Fluid Mechanics
Suggested Questions with Solutions

2.30 The velocity distribution for water (20°C) near a wall is
given by u = a(y/b)""°, where a = 10 m/s, b = 2 mm, and y is the
distance from the wall in mm. Determine the shear stress in the
water at y = 1 mm.

2.32 'PLUS (part a only) A liquid flows between parallel
boundaries as shown above. The velocity distribution near
the lower wall is given in the following table:

Vin

y in mm m/S
0.0 0.00

1.0 1.00

2.0 1.99

3.0 2.98




2.33 E Suppose that glycerin is flowing (T = 20°C) and that
the pressure gradient dp/dx is —1.6 kN/m®>. What are the velocity
and shear stress at a distance of 12 mm from the wall if the space
B between the walls is 5.0 cm? What are the shear stress and
velocity at the wall? The velocity distribution for viscous flow
between stationary plates is

2.35 F—_Il_l,?\& The sliding plate viscometer shown below is used to
measure the viscosity of a fluid. The top plate is moving to the
right with a constant velocity of 10 m/s in response to a force
of 3 N. The bottom plate is stationary. What is the viscosity of
the fluid? Assume a linear velocity distribution.
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2.36 A laminar flow occurs between two horizontal parallel
plates under a pressure gradient dp/ds (p decreases in the
positive s direction). The upper plate moves left (negative) at
velocity u;. The expression for local velocity u is given as

u=——(Hy—y) + ut%

a. Is the magnitude of the shear stress greater at the mov-
ing plate (y = H) or at the stationary plate (y = 0)?

b. Derive an expression for the y position of zero shear
stress.

c. Derive an expression for the plate speed u; required to
make the shear stress zero at y = 0.

PROBLEM 2.36



2.37 'This problem involves a cylinder falling inside a pipe that is
filled with oil, as depicted in the figure. The small space between
the cylinder and the pipe is lubricated with an oil film that has
viscosity w. Derive a formula for the steady rate of descent of a
cylinder with weight W, diameter d, and length € sliding inside a
vertical smooth pipe that has inside diameter D. Assume that the
cylinder is concentric with the pipe as it falls. Use the general
formula to find the rate of descent of a cylinder 100 mm in diameter
that slides inside a 100.5 mm pipe. The cylinder is 200 mm long
and weighs 15 N. The lubricant is SAE 20W oil at 10°C.

| Oil film

| __— Cylinder

PROBLEM 2.37



2.38 ' Go "~ The device shown consists of a disk that is rotated by

a shaft. The disk is positioned very close to a solid boundary.
Between the disk and the boundary is viscous oil.

a. If the disk is rotated at a rate of 1 rad/s, what will be
the ratio of the shear stress in the oil at r = 2 ¢cm to the
shear stress at r = 3 cm?

b. If the rate of rotation is 2 rad/s, what is the speed of the
oil in contact with the disk at r = 3 cm?

c. If the oil viscosity is 0.01 N - s/m” and the spacing y is
2 mm, what is the shear stress for the conditions noted
in part (b)?
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PROBLEM 2.38



2.39 Some instruments having angular motion are damped by
means of a disk connected to the shaft. The disk, in turn, is
immersed in a container of oil, as shown. Derive a formula for
the damping torque as a function of the disk diameter D, spacing S,
rate of rotation w, and oil viscosity .

S Shaft /Container
- N3
Nt

Oil g

|-

PROBLEM 2.39

2.61 Calculate the maximum capillary rise of water between two
vertical glass plates spaced 1 mm apart.

PROBLEM 2.61



2.72 The vapor pressure of water at 100°C is 101 kN/m? because
water boils under these conditions. The vapor pressure of water
decreases approximately linearly with decreasing temperature at
a rate of 3.1 kN/m?/°C. Calculate the boiling temperature of
water at an altitude of 3000 m, where the atmospheric pressure is
69 kN/m?” absolute.

>~ Solutions




‘2.30'

Situation:
Water Hlows near a wall. The velocity distribution is

= (3)"

a=10m/s, b =2mm and y is the distance (mm) from the wall.

Find:

Shear stress in the water at y = 1 mm.

Properties:

Table A.5 (water at 20°C): p= 1.00 x 103N - s/ m?.

SOLUTION I

Rate of strain (algebraic equation)

d d
i dON

a 1
BL/E Gy5/6

_oa ("
6b\y
Rate of strain (at y = 1 mm)

du  a (b)m
dy  6b\y

10m/s (2mm\”*
6 x 0.002m
= 1485571

1 mm

Shear Stress

du
Ty=lmm = H—
¥ dy
= (100 x 102222 (1485571
. — :
— 1485Pa

7(y = 1mm) = 1.49 Pa




12321
Situation:
A liguid flows between parallel boundaries.
yp = 0.0mm, Vj = 0.0m/ s.
y; = 1.0mm, V; = 1.0m/ s.
y = 2.0mm, V5 = 1.99m/s.
ys = 3.0mm, V5 =298m/s.

S|

ind:
(a) Maximum shear stress.
(b) Location where minimum shear stress occurs.

SOLUTION

(a) Maximum shear stress

T = pdV/dy
Tmax = p(AV/Ay) next to wall
Tmax = (107N .s/m%)((1 m/s)/0.001 m)
Tmax = 1.0 N/m?

(b)The ‘ minimum shear stress will oceur midway between the two walls |
Its magnitude will be zero because the velocity gradient 1s zero at the midpoint.




Situation:
Glycerin is flowing in between two stationary plates. The velocity distribution is
1 dp
= By —
R Yo (By — )
dp/dr = —1.6kN/m® — 1.6kPa/m, B =5cm.
Find:

Velocity and shear stress at a distance of 12 mm from wall (i.e. at y = 12 mm).
Velocity and shear stress at the wall (i.e. at y = 0mm).

Properties:

Glycerin (20°C), Table A4: p= 141N s/ m*

Find velocity by direct substitution into the specified velocity distribution.
Find shear stress using the definition of viscosity: 7 = p (du/dy), where the rate-of-
strain (i.e. the derivative du/dy) is found by differentiating the velocity distribution.

SOLUTION

a.) Velocity (at y = 12 mm)
1 dp

u = —55 (By—v)
1 = i
= T2(L4IN - s/ m?) (—1600 N/ m*) ((0.05m) (0.012m) — (0.012m)?)
- 0.258?—‘:

u(y=12mm) =0.259m/s

Rate of strain (general expression)
du 4 (L g, _p
dy — dy 2u dx By—v
d
- () (@) 7o)

1
- — — 2
) () B2
Rate of strain (at y = 12 mm)

£ ()0

1 N
- N - T — a
( 2[14”,; . sfm'lj) ( 1600 m3) [D.Dﬁm 2 xD.Dlum}
= 14.75s51




Definition of viscosity

iy

( . Iiﬂf) (14.75571)

= 20.795Pa

|7 (y = 12mm) = 208 Pa|

b.) Velocity (at y = Omm)

_ A g,
= o (By —v)
] I |
= SNy (600N ) ((0.05m) (0m) — (0m)’)
- 0.00—

|u[y = 0mm) = Clm;'s|

Rate of strain (at y = O0mm)

- ()@

z (3
( )( 1mnh) 0.05m —2 % 0
2[141N (14N 5/ m?) s ) (005m —2x 0m)
I,

Shear stress (at y = Dmm)
du

iy

( . h;n'zs) (28.3757Y)

40.00 Pa

|7‘{y = 0mm) = 40.0 PEL|

1. As expected, the velocity at the wall (i.e. at y = 0] is zero due to the no slip
condition.

2. As expected, the shear stress at the wall is larger than the shear stress away
from the wall. This is because shear stress is maximum at the wall and zero
along the centerline (Le. at y = B/2).



2.35'

Situation:
Sliding plate viscometer is used to measure fluid viscosity.
A = 50 = 100mm, Ay = 1mm.
u=10m/s, F =3N.
Find:
Viscosity of the fluid.
Assumptions:
Linear velocity distribution.

1. The shear force 7 is a foree/area.
2. Use squation for viscosity to relate shear foree to the velocity distribution.

SOLUTION

1. Calculate shear foree

Force

Area
AN

S0mm = 100 mm
T GOON/ m?

2. Find viscosity

-

p -
du
(%)
600N/ m?® L, 1m
[10m/s|/[1mm] 1000 mm

p=>6x=10 2%55'




E.SGI

Situation:
Laminar flow occurs between two horizontal parallel plates.  The velocity distri-
bution is | d
_ _ A
w=—g.g (Hy v) +ueg
Pressure p decreases with distance 2, and the speed of the upper plate is u,. Note
that u; has a negative value to represent that the upper plate is moving to the left.
Moving plate: y = H.
Stationary plate: y = 0.
Find:

(a) Whether shear stress is greatest at the moving or stationary plate.
(b} Location of zero shear stress,

(c) Derive an expression for plate speed to make the shear stress zero at y = 0.
Sketch:

By inspection, the rate of strain (du/dy) or slope of the velocity profile is larger at
the moving plate. Thus, we expect shear stress 7 to be larger at y = H. To check
this idea, find shear stress using the definition of viscosity: T = p(du/dy). Evaluate
and compare the shear stress at the locations y = H and y = 0.

SOLUTION



Part (a)
l. Shear stress, from definition of viscosity

— du
B d 1 dp 1 i
- g —EE{HF—FJ*"&E]
Hd d
_Hdp ydp wm
2pds  pds  H
rly) = H-Wdp pu
") = 2 ds @ H
Shear stress at y = H
(H —2H)dp pu,
gy = M eIER AR
rly="H) 7 ds H
H {dp Jitie
= — = — 1
3 (ds)+ 7] (1)
2. Shear stress at y =10
. - (H-0)dp pu
=0 = =St
H {dp [y ;
- X Ll 2
5 (ds)+ 7] 2

Since pressure decreases with distance, the pressure gradient dp/ds is negative. Since
the upper wall moves to the left, u, is negative. Thus, maximum shear stress oceurs
at y = H because both terms in Eq. (1) have the same sign (they are both negative. )
In other words,

Ir(y=H)| > |r(y=0)|

|Ha.:{imum shear stress oceur at y = H |




Part (b)
Use definition of viscosity to find the location (y) of zero shear stress

_ du
. ““dy
\dp of!
—p(1/2 (H-2
PTG\ — W Ty
i Uy
—(1/2)—(H — 2y} + —
17250 —2)+
Set T = 0 and solve for y
dp AT,
—(1/2)—(H — 2y) + —
0 (1, 'Id.e.-r'” y) i
H i
Y= 73 7 Hdpjds
Part (c)
du
T — =0at 0
'ud,L,r AL Y
du o Op T
— —(1/2u)—(H — 2y) + —
dy g\ R T Ty
. . iy o P ()
I'hen, at 0:dufdy=0=—{12p)—H + —
1en, at i u/dy (1 P f 7

Solve for uw, : |u, [I..-"Ep]d—}'!H"”

d
Note : because d_P < 0, uy < 0.

=



2,37 I
Situation:
A eylinder falls inside a pipe filled with oil.
d = 100mm, [ = 100.5mm.
f=200mm, W = 15N.
Find:
Speed at which the cylinder slides down the pipe.
Properties:
SAE 20W oil (10°C) from Figure A 2: p = 0.35 N-s/m?.
Assumptions:
Assume that buoyant forces can be neglected.

SOLUTION

- dV
T l.LI! dy'
W MV
wdi (D —d)/2
Vo W(D —d)
2wl
. 15N(0.5 x 103 m)
1’1’:;]]

[2r x 0.1m = 0.2m = 3.5 x 10~ Ns/m?)

Vau = 0.17m/s



2.3.‘3'

Situation:
A disk is rotated very close to a solid boundary with oil in between.
wy = lrad/s, ry = 2em, r3 = Jem.
wy = 2rad/ s, rp = Jem.
H=2mm, g, =001 Ns/m?
Find:
{a) Ratio of shear stress at 2 cm to shear stress at 3 cm.
(b) Speed of oil at contact with disk surface.
() Shear stress at disk surface,

Assumptions:
Linear velocity distribution: dV/dy = V/y = wry.

SOLUTION

(a) Ratio of shear stresses

T2 pxlx2fy
T3 pxlxdfy

[b) Speed of oil

Vo= wr=2x0.03
V = 0.06m/s

() Shear stress at surface

0.06m/ s

r = 2 _00INs/m?x oo/ s
K SR 02 m

=030 N/m?



2.29

Situation:

A disk is rotated in a container of oil to damp the motion of an instrument.
Find:

Derive an equation for damping torque as a function of I, 5, w and p.

L

PLAN

Apply the Newton's law of viscosity.

SOLUTION

Shear stress

dv
T = JH—

dy
JrLr

5

Find differential torque—on an elemental strip of area of radius r the differential
shear force will be 7dA or 7(27rdr). The differential torque will be the product of
the differential shear force and the radius r.

AT e gge = T[T 27rdr)|
= T[&[Eﬂrdr}]
5
2
= —T"Mrad'r
&
f—
AThoth sides = 4(_-"[‘*"}?3‘#
&
Integrate
n2
T = f4—ﬁwr3dr
5
i
1 e
T - LT

16 =



2.61 I
Situation:
Tweo vertical glass plates

t=1mm

Find:

Capillary rise {(h) between the plates.

Properties:

From Table A.4, surface tension of water is 7.3 = 107 N/m.

Apply equilibrium, then the surface tension foree equation.

SOLUTION

Equilibrium

Z Fy
Foree due to surface tension
(28 o

Solve for capillary rise (k)

2gf — hity

h

0
Weight of fluid that has been pulled upward
(REE)

0

2o

t

2% (T3 %x 102N/ m)
OR10N/ m* = 0.001 m
0.0149 m




| 2.72 I
Situation:
The boiling temperature of water decreases with increasing elevation
Ap 3.1kPn
ET Cro
Find:
Boiling temperature at an altitude of 3000 m
Properties:
T =100°C, p = 101 kPa.
zzpan = S000m, pepgy = 69kPa.
Assumptions:
Assume that vapor pressure versus boiling temperature is a linear relationship.

Develop a linear equation for boiling temperature as a function of elevation.

SOLUTION

Let BT = "Boiling Temperature.” Then, BT as a function of elevation is

BT (3000 m) = BT (0 m) + (%) A

Thus,

—1.07C

) (101 — 69) kPa
B0.67T7C

Boiling Temperature (3000 m) = 80.7 “‘Cf|




