
Problem sheet 7: Pipe Wows
last edited April 2, 2019

These notes are based on textbooks by White [15], Çengel & al.[18], Munson & al.[19], and de Nevers [12].

Except otherwise indicated, we assume that:

Fluids are Newtonian

The atmosphere has patm. = 1 bar; �atm. = 1,225 kgm
−3; Tatm. = 11,3

◦
C; �atm. = 1,5 ⋅ 10

−5
Pa s

Air behaves as a perfect gas: Rair=287 J kg−1 K−1; air=1,4; cp air=1 005 J kg−1 K−1; cv air=718 J kg−1 K−1

Liquid water is incompressible: �water = 1 000 kgm−3, cp water = 4 180 J kg
−1
K
−1

In cylindrical pipe Wow, we assume the Wow is always laminar for [Re]
D
. 2 300, and

always turbulent for [Re]
D
& 4 000. The Darcy friction factor f is deVned as:
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The loss coeXcient KL is deVned as:

KL ≡

|Δploss|

1

2
�V

2

av.
(7/6)

Viscosities of various Wuids are given in Vg. 7.10. Pressure losses in cylindrical pipes
can be calculated with the help of the Moody diagram presented in Vg. 7.11 p.130.

Figure 7.10 – Viscosity of various Wuids at a pressure of 1 bar (in practice viscosity is almost
independent of pressure).

Figure © White 2008 [15]
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Figure 7.11 – A Moody diagram, which presents values for f measured experimentally, as a
function of the diameter-based Reynolds number [Re]D , for diUerent relative roughness values.

Diagram CC-by-sa S Beck and R Collins, University of SheXeld130

https://commons.wikimedia.org/wiki/file:Moody diagram.jpg
https://creativecommons.org/licenses/by-sa/3.0/deed.en


7.1 Revision questions
non-examinable

The Moody diagram (Vg. 7.11 p.130) is simple to use, yet it takes practice to understand
it fully. . . here are three questions to guide your exploration. They can perhaps be
answered as you work through the other examples.

7.1.1. Why is there no zero on the diagram?

7.1.2. Why are the curves sloped downwards — should friction losses not instead
increase with increasing Reynolds number?

7.1.3. Why can the pressure losses Δplosses be calculated given the volume Wow ̇ , but
not the other way around?

7.2 Air Wow in a small pipe
Munson & al. [19] E8.5

A machine designed to assemble micro-components uses an air jet. This air is driven
through a 10 cm-long cylindrical pipe with a 4mm diameter, roughness 0,0025mm, at an
average speed of 50m s

−1.

The inlet air pressure and temperature are 1,2 bar and 20 ◦
C; the air viscosity is quantiVed

in Vg. 7.10 p. 129.

7.2.1. What is the pressure loss caused by the Wow through the pipe?

7.2.2. What is the maximum average Wow speed for which the Wow would remain
laminar?

7.2.3. What would this speed be if the pipe diameter was 4 cm instead of 4mm?

7.3 Water piping
CC-0 o.c.

A long pipe is installed to carry water from one large reservoir to another (Vg. 7.12). The
total length of the pipe is 10 km, its diameter is 0,5m, and its roughness is � = 0,5mm. It
must climb over a hill, so that the altitude changes along with distance.

Figure 7.12 – Layout of the water pipe. For clarity, the vertical scale is greatly exaggerated. The
diameter of the pipe is also exaggerated.

Figure CC-0 o.c.

The pump must be powerful enough to push 1m3
s
−1 of water at 20 ◦

C.

Figure 7.10 p.129 quantiVes the viscosity of various Wuids, and Vg. 7.11 p.130 quantiVes
losses in cylindrical pipes. 131
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7.3.1. Will the Wow in the water pipe be turbulent?

7.3.2. What is the pressure loss caused by the Wow through the pipe?

7.3.3. What is the pumping power required to meet the design requirements?

7.3.4. What would be the power required for the same volume Wow if the pipe diameter
was doubled?

7.4 Design of a water piping system
CC-by-sa o.c.

You start your career as a junior engineer in a company that designs piping and pumping
systems.

Your Vrst assignment is to choose the dimensions of a system which should carry 3m3
h
−1

of water across a horizontal distance of 1 km. Fresh from reading through chapter 7, you
design the sytem to feature laminar Wow only.

You begin with a revision of the relevant theory, starting, of course, from the Navier-
Stokes equations and a simple diagram (Vg. 7.13), obtaining the velocity distribution for
laminar Wow in a circular pipe:

vz = u(r) = −
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Figure 7.13 – A cylindrical coordinate system to study laminar Wow in a horizontal cylindrical
duct.

Figure CC-0 o.c.

7.4.1. What is the maximum pipe diameter for which the Wow will remain laminar?

7.4.2. Starting from equation 7/22, show that the pressure loss per unit length in the
pipe with laminar Wow is expressed as a function of the volume Wow ̇ and the
diameter D as:

Δploss

L

= −
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7.4.3. What is the pressure loss in the pipe?

7.4.4. What is the pumping power required?

With those results in hand, you turn to your colleagues — but with a smile, they suggest
you try a design with turbulent Wow instead.

7.4.5. What would be the pressure loss if an 8 cm-diameter plastic pipe was used?

7.4.6. What would then be the pumping power required?

7.4.7. What is one advantage of using a pipe with smaller diameter? (brieWy justify
your answer, e.g. in 30 words or less)132
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7.5 Major oil pipeline
CC-0 o.c.

Strong from your experience working through problem 7.4, you join the team in charge
of designing one very large oil pipeline system (Vg. 7.14).

Your design must safely carry 700 thousand barrels of oil (110 000m3) per day along a
length of 1 200 km. The crude oil has density 900 kgm−3 and its viscosity is quantiVed in
Vg. 7.10 p.129. The average temperature of the oil during the transit is 60 ◦

C.

The landscape is Wat for most of the journey, with a 200 km-wide mountain range in the
middle that reaches 1 400m altitude.

Your team selects a cylindrical, smooth steel duct with 1,22m diameter, average roughness
� = 0,15mm. Because the pipeline passes through ecologically fragile areas, as well as a
seismically-active region, you decide to never exceed 200 psi (13,8 bar) of gauge pressure
in the pipeline. To prevent oil cavitation (a change of state with destructive consequences),
you decide to never reach below 0,8 bar of absolute pressure in the pipeline.

7.5.1. How much time does an oil particle need to travel across the line?

7.5.2. How much pumping power is required in total?

7.5.3. How far apart should the pumping stations be laid out in the Wat sections of the
pipeline?

7.5.4. How far apart should the pumping stations be laid out in the ascending section
of the pipeline?

7.5.5. Propose a pumping station arrangement, and calculate the power required for
each pump.

Before you start building the pipeline, the operator would like to know how the system
would perform at half-capacity (i.e. with half the volume Wow).

7.5.6. If none of the other input data changes, what is the new pumping power?

7.5.7. Propose one reason why in practice, the pumping power may be higher than
you just calculated (brieWy justify your answer, e.g. in 30 words or less).

Figure 7.14 – The Trans-Alaska Pipeline System, which inspired this problem. It was built in the
1970s, at tremendous Vnancial, political and social cost.

Photo CC-by-sa by Luca Galuzzi – www.galuzzi.it
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7.6 Pump with pipe expansion

A pump is used to carry a volume Wow of 200 L s−1 from one large water reservoir to
another (Vg. 7.15). The altitude of the water surface in both reservoirs is the same.

Figure 7.15 – Layout of the water pipe. For clarity, the diameter of the pipe and the vertical scale
are exaggerated.

Figure CC-0 o.c.

The pipe connecting the reservoirs is made of concrete (� = 0,25mm); it has a diameter
of 50 cm on the Vrst half, and 100 cm on the second half. In the middle, the conical
expansion element induces a loss coeXcient of 0,8. At the outlet (at point D), the pressure
is approximately equal to the corresponding hydrostatic pressure in the outlet tank.

The inlet is 14m below the surface. The total pipe length is 400m; the altitude change
between inlet and outlet is 12m.

7.6.1. Represent qualitatively (that is to say, showing the main trends, but without
displaying accurate values) the water pressure as a function of pipe distance,
when the pump is turned oU.

7.6.2. On the same graph, represent qualitatively the water pressure when the pump
is switched on.

7.6.3. What is the water pressure at points A, B, C and D?

7.7 Kugel fountain
Non-examinable. Derived from Munson & al. [19] 6.91

A Kugel fountain is erected to entertain students of Wuid mechanics (Vgs. 7.16 and 7.17).
A granite block (2 700 kgm−3) is sculpted into a very smooth sphere of diameter 1,8m.
The sphere is laid on a cylindrical concrete stand of internal diameter 1,2m, whose edges
are also smoothed out.

The stand is Vlled with water, and a pump creates a Wow which lifts the sphere to make
a decorative fountain. Water Wows between the stand and the sphere along a length
of 10 cm, with a thickness of 0,13mm. Entrance eUects are negligible, and because the
Reynolds number is low, the Wow is entirely laminar.

7.7.1. What is the pressure exerted by the sphere in the central part of the fountain?
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Figure 7.16 – Schematic layout for a Kugel fountain. A pump (bottom left) increases the water
pressure to a value high enough that it can support the weight of the sphere. A thin strip of water
Wows between the concrete foundation and the sphere.

Figure CC-0 o.c.

7.7.2. The velocity distribution for Wow in between two Wat plates of width Z separated
by an interval 2H , known as Couette Wow, is modeled as a function of the stream-
wise pressure gradient )p/)x with the equation:

u =

1
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Starting from this equation 7/12, show that the pressure gradient can be quanti-
Ved as a function of the volume Wow ̇ :
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7.7.3. What is the volume Wow between the sphere and the concrete foundation?

7.7.4. What is the pumping power required for the fountain to work?

7.7.5. How would this power change if the diameter of the concrete support (but not
of the sphere) was increased? (brieWy justify your answer, e.g. in 30 words or
less)

Figure 7.17 – A Kugel fountain, featuring questionable aesthetics but providing the opportunity
for amusing interaction. A granite sphere is supported by the Wow of water between the sphere
and a solid strip of concrete. Photo CC-by-sa by Commons User:Atamari
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7.8 A more complex ducted Wow
non-examinable. From institute archives

A more complicated laminar Wow case can be studied with the following case.

In the middle of a vertical container of width 2ℎ Vlled with oil (Vg. 7.18), a plate of
width b (perpendicular to the plane) and length L with negligible thickness is sinking at
constant velocity vp .

Under the assumption that the Wow is laminar everywhere, steady and fully developed,
give an analytical expression for the friction force applied on the plate.

Figure 7.18 – The hypothetical case of a plate sinking vertically in an oil reservoir.

7.9 Politically incorrect Wuid mechanics
non-examinable

In spite of the advice of their instructor, a group of students attempts to apply Wuid
mechanics to incommendable activities. Their objective is to construct a drinking straw
piping system that can mix a drink of vodka and tonic water in the correct proportions
(Vg. 7.19). They use a “Strawz” kit of connected drinking straws, two bottles, and a glass
full of ice and liquid water to cool the mix.

For simplicity, the following information is assumed about the setup:

• Vodka is modeled as 40 % pure alcohol (ethanol) with 60 % water by volume;

Figure 7.19 – Conceptual sketch of a student experiment.
Figure CC-0 o.c.
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Percentage of alcohol by weight Viscosity in centipoise
0 1,005

10 1,538

20 2,183

30 2,71

40 2,91

50 2,87

60 2,67

70 2,37

80 2,008

90 1,61

100 1,2

Table 7.1 – Viscosity of a mix of ethanol and water at 20 ◦C.
data from Bingham, Trans. Chem. Soc, 1902, 81, 179.

• Ethanol density is 0,8 kgm−3;

• Tonic water is modeled as pure water;

• The viscosity of water and alcohol mixes is described in table 7.1 (use the nearest
relevant value);

• The pipe bends induce a loss coeXcient factor KLbend = 0,5 each;

• The pipe T-junction induces a loss coeXcient factor KL = 0,3 in the line direction
and 1 in the branching Wow;

• The pipe has inner diameter D = 3mm and roughness � = 0,0025mm.

The students wish to obtain the correct mix: one quarter vodka, three quarters tonic
water. For given levels of liquid in the bottles, is there a straw pipe network conVguration
that will yield the correct mix, and if so, what is it?
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Answers

7.2 1) Calculating inlet density with the perfect gas model, [Re]
D
= 14 263 (turbulent),

a Moody diagram read gives f ≈ 0,029, so Δpfriction = −1 292,6 Pa = −0,0129 bar.

7.3 |Δpalt.| = �g(26 − 8 + 5 − 7) = 1,57 bar and |Δpfriction| = 51,87 bar : Ẇpump = 5,345MW.

7.6 Pressure losses to friction are −3 735 Pa in the Vrst half, +71 Pa in the throat,
−117 Pa in the second half. Add hydrostatic pressure to obtain Vnal result.

7.7 Δp =
FW sphere

Abasin
= 71,51 kPa. Then ̇ = 0,494 L s

−1 which enables us to obtain Ẇpump =

35,3W.

7.8 Calculate the velocity distribution in the same way as for equation 7/12 p.121.
Evaluate the pressure gradient )p

)y
using mass conservation (total cross-section

mass Wow is zero). With the full velocity distribution, derivate v with respect to x
to obtain F� = �Sgℎ +

2�S

ℎ
vp.

7.9 The author cannot remember which exercise you are referring to.
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