MTFO053 - Fluid Mechanics

2023-10-27 08.30 — 13.30

Approved aids:

— The formula sheet handed out with the exam (attached as an appendix)
— Beta - Mathematics Handbook for Science and Engineering
— Physics Handbook : for Science and Engineering

— Graph drawing calculator with cleared memory
Exam Outline:

— In total 6 problems, each worth 10p
Grading:

number of points on exam 24-35 36-47 48-60
grade 3 4 5




PROBLEM 1 - TABLE-TENNIS BALL (10 p.)

It is a classic result from potential flow theory that rotating cylinders and spheres will generate
lift. The figure below shows a schematic illustration of the streamlines around a rotating sphere.
As a consequence of the rotation, the upper part of the sphere will rotate with the flow increasing
the flow velocity locally due to the no-slip condition and in the same way, the lower part will
rotate against the flow direction and thus decrease the flow velocity. The result is a net turning
of the flow, which will lead to generation of a lift force in the flow-normal direction (in the same
way as the net turning of the flow generated by a wing is associated with a lift force). The lift
force generated by rotating spheres and cylinders is often referred to as the Magnus effect and
is the physical principle behind, for example, David Beckham’s famous bended free kicks — in
that case, there might be a certain amount of talent involved as well.

Fr,
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(a) Calculate the backspin (w) required to make a table-tennis ball follow a horizontal path
rather than the curved path that it would follow without adding spin to the ball. The
weight and diameter of a table-tennis ball are 2.5 g and 38.0 mm, respectively. After
hitting the ball, its velocity in the horizontal direction is V' = 12.0 m/s (6p.)
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Theory questions related to the topic:

(b) If you are going to do an experimental investigation of a problem including several impor-
tant physical variables, why is it beneficial to divide the variables into non-dimensional

groups? (1p.)

(¢) Make a schematic representation of the pressure distribution around a cylinder for inviscid
flow (potential flow), viscous flow with laminar and turbulent separation respectively.
Explain why the pressure varies the way it does. Which of the three cases will give the
lowest and highest pressure drag? (2p.)

(d) Why do dimpled golf balls have lower pressure drag than golf balls with smooth surfaces?
(1p.)



PROBLEM 2 -WATER SKI (10 p.)

Although the flow over the bottom surface of a water ski in use is rather far from a flow over a
flat plate, assuming that the flow resembles a flat plate flow will give a quite good estimate of
the skin friction drag. Let’s investigate the skin friction drag of a water ski that is L = 1.5 m
long and b = 0.15 m wide. For the boundary layer analysis it can be assumed that transition
to turbulence takes place at a local Reynolds number of Re, = 5.0 x 10°.

(a)

(b)

What is the maximum velocity for which the entire boundary layer built up under the
water ski will be laminar? (2p.)

Make two graphs that shows how the transition location and total drag varies with velocity
(V) for velocities in the range 1.0 m/s <V < 9.0 m/s (6p.)

Theory questions related to the topic:

For laminar flow over a flat plate, the velocity profile is self-similar - what does that mean?
(1p.)

Name two alternative ways to measure the boundary layer thickness than 4. How can
these measures be interpreted physically? (1p.)

ProBLEM 3 - PipE FLow (10 p.)

An engineer works on a construction where water at 20°C flows through a 30.0 m long galvanized
iron pipe (new condition) with the diameter D = 7.5 cm at a flow rate of Q = 0.09 m?/s.

(a)
(b)

Based on the information given above, calculate the head loss. (3p)

At a design meeting where the engineer presents his part of the construction, the calculated
head loss is deemed to be too high for the pumps installed upstream. After a bit of
research, the engineer finds that it would be possible to add a thin plastic liner coating
to the pipe walls and make the pipe hydraulically smooth. The addition of the liner
will however make the effective diameter slightly smaller. As input for the next project
meeting the engineer calculates the head loss for a smooth pipe at the same Reynolds
number as for the rough pipe (the maximum possible reduction of head loss) and the
diameter for a smooth pipe that gives the same head loss as the rough pipe (the smallest
diameter that could be allowed). Calculate these values. (5p.)

Theory questions related to the topic:

What does the concept entrance length mean? How does the flow velocity profile change
over the entrance length? (1p.)

How does the turbulence viscosity p: compare to the fluid viscosity p in the viscous
sublayer and in the fully turbulent region, respectively? (1p.)



PROBLEM 4 - BELT-DRIVEN FLOw (10 P.)

A wide belt passes through a container filled with a viscous liquid. The belt moves vertically
upward at a constant velocity V4. Due to the viscous forces, a fluid film with the thickness h is
built up over the belt surface. Since the belt moves vertically, gravity tends to make the fluid
drain down the belt. The film flow can be assumed to be laminar, steady, and fully developed.

Y,

(a) Starting from the Navier-Stokes equations, derive an expression for the fluid velocity
distribution in the liquid film. (5p.)

(b) For what belt velocities V;, will the average velocity in the film be positive? (3p.)
Theory questions related to the topic:
(c) Explain the physical meaning of local acceleration and convective acceleration. (1p.)

(d) How can we simplify the continuity equation on differential form under the following cir-
cumstances? (1p.)
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1: steady-state flow

2: incompressible flow



PROBLEM 5 - WATER Pump (10 p.)

A pump delivers water at a steady flow rate of Q@ = 1136.0 L/min. Water enters the pump
through a 9.0 cm (D;;,) pipe and leaves the pump through a 2.5 cm (Dy,;) pipe. Just upstream
of the pump, the pressure is p;, = 124.0 kPa and the pump increases the pressure to poy: =
414.0 kPa. There is a temperature rise over the pump of that corresponds to a rise of the internal
energy of the fluid of du = 278.0 Nm/kg. The pump can be considered to be well isolated and
thus the flow is adiabatic. Under the above described conditions, the pump consumes 27.5 kW
of electric power.

(a) Calculate the power consumption related to losses (the sum of viscous losses, mechanical
losses, etc) (5p.)

(b) Break the nominal pump power (pump power without losses) down into its components
(pressure rise, increase of kinetic energy, and increase of internal energy), i.e. calculate the
fraction of the total nominal pump power that is consumed by each of these components

(2p.)
Theory questions related to the topic:
(c) Explain the physical meaning of each of the terms in Reynolds transport theorem: (1p.)

d d
4 Bow) = 2 </wﬁpdv> + [ Bo(v, -maa

(d) What does it mean that inlets and outlets are one-dimensional? (1p.)

(e) The Bernoulli equation can be said to be a simplified form of the energy equation.
1 1 9 p2 1. o
— + Vi + gz = —+ V5 + gz = const
p 2 p 2

In what ways are the Bernoulli equation above more limited than the energy equation?
(1p.)



PROBLEM 6 - OVEREXPANDED NozzLE Frow (10 p.)

When a convergent-divergent nozzle operates at overexpanded conditions, oblique shocks are
formed at the nozzle exit as illustrated in the figure below. The presence of the oblique shocks
leads to a change of flow direction as the jet flow passes through the shock. In an experiment
where air was expanded through a convergent-divergent nozzle into a room at atmospheric
conditions (p, = 101325 Pa, and T, = 293 K), Schlieren imaging reviled the presence of
oblique shocks downstream of the nozzle exit. From the Schlieren images, the shock angle could
be estimated to be 5 = 45° and the flow deflection angle (the change of flow direction over the
shock) was estimated to be 6 = 15°.

(a) Calculate the exit-to-throat area ratio for the nozzle A/A* (4p.)
(b) Calculate the total conditions at the nozzle inlet (7, and p,) (4p.)
Theory questions related to the topic:

(¢) Which of the properties hy, Ty, a0, o, and p, are constants in a flow if the flow is adiabatic
and isentropic, respectively? (1p.)

(d) Show schematically how the oblique shock formed ahead of a wedge traveling at supersonic
speed if the flow deflection angle (half the wedge angle) is greater than the maximum
deflection angle and less than the maximum defection angle, respectively. (1p.)
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