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Conservation laws of mass, momentum and energy in integral form
(for a control volume V, enclosed by a permeable surface S)
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Stress tensor
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Shear stresses for a laminar Newtonian fluid
• Cartesian coordinates (x, y, z) with 0 = (vi, va,, vj:
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• Energy:
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(Bernoulli’s equation)

• Cylindrical coordinates (r, 0, z) with 0 = (vi, v0, vj:
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Normal stresses for a laminar Newtonian fluid

• Cartesian coordinates (x, y, z) with = (vi, va,, vs):
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Conservation laws of mass and momentum in differential form

• Mass:
Di

Dp
or —+pV•v=0

Di

. Momentum:
—
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Continuity equation for incompressible flow

• Vector form: Vi=O

• Cartesian coordinates (x,y,z) with =
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• Cylindrical coordinates (r,U,z) with 0 =

Navier-Stokes equations
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(incompressible flow, Newtonian fluid, constant ji)

• Vector form:
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Di

• Cartesian coordinates (x, y, z) with 0 = (vs, vi,, i.,7):
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• Cylindrical coordinates (r, U, z) with 0 = (vr, v0,v7)
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• Cylindrical coordinates (r, 0, z) with 0 = (Vr, v6, vj:
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Rate equations for heat transfer

(with Q=8Q/dt)

0
• Fourier s law: -- = —kVT

A

• Newton’s ‘ansatz’: hAT
A

• Stefan-Boltzmann law: - = aT4
A

Q AT
• Overall heat transfer: — = = UAT
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Integral form of the energy equation without friction and shaft power

f{ cj dV + = fUS pe dV +55 (e + p(i 11) dA

Differential form of the energy equation for incompressible media without friction

DT
q+V’(kVfl=pc--

Dimensionless parameters
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EINDHOVEN UNIVERSITY OF TECHNOLOGY
DEPARTMENT OF APPLIED PHYSICS

FLUID DYNAMICS LABORATORY

Examination Physical Transport Phenomena (3T320),
Thesday 28 January 2014, 14.00-17.00 hours.

This example examination is given a m&ximurn of 30 credit points. The maximum
number of credit points per subtask is denoted between the brackets.

Problem 1

Answer the following questions with ‘yes’ or ‘no’ and give a short argumenta
tion. No credit points will be given for answers without argumentation, even if the
answer is right.

(1 pnt) (a) Consider a two-dimensional (dimensionless) velocity field = (vi, v)
(—ax + ay2. ag), with a a constant. Is this flow incompressible?

(1 pnt) (b) Is it true that the convective acceleration of a tracer at (x, y) in the flow field
defined in (a) is given by f = (,) = (a2x +a2y2,a2y)?

(1 pnt) (c) Is the viscous stress tensor for the flow field defined in (a) given by

211(a ay?
\ ala! a ,/

(1 pnt) (d) May the Bernoulli equation be applied in a laminar boundary-layer flow?

(1 pnt) (e) A steady, incompressible. frictionless, jet of fluid impinges perpendicu’arly on
a flat plate. The jet has a cross-sectional area A, uniform velocity V. uniform
density p. and is directed in the positive x-direction. The jet is adapted to
the ambient pressure Pa Gravitational forces are to be neglected. Is the force
to hold the plate steady given by F = (FI,FY,FZ) = (—pAV2,0,0)?
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(1 pnt) (f) Consider a nuclear explosion in which a large amount of energy E is sud
denlv released in the air. Experimental evidence suggests that the distance
R travelled by the nuclear-explosion shock wave depends on time t as well as
the energy E and the density of the ambient air, p. Is it true that this flow
problem can be expressed in terms of a single dimensionless parameter

11=
R

(1 pnt) (g) Consider an inviscid flow around two identical cylinders as sketched below.
Is it true that the flow will push the cylinders apart from each other?

_

I

_

I
(1 pnt) (Ii) Do the Biot number and the Nusselt number have the same dimensions?

(1 pnt) (1) We immerse a boiled egg into cold water. The Biot Number is 1. Can we
model the temperature-time dependence of the egg according to a lumped-
parameter model?

(1 put) (j) For laminar flow past a flat surface, the Prandtl Number equals 50. Can
Blasius’ solution be used to model the thermal boundary layer?
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Problem 2

Consider a transport belt that is used to transport a Newtonian incompressible
fluid upwards. The transport belt is inclined by an angle a with respect to the
horizontal, see sketch below. The upper side of the transport belt moves with a
constant velocity U in the direction indicated in the sketch. On top of the belt
is a layer of fluid with a constant thickness Ii. The fluid flow is steady and can
be considered fully developed. The length L and width j47 of the belt are very
large, such that boundary effects can be neglected. The flow can be considered
two-dimensional (in the plane of the drawing). The Cartesian axes are chosen so
that the x-axis is parallel to the belt and the y-a.xis is normal to the belt. The
dynamic viscosity p and the density p are constant. The stress force exerted by
the air on the free surface of the fluid layer may be neglected, and the constant
pressure of the environment is equal to Pa The orientation of the gravitational
accelleration is indicated in the figure. The components of the velocity in liquid
film in the x- and y-direction are named v1 and v9. respectively.

(1 pnt) (a) State the boundary condition for the velocity at the upper side of the transport
belt (y = 0).

(1 pnt) (b) Prove that everywhere in the fluid layer the velocity component normal to
the transport belt is zero, i.e. v, = 0.

(1 pnt) (c) Show that the boundary condition for the velocity at the interface between
fluid and air (y = h) is given by dv1/dy = 0.

(2 pnt) (d) Prove that the z- and y-components of the Navier—Stokes equation can be
reduced as follows:

8p . d2v
———pgsincx+M-----=Oöx dy

OP
——

— pgcosa = 0

pa
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( pnt) (e) Use the y-cornponent of the reduced Navier—Stokes equation to determine the
pressure as a function of the height y in the fluid layer.

(2 pnt) (f) Determine the velocity profile vx(y) and make a sketch of the solution.

(1 pnt) (g) Determine the velocity of the belt, U, such that the mass flux in the fluid
layer is zero.

(1 pnt) (h) Compute the force that is exerted on the transport belt. Compute also the
power needed to keep the belt running.

Problem 3

In a test set-up the thermal properties of electrical blankets are measured by clamp
ing them in between two flat plates with fixed and applied temperatures T0 and
I’3. The locatioi-is of these plates are at x = —L and x = d + L. The geometry is
sketched below. In the center of the blanket an electrically heated layer is present.
It has a thickness d and thermal conductivity lcd. The heating per unit of volume
is 4. The two wool insulation sections have a thickness L. The thermal conduction
coefficient in the wool sections is k.

T0 T1 T2 T3

Wool Wool

X=-L X=O X=d X=d+L

(1 pnt) (a) State Fourier’s law explicitly for the three sections of this problem: left wool
layer, heated layer, and right wool layer, to compute the heat flux Q/A in
those layers.

(2 pnt) (b) Assume first that the center layer is not heated. Find the relation that de
scribes the heat flux Q/A as a function of T9 — T3, Hint: use the expres
sions found in (a). Make a graph of the temperature as a function of x for
—L < x < L ± d. Note that k, <k,.

(2 pnt) (c) Now in the heated layer an electric current is applied so there is heat generated
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with a value per unit volume. The differential form of tile steady-state
energy equation is given by

dx

Integrate this equation twice to find the temperature T in the heated layer as
a function of x. Use as boundary conditions that at x = 0 (i) there is no heat
flux (dT/dx = 0) and (ii) T = T1. Compute the heat flux Q/A as a function
of x in the heated layer.

(2 put) (d) Find the expressions for the temperature distribution in the three layers by
using the results of part c), and applying the correct boundary conditions.
Give explicitly the relationship between and T0 — 7’3.

(1 pnt) (e) Make a graph of the temperature as a function of x for —L x L + d. Is
7’3 higher or lower than To?

(2 pnt) (f) Under which condition can the temperature difference T1
— 71 be neglected

with respect to the temperature difference T0 — 71?
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