I
I
i

00
o1
10

[
3

30
R

o
=

0

S

o
rc
ju =

[ ]
—J
)%
ox [T

o O

>
o
w
J

n< M

10
0o e
o

bl

B D

0l0
[N

NT==

[ ]
A JE 30
e
i

1o
e
0
v
[z
o
Ja

A
X
A
X
ie)
<

- HEX (law of the wall)
» VU u yu.

Yy U, Vv

|
0
O
Ol

(buffer layer) :

|
o HU
e M

Ol

Ol
MyodU qu

S (HEH0lA
S (5
S

9 |

30 H0

HOlA Of= JPIH2

=5

o

Y o5 450 or Ut =25Iny* +5.0
u

* A%

=

(viscous sublayer) 0

2 0¥
10
=

H

JE

2

2

Q

ald

¥

=

[0

S U~

or u" =

=
I=
30
O
10

Sz &
(logarithmic layer)y* > 30
ZOHMN A1)

(L

IA
c

*
<

L2 2C 3 A
— 77T M-l OO
Vng 1 V“F !
—_— S —)
<5 ) r A
— ==
. : - 0 [ e
| T—Overlap layer
] _ Buffer layer
Laminar flow Tibolet Gow Viscous sublayer
% 8-24

gpo] L |ff Y SHFES SEEEE
FEAO|AN UER-F] B9 WY BEH

et
3O T T T T T T T T
20
NI
m\
\ A
\ (i
M A _w® o Rey,=5x10*
;7 SLp70
10 H=22 77 O Re, = 5x10° -
i v % u
/’ o (Solid points are centerline values)
,l
4
4
/.
4
4
0 '/ 1 1 | 1 1 | 1 1 | 1 1




U:l = OA - T7 AC 0.0 0.2 0.4 0.6 0.8 o
e fHE LR K5 EL: HS 9 : ) PPN T el
g _Bgr.ﬂé’l
— 22 HA (outer region) 5 gf‘fg:‘}. '
- "1 3
- SOI0IA OFF YOA ASUO2 LERRS0| B, : ﬁjﬁ'
S BEH St PRHE - Sl
A = T e o Klebanoff and Diehl
® DEdT'__tILI&I (defeCt IaW) . 'T‘.;I' %él—'?— -;C—Dr—ﬁ-()‘”/\‘l EJ_ 2 ® Schule-Grunow
K ® Hama ;
it = 1 O 'J.H.U. — rough wall
_i_E —E—-_‘é&!% HjH /\-l __rl%l- g OMonra-ver\urrou:hwall
l
U-u R R
us T y —20 ] | ] 1
Figure 7-3 Defect law plot of turbulent velocity profiles in the outer region of the
11 dary 1 for flow o h and rough flat plates. (From Clauser, 1956.)
'y ?_(l:llté:l %_i'\__i_i_‘__gl _E_X_”g boundary layer fo ver smooth an at pl
e RS S s 2 HYS LT LI RIoIBEE EE=HLE HEZE I HOANRE HCM
Al H=ZoliOF ol=kl =223 &
- 589 Y2 DU £E 22X =N

~. . R R 22 47R 4
Q=IV-dA=ju2nrdr=ji(—@)(R2—r2)2nrdr:£(—a—p) R r| _mRy[_%
A ) Vap | ox 2ul ox)| 2 4] sul ox



28

F

o O

— . -
of L T HA

3 o
_ = - _ | —
15 W
g 5 2
:© = ©
o Tl
= = = _|o
5 = S
o Iz " m _M_U
. ETF 43
oo N
% o B Tlo
I I T T S BRI 2 _ _ _ _ o
2 B § 8 8 & @ B g2 = 0 © < N o
— o o o o o o M N — o o o o
v._R r._R
0l0 : H
% O a o
< op © S
Ul _ VI
a5 =0 0J
KU <k Mo pq
ol g i a)
F Bow 't s W
oo x
R m ™ m_w_ = N
woa My 5 k3
s = o 0 + . < ol
= —= B 8 |l g KO 0
= T ~ U 5 | 1Bl ol B
e KOS + 4o W =
Rr R I
— K — N o
< S Do U d gy
3 s s s S P> Ao A
2 T B g = x
LB e g 5O W o=
_H_l_ — /(__|\ N~ 3 < Mr 0 Tl oo
) — —
JijS TS ~ <F S Br
IH 2 =ID Z R R % | 39
g 3 Ko .o c ™ M g <
o ® o1 o & W = B o= oW
OF zp ® & K- # H c I O+
[ ] [ ] [ ] [ ] [ ] [ ] [ ]
E ar
- |
3]



29

72 UK L&

8.6 U}0| X

X

<l
K0
10

F

e Ol AKX

040
Rr

Kl
il

ol

ar
il

10

A
Kd
ol
{H
ol

o)

for
ol

I

i0J

HH Ot QUM =2

=,
- ZALME Ol

5.

S EUE PP

)

nl
ol

!

LHE 0l LA X,

st

oK

p, Vi dA,

2
1
1 2

p,V,dA, _.[

2
—2

2 2

j+ hglz, ~2,)+ |

P
P

P>
p

m(u, —u, )+ m[

Flow —>5




[H0

8.6 II0|Z RS2 HUAl D&

SHUA 28 A=

— Ol Xl 2EA0 Ciet 2EE A=
_ _ V, V.
- B2 2SUUX BA B8 0S8N HNUGHEI? [, —-pVdA =, -

2 2 2

V? V2
v 2Ils, A5 L57deA " 7pVA

HZ

ol
o

H:- S5 HESITSE BEXY 2 ¢ T2 D 2E0UX B A

jpv3dA jpv3dA_ I ( J V&

_ dA = [ —pVdA=am—
mV2  pVA-V? j p 2

2 2
ZE2RS0 e 2SUHUX BFAHS V= U(l—r—zj = 2v[1_r—2j
R R

30



A
® T

=
Ir_
-

8.6 II0|Z RS2 HUAl D&

&l (Head Loss)

lis

| PSR 21 QI X2 B &t

HUX 2EZH+=E =& X ZE A

oV, o,V
2 2

&= (u —ul)+m(—— j+mgz —z)+m£

\/2 \/2
:——u —u +&_&+gz _gz +0'2V2 _(x’lvl
om p P 2 2

V/ V; 5
£&+%—1+gzlj_(%+a2T2+gzzj :(u2 _ul)__Q

Of LHE O Xl &t (0l DHEE)

(&"'ﬂ gzlj [pz —+gzzj:hh
p 2 p

9
A SES M NUXS &4 (B Z00)
2

2 _2
L+
2
2 \/2 h
(&+M+zlj [p_+oa2V2 +zzj: T=H,
Pg 20 Pg 29 g

g

A T
T

31



32

A9 H Ak

A~
-

A T
T

8.7

rl
4]

I (minor loss)

A A
==

(major loss) + &£

| — X A Al
a == =4

!

A T
T T

0

ol A2 Ot

Z= &4 h, ;00| T

<l
4

LHOll A 2

2
=2

4]
JifS <[ oT
* <) Ro

0 (z,=2,) > 2P

A IH Ol
To=2

2/2) 01,

Z/Z)ZOLZ(VZ

A A

et Lol =

p

A

_Vu.iD
|0
(qV
o
I
=)
()
B«
_ww
3
o0
(@\]
i
I
(@4
- |<
30
Q| R
—
M_u.
00
03
<F
oll
_)_l
H
o]
R
o
mf. o
_xE ~
e
ok S
A Rl
A X
Kb
o1 <«
EMV 4
Ok nlr
uE o
Ko °

!



33

A9 H Ak

A~
-

AL

8.7

N\
0
Al
X
o)
Y
=
o’
2 SN
0 \e_D/ e_,D
R0 L I
o |0 ol N ,
=~ & <
S ~— W i
— Y—
ﬁm__ &}m_ =<
< —|lv. 20 ol
AN m.m__ th o %0
Il M — M
o5 Al f S ol —
< o T~ I\ iy o0
. B ola 4 & @
__o__._ e - .ro /(2\ ad
T o |0 W s
- - L N
W 2 - ___D - _VTm_s
ol =M =5 & ¥ -0
rroa W o s W IN "
R = Nt g
) 5 o “f 1 - —io =
R = J ala M T m.
(- - D-. Ol_._r - ) -
0 = = | a Q =
# 5  E =S S g ¢
QR0 - — 8 5 = mn___
oo W % vl = ™ K
L A o SR =
e} K o | {4 = — _
Ko om0 S € - o
o W E ¥ T ¢ %
HO NIV ol = <N 4
_ Ok ®r o oy = wo <Y Uk
.A=._ E_n o] K K oF =] KF <F
A._n_ Ur._ ° ° ° ° ° ° °

e Moody chart :
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e Moody Chart

Friction factor, f

0.1
0.09

0.08 |

0.07
0.06

0.05

0.04

0.03

0.025

0.02

0.015

0.01
0.009
0.008

\\
Transition N
Laminar zone By Full h
et e ully rough zone
gL T 0.05
BT - 0.04
\
~ ' < 0.03
S~ Ams .
5 \\‘
~
$$ N 0.02
%3,‘ TN, 0.015
0.01
10,008 (ja
0.006
2
10004 £
1]
e
g
. 10002 o
y 2
\ R
\ 0.001 &
= LILLLILL o e e e b el el e s e M o
f=0.0192 ° NN <~ 0.0008
[ iMEEST [ \ ! ! == 1 0.0006
- 0.0004
Smooth pipes i \‘\\
il i Niim 0.0002
VD .
Re=PYY _ 5,10 i \ = 0.0001
u - >
: = 0.000,05
e -~
— =0.0006 i i "
E : 0.000,01
1 = s :
1° 2 3456810 2 3 456 8105 2 34568105 2 3456 BIMIOB
Reynolds number, Re = * KD £ =0.000,001 £ £0.000,005
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8.7 =5F =& 2 A&k

e Moody Chart

Table 8.1
Roughness for Pipes of Common Engineering Materials

Roughness, e

Pipe Feet Millimeters
Riveted steel 2|8 22 0.003—-0.03 0.9-9
Concrete 0.001-0.01 0.3-3
Wood stave 0.0006—0.003 0.2-0.9
Cast iron Fa2 0.00085 0.26
Galvanized iron OfgE==22 0.0005 0.15
Asphalted cast iron OtAZE Z& FE 2 0.0004 0.12 QoS TO|Z OF=E T 2HAFH=
Commercial steel or wrought iron &&Z2t/1&@2 (.00015 0.046 N3] E|M2 (scale) L = :
Drawn tubing olga 0.000005 0.0015 e/D J} 5~10b1 o8&
_ ol djtH e :
21 - o g o Simias 0.05
- FOXN LG, RY, Y, BEH = > Re - g
- THZO| ME DHOIZ HEJ| > e/D o o
- H&HE Re 20N £XO2 221D e/D AN ;..
HEEs e OHLbs BOAH SBOR AF,  jmmmchommmooes = o, &
—0.01 = 0.0006
0.015 Svoth fipes~—-f S 9.060%
f aAI-% (E_)'I E EI' | : = 0.0002
Re=pVD/u= 2><105= G
25 ¢/D = 0.0006 : e
0.008 1 0.000,01

10% 2 3456 810" 2 3 456 810° 2 3456 810° 2 345681?2\ 810°

_PVD e _ e L
Reynolds number, Re = e + =0.000,001 5= 0.000,005
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0.05
0.04

0.03

0.02
0.015

0.01
0.008
0.006

0.004

Friction factor, f

0.002

Relative roughness, %

0.001
0.0008
0.0006

0.0004

Smooth pipes

0.0002
0.0001
0.000,05

0.000,01

0.008
10° 2 3456 810" 2 3 456 810° 2 3456 810° 2 3455510’\ 8108

i — _20|Og(e/D + 251 j et
3 Re

Reynolds number, Re = @ Ea 0.000,001/ £ 20,000,005

H23A - Haaland 2 A (&) i;—l.Slog 6.9 +(e/D)ml , 296 X}
N Re 3.7
Re Jt Ot HE Mf : OtEH &= =260| =80| & (f=Re 2t £&,e/D PICZE HEH) > 2™ HE
E <A (fully rough region), von Karméan &4 l/ﬁ:—Z.Olog(a/D/3.7)
028t 2 (e = 0) : Colebrook 24! - Prandtl 34! 1/x/?: 2.0Iog(Re«/?)—0.8
OHZ2 St 2t0il CHE Tl 4], Blasius 284 &2

2 -0.25
f =0.316 Re %, h, :fLV_:&’ T, :5(_@j:2ﬂ = T, :i \/2 20_0332pv2(ﬁ}
D 2 p 2\ OX 4 L 8 \%
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&l (Minor Loss)

9

04

o Hi& HS (piping system) 2 L&t 2F (fitting, valve,

bend, elbow, tee, inlet, exit, expansion, contraction) =

« S =2 A0S HZ 225 HUHIAKS &4
=3 g6 2F UHlHAdes =S0l =01 S 222 RS2 2el
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Pipe section with valve:

e —_ (P] - PZ)pipc

APL a (‘Pl = PZ)mlvc s (PI = P2)pipe

a3 8-32
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8.7 &5 &40 H A N

£ &4 (Minor Loss)

— &= (inlet or entrance)

« & B Ael= R el B0l 0L £40] St o 2428t S22 ol £4 0] IAH &L
Table 8.2
Minor Loss Coefficients for Pipe Entrances
Entrance Type Minor Loss Coefficient, K*
Sharp-edged: K, = a

Reentrant ! —l— 0.78 g
Square-edged |— 0.5 —“‘“J e

— |7 ; j o

D =

Rounded | r/D | 002 | 006 | =015

—_— e M

e K | 028 | 015 | 0.04 (

“Based on /;, = K(V?/2), where V is the mean velocity in the pipe.
Source: Data from Reference [11].

— &7 (outlet or exit)
- SE0| TOIZ0A (0FF) 2 z
- EAN>=2SUX 2FHS K=a
>

e Note : 2 A2l rounding 0§ £ 2+ 2|

HMHUIle 28 s0UX &SIt AtetE
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Al A

8.7 =5 &

—

24! (Minor Loss)

= AL
=N

=fCH (sudden expansion) 2t 2

=A
= HUE M2 =52 HE

=4 (gradual contraction)
Table 83

Ol

Contraction loss coefficient, K,

22| A&

2~ (sudden contraction)

A2 B (F50 2 B)s =2 &
Contraction Expansion
A] '—P'Az Al _>A2
AR=AjA;|  AR=AA, X
1.0 | T I T 1.0 %
ey 0.8 — — 0.8 o '
B £ o
o 0.6 - —10.6 § i’
. 04 —04 8 I
< = =
—_ 0.2 — —0.2 Ot
w
0 | | | 0 §
0 0.2 0.4 0.6 0.8 1.0 u%

Area ratio, AR

Loss Coefficients (K) for Gradual Contractions: Round and Rectangular Ducts

Included Angle, 6, Degrees

AsA, 10 15-40  50-60 90 120 150 180

" 0.50 0.05 0.05 0.06 012 018 024 026
%-, 0.25 0.05 0.04 0.07 017 027 035 041
(0 0.10 0.05 0.05 0.08 019 029 037 043

=2
Note: Coefficients are based on h;, = K(V,/2).
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A9 H Ak
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A T
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8.7

I (Minor Loss)

A A
=

=)
" 1o

CH (gradual contraction) : CI&F A (diffuser) 2t

=

oL

!

S

I
ol
alr

e

ol
Kl

-t

<0

AR

1

C,i =

K
KD

H

Kir
flJ

Ly/Cy = yv ‘oijel eaiy

8.0 10.0

3.0 4.0 50

2.0

1.5
Dimensionless length, N/R,

08 1.0

0.5



8.7 &5 &40 H A -

&4 (Minor Loss)
I EYKIAL Ol

x| a0 St
o« &=20l (equivalent length) : 82 A& 2O = X[t I e &2 209t &=0H?
\/2
y LV
" D 2
e 90° bend (O& 8.17a) :=2E Bt 0l Mt =5 =4 HE
e Miter bend (1% 8.17b) : €& &Xl 0/, )& M8 (H7& 22) o 2 =5 &4
40 60 | |
=D~
73 @
30 40 i)’ —

N
o
I
no
o
I

|

Dimensionless equivalent length, L,/D
Dimensionless equivalent length, L /D

[a—y
o

| I
5 10 15
Relative radius, #/D Deflection angle, 6 (degrees)

(a) (b)

o

I I I I
15 30 45 60 75 90

o
o



Table 84

Representative Dimensionless Equivalent Lengths (L./D) for Valves and

Fittings

Fitting Type

Equivalent Length,” L./D

Valves (fully open)
Gate valve
Globe valve
Angle valve
Ball valve
Lift check valve: globe lift
angle lift
Foot valve with strainer: poppet disk
hinged disk
Standard elbow: 90°
45°
Return bend, close pattern
Standard tee: flow through run
flow through branch

340
150

600
55
420
i3
30
16
50
20
60

“Based on h;, = f(L./D)(V7/2).

Source: Data from Reference [11].

e

TG NS 200 LHet A2 0l (equivalent length) h, =f—2

\/2
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8.7 =5F =& 2 A&k

Z=4&! (Minor Loss)
DN 0lA DA

LRSS Al Clst TO|Z BE0| AU K(BUAE b = K VZ/(2g)Y, oIN VE RER ZHSIE ToIZ Lje) BRAEY)

Bends and Branches
90° smooth bend: 90° miter bend 90° miter bend 45° threaded elbow:
Flanged: K, = 0.3 (without vanes): K, = 1.1 | (with vanes): K, = 0.2
Threaded: K, = 0.9

180° return bend: Tee (branch flow): Tee (line flow): Threaded union:
Flanged: K, = 0.2 Flanged: K, = 1.0 Flanged: K, = 0.2 K, = 0.08
Threaded: K, = 1.5 Threaded: K, = 2.0 Threaded: K, = 0.9

Valves

Globe valve, fully open: K, = 10 Gate valve, fully open: K, = 0.2

Angle valve, fully open: K, = 5 ,ilclosed: K=10.3

Ball valve, fully open: K, = 0.05 gclosed: K =21
Swing check valve: K, = 2 jclosed: K, =17 i

¥ 0| UEE SdAeo olEXRl S AN U2 A2t HEAM o2t 3 Z2E » eoR(SE| EHo| tisi=), 25 dA A= MEXte dojEE *@Eﬁﬂé
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I _ _ o . Vv p V?
BO &, &3)00) tHet 295 18X W, =m PR o e
discharge suction

p
HO 45 (29 22T 0ILX B3Y)  BOE T2 o2l S0t

W \7/2 \7/2
Ahpump _ __bump :£E+V_+gzj _£E+V_+ng — Ahpump S
p 2 discharge p 2

Ap W
SHL +F A0IQ ZHA BT =P — W= QAP e
p m
HISS M2 AQSa H A —Wpump
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o
A& (hydraulic diameter) AIE

4A

Aol D, =0 (P : =8 (wetted
perimeter), TrJHIDF d=ol= =dl 20I) Circular tube:
=A2l 47 a0 2= HE =54 F | 4(mD2/4)
W= ——p =D
+HAXNAZS XA WAl AHE36HH Reynolds %,
=& H =8 HLtstlt.
xo - 2 ol dAR:=
w2 =2 (Okei 18) 2 3 ? Square duct: a
Dh:4><(o 15mx0.4m) _ 4x06m* _ o, o a
(0.4m+2x0.15m)  0.7m D, =% -
h™ 4q
0.2 m%/s
o
Rectangular duct. ||4 ,
. D), = 2(:af b) -
Py




