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Here are some sample lo
listed in Table 8-4, page

Minor Losses

ss coefficients for various minor loss components. More values are
350 of the Cengel-Cimbala textbook:

Fipe Infet
Reantrant: K, = 0.80
{t=<Dand~0.10)

Sharp-edgea<H, = 0.50> Well-rounded (D = 0.2)<K, = 0.0Tm.

* Slightly rounded (fD = 0.1): K, = 0.12>

. (see Fig. 8-36)
T Rounding of an inlet
makes a big difference
w
—V ]D —_— ID
I-—J:| . |
Pipe Exit

Reentrant: K, = «

Sharp-eaged B = o> Rouroed = . _

‘ J Rounding of

2n outlet

makes no

=V -V difference.

| |

Suddan Expansion and Con

Sudden expansion: K, =

raction (based on the velocily in the smalier diamaoler pipe)

d2 2
(1 'F)

Note that the larger velocity (the
/| velocity associated with the smaller pipe
/ section) is used by convention in the
/ uation for minor head loss, ie.,
e
=K

y =K

Sudden coniraction: See chart. v P

0.4
= \ K for sudden
\‘)— L) \lem'[iun

™~
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Note: These are
backwards. The £} values
listed for Expansion should
be those for Confraction,
and vice-versi g

+

L e
with the smaller pipe seciion) is used by convention ia the

7
equation for miner bead loss, Le., &, . - K,

Log

m i
Contrac ticm (far # = 207
K, x
K,
K, o =
K, - 0.10 for /D - 0.8 =
These are for
St
Bends ane
O smooth band: O miter bend O miter bend 45 threaded albow:
Flangad: K, = 0.3 (without vanes): &, = 1.1 [with vanes): K, - 0.2 K =04
Threaded: K, = 0.9
o"A‘
Ve v v
180° poturn bend: | Toa (branch mm-\ Threaced amion:
Flanged: K, = 0.2 Flanged: #, = 1.0 K, = 0.08
Threadad: K, = 1.5
Vo
P —
)) v —
—m—
f/
-~ | /

| For tees, there are two values of Ky, one for branch fiow and one for iine flow.
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mn

oo b gal) (g 6065 ety edsls b8 gl 6 el e ol shy el L cl ) ey

— R.g= ﬂ =6.95 x 10°
TvD
%: 15x 107"
— f=0.013
8fLpQ* Ibf
= Ap= o 241,?1—2 < APmax
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_ _ 5
— Rea= — % =836 x 10
% —12x10"
s f~0.0122
_8FLpQ* . bf
= Ap = L = 564> Ay

Sguinn Jols 26 ol ksl Jo.d 5 5L 1l

£ e
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Py +vi/28 + 2,=pily + vi/28 +  + (h)i2

12.5/9.79 + vi/2g + 10 =11.5/9.79 + v3/2g + 10 + (h.),-»

vi/2g=vi/2g (h);-2=0.1021m

Py +vi/28 + 2, =ps/y + v3/28 + 23+ (h.)1 s

vy = Q/A, = (5 X 10~*)/[(%)(0.050)*/4] = 2.546 m/s

vy=Q/A,= (5% 107*)/[(x)(0.030)*/4] = 7.074 m/s

12.5/9.79 + 2.546*/[(2(9.807)] + 10 = 10.3/9.79 + 7.074%/[(2)(9.807)] + 0 + (h.)s_s
(h)r-s =8.00m

Ve

Aol Y oY blE s oo VP LS OT s 5 S s

A 150 mm
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Py + V328 + 2 =ps/y+vi28 + s+ b,
v, = Q/A, = (140 x 10*)/[(x)(0.300)*/4] = 1.981 m/s
vy = Q/A, = (140 X 10~2)/[(x)(0.150)*/4) = 7.922 m/s

p2/9.79 + 1.9812/[(2)(9.807)] + 0 = 0 + 7.922%/[(2)(9.807)] + 15 + h,
h, = p,/9.79 — 18.00

Py +vi/2g +z,=p,/y+vi/2g+ 2z, +h,

0+ 0+ 30 =p,/9.79 + 1.981%/[(2)(9.807)] + 0 + 0
P2/9.79=29.80m

h,=29.80-18.00=11.80m

A e

1y oSS! da &30l 10 MM 0T s g Fre M Jub kS 0 &S - FY VS S b o U 0K 50 ST =Y

(E=+/v+0¥F M) .l

hy = (f)(L/d)(v*/2g)

Re = dv /v = ({55)(4.2)/(1.02 X 107%) = 6.18 x 10°
€/d =0.00026/0.150 = 0.00173
sisa Jasai ) ==m> f =0.0226

h, = 0.0226[400/(35%)1{4.2*/[(2)(9.807)]} = 54.20 m
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€ =0.0000442 m
v=0.114 x 10~° m®/s

i1

16m

—
| d -150 mm u']‘"‘
i

ol pli 5 S22 00 o

Ay 32 Al g 1 A s A

p=rgh )
P35 1/6 o ] Mkl PG ) AS 2pd e

Sl a3 4 5 2 ki
Py +vi/28 + 2, =p,ly +vil2g + z+h,

1.6+vi/28 +0=03+v3/2g+0+h,

vi/2g = vi/2g

hy =13 m=(f)(L/d)(v*/2g)

s = f=0.015

1.3 =0.015[10/(0.150)}{ v*/[(2)(9.807)]} v=5.050m/s
Re = dy /v = (0.150)(5.050)/(0.114 x 10~°) = 6.64 x 10°
€/d = 0.0000442/(0.150) = 0.000295

10m

g fasa ) => f=0.016
1.3 =0.016{10/(0.150)}{v*/[(2)(9.807)]) v =4.889m/s
M = pAv = 1000{(x)(0.150)*/4](4.889) = 86.4 kg/s

Ve e
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Pily+vi/2g 4z, =pa/y +vi/2g + i+ hy
0+0+(5—1.5) =0+ v¥/[(2)(9.807)] + 0+ h,
hy =3.5-0.05098v3 = (f)(L/d)(v*/2g)

saeD> £=0.016

hy = 0.016{9/(0.025)}{v3/[(2)(9.807)]) = 0.2937v}

0.2937v3 = 3.5 — 0.05098v3

v=3.187m/s

Re = dy/v = (0.025)(3.187)/(5.0 X 10~7) = 1.59 x 10°
g/d=1/e 0 F GG sae ) =2 f=0.019.

hy =0.019[9/(0.025)]{v3/[(2)(9.807)]} = 0.3487v3

0.3487v3 = 3.5 — 0.05098v3

v=2959m/s

Re = du/v = (0.025)(2.959)/(5.0 X 10~7) = 1.48 x 10°

= f=0.019

Q = Av=[(x)(0.025)*/4)(2.959) = 1.45 L/s
pily +vi/28 + 2y =paly +vi/28 + za+h,
040+ (5~ 1.5) = p/[(0.6)(9.79)] + 2.959/[(2)(9.807)] + 5+ h,

Ppa=—11.43 - 5.874h,

B, =0.019[3.25/(0.025){2.959*/[(2)(9.807)]} = 1.103m
Ppa=—11.43 — (5.874)(1.103) = —17.91 kPa

R

Je

EXAMPLE 8-3 Determining the Head Loss in a Water Pipe

Water at 60°F (p = 62.36 Ibm/ft® and p = 7.536 x 10-* Ibm/ft - s] is flow-
ing steadily in a 2-in-diameter horizontal pipe made of stainless steel at a rate
of 0.2 ft%s (Fig. 8-30). Determine the pressure drop, the head loss, and the
required pumping power input for flow over a 200-ft-long section of the pipe.

02 fit's
L ——

f———200 t——

Properties The density and dynamic viscosity of water are given to be p
= 62.36 Ibnvft® and u = 7.536 x 10* Ibrvft - s, respectively.
Analysis We recognize this as a problem of the first type, since flow rate,
pipe length, and pipe diameter are known. First we calculate the average
velocity and the Reynolds number to determine the flow regime:

4 v 0.2 t'ss

A, wDYA w214

pVD  (62.36 Ibm/1t*)9.17 fUs)2/12 ft)

Rib St e T - 126,400
" 7.536 X 10" *1bm/ft - s

Since Re is greater than 4000, the flow is turbulent. The relative roughness
of the pipe is estimated using Table 8-2

elD = ————— = 0.000042

The friction factor corresponding to this relative roughness and Reynolds
number is determined from the Moody chart. To avoid any reading error, we
determine f from the Colebrook equation on which the moody chart is based:

e/D 2.51 1 0.000042 2.51
== z) 3=z = ~20l0g | —o— + ——
37 ReVY VI 37 126400\ 1

Using an equation solver or an iterative scheme, the friction factor is deter-

mined to be f = 0.0174. Then the pressure drop (which is equivalent to
pressure loss in this case), head loss, and the required power input become

1
—e = =200 (
A\ »

AP =3P ,1 3 “"m%mz Mlhmlf;')l‘l 17 "M(_u :|Ir-.l:'- W‘:)
= 1700 IbIAE = 118 pst
W = VAP = m.:u‘/w17m|hun1>(]—w) = 461 W

\iend 737 1M+ (s

Therefore, power input in the amount of 461 W is needed to overcome the
frictional losses in the pipe.

Discussion It is common practice to write our final answers to three signifi-
cant digits, even though we know that the results are accurate to at most two
significant digits because of inherent inaccuracies in the Colebrook equation,
as discussed previously. The friction factor could also be determined easily
from the explicit Haaland relation (Eq. 8-51). It would give f = 0.0172,
which is sufficiently close to 0.0174. Also, the friction factor corresponding
to £ = O in this case is 0.0171, which indicates that this stainless-steel
pipe can be approximated as smooth with negligible error.
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EXAMPLE 8-4 Determining the Diameter of an Air Duct

Heated air at 1 atm and 35°C is to be transported in a 150-m-long circular
plastic duct at a rate of 0.35 m?¥s (Fig. 8-31). If the head loss in the pipe
is not to exceed 20 m, determine the minimum diameter of the duct.

150 m——|

Properties The density, dynamic viscosity, and kinematic viscosity of air at
35°C are p = 1.145 kgm®, u = 1.895 x 10 5kg/m - s, and » = 1.655 X
10°% m?s.
Analysis This is a problem of the third type since it involves the determina-
tion of diameter for specified flow rate and head loss. We can solve this
problem by three different approaches: (1) an iterative approach by assum-
ing a pipe diameter, calculating the head loss, comparing the result to the
specified head loss, and Icul until the head loss
matches the specified value; (2) writing all the relevant equations (leaving
the diameter as an unknown) and solving them simultaneously using an
equation solver; and (3) using the third Swamee-Jain formula. We will
demonstrate the use of the last two approaches.

The average velocity, the Reynolds number, the friction factor, and the
head loss relations are expressed as (D is in m, V is in m/s, and Re and f are
dimensionless)

LV V. 03smls y
Vet =— = = B 035w
A, w4 w4 @‘ oy l" -
o2 vD \Yi
TV T 165 x 10 mA g 150m -
D 23 25
A :uum('—/—’ = ',) - :m..,.( L ';)
i 31 ReVy ReVf
Ly 150 m ¥
| o » 20m = [
= I n=I"D 08w

The roughness is approximately zero for a plastic pipe (Table 8-2). There-
fore, this is a set of four equations and four unknowns, and solving them
with an equation solver such as EES gives

D= 0267m, [ = 00180, V= 624ms,  and  Re = 100800
Therefore, the diameter of the duct should be more than 26.7 cm if the
head loss is not to exceed 20 m., Note that Re > 4000, and thus the turbu-
lent flow assumption is verified

The diameter can also be determined directly from the third Swamee-Jain
formula to be
el m(,_v:)m v"'( L )\:]um
= 066/e'(=—) +»
\ ghe &

L

o

- o~ 150 m o
- 0«»[0 + (1655 X 10" m¥sx0.35 mm"( )

(981 nvs*}20 m),

= 0271 m

W ke

EXAMPLE 8-5

Reconsider Example 8-4. Now the duct length is doubled while its diameter
is maintained constant. If the total head loss is to remain constant, deter-

Determining the Flow Rate of Air in a Duct

mine the drop in the flow rate through the duct.

CEE 331 Fluid Mechanics
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Analysis This is a problem of the second type since it involves the determi-
nation of the flow rate for a specified pipe diameter and head loss. The solu-
tion involves an iterative approach since the flow rate (and thus the flow
velocity) is not known.

The average velocity, Reynolds number, friction factor, and the head loss
relations are expressed as (D is in m, V is in m/s, and Re and f are dimen-
sionless)

v v v
V=—s= - - Ve —
A, wDA w(0.267 m)*/4 ——c -
vD V(0.267 m)
Re=— - Re=——0n——0p
v 1.655 X 10 "m/s

1S o (rJl)+ :.51)
v ST Re\f

DY 300 m

h,=/51—¥ — 20m=Jf

25
L. =-20 lng( : )
VI
Vv

0.267 m 2(9.81 m/s*)

This is a set of four equations in four unknowns and solving them with an

equation solver such as EES gives

V=024m'%. [=00195, V=423mis, and Re = 68300

Then the drop in the flow rate becomes

Viop = Vos = Voew = 035 — 0.24 = 0.11 m¥s (a drop of 31 percent)

Therefore, for a specified head loss (or available head or fan pumping
power), the flow rate drops by about 31 percent from 0.35 to 0.24 m¥s 45

when the duct length doubles.

(aell) V¥ e

Alternative Solution 1f a computer is not available (as in an exam situation),
arother option is to set up a manual iteration loop. We have found that the
best convergence is usually realized by first guessing the friction factor f,
ard then solving for the velocity V. The equation for V as a function of fis

= 2¢h,

\rLip
Once V is calculated, the Reynolds number can be calculated, from which a
corrected friction factor is obtained from the Moody chart or the Colebrook

ecuation. We repeat the calculations with the corrected value of f until con-
vergence. We guess f = 0.04 for illustration:

Average velocity through the pipe: V.

Iteration f(guess) Vv, mis Re Corrected f
1 0.04 2.955 4.724 x 10* 0.0212

2 0.0212 4.059 5.489 x 10* 0.01973

3 0.01973 4.2¢7 6.727 x 10* 0.01957

4 0.01957 4.224 5.754 x 10* 0.01956

5 0.01956 4.225 6.756 x 10* 0.01956

Notice that the iteration has converged to three digits in only three iterations
ard to four digits in only four iterations. The final results are identical to
those obtained with EES, yet do not require a computer.

CEE 331 Fluid Mechanics
Monroe Weber-Shirk

Discussion The new flow rate can also be determined directly from the sec-
ord Swamce Jain formula to be

(gD’h,\** ] 317w\
~0.965/ In|— + T

\ L 3.70D oD'hy
/(9.81 n/s%)(0.267 m)*(20 m))"‘
\ 300 m

3.17(1.655 % 10 * m¥s)3(300 m)\**
X In|0 + = =
(9.81 m/s*)(0.267 m)'(20 m)

v

—0.965

=024 m's

Note that the result from the Swamee-Jain relation is the same (to two sig-
nificant digits) as that obtained with the Colebrook equation using EES or
using our manual iteration technique. Iheretore, the simple Swamee-Jain
relation can be used with confidence.
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EXAMPLE 8-6 Head Loss and Pressure Rise
during Gradual Expanslon

A 6-cm-diameter horizontal water pipe expands gradually to a 9-cm-diameter m
pipe (Fig. 8-40). Ihe walls ot the expansion section are angled 10* trom the ™
axis. The average velccity and pressure of water before the expansion section ™
are 7 m/s and 150 kPa, respectively. Determine the head loss in the expan- 1
sion section and the pressure in the larger-diameter pipe. n

150 kPa

Assumptions 1 The flow is steady and incompressible. 2 The flow at sec-
tions 1 and 2 is fully developed and turbulent with a; = a, = 1.06.
Pioperties We take the density of water to be p = 1000 kg/m3. The loss coef-
ficient for a gradual expansion of total included angle # = 20° and diameter
ratio d/D = 6/9 is K, = 0.133 (by interpolation using Table 8-4).

Analysis Noting that the density of water remains constant, the downstream
velocity of water is determined from conservation of mass to be

my =1, = pViA =pVhA, = V,=—V, ==V
A, D;
(0.06 m)*
V, = ———=(Tm/s) = 3.11m/s
= (0.09 m)*

(aslol) V¥ e
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Then the irreversible head loss in the expansion section becomes
h K, Vi 0.133) (4.... 0.333
= K7 = (0.123) —— = 0.333m
X L2g 2(9.81 m/s?)

Noting that z, = 2, and there are no pumps or turbines involved, the energy
equation for the axpansior section 's expressed in terms of heads as

P, vi 0 Py v3 y
E*’“‘ﬂ*zl*'hwwv —E+a:$+k:+h"n.“ + iy
or
P, Vi p v
—ta—=—+am— + N
PR 2 P8 22

Solving for P, and substituting,
a,Vi 2
Py =Py ¥ py———————

" {an m/s) — 1.06(3.11 mss)®

>

X( 1 kN )( IkPn)
1000 kg - m/s*/\ 1 kN/m?

= 168 kPa

—gh,} = (150kPa) + (1000 kg/m’)

— (9.81 m/s?)(0.333 mb}

Therefore, despite the head (and pressure) loss, the pressure increases from
150 to 168 kPa after the expansion. This is due to the conversion of
dynamic pressure to static pressure when the average flow velocity is
decreased in the larger pipe.
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Example 1. Oil, with p = 900kg/m3 and kinematic coefficient of viscosity v = 0,00001m2 /s,
Sflows at g, = 0,2m3 /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 10 in the flow direction.

Solution. First we compute the Reynolds number Re =V -d/v=4-q,/(ndv)=4- 0,2/(3,14-
0,2-0.00001) = 128000. Velocity is equal to v = q,/( ”‘Ti:] = 6.4 m/s. Absolute roughness for
iron-cast pipe is € = 0.26 mm. So relative roughness is € = f—', = 0,0013. Now we are able to
calculate using the formula(10) or Moody chart, friction factor [ = 0,0225. Then the head loss is

2 500 6.47

L _ B
hy= f;z—g = (I.OEEDEm =117m

For inclined pipe the head loss is

A
P4

hy=
"~ g

A .
Z|—z22 = 22 Lsin10°.
P,

So pressure drop is

Ap = pg(hy—500-5in10°) = 900-9.81 - (117 — 87) = 265-10°.

1% b

s

H=10m !50-mm-diam clean cast-iron pipe @
Water — = =
20°C =

2= L Giobe varve

l Standard elbows
f+—30m + -60 m |
Square-edged entrance

Example 3. Find (see figure 5.)
1. the discharge through the pipeline as in figure for H=10 m
2. determine the head loss Hy for q, = 601/s.
D=0.15m, §=0,0017, v=1,01-10"°.
Solution. The energy equation applied between points 1 and 2 including all the losses, can be
wrilten as

v Vv

+(Ki+K2+K3+K4) 5

Vv e £
H, = 5 f

D2g

o3
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where Ky = 0,5 is entrance loss coefficient,K>. K3 = 0.9 as a standard elbow, and K4 = 10 for
globe valve fully open. Putting the values tot the above formula one obtain

Hy = %113.3 + 680 /)

To start we need to guess [. A good first guess is the "fully rough” value (wholly turbulent) for
€/d = 0,0017from Moody chart. It is [ = 0,022. Now from Darcy-Weisbach formula (4) we have

v
10= 7—1 13.3+ 680 0.022) = v =2.63, Re=391000
2g
[ ~0.023 v=2.6m/s Re = vd /v ~ 380000
frren (380000) = 0,023 v =12.6m/s Re = vd /v = 380000

We accepted v=2.60 m/s, ¢, =v( %l'-) =45.9-10"3 m’/s.
For the second part, with g, known, the solution is straightforward:

s 0.06 , o .
vo=8 =2 _340m/s,  Re=505000, £ =0.023
< A4 70.152 ‘
4
and
3.4° i
Hy = —="__(13,3+6800,023) = 17.06 m
2.9.81

Wk

Example 4. Flow between two reservoirs. Water at 10°C flow from a large reservoir to a small
one through a 5-cm-diameter cast iron piping system shown in figure (6). Determine the elevation
z) for the flow rate of 6l/s.

Sharp-edged

entrance, K, =0.5

= Standard elbow,
flanged, K, = 0.2

Gate valve
fully open

— 80 M —

fAnswer. 27,9 m)
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Find the head loss due to the flow of 1,500 gpm of oil (v =1.15x10"" fi* /s ) through 1,600 feet
of 8" diameter cast iron pipe. If the density of the oil p=1.75 s/ug / f’, what 1s the power to be
supplied by a pump to the fluid? Find the BHP of the pump if its efficiency is 0.85.

Solution

We have the following information.
p=175slug/ ft’ v=115x10" fi* /s D=0.667 fi

Therefore, the cross-sectional area is

A=nD'/4 = 7x(0.667 ft)" /4 =

I(fr /s J
g_):lﬁﬂf_l(gpm)xgz 3l
448.8( gpmt) s

0 334(f /s
Therefore, the average velocity through the pipe is /' === ——n-—=
A 0349( 1)

We can calculate the Reynolds number.

(aelsl) VA Jlo

Therefore, the flow is turbulent.

v 1.15x107™ (fi* /s)

For cast iron, £=8.5x107" fr. Therefore, the relative roughness is

;_;=8.5x10”(_/ii

D 0.667(fr)

Because we have the values of both the Reynolds number and the relative roughness, it is
efficient to use the Zigrang-Sylvester equation for a once-through calculation of the turbulent

flow friction factor.

/D 502. (&/D 13
L=_4_01ogm g/L _\_log;. (¢/D 13
NI “[37 Re 37 Re
[127x10° 502 (1.27x107 3
= —40log, |2 A S92 e (120007, 13 M saos
L EE 555x10°0 - 3.7 5.55x10" )

which yields | /= 0.00612

CEE 331 Fluid Mechanics
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The head loss is obtained by using

72 1600 (1) (9.58 fi/s)’
h =2f(£] V) 2000612528000 OS8fils) _reemr
D) g 0.667(f1) 322(fi/s*)
3
The mass flow rate is n'q=/)Q=1A75[Sji’jg]x3‘34{£]= 5.85%
t s N

The power supplied to the fluid is calculated from

K telb
PowcrtoFluid=n'7hfg=5.85[ﬂjx83.7(ﬁ)x32.2(£j= l.58><104Q
S 87 S
We know that 1 HorseP 5507 Therefore. Power to Fluid [28.7 1]
[~ OW tha Qrserower = _—. cre1ore, ower to uid =
- p

The efticiency of the pump 77 =0.85. Therefore,

y id 28.7(7
Brake Horse Power = Power to Fluid = ( ) =(33.7 hp

n 0.85

1l

Water at 15" C flows through a 25-cm diameter riveted steel pipe of length 450 m and
roughness &= 3.2 mm . The head loss is known to be 7.30 m. Find the volumetric flow rate of

water in the pipe.
Solution

For waterat 15° C, p=999kg/m’ u=1.16x10" Paes so that the kinematic viscosity can be
calculated as v =/ p=[1.16x10" m" /s

T'he pipe diameter is given as D =0.25 m , so that the cross-sectional area is

A=7nD"/4 = 7x(025m)" /4 = |491x10™" m"
I'he length of the pipe is given as

We do not know the velocity of water in the pipe, but we can express the Reynolds number in
terms of the unknown velocity.

DV 0.25(m)xV
v _l‘l(nll)"m' s) =

e where V' mustbe in m/s.

At this point, we do not know whether the flow is laminar or turbulent. Given the size of the
pipe and the head loss, it is reasonable to assume turbulent flow and proceed. In the end, we
need to check whether this assumption is correct.

CEE 331 Fluid Mechanics
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Now, we are given the head loss /.. Let us write the result for 4, in terms of the friction factor.

LY V') o . ’ . .
|| = | Substitute the values of known entities in this equation.

s =
h’—-!|1)“

¥: | — ;
| This can be rearranged to yield

450(m) {
9.81(m/s*) |

7.30 =2 A}—
() / 1([25(151)

. m s
V" =1.99x10" —| where V" mustbein m/s.
7

I . 141
T'aking the square root, we find -”I

We can see that the product Re/f can be calculated, even though we do not know the velocity
Vi

Reyf =2.16x10° \”‘:f” =[.05x10']

Given & =3.2 mm , the relative roughness is

29 ]
£ 320 W) 2807
—_— =|1.28x10™

-1_)_= 0.25(m)

(aalol) 14l

Therefore, the entire right side in the Colebrook Equation for the friction factor is known. We
can use the Colebrook Equation to evaluate the friction factor in an once-through calculation.

1

/D 1.26 —l.zﬂxlﬂ‘ 1.26 ]
—==-40log,| —+—7—=| =-40log)| ———+———| = [
-’A (=} ;-7 Rc ./~ &1 L :‘:-7 .:\_()5)(]{)}:

Therefore, the friction factor is | f 1104

. - 0.141 .
Using \/7 - . we can evaluate the velocity as

0.141(m/s) 0.141(m/s)
V= = =|1.39m/s| so that the volumetric flow rate is obtained as

Q=VA=139(m/s) x 491x107 (m*)=[6.80 10" 2=

§

We must check the Reynolds number. Re=2.16x 10° 17 ={3.00x10°|. This is well over 4,000
so that we can conclude that the assumption of turbulent flow is correct.
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Determine the size of smooth 14-gage BWG copper tubing needed to convey 10 gpm of a
process liquid of kinematic viscosity v=2.40x10"" fi* /s over a distance of 133 ff at ground
level using a storage tank at an elevation of 20 f7. You can assume minor losses from fittings in
the line to account for 5 ft of head.

In this problem, we are asked to calculate the diameter D of the tube. We are given -
1(f/s) fr

=|2.23x10 “—| . Given that the storage tank is located at an
448.8(gpm) K

clevation of 20 frabove ground, we can infer that the available head loss for friction in the flow

and Q=10 gpm x

through the tube is /1, =(20-5) fi

The diameter appears in both the Reynolds number and the result for the head loss in terms of the
friction factor. Let us begin with the head loss and write it in terms of the volumetric flow rate,
which is known.

(3 5)-+(3

(40/7D*) | 3
=.fx
\D ) g J b4

Substituting known entities in this equation, we obtain

(aelsl) Y+ Jlo

C 32x133(fi)x(2.23x107% '/ s) JF —
15t = f% - =6.65x10"? so that f=226x10° D

7 x322(ft/s*)xD

where D must be in feet.

The Reynolds number can be written as

2.23x107 ( f#* /. 3

Re = . e 1(3 (” ’) L1820 where D must be in feet.

zvD ferAOxlO""jl‘ s)xD D

We can make further progress if we assume the type of flow, so that we can use a correlation for

the friction factor. It is reasonable in process situations with this flow rate to assume turbulent

flow. So, we shall proceed with that assumption, to be verified later when we can calculate the
Reynolds number.

It does not matter which correlation we use, because we must solve an implicit equation for the
diameter in either case. So, let us use the Colebrook equation because it is simpler. For a
smooth tube, the roughness , £ =0, so that we can set the relative roughness £/ D=0 in the
Colebrook equation to obtain
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In this equation, substitute for both the friction factor and the Reynolds number in terms of the
diameter, to obtain

2 22 3
;‘\=—4.0logm - 1.26 — | =—4.0log,, ﬂ
47.5D"" (1.18x10°/ D)x(47.5 D** D

or

D™* =-190log,,[ 2.25x10™ D**]

Solving this equation, we obtain D =7.91x107" fi =

(aelsl) Y+ Jlo

A table of standard tubing dimensions for specified nominal diameters and Birmingham Wire
Gage (BWG) values can be found in many places. The textbook by Welty et al. provides it as
Appendix N. From the table, we find that for 14-gage tubing with an outside diameter of 1", the

inside diameter is 0.834”. The next higher outside diameter available is 1——inch , and for this
- 4

0D, 14-gage tubing comes with an inside diameter of 1.084"". Therefore, we must select one of

these two tubes. If we want to be sure to obtain the desired flow rate, we must choose the value
that is larger than 0.949” . You may wonder why. Here is an approximate answer.

In turbulent flow, the friction factor [/ « "™, where 0<a <1. In laminar flow, [« ' In

both cases, we can write f17* « " where b>0. Therefore, the head loss from pipe flow

friction /, =%ﬂ"

g) D
For a fixed volumetric flow rate, as the diameter is increased, J*decreases and 1/D also
decreases. Therefore, the head loss decreases for a given volumetric flow rate as the diameter is
increased. This means that with a fixed head loss available, we can comfortably achieve the
desired flow rate using a suitable valve. On the other hand, if we choose a diameter that is
smaller than the calculated value, we would need a larger head available for driving the flow
than is available.

Now, let us use the actual inside diameter of the selected tube, D=1.084"=9.03x10" fi to
evaluate the Reynolds number of the flow.
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40 4x2.23x107 (1 /s5) . )
e g —r— ( ; [1.31x l(l'! Therefore, the flow is
avD  rx240x107 (fi*/5)x9.03x107 (ft)

turbulent as assumed

The actual friction factor can be calculated from the Zigrang-Sylvester equation
1 g/D 5.02 ¢/D 13
4.0log,, ~— lugwi — + ‘
\/7 3.7 Re 3.7 Re)]
5 13

\ 5.02 (
40log,|0 - log,, |
=017 131x10° T

yielding [ £ =0.00724]

0+ 118
{ 131-1:»'1

The actual head loss for the desired volumetric flow rate will be

2

32133 (f1)%(2.23x102 fi*/5)’

) ' )
h, = fx "(\ 0.00724 x 3.03 fi
gD L I

e Ah

7 7 x322(ft/57)%(9.03x107 fi)

which is less than available head of 15 f#

2 > & | g
Therefore, we must specify 14-gage, 14 inch tubing for this application

‘r“-.’.)b Al £ 5o> A
S LSLQ 4J5J> le —_— — o2
Sl Sl ol > 63_\,;

el VA:VB

hyja=hy o+ hy g
Siloe sl algl”

f L..D fB’ Lli’ DB
A FA A

‘)_>| )‘) GQ 694»..7@0 )_;‘)_, n“slf 6:0> fir Ly Dy
. &;MAJ l ,J“ . / \ I)U < ,).\
— Ao B —»
ey Claisl asls o 4o las cél> —\_/\/—
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EXAMPLE 8-7 Pumping Water through Two Parallel Pipes :
Water at 20°C is to be pumped from a reservoir (z, = 5 m) to another reser- :
voir at a higher elevation (z; = 13 m) through two 36-m-long pipes con- g
nected in parallel, as shown in Fig. 8-47. The pipes are made of commercial m
steel, and the diameters of the two pipes are 4 and 8 cm. Water is to be m
pumped by a 70 percent efficient motor—-pump combination that draws 8 kW ®
of electric power during operation. The minor losses and the head loss in ™
pipes that connect the parallel pipes to the two reservoirs are considered to :
be negligible. Determine the total flow rate between the reservoirs and the g
flow rate through each of the parallel pipes. ]

Control
volume B
- boundary H
i

zp=13m
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Properties The density and dynamic viscosity of water at 20°C are p
= 998 kg/m® and . = 1.002 x 103 kg/m - s. The roughness of commer-
cial steel pipe s & = 0.000045 m (Table 8-2).

Analysis This problem cannot be solved directly since the velocities (or flow
rates) n the pipes are not known. Therefore, we would normally use a trial-
and-error apprcach here. However, equation solvers such as tES are widely
available, and thus, we simply set up the equations to be solvad by an equa-
tion solver. The useful head supplied by the pumo to the fluid is determined
from

(998 kg/m")V(9.81 /") hpgmp,

8000 W = —m8M8m™ ™ (1)
0.70

- PV 8N umg, ¢

(T

pomp - motor

We choose points A and B at the free surfaces of the two reservoirs. Noting

that the tluid at beth points is open to the atmosphere (and thus F; = Py

= Py and that the flud velocities at both points are nearly zero (Vy = Vi, =

0) since the reservoirs are large, the energy equation for a control volume
between these two points simplifies to

20 / <
f: +tu§ + 2y + Ny 4 =;P:- +a,2£; It
or
Ppug.u = (20 = 20 + b,

or

By = (13m = Sm) + b, -
where
o= b= (34

(aslsl) YV e

We designate the 4-cm-diameter pipe oy 1 and the 8-cm-diameter pipe by
2. Equations for the average velocity, the Reynolds number, the friction fac-
tor, and the head loss in each pipe are
V. Vl vl V.= Vl 5
! - T H 00t myA )
Va
e ————— 6
w(0.08 m)"/4
_ (998 kg/m")V,(0.04 m) =
1.002 X 10 *kg/m-s This is a system of 13 equations in 13 and their
solution by an equation solver gves
_ (998 kg/m")Vy(0.08 m) ’ 9 £ .
Re; = 1.002 % 10 'kg/m-s L] V = 0.0300 m’s, Vy = 0.00415 m’s, vV, 0259 m*/s
V, = 330ms, Vi=S1Savs, ho=hy == 1L0m, By, =190m
Re, = 131,600, Re,=410000, f,=00221, f, = 00182
Note that Re > 4000 for both pipes, and thus the assumption of turbulent
© flow is verified.
Discussion The two parallel pipes have the same length and roughness, but
) the diameter of the first pipe Is half the diameter of the second one. Yet only
14 percent of the water flows through the first oipe. This shows the strong
. 0.000045 dependence of the flow rate on diameter. Also, it can be shown that if the
N ——=-20 ,Dg(‘_"—, ) o) free surfaces of the two reservoirs were at the same elevation (and thus z,
V1 X 008~ pe,Vy/ = Zg), the flow rate would increase by 20 percent from 0.0300 to
,2 0.0361 m7s. Alternately, if the reservoirs were as given but the irreversible
an head Icsses were negligible, the flow rate would become 0.0715 m¥s (an
increase of 138 percent).
a2
axn
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: EXAMPLE 8-8 Gravity-Driven Water Flow in a Pipe

® Water zt 10°C flows from a large reservoir to a smaller cne through a 5-cm-
[ ] diameter cast iron piping system, as shown in Fig. 8-48. Determine the ele-
g Vation z, for a flow rate of 6 L/s.

uy="1 [©) Sharp-edged 3
. entrance, K; =0.5
_— Standard elbow,
flanged, K; =03
|

I
/

9m Gate valve, |

—Contral ! fully open i
volumz K; =02— :
boundary :

|

80m — ] it k, = 106

Properties The density and dynamic viscosilty O’f water at 10°C are p
=999.7 kg/m? and u = 1.307 X 103 kg/m - s. The roughness of cast iron
pipe is ¢ = 0.00026 m (Table 8-2).

(aslal) YY e

Analysis The piping syslem involves 89 m ol piping, a sharp-edged
entrance (K, = 0.5), two standard flanged elbows (K, = 0.3 each), a fully
open gate valve (K, = 0.2), and a submerged exit (K, = 1.06). We choose
points 1 and 2 at the free surfaces of the two reservoirs. Noting that the
fluid at both points is open to the atmosphere (and thus P, = P, = P,)
and that the fluid velocitics at both points are nearly zero (V; = V, = 0), the
energy equation for a control volume between these two points simplifies to

» A0 2 A0
L Vi 3 Ya
= iy == =i s — +z,+h - H1=2t+h
P8 2 P8 2g

wherz
hy = H =h +h = i/ L + E K —Vz
L= N ot = A1, major L, minor = \fD I 22

since the diameter of the piping system is constant. The average velocity in
the pipe and the Reynolds number are

v v 0.006 m¥/s
= —=—————=3.06m/s
A, wD/4 @ (0.05m)/4

_ pVD _ (999.7 kg/m*)(3.06 m/s)(0.05 m)
T m 1307 X 10 “kg/m-s

The flow is turbulent since Re > 4000. Noting that /D = 0.00026/0.05
= 0.0052, the friction factor is determined from the Colebrook equation (or
the Moody chart),

Re = 117,000
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! 25 2 2
1 _ 20 ,og(ﬂ - ---l_) IS lm_!(o.oos. 251 )
Vrf 37 ReVy 37 n7.000\

It gives f = 0.0315. The sum of the loss coefficients is
EKI = Ky, cotroer + 2K stcw + K wtee + Ky onn
=05+2 x 03+02+1.06=236

Then Lhe lolal head luss and Lhe elevalion of Lhe source become
L Lk 89 m (3.06 m/s)*

f—+ XK, J—=[(00315 +236) ———
D 2 0.05m

2(9.81 nvs®)
=L +h=4+279=319m

hy =279m

<1
Therefore, the free surface of the first reservoir must be 31.9 m above the
ground level to ensure water flow between the two reservoirs at the specified
rale.
Discussion Note that fL/D = 56.1 in this case, which is about 24 tmes the
total minor loss coefficient. Therefore, ignoring the sources of minor losses
in this case would result in about 4 percent error. It can be shown that at
the same “low rate, the total head loss would be 35.9 m (instead of 27.9 m)
if the valve were three-fourths closed, and it would drop to 24.8 m if the
pipe between the two reservoirs were straight at the ground level (thus elimi-
nating the elbows and the vertical section of the pipe). The head loss could
be reduced further (from 24.8 to 24.6 m) by rounding the entrance. The
head loss can be reduced significantly (from 27.9 to 16.0 m) by replacing
the cast iron pipes by smooth pipes such as those made of plastic.

YE e
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EXAMPLE 8-9 Effect of Flushing on Flow Rate from a Shower

The bathroom plumbing of a building consists of 1.5-cm-diameter copper
pipes with threaded connectors, as shown in Fig. 8-49. (a) If the gage pres-
sure at the inlet of the system is 200 kPa during a shower and the toilet
reservoir is full (no flow in that branch), determine the flow rate of water
through the shower head. (b) Determine the effect of flushing cf the toilet on
Lhe flow rale Llhrough Lhe shower head. Take Lhe loss coellicienls of Lhe
shower head and the reservoir to be 12 and 14, respectively.

Shower head
K.=12

Toilet reservoir
with float

K, =14
2m
Globe valve,
Cold Im fully open
water K; =2 K, =10
»[ | [

Properties The properties of water at 20°C are p = 998 kg/m3, u = 1.002
X 103 kg/m - s, and v = w/p = 1.004 X 10-6 m?s. The roughness of
copper pipes ise = 1.5 X 106 m.
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Analysis  This is a problem of Lhe second lype since il involves Lhe delermi-
nation of the flow rale for a specified pipe diameler and pressure drop. The
solution involves an iterative approach since the flow rate (and thus the flow
velocity) is not known.

(a) The piping system of the shower alone involves 11 m of piping, a tee
with linc flow (K, — 0.9), two standard clbows (K, — 0.9 cact), a fully open
globe valve (K, = 1C), and a shower head (K, = 12). Therefore, £K, = 0.9
+ 2 x 0.9 - 10 + 12 = 24.7. Noting that the shower head is open to the
atmosphere, and the velocity heads are negligible, the energy equation for a
control volume between points 1 and 2 simplifies to

& Vf+ +h F:+ vi +h +h
—tay—+2 = 25, T2 ¢
o8 a'zk 1 pemp. 2 C',_ ‘wrbine. L
Py, gge
— =(z,—-2))+h
= o2 (22 1) L
Therzfore, the head loss is
200,000 N/m*
hy=————F————-2m=184m

(998 kg/m’)(9.81 m/s%)

Also,

(jL+ zl()vZ 18.4 (/ oo +~47) i
=lre — 4= 24. -
D L) 2 0.015m 2(9.81 m/s®)

(aslol) YF e
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since the diameter of the piping system is constant. Equations for the aver-
age velocity in the pipe, the Reynolds number, and the friction factor are

v v v

V= —=—01 - Ve
A, wDA w(0.015 m)¥/4
vD V(0.015 m)

Re =— =Y. R e
v 1.004 X 10 *ms

L =20 Iog(w )
= Re VS

15 X 107°m 251
e ——"()l e —
3.7(0.015m)  Re\s

This is a set of four equations with four unknowns, and solving them with an

equation solver such as EES gives

V = 0.00053 mss, [=0.0218, V=298 m/s, and Re = 44,550

Therefore, the flow rate of water through the shower head is 0.53 Us.

(b) When the toilet is flushed, the float moves and opens the valve. The dis-
charged water starts to refill the reservoir, resulting in parallel flow after the
tee connection. The head loss and minor loss coefficients for the shower
branch were determined in (a) to be h, , = 184 m and XK, , = 24.7,
respectively. The corresponding quantities for the reservoir branch can be
determined similarly to be
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200,000 N/m*

by = ——————
(998 kg/m™)(9.81 nv/s*)

—Im=194m
3K, 3 =2+ 10+ 09+ 14 =269

The relevant equations in this case are

Vi=Vy+ Vs
= i ( om 47) Y A
L2 =fi5015m 2(9.81 uws?) Sooism T 24 20981 miY)

Sm Vi m 3
hs=f =+1fs + 269 — =194
) 0.015 m 2(9.81 m/s*) 0.015m 2(9.81 m/s%)

v, v, v,
vV, = o= = =T L 5
7O0O0I5m¥4  °  m0O015m/4 ' m(0.015 m)¥4

V1(0.015 m) V5(0.015 m) V3(0.015 m)

Re, = = 3
1.004 % 10" °m?/s

= 3,0 Re; = 5
1.004 % 10~ *ms © 1004 X 10" °m¥s

(1.5 X 10°°m 251 )
= —20bgl———r——+ =
3.7(0015m)  Re,\/f,

15 X 10°°m 2.51
=-20lgl ———+ =
3.7(0015m)  Re,\/f,

/
o

<
bl |

i (Bxloa, 2s1)
3.7(0.015m)  Re,\, l—z

(aslol) YF e

Solving these 12 equations in 12 unknowns simultaneously using an equa-
tion solver, the flow rates are determined to be

V, = 0.00090 m%s, V,=0.00042m%s, and U, = 0.00048 m*/s

Therefore, the flushing of the toilet reduces the flow rate of cold water through
the shower by 21 percent from 0.53 to 0.42 L/s, causing the shower water to
suddenly get very hot (Fig. 8-50).

Discussion |If the velocity heads were considered, the flow rate through the
shower would be 0.43 instead of 0.42 L/s. Therefore, the assumption of
negligible velocity heads is reasonable in this case. Note that a leak in a pip-
ing system would cause the same effect, and thus an unexplained drop in
flow rate at an end point may signal a leak in the system.
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