udsjm S 09y ;_.,,.05 3 (&0

2 2
L gz=P Y g
Yo, 2 p 2

Fol ol

p-p. =Y plU2-v?)
sr=a chuw Job 5o

A 2
V=V, :(——Z—Uj sin? @=4U%sin’ 0
a

ety aaala 3Kl LA =Ua? sl ;)
p-p. =% pU?-4u2sin?0)=1 pu*(1-4sin?0)

iC

p poo =1_4Sin29 ¢ i a s
Fppu?

6‘)5édl.n.ucg‘m.n.ccg‘.@_a‘.i)}%ss‘):G‘ybdwu.u‘d‘)\}ocg@\s‘)fmui‘

a3 oo £ 5 958 Gl SIS uss) e



'"';l |n91$‘- el sasiils Lfi.‘.‘lﬁ)“xﬁ'a’ L;L‘b °).L“’ °3)§ &».ab.ws)m S 09y ;_“,.03 3 (&0

o Cilllas dsda

1o S 5158 dalllas 550 ) e Jumd ol 5o
$l Gl oloaiae i bt olbaias i eoloyaall el 4 L) eYalas -

Q[:t‘); La
sl sanse . i dalas (5T s 1o Blisa bad Jsb 5o L1l dalas 31 558 JISEI -Y
o dolas

Seeliun HLad 5 S HLad (Sl HLad &y a8 -Y

O sletssans Hlu 5 lisa b Job Lo (Jsin JBule sue dolas ¢

Homor dobae wils 55 (p3a sa e S oSS BB sat 5t OBk Bl o € s -0
sl oS5 BB Qlsa O el a8 G

2SI BB st (idn 8 csans Ol ¢l

(a6 e olas ) aegen lase 51 o0liiead b o e yew Janailiy cyuand Ll

P ey JolGy ddulas 5 suliin) b cie you dulae fuuas o

Bagac adys culi @ g cull y bgha S b daadle i

oSas 5 ¥ Sl ealiiul b @ aaas o

Omad pn Sy G 9elom (iAo a8 g 99 Ol So gl v Ol b rals b -y

POWEN dolas :all

i o Jsbo Ho HLdd 58 o

AR



'"';l |°91‘c el sasiils Lfi.‘.‘lﬁ)“xﬁ'a’ L;L‘b °).L" °3)§ &—i»-—ol-udsjm S 09y ;_.,,.05 3 (&0

Flow External Incompressible Viscous —  Jgusaslyd b8 e 73 olya

S g0 olaoa b (e wpanel Jhw S o dbse alal g5 slebioa Suon sl
(S aiinn Ssom slebon 5 @lellie Gl K s ss 5 oloa s s saael B Gls fnia
Obioa S U8 o cl (Paom oo 58 (&SI BB e g5 eVl S8, Gly Jead Gl 5o Lo s
Ol o9 S ok (sla saay 5 s suls Ol Laglsa U S5 5 Hsse Jla 5o YL Salls o 23
w3l e e 185 S (555 S (oo lagl ps Ko 550 Ol

clla Ho w55 Jha il (oo Glisa prun SbI o 5 sad ann®s 5 S bl 5o 05T Gl
Y cela s Sa res gl S H0) IS oS3 A e pen 555 9 sl (S LIS (g
B, Il (550 sl ¥ Lo Blsa (ol sad suls Gl caadly 51 805 s 90 58 (555 SO0
Ol S 5 s (500 DT Glana s @ s aa 0 b @ (Gulin) bl aa Gloa @l
s (addie JSi 5o T cdle b b blas .aid) oo 31 0 S adals 5 alials (g late b o lis
By im0 Y € cuid 5ol e s b Gl Gal 5 aay e (G3a]) aass 500 Y .l
OLSe a3 (s lEe (lsa bgha rhaw (555 50 o LY welas slasl 51 s e oo 0l (s
Sl (Sae Glisa (i (ousSae HLas GLAlS) Wb o Rl HLid &S (ol dilaie s cutls dial A
cobs 595 oo sl ¥ 5o S Jliw 0l sud Gad e (O eedle b K Ho (glaa LIS aas
a3 o 1, ViSCOUS Wake (18 5 loa JSa3 Giulas LIS 51 aay cotils 5158 ana

— — e —_—

Point of ,—-“:_/ \__\':"—- .

separation —— —

Wake :._‘--"‘\ /"'—‘-—:
-_‘:‘ - o

(@) Viscous flow (b1 inviscid flow
Fig. 2.12 Qualitative picture of incompressible flow over a cylinder.
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U~Uniform velocity field upstream

_— - e ——

P oo Streamlines
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- LBL
Sta;ation point
LBL—Laminar boundary layer
e TBL~Turbulent boundary layer

T—Transition
S—Separation point

Fig. 9.1 Details of viscous flow around an airfoil.
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Fig. 9.3 Boundary-layer thickness definitions.
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Table 9.1 The Function f({xn) for the Laminar Boundary
Layer along a Flat Plate at Zero Incidence

] U

{ . " "

n -)\:‘ e S f= U f
0 [} 0 (1.3321
0.5 0.0415 0.1659 0.3309
1.0 0.1656 0.3298 0.3230
1.5 (.3701 (.4868 0.3026
2.0 0.6500 (.6298 0.2668
2.5 0.9963 0.7513 0.2174
3.0 1,.3968 0.8460 0.1614
35 1.8377 0.9130 0.1078
4.0 2.3057 0.9555 0.0642
4.5 2.7901 0.9795 0.0340
5.0 3.2833 0.9915 0.0159
335 3.7806 (.9969 0.0066
6.0 4.2796 (.999%) 0.0024
6.5 4.7793 (.9997 0.0008
7.0 5.2792 0.999%9 0.0002
7.5 5.7792 1.0000 0.0001
8.0 6.2792 10000 0.0000
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Fig. 9.4 Differential control volume in a boundary layer.
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Table 9.3 Drag Coefficient Data for Selected Objects (Re = 10°)*

Object

Diagram

Square prism

Disk
Ring

Hemisphere (open end
facing flow)

Hemisphere (open end
facing downstream)

C-section (open side
facing flow)

C-section (open side
facing downstream)

P\b
\{ b/h == 2.05
b/h =1 1.05
/ h

1.17

- 1.20°

A ® 1.42
A

@ 0.38

@ Data from [14].
b Based on ring area,
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Fig. 9.12 Pressure distribution around a smooth sphere for laminar and
turbulent boundary-layer flow, compared with inviscid flow [16].
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Fig. 9.13 Drag coefficient for a smooth circular cylinder as a function of Reynolds
number [3].
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Fig. 9.18 Effect of angle of attack on flow pattern and theoretical pressure distrbution
for a symmetric laminar-fiow airfoil of 15 percent thickness ratio. (Data from
[19].}
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Fig. 9.23 Effect of flaps on aerodynamic characteristics of NACA 23012 airfoil section. (Data
from [19].)

\RAY%



“‘;l ﬁ5l'c el sasiils gsi.'.‘jﬁ)"\f.‘b du’ °).L“‘“’ °5)f k—iyOlJ-g.OQJ%lb S 09y ’-~.03 3 (&0

/

4
7
/ %

Fig. 9.25 Pressure distribution along the centerline of an
automobile [28].

VYA



“‘j ﬁ5lc (WAgR sasiisly gsi'&JS)"\t“b GL‘!’ °).L“"’ °5)f k—igﬁli-idj)%lb S 09y ’-mﬁ ) LS""Q"’

Tuble 9.1
The clfects of automobile body shapes on aerodynamic drag

C,, based on

Body shape frontal arca

1920 0.80

1940-45 0.54-0.58

1968-69 S 0.36-0.38
=2

199092 é% 0.29-0.30

Tractor-trailer 0.75-0.95

With rounded cab, fairing 0.55-0.75
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TABLE 6.1 Acrodynamic and rolling resistance data for several bicyle-rider configurations travoling at & spoed of 20 mi/h (8.9 m/s)

Drag
D, Rolling Frontal
Drag Force Resistance Dratens Area A
Cpm= —-J—-D
Configuration iof N Iof N A fe? m*
Eurcpean 40-ib bike,
Upright 160-16 rider, tires: 0 &4 3 120 534 1l 55 05!
Commuter 27 in. dia,, 49 psi . v
Touring 25-Ib bike,
{Arms 160-1b rider, tires: 440 196 08 369 10 43 040
Suroight) 27 in. dic.. 90 psi
Racing 20-1b bike,
(Fully 140-b ¢ider, tires: Cﬁl 348 155 054 24 o8 319 03
Crowched) 27 In, dia., 105 psi
Aerodynamic )
Components 20-1b bike.
(Fully 160-15 rider, tires: 327 145 054 24 o 39 036
Crouched) 27 In. dia., 105 psi
Partial fairing 210-1b bike, g
(Zzipper, 160-1b rider, tires: &3 297 132 054 24 070 41 038
27 in. dia., 105 psi -
27-1b bike,
Recumbent 160-b rider, tires: 'q-
{Eesy Rocer) 20 in. front, OC™0 7 B2 04 42 o7 318 035
27 in. reor, 90 psi
Drafting 20-1b bike, :
(Closely Following  160-1b rider, tlres: Q‘i&_& 154 843 0S4 24 0.50 39 036
Another Bicycle) 27 In. dia., 105 psi :
- 40-1b bike, 160-1b ~
Blue Beli rider, tires: & 0.61 27 08 i 0.2 50 046
(Tore Wheals, 20 in. front,
One Ridary 27 in. rear, 105 psi
68-1b bike, 160-1b rider, s '
vewor Single tires: 24 in. frant, s ost 23 102 4 e 456 0424

(Throe Wheeis) 27 in. reor

mm’mw‘mMMchﬁdn"iyA.C.Gm.C.l.Krh.mdD.)..“' rickl, Scientific Amerk
val. 399, mo. & December 1983, pp, 142-152, With permission from the publisher,
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Flow field about a
lifting wing of a bird
as viewed in the

* downstream direction.
(Information from
P. B. S. Lissaman and
C. A, Shollenberger,
** Formation Flight of
Birds,"” Science 168,

Upwash [orces

Streamlines of vortex
about the tip of the wing

no. 3934 (May 1970):
1003-1005. Copyright
1970 by the AAAS,
Used with permission
from the publisher).

)

v . e

Drag reduction by
V-formation flight.
(Informacion from

P. B. 5. Lissaman and
C. A, Shollenberger,
" Formation Flight of
Birds,” Science 168,
no. 3934 (May 1970):
1003-1005. Copyright
1970 by the AAAS.
Used with permission
from the publisher),

a tip spacing equal to

one-fourth of the span,

(Information from

P, B. S. Lissaman and
C. A. Shollenberger,
" Formation Flight of
Birds." Science 168,
no. 3934 (May 1970):
1003-1005, Copyright
1970 by the AAAS.
Used with permission
from the publisher).
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