Viscous Flow in Pipes

Pipe Flow Problems

» Piping systems are encountered in almost every engineering design
and thus have been studied extensively. Thereisa small amount of
theory plus alarge amount of experimentation.

The basic piping problem isthis:

» Given the pipe geometry and its added components (such asfittings,
valves, bends, and diffusers) plus the desired flow rate and fluid
properties, what pressure drop is needed to drive the flow?

Of course, it may be stated in alternate form:

» Given the pressure drop available from a pump, what flow rate will
result?
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Shear Stressin Pipes

*  Steady, uniform flow in apipe: momentum

Darcy-Weisbach Equation
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Head Lossin Laminar Flow
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Example

Given: Liquid in pipe has = 8 KN/m?. Acceleration=0.
D =1cm, u=3x10° N-m/s>.

Find: Isfluid stationary, moving up, or moving down?
What is the mean velocity?

Solution: Energy eq. fromz=0toz=10m

Elevation = 10m —

2 2
alVi+ﬂ+z1—hL:a2V—2+p—2+z2
2 7 2y
200,000 110,000

hy = +
8000 8000
920
hy =—-10
L8
hy =1.25m (moving upward)

10

- p=110kPa

Elevation=0m —
hy = 32;1L2V
D
2
V=i, 12
32uL
2
- 1258000*(0.(;1)
32*3x10°*10
V=104mls

- p=200kPa

Example

Given: Glycerin@ 20°C flows commercial steel
pipe.

Find: Ah

Solution: y=12300N /m,u= 0.62Ns/m?
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Turbulent-Flow 1n Pipes
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Two important parameters!
Re - Laminar or Turbulent
&d - Rough or Smooth




Turbulent-Fow in Pipes

Nikuradse' s Experiments

Nikuradse simulated roughness by gluing uniform sand grains onto the inner walls of the pipes. He then
measured the pressure drops and flow rates and correlated friction factor versus Revnolds number. at
high Reynolds numbers. oo

¢ Ingenerd, friction factor 0.08
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Moody Diagram

Transition function for both smooth and rough pipe laws (Colebrook)
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varies less than 2 percent

Roughness Values

Material Condition It iy
Steel Sheet metal, new 0.00016 0.05
Stainless, new 0.000007 0.002
Commercial, new 0.00015 046
Riveted 0.01 30
Rusted 0.007 2.0
Iron Cast, new 0.00085 0.26
Wrought, new 0.00015 0.4a
Galvanized, new 0.0005 015
Asphalted cast 0.0004 012
Brass Drawn, new 0.000007 0.002
Flastic Drawn tubing 0.0000035 00015
Glass — Smooth Smooth
Concrete Smoothed 0.00013 004
Rough 0.007 2.0
Rubber Smocthed 0.000033 0.01
Wood Stave 0.0016 0.5

Moody Diagram
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Example
Oil, with p = 900 kga‘nf and ¥ = 0.00001 m’/s, flows at 0.2 m'/s through 500 m of 200-mm-
diameter cast-iron pipe. Determine (a) the head loss and {b) the pressure drop if the pipe slopes
down at 107 in the flow direction.
First compute the velocity from the known flow rate

2] 0.2 m'fs -
V=—m=—— ->S=64mfs
wR* (0.1 m)? i

Then the Reynolds number is

_ Vd _ (64 mfs)i0.2 m)
Rey=—=

= 128,000
v 0.00001 m*fs

From Table 6.1, € = 0.26 mm for cast-iron pipe. Then

€ _ 0.26 mm

= =———"=100013

d 200 mm
Enter the Moody chart on the right at &/d = 0.0013 {you will have to interpolate), and move to
the left to intersect with Re = 128,000, Read f = 0.0225 [from Eq. (6.64) for these values we
could compute f= 0.0227]. Then the head loss is

W2 e 42
Jrf=_,lr£ — (0.0225) 500m (6.4 J]b"h]q
d 2g 0.2 m 2{9.81 m/s7)

=117Tm Ans. (a)

From Eq. (6.25) for the inclined pipe.

Irf=ép—+ 1~ 2 =:\£+L~m 10*
PE PE
or Ap = pglhy — (500 m) sin 10°] = pg(117 m — &7 m)

= (900 kg/m™){9.81 m/s)(30 m) = 265,000 kg/(m - s%) = 265000 Pa  Ans. (b)

Three Types of Pipe-Flow Problems
Moody Diagram

1. Givend,L,and Vor Q, p, u, and g, compute the
head |oss 4, (head-loss problem).

2.Givend, L, h,, p, p and g, compute the velocity V" or
flow rate O (flow-rate problem).

3.Given Q, L, h;, p, u and g, compute the diameter d
of the pipe (sizing problem).

Example

Oil, with p = 950 kg}'mj and ¥ =2 E-5 m/s, flows through a 30-cm-diameter pipe 100 m long with
a head loss of 8 m. The roughness ratio is &/d = 0.0002. Find the average velocity and flow rate.

By definition, the friction factor is known except for V:

2(9.81 m/fs’ m/s7)
V2

{03 m)
= hfL V‘ =8 m)|——

{100 m | or [V =0471 (ST units)

To get started, we only need to guess f, compute V = V0.471/f, then get Re,, compute a better
f from the Moody chart, and repeat, The process converges fairly rapidly. A good first guess is
the “fully rough” value for &/d = 0.0002, or f = 0.014 from Fig. 6.13. The iteration would be as
follows:

—

Guess f= 0.014, then V = V0.471/0.014 = 5.80 m/s and Re,; = Vd/v == 87,000. At Re; =
87,000 and e/d = 0.0002, compute fio, = 0.0195 [Eq. (6.64)].

—_—

New f=0.0195, V="V0481/0.0195 =491 m/s and Rey = Vd/v = T73,700. At Re;=
73,700 and €/d = 0.0002, compute fi., = 0.0201 [Eq. (6.64)].
P ——

Better f = 0.0201, V = V0.471/0.0201 = 4.84 m/s and Re, = 72,600. At Re, = 72,600 and
€/d = 0.0002, compute fi.,, 7= 0.0201 [Eq. (6.64)].

‘We have converged to three significant figures. Thus our iterative solution is
V=484 m/s

0= v\’ : =@ 84){ 7 o 3)? = 0.342 m'fs Ans.

The iterative approach is straightforward and not too onerous, so it is routinely used by engi-
neers. Obviously this repetitive procedure is ideal for a personal computer.

Example

Given: The pressure at awater main is 300 kPa gage.

What size pipe is needed to carry water from the Assume /= 0.020
main at arate of 0.025 m3/sto afactory that is 140 m
from the main? Assume galvanized-steel pipeisto 15
be used and that the pressure required at the factory ﬂ QZ
is 60 kPa gage at a point 10 m above the main D= 8'*7
connection. h/ g
Find:. Size of pipe. S\US
saon: - g.0.02 140 (0. 2025) — 0.100m
LV L (Ql(x14)D7) 14.45 7%9.81
hy=f—r—=f—
15 Relative roughness: —=——=0.0015
L 0? D 100
D=|8=%
h, 7°g
V2 ’ V2 Friction factor: f = 0022
oz1#+ﬁ+zl—h,:on2—2+&+z2 15
2g ’ 2g vy D = 0.100 2922 0.102
300,000 60,000 - - aRem
~h, = +10 0.020
9810 9810 .
Use 12 cm pipe

h, =14.45m




Minor Losses in Pipe
Systems

 For any pipe system, in addition to the Moody-type
friction loss computed for the length of pipe, there
are additional so-called minor losses dueto:

1. Pipe entrance or exit

2. Sudden expansion or contraction

3. Bends, elbows, tees, and other fittings
4. Valves, open or partially closed

5. Gradual expansions or contractions

Minor Losses

» Since the flow pattern in fittings and valves is quite complex, the theory
isvery weak. The losses are commonly measured experimentally and

correlated with the pipe flow parameters.

» The measured minor lossis usualy given as aratio of the
head loss i, = Ap/(pg) through the device to the velocity heat
V2/(2g) of the associated piping system
hy, Ap

ViI2g)  Lpv?

An alternate, and less desirable, procedure is to report the minor loss as if it were
an equivalent length L.q of pipe. satisfying the Darcy friction-factor relation

Loss coefficient K =

Leg V2 V2
hm = — =K
f d 2g 2g
Kd
Log =——
“f

Minor Lossin aPipe

A piping system may have many minor losses
which are all correlated to 1%/2g

Sum them up to atotal system loss for pipes
of the same diameter

2
vV L
hp=hr+Xh :{fjtZK}
s m " 2g D "
Where,
hy=Tota headloss s =Frictional head loss £

h,, =Minor head lossfor fitting m
K, =Minor head losscoefficient for fittingm

EGL & HGL for Lossesin aPipe

Steeper gradient in the EGL due to
fElntra:]CES{tpendS’ and fl)ﬂthelgGL o turbulence produced at the entrance
ow transitions cause the E—
to drop an amount equal to the e v
head loss produced by the . EGL
transition. Dro p——

EGL is steeper at entrance

than it is downstream of there HGL
where the slopeis equal the ~
frictional head lossin the pipe. e EEl 5
The HGL also drops sharply T —
downstream of an entrance
by due to
— Entrance
BEE 2
| 2¢
l' —— ] #; due to partially
| closed valve
[~
i - ; -

\:ﬁr’




Example

Given: The 10-cm galvanized-steel pipeis 1000 m long
and discharges water into the atmosphere. The *y

pipeline has an open globe valve and 4 threaded 4 4
elbows; 7,=3 mand 7, =15m. o
Find: What isthe discharge, and what is the pressure at A,
the midpoint of the line? r‘-\.ai‘g‘c
Solution: (50°F) | Globe valve i
2 2
a1i+ﬂ+21*ZhL :ﬂzﬁ+&+zz
2y 2 7
0+0+12=(1+K, +K, +4K +f£)V—2+0+o 2 v
et ARt )5, Ai*%*ZA*Z”L:azi*%JrZz

D =10-cm and assume /= 0.025 L y?
LA 4 15= (2K + f2)—
y D" 2g

24g = (1+05+10+4* 0.9+ 0.0251%010)1/2

Multiple-Pipe Systems
e Pipesin series © ®

o o , °

Q1= 0= Qs =const 4 ’E
2 _ 2 _ 2
Vidi = Vad3 = Vid; Ahs_p = Ahy + Ahy + Ahs

Vi [fiL Vi (L
Ay p= [+ DK |+ 2 (224 DK
A—B 2 ( d, R 2%\ d RS

+ V5 (BLs NKs
TR A .

Since 12 and V3 are proportional to 1 Ahyp = i(ao tafi tafy tafs)

o g Pi_ (24094002559 092 1o g, The ai are dimensionless constants.
265.1 y 0.1 2g
v =0942mls P4 = 9810* (-9.26) = ~90.8kPa
o= O?i;’ 3);0.10)2 =00074m° /s N If the flow rate is given, we can evaluate the right-hand side and hence the total head
Re=—== = 5~ Ta10* Near caviation presaure, not gooct loss. If the head lossis given, alittleiteration is needed, since f1, f2, and 3 all
depend upon V 1 through the Reynolds number. Begin by calculating f1, f2, and 3,
So/=0025 assuming fully rough flow, and the solution for V1 will converge with one or two
iterations.
_ _ O_—=7 * Three-reservoir
* Pipesin paralle — pipe junction
L 2 — - If all flows are considered positive toward the junction, which obviously implies that one or
Ahy_p = Ahy = Ah, = Ahs two of the flows must be away from the junction.
0=01+0:+ 05 \g_,) 0,+0,+05;=0

If the total head lossis known, it is straightforward to solve for Qi in
each pipe and sum them. The reverse problem, of determining Qi
when hf is known, requires iteration.

hy = fLIA)(V*12g) = fO°IC. where C = 7 gd"I8L
Q2

mad’
he = W2 There C!_ = o
il (Zﬂ) where 3L,

Since the fi vary with Reynolds number and roughness ratio, one begins by guessing
values of fi (fully rough values are recommended) and calculating afirst estimate of
hf. Then each pipe yields a flow-rate estimate Qi = (Cihf /fi)¥2 and hence a new
Reynolds number and a better estimate of fi. Then repeat Eq. for h,to convergence.

Vi fiL
Ah|:2—lfl ! :Z|_h_‘[

g d,

2
Ahzzh‘sz‘z :ZQ_;’IJ'

2g d;g

_VifL _ _

Ah_‘; = 2g d} = I3 h‘; CD

We guess the position hJ and solve Egs. for V1, V2, and V3 and hence Q1, Q2, and
Q3, iterating until the flow rates balance at the junction. If we guess hJ too high, the
sum Q1+ Q2+ Q3 will be negative and the remedy isto reduce hJ, and vice versa.




Example

The fluid is water, p = 1000 kg/m* and » = 1.02 X 107° m%s.

71 =20m 72 = 100 m 73 =40 m

Pipe L,m d, em & mm eld

1 100 8 0.24 0.003
2 150 6 0.12 0.002
3 80 4 0.20 0.005

As a first guess, take /i; equal to the middle reservoir height, z; = i1; = 40 m. This saves one
calculation (@5 = 0) and enables us to get the lay of the land:

Reservoir hy, m 7 — hy,m fi Vi, m/s O m h L;/d;

1 40 —20 0.0267 —343 —62.1 1250

2 40 60 0.0241 442 45.0 2500

3 40 0 0 0 2000
Yo=-171

Since the sum of the flow rates toward the junction is negative, we guessed h; too high. Reduce
hiy to 30 m and repeat:

Reservoir hyym Z —h,m fi V. m/s 0, m*/h
1 30 —10 0.0269 —242 —43.7

2 30 70 0.0241 4.78 48.6

3 30 10 0.0317 1.76 8.0
Yo =129

This is positive ZQ, and so we can linearly interpolate to get an accurate guess: h; = 34.3 m.
Make one final list:

Reservoir fi;, m i — hy;m fi Vi, m/s 0. m*/h
1 34.3 —14.3 0.0268 —2.90 —52.4

2 34.3 657 0.0241 4.63 471

3 343 57 0.0321 1.32 6.0
Y0=07

This is close enough: hence we calculate that the flow rate is 52.4 m*/h toward reservoir 3, bal-
anced by 47.1 m*/h away from reservoir | and 6.0 m*/h away from reservoir 3.

Exercise:

8.3,8.17,8.22,8.24, 8.37
8.60, 8.72, 8.89, 8.100, 8.102

Head L oss due to Gradual
Expansion (Diffusor)

— 2 -
h@ = KE (Vl V@) — /E

2g A

20 40 60 80
diffusor angle (1)




Sudden Contraction

Sudden Contraction
2 ! /
3 {1 1J v i z
c. )2 c. 05
0.75
o?é; —
0.6 T w w \ ‘
Vi, 7 X V2 0 0.2 0.4 0.6 08 1
flow separation 1 Ve AdA,
* losses are reduced with agradual contraction ¢ = 4, h. =(C— ] é
4,
Entrance L osses Head Lossin Bends
- y2 High pressure
L osses can be = h, = 47&’22: » Head lossisafunction
reduced by K, 10 ——— £ of the ratio of the bend Possible
accelerating the flow radius to the pipe separation
eliminating the ¢ AN
» Velocity distribution
K ~0.04 N returns to normal Low pressure
‘ / severa pipe diameters gV
downstream S

2g




Head Loss in Valves

» Function of valve type and valve

position )
» The complex flow path through h, =K, e
valves can result in high head loss 2g

(of course, one of the purposes of a
valveisto create head loss when it
isnot fully open)




