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The exam is closed book and closed notes.

1. Consider an experiment in which the drag on a two-dimensional body immersed in a steady
incompressible flow can be determined from measurement of velocity distribution far upstream

and downstream of the body as shown in Figure below. Velocity far upstream is the uniform flow

U, and that in the wake of the body is measured to be u(y) = U?” (Z—z + 1), which is less than Uy,

due to the drag of the body. Assume that there is a stream tube with inlet height of 2H and outlet
height of 2b as shown in Figure below. (a) Determine the relationship between H and b using the
continuity equation. (b) Find the drag per unit length of the body as a function of U, b and p.

(Hint: Momentum Equation Y, = [ up(V - n)dA)
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2. During major windstorms, high vehicles such as RVs and semis may be thrown off the road,
especially when they are empty and in open areas. Consider a 5000-kg semi that is 8m long, 2m
high, and 2m wide. The distance between the bottom of the truck and the road is 0.75m. The truck
is exposed to winds from its side surface. (a) Determine the wind velocity that will tip the truck
over to its side. Take the air density to be 1.1 kg/m® and assume the weight to be uniformly
distributed. (b) If the wind arrives with a 45° angle on the side of the truck, does the tip velocity
increase or decrease (suppose same Cp,)? Why? (c) If you are to repeat the experiment for a 2 times
smaller model using Reynolds similarity and the new semi weights 2000-kg, determine the new
tipping velocity (consider that the distance between the bottom of the truck and the road is 0.5m).
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3. A helicopter rotor rotates at w =20.94 rad/s in air (p=1.2 kg/m?® and x=1.8E-5 kg/m-s). Each
blade has a chord length of 53 cm and extends a distance of 7.3 m from the center of the rotor hub.
Assume that the blades can be modeled as very thin flat plates at a zero angle of attack. (a) At what
radial distance from the hub center is the flow turbulent (Recrit = 5E5). (b) Find the boundary layer
thickness at the blade tip trailing edge (c) At what rotor angular velocity does the wall shear stress
at the blade tip trailing edge become 80 N/m??

Hint: Re = pTUC where U =rw, C:Chord Length

.8 __ 016 _ 2Ty _ 0.027
Turbulent BL: ~~ =7, ¢ = oU7 ~ Rell? =
blade tip
T 73m >

C |

A 200 rpm

v

<+ S3cm

4. The flowrate between tank A and tank B shown in the figure is to be increased by 30% (i.e.
from Q to 1.30Q) by the addition of a second pipe (indicated by the dotted lines) running from
node C to tank B. If the elevation of the free surface in tank A is 25ft above that in tank B,
determine the diameter, D, of this new pipe. Neglect minor losses and assume that the friction
factor for each pipe is 0.02.

(A)

6-in diameter; 6-in diameter;
600 ft long 500 ft long
C
A .
(1) (2)
IO B
Diameter D;

500 ft long
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5. A practice facility for the Cal football team is to be covered by a semi-circular cylindrical
dome, as shown in the sketch. The dome with radius a is placed normal to the cross flow of
velocity U. Assume that the dome is very long (into the page) so you can ignore end effects.

»
o

a. The stream function and velocity potential for this flow 0 < 6 < m are given by
a2
Y= Ur<1 ——2>sin9
r

a?
P = Ur<1+—2>c056
r

Use potential flow theory to find the tangential velocity along the surface of the dome
(r = a) asafunction of the angle 6.

_— o 100
Hint: u, = o Ug = 730

b. Choose a reference condition to be p = p, at z=0 (on the ground) far from the cylindrical
dome. Use the Bernoulli equation to find the pressure field on the surface of the dome (r =
a) as a function of 6. Do NOT neglect hydrostatic variations.

c. Ifthe vertical force on the dome per unit length (upwards) is given by Fy;r, = ngZa,

find the mass per unit length (m,) required to keep the cylindrical dome on the ground
when the wind blows at 30m/s, with air density p=1.2kg/m3, and a=50m.
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1. Solution
a) Continuity:
b bU yZ (2)
ZpHUoo=pf u(y)dy=pf <2+1>dy
-b p 2 \D
U (? (y? Uo [ ¥3 ’
2pHU, = p— 4+1)dy=p—=(Z= 1
p pzf_b<b2+>y p2(3b2+y>_b ()
=2 (L betan)=2()=d
=2 th Ty th)=3\30)=30 )
H_Zb
= (1)

b) x-momentum:
YF = Jup(V-n)da (2

Drag per unit length:
b

—Fp = —pUL(2H) + p f WMy ()
2

2 Uz b 2
Fp = pU%2(2H) — pf[ ( +1>] dy = pUZ(2H) — p4f (Z2+1> dy

Calculating integral:

b /.2 2 b /4 2 5 3 b
y y* 2y y 2y (b 2b ) 56
1) dy = —t+—=+1lldy="7c+-" =2(=+—=+b)=—b
j <b2+ ) Y j_b(b4+b2+ > 4 5b4+3b2+y]_b s3T5
Entering into the momentum equation:

F, =2 HUZ—l Uz 56b = pU% b—ﬂb = UZ&
(1)

2. Solution

(a)
From table: L/D=2/2 > Cp, = 2.2 (2)
When the truck is first tipped, the wheels on the wind-loaded side of the truck will be off the ground, and

thus all reaction forces from the ground will act on wheels on the other side. Taking the moment about an
axis passing through these wheels and setting it equal to zero gives the required frag force and
consequently the wind speed:

ZM =0- Mdrag - Mweight =0 (1)
Mdrag =Fp X ArMgrqg (1)

Fp = 0.5pAV2C, = 0.5(1.1)(8)(2)V2(2.2) = 19.36V2 (1)

(1)

(1)
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2
arMyrqag = > +0.75=1.75m

Mweight =mg X arMyeignt

2
ArMyeight = E =1

- 19.36V2(1.75) — 49050(1) = 0
-V =38.05m/s
(b)

It the wind arrives with a 45° angle, the normal area decreases, reducing F and increasing the tipping
velocity. (1)

(c)

Reynolds similarity:

pVL:meLm (1)
1 I
yovL v
™ Ly 1

Mgrag = Fp X armgpqq
Fp = O.SpAVZCD = 0.5(1.1)(4)(1)(2V)2(2.2) = 19.36V2
1
ArMareg = 5 +05=1m
Mweight =mg X arMyeight
aArMyeight = 5 =0.5
- 19.36V?(1) — 19620(0.5) = 0

-V =2251m/s (1)

(1)
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3. Solution
a)
U=rw
Uc rwc
Re=PZ¢_P (1)
I I
PVerit WC
Recrir = m;

_ Recrit.u _ (SES)(1-8E - 5)

, _ 1
Terit = 0 = (1.2)(2094)(053) _ >-e8™ W

b) At the tip trailing edge:

_ Pliipwe _ (1.2)(7.3)(20.94)(0.53)

Re ; GEE=D =5401,124 (1)
5§ 0.16 (1)
x  Rell”
0.16(0.53)
6 ¥ —— 5 =0.00926 m = 9.26 mm (2)
(5401124)7
c)
U2 0.0135u%7p5/7U3/7
Ty = 0.0135 2 177 . 1/p7 (2)
Re X

X

Re-arrange to find U:

7/13

Tw x1/7
U= TtipW = <0.0135/,¢1/7p6/7> (1)

7/13
= 29.88rad/s (1)

w

1 (80.0)(0.53)%/7
-~ (7.3) (0.0135 (1.8E — 5)1/7(1.2)6/7>
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4. Solution

With the single pipe:

p aV? p aV?
—+—-—+z| =(—=+—-—+z| +hs (2)
pg 28 A \Pg  2g B

Wherep, =pp, =0,V, =V, =0, z, = 25ft, z, =0.

Thus,
LtV
“ D, 2g
(600 + 500) V2
25ft = 0.02

6/12  2(32.2)
V, = 5.96 ft/s

s
Ql = A1V1 - Z (0-52)5-96 - 1.188ft3/S (1)
With the second pipe Q=1.3Q=1.54ft3/s.

Therefore, Q; = Q, + Q3 and

Q1
A1 Z(0.52)
For fluid flowing from A to B through pipes 1 and 2:

LiVi® LV

D, 2g /D, 2g W

Za:hL1+hL2:fD D, 28
1 2

600 7.842 500 V,?
Zg =

=0.02— 02—
02952622 T 0% 05 26320

Hence, V, = 2.6ft/s

And

Q, = AV, = %(0.52)2.60 — 0.511ft3/s
Thus,

Q; =Q; —Q, =1.03ft3/s (1)
For fluid flowing from A to B through pipes 1 and 3,
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LiVi® Ly V5?
Zg=hgthz=f———+f———
a L1 L3 fDl zg D3 Zg
Where
V. = Q; 1.03 131
3 = - =
As Z(Ds%) Dy’
2
1.31
25 o = 0.02 (600) 7.842 N 2(500) D3?
fe=o. 0.5 2(32.2) ~ D3 2(32.2)
Dy = 0.662ft (1)
5. Solution

a. Find the tangential velocity along the surface of the dome

2
u(9=la—d)=li Ur 1+a— cos 6 (2)
rad rab r2

1 a?
u9=; —-Ur 1+r_2 sin @

ug = —2Usinf (1)

At r=a, we have

b. Apply Bernoulli between any 2 points
1 1
po + EPVOZ +yzp = ps + Estz +yzg  (3)
s in on the surface.

1 1
Do +§pU2 + 0 = py +Ep(—2Usin6?)2 + yasin@

1
Ds = Py +=pU2 —2p(Usinf)2 —yasing (2)

2
C.
ZFZ —0 ()
Fiife — Ky =0
5 2
3PV a=meg

c 1
m. = 9170kg/m
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2. An incompressible fluid flows between two porous, parallel flat plates as shown in the Figure
below. An identical fluid is injected at a constant speed V' through the bottom plate and
simultaneously extracted from the upper plate at the same velocity. There is no gravity force in x
and y directions (g=g,=0). Assume the flow to be steady, fully-developed, 2D, and the pressure

S - 3 : 5 7 2
gradient in the x direction to be a constant (ﬁ = constant). (a) Write the continuity equation and

show that the y velocity is constant at v = V. (b) Simplify the x-momentum equation and find the
appropriate differential equation for the x velocity component, u. (c) To solve the differential

equation, assume that the solution is (y) = Cie® — (ap) 2 — 7y + C, , where 4 # 0. Replace and
find 4 in terms of p, V, and u. (d) Apply boundary condltlons and find C; and C>.

V|I|||iunﬁnluﬂnuiuﬂm|l||||]|||]|||]|||lm|i|||ﬁ|||ﬂ||||ﬁ|uiu|ln||l||||]||||ﬁ|||]|||i|||l|| porous plac

—p flow direction

¥ ﬂ:— oo oo o L.
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2.
Assumptions:
1) Steady flow (% =0)
2) Incompressible flow (p=constant)
3) Fully developed (5 = 0)
4) 2D flow (w = 0, ;_f 0)
5) Constant pressure gradient (g—z = constant)
6) g=g~0
(a)
Continuity:

ou Jdv odw
O S W (1.5)
dx ) dy + 0z L

0(3) + g—; +0(4)=0 (05)

W 0 = v=constant (0.5)

ay

v=Vaty=0andy=h = v=V everywhere (0.5

(b)

X-momentum:

(au+ 6u+ 6u+ au)_ 0p+ 62u+62u+62u 2)
P\ac "%ax " "oy "W az) TP T ox T H\axz T ayz T 922

p(0(1) +0(3) +VI2+0(4)) = 06) — 2 + 1 (03) + = +0(4)) (0]

du dp  0%*u (0.5)

E=—6x+“ay2
()
dp\ 1
- 7 5 O ol i) Vi
u = (e (ax)pvy+62

du _ ay _ ()L
ay i Cl/le % (ax) pv

52 (0.5)
_u = C, A2ey

ay? i
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Replace in the differential equation:

apy 1 dp
Ay [ L) —| = — 2 2,4y
v [CIAE (ax) pV ax T u(Cae™)
- 1= (05
U
Therefore:
v am 1
u= C1e#y—(£)ﬁy+cz
(d)

Boundary conditions:

u=0aty=0andy=h (15)

y=0 0=C+C, = C,=-0C (0.5)

_ _ — ()1 — ()L _
y=h 0=Ce# (ax)pV+Cz =Ge s (ax)pV 1
pVh dpy\ h
—e H |==[—]—
Cl(l € ) (ax),ov
(ap) h (E}p) h
ax) pV ax) pV
> LU AN Y
1—e* 1-e*
Replace find C; and C> to find the final solution:
vy
y= h (ap) l1—e®* y
~ pv \ax pVh

l—en

(0.5)



