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with the pressure:

0

v,
— - pg=—— 1.367
Z pa= r or (r 3r> ( )

The lefthand side is only a function of z and the righthand side is only a function
of 7. We have succeeded in sgparating the two variables, 7 and z. Thus, both sides

must be equal to the same ¢

ap
82

onstant, which we call A [58]:

ra”’> - (1.368)

We separated the z and  parts|of Equation 1.367 into two independent equations

that we can solve directly:

9
L smeil (1.369)
0z

r8”’> sl (1.370)
or

Because Equations 1.369 and 1.370 are now ODEs, we change the differentiation

from partial differentiation

remaining steps are straightf

BABr, 9/dz to total differentiation d/dr, d/dz. The

d
Pressure ODE: (1.371)

(1.372)

/dp /(A + pg)dz 1.:373)
=A+pg)z+Cs (1.374)

where Cs is an integration gonstant.

z-velocity : (1.375)

The solution of Equation 1.
Equation 1.356).

(1.376)

376 is discussed in the previous example (compare to

1. Create a list of five real
be addressed with the
fluid mechanics.

eﬁgineering problems or societal challenges that can
modeling introduced in this chapter and studied in
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2

. What are the

. Examine the

. Water at 25°

The green hose fills a swimming pool in 4 hours, the red hose fills the same
pool in 6 hours] and the yellow hose fills it in 8 hours. With all three hoses
running at thosg rates, how long will it take to fill the pool?

_ What is a typicdl yolumetric flow rate (in gpm and Ipm (liters per minute) for

household plunibing? What is a typical value of average velocity in a pipe?
Assume half-inch type-K copper tubing (see Perry’s Chemical Engineering
Handbook [133] for dimensions).

. Compare typical values of velocity head, pressure head, elevation head, and

friction head. What is a good rule of thumb for velocity differences that
are significant fin the flow of household water? Assume that the relevant
piping is half-ipch type K copper tubing (see Perry s Chemical Engineering
Handbook [132] (for dimensions).

viscosity and density of glycerin at room temperature? A
useful referende for physical-property data is Perry’s Chemical Engineering
Handbook [132];

_ How do the vipcosity of sugar-water solutions vary with concentration and

temperature? (Find the answer in the literature.) Provide a plot that shows
how the data vary; consider carefully how to plot the data so that the trend is
displayed meaningfully.
idtion factor/Reynolds number relationship for turbulent flow
in pipes (see Figure 1.21). Calculate the pressure drop versus the flow rate
for turbulent flow in a rough pipe in an existing apparatus at a chemical plant.
ation needed about the pipe to make the calculation. Which
factors are thg most critical?

_ For household water in steady flow in a half-inch Schedule 40 horizontal pipe

Figure 1.20), what are the frictional losses over a 100-foot run

of pipe? The flow may be laminar or turbulent. (This problem was proposed
originally as Example 1.8; on completion of this chapter, we now can solve
it.)

_ What is the rdnge of the friction factor for turbulent flow in smooth and rough
pipes? What js the range of the friction factor for laminar flow?

Rows at 6.3 x 10~3 m%/s through the irregularly shaped con-
tainer in Fighre 1.48. What is the average fluid velocity at the exit? The
apparatus is ppen to the atmosphere at the entrance and the exit.

. At a Reynolfls number of 10,000, flow in a pipe is turbulent and it is not

possible to produce a laminar flow. What is the friction factor for a flow
in smooth pipe at this Reynolds number? If somehow we could produce a
laminar flow at this Reynolds number, what would the friction factor be?
Repeat for Re = 10°. Compare the two answers and discuss.

bing are names for conduits of fluids, but the two terms differ in

diameter (OD) of piping is standardized to allow pipefitters to
mount pipeg into standard-size holders. The tubing OD is not standardized.
What are th¢ ID and OD of nominal 1/2-inch, 3/4-inch, and 1-inch Schedule
40 pipes? Give dimensions in both inches and mm. What are the closest
metric standard pipe sizes to these three sizes? Search for these answers in
the literaturg.




Flow through an irregular container (Problem 10).

13.

14.

15:

16.

14

18.

19.

20.
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Fluid =
Circular symmetry
Cross section:

water, 25°C

side—for example, 1/2-inch or 3/8-inch pipe—
L a5 the nominal size. For water flowing in
1/2-inch, Schedule 40 PVC (s ooth) pipe at 3.0 gpm, calculate the average
velocity and the Reynolds n ber using the correct, true ID of the pipe.
Calculate the average velocity nd Reynolds number using 0.5 inch (i.e., the
nominal size) as the diameter. lculate the friction factor based on these two
numbers (e.g., using the Cole ook equation or Equation 7.158). Calculate
the predicted pressure drop pgr unit length Ap /L in the two cases. How
much error in pressure drop is enerated for 100 feet of pipe when the wrong
diameter is used?

Glycerin at room temperatur
1.2 mm) at a Reynolds numbe
of the glycerin? What is the
Which flow generates more
explain.

A 30-gallon bathtub takes
water in the pipes (1/2-inch
rate in cm>/s?

Water (25°C) flows through 1 iich Schedule 40 steel pipe at 2.0 gpm. What
is the Reynolds number of th flow? What is the friction factor? Is the flow
]aminar or turbulent?
Water (25°C) flows through 141/2-inch Schedule 40 pipe at 2.0 gpm. What is
the pressure drop along 5,000{ feet of smooth pipe? If the pipe is not smooth
but rather commercial steel, What is the pressure drop?

Room temperature water corrjes out of a spigot at 3.0 gpm. How long would
it take to fill a 5-gallon bucket?

Water at room temperature ¢omes out of a spigot at the maximum speed
possible for the flow to still He laminar. What is the flow rate in gpm and in
liters/minute? The flow line i 1/2-inch, Schedule 40 smooth pipe.

Water (25°C) flows through [DN40 (metric pipe size) Schedule 40 smooth
pipe at 8.0 liters/minute. at is the pressure drop along 1,500 meters of
pipe? If the flow rate doubled to 16 liters/minute, what is the pressure drop?

Piping is rated by its nominal
but the true ID is not the sam

is made to flow through a pipe (the ID is
of 1.00 x 102. What is the average velocity
erage velocity if the fluid is water instead?
i¢tion? Be quantitative in your answer and

about! 8.0 minutes to fill. What is the flow rate of
e-K copper tubing) in gpm? What is the flow
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Figure 1.49 Schematic for Pr¢

21:

A Ventiri meter with a 1.00-inch diameter throat is to be installed in a 2-inch
line (i.4., Schedule 40 piping, smooth) with water flowing at 25°C. If the
flow is furbulent and the range of expected flow rates is 0200 gpm, what is
the expgcted range of pressure drop in the Venturi meter? You may neglect
frictiongl losses.

A Venthri meter with a 4.00 mm ID throat is installed in a 25DN line (metric

pipe size, Schedule 40, piping, smooth) with water flowing at 25°C. If the
flow is|turbulent and the maximum flow rate is 40.0 liter/min, what is the
pressute drop in the Venturi meter? You may neglect friction.

. A gasdline tank is connected to a 25-foot hose (ID = 1.50 cm) as shown

in Figyre 1.49. The ambient temperature is 38°C. What is the maximum
height |of the barrier over which the gasoline may be siphoned? You may

negle

ot frictional losses. Note the following physical property data: density

of gasgline = 5.6 lby/gal and vapor pressure at 38°C is 12.3 psia.

A watdr tank is connected to a 100-foot hose (ID = 1.50 cm), as shown in the

top of Figure 1.50. The height h is 1.8 meters. Calculate the average velocity
of watbr in the hose. Do not neglect friction; you may assume turbulent flow.

. For the flow setup in Problem 24 (2 = 1.8 meters), if we elevate the center

of the hose, the flow will continue unabated. At some elevation, however, the

press
CLs®

ure inside the elevated part will drop to the vapor pressure of water at
ind the water will boil, breaking the siphon. At what height, H, will

the siphon break?

. A pipgline of diameter d connects the fluid (density = p) in an elevated open

tank and a closed tank (Figure 1.51). The fluid is motionless. Determine the
pressyre in the lower tank in terms of the labeled heights.
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Schematic for Problems 24 and 25.

Figure 1.50

27. Water at 25°C fills the irregulaj
the absolute pressure P in psia
to the atmosphere at the top. Th

28. A tall scaffolding is erected ne
maximum head deliverable by

ly shaped container in Figure 1.52. What is
ot the position noted? The apparatus is open
le apparatus is 100.0 cm thick into the page.
kt to a lake where a pump is operating. The
he pump is Wpump/mg = 70 ft. A long hose

is connected to the pump exit, and the pump draws water from the lake. The

m Schematic for Problem 27.
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m Schematic of a rubtic shower arrangement in the woods (Problem 29).

29.

30.

pump i running and water is coming out of the hose. You grab the end of
the hosd and start climbing the scaffolding. How high do you have to climb
before the water stops coming out of the hose? Justify your answer using the
mechanjcal energy balance.

At a vadation camp in the woods, the owner collects rainwater for washing.
She plaps to construct a cold-water shower by mounting the collection tank
(i.e., 150-gallon, 36-inch diameter) on a platform and using gravity to provide
the flow through piping attached to a hole in the side near the bottom of
(Figure 1.53). She easily can obtain PEX tubing (i.e., cross-linked
polyethylene) in nominal 1/2-inch and 1-inch sizes. What is the flow rate at
the pipd exit at the beginning of the shower if she connected 10 feet of the
1/2-inch PEX (ID = 0.632 inches) to a full tank of water? What is the flow

Your giandfather has a cottage at the lake and wants to install a pump to
deliver fwater to the house. He plans to pump water at night to fill a storage

the catdlog your grandfather consulted are rated by their value of horsepower
(hp). What is the minimum hp rating of a pump capable of providing a flow

e S TS e P O
H [ B

Schematic of the water system at cottage (Problem 30).
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3l

32,

All piping 1 in. Schedule 40
2 gate valves
1 90° bend

rate of 5 gpm of water at the tagk? Assume that the pump is 65 percent
efficient (i.e., of the energy put fout by the pump, only 65 percent goes
toward work on the fluid) and tha the pipe is PVC (i.e., polyvinyl chloride,
a polymeric material that is assurrjed to be smooth).

Fitting Numter of fittings
straight pipe, 1 inch, Schedule 40 05 feet
coupling 8

globe valve 1

gate valve 4

disk water meter 1

Pressure-drop versus flow-rate dafa were taken on water (room temperature)
flowing in a 30.0 m section of ¢ld 1-inch Schedule 40 pipe (Table 1.7).
Calculate the friction factor versus the Reynolds number for these data. How
do the results compare to the stangard correlation for the friction factor (i.e.,
the Colebrook equation)? Be quaptitative. If we assume that there has been
some scaling (i.e., deposition of hard deposits on the inner walls) that has
decreased the effective pipe ID, can we improve the correspondence between
the data and the literature correlagion? Discuss.

A pump is connected between twp tanks as shown in Figure 1.55. Calculate
the pressure head, the velocity hedd, the elevation head, and the friction head

Table 1.7. Data for flow in a pipe
for Problem 31

Ap (1}
(kPa) (cn®/s)

80 350
20 560
45 880
88 1,400
2,200

Schematic of flow between an open and a closed tank (Problem 32).
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pump

m Schematic of flow for Aroblem 34.

25

. Pumps are

. Arun of w

. Modify the

. Water at 21

between the

head Wpump

For the flow

outlet and the inlet for a flow at 5.0 gpm. Calculate the pumping
mg for this flow.

loop shown in Figure 1.55, develop an equation that gives the
losshy = F2/g in feet as a function of flow rate Q in gpm. The

answer is af) approximately quadratic equation. Plot your answer as friction

friction hea}

head versu

fluid that th
as shown ir
is measured
the pump,

capacity (i.e., flow rate) for turbulent flow rates up to 10 gpm.
tated in terms of fluid head (i.e., energy per unit weight of the
by are pumping). A pump is connected between two open tanks
Figure 1.56. The shaft work delivered by the pump at 6.0 gpm
at Woump/mg = 75 feet, where Wpump is the shaft work done by
is the mass flow rate of the fluid being pumped, and g is the

acce:leratioI_l due to gravity. What is the friction loss of the system between
Points 1 and 2? Give your answer in feet of head. The frictional losses of

the pump a
calculation

ready have been accounted for and should not be included in the
D.
hter piping crosses a field where a road is to be built. The piping

will be roued temporarily over the road as shown in Figure 1.57. How is the

load on the
load on the
shown in F

at the pipe
the figure. ]
atmospherg
pressure i1
constant.

by account

pump affected by the temporary change? Estimate the additional
pump as a function of flow rate for the dimensions and fittings
gure 1.57. Both new valves are ball valves.

. For the piping system shown in Figure 1.58, what is the average fluid velocity

discharge? Write the answer in terms of the variables defined in
ou may neglect friction in the solution. The tank is not open to the
. the pipe discharges fluid to the atmosphere. P is the absolute
side the vapor space over the fluid in the tank, and P is held

solution for the discharge velocity of a siphon (see Example 1.5)
ng for the friction term. Assume that the friction factor is approxi-

mately constant and that flow is in the turbulent regime (0.002 < f < 0.010;

see the Mo

bdy chart, Figure 1.21 [103]). What is the error involved in neglect-

ing friction} in a siphon?

Calculate
between pg
same and

us that sinfe AP is the same, then the head loss ks =

°C flows at 3.2 gpm through the multipath pipeline in Figure 1.59.
the volumetric flow rate in each branch and the pressure drop
bints (a) and (b). Note: the pressure drop across each branch is the

s equal to the pressure drop from (a) to (b). Equation 1.93 shows
&F = M in each

branch is the same. The mass balance provides a second relationship between
the two velocities, allowing the problem to be solved.
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Pipeline crosses desert road:

40 ft 2 in. Schedule 40 steel
2 new ball valves T
4 new 90° bends

o

Figure 1.57 Schematic of circumstances described in Prgblem 35.

Inner Diameter = D
Densityf p
Viscosity p

Temperat

Figure 1.58 Schematic for Problem 36.

All piping is 1/2 inch Schedule 40
Length branch (1) = 245 ft 1
Length branch (2) = 540 ft

(@)

m Schematic for Problem 38.
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39. What is the effect of viscosity on the operation of a siphon?

40. Sketch the cylindrical coordinate system basis vectors é,, €g, and &, at the
following [points (r, 6, z): (3,0, 0), (3, 5, 0), (3, 37;’—, 0), (6,0, 0), (6, 5, 0),
and (6, 3%, 0). Sketch the Cartesian basis vectors &, €,, é; at the same
locations. Comment on your sketches.

. For the vegtor v = Uég written in the cylindrical coordinate system, what is
the companent of v in the é, direction? U is a constant.

. For the ve¢tor v = Uré, written in the cylindrical coordinate system, what is
the companent of v in the é, direction? U is a constant and r is the coordinate
variable of the cylindrical coordinate system.

. For the fo]lowing vectors v and g, what is the component of the velocity v
(m/s) in the direction of vector a?

3
v=38 426,476 =2
7

xyz

. For the following vector and tensor (matrix), what is 71 - £? Both expressions
are written in the cylindrical coordinate system.

1 0 12 0
a=(1] z=(12 0 0
0 0 0 0

réz réz

. What is the dot product of the following two vectors? Both vectors represent
propertieq at the point (1, 0, 0)x,. Note: The expressions here are written in
two different coordinate systems.

1

0 0

2 xyz 2 roz

. 'What is the dot product of the following two vectors? Both vectors represent
properties at the point (0, 1, 0)x,. Note: The expressions here are written in
two diffetent coordinate systems.

-1
0 2

réz

. What s the cross product of the following two vectors? Both vectors represent
propertiep at the point (1, 1, 0),y.. Note: The expressions here are written in
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48.
49.
50.
5l
52

53:

54. -The solution for the velocity fie

59:

56.

%

58.

59,

two different coordinate systemsg.

1
0
1

1
0
0

yz rz

Write the vector w = 4é; — é; + &; in cylindrical coordinates.
Write the vector v = (1 — 4y?)d, in cylindrical coordinates.

Write the vector w = —3¢é; — €]
Write the vector v = (1 — 2y?)4
The solution for the velocity fie
is provided in Chapter 7 (see B

+ &3 in spherical coordinates.

, in spherical coordinates.

|d for steady, pressure-driven flow in a tube
quation 7.23). Convert this solution, which

is given in cylindrical coordinafes, to Cartesian coordinates, X, y, z, éxi 8y

and é..
The solution for the velocity fig
is provided in Chapter 8 (see B

Id for steady, uniform flow around a sphere
quation 8.23). Convert this solution, which

is given as a vector written in the spherical coordinate system, to a vector

written in the Cartesian coordi
terms of spherical coordinate v:
r,0,¢ and x, y,z do we need {
coordinate system?

provided in Chapter 7 (see Equ
given in Cartesian coordinates g
coordinates anchored on the bo
What is a boundary condition?
solving differential equations?

How many boundary conditior]
differential equation? How marn

For the steady laminar flow of
rate Q from the velocity profilg

hate system. You may leave your answer in
hriables 7, 6, . What relationships between
o complete the conversion to the Cartesian

d for steady, pressure-driven flow in a slit is
htion 7.188). Convert this solution, which is
entered in the middle of the slit, to Cartesian
tom wall.

Why are boundary conditions needed when

s on x are needed for the following partial
ly boundary conditions are needed on y?
DR )
— = —

ax  dy?
vater through a long pipe, calculate the flow
, which is given here. Show your work. The

following quantities are constants: R, L, p, g, P,, Pr, ;7 is the coordinate

variable in the cylindrical coord

A

V= V€,

_ R¥(Lp

linate system.

e+ po— pL) P

Uz

Using a computer program (i.e.,

R2

(1_

spreadsheet or other), plot the velocity profile

?)

4ulL

given in Equation 1.140, which represents the velocity profile between two

long vertical plates separated b
convection: One plate is hotter
For the natural-convection velo
the second derivative of the vel

/ a narrow gap. The flow is caused by natural
than the other.

bity profile given in Equation 1.140, calculate
beity-profile function and evaluate the second
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derivative at the extrema of the function. What does the second derivative
tell us abo:t the extrema?

. Which of the following expressions is v - Vv? Explain how you arrive at your
answer.

NPx v v v v v
Uy T T U U gr T Vx5 T UG

;. O v, avy v 5
S S e s or vy%yj—kvy—gj-{—vy%

qu. v, dv; v v o
av: A 2ix ==X i
Ux Fx =t Uy ay + v, 0z / xyz Uz 5% iy dy Rk 3z / xyz

. What is the substantial derivative Dv/Dt of the steady-state velocity field

represented by the following velocity vector? Note that the answer is a vector.
Explain hgw you arrive at your answer.

1 —9x2
v(x1, x2, X3,8) = 0
0 123

. Under the|pull of gravity, a Newtonian fluid drains from a cylindrical tank

through a §mall hole in the center of the bottom of the tank. The tank has radius

R and is df height H. Which coordinate system do you choose for solving
field in this problem? In your chosen coordinate system, what is
expression for the velocity field v? Are any of the components

of v zero |n your coordinate system? If so, why? Of what variables is v a
function?

ian fluid flows past a stationary sphere. Upstream of the sphere,

if uniform; that is, the velocity is constant in both magnitude and

direction. [The radius of the sphere is D /2. Which coordinate system do you

choose fot solving for the flow velocity field in this problem? In the chosen

coordinatd system, what is the general expression for the velocity field v?

Are any of the components of v zero in your coordinate system? If so, why?
Of what variables is v a function?

. A Newtonjan fluid flows under a driving pressure gradient and down the axis
of a duct with a rectangular cross section. The width of the duct is 2/ and
the height|{is 2H. The duct has a length of L. Which coordinate system do
you choosg for solving for the flow in this problem? In the chosen coordinate
system, what is the general expression for the velocity field v? Are any of
the compdnents of v zero in your coordinate system? If so, why? Of what
position vgriables is v a function?

. A Newtonjian fluid flows under a driving pressure gradient down the axis
of a duct with a circular cross section. The radius of the duct is D/2 and

is L. Which coordinate system do you choose for solving for the

for the velocity field v? Are any of the components of v zero in
your coorflinate system? If so, why? Of what variables is v a function?

. A Newtorjian fluid flows under a driving pressure gradient down the axis of
a duct with an elliptical cross section. The longer axis of the ellipse is a and
the shortef axis is 5. The length of the duct is L. Which coordinate system do
you choose for solving for the flow in this problem? In the chosen coordinate
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67.

system, what is the general expression for the velocity field v? Are any of
the components of v zero in ypur coordinate system? If so, why? Of what
variable is v a function?
A Newtonian fluid flows past a three-dimensional stationary object that is a
simplified version of a modern 3 utomobile. Upstream of the object, the flow is
uniform; that is, the velocity is ¢onstant in both magnitude and direction. The
object presents a Cross section|to the flow of 4,. Which coordinate system
do you choose for solving for the flow velocity field in this problem? In the
chosen coordinate system, what is the general expression for the velocity
field v? Are any of the compopents of v zero in your coordinate system? If
so, why? Of what variable is v|a function?




