MTFO053 - Fluid Mechanics

2024-11-01 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

— Any calculator with cleared memory
Exam Outline:

— In total 6 problems each worth 10p
Grading:

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




ProBLEM 1 - PipE FLow (10 p.)

A consultant working in the ventilation field has got a request from a customer to design a duct
for horizontal transport of air in an office building. Since the duct will be placed inside an office
building, it can be assumed that the average temperature of the air is 20°C.

Specifications from the customer:
e Pipe material: galvanized iron (circular cross section)
e Air flow rate: Q = 0.056 m?/s
e Pipe length: L =30 m

e The pressure drop is limited to 3.4 kPa (a constraint set by the fan installed to drive the
flow in the ventilation system)

(a) Find the smallest pipe diameter that will fulfill the requirements (5.0 p)

(b) How much can the flow rate be increased if the inner surface of the pipe is polished (smooth
surface) and the pressure drop is remained at 3.4 kPa (4.0 p)

Theory questions related to the topic:

(c) Give three examples of sources of local losses in a pipe system (0.5 p)

(d) What do we mean when we say that a pipe flow is fully developed? (0.5 p)



PROBLEM 2 - HUMAN-POWERED FLIGHT (10 p.)

In 1977, the designers of the Gossamer Condor (figure above) won a price in a competition as
it was the first human-powered aircraft to complete a prescribed figure-of-eight course defined
by two turning points 0.8 km apart. Shortly after that it crashed, but thats another story.
During the competition, the average flight speed was estimated to be 4.6 m/s. The drag co-
efficient for the construction (based on the wing planform area) was 0.046. The average wing
chord was 2.3 m and the total wing span (from one wing tip to the other) was 29.0 m. Tests
showed that the efficiency of the power transmission (from human power to propulsion of the
aircraft) was n = 0.8. During the competition, the total weight of the construction (including
the hard-workin pilot) was 934 N.

hint: the wing planform area (the area that you would see from above) is calculated as
A = chord x span

(a) Estimate the lift coefficient (the finite wing span does not have to be taken into account
at this low velocity) (3.0 p)

(b) Estimate the total drag (2.0 p)

(c) Estimate the pilot-generated power (1.0 p)
Theory questions related to the topic:

(d) The drag coefficient, Cp, can be divided into two components, which two components?
What phenomena are associated with each of the two components? (1.0 p)

(e) 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? (2.0 p)

(f) Show how the velocity profile as well as its first and second derivative change in a boundary
layer when the flow separates. What is the relation between flow separation and the
pressure gradient? (1.0 p)



PROBLEM 3 - WATER TANK (10 p.)

A water tank with the diameter D = 5.0 m is constantly filled from above such that the water
level in the tank is constant at h = 2.0 m above the discharge orifice located in the lower part
of the tank. The diemater of the discharge orifice is d = 5.0 ¢m. The temperature of the water
in the tank is 20°C. The water jet emanating from the orifice hits a plate oriented normal to
the jet flow.

(a) Calculated the flow velocity at the exit of the discharge orifice (3.0 p)
(b) Calculate the flow rate @@ at which the tank is filled from above (1.0 p)

(c) Calculate the force needed to hold the plate downstream of the discharge orifice in place
(the tank can be assumed to be well anchored to the ground) (3.0 p)

Theory questions related to the topic:

(d) What assumptions are made in the derivation of the Bernoulli equation? (1.0 p)
(e) What does it mean that inlets and outlets are one-dimensional? (1.0 p)

(f) Explain the physical meaning of each of the terms in the continuity equation on integral
form (1.0 p)

gfdmu/ p(Vy-n)dA =0



PROBLEM 4 - COUETTE-POISEUILLE FLow (10 p.)

y=—h

A lubrication film (SAE 30W oil at a temperature of 20°C') flows between two parallel plates
separated a distance of 2h = 2.0 mm. The upper plate moves to the right at a constant velocity
of V.= 0.5 m/s and the lower plate is fixed. The flow between the plates is driven by the
moving surface but is also affected by the presence of a constant pressure gradient. Thus, the
flow is a combined Couette-Poiseuille flow. The flow can be assumed to be fully developed.

(a) Derive an expression describing the velocity distribution in the oil film between the plates
(make sure to list all assumptions made and justify any simplifications of the flow equa-
tions) (3.0 p)

(b) Calculate the pressure gradient that results in that the average flow velocity is Vg, = 0
(3.0 p)

(c) Calculate the shear stress at the upper and lower wall, respectively (use the pressure
gradient calculated in 4b) (2.0 p)

Theory questions related to the topic:

(d) Under what circumstances can the general formulation of the momentum equation be
written on the form known as the Navier-Stokes equation? (1.0 p)

(e) When applying Reynolds decomposition to the flow equations as a step in the derivation
of the Reynolds-Averaged Navier Stokes (RANS) equations, the velocity components and
pressure are divided into an average part and a fluctuating part as for example

— /
U=u+u

Define the time average and show that the time average of the fluctuating component is
identically equal to zero (1.0 p)



PROBLEM 5 - WINDOWS WITH Buas (LINUX IS JUST BETTER) (10 P.)
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A small bug has landed on the outside of a car side window (see figure above). The flow
generated over the side window as the car moves forward can be approximated as flat plate flow
with zero pressure gradient. A boundary layer is built up over the window surface starting at
the left edge (the leading edge of the window). The small step between the window frame and
the window surface can be assumed to trigger the onset of turbulent flow and thus the boundary
layer will be turbulent directly at the leading edge.

(a) Calculate the minimum car speed at which the bug will not be able to stick to the window
surface if the bug can resist a shear stress of 1.0N/m? (4.0 p)

(b) What is the total skin friction drag on the window surface at this speed? (2.0 p)

(c) calculate the boundary-layer thickness at the location of the bug (z =40 ¢m) and at the
downstream end of the window (x = 100 ¢m), respectively. (1.0 p)

Theory questions related to the topic:

(d) What assumption is made to be able to derive the boundary layer equations and which
are the main limitations of these equations? (1.0 p)

(e) For laminar flow over a flat plate, the velocity profile (the Blasius profile) is self-similar -
what does that mean? (1.0 p)

(f) How is the transition from laminar to turbulent flow in an external boundary layer affected
by (assume other properties to be constant) (1.0 p)
i. increased freestream velocity (Us)
ii. surface roughness ()
iii. increased intensity of freestream turbulence

iv. positive pressure gradient



PROBLEM 6 - RE-ENTRY VEHICLE (10 p.)

A model of a re-entry vehicle (a very blunt object) is to be tested in a supersonic wind tunnel at
a freestream Mach number of 4.0. The test section (where the model is placed) is located inside
of a vaccum tank and during the test, the pressure in the tank, the pressure downstream of the
nozzle exit (pp), is reduced to 10% of the atmospheric pressure. The nozzle-exit cross-section
area is 1.0 m?

(a) Calculate nozzle throat area given that the nozzle flow is perfectly expanded, i.e. that
there are no shocks inside or outside of the nozzle and no expansion fans generated at the
nozzle exit (3.0 p)

(b) Calculate the total pressure upstream of the nozzle (1.0 p)

(c¢) Calculate the stagnation pressure and temperature at the surface of the re-entry vehicle
at the centerline given that the temperature upstream of the nozzle is 600 K (2.0 p)

Theory questions related to the topic:

(d) Which of the properties hy, Ty, a0, o, and p, are constants in a flow if the flow is adiabatic
and isentropic, respectively? (1.0 p)

(e) Using the continuity equation and energy equation on differential form together with the
definition of speed of sound, the following relation can be derived

dv

Vv

(2 =1) =~ (-1 =

i. Show, using the relation given above, how the velocity and pressure changes in a
flow through a divergent or convergent duct for initially subsonic flow or initially
supersonic flow (1.0 p)

ii. What can we tell about sonic flow from the relation and how does that relate to the
flow in a convergent-divergent nozzle? (1.0 p)

(f) Show schematically how the oblique shock formed ahead of a wedge traveling at supersonic
speed for the two cases below (1.0 p)

i 0 < Opan
ii. 0> Omax
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