M E 320 Professor John M. Cimbala Lecture 26

Today, we will:

Discuss dimensional analysis of turbines
Do an example problem — dimensional analysis with turbines
Discuss piping networks — how to deal with pipes in series or in parallel

b. Dimensionless parameters in turbine performance
We perform exactly the same dimensional analysis for turbines as we did for pumps. Result:

Dimensionless Parameters: C, = v - C, = %HZ C, = bf;p g
@D @D pao’D
Capacity coefficient ~ Head coefficient Power coefficient

Example: Scaling up a hydroturbine
Given: An existing hydroturbine (A): Fluid is water at 20°C, D = 1.95 m,

f, =120 rpm, bhp, = 220 MW, and V, =335 m®/s at H, =72.4 m . We are designing a new
turbine (B) that is geometrically similar, still uses water at 20°C, and n; =120 rpm, but
H, =97.4 m. [Dam B has a higher gross head available than Dam A.]

Todo: (a) Calculate Dg and V, for operation of turbine B at a homologous point.
(b) Calculate bhpg and estimate the turbine efficiency of both turbines.
Solution:
(a) At homologous points, the two turbines are dynamically similar. Apply the affinity laws:
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Finally, the efficiency is calculated for each turbine:
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4. Examples
Example: Taking a Shower and Flushing a Toilet (E.g. 8-9, Cengel and Cimbala)

Given: This is a very practical everyday example of a parallel piping network! You are
taking a shower. The piping is 1.50-cm coper pipes with threaded connectors as sketched.
The gage pressure at the inlet of the system is 200 kPa, and the shower is on. The hot water is
from a separate supply — only the cold water system is shown here.
Shower head
K; =12
Toilet reservoir

2m

Globe valve,
Cold I'm K =10 fully open
water K;=2 K; =10
@ 5m K; =09 4m

To do:

(a) Calculate the volume flow rate V, through the shower head when there is no water
flowing through the toilet.

(b) Calculate the volume flow rate V, through the shower head when someone flushes the
toilet, and water flows into the toilet reservoir.

Solution: (copied from the textbook)

SOLUTION The |cold-water plumbing system |of a bathroom is given. The
flow rate through the showerkand the effect of flushing the toilet on the flow
rate are to be determined.
Assumptions 1 The flow Is steady and incompressible. 2 The flow i1s turbu-
lent and fully developed. 3 The Yeservoir is open to the atmosphere. 4 The
velocity heads are negligible.

\

We consider only the cold water line. The hot
water line is separate, and is not connected to the

This is a simplifying assum_ption toilet, so the volume flow rate of hot water
that may or may not be valid. We through the shower remains constant. The cold
should check the validity later. water, however, is affected by flushing the toilet.

Properties The properties of water at 20°C are p = 998 kg/m3, u = 1.002 X
10-3 kg/m's, and v = w/p = 1.004 x 10~° m?s. The roughness of copper
pipes is e = 1.5 X 107® m.




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 pressure drop. The
solution involves an iterative approach since the flow rate (and thus the flow
velocity) is not known. | Part (a) is not a parallel system since no flow through the toilet. |
(a) The piping system of the shower alone involves 11 m of piping, a tee
with line flow (K, = 0.9), two standard elbows (K; = 0.9 each), a fully open

globe valve (K, = 10), and a shower head (K, = 12). Therefore, EKL = 0.9

+ 2 x 09 + 10 + 1\2 = 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

o
+ *7*2 + hturbine,e + hL
We neglect the velocity heads in the Py gage = (2 —z) + h
energy equation. Alternatively, if V, = pg ozl L
= V,, then these two terms cancel
each other out. P2 = Pam, and therefore P; — Py = Py gage.

Therefore, the head loss is

_ 200.000 N/m?
(998 kg/m3)(9.81 m/s?)

h; —2m = 184 m

Also,

L V2 11 m V2
ho=(f=+ K, ) — 18.4 = + 247 ) ——
'L (f Dt L) 22 (f 0.015 m ) 2(9.81 m/s2)

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
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This is a set of four equations with four unknowns, and solving them with an
equation solver such as EES gives

Answer to part (a) — no toilet flushing
V = 0.00053 m%s, f=00218, V =298 m/s, and \Re = 44550

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

(b) When the toilet is flushed, the float moves and opens the valve. The
discharged 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;, , = 18.4 m and EKL_ o = 24.7,
respectively. The corresponding quantities for the reservoir branch can be
determined similarly to be

- 200,000 N/m?

L3 (998 kg/m?)(9.81 m/s?)

— Im=194m

MK =2+ 10+ 09 + 14 = 269

The relevant equations in this case are

V,=V, + V,
Sm V2 ( 6 m ) Vi
h, , = + + 24.7 = 184
L2 =015 m 2(9.81 m/s?) 25015 m 2(9.81 m/s?)
5m & ( [ m ) V3
h, = o + 26.9 - = 194
'L3 f'0.015 m 2(9.81 m/s?) f30.015 m 2(9.81 m/s?)
v, v, v,
Vi = S V2 = S5 V3 = .
7(0.015 m)*/4 w(0.015 m)*/4 w(0.015 m)*/4
V,(0.015 m) V,(0.015 m) V4(0.015 m)
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Solving these 12 equations in 12 unknowns simultaneously using an equa-

tion solver, the flow rates are determined to bel Answer to part (b) — with toilet flushing

. ; = ,
V, = 0.00090 m%/s, [V, = 0.00042 m’/s,| and V; = 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. 8-53).

Discussion 1f 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
piping 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.

FIGURE 8-53

Flow rate of cold water through a
shower may be affected significantly
by the flushing of a nearby toilet.




EES Solution — Toilet Flushing Example Problem
Part (a) EES Equation window:

'Example 8.9 - Toilet Flushing Problem, Fart (a)"

"Contants and properties™
g=ga#

rho = 998 [kg/m™3]

mu = 1.002E-3 [kaim-s]
0=0015[m]

epsilon = 1.5e-6 [m]
P_gage_1 = 200000 [N/m"2]
L1 =5&[m]

L_2=6[m]
SIGMAK_L_1=0
SIGMAK_L_2=09+2"09+10+12 "ee two elbows, valve, and shower head"
DELTAZ_1102 = 2 [m]

"Equations fo solve”

P_gage_1/{rho*g) = DELTAz_1t0Z2 + h_L_T1102

h_L_1to2 =V 2/(2*q) * (f_Tto2*{L_1+L_2)/D + SIGMAK_L_1 + SIGMAK_L_2)
A=pitDr2i4

Wodot = WEA

Re =v"D*ho/mu

f_1102 = MoodyChart{Re.epsilon/D)

v_dot_LPS =% _dot*CONVERT{M™3/s.L/s)

Part (a) EES Solution:
Unit Settings: S1 K kPa kd molar deg

A =0.0001767 [mé] D =0.015 [m] AZitoz =2 [M]

¢ =0.0000015 [m] firaz = 0.0217 g=9.807 [m/s]
NL1toz = 18.43 [m] Ly =5 [m] Lz =6 [m]
w=0.001002 [kgirm-s] Pyage1 = 200000 [N/m?) Re = 44576 [

o = 998 [kg/m? SIGMAK 1 =0 SIGMAK 5 = 247
V' =2.984 [mjs] Y = 0.0006273 [m3fs] Vips = 05273 [Lis]

Mo unit problerms were detected.




Part (b) EES Equation Window:
I'Example 8.9 - Toilet Flushing Problem, Part (b)"

"Contants and properties™

g=o#

rhio = 9983 [kag/m™3]

mu = 1.002E-3 [kg/mrs]

O=0015%[m]

epsilon =1 5e-G [m]

P_gage_1=200000 [N/m"2]

L1 =&[m]

L_2=6[m]

L_5=1[m]

SiGMak_L 1 =20

SIGMAK_L_2=09+2"09+ 10+ 12 "tes. two elbows, valve, and shower head"
SIGMAK_ L 3=2+10+09+14 “tee. one elbow, valve, and toilet mechanism™
DELTAzZ_ 1102 =2 [m)]

DELTAz_ 103 =1 [m]

"Equations to solve"

P_gage_1/irho™g) = DELTAZ_1102 + h_L_1to2

P_gage_1/irho*q) = DELTAz_1t03 + h_L_1to3

h_L_Tto2 =%_172/2%q) " (f_1"L_1/D + SIGMAK_L_1) + "2fi2
262

W2 20(2%g) * (f_2*L_2/D + SIGMAK_L_2)
_1’[08 W_1720(2%) * (F_1"L_1/D + SIGMAK_L_1)+V_3"2

g
*g) * (f_3"L_3/D + SIGMAK_L_3)

3 O*rhodru
oodyChartiRe_1.epsilon/D)
oodyChartiRe_2 epsilon/D)
oodyChart{Re_3.epsilon/D)

W dot 1=%_dot 2+ _dot_3
W_dot_2_LPS =%_dot_2*"CONVERT(m"3/s.Lis)

Part (b) EES Solution:

EEEH

A = 00001767 [m? D =0.015 [m] AZiroz = 2 ]

AZiigz =1 [m] & = 00000015 [rm] f; =0.01943

fo = 0.0228 [ f3 = 0.02212 [ q=9807 [m/=2]

NL1taz = 16.43 [m] NL1ta3 = 19.43 [m] Ly =5 [m]

Ly = 6 [m] Ly=1 [m] w= 0001002 [kg/m-s]
Pyage1 = 200000 [Njm?] Rey = 76419 | Rep = 35608 |

Res = 40811 [ p =998 [kg/m?] SIGMAK 1 =0
SIGMAK » =247 SIGMAK 3 =269 Wy =5.115 [mis]

Vo =2383 [m/s] Vg = 2732 [mis] Wy = 00009039 [mis]

Vo =0.0004212 [m3s] Vo ps = 0.4212 [Lfs] Wy =0.0004827 [m¥s]




