19.1: PROBLEM DEFINITION

Situation:
In which case is the flow caused by a pressure gradient?

a. Couette flow
b. Hele-Shaw flow

The correct answer is

b) Hele-Shaw flow




19.2: PROBLEM DEFINITION

Situation:
Couette flow of liquid with temperature distribution between plates.

Find:
Qualitative description of velocity profile.

In a Couette flow, the shear stress is constant across the flow so

du
T:,ud—y

so the product of the viscosity and velocity gradient must be a constant. Thus the
velocity gradient will be the highest where the viscosity is the smallest. The velocity

profile is shown below.
= [\




19.3: PROBLEM DEFINITION

Situation:

a. Liquid flow between parallel plates and the viscosity is constant in the flow
direction; compare this with a case where the viscosity decreased in the flow direction,
such as due to a temperature rise.

b. Gas flow between two flat plates and temperature increases in flow direction
and density decreases. Assume viscosity is unaffected.

Find:

a. How will the pressure distribution change in the flow direction due to the
temperature rise in the flow direction.

b. How will the velocity and pressure distribution change from the case with
constant density? Sketch the pressure distribution and give the rationale for your
result.

Part a. The discharge for flow between parallel plates is

B3 dp,
12p ds

q:

(where B is the distance between the two plates) and the discharge is constant so
dp,/ds must vary directly as p.

Part b.

Because of the continuity equation, the product pu must be constant, so as density
decreases, velocity must increase. However to effect an acceleration, the pressure has
to increase. The qualitative changes are shown in figure below.



-dp/ds

U——o




19.4: PROBLEM DEFINITION

Situation:

A 39 cm block on side weighing 110 N slides on an oil film with thickness of 0.11
mim.
Find:

Terminal velocity of block.

Properties:
Viscosity is 1072 N-s/m?

Apply equilibrium. Then relate shear force (viscous drag force) to viscosity and solve
the resulting equation.

Force equilibrium

Foear = W sinf
Fiear ~ Wsind

A, L?

Shear stress

or
y = T2y
I
Then
v o Wsind Ay
L2 pu
110 sin 10°
= () X 11 x 10741072
(0.39m)
V =138 m/s




19.5: PROBLEM DEFINITION

Situation:

A board 1 m by 1 m weighing 180 N slides on an inclined surface at 0.15 m/s on a
film of oil 0.05 cm thick.

Find:
Dynamic viscosity of oil.

Equating the gravitational force and shear force

Wsinf = ,uAlL2
Y

Wisinf\ Ay )
U ( 72 ) v where sinf = 5/13
_ 180N x(5/13)  (0.0005m)
s T ) 0.15m/s

p = 0.23 N-s/m?




19.6: PROBLEM DEFINITION

Situation:

A board 1 m by 1 m weighing 30 N slides down inclined ramp at 17 cm/s on 0.8
mm layer of oil.

Find:
Dynamic viscosity of oil.

SOLUTION
Equating gravitational and shear force

%

Wsinf = /,LA—y[/2
Wising\ A
po= ( 21211 ) Vy; where sinf = 5/13

30 N x (5/13) " 8 x 107 m
(1 m?) 0.17 m/s
p =543 x 1072 N-s/m?




19.7: PROBLEM DEFINITION

Situation:
Uniform, steady flow is occurring between horizontal parallel plates.

Find:
a. The flow is Hele-Shaw, therefore what is causing the fluid to move?
b. Where is the maximum velocity located?
¢. Where is the maximum shear stress located?
d. Where is the minimum shear stress located?

a. By definition, if the flow is Hele-Shaw, it is caused by a pressure gradient.

b. In this figure, which is symmetrical about the centerline, the maximum velocity
is located at the centerline.

c. In this figure, which is symmetrical about the centerline, the maximum shear
stress is located at the 2 walls.

d. In this figure, which is symmetrical about the centerline, the minimum shear
stress is located at the centerline.



[9.8: PROBLEM DEFINITION

Situation:
Uniform, steady flow occurs between two plates.

Find:
(a) Conditions present to cause odd velocity distribution.
(b) Location of minimum shear stress.

(a) :>Pressure distribution causing flow in x-direction but upper plate is
moving to the left relative to the lower plate.

(b) :>Minimum shear stress occurs where the maximum velocity occurs
(where du/dy = 0).



19.9: PROBLEM DEFINITION

Situation:
A asymmetrical laminar velocity distribution

Find:
Whether statements (a) through (d) are true or false.

a). [False | b). c). ).
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19.10: PROBLEM DEFINITION

Situation:
A plate 1 m long and 30 cm wide is being pulled over layer of oil 2 mm thick.

Find:
(a) Express the velocity mathematically in terms of the coordinate system shown.
(b) Whether flow is rotation or irrotational.
(c) Whether continuity is satisfied.

(d) Force required to produce plate motion.

Properties:
Viscosity is 4 N-s/m?

a) By similar triangles u/y = tpax /At

Umax

A AR

A =

or

u = 150y (m/s)
v = 0

b) For flow to be irrotational du/dy = 0V /0z here du/dy = 150 and OV /dz = 0 .
The equation is not satisfied; | flow is rotational | .

¢) Ou/0x 4+ Ov/dy = 0 (continuity equation) du/dx = 0 and dv/dy =0

so | continuity is satisfied.

d) The force is the product of the area and the shear stress for a Couette flow

A
o 0.3x (1x0.3) x4
° 0.002



19.11: PROBLEM DEFINITION

Situation:
The figure shows a Hele-Shaw flow.

Find:
Determine which of the statements (a) through (e) are true.

Valid statements are (c), (e).
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19.12: PROBLEM DEFINITION

Situation:
A plate is separated by a layer of oil between and moving upper plate and a fixed
lower plate.

Find:
Derive an equation for the velocity of the intermediate plate.

Assumptions:
A linear velocity distribution within the oil.

The velocity distribution will appear as below:

= A A
E—
B - -~ -~ -~ -~ -~
I—P
(Force on top of middle plate) = (Force on bottom of middle plate)
7'114 = TQA
TT = T2

tl t2
V VOWGI‘ VOWGI’
1y X 1 _ k2N
tl t?
Hq V Hq ‘/lower _ o ‘/IOWGT
tl tl t?
Ko H1
Vower o V—
l (752 " 131 ) 1
Vi, /t
oo Vi
fo/ts + i1/t
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19.13: PROBLEM DEFINITION

Situation:
A 27 cm-diameter disk in oil is rotated at 31 rad/s above a fixed plate over a layer
of oil 3 mm thick.

Find:
Torque required to rotate disk.

Properties:
Viscosity is 8 N-s/m?

Assume a Couette flow between plate and disk.

dv
T = ju—
'udy
pUrw
T = —
Ay
dl' = rdF
dI' = rrdA
dl' = (Z—Z) 2mrdr
|
@
‘ dr
[ — ] ﬂ Plan View
7777 777777 /Y
Then
ro
T = / T = / (B2
(2mpw/Ay)rt 27ruw7"0
T pum— 0 =
4 4Ay
27wy
4Ny
where
ro = 0.135m
Ay = 3x107%m
w = 3lrad/s
p = 8N.s/m’
(0.135 m)*

T = 27 x8N-s/m”x 31 rad/s x

4% (3x107% m)

|7 = 43.1 N-m|
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19.14: PROBLEM DEFINITION

Situation:

A 2 mm thick plate and 1 m wide is pulled at 0.4 m/s between two walls and
the space is occupied by glycerine at 20°C in glycerin is described in the problem
statement.

Find:
a) Sketch the velocity distribution at section A — A.
b) Force required to pull plate.

Properties:
Glycerin (Table A.4): p= 141N s/ m?.

Velocity distribution:

V=0.4 m/s

0.4m/s
0.002m

= (141N-s/m?) (
= 1128N

F=1128 N

>x1m><2m><2sides

15



19.15: PROBLEM DEFINITION

Situation:
A bearing turns at 200 rad/s inside a 30-mm diameter cylinder 1 ecm long. The
distance between the shaft and cylinder is 1 mm and filled with SAE 30 oil.

Find:
Torque required to turn bearing.

Properties:
Viscosity from Table A.4 is 0.1 N-s/m?
SOLUTION
W
)
T = TAr

where T' = torque, A = bearing area = 27rb

T = 72mrbr = 727r%b
= ﬂ(27rr2b)
)
where V=rw. Then
T = Lw)em)
= %(2%@))7‘36

(01N s/m” 3
- (OOOT) (27)(200 rad/s)(0.014 m)°(0.01 m)

|7 =345x 103N m|
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19.16: PROBLEM DEFINITION
Situation:
A shaft turning inside a cylinder is described in the problem statement.

Find:
Show that d(7r)/dr = 0 and that the torque per unit length acting on the inner
cylinder is given by T = 4rpwr? /(1 — r2/r?).

Subscript s refers to inner cylinder. Subscript o refers to outer cylinder. The cylinder
is unit length into page.

Ar

T, = 7(2nr)(r)

d
T, = 7Q27r)(r) + d—(7‘27r7" -r)Ar
r
T, —-T, = 0
d 2 — . d 2y
5(7’27?7’ JAr = 0; dT(TT )=0

Since there is no net angular acceleration, the net torque must be zero so

T,—1, = 0
d
%(7'7“2) = O
Then
7'7”2 = Cl
T = ri K
- K dr \ ' r
SO

M?’(d% (g)) =



Integrating,

% = (—1/2)017’72 + CQ

Atr=r,,V=0and at r=r,, V = r,w so

Cl = 2027’3
2
"o
o = (1-3)
1w
Cy = ———
T T
Then , ,
_ T 2pwr;
oty ()=
r2 r2—or2
So A )
T pWr
T, = m21r? = d
T -1

which is the torque per unit length on the fluid.

T 47T,uwr§2
1—(r3/r5)

18



19.17: PROBLEM DEFINITION

Situation:
A 2-cm shaft 3 cm long turning inside a 2.2-cm casing at 60 rad/s with SAE 30 oil
as lubricant.

Find:
Power necessary to rotate shaft.

Properties:
Viscosity from Table A.4 is 0.1 N-s/m?
PLAN
Apply the equation developed in Problem 9.15 (10e).
SOLUTION
T o 47 peor?
1—(r3/r3)
47w x 0.1 N-s/m” x 60 rad/s x (0.01 m)? x 0.03 m
B 1 —(1cm/1.1 cm)?
= 0.00130 N-m
P = Tw
= (0.00130 N - m) (60s™ )
| P =0.00780 W]

19



19.18: PROBLEM DEFINITION

Situation:

A viscosity measuring device is consists of measuring torque on bearing. There is
a 10-cm cylinder with 4-cm shaft and 4.5-cm bearing. A force of 0.6 N force on inner
cylinder rotates system at 20 rpm.

Find:
Viscosity of fluid.

Apply the equation developed in Problem 9.16 (EFM 10e).
SOLUTION

T = 0.6(0.02) =0.012 N -m
w = 20 rev/min=20 x 27 rad/rev/60 s/min = 2.09 rad/s
T —r3/rg)
Awlr?
0.012 N-m x [1 — (2 cm)?/ (2.25 cm)?]
A7 x 2.09 rad/s x 0.1 m x (0.02 m)?

p = 2.40 N-s/m?

20



19.19: PROBLEM DEFINITION

Situation:
Flow occurs between two plates separated by 0.0045 m has a pressure gradient of
—3650 Pa/m.

Find:
Maximum fluid velocity in z—direction.

Properties:
Viscosity is 0.05 N-s/m?

Use Eq. (9.7a, in 10e) with no change in elevation

SOLUTION
(B 2 dp
urnax - 8# dS

| (0.0045 m)®
8 x 0.05 N-s/m”

] x 3650 N/m”

Umax = 0.18 m/s

21



19.20: PROBLEM DEFINITION

Situation:
Flow occurs between two plates with pressure and elevation given at two points.

Find:
Direction of flow.

Flow will move in direction of decreasing piezometric head. Evaluate piezometric
head at both locations and determine flow direction

ha = % + 24 = (7 KN/m?/15.7 kN/m®) + 0 = 0.45 m
Y] _ 2 3 —

hg = 7%—23—(5 kN/m“/15.7 kN/m”) + 0.3 m = 0.6 m

hg > hy

Therefore flow is from B to A:

22



19.21: PROBLEM DEFINITION

Situation:
Glycerin flows downward between two plates spaced 0.4 cm apart. Both ends open
— no pressure gradient.

Find:
Discharge per unit width.

Properties:
Table A.4 (Glycerin) g = 1.41 N-s/m? v = 1.12 m?/s and v = 12,300 N/m?.

Assumptions:
Flow will be laminar.

Use Eq. (9.8, in 10e)

Then

B (0.004 m)® x 12,300 N/m®
12 x 1.41 N - s/m”

(=1)

q=4.65x107° m?/s

Now check to see if the flow is laminar (Reynolds number < 1,000)

B
Re = —— =1
v v

4.65 x 107° m?/s
1.12 x 103 m?/s
Re = 0.0415 <« Laminar

Therefore, the original assumption of laminar flow was correct.
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19.22: PROBLEM DEFINITION

Situation:
Flow occurs between two plates separated by 0.003 m and the pressure decreases
at rate of 9400 Pa/m in vertical direction.

Find:
Maximum fluid velocity in z-direction.

Properties:
1= 0.05 Pa-s and S = 0.8.
SOLUTION
Use Eq. (9.7a)
B _32 d (p+72)
urnax - 8[/[/ dS p ,yz
where
d dp
LPtE) = 4y
= —9400 N/m’ + 0.8 x 9.8 kN/m’
= —1560 N/m’
Then
2
Unax = (0008 mJ” (—1560 N/m®)

8% 0.05 Nos/m?
Umax = +0.035 m/s

The flow is upward.
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19.23: PROBLEM DEFINITION

Situation:
Flow of SAE 30 at 38°C occurs between two plates spaced 0.002 m apart and
inclined at 60° with a rate of 0.00025 m?/s per meter. Flow is downward.

Find:
Pressure gradient in the direction of flow.

Properties:
From Table A.4 = 0.1 N-s/m?; v = 8630 N/m?.

Assumptions:
Assumption: unit width
SOLUTION
Flow rate and maximum velocity
> 4q
V = =
B
~0.00025 m*/s
~0.002m x 0.3 m
= 0.42m/s
Unax = (3/2)V =0.63 m/s
60°
B%y dh
Upax = ———
8 ds
dh S Umax
ds ~vB?

8 x (0.1 N-s/m?) x 0.63 m/s

- < 8630 N/m® x (0.002 m)?2 )
— 146

25



But

dh_(1\dp  d:
ds \~v/)ds ds
where dz/ds = —0.866. Then

—14.6 = (l)@—O.SGG
v ) ds

dp
— = ~(—14.6 + 0.866
7 ol + )

— 8630(—14.6 + 0.866) N/m’
— —118,524 N/m®

d
d—i’ — —119 kPa/m

26



19.24: PROBLEM DEFINITION

Situation:
Glycerin at 20°C flows downward between two cylinders with outside diameter of
3 cm and inside diameter of 2.8 cm. Pressure is constant.

Find:
Discharge.

Properties:
Table A.4 (Glycerin) p = 1.41 N-s/m? and v = 1.12 x 1073 m?/s.

Treat flow between cylinders as flow between flat plates. Discharge per unit width
between two stationary plates is

== (1) ()

Multiple this by the average width of the channel (WE) to give

B B3y dh\ —
(&) (7)7

The change in piezometric head (h) with position (s) is given by

@ d(% + 2)
ds ds
dz

ds
= -1

Combining equations gives
B3 —
Q = (=L)wD
124
B ((0.0013 m?) (12,300 N/ m?)

12 x (141N - s/ m?)
= 6.62x10%m?3/s

) x 7 % (0.029 m)

Q =6.62 x 10~5m?/s

27



19.25: PROBLEM DEFINITION

Situation:

A bearing consists of flow discharging from central source outward between two
parallel surfaces. Pressure distribution is linear. Bearing is 43 cm wide and clearance

is 1.5 mm. The load is 190 kN per bearing length.
Find:

Amount of oil pumped per hour per meter of bearing length.

Properties:
p = 0.20 N-s/m?

Force is average pressure times the area

F' = pag XA
1/2 Pax X A
= 1/2 ppax X 043 m x 1 m

or

_2F  2x190,000
Pmax = 043m2 ~  0.43
— 8.84 x 10° N/m”

Then dp/ds = —8.84 x 10° N/m?/0.215 m = —4.11 x 10° N/m?. For flow between

walls with no elevation change

B3\ dp
ersie:_112 — ) 7
rsae = —(1/12)(2) &

B3\ dp
oal = —(1/6) ( — ) =
Grotal (/)(M)ds

1(15 % 1074 m)®

6 02N s/m”
= 1.16 x 1072 m?/s

q=41.6 m?/hr

28
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19.26: PROBLEM DEFINITION

Situation:
Couette flow of liquid with temperature and viscosity distribution. The viscosity
varies as

Yy
= —().1—)
= [, XD ( 7

Find:
Find shear stress in the form 7 = C(Up,/L)

In a Couette flow the shear stress is constant between plates so
d d
T = ud—Z = [l €Xp (—0.1%) d—Z = const

Separating variables

Integrating

[ew(012)a(y) = 2 [

U

10 [exp (0.1) — 1] = “—L
.

U

1.052 = Hoo

TL

= 0.951£Y
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19.27: PROBLEM DEFINITION

Situation:
Gas in a Couette flow with viscosity distribution between plates as

14 012)"
p=po (10.07)

Find:
The shear stress in the form 7 = C(u,U/L)

The shear stress is constant across a Couette flow so

>1/2 du :
= cons

d
T:/Ld—Z:/LC)(l—i—O.lg d_y

L

Separating variables

(1 + 0.1%>_1/2 d (3) _ Hogu

L) 7L
Integrating
1 U
y\“2 ry v
1 0.1—) d(—) = B[y
/0 (1017 L ), ™
U
20 (112 — 1) = Ho&
( ) 7L
U
0.976 = to—
7L

= 1.024%Y

30



19.28: PROBLEM DEFINITION

Situation:
A channel 2 em wide, 5 cm long and 0.2 mm spacing is used for electronic cooling.
Average velocity is 5 cm/s.

Find:
Pressure drop in channel and power requirements for operation.

Properties:
p=12cp (1.2x1073 N:s/m?) and p = 800 kg/m?.
SOLUTION
The relationship for average velocity and pressure drop is
B%\ d
Vo= (=)
12 ) ds
dp 12pV
ds B2
B 12x1.2x 1073 N-s/m* x 0.05 m/s
(0.0002 m)?
d
d—i — 18000 Pa/m
d
d—i = —1.80 x 10* Pa/n)|
Power
P = QAp

= 0.05 m/s x 0.0002 m x 0.02 m x 1.8 x 10* N/m® x 0.05 m
= 1.8x107* N-m/s

P=18x10"*W
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19.29: PROBLEM DEFINITION

Situation:
Viscosity changes with distance in heated channel according to

S
ft = poexp(—0.1-)

L
Find:
Percentage change in pressure drop due to viscosity variation.
SOLUTION
Discharge is constant through the channel so
B B3\ dp
¢ = 12 ) ds
12¢ ~ dp
Bl T s
12qL S S
e uoexp(—O.lz)d (Z) = —dp
Integrating each side
12¢L 1 p(L)
Fuo/ exp(—0.1n)dn = —/ dp
0 p(0)
12qL
75 Hol0[exp(=0.1) =1} = p(0) = p(L) = Ap
12q L
—0952F/L0 = Ap
B3\ Ap
= —1.051 | — ) —
! (12u) L

So

1.051Apheat - Apno heat
APheat = 0.952AD06 heat

and the pressure drop is reduced by 4.84%]
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19.30: PROBLEM DEFINITION

Find:
a. Definition of boundary layer, in your own words.
b. Definition of boundary layer thickness.

a. The boundary layer is the thin layer of fluid between a surface and the free stream
over which the velocity changes from the wall velocity to the free stream velocity.

b. The boundary layer thickness is the distance at which the velocity in the boundary
layer has reached 99% of the difference between the wall and free stream velocities.
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19.31: PROBLEM DEFINITION

Situation:
Which of the following are features of a laminar boundary layer? (Select all that
are correct.)
a. Flow is smooth.
b. The boundary layer thickness increases in the downstream direction.
c. A decreasing boundary layer thickness correlates with decreased shear stress.
d. An increasing boundary layer thickness correlates with decreased shear stress

The correct statements are a, b, and d.

34



19.32: PROBLEM DEFINITION

Situation:
Effect of a heated wall on the thickness and shear stress in laminar boundary layer.

The reduced viscosity near the wall will reduce the velocity gradient and lead to a
thicker boundary layer. The reduced viscosity will lead to a reduced shear stress near
the wall.
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19.33: PROBLEM DEFINITION

Situation:

A thin plate 2 m long and 1 m wide is held stationary in a 1.5 m/s stream of water
at 15.5°C.

Find:
For Re, = 5 x 10° Find (a) Thickness of boundary layer, (b) distance from leading
edge and (c) shear stress.

Properties:
From Table A.5 v =1.14 x 107® m?/s, p = 1.14 x 1073 N-s/m?.

Calculate the boundary layer thickness and shear stress with the appropriate corre-
lations

b) Reynolds number

U,
Re = -7
v
Rev
r = —
Uo
500,000 x 1.14 x 1075m?/s

1.5

a) Boundary layer thickness correlation

y = o (laminar flow)

Rel/?

5 x 0.38
(500, 000)1/2
= 0.00269 m

|6 = 2.69 mm |

c¢) Local shear stress correlation

o = 0.332u (%) Rel/2
= 0.332 x 1.14 x 1073 N-s/m”*(1.5 m/s/0.38 m) x (500, 000)*/
70 = 1.06 N/m?

36



19.34: PROBLEM DEFINITION

Situation:
Laminar flow over a smooth, flat plate.

Find:

Ratio of the boundary layer thickness to the distance from leading edge just before
transition.

Transition occurs at Re, = 5 x 10°. Boundary layer thickness

J 5 :
o= W (laminar flow)
)

(500, 000)1/2

é = 0.0071
T
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19.35: PROBLEM DEFINITION

Situation:

Flow over a 12.5 cm chord, 1 m span model airplane wing flying in air at 15°C.
Find:

(a) Speed at which turbulent boundary layer appears.

(b) Total drag at this speed.

Properties:
From Table A.3 v =1.79 x 1075 m?/s, p = 1.23 kg/m?.

Reynolds number for transition, Re, = 5 x 10°.

Repws = 5 x 10°
B Uc
T
(5 x 10°)v
&
(5 x 10°)(1.79 x 107° m?/s)
0.125 m

U:

=71.6m/s
U="T72m/s

Average shear stress coefficient

133
T (5 x 10%)05
= 0.00188

Surface resistance (drag force) for two surfaces (top and bottom)

F, =0 <pTU2> A
— (0.00188) <(1‘23 kg/m;)(m WS)Q) (2)(1 m) (0.125 m)

Fy=144 N
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19.36: PROBLEM DEFINITION

Situation:
Oil flows over a smooth flat plate at 4 m/s.

Find:
Ratio of shear stress at edge of boundary layer to shear stress at the plate surface:
75/To

At the edge of the boundary layer the shear stress, 74, is approximately zero. There-

fore, 75/79 = 0. Choice |(a)|is the correct one.
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19.37: PROBLEM DEFINITION

Situation:
A liquid flows past a smooth flat plate at Uy = 2 m/s.

Find:
Liquid velocity at a location z = 1.0 m downstream from the leading edge and y =
0.8 mm from surface.

Properties:
v=2x10""m?/s, uy =2 x 1072 N-s/m?, p = 1000 kg/m?

Calculate Reynolds number and then use Figure 9.6 (EFM10e) for velocity distribu-
tion in laminar boundary layer.

Reynolds number

Va 2m/s x 1m
Re, = — = = 100, 000
¢ v 2x107°m?/s

The boundary layer is laminar as stated in the problem, (a safe assumption because
a boundary layer transitions from laminar to turbulent at about Re, = 500, 000, see
§9.4).
yRe®  0.0008 m(1 x 10°)%°
r 1.0m

Use Figure 9.6 (EFM10e) to obtain u/Uy. u/Uy = 0.08 ; |u = 0.16 m/s

= 0.253
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19.38: PROBLEM DEFINITION

Situation:
Flow over a thin, flat plate 3 m long and 1 m wide. Same properties as problem

9.37.
Find:

Skin friction drag on one side of plate.

Reynolds number

UL 1m/sx3m

Rep = v 2x 1075 m?/s
Re, = 1.5x10°
1.33
Cr = ——=
f Re%ﬁ
= 0.00343

Surface resistance (drag force)

U2
F, = C;BLZ—

1,000kg/m? x (1m/s)’
2

= .00343 x 1m X 3m X

F,=515N
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19.39: PROBLEM DEFINITION

Situation:

Oil flows over a smooth, flat plate at 5 m/s.
Find:

Velocity 1 m downstream and 3 mm from plate.

Properties:
v=10"* m?/s

SOLUTION
Reynolds number

Rex:@

v
Sbm/sx1m

10~* m?/s
= 5x 10

Since Re, < 500,000, the boundary layer is laminar.

Use laminar velocity profile to obtain u/Uy

yRe)®  (0.003 m)(5 x 10%)%5

T 1m

= 0.671
From Fig. 9.6 (in EFM 10e) u/Uy = 0.23. Therefore

v = 5m/sx0.23
u=1.15 m/s
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19.40: PROBLEM DEFINITION

Situation:
Oil flows over a flat plate at 0.85 m/s.

Find:
Oil velocity 1.6 m from leading edge and 10 cm from surface.

Properties:
v=10"* m?/s

Calculate Reynolds number and apply Figure 9.6 (EFM10e) for velocity distribution
in laminar boundary layer.

Reynolds number
~ 0.85m/s x 1.6 m

Re, = =1.36 x 103
¢ 10~% m?/s 8

The boundary layer is laminar.

yRe)®  0.10m x (1.36 x 10%)%°

=434
T 0.85m

Use Figure 9.6 (EFM10e) to obtain u/Uy. u/Uy = 1.0 so |u = Uy = 0.85 m/s.
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19.41: PROBLEM DEFINITION

Situation:

Water at 10°C flows over a submerged flat plate 0.7 m long and 1.5 m wide at 1.5
m/s.
Find:

(a) Thickness of boundary layer at the location where Re, = 500, 000.

(b) Distance from leading edge.where the Reynolds number reaches 500,000.
(c) Local shear stress at the location where Re, = 500, 000.

Properties:
Table A.5 (water at 10°C): p = 1000 kg/ m?.
pw=131x103N-s/m? v=131x10"m?/s.

Calculate Reynolds number. Next calculate boundary layer thickness and local shear
stress.

Reynolds number

Re, = 500,000
500,000 — 0%
1%
500, 000w
r=—
Uy
500000 x (1.31 x 10-5m?/s)
B 1.5m/s
— 0.436 7Tm
b.) z =0.437Tm

Boundary layer thickness correlation

bz
B Reu,lv/2
9 x0.4367m

/500000
=3.09%x 102 m

a.) ¢ = 3.09 mm

o

....Laminar flow
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Local shear stress correlation

70 = 0.332 (%) Rel/?

—0.332 x 1.31 x 107 N - s/m” (1'5 m/s

0.437 m

) x (500, 000)/2

c.) 7o = 1.06 N/m?
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19.42: PROBLEM DEFINITION

Situation:

Water at 20°C flows over a flat plate 1.5 m long and 1.0 m wide at 15 cm/s.
Find:

(a) Resistance of plate.

(b) Boundary layer thickness at trailing edge.

Properties:
Table A.5 (water at 20°C): p = 998 kg/ m?.
p=100x10"3N-s/m? v=1.00x 10"5m?/

Reynolds number

UyL
RGL:L
174

0.15 m/s x 1.5 m
1076 m?/s
= 2.25 x 10°

Rej, < 500,000; therefore, laminar boundary layer

Boundary layer thickness

ox
"= Rel/2
5x1.0m
= =158 x 1077
(225 x 107)1/2 e
|6 =15.8 mm]|
Average shear stress coefficient
1.33
Cy = 1/2
Re;
B 1.33
(225 x 105)1/2
= 0.00280
Surface resistance (drag force) - 2 surfaces (top and bottom)
U2
F, = cpASL

998 kg/m? x (0.15 m/s)’

= 0.00280 x (1.0 m x 1.5 m x 2) x 5

F, = 0.0943 N|
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19.43: PROBLEM DEFINITION

Situation:

Transition between laminar and turbulent boundary layer occurs between 10° and
3 x 10%. The thickness for a turbulent boundary layer is 6/z = 0.16/ Rel/" .
Find:

The ratio of the boundary layer thickness at the end to transition to that at the
beginning.

The thickness of the laminar boundary layer is 6/z = 5/ Re/? . Thus

5turb 0.16 x Tiurb V 10°

5lam (3 X 106>1/7 9 X Tlam

_ Db 190

Llam

But
Tyurb 3 X 106 .

Tlam ]-05

30

So

6turb

=30x1.2=36
5lam 8

5turb — 36

5lam
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19.44: PROBLEM DEFINITION

Situation:
Classify the following into one of 2 categories: laminar boundary layer (L), or
turbulent boundary layer (T).
a. Flow is smooth
b. Three differently shaped velocity distributions in 3 zones
c. Velocity profile that follows a power law
d. Velocity profile that is a function of vRe
e. Logarithmic velocity distribution
f. Thickness is inversely related to the 7th root of Re
g. Thickness is inversely related to v/Re
h. Velocity defect region
i. Mixing action causes locally unsteady velocities
j. Shear stress is a function of a natural log
k. Shear stress is a function of vRe

a. Flow is smooth L

b. Three differently shaped velocity distributions in 3 zones T
c. Velocity profile that follows a power law T

d. Velocity profile that is a function of vVRe L

e. Logarithmic velocity distribution T

f. Thickness is inversely related to the 7th root of Re T
g. Thickness is inversely related to vVRe L

h. Velocity defect region T

i. Mixing action causes locally unsteady velocities T

j. Shear stress is a function of a natural log T

k. Shear stress is a function of vRe L
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19.45: PROBLEM DEFINITION

Situation:
The viscosity of a turbulent boundary layer is reduced near the wall.

Find:
The change in the turbulent boundary layer.

The laminar sublayer will be thinner and the law of the wall will not extend as far.

49



19.46: PROBLEM DEFINITION

Situation:
Air flows over a flat plate.
U,= 30 m/s.
Sensing element: 1 cm by 1 cm; situated 1 m from the leading edge.
The boundary layer is tripped.

Find:
Force due to shear stress on the sensing element.

Properties:
Air (properties given in problem statement): p = 1.2 kg/m? v = 1.5 x 107°m?/s

Assumptions:
Over the length of the device (1 cm), assume that the local shear stress coefficient
(cf) equals the average shear stress coefficient (Cy) .

Reynolds number

U,z
(30m/s) x (1m)
(1.5 x 1075 m?2/s)

Re, =

= 2.0x10°
Reynolds number less than 107 so
0.027
“ = Re}v/7
B 0.027
(2 x 106)1/7
= 0.003398
Surface resistance (drag force)
pUS
F, =
Cr 9
_ AU
= g
1.2kg/ m?%) (30m/s)*
0.003398 x . g/mQ)( /)" (0,01 m)?
= 1.83x107*N

F, =183 x10™*N
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19.47: PROBLEM DEFINITION

Situation:

Water at 10°C flows over a submerged flat plate 0.7 m long and 1.5 m wide at 1.5
m/s.
Find:

(a) Shear resistance (drag force) for the portion of the plate that is exposed to

laminar boundary layer flow.
(b) Ratio of laminar shearing force to total shearing force.

Properties:
Table A.5 (water at 10°C): p = 1000kg/m? pu = 1.31 x 107*N - s/m? v =
1.31 x 1075m?/s.

SOLUTION For the part of the plate exposed to laminar boundary layer flow, the

average shear stress coefficient (Cy) is

1.33
Cy = (laminar BL flow)

vV ReL
1.33

v/500000
= 0.00188

Transition occurs when Reynolds number is 500,000.

ontransition
v
(15 Hl/ S) X (xtransition)
1.31 x 1075m?/s

500000 =

500000

Solving for the transition location gives
Ltransition — 0.436 7m

Surface resistance (drag force) for the part of the plate exposed to laminar boundary
layer is

2
P Cfp;fo
— 0.00188 <1OOOkg/ m32>< (L5m/ S>2> (0.436 7m x 1.5m)
— 1.385N
|F, = 1.385N|

o1



Reynolds number for the plate

L
RGLZU()X—

v
~ 1.5m/s x0.7m

© 1.31 x 1076 m?2/s
= 8.015 x 10°

Thus, the boundary layer is mixed. The average shear stress coefficient (C) is

0.523 1520
Cr = 2% (0.06 Roy) " Re, (mixed BL flow)
B 0.523 1520
~ In?(0.06 x 8.015 x 105)  8.015 x 10°
= 0.00260

Surface resistance (drag force) for the whole plate is

U2
Fstotal = Cf (p_o) A
2
1000kg/ m?® x (1.5m/s)?
— 0.00260 < g/ m 2>< (L5m/s) ) (0.7m x 1.5m)
= 3.071N
The ratio of drag forces is
F, (laminar flow) ~ 1.385N
F (total) ~ 3.07IN
= 0.4510
Foran. = 0.451

Stotal
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19.48: PROBLEM DEFINITION

Situation:

Air at 30°C flows over an airplane wing with 2 m chord and 11 m span at 200
km /hr.

Find:
(a) Friction drag on wing.
(b) Power to overcome friction drag.
(¢) Fraction of chord which is laminar flow.
(d) Change in drag if boundary tripped at leading edge.

Properties:
From Table A.3 v = 1.6 x 107° m?/s and p = 1.17 kg/m?.

(a) Calculate friction drag.

(b) Find power as the product of drag force and speed: P = F,V

(c) Calculate the critical length at a Reynolds number of Re = 5 x 10°.

(d) Compare the average shear stress coefficients for a mixed boundary layer and
all-turbulent boundary layer.

Up = (200 km/hr)(1,000 m/km)/(3,600 s/hr)
Up = 55.56 m/s

Reynolds number

L
Re:UL

14

(55.56 m/s)(2 m)
1.6 x 1075 m?/s
= 6.9 x10°

The flow is mixed laminar and turbulent.

Surface resistance (drag force)

U2
F, = o;BLY >
0.523 1520
Cy 2 -
In“(0.06Re) Re
= 0.00290
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a) Total resistance. Wing has two surfaces so

U2
Fowimg = 2xCyBL. >

(0.00290)(11 m)(2 m)(1.17 kg/m?)(55.56 m/s)>

Fy wing = 230 N
b) Power
P = Fs,wingUO
= 230N x 55.56m/s
|P =128 kW |

c) Critical length. Re =5 x 10° = Uyz /v

5 x 10°v
Uo
(5 x 109)(1.6 x 107> m?/s)
55.56 m/ s
e =144 cm |

Ler =

d) If all of boundary layer is turbulent then

0.032
S R
C; = 0.00337
Then
Ftripped B.L. 0.00337
Fnormal N 0.00290
= 1.162

Change in drag with tripped B.L. is | 16.2% increase.
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19.49: PROBLEM DEFINITION

Situation:

Water at 20°C flows over creating a turbulent boundary layer. Local shear stress
at point is 0.2 N/m?.
Find:

Velocity 0.52 cm above plate surface.

Properties:
From Table A5 p =998 kg/m?; v =107% m?/s.

Local shear velocity and nondimensional wall distance.

7o\’ 0.2 N/m? "
e = (—) = (=20 ) = 0014 mys
p 998 kg /m

u.y  (0.014 m/s)(0.0052 m)

= =736
v 10-6 m?/s

The point is in the law of the wall region since 11.6<u.,y/v < 500 so

y“) 4 5.56
v

— 2.441n(73.6) + 5.56 = 16.0
u = u, x 16.0=0.014 m/s x 16.0

u=0.225 m/s

Y 944l (
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19.50: PROBLEM DEFINITION

Situation:

Liquid flows over a flat plate 2.5 m long with velocity of 16 m/s.
Find:

(a) Skin friction drag per unit width of plate.

(b) Velocity gradient at surface 1 m downstream from leading edge.

Properties:
p=10"° N-s/m? p= 1.5 kg/m?.

Calculate Reynolds number

UoLp
u
16 m/s x 2.5 m x 1.5 kg/m”
10-5N - s/m”
= 6x10°

RGL =

Average shear stress coefficient

0.523 1520

In*(0.06Re)  Re
= 0.00294

Cy

Surface resistance (drag force)

F 2
B = C}(QBL)%; where B = unit width =1

1.5 kg/m® x (16 m/s)”

= 0.00294 x (2m x 2.5 m) x 5

F, =282 N/m

Reynolds number

Rey, = 6x10°x (1/2.5)

2.4 x 10°
Local shear stress coeflicient
0.455
cf = —/———————
d 1n2(0.06Re1,,)
B 0.455
~ In?(0.06 x 2.4 x 109)
= 0.00323
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Local shear stress

or

cf

0.00323 x

pU§

2

1.5kg/m3 x (16 m/s)>
2

0.619 N/m”

du

du
TOZM@

To

v
0.619 N/ m?

105 Ns/m?

d
M 6.19 x 104 5!
dy
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19.51: PROBLEM DEFINITION

Situation:
Flow over a flat plate with linear velocity profile at trailing edge.

Find:
Skin friction drag on top per unit width stress on plate at downstream end.

Properties:
p=1.8x107° N-s/m?

Relate velocity profile and shear stress at trailing edge.

Local shear stress
dV V
“d_y = MA_y
1.8 x 1075 N -s/m” x 40 m/s
3x 103 m
70 = 0.24 N/m?

To —
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19.52: PROBLEM DEFINITION

Situation:
The velocity profile in a boundary layer is replaced by a step profile.

Find:
Derive an equation for displacement thickness.

1) )
= [ pudy = [ pUdy = p (5 - 5)
0 o
)
PocUscd” = pooUoo5—/ pudy
0
)
pu
= pooUoo/ <1 - ) dy
0 pooUOO
)
pU
c0" / (1 — ) dy
0 pooUOO
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19.53: PROBLEM DEFINITION

Situation:
Displacement thickness for a linear velocity profile.

Find:
Magnitude of displacement thickness.

The equation for displacement thickness is

0
; pu
) :/ <1 - )dy
0 pooUOO

For constant density

5 = 5/01(1—%)d(%) :5/01(1—77)477

Displacement thickness
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19.54: PROBLEM DEFINITION

Situation:
Boundary layer profile is u/U, = (y/9)

Find:
The ratio 9,/0.

Use the equation for displacement thickness.

Equation for displacement thickness with constant density
s
u
o = 1——=)d
/0 (1= )y
s [0 Say—s [ (1= (2)Va(2
= /0<‘ﬁ>y— /0(—(5> ) (5)

1 7 1
= / (1—n"T)dn = {77 - —778/7}
0 8 0

17

S

o

1
o 8
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19.55: PROBLEM DEFINITION

Situation:

Two flat plates, one 30 m long and 5 m wide and the other 10 m long and 5 m
wide, are towed through water at 10 m/s.
Find:

Ratio of skin friction drag on two plates.

Properties:
From Table A.5 v = 107% m?/s

Surface resistance (drag force)

PUs

F,=CyBL
2
where
0.523 1520

77 I%(0.06 x Re;)  Rey,

Reynolds number

Rerzo = 30m x 10 m/s/107% m?/s = 3 x 10°

ReL710 = 108
Then
Crao = 0.00187
Crio = 0.00213
Then
F 30 B 0.00187 o«
F.io  \0.00213
Fs30
— = 2.63
Fs,lO
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19.56: PROBLEM DEFINITION

Situation:

A sign 30 m long and 2 m wide is being pulled through air at 40 m/s.
Find:

Power required to pull sign.

Properties:
From Table A.3 v = 1.41 x 107° m?/s and p = 1.25 kg/m?.

Find the average shear stress coefficient (Cy) and then calculate the surface resistance
(drag force). Find power using the product of speed and drag force (P = F,V).

Reynolds number

VoL
ReL = L
14

40 m/s x 30 m
1.41 x 107° m?/s
Re, = 851x10

Average shear stress coefficient

0.523 1520

Cy = 0% (0.06 Roy) " TRe, (turbulent flow)
B 0.523 1520
~ In?(0.06 x 8.51 x 107)  8.51 x 107
= 0.00217

Surface resistance (drag force)

A = (2m)(30m) (2 sides) = 120 m?
2
F, = cfA—ng
(1.25kg/ m?) (40m/s)”

2

F, = 0.00217 (120 m?)
= 260.9N

Power equation

P = F,V =(260.9N) (40m/s)
|P =104 kW|
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19.57: PROBLEM DEFINITION

Situation:

A plastic panel 3 mm thick and weighing 300 N is being lowered in the ocean at 3
m/s.
Find:

Tension in cable.

Properties:
From Table A4 v = 1.4 x 107® m?/s and v = 10,070 N/m3, .p = 1026 kg/m?

Apply equilibrium to the panel. Apply the surface resistance equation and the
buoyancy force equation to calculate the unknown forces.

Equilibrium

ZFZ:O

T+F3+FBu0y._W:0

T:W_FS_FBuoy. (1)
T
|
I:Buoy' 1 [\ FS
W

Buoyancy force

F Buoy. = fywaterv
= 0.003m x 3m x 1m x 10,070 N/m*
90.63 N

Surface resistance (drag force)
pUs
F, =A%t
Reynolds number

VL
R, = —

v
3m/sx 1m

1.4 x 106 m2/s
= 2.143 x 10°
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Equation for average shear stress, Eq. (9.38, in 10e)

0.523 1520
Cr = 2 -
In (OOGRGL) ReL
B 0.523 1520
1% (0.06 x 2.143 x 106)  2.143 x 106
= 0.00307

So for both sides

1026 kg/m® x (3 m/s)”

F, = 0.00307 x 2 x3m x 1m X 5

= 85.00 N

Eq. (1) gives

T = 300—85.05—-90.63
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19.58: PROBLEM DEFINITION

Situation:

A 1 m by 2 m plate with a volume of 0.002 m? is falling though water.
Find:

Falling speed in fresh water.

Properties:
From Table A.5 v =107% m?/s and p = 998 kg/m?

Apply equilibrium with the weight, buoyancy and drag force.

SOLUTION Equilibrium

W — B =F;

1
W — VwaterV = §CfATpU§
1
23.5 N — 998 kg/m® x 9.81 m/s* x 0.002 m*® = 5 X 998 kg/m® x 2 x 2 m? x Cf x U2

or

~0.001963
e

Using the equation for the average resistance coefficient, Eq. (9.38, in 10e)

Us

~ 0523 1520
7 2 (0.06Re;) Rey

and iterate. As a first guess assume C; = 0.002, then Uy = 0.99 m/s. Then calculate
the Reynolds number and a new C.

UL 0.99 m/s x 2m 6
= == —1.98x 1
Re ” 1076 m?/s 98 x 10
0.523 1520
C; = - - — 00306
77 In2(0.06 x 1.98 x 105)  1.98 x 106

The new velocity estimate is Uy = 0.801 m/s. One further iteration is sufficient and
gives

Us = 0.805 m/s
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19.59: PROBLEM DEFINITION

Situation:
Turbulent boundary on flat plate in 7.7 m/s flow of water at 20 °C.

Find:
Thickness of viscous sublayer 7.8 m downstream from leading edge.

Properties:
From Table A5 v =107% m?/s.

Thickness of viscous sublayer

poo
Uy
where u, = (19/p)%5.
Local shear stress
pU§
To = Cf—
0 Cr 5
To [ 0.455 }Ug
p |[In*(0.06Re,)| 2
Reynolds number
Re, = Yoz
¢ v
(7.7 m/s)(7.8 m)
1076 m?/s
= 6x 107
Then
To [ 0.455 }((7.7111/8)2)
p |In*(0.06Re,) 2
70 = 0.0592 m?/s?
p
-\ 05
u, = (—°> —=0.243 m/s
p
Finally

_ v (5)(1076 m?/s)

g u,  (0.243m/s)

8 =20.6x10"%m
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19.60: PROBLEM DEFINITION

Situation:
A model airplane with 1 m span and 10 cm chord and weighing 3 N dives vertically
though air at 20°C.

Find:
Falling speed.

Properties:
From Table A.3 p = 1.2 kg/m?; v = 1.51 x 107° m?/s.
PLAN
Determine the drag force (surface resistance) and apply equilibrium.
SOLUTION
Surface resistance (drag force)
2
Fs = Cfp%A
0.032
“r = Re!/7
Equilibrium
W = F;
0.032 5 (U2
3N = 1.2k — ] (2x1 0.1
(T x 0.1 m /(151 x 105 mzjsy) 177 12 ke/m) ( y ) (@xlmx0lm)

3N = 5463 x 107U;*"

Solving for Uy yields |Uy = 103 m/s.
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19.61: PROBLEM DEFINITION

Situation:
A 24 m/s flow in air over a flat plate 3 m long and 0.5 m wide. Boundary layer
tripped on one side but not on other.

Find:
Total drag force on plate.

Properties:
From Table A.3 p = 1.2 kg/m?; v = 1.51 x 107° m?/s.

The drag force (due to shear stress) is

1
Fo=Cy3 pUZBL
The Reynolds number based on the plate length is

_ 2dm/sx3m
~ 151 x 1075 m2/s

Rey, = 4.77 x 10°

which is less than 107.The average shear stress coefficient on the “tripped” side of the
plate is

0.032
Cr = G s 109777~ 0:00856

The average shear stress coefficient on the “untripped” side is

o 0.523 152
77 In2(0.06 x 4.77 x 106)  4.77 x 106

= 0.00299

The total force is

1
F, = 5 x12kg/ m?® x (24m/s)® x 3 x 0.5 x (0.00356 4 0.00299)

Fe=340 N
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19.62: PROBLEM DEFINITION

Situation:

A horizontal plate (part of an engineered system for fish bypass) divides a flow of
water at 5°C into two streams. The plate is 1.8 m long and 1.2 m wide and water
velocity is 3 m/s.

Find:
Calculate the viscous drag force on the plate (both sides).

Properties:
From Table A.5. v =1.51 x 107m?/s, p = 1000 kg/ m?.

PN

Find the Reynolds number to establish whether the boundary layer is laminar or
mixed. Select the appropriate correlation for average resistance coefficient (CY).
Then, calculate the shear (i.e. drag) force (Fj).

[SOLUTToN]

Reynolds Number.

U,L
ReL =
v
1.
Bum/s)(18m) 6 00
(1.51 x 10-5m?/s)
Thus, the boundary layer is mixed.
Average shear stress coefficient
0.523 1520
Cy 2 o
In“ (0.06 Re,) Rer
.52 152
= 0523 o2 = 0.00304

In? (0.06 x 3.6 x 105) 3.6 x 106

Surface resistance (drag force)

2
PR
1000 kg/ m? 2
00030410 g/rr; JBM/S) 9« 18m x 1.2m)
— 59.008 N
F, = 59.1N
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19.63: PROBLEM DEFINITION

Situation:
Entrance region consists of two flat plates 4 mm apart. Water flow at 10 m/s and
boundary layer tripped.

Find:
(a) Length where boundary layers merge.
(b) Shearing force per unit depth.

Properties:
From Table A.5 p = 1000 kg/m?, v = 1.31x107% m?/s.

Apply the correlation for boundary layer thickness for a tripped leading edge.

Boundary layer thickness

0.16

0 = —135 (boundary layer tripped at leading edge)
Rel/7
0.1625/7

v

Setting 0 = 0.002 m and x = L gives

002 1 L
L6/7:000 ( 0 ) = 0.12026

0.16 \(1.31 x 106
or
| L =0.0845 m |
Check the Reynolds number
0.0845 x 10
Res = 3% 1070
= 6.45 x 10°

so the equations for the tripped boundary layer (Re, < 107) are valid.

Average shear stress coefficient

0.032

(6.45 x 105)/7
= 0.00473

Cr =
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Surface resistance (drag force).

F 1
= = 2x =pU2CL
1000 kg/m® x (10 m/s)* x 0.00473 x 0.0845 m
£ =40.0 N/m
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19.64: PROBLEM DEFINITION

Situation:

A boat with a width of 1 m and length of 2.5 m planes in water at a temperature
of 15°C . Boat speed is Uy = 110 km/h = 30.8m/s.

Find:
Power required to overcome skin friction drag.

Properties:
Table A5 v =1.14 x 107% m?/s, p = 999 kg/ m?.

Assumptions:
Friction only comes from the bottom surface (ignore side plate effects).

Power is the product of drag force and speed (P = F,Uy). Find the drag force using
the appropriate correlation.

Boat speed
Up =110km/h x (1000 m/km)/(3600s/h) = 30.8m/s

Reynolds number

UpL
ReL:L
14

(30.8m/s) (2.5m)
(1.14 x 10-5m?/s)
= 6.73x 107

Thus, the boundary layer is mixed. Using the equation for average shear stress, Eq.
(9.38, in 10e)

o 0523 1520
L I?(0.06Re;) Reyg
— 0.00224

Surface resistance (drag force)
2
o o (M)

(999 kg/ m?) (30.8m/s)?
2

= 0.00224 ( ) (2.5m x 0.9m)

= 2388 N
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Power

P = FU,
= (2388 N) (30.8m/s)
— 73,550 Nm/s

P =173,550 W

74



19.65: PROBLEM DEFINITION

Situation:
A 0.5 m diameter log 50 m long is being pulled through water at 1.7 m/s. Boundary
layer tripped at leading edge

Find:
Force required to overcome surface resistance.

Properties:
Table A.5 v = 1.31 x 107% m?/s, p = 1000 kg/m?.
SOLUTION
Reynolds number
1.7 m/s x 50 m
R
L 1.31 x 1076 m?/s
= 6.49 x 10

Reynolds number larger than 107 so use

0.523
In*(0.06 Rep,)
0.523

In*(0.06 x 6.49 x 107)
= 0.00227

Cy =

Surface resistance

2
ho- ot

1,000 kg/m® x (1.7 m/s)?
2

= 0.00227 x m x 0.b m x 50 m x
F, =258 N
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19.66: PROBLEM DEFINITION

Situation:
A passenger train 81 m long with a 10 m perimeter moving through air at 81.1
km/hr and 204 km/hr. Boundary layer is tripped.

Find:
Power required at both speeds.
Surface resistance at both speeds.

Properties:
Table A.3 v = 1.41 x 107° m?/s, p = 1.25 kg/m3.

Speeds

km 1000 m 1 hr
= 81.1—
Usi1 km/hr 8 hr X 1 km % 3600 s

U2O4 km/hr — 56.7 m/S

=225 m/s

Reynolds number
UoL

Re, = —
14

Regi1 = 1.29 x 10°
Regps = 3.26 x 10°
Reynolds number larger than 107 so use
0.523

In?(0.06 Rey,)
Ct,, = 0.00208

Chos = 0.00186

Surface resistance equation, Eq. 9.17 (10e)

V2
Fs = CprTO
1.25 kg/m® x (22. 2
Fop = 0.00208 x 10 m x 81 m x 2 g/m ; (22.5 m/s)
FSgl'l — 534N

Fuyy = 3020 N

Power

P81.1 = 534 N x 22.5 m/s

| Psq = 12.1 kW|
P204 = 3017 N x 56.7 m/s
|P204 == 171 kW|
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19.67: PROBLEM DEFINITION

Situation:
A boundary layer next to the smooth hull of a ship that moves at 15 m/s in fresh
water at 15°C.

Find:
(a) Thickness of boundary layer at z = 30 m.

(b) Velocity of water at y/d = 0.5.
(c) Shear stress on hull at = = 30 m.

Properties:
Table A.5 (water at 15°C): p = 999kg/m? v = 9800N/m?, p = 1.14 x 1073
N-s/m? v=114 x 107°m?/s.

Reynolds number

U
Re, = i
v
(15 m/s)(30 m) 8
= 3. 1
14 x 100 mzys 090> 10
Local shear stress coeflicient
S 0.455 B 0.455
S I%(0.06Re,)  In%(0.06 x 3.690 x 10°)

= 0.001591

B (pUc?)
o= o

= (0.001591) (

Local shear stress

999 kg/m® x (15 m/s)2>
2

70 =179 N/m? (c)

Shear velocity

ue = (10/p)*
(179 N/m*/999 kg/m?*)%>
0.42 m/s

7



Boundary layer thickness (turbulent flow)

§/z = 0.16Re;Y"=0.16 (3.690 x 10°) "

= 0.009556
d = (0.009556)(30 m)
d =029 m (a)
J

From figure for velocity defect law (Fig 9.12 in 10e), at y/6 = 0.50, (Uy — u)/u. = 3

Then
15 —u
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19.68: PROBLEM DEFINITION

Situation:
This problem involves an Eiffel-type wind tunnel.

Test section width (square) is W = 457 mm. Test section length is L = 914 mm.

Find:

Find the ratio of maximum boundary layer thickness to test section width (§ (x = L) /W)
for two cases:

(a) Minimum operating velocity (U, = 1m/s).

(b) Maximum operating velocity (U, = 70m/s).
Properties:

Air properties from Table A.3. At T =20°C and p = latm, v = 15.1x 1075 m?/s.

Calculate the Reynolds number to establish if the boundary layer flow is laminar or
turbulent. Then, apply the appropriate correlation for boundary layer thickness (i.e.

for §).

(a) Reynolds number for minimum operating velocity

U,L
RGL =

v

(Im/s)(0.914 m)
(15.1 x 10~ m?/s)
= 60,530 (minimum operating velocity)

Since Re;, < 500,000, the boundary layer is laminar.
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Correlation for boundary layer thickness (laminar flow)

T
Rei/2
5 x (0.914m)

1/60, 530
= 18.57mm

5 =

Ratio of boundary layer thickness to width of the test section

6  18.57mm
W 457Tmm
) . : :
W 0.0406 = 4.1% (minimum operating velocity)
(b) Reynolds number (maximum operating velocity)
U,L
RGL =

v
(7T0m/s) (0.914m)
(15.1 x 10-5m?/s)

= 4,237,000 (maximum operating velocity)

Since Rey, > 500,000, the boundary layer is turbulent.

Correlation for boundary layer thickness (turbulent flow):

0.16x

Re‘,}/7

0.16 x (0.914m)
(4,237,000)""

= 16.53mm

5 —

Ratio of boundary layer thickness to width of the test section
6  16.53mm

W 457mm

= 0.036 = 3.6% (maximum operating velocity)

[

1. Notice that the boundary layer is slightly thinner for the maximum velocity.

2. In both cases (maximum and minimum velocity), the boundary layer thickness
is only a small fraction of the width (~ 4%).
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19.69: PROBLEM DEFINITION

Situation:
A 180 m long ship moving at 8 m/s through fresh water. Submerged area is

4600 m?.
Find:
Skin friction drag on ship.

Properties:
Table A.5 v = 1.31 x 107® m?/s and p = 1000 kg/m?.

[SOLUToN]

Reynolds number

UyL
RGL:L
14

(8 m/s)(180 m)
1.31 x 10=6 m?/s

= 1.06 x 10°
Average skin friction coefficient
0.523 1520
Cf 2 -
In“ (0.06 Re,) Rer
B 0.523 _ 1520
~ In?(0.06 x 1.06 x 109)  1.06 x 10

= .00162
This agrees well with Fig. 9.13 (EFM10e).

Surface resistance equation.

2
= ot
1000 kg/m®)(8 m/s)?

— (0.00162)(4600 w?)" 2

Fy = 238,464
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19.70: PROBLEM DEFINITION

Situation:

A barge in a river draws 0.6 m water and towed at 3 m/s.
Find:

Shear (drag) force.

Properties:
Table A.5 v =1.14 x 107% m?/s and p = 999 kg/m?.

[SOLUTToN]

Barge length = 60 m, submerged surface area ~ 822 m?
Reynolds number

VL
ReL = —
1%

3 m/s x 60 m
1.14 x 1076 m?/s
= 1.6 x 10°

Average shear stress coefficient

0.523 1520
In* (0.06 Re;,)  Reg
0.523 1520

In? (0.06 x 1.6 x 103) 1.6 x 108
= 0.00200

Cy

This agrees well with Fig. 9-14 in EFM 10e.
Surface resistance (drag force)

2
ho= ot

999 kg/m®(3 m/s)?

= (0.00200)(822 m?) 5

Fy=7390 N
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19.71: PROBLEM DEFINITION

Situation:
A supertanker with length 325 m, breadth 48 m and draught 19 m sails in open
seas at 9.27 m/s.

Find:
(a) Skin friction drag.
(b) Power required.
(c) Boundary layer thickness 300 m from bow.

Properties:
From Table A4 v = 1.4 x 107% m?/s and p = 1026 kg/m?>.

Find Reynolds number, and then calculate the average shear stress coefficient (Cf).
Next, find the drag force and calculate power as the product of drag force and speed
(P = Fy; x V). To find boundary layer thickness, apply the correlation for a turbulent
boundary layer.

Reynolds number

UoL
RGL:L
1%

9.27 m/s x 325 m
1.4 x 1075 m?/s

= 2.15 x 10°
Average shear stress coefficient
0.523 1520
Cy 5 - (turbulent flow)
In (006 RGL) ReL
B 0.523 1520
% (0.06 x 2.15 x 10°)  2.15 x 10°

= 0.00150
Surface resistance (drag force)

2
ho- ot

1026 kg/m® x (9.27 m/s)?
2

— 0.00150 x 325 m x (48 m + 38 m) X

= 1.848 x 10°N
F,=1.85 MN|
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Power

P = 1.85x10° MN x 9.27 m/s
|P=17.1 MW]

Reynolds number

Uofl?
v
9.27 m/s x 300 m

1.4 x 10-%m? /s
= 1.986 x 10°

Respy =

Thus, turbulent boundary layer

Correlation for boundary layer thickness (turbulent flow)

016
Rel/7
0.16
(1.986 x 109)"/7
= 7.513x107°
5 = 300m x .007513

SHRSY
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19.72: PROBLEM DEFINITION

Situation:

A 1:100 model test used to predict the drag on a prototype ship which is 150 m
long, has wetted area of 2300 m? and operates at 9 m/s in sea water. Measured model

drag is 0.5 N.

Find:
Wave drag on actual ship.

Properties:

Table A5 v =1.14 x 107% m?/s and p = 999 kg/m?.

Match Froude numbers

Frmodel

()
g L model

Vmodel

V})rototype

Vmodel
9m/s
Vmodel

Reynolds number on model

RGL

Frprototype

()
9 L prototype

L model

L prototype

1

100
0.9 m/s

()
v model

(0.9m/s) (1.5m)
1.14 x 1075m?/s
1.18 x 10°

Average shear stress coefficient on model

0.523

1520

C - ixed BL fl
ST W%(0.06Re;) Rey (mixe ow)
B 0.523 1520
~ In*(0.06 x 1.18 x 106)  1.18 x 109

0.0029
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Surface resistance (drag force) on model

VQ
Fs,m = CwaetpT
2300m2Y (999 kg/ m?3) (0.9 2
o oue (2300m ) (999kg/ ) (0.9m/ 9
1002 2
= 0.27N
Wave drag on model
F total F wave + F viscous
05N = Fyave + (0.27N)
Foave = 0.23N
Equating force coefficients
Een () ()
Fy Pp Vi L,

Inserting values

( 0.23N )
F prototype / wave drag

F (wave drag on prototype) = 236870 N

Thus

Wave Drag on Prototype = 236870 N
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19.73: PROBLEM DEFINITION

Situation:

A 1:40 scale model of ship 250 m long, with 30 m beam and 12 m draft and surface
area at waterline of 8800 m?. A drag of 26 N measured on model at 1.45 m/s.

Find:

(a) Speed of prototype.

(b) Model skin friction and wave drag.

(c) Ship drag in salt water.

Properties:

From Table A.5 v,,, = 1.00 x 107% m?/s and p,, = 998 kg/m?.
From Table A4 v, = 1.4 x 1075 m?/s and p,, = 1026 kg/m?.

1.45 m/s

L, 1/2
_r 17
() -

v40 x 1.45

Vi =9.17 m/s

UL
v
1.45 m/s(250 m/40)

1.00 x 10=6m?/s

0.17 x 250
20X 290 63 % 10°
14 x 106 103x10

0.523 1520

In*(0.06 Re)  Re
0.00283

0.00154
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Surface resistance (drag force)

Fsm

pV?
CrmA——
fmeTy
8,800 m?\ 998 kg/m® x (1.45 m/s)?
002
0.00 83( 0 ) 5
| Fyn = 163 N |
26.0 — 16.3
Fyave, = 9.7 N
3 3
Py ( Ly 1,026 kg/ m 3
P22 e, = | ———2—) (40)® (9.7N) = 638 kN
Prn (Lm) " ( 998 kg / m? oy (9.71)

V2 1,026 kg/m® x (9.17 2
CprpT — 0.00154(8, 800 m?) 1020 k&/m 2>< (917 m/s)
585 kN
Fruave, + Fyp = 638 + 585
F, =1,220 kN

88



19.74: PROBLEM DEFINITION

Situation:

A hydroplane 3 m long skims at 15 m/s across a lake.
Find:

Minimum shear stress on smooth bottom.

Properties:
From Table A.5 v =107% m?/s and p = 998 kg/m?.

Minimum 7y occurs where ¢; is minimum. Two points to check: (1) where Re, is
highest; i.e., Re, = Rey, and (2) Transition point at Re, = 5 x 10° (this is the end of
the laminar boundary layer).

(1) Check end of plate

UpL
Re;, = o~
v
= 15m/s x 3m/107% m?/s
= 4.5 %107
0.455
¢ R 2 0.00207

In*(0.06 Re,)

(2) Check transition

Re, = 5 x 10°
~0.664
o= Rei,/2
= 0.00094

Minimum shear stress at end of plate

pUs
To.. = Cf..
Onlln fl’[llll 2
kg/m? x (1 ?
. 0.00094 x 998kg/ m® x (15m/s)

2

o, = 106 N/m?
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19.75: PROBLEM DEFINITION

Situation:

A water skier with skis 1.2 m long and 0.15 m wide moving at 50 km/h.

Find:
Power to overcome surface resistance.

Properties:
Table A.5 v =1.14 x 107% m?/s and p = 999 kg/m?.

Speed, 50 km/h = 14 m/s
Reynolds number

VL
RGL = —
v
~ 14m/sx12m
© 114 x 1076 m?2/s
= 1.4x 107
Average shear stress coefficient.
0.523 1520
Cy 2 B
In® (0.06 Re;,)  Rer
B 0.523 1520
~ In?(0.06 x 1.4 x 107)  1.44 x 107

= 0.00269

Surface resistance (drag force)

(999 kg/m®)(14 m/s)?

Fp (per ski) = 0.00269(1.2 m)(0.15 m)
Fp (2skis) = 948N

2

Power

P(W) = 948N x 14 m/s
|P =1327 W|
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19.76: PROBLEM DEFINITION

Situation:

A 80-m ship with 1500 m? wetted area travels at 15 m/s.
Find:

(a) Surface drag.

(b) Thickness of boundary layer at stern.

Properties:
Table A4 v = 1.4 x 107% m?/s, p = 1026 kg/m?.

Apply the surface resistance equation by first finding Reynolds number and Cy. Then
apply the correlation for boundary layer thickness.

Reynolds number

UoL  15m/s x 80 m
v 1.4x1076m?2/s

Re;, = 8.57 x 10°

ReL =

Average shear stress coefficient
0.523 1520
In? (0.06 Re;)  Reg
0.523 1520
In? (0.06 x 8.57 x 108)  8.57 x 108
= 0.00166

Cy =

Surface resistance
2
F = catll
1,026 kg/m® x (15 m/s)?
2

= 0.00166 x 1,500 m?* x

Fp =287 kN

Boundary layer thickness
0.16

Rel/7
= 0.00847
= 80 x 0.00847
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