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Table 1.1-2 Viscosity of Water and Air at 1 atm Pressure

Water (lig.’ Air?
Temperature Viscosi Kinematic viscosity Viscosity Kinematic viscosity
T (°C) uf(mPa s] v (cm?/s) u (mPa - s) v (cm?/s)
0 1.787 0.01787 0.01716 0.1327
20 1.0019 0.010037 0.01813 0.1505
40 0.6530 0.006581 0.01908 0.1692
60 0.4665 0.004744 0.01999 0.1886
80 0.3548 0.003651 0.02087 0.2088
100 0.2821 0.002944 0.02173 0.2298

—

“Calculated from the results of R. C. Hardy and R. L. Cottington, ]. Research Nat. Bur. Standards, 42,
573-578 (1949); and J. F. Swidells, . R. Coe, Jr., and T. B. Godfrey, |. Research Nat. Bur. Standards, 48, 1-31
(1952).

” Calculated from “Tables of Thermal Properties of Gases,” National Bureau of Standards Circular 464
(1955), Chapter 2.

mPa.s = cp
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Table 1.1-3 Viscosities of Some Gases and Liquids at Atmospheric Pressure’

Temperature Viscosity Temperature Viscosity
Gases TC) p (mPa =s) Liquids T (°C) u (mPa - s)
i-C,Hyg 23 0.0076° (C;H5),0 0 0.283
SFy 23 0.0153 25 0.224
CH, 20 0.0109 C.H. 20 0.649
H,O 100 0.01211¢ Br, 25 0.744
CO, 20 0.0146" Hg 20 1.552
N, 20 0.0175" C,H;OH 0 1.786
O, 20 0.0204 25 1.074
Hg 380 0.0654 50 0.694
H,S0, 25 25.54
Glycerol 25 934.

“Values taken from N. A. Lange, Handbook of Chemistry, McGraw-Hill, New York, 15th edition
(1999), Tables 5.16 and 5.18.

® H. L. Johnston and K. E. McKloskey, J. Phys. Chem., 44, 1038-1058 (1940).
¢ CRC Handbook of Chemistry and Physics, CRC Press, Boca Raton, Fla. (1999).
¢ Landolt-Bornstein Zahlenwerte und Funktionen, Springer (1969).
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Table 1.1-4 Viscosities of Some Ligquid Metals

Temperature Viscosity
Metal ) pm (mmPa - s)
Li 183.4 0.5918
216.0 0.5406
285.5 0.4548
Na 103.7 0.686
250 0.381
700 0.182
K 69.6 D515
250 0.258
700 0.136
Hg —20 1.85
20 1.55
100 y (6 |
200 1.01
Pb 441 2.116
551 1.700
844 1185

Data taken from The Reactfor Handbook, Vol. 2, Atomic
Energy Commission AECD-3646, U.S. Government
Printing Office, Washington, D.C. (May 1955), pp- 258

et seq.
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Momentum Transfer :

u CreS
Ve —~ Rate; ™
B Gle ) Rate
X Flux : :\AS Flux B
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eJ-bM=rr» d(mv)/dt=mdv/dt=ma=Fz
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More about rate of momentum transfer:
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More about flux of momentum transfer:

Mass flux : Flux =
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Non-Newtonian Fluids
dv, :
Tz =— —U Tx Newtonian
dv, :
Tyz = 1 Tx Non-Newtonian
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1. Bingham's Model (Bingham Plastics)

dv,
Ho dx

If [7,,] > 79 = Flow with Newtonian behaviour e'lm..
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Velocity Distribution in Laminar Flow :
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¢ Fluid containing

| tiny particles

1 Laminar Flow

A
:
!
| \
\
.
e TV T s ARt St e e ey Yy, TTRARAY

i
'
V)

1

Turbulent Flow

Fig. 2.0-1 (7) Laminar flow, in which fluid
layers move smoothly over one another in
the direction of flow, and (b) turbulent
flow, in which the flow pattern is complex
and time-dependent, with considerable
motion perpendicular to the principal flow
direction.
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Mass balance:

Input-output + generation-consumption = accumulation
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Falling liquid Film
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Rate of z-momentum in
Across surface at x

Rate of z-momentum
out across surface at
x+AXx

Rate of z-momentum

In across surface at
z=0

Rate of z-momentum out
across surface at z=L

(txr)- (Lw)|

—(Txz)- (LW)

+p(w.Ax.v,). v,
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(Typy- LW), + p(WAxV,)V

Zy=0 (sz- Lw)x+ﬂx

o(mv,)
—p(WAxv,)v, _, + p(LWAx)gcosa =
= dt
0(pLW Axv,) v,
= = pLW Ax —
ot Mgt

Element Mass Balance:
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(sz' Lw)x_(rxz"{‘w)x+ﬂx + p(LWﬂx)gCGS{I =0

T — T
~ IWAx — ( xz)x ﬂixz)x+ax + pgcosa = 0

dt dt
d;z + pgcosa =0 — df

Ax -0 —

= pgcosa
7., = (pgcosa)x + C;
B.Catx=0 1,~0-0C;=0 =T, = (,0g COSX) X

dv, pgcosa

Tz = M~ = (pgcosa)x — v, = — 2 x%+ C,
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2, Volumetric flow rate ((+23> (74)

dQ = v,dA = v,dxdy
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3. Average velocity
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Reynold's Number

_ e L:characteristic length
pU,l |
N —  p:density
Re — o
,ll * W :viscosity
U, : average velocity
N . 4,0VZ5
Re 4

—

if Nre<4to 25— laminar flow
— if 25 < Ngre<1000 to 2000 —>laminar flow with Rippling
if Nre>2000 ->Turbulent flow

~—
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i d
2. Volumetric flow rate: > ?
dQ = v,dA = v,(rd@)dr = v,rdrd6
_ PL

Q= f - f ! pg) il [1 - (g)z] rdrd8

(Pﬂzf’wg)

8u

Eq : Haggen —poiseulle
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4)F, = (v,.),-p2MRL

P,— P R
E, = ( ° - Ly pg)E x 2nRL = (P, — P,)mR* + mR*pgL

R (S + po)
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NRre <2100

—  2100<Nre<4000

~ Nre>4000

laminar flow

Transition flow

Turbulent flow
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Ostwald’s viscometer
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* Fi=tangential force

* Fn=normal force A
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- re, P,Vo,Vr 4 Ly e Vol

3uUu, R

"2 R

r=R — Po —

(—)* sinf
T
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pgz—z = <r> cos6
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=25 sin
Reosh — P2 056
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| > S 50 & sana
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f f [(T,9),=rSINO|R?% sin8dBd¢p = 4TRUU
o Yo

Sl 6 adaul g 40 a8 338 (55 )1 Friction drag
2T T 7 . M“-”'Adm‘
E=J," |, [{p)r=r(—cosB)]R*sin0dOd ¢

4

E, = §TL’R3 pg(Buoyancy) + 2nRuue, (Form Drag)
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F=Fp+F

Fp = 6mRuuU,,
4

Drag Force
Buoyant Force

stoke s law

F = =mR3pg + 6mRuu.,

3

XF = ma
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Falling of a particle in a fluid : Fo s Fg

LF =ma
mg—FB—FD=ma

43 43 43 du \

—nR3ppg — —nRSpfg — O6nRuu = —nRSpp T mg

m: mass of particle
pp: density of particle
pf: fluid’s density

R: particle’s radius

w: fluid’s viscocity

75
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du _ 2R*(pp — Py)g

Iu

u, = Terminal velocity=3 W l

u

_ 2R*(pp — Pr)g

Qu,

76



Falling Ball viscometer:
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Clapier @
The equations of change for Isothermal systems
R (gl pliasry o s &

Ualsd 5 e e Qlga dar 0 5 gle) LaS a8 e Dl ) Gl

(ol (s3n in S ) a S (B (ATpul)

ne Equation ofsCanfiauity: wéwwjﬁj% Y as v

ne Equation of Motion S Adalea
ne Equation of Energy s 50 alalas

wn =
i

78



sl oale dlaxd Cl juad 4S 2030 45ul A Lad ) K
D P P NI N T PSR T B P L EX PR

s¥alaa Glu (o) 2 gy 99

culld g Al At adadl ) (Malaa S L) W CuaS &l gl

olsala o LS g B0 A ) (AMalea JSC& L) CuraS &) puis v
S S A Jlm

03 Jl 8 L AS (5 U i ) (Adabae G L) W e @ iy

LIV LITN



1. The partial time derivatives, dc

ot
2.The Total Time derivatives, @
dt
de _0c  dxdc  dyoc  dzdc
dt at dt ax dt dy dtoz
Dc

3. The Substantial Time derivatives,D—t

Dc 5‘c+ 6‘c+ 8c+ dc
Dt at @ “oax ' Yy oz

Ola) 2 (3l

Gla Jals gidia

Ol u‘éb (e 5



The Equation of continuity ¢ <

S A D RA
2 2
A (:0 VZ) ‘Z+Az
(p VX) . The Overall Mass Balance On The Element
' ’L(p/v) ‘ \ (Rate of mass in) - (Rate of mass out) =
‘y | Y "% Rate of accumulation of mass
Mo '!‘ >y |(pv) » AyAz + (pv,) ,AxAz + (pv,) ,AxAy]
X X
( )‘ _ [(pvx) x+Ax AyAZ + (pvy) y+AyAxAZ
PV 0
Z + (,OUZ) Z+AzAxAy] - a(prAyAZ)
+~ AxAyAz
— (pvxl x) _ (pvx|x+Ax) n (pvyl y) o (pvy|y+Ay)

Ax Ay

n (pvzl Z) — (va|z+Az) _ ap
Az dt
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dp

i —[— (pve) + = (p y) +—(pvz)]
~
SN e SV dp
(partial) » B % EP + (V.pv) =0
/
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substantial Form = D—’: + p(V.v) =

.
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Special cases:

1. At steady state conditions:

dp

=0 V.ov) =0
™ = (V.pv)

2. For incompressible fluids:

(V.v) =0
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The equation of motion:

Rate of momentum in - Rate of momentum out + sum of acting forces =
Rate of accumulation of momentum

X-component:

[(pv,, AyAZz) vx|x +(pvy AxAz) vx|y +(pv,AxAy) vx| ]
Z

—[(pvxAyAz) vx|x+ +, H(ov,AxAz) vx|y+Ay+(vaAxAy) vy

+ [(Txxﬂy&z)x + (T},x&z&x)y + (sz&xﬂy)z]

- [(Txxﬂyﬂz)x+ﬁ.x + (Tyxﬂzﬂx)y+ﬁy + (szﬂx&y)z+ﬁz}

9
+(pAyAz), — (PAYAZ)ypy + pAxAYAzg, = —(mv,)

ot

d(pAxAyhzv,) 3(ov,)
_ — AxAyA

ot XYEYEZTL

—_—

Z+Az

—

Convective
momentum

Molecular
momentum
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~ AxAyAz =

op V) _ _ [6(/) V,v,) | 9(p VyVy)
ot OX |
0T yx | aZ-YX | 0T 5 oP
(ax'ay'az) axlpg



Dv, OTyy | OTyx | 0Ty op
’DDt__<0x Ty "oz ) T ox TP
d(pv
(p ) = —(V pvv) — [V T] R Vp + pg
dt
Dv



Special cases:

1) For Newtonian fluids with constant p & u d\.J.u.:
OV _ vt -y Navier Stoke s E 1 g
pD—t—,u v—Vp+pg avier Stoke s Eq @4)44

2) For fluids when [V. 1] is negligble:

Dv \
p— =—Vp+pg Eulers Eq

Dt
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The Equation of continuity

op 0 d(pvy) @
p 0y dlpvy) 0dlovy)

dt d0x dy dy
TN
_ oans — vx—vy—()

N~—

“—‘ﬂ% 1 Sl al 55

___System steady-state

> ACL) = () — % = () and e\)‘ Ma(va) =0 :> v, = vz(x)

0z 0z dy
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The Equation of motion (Z-component):

-

P

0x

v,

= —U 2———(‘7 v)

0z

z]:O

[ -0

T PY:

App. B, Page 843 (Bird)

dt,,

dx

= PY

= pg cosa
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The equation of continuity:

dp 10(prvy)  10(pve) a(pvz)zo

% r ar Ty a8 T az

The Equation of motion:
Z-component:

ov, 0v, vgdv, 6‘UZ)
p(at Tor T 90 T 2oz
d 19(rt,,) 10t 0T
__p_ - rzZ i Bz_l_ ZZ +sz
0z r or r 00 0z
- 0vg 10v
o = ~H |25, * 739
- dv, 2
Tz = —H |25 -~ 3 (V.7)] =0
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Equation of continuity

fé (p/r) 10Gove) | 9(hw)

r a6 0z
tant Mo _ o —
p = constan —_— — =
00 __ Vg = vp(1)
a(”e)
= 0.
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r-component:  —p——=——-
6 to0=—|2
- component: o — (rvg)
_dp

Z- component:  ——-+pg; =0
1d — i('rv ) =¢r
r dr (rve) - Cl dr 6 1

C T,Z _ C1T Cz
rvg = 12 + C; 5 v9—7+7

BC.1 r=R vy = Rw, KR r 4 5“
r KR ~‘J

)| TR T ) 53
BC.2 r=KR vy =0 K-+ &S

o4 98




I'=RF; Fe = (=1r¢)

=)

=R

d (vg 1 0dv,

s o= |5 (F) 4150
, K% \1
T,0 = —2UR“w, k2 )2

e
— > KR<«—

99



4 4
™

DS bl .
Couette-Hatschek viscometer ] Ax

A5y ) St 5 58 0 I (5137 S

)= r(1-K*) Sl ) 8 YL gla jied
4MR2w, LK A€ o oobiins) jie sSeasy 2
I
p=p(r,6,z2) (>
W o, “
@ — ._-*:L s J:' O

100



op op dp
dp — §d}"’ +@d9 —I—Edz
2
v
dp = png’r + pg,dz

p=F(@)+pg,z+p,

101



Y s (Sl

AN Y FENERENRT QBAAQYBJAJ&@J’)SQ@@JLEQ:U&J\%U@&\ 5

Sl VL )y L8 a5 55 -1 we e
. la D5

3 OAE Oy 9 O Jla -2

S>F 1A P OLd8 Cay yal

Imit— s s
A0 A W}AJM&@F



a) X-Component:

@3\ Lft"“‘\) B J\.us NEL N

1OSbe Jl pa LA &y 5 5

P Sl g jad Jalad

il I B 8 mha e b g (e a3l alald (S0 40 48 (8L Jl G ) Shaldi 418

Pa dA dA ‘Pb dA

e (55w il 4

Sl J..a\_)..\ J\.ﬁé

| ]

p.dA-p,dA=0= p,dA=p,dA=p, =P,



L) S gy

P dA [P+(oP/ox)dx JdA
— dA
|
X le— dX ——
S F.~0= PdA—(P+°" dx) dA=0= & =0
OX OX
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1l aand A 2 sy s bA Ll G aS b saeds Wa o (g adal ) RSs L

— 2 — 2
Pe Ao, Py a, vy,
—+—Zz, + +nw, =—+—2z, +
p o g. % 2g. P 9. 2" 2g.

+ hf

_ _ _ _ (S _ (D.\’° 3 t
UVpSp = VcSe 7 Vp = Vg (i) — Ve (_.:) =V = 3(5)2 — 6.74 f?

_ _ 2
Pa g A P, g ay, vy,
—+—Z; + +nw, =—+ —2z; +
Pa  go@ c P p g " 2g.

+ hf
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32.2 1 X 6.752 ft.1b,
0.6w. = —=(50 10 -w. =1011
Wp =355 0C0 555t p b,

_ _ T 3., lb,,
m = p.v.s, = 1.84xX62.4X%X3 X E(E) = 17.66?

mw, 17.66x 101.1
550 550

power = = 3.25Hp

_ 2 _
Pe g a. v, Pe G Qg
—+—Z;+ +nw, = —+—2z; +
P g ¢ 2g. Pop gt 2g.

L ft
Vg = Uy = Vg =V =6.75 —
S

2

+ hs

Pa—P . 1011+1><32—1><6.2?2
= V.0 X .
1.84 X 62.4 2 X 32.2

AP = 690 = 47.6 psi = 3.26 atm

f
21
ft?
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Macroscopic Momentum Balance Q%ﬁéj&ﬁéﬁg@ 44 ) s

& §
Z F = ;(Mhéwgﬁa% %
: TS5 s > a5 ga

1 . .
PySa — PpSp +Fw_Fg :g_(Mb _Ma) d\-‘“ rate
c

dm = pvds

dM = pv?ds > M = J’ pvids > M = Bpv?s

1 [ v
[ - f = EJ’(E)EGES Momentum correction factor s s se sl Cy jua J

5
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UENIRIPNT PENEENERER

1 _ _
PaSa _ PbSb + Fw _ Fg = g_(ﬁbpbvbzsb _ ﬁapavazsa)
c

1 . _ m _
— g_(ﬁbmvb _ﬁamva) — g_(ﬁbvb _ ﬁava)

m B
P.S,—P,S, + F, — Fg = g— B,v, — B,v,)
C

a2 )3 Ol )2 aille aa g
S So 4 Al 4l ]
ol
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— 2 — 2 O () ( \“‘ -
Pa g Qg Py 9 by —— )
—+—z; + TNW, = —+—Zp + + e
P e 29, P e 29c  AlS
Sa D, 50 m :
Up = Tg (_) =Ta(57)* =1x ()%= 625 —
Sp D, 20 s

100000 1 x 17 P, 1X6.257
= — P, = 81010 Pagauge

998 +2><1 998+ 2x1

X — component:

m
F.Qxx = a ('gbﬁbjx - EREM)

PaSa,x - PbSb,x + Fw,x -

20 V2
)2 x — = 0.000222 m?

>0 S S 9 == x (
=S, cos8 =—
B, b 47 000 2

T
Sa,x = Sa = E(m)z = 0.001964 m?
m Tox = UpC0S0 = 6.25 X — = 4.42 —

5

k
M= p,v,5, = 998 X 1.0 X 0.001964 = 1.96? -



1.96
100000 0.001964 — 81010 X 0.000222 + F,,, = —— (1 X 442~ 1X 1) Fyx=—1714N

Y — component:

m, _ _
PaSa,}' _ PbSb,}’ + FW;}' o FQ:}' — a ('Bbvbj}-‘ o ﬁﬂva&,)
m

Say =0 ,S,, = S,sinf = 0.000222 m? Uy = 0,7y, = Dpsing = 4.42 .

1.96
100000 x 0 — 81010 x 0.000222 + K, ,, — 0 = T(l X442 —-1%0)

Fyy= 2664 N F = \/sz + F,* = 173457 N

171



Sax =32 Spx = Spcos0 , Uy = Uy , Uy = Vpc0oS0

Sey=0 ,Sp,=5S,sin6, 7,,=0 7

oy = U, sin6

¥
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Chapter ”

Turbulence ,turbulent Flow :
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Reynold's Experiment uigl..aj\
SECTRRY
!

pvD
‘5?\3) sdla NRE -
U
) adnd LJ)L
pd
o) 4l 4l )
L Ng. < 2100 laminar Flow

2100 < Np, < 4000 Transition Flow
Nz, = 4000 Turbulent Flow

P<H

f J
Il SG Jlams 174



Reynold's Experiment
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Figure 9: Scales of turbulence. (Seinfeld, 1986)
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47.48

47.47

47.46

47.42

47.41

47.4 ;
-122.45 -122.4 -122.35
Longitude (deg)

@ @O

(a) Object m is situated as in Figure 2 (b) (b} Object m is situated as in Figure 3 (a)
N M N M
() Object m is sitnated as in Figure 2 (¢) (d} Object m is situated as in Figure 3 (d)
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Instantaneous Velocities
Average Velocities

Deviating velocities
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f U ’ = V2 — W2 mm) |sotropic Turbulency

—

Nature of Wall: b Juw a8 Sl
Turbulency: - 2l ) g

—

Free: Jiw Ol 59 253 »
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Intensity and scale of Turbulence:

\u'?

SR T I=100——
il 53 ) 5
L, = f R;dy
(]
il

correlation coefficient: Ry =

- 2 - 2
!ul X Jug

il s
ﬂéﬂ‘bﬁjy

(1)

« 05—-2%
9 ) ¢
5—-10%
7 >
y

(Z)J% U,
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dm = puds
dM = pt?ds

szpﬂgds,\»o

p du,
(sz)i -
g, dx
E_ du
(Top)] = — g—m d; E,, = Eddy Viscosity
i
E,, + pny\ du,
(sz)tﬂtai — _( )
g, dx
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Energy loss calculations ) (leala,
&Jf‘

hes Skin Friction  adaul ¢ (5 ) bl

Sdaal
—
. 2mrdLT
. <
Tr2P dP
— dL (P + —dL)nr?

dL
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Zp (P+deL) 2 _2mrdlt =0 apr P,
— _— — — — = — — - ——
mnr dL mnr mnr T T sz —}TW sz
dP D AP D
T - - = -
W dL 4 I 4
—_ 2 = 2
o+ 17 X417
AT+ 2 g, =224 T 22 g
[ 29, P 9. 29
o)) 533 Hd S Ty

Fanning Friction Factor f = =
Jlow ahwily X 24 Jaus gia Cae

Darcy's Friction Factor 185



Friction Factor calculation

« | ) Lami 1 :
:\ad Lagbindr Py )0 ()L
13 du ﬂP'r g-APT
T=— —du =———dr
. dr L2 uw L 2
r AP [ _AP 2
fd Je rdr - u = g——rwz \1 - (—) ]
2u L 4u L T
0 Tw
AP U r\?
Umax — &_Twz - =1- (_)
4u L Ui
Tw g. AP T \2
Q = f uds = f 2rrudr = f —— 11— (—) 2nrdr
o 4:”- L T
=
_ gc AP 4
Q=—g 7 ™w 186
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%ﬁ 2 Ie ﬁ 2
8u L " 32 L
— = _ —APD2g.x32uL 16p 16 16
AP  —pvg.APD2x 4L pvD pvD N
pz pz ( gc Dz) ,0 gc P | i Re
Jec 9

U

\

for laminar flow

J
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—

1)Viscous Sublayer MJJS-“‘JJ ‘uy})

Universal Velocity —
Distribution :

2)Buffer layer s~ aalaig

9

3)Turbulent core aahaic
2
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’T
u* = ﬁ\/é = M']Dgc Friction Velocity

ut = — dimensionless Velocity
u
u*
yt = P p Y _ %\/ngcp Dimensionless Distance

r+y=R=r1r, dr+dy=0-dr=—-dy
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1)Viscous sublayer

— pdu  pdu u=uut - du=u"du’
gedr g.dy
uyt y TR _poutdu’ pu*z du* du*
T ow T B gy+  gc dyt  Vdy?
pu
du®
GAg SOL iy TR Tw = Tw dy*

anad
dy+:1_}“+:y++c

B.Caty=0o0ry*=0 —-u=0o0ru*=0 -C=0 ut =y
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2)Buf fer layer
2)u™ =5.00lny™ — 3.05 (Lomess)

3)Turbulent Core

(H + Em) du E,du E_,du
T—=— — _ = f—

gc /dr gc dr g dy
9 Em du du

= € €Em: Eddy kinematic viscosity
p p dy dy
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Prandtle :

; B du
2) Em k2 e — k2 , du 9. 5 5 5
Yo v P
y
Twdc Twlo du
3Nt &~ T, = = k?y? 2 5 =ky—=u"
) p (dy) p dy
du u* dy u* .
uW=ky— ->du=——-su=—Iny+0C
dy y
1 wv
—=—Iny+0(, -u —ln(p Y # )—I—-{?2 U =—Iny*+C
u ok 1 pu”
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Prandle k=0.407 ut =2.457Iny* + 5.67
C =567

k=04
Von — Karman { # ut =25lny* +5.5
C=55
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1)VWiscous sublayer: y* <5
2)Buffer layer: 5 <y <30

3 turbulent core: y* = 30

) ' Laminar Flow: f =
“3 X NRe

1
Prandle: ﬁ = 1.06 log(Nge+/f) — 0.6
1 B - For turbulent flow
Van — Karman: — = 4.0 log(NRe\/?) — 0.4 d

\/7

a =14 0.78F (15 — 22.5vVF) , .
f=1+391F ’eg*)d uhﬁ -
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Moody diagram:

008
007

008
00s

004

002
Friction factor

Turbulent flow

//
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a|®
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0 I AR
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| —ems o
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3
nk Relative Roughness ...

€ ork: Roughness ..
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Friction from changes in velocity or direction :
1. Sudden expansion

2. Sudden contraction
3. fittings
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Friction From changes in velocity or Direction

1. Sudden Expansion

s TR
T
h,. =K Va
Te = e 2g,

Sa
K, = (1—2%?

Sudden expansion, Reynolds number=3000
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Pa 9 uly’ Dy g a, vy’

—+—2z; + =—+—2z, + + h
p 9. % 29, p 9. 29, 7
Pa T Pb aaﬁaz T abﬁbz
h_f'e — +
p 29,
P,—P, ¥,%2—1,2 s, Mass balance
g — Uy ~1.0 — th — + R ﬁb — _a(_) -
p 29, Sp
P —P, 2 S
hre = =2+ 2|1 - 2]
p 29, Sp
m, _ N
PaSa_PbSb-l_Fw_Fg=g_(ﬁbvb_)8ava) Pa =Pp~ 1.0
C
13,8
PuSy — PoSp = 22 (5, — 1)

C
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S-S5 5
2£(£—1)+1— —
[ Sp \Sp (Sb)

T o [ﬁﬂ (

Sﬂ- ﬁﬂ-z Sﬂ- Sﬂ
2o (-
Sp 29.L sp\s

2

Sﬂ-
K, = (1 - —
Sh

2
) 0.6<K, <08

)
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2)Sudden Contraction — . 4& als

T e

= e
1_?52 >a m
hfS:KCE Kﬂ:nq‘ 1__ Schematic of flow through a duct with a sudden contracti
gﬂ' Sb chematic of flow through a t asu N contraction
(1)
Area A,
e N
> e (2)
—— - \—/
> ——
_'h _h,
— E—
[ [-2
_— Area A,
_—”/
(1) Area A,
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3)Fittings  <wia

72

her =Koy
Juzl K
Glob valve(wide- open) 10.0
Angle valve(wide-open) 5.0
Gate valve(wide-open) 0.2
Gate valve(half-open) 5.6
Return Bend 2.2
Tee 1.8
Elbow 45 0.4
Elbow 90 0.9
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JUS ) Saal (y y

‘ . o oo pate mha _ T :
Sapgai= Tt =Ty Hydraul¢ rediges) e (sla
Jiae 48 = 47y Equivalent Diameter
pvD 4pvTY
Ng, = =
I U
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Example:

a a
s [ 1
_EDGE —ED,:E _E(Dﬂ_Di)(Dﬂ—l_Di) . D, —D;
= TEDC. + ﬂ'Di B Do+ Di N 4

DE:DQ_DI:
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B ab D 2ab
"M =@t b) " a+b

b?% — a? b—a

M 4a+b) 4

D,=b—a
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Apparent Density & Viscosity

Ng, > 2100

<= | =

Ng, < 2100

[T BTN DURSTYS EREL TR P Serp
s o olssecgbes podw 405 S,

—

—_—

0.17
) For heating

*

Hw

7\ 011
Y = (—) For cooling
Hw

0.38

Y = (i) For heating
Hw
fi 023
Y = (—) For cooling
Hw
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hes Ry gens

Q—>U — NRe

4 da g0 e Jilia g ) g3
Js
QupDEL e
e

€ .
B,Dla gram TP

>f >hfs—>hf
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S 45 50007t Jsb ) o 552000gom S ) 1y s 33 <l 1) g

0.0001 O 5 Sailaian (5 A% ) S g, WIS Asulaa gin a4 Saa
ftz,zs
ta :’
Q = 2000 gpm , 448 gpm =1 f? da Ul
2000 ft3 . 446 ft alisa
=——=446— U= = 12.8—
448 S E(ﬁ)z S
2\12
oD BD D 128X 0.00085
_ A A /R s £_Y _
Nee === =" =5 = 0001 855X 104 5 =——g—=0.0013
o, 1
40006y 1000 128 ftlbf
e ' 8 "2x322 777 Ibm
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=
Q : Jsenae
h — Eﬁ_z p’”!DJLrE:hfg or hf :Il:l‘,ll_d
s 7 D2g,
1073 \
hf _ y /D < PPN
f %F — > ¥'Rg ——————> f%ﬂf
h »
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he = he, + hey + he + e s

S e dae B gy (@ldas ladsa
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A anulsa |y 4

0 OAe )l oboa ey y JSi o ) g

e = 0.085alml (5 )

p= 1“”“ 5 el gl JMZm,
a \V4
(1)
k_=0.4 I om
am [ e k=6 K=0.8
=4
20m 15m
15m
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bsa 1R 4l da e

Pﬂ g Eﬁﬂhvpgi Pb g I:Ib.[?b‘ <
R A i P aliig

Z —Z —5+15+4+6)10 '
[:E b]gz[: ] — 500 ]

! g 1 .

F:

+D.E+D.4—|—3ED.E—|—6) = 200
2x1

4+ 20+ 15+ 15
= (3

2 X 0.0254

—
-

200 = (4320f +9.6) — = (2160f +4.8)V*
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L V° 2g.Dh;,

= 4f_ = f = —
4f,r_]3gﬂ =
1 gcﬂhg_
f=cCo )
pDV 1 gcﬂhfs ~ pD Dgchgs 2
— N = — 2
re/f == = X5 ( =)

m T
Trial & Error : v = 3.84 " ,Q =7A ,0 = ﬁDEE

S

ields 3.14 3 F
y—r[ —(384)( : )(00508)—0153 m—]

NRE\/?

213



) e )2 10001t O9= 912 1in == QA )-60°F )= L O ¢

4l

)

BRI Sppp 2l (220

b,
3 e ft?
v =125x 10— £ = 0.004 ft
1 . 5 1 ORI w e
PO YU TN o | SGilaiw (5 4% ) S g
. 50 ft. Ib; .
Fs y
b _ 1 *I)
12
~ oD g Dh,. 1 Dye Dh.\2 = 322x1x20 1
NRE.,Hn'f: P (gc FE]E = —(gc FE) = 12 — ]: = 447 X 1':'4 L-L
u - 2L v\ 2L 1.25 %X 1075~ 2 x 1000
s 0.004 . s
~=—5—=000¢ = f~0.007 Al
12
4.47 % 10% pDV DV _ uXxXN
N, = =531x 105 = N, = =— =V=—27=
v0.007 L v D
_ 531x10*x1.25x 10°° ft 3.14 12 . ft?
= 13 = 6.63 " :}"[@ = 6.63 X T[:E:]" = 5.21 ? -
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G50 cabl aS gl al gl Jola - ) o Jales J oda
Gl Jladl (g 5 3 cdl )y i
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g

L p° p S
hes = 4f —=— . Design L oS b
s =4 5%
Ye
D . d}@A-A
- ,O,H,E,Q,L,h or h
h & % L @ 32fLQ° 4 -fwj’-‘
fS: 4f— P — 4fﬁ T[: = . T[:DE
) 160928, °°

LA s
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32fLQ* . Q* . @°
he =hg +hg + - = K, — 4 Ko+ -
f f=s fe gcT[E e D4 4

B 32fLQ* AQ° af

= 2. 05 D :,*=hf=D5+D4 — D>+ CD+df=0

he
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MM
24 24

2
v = 0.0001 f%
53 8l b 210000 ft Jeba 2 ) ) Lo flb
fs = 77
Ja 9 S daulae 2 Jaa
3 2 32fLQ2 32f.x 10000 x 8.932
j— 5 p— p— - p— u d X
"rs = 2gps P m2gchys | 3.142% 32.9%795 EBHAL 4151 1)
4000 ft?
448 S

_pﬂf’_ﬁlp{,}'_ 4Q 113800
 u  mwDu mwbv D

o f=0000 —D=1398ft — N, =8.14x 10*
e —f =0.0048 ¢

Rea

. 1 2
P o 0.0048 53D = 1.384(—3NR8 = 8.34 X 10* — f = 0.00475 L=
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a) Compressible Fluids

* ) )‘L‘ (sR u\A
1)compressors
p|l.p ¥y
y—1
Wy, = Y e ( b) — 1| Adiabatic
YV — 1 Pa Pa
p, _ ,
—: Compression Ratio
F
RT, P,
w,, = ——In— Isothermal

PP M P,
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1)compressors

COMPRESSOR STAGE —
BEWI GEMERATION
HIGH-EFFICIENCY
CESIGH

PULLEYS — PRECISION
FAMCHINED BILLET, BALANCED

BELT — HEAWY DUTY
K-SERIES MICRO-Y

PULLEY —

AUTOMATIC BELT
TENSIONER — ‘WITH
PRECISION IDLER

220

P

\ L G,

—= & ) COVER — HIGH-IMPACT "
H.‘-\_/—l-'-‘)) CROGS-LINKED PE, HOISE

ATTEMUATING DESHN

LINTS —
TRUE IS0LATION

AIRPOWER STANDARD FEATURES



2)Fans <.
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aalal

3)Blower



4)Ventilator s=cas
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b) Incompressible Fluids

Pumps
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Pumps

Ll

[ 1. Suction o

al- S

* 2. Discharge L3S Crand

‘) Positive Displacement

pumps —

Centrifugal
’ . Single Action
N _ Reciprocal
Positive Displacement _| Double Action

Rotary

~——



T SORREEEEE ) EEE o @ e Uy’
A Pa + iza + ala
pump P e 29, |
Z, v
H:total head
vl H, + nw, = H,
H, —H, AH
I W, = _
n n
mAH mAH
P hourse power

T 5500 7461

+ nw

r

Pr 4

:_—l__zb—l_

P Y

ap vy

29

[

2

o4
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) < \ WL yd Pa+%ﬁ“2>P”
)cﬁ):\ijl.aa)eej BNE >t 20 75

cavitations (5 o ..

P, :vapor pressure of fluid

Low Presure/High Vacuum

— = (0 Net Positive Suction Head Discharge Pressure
Q2 ZQC Cut-Water *
\ Impeller

Hg, or NPSH > 0 S "

Vapor Bubbles T Hwh"mrnllm

Suction f‘nntmmn
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NPSH,., — requaired NPSH

5—10 ft : small cenrifugal pumps

50 ft: large centrifugal

A Ty”
— Z + > —+ Za+ + hy
Jec p Jec 29,
a —

a,v, £ — — @, v
———+—Za+ aVa” +hy Péi " Pv _ Pa pv_l_ aVa +gz +hy
PP Y 29¢ p P 29 e
NPSH:pd—pp_gza_hf NPSH:Q(Pd_pU_h)_Z

P G g\ p 7)o
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Venturi — meter ‘J dh.u.: U\Aﬁ )‘JSA ‘\S/L;g\.uj
i by’ LS e g S o)l

Pa g {Iﬂ,ﬁa Py g a, U,
P Ye : 29c P Yc 29, !

ﬂfhfi’hz _ {Ial_?az _ Pa — Pp b/
29, P /

2
=0 (32) =0 52) = me
a a

3 1 ch(pa o ph)
\/ab - aaﬁ4 P
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1)Venturi — meter
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5= Cv zgc (pa o pb)
b1 pt p

C, : Venturi Coef ficient 0.98 — 0.99

D:2—-8in C,=0.98
D>8in C,=0.99

C,S .
m = ﬁ\/ngc S ) (EN
C,S,Y ‘)ﬂ%—gu “»)3..
m = ﬁ\/zﬂgc (e — Db) )“‘L ﬁg‘)" ‘—’y\-““‘
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2) Orifice — meter

= [ F Ferenhal pressure
R ‘ ‘ ‘ ‘ |
Datum P I I |
M e —e——
—

A a Fr T A S S R
e i
3 S

Courtesy of
Superior Products, Inc.
www.orificeplates.com

—— Differential pressure
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2) Orifice — meter

_ pusD,

) Re,o —

D U

CD zgc(pa o pb)
J1-p* p

Co =Gy (NRe,or :8)

=
|
b|ob

uD:

If Ngeo > 20000 C, =~ 0.61

uD:

0.61 |29.(ps—p»)
J1-p5*% p

233



1—p4
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3)Pitot — Tube

Total pressure

Small lloles-\
e e =
_.‘:% /:r: = 3
—— 7 >‘
Stagnation Static 4
point at pressure
entrance ?
To pressure To pressure
readout readout
instrument instrurment
(a) Pitot tube. (b) Static tube.
s e e
S —— -
—*————,é:::i:.‘i‘:“' e et
3 ' W
e —
Total W
pressure g
pressure

Outer tube communicates

static pressure to readout
instrument

Middle tube communicates

total pressure to readout
instrument

(c) Pitot-static tube.
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3)Pitot — Tube

u—cjzgc@.g_pu) Lw——
= P L'j

P, = Stagnation pressure /

Static Tube

N\

-------------------------- ~| Impact Tube

[/ ]/
~
3

<>

P, = Static Pressure
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Rota meter (Area — meter)

As the flow increases the area
around the float must increase

Yt

Float = \

—
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Dimensional Analysis  (§3l&) Sall

Buckingham Theory of w Therms
(dﬁmgdﬁ)mmg\jdéwn@\mjdﬁ\

) A gy Joae o Gen S b emy ardly a3dly catiug
G pia Jhals g 23 padi (18 e la o)) ja by CueS ol aS il
o Ok 1o aalsh CueS g Bl ) aey s Jose sla el L

Al

Jia) 2l g alies 3 a8 2dl s CuaS An A2 ALS)



S Gl Qa4 2m G50 W oy S Gl (5 05
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