Chapter 2

2-1 Determine the weight of 1 g mass at sea levehitswf: (a) dynes; (b) b (c) g ;
(d) poundals.

Solution:

Define weight of 1 gm at sea level (L) in units of:
(@) dynes: W =mg =1 g (981 chy/s 981 dynes

1g 32.2:[2
(b) lbx: W = =0.00220 Ib
453.69 I, 32_2|bim1
b, &
1gm( 98@)
(C) gf; W:m -\ S J :]_g
9c 9g19m €M
g <
(d) poundalsW =mg = _dgm [32.17%) =0.0709 poundz
453.6% s

m



2-2  One cubic foot of water weighs 62.4 imder conditions of standard gravity.

(a) What is its weight in dynes, poundals, a2l g
(b) What is its density in [ft* and slugs/f?

(c) What is its weight on the moon (g = 5.4%/m Ib?

(d) What is its density on the moon?

Solution:

1fe H,O weighs 62.4 Ipat standard gravity
(a) Find weighs in dynes, Poundals, g

4.448%10 dyn
b

W = 62.4lh [ i =2.78x10 dyn

Ib; s “poundals’ I

W =62.4lh ( 32.1‘%”0'6? = 2010 pound:
f

W =62.41h ( 453.@%} =2.82x 10 ¢
f

(b) Find density in I/ft® and slugs/ft

o, 624l (325'%“:2]
M= = =2 =624l 0p=62.
g 32.2
S
0= 62. Ibr3n slug “19 sIL;g
2 32.171, ft

(c) Weight on moon, in It? (g = 6 ft/3)

W = mg ; W, =9 Since m, g= constant
9. W, g
! 6 %
Winoon = Wearn—220 = 62.4 b S f =11.6 I
Geartn 3217
S

(d) Density on moon?

Ib,,
ft3



p= v m,independent of g
lb
Dp:624ﬁg



2-3The acceleration due to gravity on the moon is aboti ft/s. If your weight is 150 Ip
on the earth:
(a) What is your mass on the moon in slugs,?
(b) What is your weight on the moon, in Sl units?

(c) What is your weight on earth, in poundals?
Solution:

Moon: g = 5.4 ft/& If you weigh 150 Ipon earth:

(a) Mass on moon in slugs = ? Mass is independemtso it is the same as on earth:
W=mg

1501h = m( slug} 32.f£SZ

M =4.66 slugs
(b) Weight on moon, in Sl units? (Scientific) W =gnean convert from slugs to kg
using:
kgm _, slugft b, ft
=1—— =1—= =3221"1
%NS I & lh &
or
WI’T'IOOH - g moon
Wearth gearth
_ 54 _ _ o _
Wi 0on = 1501bs| —— | = 25.155lb —25.1557Ib =112
32.2 0.2248°
N
(c) Weight on earth in poundals? (Scientific)
Convert from Itto poundals:
= b, Ez =32.2Ib_mfi or 3)lepoundals
poundals lh & I
W, =150 |bf[ 32.%*’"? = 4830 pounde
f



2-4You weigh a body with a masa on an electronic scale, which is calibrated with a
known mass.
(a) What does the scale actually measure, andavbats dimensions?
(b) If the scale is calibrated in the appropriagstem of units, what would the scale
reading be if the mass ofiis (1) 1 slug; (2) 1 I (in scientific units); (3) 1 Ik (in

engineering units); (3) 1,in scientific units); (4) 1 g (in engineering units).

Solution:

Weigh body with mass m on electronic scale

Calculated with known mass

(a) What does scale measure Force due to grawiy = & ﬁ
_ ML
W] = Yz

(b) What is scale reading if m is :

(1) 1 slug : (Scientific, g= 1)
W =mg =1slug 32.{(7 =322}k
(2) 1 Ib : (Scientific, g=1)

W=mg=1Ih, 32.2:—2 =32.2 Pound:

(3) 1 1b (Engineering, g= 32. 2%1)
m 32. 2ft
W = —g =1 Ib ﬁ = 1|bf
e 32.2.m =
lb; s

(4) 1 gm (Engineering, F QBOZ—m )

mg 980"
w=—"=1 gm—S =1g
9c 980977

g s



2-5 Explain why the gravitational “constantj)(is different at Reykjavik, Iceland than it
is at La Paz, Bolivia. At which location is it gtest, and why? If you could measure

the value ofj at these two locations, what would this tell ydnouat the earth?
Solution:

Why is g different at Reykjavic than at La Paz ?
mm,

Because: W, =G— where m= "any mass", Weight \W
r

m = earth, r = radius of earth

r is smaller at Reykejavik than at La Paz becaasthésn't round but is slightly
flat at the poles.

b gRey> Yap SINCE &ey< Lap

Measure of g gives a measure of r (radius of earth)

%
ﬁ - [gLaPJ
rLaP ORey




You have purchased a 5 oz bar of gold (100% pateg,cost of $400/0z. Because the
bar was weighed in air, you conclude that you gbamain, because its true mass is
greater than 5 o0z due to the buoyancy of airhdftrue density of the gold is 1.9000
g/cnt, what is the actual value of the bar based upotrie mass?

Solution:

5 0z gold bar cost $ 400/0z (weighted in air)

Pyold = 1.900 g/cc. What is actual value based onrtraasure?

Net Wt. = W, -W, =50z B | -03125 Ik
160z
Buoyancy =p_ vg = W,
M \Y
Wy =W, -W, = 9 _Pa'd
9 % Gold
M
Vg:_g l
Pg
Wt.:Mgg:ngg:Wg
-9 Pa - 9 Pa
Wy=—|M,-2M,|=M ,—|1
§ gc[ by QJ ggc( pgj
w,, %
M, = g
1.Pa
Pg

Assume, P=1atm, T=7P
b,

— 29
o = _M __ Ibmole (492) _ 0.0756%1

3
sd gpg ft°std \ 530
Ib mole

0.3125|b( 32%;}/{ 32.%}

Mg = =0.31271h, (True Mass)
1- 0.0750
1.90( 62.4
0.312718,, e
0.3125 I, ,;

True Value = 400 (

OZin air

j =$400.25 (Made 25¢!)



(Actually, the scale would be calibrated usingdawseight in air, so effect of buoyancy

cancels out.



2-7 You purchased 5 oz of gold in Quito, Ecuadpr=(977.110 cmfs) for $400/0z. You
then took the gold and the same spring scale omhwipou weighed it in Quito to
Reykjavik Iceland ¢ = 983.06 cm/A) where you weighed it again and sold it for

$400/0z. How much money did you make or lose,idrydu break even?

Solution:

Actually, the gold is probably weighed on a balanaébrated with a "standard mass,
so that effect of gravity cancels out. Howeverghge assume the scale was calibrated

in Quito, and used again in Rejkjavik without réHmation.

M=50z; W=mglg

Quito: W, = Mg,

C
Mg,
C
W, _g, _ 983.06
W, g, 977.11C

Iceland: W, =

Value of gold = $: $H_W_g
$ W9
; $ $400 983.06 _
Increase in Value$, -$, =$| =2 -1 =———( 50 -1 =$12.180ain:
2% $l[$l j oz \ 3[ 977.113 J



2-8 Calculate the pressure at a depth of 2 miles bétevsurface of the ocean. Explain and
justify any assumptions you make. The physicai@ple that applies to this problem
can be described by the equation

® =constant

where®= P+ pg z andzis the vertical distance measured upward fromtamzontal

reference plane. Express your answer in unita)o&im, (b) psi, (c) Pa, (d) pounddl/ft
(e) dyn/cn, (f) kg/m?, (g) N.

Solution:

Calculate R

Assume: P=1 atm (avg)

z, = 2 mi (neglect waves)

z,=0

p =64 an/ft3 (sea water) independent of P and z (incompregsible

g is independent of z

Plzlatm (1) zl:2mi
W
IZml
Ocean [ _»

P 2 ' (2) 22:0

z A TS AL LTSI TS SIS S

(a) @ = constant = P pgz
P, +pgz =P, +pgz,
or F, =P, +pg (z-2)

- (64'2 j(sz 2ftj(2m)( s200"

m') =320.274atm = 320 ai

2 7 ke 240

b, &° in 2atm
(b) P, =320.27 atm (14.7 psi/atm) = 4708 psi = 4710 psi

(c) P, =320.27 atm (1.0380° Pa/atm) = 3.25%10" Pa

10



. 2 }
(@) P, =320.27atmx14.7 2«14 xafpundal _; ;gz,pound
in“atm ft b, ft

cm? atm

(€) R :320.2‘{ 1.033xf0d¢j :3_25@%

Round off all answers to 3 digits maximum.

11



2-9

(a) Use the principle in Problem 8 to calculate ghessure at a depth of 1000 ft below
the surface of the ocean (in psi, Pa, and atmysuie that the ocean water density is
64 Iby/ft>.
(b) If this ocean were on the moon, what wouldthe answer to (a)? Use the
following information to solve this problem: Theadieter of the moon is 2160 miles,
the diameter of the earth is 8000 miles, and thesithe of the earth is 1.6 times that of
the moon.
Solution:
Calculate R
P, =1atm (1) z,= 1000 ft
Ocean 1000 f
p P =" _
T 2 (2 z,= 0
z

Assume: P=1 atm (avg)
p = 64 Ip /ft®

@ = constant = P gz
P, +pgz =P, +pgz,

or P,=P +pg (- 7)

(64Ib j(sz 2“)( 10001
P, =latm+ it

EHEipts

b, & in 2atm

=31.23atm =31.2a

P, = 31.23 atm (14.7 psi/atm) = 459 psi
P, = 31.23atm (1.038L0° Pa/atm) = 3.1&10° Pa

On moon: D =2160 mi, Q_.. = 8000 mi,p

! “earth

=1.6p

earth moon

Need to find D oor

12



Wt =G mignz =gm m = earth/moon, r = earth/moon
m
9= Gr_22

ngOFI = m

pnD?
2

moon r2earth’ m= pV -
gearth rnearth rmoon 6

3
Ymoon — (PD )m [&JZ _ (PD)m =i(£0j = 0.1687t
3 . ~
Gearn  (pD°) (D) ~ (pD), 1.6\ 8000

Gmoon = 32.% 0.1687}332 - 5_431;55

Also, on moon P= 0 (atm)

| ( j( 3Lj 10001)_75]0S

2
d F)2 :pgm(zl -Zy
B3

5PSl _ g 10atm

14.7P%
atm

P, :75ps'(1.033x16i:j =517x%0 |
14.7 at

P, =

13



2-10 The following formula for the pressure drop througtvalve was found in a design
manual:

_522K ¢°

R

where h. = the "head loss" in feet of fluid flowing througtme valve,K =

dimensionless resistance coefficient for the vatye, flow rate through the valve, in

ft/s, andd = diameter of the valve, in inches.
(a) Can this equation be used without changinghamgtif SI units are used for the

variables? Explain.

(b) What are the dimensions of "522" in this equz®i What are its units?

(c) Determine the pressure drop through a 2 invevalith aK of 4 for water at 20C
flowing at a rate of 50 gpm (gal/min), in units @f) feet of water, (2) psi, (3) atm,
(4) Pa, (5) dyn/cﬁ: and (6) inches of mercury.

L

Solution:

Formula for pressure drop in valve:
_ 522Kcf

==

h, ="head loss" (ft of fluid)

h,

K = coefficient [K] =0

q=ftls

d=in

Head is related tAP byAP=pgh

[522][0][L%}2

K dimensions]L] = [L4]

O Must have [522] =L
(a) Only dimensionless quantities are independestales (i.e., units)

O Any other units wouldn't work without converting22" into the system of
interest.

(b) Dimensions of 522 2/

4 iada2 iada2
522=h d i _ftlnss _|nes
Kq ft ft

(c) FindAP in (1) ft of HO (2) psi (3) atm (4) Pa (5) dyn/ér6) in Hg

14



Ford=2in, K =4, water at 20 at 50 gpm

3 A 3
q=5093_frmin_ _ 44940
min 7.48gal60s S

_522(4(0.11¥

24

h, =1.6195=1.62ftof i C

at 20C p,, = 998 kg/n
at #Cp, = 1000 kg/n

AP =pgh, = 998k—93( 9.8&) 1.6195ft) _ 4834@ = 4834 Pa = 483(
m )| 3.28 mg

“ft of H.O refers to ap,, 4°C:

h, :(hL)pLO" =1.6195220 =1.616 = 1.62ftof H ()
P 1000
P, = 4834Pa—4TPSL_ _ g 701p .
1.033x16 Pa
p= 2834Pa 4 ouz7ar .(3)
1.033x16 Pa/atm
P, =0.0477atm=1.033x10- D" =4 .g3:48" ..(5)
cn’ atm cni
P, =0.0477atm><29.9|5a:_|—mg =1.43in} ..(6)

15
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2-11 When the energy balance on the fluid in a stredra ts written in the following form
itis known as Bernoulli's equation:

¥+g(z2 -Zl)+%(V22 -V )+e +w=0
where -w is the work done on a unit mass of flus,is the energy dissipated by
friction in the fluid per unit mass, including ahermal energy effects due to heat
transfer or internal generation, ands equal to either 1 @ for turbulent or laminar
flow, respectively. 1#P; = 25 psigP, =10 psigzz =5m,z=8m,V; =20 ft/s,V. =5
ft/s, p = 62.4 Ip/ft3 o = 1, andw = 0, calculate the value ef in each of the following
systems of units:
a) Sl
(b) mks engineering (e.g., metric engineering)
(c) English engineering
(d) English scientific (with M as a fundamentainginsion)
(e) English thermal units (e.g., Btu)
(f) Metric thermal units (e.g., calories)

Solution:

Bernouill's equation (witl =1):
A—P+gAz +§1AV2+ef +w=0
p

-w = work/mass, = energy lost to friction/masa( ) = (), - (),
P,= 25 psig, P=10 psig, z=5m, z=8m, V, = 20 ft/s, \, = 5 ft/s
p=62.41h/ft} w=0

Calculate gin various units: (a) Sl: since all terms are ggémass, Sl units = Nm/kg

Solution of &
& --4P -gAz-—lAVZ-W
p 2

b,, fit 1 ft?
i (10-23"]2(14 inz) 3217 ;(8-5 m 5( 8 -26)?

AT 2
62.41°m *) 03048™ 321Pm 1 3p4Pm 1
fit Ib; s b, &

16



=34.6-9.84+5.83= 30.f|tl)bf

m

Convert to
(a) Sl:
e =30.67 0 ( 0.30451) a4 ][ 2Bm] —of
b, ft b kg kg
(b) MKS Engineering: i.e., kgkg_, m, s,g, = % = 9.81:g—m

S
& =30. flttl)bf(o_so4%1)( 441%}[ 2%](&j w,gggﬂ_m

m kg, )\ 9.81N
(c) English Engineering: i.e., ldb_, ft, s (See above):, & 30.6 ft Ih/lb
(d) English Scientific (M fundamental): i.e., sldg, ft, s,

g, =159 M _ 55 oMt 35 17Pm

° T lbs? Iy & slug
e =306 32 1Pm | —oghi
b, slug slug

(e) English Thermal: (e.g. BTU)

e :30.6ﬂ|bf( BTU j:o.039§E

Ib,, | 778 ftlb, I

m

(f) Metric Thermal (Cal, gm)

ef:o.osgf’w( 0.239cal ) B} -0.0262
Ib,, {9.48x10" BTU/\ 453.69 g

17



2-12 Determine the value of the gas const&htin units of ffatm/ Ibmol°R, starting with
the value of the standard molar volume of a peigast.

Solution:

Define R (ft“’atm/lbmoI °R) starting with standard molar volume:

3
VSC:359ft— atlatm,32 F 492 }
mol

Ideal Gas:

_PM_M( P 492

PTRT v |1atm T(OR)
or

3
3591‘t atm

i:4921 R= bus _g 7f13atm: .3ft°’atm
R V. 492 R Ig,,° R Ig,,° R

Define value of R in (%tmllbmol °R) starting with standard molar volume for Idead.ga

Ideal Gas:

PM M _ RT(masﬁ mol_ VO?

PTRT T P mass vol mo

ft3
Standard molar volumel,, = 359m—OI atP =latm, T =T =492

vol . (T)PR)_RT
T 'Vm - Vsc |l sl 5
mol T, )\LP P

3 3
R =VSCE _[ 35 ft ( latm j — 0.729 ffatm _ 0.72;£atm _ 0.zgﬁatm
T, b, )\ 492 R I, ° R Ig,° R Ih,.° R

mol

18



2-13 Calculate the value of the Reynolds number for wodflowing at a rate of 50 gpm
through a tube with a 1/2 in. ID, at 460

Solution:

Calculate N_for Na at 50 gpm in 1/2 in tube at 460

Appx A-14 Nomograph for Na: X =16.4Y =13.9
M = 0.45 cP at 40%

SG =0.97 at 293 K = 67K

Wantp at 400F.

Assumep, (T) DpHg(T), From Appx A-4

(both liquid metals)

At67°F p,,, = 845 Ip /ft* (interpolate)

At 400°F p,, = 817 I /ft°

If % change for Na is same:

b =9 ok—%(1—845'817j =938£3fJ
N m 845 m

a

4(509prr)( 63.%5)( 0.9389)

N, = PVP = igp = Y - 6.59x16
" " n(0.5><2.54cn)( o.oo45‘~LJ
cms
Q
46) D=1/2in  y,p >—>
50 gpm

T = 400F

19



2-14 The conditions at two different positions alongipepine (at points 1 and 2) are related

by the Bernoulli equation (see Problem 11). Fowfln a pipe,

_ (4ij[sz
e = — | —
D 2
whereD is the pipe diameter ardis the pipe length between points 1 and 2. If the
flow is laminar Nre < 2000), the value af = 2 andf = 16Nge, but for turbulent flow in
a smooth pipe = 1 andf = 0.0791Ngre™. The work done by a pump on the fluigv)
is related to the power delivered to the fluiP) and the mass flow rate of the fluid

() by HP=-wrh. Consider waterp(= 1 g/cc,u = 1 cP) being pumped at a rate of

150 gpm (gal/min) through a 2000 ft long 3 in. deder pipe. The water is transported
from a reservoird = 0) at atmospheric pressure, to a condenseeabfhof a column
which is at an elevation of 30 ft and a pressurg p$ig. Determine:

(a) The value of the Reynolds number in the jpipe

(b) The value of the friction factor in thp@ (assuming that it is smooth);

(c) The power that the pump must deliver tovilager, in horsepower (hp).

Solution:

\
L = 2000 ft
Z1=0

Bernouill's equation:

2

Z> =30 fi

P,-R
“ivg(z-2) (V- Vf) e +w=c

16
Re

0.0791
If NRe> 2000,0( = 1, f :W

Re

If N < 20000 =2, f=

P=-wh

20



HO: p=lglccu=1cP=0.01P
Q =150 gpm, L = 2000 ft, D =3 in

P,=1atm,7=0,2=30ft, E=5psig

(1509pn){ 63. JLSJ( CC)

)
2.54 0.0~
(3 cn){ Otms

pVD _ 4Qp
w o mDp

(@) Nge= =1.581x10 =1.58x1

(b) f =? (smooth)
since, N, >2000,f =—2271 4 003967 = 0.0039
(1.58x16)

(c) Pump powerE)= ?

m:szlg(lso—j 195 gy
cc min gpm <

Get -w from Bernoulli's equatiom (= 1):

4fLV 2

P
= Hig(z -2) +—(%z A ME)+7S =0
Assume V=V, = Vpipe
4(150gpn)[ 63.&2}
AssumeV =——== ng =207.5"
nD n(3x2.59 s
(5-0)2 t(1.013x16) dyn N em
w=—in’ 5 cm +98({ 30ft><30.4§ft—j—2
g i S
1CC(14.7) psi
2
4(0.00397( zoooy( 30.4%)( 207%)
2(3x2.54 cm
=3. 974x16 427§t—

21
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2-15 The Peclet number @ is defined as

DVp \(c.u) _DGc
NPe = NRe NPr :( J(ij = .
Iz Iz

where D = pipe diameterG = mass flux =pV, ¢, = specific heatk = thermal

conductivity, p = viscosity. Calculate the value bk, for water at 68F flowing
through a 1 cm diameter tube at a rate of 1Qthtb (Use the most accurate data you
can find, and state your answer in the appropriataber of digits consistent with the

data you use.)

Solution:

VD ) Cu) DGC
Npe=NgN Pr:(p j[ E j: :
u u

D = pipe diameter, G = mass velocityp¥, C, = specific heat

k = thermal conductivityyl = viscosity

Determine value of N for water at 60F flowing in a 1 cm diameter tube at 10Q/Hor.
Use data from Appendix.

Thermal properties not in Apppendix. Must findrthelsewhere.

e.g. Eckert gives value ofdN= 7.7 for HO of 6C0°F.

Appendix. A-1-8: 60F: p = 62.4 Ig/ft?, p = 2.3610° Ib; s/fé, v = 1.2%10° ft%/s

N. =PYZ PV _
Re 1) v wDp
4(10(#?;"}( 30.4%)
= ' =1.42x16
36005 x(1 cm) 2.36x16 Ip 5 32.1Pm"
hr b, &

Npe=1.42x10( 7.7 =1.1xX

(Limiting accuracy is N, — 2 significant figs.)

23



2-16 The heat transfer coefficienh)(for a vapor bubble rising through a boiling liquis

given by:

kV 1/2 1/4
h:A[ gcp] where V:(ApgaJ

2

Py

where h = heat transfer coefficient [e.g., Btu/( ft9)],
¢y = liquid heat capacity [e.qg., calfg)],
k = liquid thermal conductivity [e.g,. J/(SKm)],
o = liquid/vapor surface tension [e.g., dyn/cm],

Ap= piiquid= Pvapor=PI - Pvs,

d = bubble diameterandg = acceleration due to gravity.

(a) What are the fundamental dimension¥ aindA?

(b) If the value ot is 1000 Btu/(hr ft °F) for a 5 mm diameter steam bubble rising in
boiling water at atmospheric pressure, determirectirresponding values dfandA

in Sl units. You must look up values for the otheantities you need, and be sure to

cite the sources you use for these data.
Solution:
Heat Transfer coefficient for a vapor bubble risihgpugh a boiling liquid:
h ener_gy K ehergy C, ener \
area, timeT) t Tdifferenc mas

kV C 1/2 1/4
h= A(ﬁJ and V = (Apgzaj
d pV

(o) <) (e

(a) Dimension of Vand A ?

U4
_L

= | doeo | [ eRC_mut T L
s MM M t

[A]=

hd1/2 _ FL1/2 tl/Zwl: 1/2t l/q_ 3/2tkl: 1/2 _ L 1/E i _ [O]
(kVpCp)1/2 t\r\ L F1/2L1/2iv| l/i t\l_ SIE

24



[Al=0
(b) h = 1000 BTU/hr ft°F, d = 5 mm in boiling KO at 1 atm. Find V and A in Sl units,
Look up needed data.
From Handbook of Chemistry and Physics, 43th é2611H0 at 100C:
o = 58.9 dyn/cmp,, = 0.598 kg/r}, p, = 7.998 la/gal = 0.9587 g/cth
k = 0.001598 cal/sC cm
C,. 252cal/BTU 4.185J/cal “16yn cm/J

—A 1/4
Ve pgzc}
L PV
1/4
(0.9587-0.00059)3%[ 98&"}( SSMJ
V= cm g cm
- 2
[o.ooosgsigj
cm
= 62720 =6.27"
S S

0 2
h=100 219 | 252x4.185x MM g gF DT [, M
hr ft? °F BTU

1/2

9C 3600s | 30.48c
=567.6- 20
scm C
cal
C,= 1goC
K = 0.001598i( 1.195 x17ochmj - 6.688x10W"
scm®C cal J s° C
A=567.6 dyr; dyn m 22 2 al nc
sem’Q g 688x10 MM x62FM x0.95879 x£A x4.18aYNC
C S cnt  g°C cal
A=9.78x10°

25



2-17 Determine the value of the Reynolds number for 38Hube oil at 108F flowing at a
rate of 2000 gpm through a 10 in. Schedule 40 pidée oil SG is 0.92, and its
viscosity can be found in Appendix A. If the piemade of commercial steel €
0.0018 in.), use the Moody diagram (see Fig. 6e4dddtermine the friction factdrfor
this system. Estimate the precision of your answased upon the information and
procedure you used to determine it (i.e., tell wtied reasonable upper and lower
bounds, or the corresponding percentage variatioould be for the value éfbased on
the information you used).

Solution:
Define Ny, for SAE 10 lube oil (100F) at 2000 GPM through a 10 in. sch 40 pipe.

S.G. = 0.92,¢ = 0.00181. Use moody diagram fbrGive range of uncertainty in
answer.

Nge = Dvp sinceV =

4Q _4Q
D’ - Nge=——

T nDp
0=0.92 g/cm, p =30 cP (Appx. A-1-1 or A-1-3)
D =10.025 in 10 sch 40-Appx. E)

4(20009a|/min§ 63.&} (0.929/ cc

gal/ min

n(10.025in)(2.54cm/in)(30clE) O.Gig—j
cmscP

= 19,400 (Only good to 2 sigraht figures)
From Moody diagram (Fig. 6-4, p149)

&/D =0.0018 10.025 0.0001and N, =19, 40C
f =0.0066+ 0.0001(due to uncertainty in reading log-log plot)

Regardless of the precision of the data used, thedyl diagram can't be read to better

than £0.0001 precision. This is OK, since data upon whdcdgram is based is not

precise enough to justify it better.
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2-18 Determine the value of the Reynolds number for wétaving at a rate of 0.5 gpm
through a 1 in. ID pipe. If the diameter of th@eiis doubled at the same flow rate,
how much will each of the following change:

(a) The Reynolds number
(b) The pressure drop

(c) The friction factor.

Solution:

H,O Q=0.5gpm
p=1glcc Nre =7
p=1cP

D = 1lin
4 4(0.59me 63. C/n?j( u’c@cj
Np, = & _ ap =1.58x 10 (laminar

D n(2.54cm)(0.01g/cms)
If D is doubled for same Q, what is effect on:

(@) Ng,- will be 1/2 ,i.e., the new value be 1580/2 = 790

2 2
(b) “AP- From Bernoulli:-ﬁ =6 = ALV :32?_?
p D 2 n°D

For laminar flow, f :% _ 16unD
re  4Qp

So,-AP=322L(€2 1§D =@—L(}L lim
nD 4Qp n D% x-e

1 1
So, if Dist by x 2 then AP will | by —=—

(c) f - 16uD will 1 by x2.
4Qp
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2-19 The pressure drop for a fluid with a viscosity ofcB and a density of 0.8 g/&m
flowing at a rate of 30 g/s in a 50 ft long 1/4 giameter pipe is 10 psi. Use this
information to determine the pressure drop for watesGF flowing at 0.5 gpm in a 2
in. diameter pipe. What is the value of the Reglaalumber for each of these cases?

Solution:

1)

Case a-AP =10psip=5cPp=0.8g/cc,m=30g/sL=501t,D=1/4ir

AP

«— 0>

>

»
»

L

Case b-AP=?H,0: Q=0.5gpm,D =2in,L =50 ft, at’60 = 1.13cF

_4m _ 4(309g/5s) CAnne
Nge, = = =120z
nDp 7 (0.25x2.54 cm)(0.05g/cms)

4(0.5 gme 63. C/Sj( J_Ej
_4Qp _ gpm)\ cc) _

Nge = = =
7D m (2% 2.54cm)(0.0113g/cms)

For laminar flow of a Newtonian fluid, there is grdne dimensionless group:

APD?

———=const =
LV Ne
_ mAPD*
SO’ NAPa = NAPb_
4LpQ

AX uQ AX uQ

SRCIRE
Db Ha ma

So: ('IfAPD“ l‘ = (ﬁAPD4 Jb Q= ma/pa
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0.59PM 1 9 4 63.16¢/S
[ lj cm

1.13c cc 9PM | _ £ ay10f ps

4
~ 10 ps(o'ZSJ
2 5cP 30g/s
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2-20 In the steady flow of a Newtonian fluid throughamd) uniform circular tube, iNge <
2000 the flow is laminar and the fluid elements mav smooth straight parallel lines.
Under these conditions, it is known that the relahip between the flow rate and the
pressure drop in the pipe does not depend uporfldfte density or the pipe wall
material.

(a) Perform a dimensional analysis of this systemdétermine the dimensionless
groups that apply. Express your result in a fanmnwhich the Reynolds number can be
identified.

(b) If water is flowing at a rate of 0.5 gpm thréug pipe with an ID of 1 in., what is

the value of the Reynolds number? If the diami&tafoubled at the same flow rate,

what will be the effect on the Reynolds number andhe pressure drop?

Solution:
AP/
L{,) $D )_, Newtonian, Laminar
H ¢ Independent ofp, €

(a) Dimensional Analysis:

Reference variables: [D] = L = L =[d]
[V]I=Lt =1t=[D/V]
[u] = M/Lt= M= [uD*V]

Variable Dimensions
AP/ FIL3 = M/(L%)
D L
\% L/t
M M/(Lt)
4 - 3 = 1lgroup
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28] - 2]

_D*AP/l
uv

N

2 AP/ D
(@) Thus%: constant {%J[%}: N, f =constan
U

b) Water at 0.5 gpm through 1 in. ID pipdg, =7

cl/s g
a0 4(0.5 gpm{ 63.f—j( %j

Ng, = VP = S gpm/A ¢ _ 1580
Hoo TP n(lmXZ.SA%)( o.o%’sj
|

If D is doubled for same Q, what is effect by, andAP?

N -DVp if Dx 2thenNRe><% Nz is halve

Re
n

AP/ 2
PiD 4Q
uv

=const, V==
nD

Since

4
Then,Al—P D

= consl

If D x 2, theAP x (1/2), i.e.,AP is reduced by factor of 16.
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2-21 Perform a dimensional analysis to determine theiggaelating the variables that are
important in determining the settling rate of vergall solid particles falling in a liquid.
Note that the driving force for moving the particie gravity and the correspondinet
weight of the particle. At very slow settling veities, it is known that the velocity is
independent of the fluid density. Show that thisoarequires that the velocity be

inversely proportional to the fluid viscosity.

Solution:

Particle Settling:

K P

Net gravity effect is the dflg(p,- P)
Reference variables: [d] =L = L =[d]
[V]=LIt = t=[d/V]
d = M/L® = M=[p/d]

Variable Dimensions
d [L]
(Ps-P)g (MIL3)(LIt?) = MI(L*)
u M/(Lt)
p M/L3
\Y L/t
5 - 3 = 2 groups
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So,

3
M —{_Pd V}z[pdv] LN =9

[H]zﬁ— dd "

M | pd®V | [pV? Apgd
A = = = N N, =
[Apg] L%t? {dzdz} {d 2 pv?
At very low velocity, V is independent pf(but not g\p!)

Eliminatingp from groups:

_dvp N Apgd _ Apgd2
pwoopV: v m

N,

Note:

If p not important, have 1 less group,moN, — 0

Then,
2 2
N, = Apgd” _ const or V= conﬁ&gcI
W H
Thus V-~
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2-22 A simple pendulum consists of a small, heavy bathassm on the end of a long string
of lengthL. The period of the pendulum should depend onetliastors, as well as
gravity which is the driving force for making it m@®. What information can you get
about the relationship between these variables @wonsideration of their dimensions?
Suppose you measured the periogd,of a pendulum with masg, and length;. How
could you use this to determine the period of fekint pendulum with a different mass
and length? What would be the ratio of the pendybemod on the moon to that on the
earth? How could you use the pendulum to deterriiaevariation ofg on the earth's

surface?

Solution:

Simple pendulum:

N m

T

(@) Dimensionless analysis:

Reference variables: [T] =t = L =[d]

NEL =t=[d/V]
m=M = M=[p/d’]

Variable Dimensions
t
I L
m M
g L/t?
\% L/t
4 - 3 = 1 group
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only 1dimensionless grou

Since there is only 1 group which is independemass, this group must be constant
(i.e., the same) for all pendulum.
(b) Measure T for givem, I.
Find T, for my, 12
2 2
Assume g= ¢! g-ll-—zz g-ll-—1 or T,= 'I;\/llz
2 1 1

() WhatisT, o/ Tean (T ATA?

Assumel . =, 9, =0./6;

2 2
Onln - Oele. Tn— 9 - /=245

| | T O

m e e

(d) How to use pendulum to measyyat various places on the earth? For a given

measurdl at each location:

2
Note: From physicsT = 27T\/I, or N, :(gJ = (2r§ = 39.
g
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2-23 An ethylene storage tank in your plant explodeshe Tistance that the blast wave
travels from the blast siteR] depends upon the energy released in the bistti{e
density of the airg), and time §). Use dimensional analysis to determine:

(a) The dimensionless group(s) that can be usdddoribe the relationship between the
variables in the problem

(b) The ratio of the velocity of the blast waveaatlistance of 2000 feet from the blast
site to the velocity at a distance of 500 feet fritven site
The pressure difference across the blast wad also depends upon the blast
energy E), the air densityp), and time @). Use this information to determine:

(c) the ratio of the blast pressure at a distarice00 ft from the blast site to that at a
distance of 2000 ft from the blast site

Solution:

Ethylene Tank Explosion:

RadiusR
Time 6
BOOM! Density of airp
E EnergyE

D _ £l A~ DN
AN L, V)

Reference variableB] E L
[6] =t
[p] = M/L® = M/R? i.e., M = pR?|

Variable Dimensions
E FL = ML%t?
R L
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t
M/L3
3 = 1group

>0 o
|

ML? _[ pR°R?
2 | 02

2
N, = E_95 = constan
PR

(b) V = d%t ~ not independent of R,

_[R] _[R
v= Rl ~[9]—{V}

No E(RY._E
YUpR V) pRAV?

For blast at (R6,) and (R, 0,)

E ) ([ F v, (R,Y"_(s00ft )" _ 1
— | = s | 22| 2] = =0.125 or=
FRVE ) pRVZ | TV (R, 20001t 8

(c) Since blast energy VP~ PR, [E] =[ A[ R)

(actually, ~ 2% of this B> PV)
Since (E) = (E), then

3 - 3
(PR, =(PR?),

3 3
or&: R :(ﬂj =0.0156 (=1/64
B R 2000) ——

(Still only need one group, whether it has V orrEEpsince V is defined by (R) and

E defined as (P} ~ RY).
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2-24 It is known that the power required to drive a tlpends upon the impeller diameter
(D), the impeller rotational speed) the fluid density f), and the volume flow rate
(Q). (Note that the fluid viscosity is not importdot gases under normal conditions.)
(a) What is the minimum number of fundamental disiens required to define all of
these variables?
(b) How many dimensionless groups are requireceterdhine the relationship between
the power and all the other variables? Find tlggseips by dimensional analysis,
and arrange the results so that the power anddteréte each appear in only one

group.

Solution:

Fan:

PowerP W

(a) Minimum number of dimensions = 3

(b) Number of groups =5-3 =2

WantP and Q in only 1 group

Reference variables: [D] =L = L =[D]
[ =1t =t=[1)
[p] =MIL® = M =[pD?

Variable Dimensions
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L
M/L3
L3t
1
FL/t = ML?/3
- 3 = 2groups

o =g £ O © O

ML?

t3

[P]= ~5-=[pD'D’’ o N =——

Q@="=p%] or N,=
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2-25 A centrifugal pump with an 8 in. diameter impeltgperating at a rotational speed of
1150 rpm requires 1.5 hp to deliver water at a 0&t€00 gpm and a pressure of 15 psi.
Another pump for water, which is geometrically damibut has an impeller diameter of
13 in., operates at a speed of 1750 rpm. Estinhat@ump pressure, flow capacity, and
power requirements of this second pump. (Undesetwonditions, the performance of

both pumps is independent of the fluid viscosity.)

Solution:

Centrifugal Pump

Power: P=1fn (Dw,Q,u,p)- pwnotimportantif £100 cP
AP =fn (D,»,Q,u,p)
AP, Q andP are not independeiit: ABR-power tdluid

P, = % — power to motor;, = efficiency

n, :% :QA% — Dimensionless Group
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(a)
Reference variables: [D] =L = L =[D]
=1t =t=[1
pl[= M/IL® = M = [pD7]

Variable Dimensions
D L
p M/L®
Q L3/t
w 1/t
P FL/t = ML
5 - 3 = 2groups
D3w?
[AP1=M/ 2 =[] =[pD%0]
P
N D
_ Q
N, = Do

L3
[Q]=T=[D3w]
[P]= QAP = D’wN,.pD’w’N, = N,N pD°0°

Also:n, = Pha.

motor
P ,
N, = N;N, =—=— - Notindepependentof N ,}
pD»

(b) Pump 1: = 8in,AP, = 15 psi, R= 1.5 hp,w, = 1150 rpm, Q= 100 gpm

Pump 2: Similar geometry.,B 13 in,w, = 1150 rpm
What is Q for pump 2, Under conditions similar @ 1
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Q) _(Q _of @) (D3 - od 1750)( 137
(D%ol ‘(D%al - Q= Ql(coJ(Dij 10({1150j( sj

=653 gpmr

(c) At this flow rate, what i§AP), and(P), forwater’

AP AP ,
(szmzj :( szoozj (for same fluidp, = p,)
2 1

2 2 2 2
AP, =AP, Do) (p2)f@ :15p3(£?’j (isoj =91.7 p
D, P, )\ o, 8 ) {1150

Note: Assume, = p,. Also, note that pump head,

H _AP is independent gb.
(oY)

P P _
[stwsj =(pD5m3j (for same fluidp, = p,)
2 1

5 3 5 3
P,=P,| P2 Do :1'5h{1_3j (on =60hy
p, A\ D, ) | o, 8 ) \ 1150

Note: This is power delivered to fluid. Motor povw%

Also, note thal is not independent gb.
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2-26 A gas bubble of diametd rises with a velocity in a liquid of density and viscosity
LL.
(a) Determine the dimensionless groups that incthdeeffects of all of the significant
variables, in such a form that the liquid viscosippears in only one group. Note that
the driving force for the bubble motion is buoyaneyich is equal to the weight of the
displaced fluid.
(b) You want to know how fast a 5 mm diameter aiblie will rise in a liquid with a
viscosity of 20 cP and a density of 0.85 glciYou want to simulate this system in the
laboratory using watem(= 1 cP,p = 1 g/lcnd) and air bubbles. What size air bubble
should you use?
(c) You perform the experiment, and measure theci#si of the air bubble in water
(Vm). What is the ratio of the velocity of the 5 mnbbie in the field liquid ;) to that
in the lab ¥n)?

Solution:
Gas bubble:

a) Find the groups
Note: DF = buoyancy
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=(p, -py )9 =APg

Reference variables: [D] =L = L =[D]
[VI=Lt = t=[D/V]
p[l=MIL® = M=[p DI

Variable Dimensions
D L
\Y L/t
PL M/L3
gAp (L/t%) (M/L3) = M/L%?
H M/(Lt)
5 - 3 = 2groups

_M_pD3V2_pV2 _DVAp
[gAp]_thz_[ E)ZDZ }_{ LD - Nl - o V2
L

M D3V DV
== " ooV = 2y
(b) Find:

V=2 for D=5mm,u=20 cP,p, =0.85%C (Ap=p,)

Lab Experiment :[u =1cP,p :1%(:} , air(pair << szO)
M

What D,, touse’

2 3
Unknown Visin both groups: N N Dgéf[DVpLJ D gAZPPL
PL u

v
D3 2 D3 2
Gives D, {Ap=p,) gsz = gsz
W) W)
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% %
D, =D, | Pte Hu :5mrr{(o'—85J(—lﬂ =0.609mn
PL, He 1 20
(c) MeasureY, .Findv%/ (%J {%j
M e o

V/ _ Du Py, e _ O.609mn( 1 j(_Z(j -2.87
Vu Dpop.,my 5mm (085 1
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2-27 You must predict the performance of a large indaistmixer under various operating
conditions. To obtain the necessary data, youdeett run a laboratory test on a small
scale model of the unit. You have deduced thaiptheer P) required to operate the
mixer depends upon the following variables:

Tank diameterD, Impeller diameterd, Impeller rotational speed,Fluid density p,

Fluid viscosity p

(a) Determine the minimum number of fundamental edisions involved in these
variables and the number of dimensionless growgtscém be defined by them.

(b) Find an appropriate set of dimensionless grayzh thaD andN each appear in
only one group. If possible, identify one or mark the groups with groups
commonly encountered in other systems.

(c) You want to know how much power would be regdito run a mixer in a large
tank 6 ft in diameter, using an impeller with ardeter of 3 ft operating at a speed
of 10 rpm, when the tank contains a fluid with acasity of 25 cP and a specific
gravity of 0.85. To do this, you run a lab testaomodel of the system, using a
scale model of the impeller that is 10 in. in diéeneThe only appropriate fluid you
have in the lab has a viscosity of 15 cp and aipegavity of 0.75. Can this fluid
be used for the test? Explain.

(d) If the preceding lab fluid is used, what siaek should be used in the lab, and how
fast should the lab impeller be rotated?

(e) With the lab test properly designed and th@er@perating conditions chosen, you
run the test and find that it takes 150 W to opethe lab test model. How much

power would be required to operate the larger fieider under the plant operating

conditions?
Solution:
. Power, P
Mixer: N
1>
b 1 |E _—
K, p
=




Reference variables: [N] = 1/t =t =[1/N]
[dj=L = L=[d]
p[=M/IL® = M=[pD’

Variable Dimensions

P FLit= MU/

N 1t

u M/(Lt)

p M/L3

d L

D L

6 - 3 = 3groups

..(a)
1] -M {Pds'\'}, [P] = MI—%=[pd3d2N3], [D]=L=[d]

N

2
P —de;N3

d
N =————=: N, = — ...(b
1 pd5N3 2 l,l D ( )

(c) Largetank (f):Dsy=6ft, d=3ft, N=10RPM, p =25cP, p;=0.85
glcc
Lab (m): d,=10in, pum=15cP ,pm=0.75g/cc

Can you use this fluid?
Number of variables = 12,

Number of knowns: BDd;, N, w, ps, G, tm, pm = 8
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Measure B makes 9 knowns, 3 equationsl1? total

Yes, can use the specified fluid.

(d) Use this fluid, find R, Ni,
5,-(5)
D m D f
0D, = D% |= 6| —22"_ |- 1677 = 20in
d, 12in/ 3t
[dszJ :[deNJ
K m K f
2 2
N, =N, i | [P | Mo =10rprr{3—6J (E}(i@ =88.1rpr
d. ) Lp. 10) L0.75)\ 2
(€) Pn=150 W, P="?
PY_(_P
pd®N® ) | pd®N® ),
3 5 3 5
p=p(N|[d|[A :15ov\(ﬂj (16)
N, ) \d, ) e, 88.1) | 10

(Ea =150 Vv
0.7
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2-28 When an open tank with a free surface is stirreith @n impeller, a vortex will form
around the shaft. It is important to prevent thistex from reaching the impeller,
because entrainment of air in the liquid tendsase foaming. The shape of the free
surface depends upon (among other things) the fluigperties, the speed and size of
the impeller, the size of the tank, and the depth@impeller below the free surface.

(a) Perform a dimensional analysis of this systentddtermine an appropriate set of
dimensionless groups that can be used to destrbgystem performance. Arrange
the groups so that the impeller speed appearslynooe group.

(b) In your plant you have a 10 ft diameter tanktaming a liquid that is 8 ft deep. The
tank is stirred by an impeller that is 6 ft in dieter and is located 1 ft from the tank
bottom. The liquid has a viscosity of 100 cP argbecific gravity of 1.5. You need
to know the maximum speed at which the impeller lmamotated without entraining
the vortex. To find this out, you design a laborattest using a scale model of the
impeller that is 8 in. in diameter. What, if arlynitations are there on your
freedom to select a fluid for use in the lab test?

(c) Select an appropriate fluid for the lab tedd determine how large the tank used in
the lab should be and where in the tank the impsHeuld be located.

(d) The lab impeller is run at such a speed thatuwbrtex just reaches the impeller.
What is the relation between this speed and thaithath entrainment would occur

in the tank in the plant?

Solution: Power, P

K P
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Reference variables: [D] = L = [d]
[H] = L = [d]
o] = L/t? = [dw]
[W] = MLt = P ]

Variable Dimensions

d L

D L

H L

(%) 1/t

g L/t?

H M/(Lt)

p M/L3

7 - 3 = 4groups

2 3
N,=d/D; N,=H/d; N3=%d; N, =P
2

a) Get groups such thatis in only one group:

N, od p _ 2 . pdeo_ . d_
N2 T2 3 N, =N, — =
N g pd*e? pgd m D

H
Ns!g = N4

(b) Plant: D=10ft, H=8-1=7ft, d=6fly =100cP,p=1.5g/cc,m =? for no
vortex

Lab:d =8in. Fluid limitations

¢) (Qj :(Ej D, =D, M 1078 =111f=1330
D), \DJ) d. " 12(6)
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(Ej :(ﬂj Hy=HMo74 8 _o7781=0330
d), \d) dF ' 12(6)

(b) Sinceu/p appear only as a ratio, the only important fluidgerty isv =

e, )

%2 %2
vy, =V Gy | 7210008 7 2.47 cS (centi Stoke
d: 1.5 12(6)

o =

Run lab where vortex touches impellees

Y] M v E
2 2
@ _Vefdy| 100 [ 8 ) _1
©y Uy \ O 1.5 (2.47) 12(6 :

i.e., Impeller in field should turn % the speed of the lab impeller, or less.
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2-29 The variables involved in the performance of a GRigal pump include the fluid
properties | andp), the impeller diameterd], the casing diameteDj, the impeller
rotational speedN), the volumetric flow rate of the fluidd), the headH) developed
by the pump AP = pgH), and the power required to drive the purHp).

(a) Perform a dimensional analysis of this systenddtermine an appropriate set of
dimensionless groups that would be appropriatehtoacterize the pump. Arrange
the groups so that the fluid viscosity and the pyuoper each appear in only one
group.

(b) You want to know what pressure a pump will depewith a liquid that has a
specific gravity of 1.4 and a viscosity of 10 cPadlow rate of 300 gpm. The pump
has an impeller with a diameter of 12 in., whichdiszen by a motor running at
1100 rpm. (It is known that the pump performareamdependent of fluid viscosity
unless the viscosity is greater than about 50 cR)u want to run a lab test that
simulates the operation of the larger field pumipgis similar (scaled) pump with
an impeller that has a diameter of 6 in. and a 3p@® motor,. Should you use the
same liquid in the lab as in the field, or can yse a different liquid? Why?

(c) If you use the same liquid, what flow rate diddoe used in the lab to simulate the
operating conditions of the field pump?

(d) If the lab pump develops a pressure of 15@p#ie proper flow rate, what pressure
will the field pump develop with the field fluid?

(e) What pressure would the field pump develop wittter at a flow rate of 300 gpm?
Solution:

Centrifugal pump:
AP
D or

?*<—H—’

— o1 Q

AP =pgH
— H = AP/pg
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Reference variables: [d] =L = L =[d]
p[=M/IL® = M =[pD
[Nl=1t =1t=[1/N]

Variable Dimensions

AP F/L? = M/Lt?

Q Vit = L3

P FL/t = MLt

p M/L3

M M/(Lt)

D L

d L

N 1n

8 - 3 = 5groups

Want groups witlp andP each in only one group N

49155

SRS

[:M:@
M= d

L
_ AP 2D = P o N 2 Q
hane Tt Mg Nem T Mgy

N1, N3 and N are not independent. Use only 2 of the 3.



Le.,P= FV= APA% =APQ

APQ T
N,.N. = = =N
1775 pd5N3 pdSNS 3

(b) Given:SG, =14, p, =10cP, Q=300 GPM, ¢=12, N =1100 RPM
(n is not important) — No. variables =72 = 14
Lab: d=6", N =3600 RPM
Can you use same liquid?
Total variables = 14,
Knowns = 7 + Measured heatiR) = 8
Total equations = 4
[J Degrees of freedom =4

[l Can use same liquid or any other you want.

(€) If =y, p,=p,, Find Qusing (d?Nj :(dsQN)
, [

d N 3
=Q,=Q| =+ | —~ = 300pr\,{£j 3600 _ 123GPI|
’ d ) N, 12) 1100

(d) (AP), =150 psiat Q Find AP) with p = P,
AP _ AP
pd®N? A pd?N? ,

2 2 2 2
AP, =AP | B2 d ) (N} Z 450 pgﬁﬁj(gj (ﬁg = 56 ps
0, )\ld, ) N, 1.4) 6) | 360

(e) What wouldAP; be for water of @= 300 GPM?

Everything is same except fp(S.G4 = 1)

2 2
1.4) 6 360 1.4
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2-30 The purpose of a centrifugal pump is to increasepressure of a liquid in order to
move it through a piping system. The pump is drilag a motor, which must provide
sufficient power to operate the pump at the desomuaditions. You wish to find the
pressure developed by a pump operating at a fleevai300 gpm with an oil having a
specific gravity (SG) of 0.8 and a viscosity of @, and the required horsepower for
the motor to drive the pump. The pump has an irepallameter of 10 in., and the
motor runs at 1200 rpm.

(a) Determine the dimensionless groups that wbelcheeded to completely describe
the performance of the pump.

(b) You want to determine the pump pressure andomiobrsepower by measuring
these quantities in the lab on a smaller scale moidthe pump that has a 3 in.
diameter impeller and a 1800 rpm motor, using watethe test fluid. Under the
operating conditions for both the lab model and fieel pump the value of the
Reynolds number is very high, and it is known ttie& pump performance is
independent of the fluid viscosity under these d@oms. Determine the proper
flow rate at which the lab pump should be tested te ratio of the pressure
developed by the field pump to that of the lab purpprating at this flow rate as
well as the ratio of the required motor power ie field to that in the lab.

(c) The pump efficiencyng) is the ratio of the power delivered by the pumphte fluid
(as determined by the pump pressure and flow taté)e power delivered to the
pump by the motor. Because this is a dimensiomessber, it should also have
the same value for both the lab and field pumpsnaiey are operating under

equivalent conditions. Is this condition satisfted

Solution:
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Fluid: y, p
Pump “Head” = AP
P e

Represenn\P (DF), not a “length”
variable.

(a) Dimensional analysis:

Reference variables: [D] = L = L =[D]
of = 11t =t=[1/)
p[=M/L® = M=[pDY

Variable Dimensions
D L
W 1/t
Q L3t
AP F/L? = MILt?
P FL/t = ML?/t®
M M/Lt
p M/L3
7 - 3 = 4 groups

S VI
Q= 5= - N=o5

M D’w? AP
[AP]=—5 =|P - N, ===
Lt D pD°®
M Dw D%w»
[u]:E:["D } - N, =E
n
ML2 P
[P] = e = [pD’D%w’] - N4=—pD5m3
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(b) Lab: Measure\P,P, D = 3 in,o = 1800 rpmp =1 g/cc, p =1 cP

Field: Q = 300 gpmp = 0.8 g/ccu =20 cP, D =10 inw = 1200 rpm
Viscosity not important at highfN— Drop N; form the above list
Unknowns: (Q),, (AP,P).

Equations:N, =N, , N, =N, , N, =

55, (55) - aef3: J[Z—J

= 3009pn{ j [liggj =12.15=12.2gp

AP _ [ AP AR _ pF D_ O
pD’w? " pD%w? . Dy
 os10f (mj
3 ) (1800

1
( P j ( P ] P;_(D_[w_j
stco3 " pDS(J)3F Py, pu \ Dy ),

APQ
C = =
(€ ne P
Me)m — AR, &&
Me)r AP QP
-1 1215976 =1 (Yes
3.95( 300

o =22 {E)Y) = 9
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2-31 When a ship moves through the water, it createcesiav he energy and momentum in
these waves must come from the ship, which is reat@tl as a "wave drag" force on
the ship. It is known that this drag forde) depends upon the ship spe®d, the fluid
properties g, u), the length of the waterlind.), and the beam width\) as well as the
shape of the hull, among other things. (There Isagt one important "other thing" that
relates to the "wave drag", i.e., the energy reqglio create and sustain the waves from
the bow and the wake. What is this additional alslg?) Note that "shape" is a
dimensionless parameter, which is implied by tligirement of geometrical similarity.
If two geometries have the same shape, the rateaoh corresponding dimension of
the two will also be the same.

(@) Perform a dimensional analysis of this systemdeétermine a suitable set of
dimensionless groups that could be used to desttréeelationship between all of
the variables. Arrange the groups such that vis@n gravitational parameters
each appear in separate groups.

(b) It is assumed that "wave drag" is independéntiscosity and that "hull drag" is
independent of gravity. You wish to determine ¢lhag on a ship having a 500 ft
long waterline moving at 30 mph through seawaté? (51.1). You can make
measurements on a scale model of the ship, 3 ¢ liona towing tank containing
fresh water. What speed should be used for the htodg@mulate the wave drag
and the hull drag?

Solution:

Wave drag on ship:
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\ /«—F=fn(v,p,u,x,w,g)
< X >
/w

(a) Dimensional analysis such thaandg appear in separate groups.

Reference variables: [X] =L =L =[X]
VI=LUt =t=[XWV]
p[=M/L® = M=[pD?
Variable Dimensions
ML/t?

L

L

L/t
M/Lt
M/L3

L/t?
- 3 = 4 groups

~Nae o = < = X

t2 X? pV2X?
VX
O e T B CE
o] =5 =| XV ||V -V
t? | X? X ° gX
X , - ,
N, =W - For geometrically similar system ¢ irrelevant.

F V?
b) Wave dragF #f i.e. W __=f| — onl
(b) gF, #f(n) VX [gx yj
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. F pVX
Hull drag: F, # ie.—H—= onl
g: F.#(9) le Tz ( " yj
Field: X .=500 ft;V. =30 mphp.=1.1 ¢/ cnd
Model: X, =3ftp, =1g/lcnt;\, =7
2 V2
In order to model wave drag, ne%g—j = (—j
gXx ), \9X
%
or  V,=V. X—M=3o(ij =2.32mpt
Xe 500
To model Hull drag, nee%pVXJ = (pVXJ , assumingu, = p,,
N ke

v, =v. Xe Pe = 30/ S0V L1 5500 mohe o way 1
X, Py 3)1

Llcan’t model both, unless is changed in the lab conditions.
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2-32 You want to find the force exerted on an underspalipe by a 10 mph current flowing
normal to the axis of the pipe. The pipe is 30im.diameter, and the density of
seawater is 64 Jb/ft® and its viscosity is 1.5 cP. To determine thisy yest a 1% inch
diameter model of the pipe in a wind tunnel atF60What velocity should you use in
the wind tunnel in order to scale the measuredefeocthe conditions in the sea? What
is the ratio of the force on the pipeline in tha $e that on the model measured in the

wind tunnel?

Solution:

Find force of current on pipe:

AssumelL >> D, so no “end effects” and L/D is

i.e., Il is all that is needed

];—= fn (V,p,u,D)

Pipe in sea wateV =10 mphp =64 Ib, /f,u=1.5cP,D =30 ir
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' Ywind

Test in wind tunnel a60° F, V. =?,:—f =1

29 ( 492 (o} .
. =——| — [=0.0764—2 ,u,, =0.021cF (Fig A-1
pa|r 359( 520j ff I’Lalr ( g )
Reference variables: [D] =L = L =[D]
[V]=Lit =1t=[D/V]
pl=M/L® = M =[pD?

Variable Dimensions

f/l F/IL = M/?

L
L/t

m/L3

D
\%
M M/Lt
p
5 - 3 = 2groups

{f}_M_ pD?V? _ )
i ireaind Bl B\ Pl lmews
]t D pDV
(b) Wind tunneIED =1.5inp = 0.0764'2—2 W= 0.021ch
W

f DV DV
=2 ez = (B8] {50
T T




2-33 You want to determine the thickness of the film wha Newtonian fluid flows
uniformly down an inclined plane at an anglevith the horizontal at a specified flow
rate. To do this, you design a laboratory expeminfeom which you can scale up
measured values to any other Newtonian fluid ucderesponding conditions.

(a) List all the independent variables that areartgmnt in this problem, with their
dimensions. If there are any variables that are indépendent but act only in
conjunction with one another, list only the net comation that is important.

(b) Determine an appropriate set of dimensionlessgs for this system, in such a way
that the fluid viscosity and the plate inclinatieach appear in only one group.

(c) Decide what variables you would choose for @mence, what variables would be
specified by the analysis, and what you would mesasuthe lab.

Solution:

Newtonian fluid », p

Want to find d (W = width).

(a) List all pertinent variables with dimensions.
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(Note: gand @ are not independent. It is onlysind, which acts in the direction of

flow, that is important).
Also, if plate width (W)is >> 9, then only Q/Wis important, not Q and W

separately.
Variable Dimensions
Q S
W tL t
o L
gsird th
U M/Lt
P m/L3
5 - 3 = 2groups

(b) Find groups with jand@ each in only 1 group (don't use this as ref vdeap

Reference variable§s] = L = L=3]

bl=ts = M=[p5]

3] - ol

=M {pﬁsQ/W}z{pQ/W} -

Lt 562 1 Wp oo
. L [§(QY _ d%gsir
Ml=—==|—=—| = N N2 =

[QSI ] t2 |:64[Wj :| (Q/W)Z

(c) Tell which variables you would pick, which to meesuand what would be

determined.

Variables:(%,&gsirﬁ,p,uj =10

I, f

Equationsi(N,), =(N,), .(N,), =(N,), =2

Knowns: (%,gsirﬂ,p,uj (3), (measurey> 5

f

Leaves 3 to specify for “convenience”
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If you choose the lab fluidix, p),

This leaves one more to “choose”

Could be(%jl or (gsirp), i.e.(8)

Easier to specifip,

Get (V_?/j, from (N,) =(N,),

Measure(s), , get(3), from (N,), =(N,),

2-34 You would like to know the thickness of a syruprfibs it drains at a rate of 1 gpm
down a flat surface that is 6 in. wide and is inetl at an angle of 3@om the vertical.
The syrup has a viscosity of 100 cP and a SG of l3he laboratory, you have a fluid
with a viscosity of 70 cP and a SG of 1.0 and aJidle plane inclined at an angle of
45° from the vertical.
(a) At what flow rate, in gpm, would the laboratargnditions simulate the specified
conditions?
(b) If the thickness of the film in the laboratdasy3 mm at the proper flow rate, what

would the thickness of the film be for the 100 tkdf at the specified conditions?
Solution:

Syrup film:
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Field; u = 100 cPp = 0.9 g/cc
Q=1gpmp=30,W=6in
Lab (model);u =70 cPp=1g/cco = 450, W=1ft

(a) Qn=7? to simulate field.
Note: Since Q ~ W, Q/W is one variable, Drivingder= g co8, so g and® are not

separate variables.

Reference variable§s] = L = L=3]
M
[p] =F = M= |:p63j|
2 2
344 - s
W/ |t Q/W
Variable Dimensions
Q e_v
W tLt
o) L
g co9 tLZ
U M/Lt
p M/L3
5 - 3 = 2groups
3
b= MLt = | 299 :[ﬂ} LN =PRIV
W | | W M
2 /W 2
[gco®]=L/t?= %(gj . N, = (Q )3
o W gcod
Find Qu: (Mj _[pQIW) Wm(gj Pt
n m Mg ; W P Ky
1 0.9\ 70
=1 — || — |—— =1.269gpn
Qm gp”{o.sj( 1 j 100 9p

(b) If dn=3 Mm% =7
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2/3 2/3 1/3
5, =amm 1| (L) (0954517 _5gomn
1.26 0.5 cos 3D
Note: Since the driving force Eyco®, there is actually only 1 independent group for

this promem{MJ - (N_J

5 upgcod N,

2-35 The size of liquid droplets produced by a sprayzi®zdepends upon the nozzle
diameter, the fluid velocity and the fluid propesi (which may, under some
circumstances, include surface tension).

(a) Determine an appropriate set of dimensionlesgps for this system.

(b)You want to know what size droplets will be geated by a fuel oil nozzle with a
diameter of 0.5 mm at an oil velocity of 10 m/sheToil has a viscosity of 10 cP, a SG
of 0.82, and a surface tension of 35 dyn/cm. Yaueha nozzle in the lab with a
nozzle diameter of 0.2 mm that you want to use ilata experiment to find the
answer. Can you use the same fuel oil in thedabds in the field? If not, why not?

(c) If the only fluid you have is water, tell howoy would design the lab experiment.
Note: water has a viscosity of 1 cP and a SG bluijts surface tension can be varied
by adding small amounts of surfactant which dodsaffect the viscosity or density.

(d) Determine what conditions you would use in ldde what you would measure, and
the relationship between the measured and the wrkdooplet diameters.

Solution:

Spray Nozzle

Drops d=§(D, V,p, I, O)
— —»V 1
D d Surface tension

(o]
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N

(a) Defining Dimensionless groups:
Reference variables: [D] =L = L =[D]
[VI=Lt = t=[D/V]
p] =M/L® = M =[pD7

Variable Dimensions
d L
D L
\Y L/t
p M/L3
M M/Lt
o F/L= M/t?
6 — 3 = 3groups
d
d=L=[D] > N, =—
[d)=L = [p] =7
3
[W] = MLt = POV 1\ =PBV
DZ 2
n
3\/2
(o] =it = [ PPV | N =0
D pDV

(b) Want to find d if D = 0.5 mm, V = 10 m/g,= 10 cP,0 = 35 dyn/cmp = 0.82
glcc

Lab: D =0.2 mm Can you use same fluid?

Unknown: (V,p,p,c), (d), - 5 Equations- 3

Can set 2 variables for convenience.

[ONo-Since thisfires three variablgso 0
(c) Use watep = 10 cPp = 1 g/cc can adgestusing additives

(N,), =(N,).:Vi =V, (ﬁ_ij[%:j(%j
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2
Vv, p D,
=i [ (2] 2.
2
-35dyn/cn{205j [—1j( 03 =0.72dyn/cr
10 0.82)\ 0.

You should use water, use a surfactant to lowefasartension to 0.72 dyn/cm,
pump it at 2.05 m/s through the nozzle and meadiure

(d) Find (d) from (N,), = (N,), , with the system operating at the above specified

conditions,

6,=4(2 =4[ 23)= 259

(This is not valid unless above conditions aresfiatil)

2-36 Small solid particles of diameter d and dengigyare carried horizontally by an air
stream moving at velocity. The particles are initially at a distanbeabove the
ground, and you want to know how far they will berreed horizontally before they
settle to the ground. To find this out, you decideconduct a lab experiment using
water as the test fluid.

(a) Determine what variables you must set in #t® dnd how the value of each of
these variables is related to the correspondingabir in the air system. You
should note that several forces act on the partickedrag force due to the moving
fluid, which depends on the fluid and solid projest the size of the particle and
the relative velocity; and the gravitational foreehich is directly related to the
densities of both the solid and the fluid in a kmawanner.

(b) Is there any reason why this experiment migiitbe feasible in practice?

Solution:

Entrained falling particle. Find X using experimavith H,O.

d;} V

h Py g
v PH
69 77 )
e

X



Drag ~p, (Wt-buoyancy) ~d - p) =Ap

(a) Reference variables: [d]=L = L=]d]
VI=Lt = t=[d/V]
p] =M/L® = M =[pD7

Variable Dimensions
d L
h L
X L
P m/L3
M M/Lt
Ap M/L3
vV L/t
g L/t?
8 - 3 = 5groups
X
[X]=L=[d]_, N, =—
d
h
h]=L=[d| - N, =—
=1 = [d] .=
B0l =M= [p] - N, =P
d*v dav
[W] = MLt = {pdz } LN, =Y
1)

dv? d
@nm{&}~ s=

(b) Knowns:(V,d, h,p,g.u,Ap), ,(X),, .(9), =9

Unknowns(V,d, h,p,u,Ap),, ,(X). = 7-5eqns = 2to picl
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Use: Water(u,, ,p,, ) [EJM :(@l ~ (ap),, =(ap). (PM

p p Pe

(Ps)y = (Ps)y (—M}(p) (624j 21(p ), — Notlikely!!

P 0.076
hp_h :»hM:hFd—M=o.155t;
d, d d.
2 =X XF=XM$= Xy =6.45X,,
dly d d, 0.155
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2-37 You want to find the wind drag on a new automobiésign at various speeds. To do
this, you test a 1/30 scale model of the car inldbe You must design an experiment
whereby the drag force measured in the lab cardled up directly to find the force on
the full-scale car at a given speed.

(a) What is the minimum number of (dimensionless)ables required to completely

define the relationship between all the importaatiables in the problem? Determine
the appropriate variables (e.g. the dimensionlesss).

(b) The only fluids you have available in the lab air and water. Could you use either
one of these, if you wanted to? Why (or why not)?

(c) Tell which of these fluids you would use in tlad, and then determine what the
velocity of this fluid past the model car would bawo be so that the experiment would
simulate the drag on the full-scale car at 40 miplyou decide that it is possible to use
either one of the two fluids, determine the ansiweeach of them.

(d) What is the relationship between the measurag fbrce on the model and the drag
force on the full scale car? If possible, detewertims relationship for the other fluid, as

well. Repeat this for a speed of 70 mph.

(e) It turns out that for very high values of theyRolds number, the drag force is
independent of the fluid viscosity. Under theseditions, if the speed of the car

doubles, by what factor does the power requiraa/ewcome wind drag change?
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Solution:

Test Car Model:

Draw
[

-«— -V

=0
D

Lab Model: By = D30 (all other dimensions are in the same ratio)
Want to find bp at various V's.

(a) Find Groups:

Reference variables: [D] = & L =[D]
[V] =Lk = t=[D/V]
p[=M/L® = M=[pD7

Variable Dimensions

D L

V L/t

M M/Lt

p M/L3

Fo ML/t?

5 - 3 = 2groups

M _| pD*V DV
[]—_:[P_}q Nl:TP

KT TS

_ML _ pD’D N - 2M 2
[FD]_ 2 [(D/V)Z} N, FD/PVD

(b) Use water or air or either?

Unknown: @, i, V),, (Fo)- = 4 2 Equations.

73



0 Have 2 "arbitrary" variables. Can pipkandp.

O Can use any fluid.
(c) Use Air:p = 1.2 kg/ni = 0.0012 g/ccyt = 1.8<10° Pas = 0.018 cP

mode Lok

V,, =V, (&J [&J(MJ:M(BO) =1200 mplin lab. (not practical)
Dy J\Ru )\ e
Use HO:p=1g/cc,u=1cP

V,, =40 mph( 30 (%012) (ﬁS} =80 mpiin lab

= 80@ =117ft/<
3600

2 2 2 2
FE =F Pu |(Mu | [Bu | - = (&00) [_1j = E_with air
. “LpPe LV D "\ 40 30 ]

2 1 2
[—J =3.7F_with H,0

At 70 mphiV,,=V, [%} [E—Fj (t—“"j
M M F

=70(30 =2100mpwith air

1 0.018

2 2
R, =, (2100) [—1j =5, with Air

=70( 30)(0'0012j( 1 j =140 mplwith H,O

70 50

_ ( 1 j(mojz 1
= F, =0
1 0.0012)\ 70

2
(—3 =3.7F_with H0

3
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(e) At high Nye, Fp is independent oft. If V doubles, what factor does power

increase ?

: F
If p not a variable, then—2— |=constant
oD

or

Fp = constantpV?D?

Given D:

OP = constanpV?

Power increases by factor of 8 when velocity dosible

DVp

at 40 mph:Ng, = (Assume D6 ft)

6(3049 cm4(%i( 528, ) 30.98"( 0.00L

3600s h( 0.00018P

=2.2x10
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2-38 The power required to drive a centrifugal pump #mel pressure that the pump will
develop depends upon the size (diameter) and Jp@gdlar velocity) of the impeller,
the volumetric flow rate through the pump, and tluéd properties. However, if the
fluid is not too viscous (e.g., less than about BBY), the pump performance is
essentially independent of the fluid viscosity. dgnthese conditions:

(a) Perform a dimensional analysis to determinedingensionless groups that would
be required to define the pump performance. Areahg groups so that the power and
pump pressure each appear in only one group.

You have a pump with an 8 in. diameter impellet tfevelops a pressure of 15 psi and
requires 1.5 hp to operate when running at 1150 wtim water at a flow rate of 100
gpm. You also have a similar pump with a 13 imnaeter impeller, driven by a 1750
rpm motor, and you would like to know what presstinis pump would develop with
water and what power would be required to drive it.

(b) If the second pump is to be operated undervadgnt (similar) conditions to the
first one, what should the flow rate be?

(c) If this pump is operated at the proper flonerathat pressure will it develop, and
what power will be required to drive it when pungpivater?

Solution:

Centrifugal Pump # 1

W = 1150 rpn
Q=100 gpm
AP = 15 psi
Water
— p, 1 (not relevant)

P=1.5hp d=8



Centrifugal Pump #2 d=130=1750 rpm FindAP, Q,P

Reference variables: [d] = L = L=[d]
] = 1/t = t=[1i]
p[=M/LL® = M=[pd]

Variable Dimensions

d L

W 1/t

Q L3t

p M/L3

AP F/L?= M/Lt?

P FL/t = ML/t

6 - 3 = 3groups

Q=L =ldFo] - Nﬁ%

I1=ML?/t?=[pd°d’e - sz%d%f

[aP] =M/, :{pd%]% } LN, =A%d2w2

Q) _(Q NENE

For S|m|Iar|ty(d wl—(d%l Q, Ql(dlj (wlj
) 13)’( 1750
—1009'0”{ 8) (1150)
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J(z

[

o

3

|
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=653

1750’
1150

gpm

=59.9h

2 2
T
8 1150



2-39 In a distillation column, vapor is bubbled throutfe liquid to provide good contact
between the two phases. The bubbles are formed e vapor passes upward
through a hole (orifice) in a plate (tray) thatriscontact with the liquid. The size of the
bubbles depends upon the diameter of the oriffee velocity of the vapor through the
orifice, the viscosity and density of the liquididathe surface tension between the
vapor and the liquid.

(a) Determine the dimensionless groups requirezbtopletely describe this system, in
such a manner that the bubble diameter and tti@acsutension do not appear in
the same group.

(b) You want to find out what size bubbles wouldfbamed by a hydrocarbon vapor
passing through a 1/4 in. orifice at a velocity 2oft/s, in contact with a liquid
having a viscosity of 4 cP and a density of 0.95mj/(the surface tension is 30
dyn/cm). To do this, you run a lab experiment gsair and water (with a surface
tension of 60 dyn/cm).

(1) What size orifice should you use, and what &hdbe air velocity through the
orifice be?

(2) You design and run this experiment and findt the air bubbles are 0.1 in. in
diameter. What size would the vapor bubbles i@enorganic fluid above the 1/4

in. orifice?

Solution:

Vapor bubbles through tray




Want d ando in different Groups

(a) Reference variables: [D] =L = L =[D]
[VI=LIt = t=[D/V]
Pl = M/L® = M =[pD7

Variable Dimensions
d L
D L
\Y L/t
p M/L®
M M/Lt
o F/L= M/t?
6 - 3 = 3groups
N1 =d/D
_M__pD3V2 _ 2 _© c
[G]—t—z—_ D2 :|—|:DV p:l — NZ_sz OI‘,“—V
M [ pD3V DV
[u]:_: P_ N N3:—p
Lt | DD u
(b) Field : D=2 V=21 u=4cP, p=0.95g/cc, 6=30", d=7
4 S cm

Model : p=12  u=1cP, 6=60P"  d=0.1in, V=2, D=7
CcC cm

Unknown = 3

Constants = 3

DV D
GetVinonly 1 group(iJ(—pJ:G 2p
AP B

Bl AL LA,
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2 2
D, =D [“—Mj iﬁ:o.zé[% (@J(ﬂi =0.00742i
He ) Owm Pm 4) \ 60 1
(very small I)
—v [ De | Pe |[ B |=of [ 0.25 2)(0.95)( j_ i
) V.=V | =ZE || EE || Em |=oTt U399 N_16
)V F[DMJ(pMJ[uJ Yl s007a2l 1 A

D .( 0.25 . )
d.=d,| == |=0.1 =3.37ir not practical !
] M(DMJ [o.oomzj (not p )

2-40 A flag will flutter in the wind at a frequency thdepends upon the wind speed, the air
density, the size of the flag (length and widthawity, and the “area density” of the
cloth (i.e. the mass per unit area). You haverg kagge flag (40 ft long and 30 ft wide)
that weighs 240 Ib, and you want to find the freguyeat which it will flutter in a wind
of 20 mph.

(@) Perform a dimensional analysis to determinegpropriate set of dimensionless
groups that which could be used to describe trablpm.

(b) To find the flutter frequency you run a testinvind tunnel (at normal atmospheric
temperature and pressure) using a flag made frocioth that weighs 0.05 Ibfft
Determine (1) the size of the flag and the windespthat you should use in the wind
tunnel and (2) the ratio of the flutter frequenéyh® big flag to that which you observe
for the model flag in the wind tunnel.

Solution:
@) f
— ]

(a) Flag:

Reference variables: [f] = 1/t = t=[1/]
IN[=L = L=l]
pl=M/IL> = M=[pl7
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Variable Dimensions

f 1/t

p M/L3
V L/t
W L

I L
M M/L?

g L/t

7 - 3 = 4groups

[V]= %:[Lf] . |\|1:F

==~ N, =1

Wi=L=[] - Ny=l,

M pl® M
=—="_=p L N, =—
[M] L2 |2 4 pl
(b) Field:V = 20ft/s,| = 40ft, W = 30ft, M =200
30(40)fE

p=air, g:32.2§2

Modelp =air,g = 32.2% M= 0.0éf%

Unknown:(V,I,W)_,W, =4

Equations = 4

AR o) o
L) ) e
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2-41 If the viscosity of the liquid is not too high (e.tess than about 100 cP), the
performance of many centrifugal pumps is not veegsgtive to the fluid viscosity.
You have a pump with an 8 in. diameter impellet thevelops a pressure of 15 psi
and consumes 1.5 hp when running at 1150 rpm pumpater at a rate of 100 gpm.
You also have a similar pump with a 13 in. diamétgpeller, driven by a 1750 rpm
motor, and you would like to know what pressuret thamp would develop with

water, and how much power it would take to drive it

(a) If the second pump is to be operated underitiond similar to that of the first,
what should the flow rate be?

(b) When operated at this flow rate with water, iyiv@ssure should it develop and
what power would be required to drive it?

Solution:

This problem is similar to Problem 2.25. The ralevdimensional groups are

le%; Nz:%; N, = ?
pD w pD w D w

Q|_Q

D’w, Dw),

_o[D:) (%
QZ_Q{DJ ((*)J

3
=1OOngnE1—3j (—1750)
8 1150
= =650 gpm
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Note that only 2 of these 3 are independent grbepgausé = Q AP

AP | _ AP |
pDzoo2|1 pD2w2|2

Dw =8

Dr =13

APy =15 Psi
w-= 1750 rpm
@y, = 1150 rpm

Since water is being used in bofh),; = p.

2 2
ren(2](2
M

2 2
=15PS(E’J (@ = 91.7 Ps
8 1150

Now matching N2

5 3
w222
Pu )\ Dn ) (&

5 3
=15 1 || 2] (17eg) = 60
1)L 8 ) 11150
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2-42 The pressure developed by a centrifugal pump depemd the fluid density, the
diameter of the pump impeller, the rotational spekthe impeller, and the volumetric
flow rate through the pump (centrifugal pumps aserecommended for highly viscous
fluids, so viscosity is not commonly an importaatigble). Furthermore, the pressure
developed by the pump is commonly expressed a$tivap head”, which is the height
of a column of the fluid in the pump that exerts §ame pressure as the pump pressure.
(a) Perform a dimensional analysis to determine rifieimum number of variables

required to represent the pump performance chaisiitein the most general
(dimensionless) form.

(b) The power delivered to the fluid by the pumpalso important. Should this be
included in the list of important variables, or dabe determined from the original
set of variables? Explain.

You have a pump in the field that has a 1.5 ft dinimpeller that is driven by a
motor operating at 750 rpm. You want to determiieat head the pump will
develop when pumping a liquid with density of 5@/ft’ at a rate of 1000 gpm.
You do this by running a test in the lab on a soadelel of the pump that has a 0.5
ft diameter impeller using water (at’®) and a motor that runs at 1200 rpm.

(c) At what flow rate of water should the lab pubwoperated (in gpm)?

(d) If the lab pump develops a head of 85 ft a fluw rate, what head would the pump
in the field develop with the operating fluid aetbpecified flow rate?

(e) How much power (in horsepower) is transferethe fluid in both the lab and the
field cases?

(f) The pump efficiency is defined as the ratialod power delivered to the fluid to the
power of the motor that drives the pump. If the fump is driven by a 2 hp motor,
what is the efficiency of the lab pump? If thei@éincy of the field pump is the
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same as that of the lab pump, what power motois@pmwer) would be required to

drive it?
Solution: ~ OP = pgH
Q.p
| (
D, N
Centrifugal Pump: AP = (p p head “H” is not a length variable, represent
AP
(a)Reference variables: [D] = L = L =[D]
[NI=1t =t=[1]]
p[=M/L® = M=[pDY
Variable Dimensions
AP F/L? = M/Lt?
N 1t
Q L3t
D L
p M/L3
5 - 3 = 2groups
pDNZ| ., _ AP _ _ fH
AP——— =[pD°N°] = N, =——, AP =pgH,N, =
[ ] |: D [p ] 1 pD2N2 pg ﬁ{DZNZ

Q=" =N - n,= O

(b) Power =P = FL

APQ =% =P notindependent of N ,J
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(€)

(d)

(e)

(f)

Field : D =1.5ft, N = 750 rpmp = 50 lbmft3 , Q =1000gpn

Model:D =0.5ft p= 62.3|bry N =1200rpm, MeasuraP

ft*’
Unknowns= 24F, ,Q, )

Equations = 2

(D?NJM :[D?NJF - :QF(%ZT[%ZJ

=1000 gpn{%’j [%Oj = 59.3 gpr

AP =pgH, H,, =86ft H. =7

(o). =(oe)
D?NZ ). | D?NZ),
2 2 2
Ho=H, [ 2= | [ Ne —85f(15j (ﬂj = 290t
D, ) | N, 0.5) (1200

P = APQ =pgHQ: Lab

IED_(fsz 3@)(32 %J( f—zj 85t (59§H )

ft’ =1.27hf

st ) | A2

Fielgp = 20(299)1000) o o\
7.48(60)(550)

(P _ (1_27j =0.63¢
(P) motor 2 loss

Fieldp, = s = 808 _gg 4

e =

(Probably use 100 hp)
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