ME 1071: Applied Fluids

Lecture 8 Exam |l Review

Spring 2021



Weekly Study Plan
| Weeks | Daes | letwes

1 Mar. 9 Course Introduction, Fluids Review

2 Mar. 16 Chapter 8: Internal Incompressible Viscous Flow
3 Mar. 23 Chapter 8: Internal Incompressible Viscous Flow
4 Mar. 30 Chapter 8/Exam | Review

5 Apr. 6 Exam |

6 Apr. 13 Chapter 9: External Incompressible Viscous Flow
7 Apr. 20 Chapter 9: External Incompressible Viscous Flow
8 Apr. 25 Chapter 11: Flow in Open Channels

9 Apr. 27 Chapter 11: Flow in Open Channels

10 May. 11 Exam Il Review

11 May. 18 Exam Il

12 May. 25 Chapter 12: Introduction to Compressible Flow
13 Jun. 1 Chapter 12: Introduction to Compressible Flow
14 Jun. 8 Chapter 12: Introduction to Compressible Flow
15 Jun. 15 Chapter 5: CFD Related Topics

16 Jun. 22 Final Exam Review (Final Exam at Jun. 26)
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Exam 2

Tuesday May 18th from 1:50pm to 4:25pm

5long answer questions are included! No hints but all the important
equations and tables will be provided as supplemental materials.

Closed-book, calculators are allowed but no smart phones or tablets.

Work must be done by hand on the solution form provided, scanned and
uploaded to Black Board by 4:25pm

Each page of the solution form must be signed with name and student ID.
Will cover all of Lectures 4 to 7.
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Outlines

> External Flow
 Laminar Flow Over Flat Plate

 Turbulent Flow Over Flat Plate
« Skin Friction

* Drag

o Lift

» Open Channel Flow
* Froude Number
* Critical Flow
« Area Change
* Hydraulic Jump
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Boundary Layer

Regions for Boundary Layer Development over a Flat Plate
o The simplest possible boundary layer

pVz

o constant pressure field and zero pressure gradient Re,, = . ~ 500, 000

o Laminar from the leading edge and transits to turbulent downstream H

Y e Laminar boundary g Lransition _ 5l Turbulent boundary
—» layer region layer
—» V

]
f} j jﬂ | Turbulent
N

region
Y Bufferlayer

/ ¥ > —~ Viscous sublaver
!

hlu\:
|

—> ﬁ\ﬂﬂ”
— — __::i}\;ijﬁ /)}/A\,
.

—> —t—}'—}
X

Boundary layer thickness, &

= Xor
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Boundary Layer

Disturbance Thickness &

> Qis defined as the distance above the wall where u=0.99U u=0.99U
Displacement Thickness ©&* Momentum Thickness 6
> u ° u *u u *u u
5= (1—=)dy~ [ (1—+=)d 0= —(1—=)dy~[ =(1——)d
/( U)y /( U)y /U( U)y/0U< U)y
U _ U U _
U, 1 099U v,
N R | = = u__,
R (in mass flux) | u (int S I |
5+ morRSQ)um Ig ___________
(a) Displacement thickness, 6* (b) Disturbance thickness, & (c) Momentum thickness, 8
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Momentum Integral Equation

Flow with Zero Gradient

) U (z) =U = constant
0 dU

Io) )
_ 0 7w, u av _u _ 2 d [fuf u

0

Laminar Flow

Turbulent Flow

1/7 1/5
u [y § v \'°  0.382 ~0.0594
—U _<6> T =0.382 <_U$> — Re$1/5 Cf_ Re$1/5 PO
{ ) 42/ I
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Energy Equation for Open-Channel Flows

Assumptions 0 Control
1. Steady flow. A / volume
2. Incompressible flow. § e
3. Uniform velocity at a section. e T
4. Gradually varying depth so that pressure distribution .
IS hydrostatic. _ |
5. Small bed slope. i} DR |
6. Ws = Wshear Wother 0. v Zzlf
Energy Equation for Open-Channel Flow Total Head or Energy Head Specific Energy
2 2
%—I—yl—l—zl—g——l—yz—l—zfl—ﬂl H—g—g—l—y—l—z E—g—g—l—y
H,— H,=H, E,—FEy+ 2 —2,=H,
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Drag

Drag Coefficient Shape and Flow
A dimensionless quantity that is used to %\)

Pressure Skin
Drag Friction

guantify the drag or resistance of an object In (L& =100% =0%

a fluid environment. w

Drag Force F, = Pressure Drag —
~>—/\>
+ Friction Drag + Induced Drag w ~90% =10%
w
F
C,= 1_1?
SpV*A =60% =40%

The specific aera A depends on type of C,
 Car - projected frontal area of the vehicle
« Airfoil — the nominal wing area

=10% =90%
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Drag

Pure Friction Drag: Flow over a Flat Plate

Laminar Flow 0.010 | — T
T .664 B ]
Cf:l w 2066 0.008 |- —
_pU2 Re, Turbulent 0.0742 .
2 0.006 — boundary layer Cp= R —
l (Eq. 9.34) ’
Q — —
O
C. — 1.33 £ 0.004 —
b R 2 0.455
€L 5 N\ 0 _emmTTT==llT - Cp=————3% Turbulent —
3 -~ Transition at5""'::“-.:__-;.h (log Re.) boundary layer
= Re =5 x 10 I~
Turbulent Flow £ e 9.375) €939
T 0.0594 0.002 ©0.455 1610 e —
C p— v = - 133 Co= (log Re,)>™  Re, -\"\
f 1 2 Rel/5 Laminar C,=—22 s . e
§,OU z boundary layer — Re, (5x10° <Re; <10%)
l (Eq. 9.33)
0.0742 0.001 I I I I I I I I I I
C, == 10° 2 5 10° 2 5 107 2 5 108 2 5 10°
D Re}/5 Reynolds number, Re;
Fig. 9.8 Variation of drag coefficient with Reynolds number for a smooth flat plate parallel to the flow.
(5X10° <Re, <107) .
L BT N B 55K
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Drag

Pure Pressure Drag : Flow Normal to a Flat Plate

Pressure Drag Force
plate surface Table 9.3

Drag Coefficient Data for Selected Objects (Rez 10%)%

Drag Coefficient (empirical results only) e — Colle =100
Square prism . blh = 2.05
b\ blh =1 1.05
Cp~1.18 for aspect ratio b/h = 1, Re = 1000 . - 3 .
Ring e 1207
2.0 _
| [ | | Hemisphere (open end /" 142
I:I T}I facing flow) @
1.5 | | - ] Hemisphere (open end / 0.38
’ “T" ] facing downstream) @
CD C-section (open side / 2.30
1.0 — facing flow) \
e
0.5 | | | | | | | | | o oo o
0 2 4 6 8 10 12 14 16 18 20 facing downsiream) '
Aspect ratio, b/h / Z

LECTURES8 EXAM Il REVIEW
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Drag

Friction and Pressure Drag: Flow over a Sphere and Cylinder

A0 T T T T T TI0 T T T T I T T T T 1711

Laminar Case (Re < 1) 200,

Fy=3muVi  Cp= E

Smooth Sphere

- N _

4 Theory due_:}\ . N

2+ to Stokes o —

1 -

0.6 - —

0.4 —

0.2 —

0.1 Qo]

(O 201 I I ) A I o I | Tl

OO T T T T T T T T T T T 11T T 113

He « 1 {laminar} 1« Re « 10 [Bound vortex) Smooth Cyllnder |
10
o |
1=

10 « He «< 1|:|s [{Vertex shedding} He = 1n’ iTurbulent BL} — —

0.1 I I e I A o A

1012 46810%°2 468012 4681022 4681032 4 6810%2 4 6810°2 4 68106
VD
Re =—— . , 4
T BTN H FZI KR
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Lift

Lift vs Angle of Attack
1.8 | = 1.8 | | |
Stall : \
1.6 — VT 1.6 - Cp,,.=1.50 ~ m
«C,_ decreases as «a \
Increases b 1] L4 R T
CL: # 1.2 l‘l— 1.2 — b_
- 2 Cr S Co
2 pV A 1.0 — 1.0 —
@l‘"ﬁ _
\Bbrbling 0.8 — 0.8 —
: 0.6 Conventional section 0.6
(NACA 23015)
0.4

Laminar-flow section
(NACA 66,-215)

0 I

8 12 16 20

Angle of attack, « (deg)
LECTURES EXAM Il REVIEW

8 12 16

20
Angle of attack, @ (deg)
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Outlines

> External Flow
 Laminar Flow Over Flat Plate

 Turbulent Flow Over Flat Plate
« Skin Friction

* Drag

o Lift

» Open Channel Flow
* Froude Number
* Critical Flow
« Area Change
* Hydraulic Jump

LECTURES8 EXAM Il REVIEW
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Basic Concepts and Definitions

Speed of Surface Waves and the Froude Number

The Froude number

Retangular channels: Fr = v Nonretangular channels: Fr = 4

V gy 9Yn

o Fr<1 Flow is subcritical, tranquil, or streaming.

Disturbances can travel upstream; downstream conditions can affect the flow upstream. The flow
can gradually adjust to the disturbance.

o Fr=1 Flow is critical.
o Fr>1 Flow is supercritical, rapid, or shooting.

No disturbance can travel upstream; downstream conditions cannot be felt upstream. The flow
may “violently” respond to the disturbance because the flow has no chance to adjust to the
disturbance before encountering it.
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Energy Equation for Open-Channel Flows

Assumptions 0 Control
1. Steady flow. A / volume
2. Incompressible flow. § e
3. Uniform velocity at a section. e T
4. Gradually varying depth so that pressure distribution .
IS hydrostatic. _ |
5. Small bed slope. i} DR |
6. Ws = Wshear Wother 0. v Zzlf
Energy Equation for Open-Channel Flow Total Head or Energy Head Specific Energy
2 2
%—I—yl—l—zl—g——l—yz—l—zfl—ﬂl H—g—g—l—y—l—z E—g—g—l—y
H,— H,=H, E,—FEy+ 2 —2,=H,
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Energy Equation for Open-Channel Flows

The Specific Energy

o E indicates actual energy (kinetic plus potential/pressure per unit mass flow rate)
being carried by the flow

E = Z + vy
Critical Depth (Fr =1)
Al
= T & Minimum Specific Energy
l Critical flow o : : AT
. y__» | L | - the specific energy is at its minimum at
\ = L | e/ g N oo critical conditions, i.e., Fr =1
4 Tk S e S o |
E\=E, E:%jf’y Q2 1/3 3
Fig. 11.7 Specific energy curve for a given flow rate. yc — |:W:| Emin — §y0 (ReCtangUZa’r Cha’nnel)
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Localized Effect of Area Change

Flow over a Bump

V2 V2 V2

Lty === +wm+23=—+y+z=const
28 28 28

Free
surface N\, _.---~~ °°
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The Hydraulic Jump

Control

———————————————

Governing Equations for Hydraulic Jump  gime — T
|
Continuity Viy, = Vsys | i
- T
2 2 2 2 I I y
Momentum % + y21 = V2t T 3122 Fow— 71 o | L N
14
E =Yy =V i H—pH 12 -
nerqy 1= % Y1 — % Yo 1 — L2 l
10
Depth Increase Across a Hydraulic Jump L
> The ratio of downstream to upstream depths = sf
across a hydraulic jump is only a function of the & ,|
upstream Froude number. L
1
%25[\/1+8F7’12—1],Fﬁ>1 T3 45678 910
1 Upstream Froude number, Fr; BT N P ISR
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The Hydraulic Jump

Head Loss Across a Hydraulic Jump

: . 0.70
o The head loss is only a function of the upstream Froude
number. e 0.60 -
Sy
o Hydraulic jump can occur only in supercritical flow. s 0.50 |-
o Flow downstream from a jump always is subcritical. = 040 L
PERE $ 030
H,= , Yo > o
l by, 2T 5 0.20
S G0k [T~Eq1139  —
3
H _ [V1+8Fri—3] — ol 1 1
E. 1 1 Q.2 2 ’ 1 0 2 4 6 8 10
! 8[ 1+ 8F7T; 1] [Fri+2] Upstream Froude number, Fr,

Energy Dissipation Ratio
BT N B F5 K
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Example

Example 1

Consider the following boundary layer over a flat plate with a
width of b. Assume that the velocity profile at the trailing edge is: U U

r=2(4)-(2)

The boundary layer thickness is 6 and the flow is two-
dimensional. Using the control volume abcd, shown by the d Flat plate
dashed lines in the Figure below, determine the mass flow rate

on control surface a-b using the mass conservation relationship.

BT N HED R
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Example

Example 1

o=2(2)-(2)

0= C‘;t pdv+/csp(17-d2)

Flat plate

6
/ p(v : dA) =0=(- pUb&) ,, + 1M +(/ pubdy) +(0) .4
CS 0

pUbS
3

mab —
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Example

Example 2
Air at 20°C and 1 atm flows past the flat plate as shown under e Semiayie
laminar conditions. There are two equally spaced pitot stagnation
tubes, each placed 2 mm from the wall. The manometer fluid is v —N—  — —
water at 20°C. If U = 15 m/s and L = 50 cm, determine the values of A | R |

the manometer readings h, and h, in mm. U - U i
‘ % =

5§ |30u 5.8

X pUx N /Rex

o |3 __Poasixios) o
L= DUx, ] 1.21(15)(05) m

30u \/30(1.81 X 10-5)

= 0.00547 m

5, = 1.0
2=%2 0y, 1.21(15)(1.0)

BT N HED R
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Example

Example 2

vi\ () [/ 0.002 0.002 \°]
e U<2 (E) B <5_1> ) =1z <0.00387> B <0.00387> = 1l>m/s v N =N\
yv2\  (v2 0.002 0.002
=02 (2)) - o () - (]| s ay

1
P = pygh =5 pu’

1pu? 1/121)\/11.52
hy=—-———t=2 = 0.00817m

" 2pw g 2\998)/\ 981
. _1p u?  1(121)(8.967 000496
2= 20,9 2\998)\ 981 )~ " m

hy =8.17mm h,; =4.96 mm
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Example

Example 3

Consider the following square plate arrangements (top view) with boundary layer flow.
Compared to the friction drag of a single plate 1:

(a) how much larger is the drag of four plates together as in configuration (a) and (b)?
Assume that the boundary layer flow is laminar in the entire surface.

(b) What if the boundary layer is turbulent in the entire surface?

(a) (h

BT N HED R
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Example

Example 3
Fp 0.0742
CD = =
1/2pu?A ReLl/S
1 2
1 0.0742 1? [5pu®(0.0742)

— T 2072 _
Fpq1= Z,Du (L) (%>1/5 ~11/5 (E
v

v

1
0.0742 412 |5pu?(0.0742)

1
F - - 2 4L2 =
D,a Zpu( ) <uZL)l/S (2L)1/5
v

412
1/5 9
Foo _ 2LV _ 4 _ 2
Fpy L2 21/5
L1/5
1 2
0.0742 412 |5pu”(0.0742)

1
Fpp = Epuz (4L%)

v
412
F 1/5 4
Db __ (4L) = —4 =45
Fpa L2 41/5
L1/5

LECTURES8 EXAM Il REVIEW
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Example

Example 4

A delivery vehicle carries a long sign on top that has a square cross-
section, as shown in Figure below. If the sign is very thin and the vehicle
moves at 30 m/s. Assume that the sign is perfectly aligned with the airflow

for problems (a-c). - 8 _L
(a) What is the boundary layer thickness at the trailing edge of the sign if _——

the boundary layer remains laminar? Phil's Pizza: 555-5748 e
(b) What is the drag force on the sign if the boundary layer remains [

laminar?

Fc) Answer guestions (a) andé_b) but with assumption that the boundary
ayer is turbulent from the leading edge of the sign.

§  [30u 548

x~ [pUx " [Re,

s_ . [30m_ [30081x107%)
—* ux T % 12130 ™

6=10.9cm

BT N HED R
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Example

Example 4 5 p Y5 0.382
2=o. 382( ) i
X Ux Re;/S
! i :
N _ x(0382)  8(0.382)
Phil's Pizza: 555-5748 60 cm 0= T = 75 = 01107 m
' ReS ( (30)(8) )
[ x 1.5x 1075
§=11.1cm
oo _ 0455
P 7 1/2pV24A ~ (logRe,)%58
1 0.455 1 0.455
Fp 1.33 Fp == pV?A|————=| = = (1.21)(30%)(8)(0.60) —
> =1/zpv74 = 2 (logk 2 (10g 228 Y*
2 e ° 515x 105
L 2 133 , Fp=7.29N
Fp =5pV —(1 21)(307)(8)(0.60)
’ RO, (8)
1.50 x 1075

Fp = 0.869N

BT N HED R
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Example

Example 5

A paratrooper and his 8 m diameter parachute weigh 950 N. Taking the average air
density to be 1.2 kg/m3, determine the terminal velocity of the paratrooper.

ZFy=O=FD—mg

1
Fp =mg =E'DV CpA

Cp = Table 9.3

BT N HED R
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Example

Example 6

An airplane with an effective lift area of 25 m? is fitted with airfoils of NACA 23012. The maximum flap
setting that can be used at takeoff corresponds to the configuration of double slotted. The maximum
gross mass possible for the airplane is 10,000 kg.

o Determine the minimum takeoff speed required for this gross mass at the sea level.

o Determine the minimum takeoff speed required for this gross mass if the airplane is instead taking off from an
elevation of 1.6 km.

From Table A.3 when GA=0, p = pg.. = 1.2250 kg/m3
Z E,=0=F,—mg

1
F, =mg = EpV C. A
CLmax — Figure 9.23

From Table A.3 when GA =1600 m - p/pgy, it Nl B B K
. 2
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Example

Example 7

At a section of a 3 m wide rectangular channel, the depth is 0.09 m for a discharge of 0.57 m3/s. A smooth bump of 0.03 m high
Is placed on the floor of the channel. Determine the local change in the depth caused by the bump.

Q087
1= 2 T @09 - Atm/s
Q057 0.9

V, = - = _
2T A (3;)’2 Y2

L
29 )’1—2g Y2
Guess = y,
Vi
Fry =
! VIV
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Example

Example 8

A hydraulic jump occurs in a rectangular channel. The flow rate is 6.5 m3/s, and the depth before the jump is 0.4 m. Determine
the depth behind the jump and the head loss, if the channel is 1 m wide.

Q
V, = —
1 A1
F !
r, =
Y Vo
YZ 1[ 2 ]
2= /1+8Fr -1
y1 2 !
Q
VZ_AZ
V;
Fr, =
2 V3y2
V12 sz [3’2_3’1]3
H =~ 2, 2l
LT 29 T T2 T T Ty,
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