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Fluid Mechanics Problems for Qualifying Exam
(Fall 2014)
1. Consider a steady, incompressible boundary layer with thickness, δ(x), that develops on a flat plate with leading edge at x = 0. Based on a control volume analysis
for the dashed box, answer the following:
a) Provide an expression for the mass flux ṁ based on ρ, V∞ , and δ.
b) Provide an expression for the wall shear stress, τw , based on ρ, V∞ , u and δ.
c) Consider a linear velocity profile, u(y). Provide an expression for τw as a function
of ρ, V∞ and dδ/dx.
d) The expression from (c) by definition equals τw = µ∂u/∂y at y = 0. Provide
an expression for δ(x) based on Rex = ρV∞ x/µ and x.
e) Provide the skin friction coeﬃcient, cf =

τw
2 ,
0.5ρV∞

as a function of Rex .

f) Based on the boundary layer shape, do you expect the skin friction coeﬃcient
for the Blasius boundary layer to be larger or smaller than your answer from (e)?
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2. Consider a uniform flow with velocity U in the positive x direction combined
with two free vortices of equal strength located along the y-axis. Let one vortex
located at y = a be a clockwise vortex (ψ = K ln r) and the other at y = −a be a
counterclockwise vortex. where K is a positive constant. It an be shown by plotting
streamlines that for Ua/K < 2 the streamline ψ = 0 forms a closed contour, as shown
in the figure below. Thus, this combination can be used to represent flow around a
family of bodies called Kelvin ovals. For the case of U = 10 m/s, a = 1 m, if the
body has half-hight H = 1.5 m: a) calculate the value of K; b) for the same Kelvin
oval, calculate its maximum width along x.
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3. Consider the steady, viscous, axisymmetric flow of two co-flowing fluids of
viscosities µ1 and µ2 along the axis of a pipe of circular cross-section, as shown in the
figure. The densities of both fluids are constant and equal and the fluids are driven
by the same constant presuure gradient.
(i) Making the parallel flow assumption, obtain the velocity distribution of this
flow
(ii) From your answer to (i), evaluate the velocity along the center line of the pipe
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4. A viscous liquid steadily exits a circular vertical pipe (with inner diameter =
D) with a parabolic velocity distribution (see figure). After the fluid exits the tube,
viscous forces smooth the velocity profile to a uniform value. This happens in a very
short distance from the exit, so that gravity force is negligible. Using control volume
analysis (equations given below), find the diameter of the jet when the uniform flow
is first established.
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Fluid Mechanics --- Fall 2013
(solve only 3 of 4 problems!!)

1. When an incompressible jet strikes an inclined fixed plate at speed Vj , as shown below,
it breaks into two jets at 2 and 3 of equal velocity V = Vj but unequal fluxes αQ at section
2 and (1 − α)Q at section 3, α being a fraction and Q being the total volume flowrate.
The reason is that for frictionless flow the fluid can exert NO tangential force Ft on the
plate. The condition Ft = 0 enables us to solve for α. Perform this analysis and find α as
a function of the plate angle θ.
α Q, V
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4. Consider the tank and disk flow system shown in the figure below. Flow discharges to air
through the thin gap between the two disks. Water in the tank is pressurized. Gauge fluid is also
water. All dimensions are shown in the figure. Neglect water level change in the tank and the
viscous effect.
Find: (a) (3points) Air pressure in region 1
(b) (3 points) Flow speed exiting the edge of the disks
(c) (4 points) Pressure distribution inside the disks: 𝑝(𝑟)

Region 1

H=
1.0
m

=
0.3
m

=
1.5
R=1.0 m

Region 2

Solution:
(a) 𝑝1=𝛾𝑤𝑎𝑡𝑒𝑟ℎ=2.94	
  𝑘𝑃𝑎	
  (𝑔)
(b) Consider a streamline from water surface in the tank to the exit at the edge of the disk, as
shown in the figure. Bernoulli’s equation can be used:
𝑝1+12𝜌𝑉12+𝛾𝑧1=𝑝2+12𝜌𝑉22+𝛾𝑧2
Because the water level change in the tank can be neglected, thus 𝑉1≅0 !
12𝜌𝑉22=(𝑝1−𝑝2)+𝛾(𝑧1−𝑧2)=𝜌𝑔(ℎ+𝐻)
! 𝑉2=2𝑔(ℎ+𝐻)=5.04𝑚/𝑠
(c) Because the flow is incompressible, the flow rate across any cylindrical surface with
radius 𝑟 can be written as 𝑄=2𝜋𝑟𝛿𝑉(𝑟)=2𝜋𝑅𝛿𝑉2! 𝑉(𝑟)=𝑅𝑟𝑉2
Along the streamline, the Bernoulli’s equation is:
𝑝1+𝛾𝑧1=𝑝(𝑟)+12𝜌𝑉2(𝑟)+𝛾𝑧2
! 𝑝(𝑟)=𝑝1+𝛾(𝑧1−𝑧2)−12𝜌𝑉2(𝑟)=𝜌𝑔(ℎ+𝐻)−12𝜌𝑉22𝑅2𝑟2=𝛾(ℎ+𝐻)(1−𝑅2𝑟2) (gauge)
The pressure is negative, which means the pressure force intend to make the two disks
closer to each other.

Fluid Mechanics Qualifying Exam
Study Material
The candidate is expected to have a thorough understanding of undergraduate engineering fluid
mechanics topics. These topics are listed below for clarification. Not all instructors cover
exactly the same material during a course, thus it is important for the candidate to closely
examine the subject areas listed below. The textbooks listed below are a good source for the
review and study of a majority of the listed topics. One final note, the example problems made
available to the candidates are from past exams and do not cover all subject material. These
problems are not to be used as the only source of study material. The topics listed below should
be your guide for what you are responsible for knowing.
Suggested textbook:
Introduction to Fluid Mechanics, 4th Ed., Robert W. Fox and Alan T. McDonald, (John
Wiley & Sons, pub.)
Fluid Mechanics, 3rd Ed., Frank M. White, (McGraw Hill, pub.)
Fluid Flow, 4th Ed., Rolf Sabersky, Allan Acosta, Edward Hauptmann, and E.M. Gates,
(Prentice Hall, pub.)
Fundamentals of Fluid Mechanics, 4th Ed., Bruce R. Munson, Donald F. Young, and
Theodore H. Okiishi, (John Wiley & Sons, pub.)
Topic areas:
1. Fluid properties
a. Viscosity
b. Compressibility
c. Surface tension
d. Ideal Gas Law
2. Fluid statics
a. Hydrostatic pressure
b. Forces and moments on solid surfaces
c. Manometers
3. Kinematics of fluid motion
a. Streamlines, pathlines, and streaklines
b. Local, convective and total derivative
c. Stream function and vorticity
d. Eulerian and Lagrangian descriptions
e. System and control volume
4. Bernoulli’s Equation
a. For steady, inviscid and incompressible flows
b. Extension to other cases
5. Conservation laws in both differential and integral form
a. Continuity
b. Momentum (Navier-Stokes equations)
c. Energy
6. Simplified forms and their limitations
a. Euler’s equation

b. Laplace’s equation
7. Similitude
a. Buckingham Pi Theorem
b. Dimensional analysis
c. Application to correction and modeling
8. 2-D potential flow theory
a. Definition of potential flow
b. Linear superposition
c. Basic potential flow elements
9. Fully developed pipe and duct flow
a. Laminar and turbulent flow solution methods
b. Moody diagram
10. External flow
a. Boundary layer approximations, displacement and momentum thickness
b. Boundary layer equations, differential and integral
c. Flat plate solution
d. Lift and drag over bodies and use of lift and drag coefficients
11. Basic 1-D compressible fluid flow
a. Speed of sound
b. Isentropic flow in duct of variable area
c. Normal shock waves
d. Use of tables to solve problems in above areas
12. Non-dimensional numbers, their meaning and use
a. Reynolds number
b. Mach number
c. Euler number
d. Froude number
e. Prandtl number
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1. The graph below depicts the drag coefficient for a sphere as a function of Reynolds number. A
similar relationship is obtained for a very long cylinder in cross flow. Please discuss the various
regions as to the flow phenomena taking place. In particular, explain the sudden decrease in drag
observed around Re = 300,000
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2. A flow satisfies the following two conditions: ⃑

⃑

⃑

⃑

a. What does each of these equations represent?

b. Given a 2-D flow described by the potential function
(

( )

)

Determine if the above conditions are satisfied. You may use the following equations:
( )
⃑
̂

( )

̂
̂

̂
⃑
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||
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3. A flat plate of length and height is placed at a wall and is parallel to an approaching wall
boundary layer, as shown in the figure below. Assume that there is no flow in the direction and
that in any plane
, the boundary layer that develops over the plate is the Blasius
solution for a flat plate. If the approaching wall boundary has a velocity profile approximated by:
( )

[

(

)]

Find an expression for the drag force on the plate. Recall the transformation of variables in the
Blasius problem:
(

)

( )

Where
is the velocity at the edge of the boundary layer and is the coordinate normal to the
plate. Further, ( )
.
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4. The momentum and energy equations, in tensor notation, for the Raleigh-Benard problem are as
follows:
[

(

)]

With
corresponding to the
directions, respectively, and
is the Kronecker
delta. The variables are the velocity components, , the pressure, , the temperature, . The
different parameters in the equations are: , the coefficient of thermal diffusivity, , the coefficient
of thermal expansion, , the coefficient of kinematic viscosity, and , a reference density. These
equations apply to the fluid trapped between two parallel rigid walls maintained at fixed
temperatures, (lower wall) and (upper wall, with
, see figure below. Assume that the
fluid extends to infinity in the and directions. These equations are of course coupled with the
continuity equations for incompressible flows.
a. Assuming that the base state is one in which the fluid is at rest and the flow steady
everywhere, find the temperature and pressure distributions, ̅ ( )
̅ ( ),
respectively, in the base state (since wall pressures are not specified, you can leave any
constants of integration in the pressure distribution as they are.)
b. Write down the linearized disturbance equations.
(Note: You are not required to know anything about the Raleigh-Benard problem to be able
to answer these questions.)
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1. Discuss the requirements for accurate fluid mechanical testing of models, such as models of
aircraft and cars. What are the requirements? What are the practical limitations? Use
dimensionless parameters to help explain. Be sure to identify what these dimensionless
parameters represent.
2. The continuity and momentum equations for 2-D flow for a cylindrical coordinate system are:
1

0

1

1

1

1

where and are velocity components in x and r directions, respectively. Simplify the
above equations to obtain the momentum equation for hydrodynamically fully developed
flow in a circular tube. Use the resulting equation and appropriate boundary condition to
obtain velocity distribution for hydrodynamically fully developed flow in a circular tube. Find
and express the velocity distribution in form
/
.
mean velocity

r
x

2r0
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3. Air at standard conditions flows past a smooth flat plate at 20 / , as shown below. A pitot
stagnation tube with its center placed 2
above the plate develops a water manometer
head of
21
.
a. Estimate the flow speed parallel to the plate at the location of the tube.
b. Assuming a laminar flat plate boundary layer, estimate the position of the tube.

Note:

1.16
15.9

10

1000
0.855

10
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4. You are to use an integral control volume analysis to dete4rmine the laminar boundary layer
thickness as a function of . Consider the flow over a smooth flat plate of a Newtonian
fluid, with no pressure gradient in the flow direction. As the solution is approximate, the
choice of boundary layer velocity profile is somewhat open. The main physics, however,
can be captured with even a crude choice such as
,

∞

0

,

∞

Use this simple profile. The properties viscosity, , and density, , are to be taken as
constant.
The steady-state control volume equations for

and

momentum can be written as:

·
·
Here and designate surface and body forces.
is the control surface, while
are the and components of the velocity vector, .

and

u∞
u∞

x

u(x,y)

x
The fluid may be assumed incompressible:

·

Boundary Layer
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1. Consider a Bingham plastic of density  draining from a reservoir through a two-dimensional
channel (see figure below).

A Bingham plastic is a non-Newtonian fluid with the stress-strain relation
u u 
j
i
 ij   0  
for
   0.

x  x 
i 
 j
For    0 , the fluid behaves like a rigid body (    ). Assume that  and  are constant, that
the reservoir is large, and that  0 is small enough that the fluid does flow.
a. Use a global force balance to find the shear stress on the channel walls (assume
pressure at the exit is equal to the ambient pressure).
b. Find the strain-rate at the channel walls.
c. Use the strain-rate (in addition to “no slip”) as a wall boundary condition to find the
velocity profile in the channel. Be sure to specify the point away from the wall where
the fluid begins to behave as a rigid body.
2. Draw one or more free body diagrams showing all the aero and hydrodynamic forces that
control the movement of a sail boat when the sail boat is sailing 90 degrees to the direction of
the wind. Discuss how these forces affect the motion of the sail boat.
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3. Calculate the total kinetic energy of an Oseen vortex
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and a Taylor vortex

Is the Taylor vortex a solution of the incompressible Navier-Stokes equations? Explain.
4. Consider the pipe setup in the figure below. The flow at 1 is fully developed and exits to
atmosphere at 2. A venturi is placed halfway between 1 and 2. There is a small tube that rises
vertically from the throat of the venturi. You are to determine the minimum height, h, of this
tube such that no water exits out the top of it. You may use the following approximations: L
>> l, and the venturi may be treated as frictionless. The pipe wall itself is smooth.
Use the following values and the additional sheets provided.
D = 4 cm, d = 2 cm, L = 50 m,  = 1000 kg/m3, P1 = 120 kPa, P2 = P∞ = 100 kPa
.

g = 9.81 m/s2, = 0.001 N‐s/m2. You may use

.

for

10 .

P∞
g

h
L

L
P1

D

P2 = P∞

d

l
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1. Consider the incompressible flow of a fluid of viscosity µ down an inclined plane, as shown
in the figure below. Assume that the flow is steady, one-dimensional (i.e. the only non-zero
component of velocity is along the x-axis) and the atmosphere exerts constant pressure and
negligible shear on the free surface. Derive and expression for u(y). (Note: the figure is a
cartoon, ignore the ‘waves’ you see on the surface).

Name ___________________________

Spring 2007

Qualifying Exam: Fluid Mechanics

CLOSED BOOK
2. Air at standard conditions flows past a smooth flat plate, as in the Figure below. A pitot
stagnation tube, placed 2 mm from the wall, develops a water manometer head h = 21 mm.
a. Estimate the flow speed parallel to the plate at the location of the tube.
b. Assuming a laminar flat plate boundary layer, estimate the position x of the tube.
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4. Please discuss the various contributions to fluid dynamical drag, paying particular attention
to the mechanisms and their relative contribution to total drag for the following situations.
a. Fully immersed object with Reynolds number less than one.
b. Fully immersed object with Reynolds number much greater than one.
c. Object moving at fluid interface such as a ship on the ocean.
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3. Consider a beaker of water in which are contained a few small bits of tea leaves that have
absorbed water and sunk to the bottom. The fact that they are tea leaves is not important,
rather what is important is that there are some small bits of matter that are somewhat
denser than water.
Now a spoon or swizzle stick is use to vigorously stir the water in a circular fashion, causing
the water to rotate more or less about the vertical axis of the beaker centerline. At first the
tea leaves are dispersed, but are then observed to sink back to the bottom and migrate
toward the center of the beaker bottom where they remain.
Please explain this behavior form a fluid mechanical standpoint.
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4. You are to use an integral control volume analysis to determine the laminar
boundary layer thickness δ as a function of x. Consider the flow over a smooth flat
plate of a Newtonian fluid, with no pressure gradient in the flow direction. As the
solution is approximate the choice of boundary layer velocity profile is somewhat
open. The main physics, however, can be captured with even a crude choice such
as
,

0

,

.

Use this simple profile. The properties viscosity, , and density, , are to be taken as
constant.
The steady-state control volume equations for x and y momentum are:
·
·
Here S and B designate surface and body forces. CS is the control surface, while
and are the x and y components of velocity vector, .

The fluid may be assumed incompressible:

u∞

·

0

u∞

δ

u(x,y)

x

Qualifying Exam Spring 2003
Fluid Mechanics
This portion of the qualifying exam is closed book. You may have a calculator.
Work all three problems.
Problem 1:
The steady, flat plate laminar boundary layer, with zero pressure gradient, can be described by
solving the following PDE’s. You should recognize them.
∂u ∂υ
+
=0
∂x ∂y
u

 ∂ 2u ∂ 2u 
∂u
∂u
+υ
= ν 2 + 2 
∂x
∂y
∂y 
 ∂x

u

 ∂ 2υ ∂ 2υ 
∂υ
∂υ
+υ
= ν 2 + 2 
∂x
∂y
∂y 
 ∂x

Given the observation that the boundary is very thin when compared to its distance from the
leading edge of the plate, derive the simplified boundary layer equations below. You should do
this with an order-of-magnitude analysis.
∂u ∂υ
+
=0
∂x ∂y
u

∂u
∂u
∂ 2u
+υ
=ν 2
∂x
∂y
∂y

y

δ
<< 1
x

δ

x

Problem 2:
The continuity and momentum equations for 2-D flow for a cylindrical coordinate system are:
∂u 1 ∂ (rν )
+
=0
∂x r ∂r
u

 ∂ 2 u 1 ∂  ∂u 
∂u v ∂ (ur )
1 ∂p
+
=−
+ ν 2 +
r 
∂x r ∂r
ρ ∂x
r ∂r  ∂r 
 ∂x

u

 ∂ 2 v 1 ∂  ∂v 
∂v v ∂ (vr )
1 ∂p
+
=−
+ ν 2 +
r 
∂x r ∂r
ρ ∂r
r ∂r  ∂r 
 ∂x

where u and v are velocity components in x and r direction respectively. Simplify the above
equations to obtain the momentum equation for hydrodynamically fully developed flow in a
circular tube. Use the resulting equation and appropriate boundary condition to obtain velocity
distribution for hydrodynamically fully developed flow in a circular tube. Find mean velocity um
and express the velocity distribution in form of u/um = f(r).

Problem 3:
A flat plate of length L and height δ is placed at a wall and is parallel to an approaching wall
boundary layer, as in the figure below. Assume that there is no flow in the y-direction and that in
any plane y = constant, the boundary layer that develops over the plate is the Blasius solution for
a flat plate. If the approaching wall boundary layer has a velocity profile approximated by:
  πy  
u ( y ) = U sin 
  2δ  

2/3

Find an expression for the drag force on the plate. Recall the transformation of variables in the
1/ 2
Blasius problem: η = (U e / 2 νx ) z and u = Ueƒ′(η), where Ue is the velocity at the edge of the
boundary layer and z is the coordinate normal to the plate. Further, ƒ″(0) = 0.4696.
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Work all problems

Problem 1:
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Work all problems
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3. Consider a beaker of water in which are contained a few small bits of tea leaves that have
absorbed water and sunk to the bottom. The fact that they are tea leaves is not important,
rather what is important is that there are some small bits of matter that are somewhat
denser than water.
Now a spoon or swizzle stick is use to vigorously stir the water in a circular fashion, causing
the water to rotate more or less about the vertical axis of the beaker centerline. At first the
tea leaves are dispersed, but are then observed to sink back to the bottom and migrate
toward the center of the beaker bottom where they remain.
Please explain this behavior form a fluid mechanical standpoint.
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4. You are to use an integral control volume analysis to determine the laminar
boundary layer thickness δ as a function of x. Consider the flow over a smooth flat
plate of a Newtonian fluid, with no pressure gradient in the flow direction. As the
solution is approximate the choice of boundary layer velocity profile is somewhat
open. The main physics, however, can be captured with even a crude choice such
as
,

0

,

.

Use this simple profile. The properties viscosity, , and density, , are to be taken as
constant.
The steady-state control volume equations for x and y momentum are:
·
·
Here S and B designate surface and body forces. CS is the control surface, while
and are the x and y components of velocity vector, .

The fluid may be assumed incompressible:

u∞

·

0

u∞

δ

u(x,y)

x
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1. Consider the incompressible flow of a fluid of viscosity µ down an inclined plane, as shown
in the figure below. Assume that the flow is steady, one-dimensional (i.e. the only non-zero
component of velocity is along the x-axis) and the atmosphere exerts constant pressure and
negligible shear on the free surface. Derive and expression for u(y). (Note: the figure is a
cartoon, ignore the ‘waves’ you see on the surface).
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2. Air at standard conditions flows past a smooth flat plate, as in the Figure below. A pitot
stagnation tube, placed 2 mm from the wall, develops a water manometer head h = 21 mm.
a. Estimate the flow speed parallel to the plate at the location of the tube.
b. Assuming a laminar flat plate boundary layer, estimate the position x of the tube.
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4. Please discuss the various contributions to fluid dynamical drag, paying particular attention
to the mechanisms and their relative contribution to total drag for the following situations.
a. Fully immersed object with Reynolds number less than one.
b. Fully immersed object with Reynolds number much greater than one.
c. Object moving at fluid interface such as a ship on the ocean.

