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The exam is closed book and closed notes.

1. A wedge with a vertex angle of 20 = 60° is inserted at an angle of attack & = 20° into a jet of
water of density p = 1000 kg/m3, width b = 30 cm, and velocity U = 0.5 m/s, as shown in the figure
below. After impinging on the wedge, the single incident jet is divided into two jets, both of which
leave the back edge of the wedge with velocity U. The widths of the two departing jets are b and
(1-p)b, as indicated in the figure (0 < £ < 1). Assume that the flow is planar with a depth d = 50
cm normal to the sketch, gravity may be neglected, and the pressure in the surrounding air is
everywhere atmospheric. (a) Calculate the drag and lift forces acting on the wedge for = 0.3. (b)
Find the value of g for which the lift is zero when all other parameters are fixed at the above values.

(Hint : Momentum Equation YF, = [ up(V - n)dA)
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2. A Newtonian fluid of density p and viscosity x fills the annular gap between concentric cylinders
as shown blow. The inner cylinder of radius Ry is stationary, and the outer cylinder of radius R2
rotates steadily at a constant angular speed w. The flow between the cylinders is laminar and
incompressible. Assume steady, purely circulating motion, 2D flow, circumferentially symmetric
pressure, and neglect gravity. Simplify the continuity and momentum equations and use
appropriate boundary conditions to determine the velocity distribution in the gap.

R

The equations of motion of an incompressible Newtonian fluid with constant density and viscosity in
cylindrical coordinates (r, 6, z) with velocity components (vr, Vg, V2):

Continuity:
L () 4 2 () + () = 0
rore )T g Ve T\ T
r-momentum:
v, ov, vy dv, ov, v} op o0 (10 10%v, 0%v, 2 dvy
P(E*”ra?*?%*”za?‘? =P~ T g\ e ) | Y ger T T e
0-momentum:
vy vy vy dvy vy vrvg) 3 10p (10 10%vy 0%vy 2 0v,
p(at T Y e TV T ) TP T ae T ar\rar V) ) T aer T a2 Tz ae
Z-momentum:

Bt " ar T a0 T az) TP T T rarUar ) T ger T o

v, ov, vyov, v, op 10/ ov,\y 10%w, 0%,
4 0 )=po: =l () +
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3. 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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4. 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 at the blade trailing edge 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 = p”ﬂ where U = rw, C:Chord Length

0.16 co = 2Ty - 0.027
Rel/7 ' T puz T Rell

0

Turbulent BL ; g ~

blade tip
T 73m >

r¥

A 200 rpm

v

<+ S3cm




Friction factor f
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5. In the figure below, all pipes are 8 cm-diameter cast iron (¢ = 0.26 mm). The fluid is water at
20°C (p =998 kg/m®, 1 = 0.001 kg/ms). Minor loss coefficients are: Ki= 0.5 for the sharp entrance

at A; K2= 0.9 for the line-type junction from A to

B; Ks= 1.3 for the branch-type junction from A

to C; Ka= 1.0 for the submerged exits in B and C; Kvave = 0.5. () Determine velocity in pipe A
(Va) if valve C is closed (use f = 0.02 as initial guess). (b) If valve C is open, set up the system of

equations for the pipe network as a function of the

variables Va, Ve, V¢, fa, s, and fc. (c) Calculate

Va if Ve= 1.57 m/s and friction factors are the same in all pipes and equal to the one found in part

(a).
int- on (24 2 (P v
Hint: Energy equation (pg + 29 + Z)1 = (pg + 20 + Z)Z + hy
(Nz=25m
: @ Z2=0m
Water ¥
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L=10m
4
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6. 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.

s
o

a. The stream function and velocity potential for this flow 0 < 6 < m are given by

a?
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.

intw. =22 o =102
Hint: U, = o Ug = 720

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;z, = 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

(@) Continuity

Qin = Qoutl + Qou.tz
bdU = BbdU + (1 — B)bdU = bdU(S + 1 — ) OK, continuity satisfied
1y, = phdU = (1000)(0.3)(0.5)(0.5) = 75 kg/s

moutl = B'min = (0-3)(75) =225 kg/s

Moue, = (1 = )y, = (1 -0.3)(75) =525 kg/s

x - Momentum:

Z E = Moyt Uouty ¥ MoutUout; — Minlin
—D = Mgy, [Ucos(0 — a)] + Mgy, [U cos(0 + a)] —my, U
D= U[mm — Moty €0S(0 — @) — Mgy, cos(B + a)]
D = (0.5)[(75) — (22.5)(cos 10°) — (52.5)(cos 50°)] = 9.55 N
¥y - Momentum:

z E, = Moyt Vout; T Mout,Vout, — MinVin

—L = Mgy, [Usin(O — a)] + 1gy¢, [ U sin(8 + a)] — 1m;,(0)
L= U[mout2 sin(@ + @) — Mgy, Sin(@ — a:)]

L = (0.5)[(52.5)(sin 50°) — (22.5)(sin 10°)] = 18.16 N

(b)

+3

+2

+2
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L= U[mouf_z sin(6 + a) — Mgy, sin(0 — a)] =
Moyt, SIN(O + @) = Moyt Sin(0 — a)

[(1 - B)'min.] sin(@ + a) = [Bm-in.] sin(f — a)

(1 —p)sin(50°) = fsin(10°)

1- in(10°
B _sin(10%) 03
B sin(50°)

! 1=0.23
3 .

0

+2

+1
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2. Solution

ASSUMPTIONS: (1)

(vz)

(2)

1. Steady flow (% =0)
2. Purely circumferential flow (v,=v,=0)
d
3. 2D flow (Z =0)
4. circumferentially symmetric pressure (Z—z =0)
5. Negligible gravity
ANALYSIS:
Continuity:
0 o)+ (00) +
ror s )T e\l
002) + ——(Ug) +02)=0
Z0=0 (§)
6-momentum:
6179 9 avg avg

6179 UrVg
p(at+ra 69+26+r)

1dp 0 1 0%y
=Pgo— 735+ [5(——( e)) t 25z T

p(0(1) + 0(2) + 0(6) + 0(2,3) + 0(2)) = 0(5) — 0(4) + u

0
a(m—r( )>

10
;E(Tve) =G

Integrate:

E(Tve) =Gr
Integrate again:
T'Z
TVg = 6‘17 +C,
_c T 4 C,
Vg = (g 2
B.C.:

l) Atr:Rl,v(;:O

62179
0z2

2 dv,
r2 00

o (10
57| =5 (rve) | +0(6) +0(3) +0(2)

(2)

(1)

(1)

(0.75)

2) Atr=Rz, Vp=Rw (0.75)
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Replace:
Ry G
0=C—+—
2 "Ry
R, G
Ryw = C;— +—=
20 12 TR,
And find:
2w
G = R (0.25)
1-(z)
wR,?
C, = 1 = (0.25)
1~ (7)
R,

Substitute into the expression for vg:
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Solution 3:

(a) Fromtable: L/ID=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 ArMarag (1)

Fp = 0.5pAV2C, = 0.5(1.1)(8)(2)V3(2.2) = 19.36V2 (1)
2
ArMarqg = > +0.75 =1.75m

Myeighe = Mg X arMyyeight (1)

2
arMyeight = 2 =1

- 19.36V?%(1.75) — 49050(1) = 0
-V =38.05m/s (1)
(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 _ PVl (o)

H H
_ VL 2V
= I =T =
Mgrqg = Fp X armgyqq4

Vi 2V

Fp = 0.5pAV%C, = 0.5(1.1)(4)(1)(2V)?(2.2) = 19.36V2
1
arMgreg = > +0.5=1m

Mweight =mg X arMyeignt (1)
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aArMyeight = 5= 0.5
- 19.36V?(1) — 19620(0.5) = 0
-V =2251m/s (1)
Solution 4:
a)
U=rw
U
Re = P25 _ PTYC (1)
u u
PV eritWC
Re iy = Crli

_ Regun  (SE5)(L8E —5)
Terit = = e~ (1.2)(20.94)(0.53)

=068m (1)

b) At the tip trailing edge:

pe — Prem®C _ (12)(7:3)(20.94)(0.53)

=5,401,124 (1)

u (1.8E - 5)
5§ 0.16 (1)
x " Rell?
0.16(0.53)
6 ¥ ——— 5 =0.00926 m = 9.26 mm (2)
(5401124)7
)
U?  0.0135u%7p8/7y13/7
Ty = 0.0135 - 177 . 1/p7 2
Re x (2)

X
Re-arrange to find U:

7/13

z,, X7
U=rypw = <0.0135‘u1/7p6/7> (1)
1 (80.0)(0.53)1/7 7/13 omared
“ = 7.3)\0.0135 (1L.8E — 5)177(1.2)6/7 =29.88rad/s
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Solution 5:

pr=pz Vi=V,=0

(a) If valve C 1s closed, we have a straight series path through A and B, with the same flow rate O,
velocity 7, and friction factor f'in each pipe.

Energy equation:

p V2 p V2
—+—+z| =|—+5—-+z| +h
rPg 29 . \Pg g 5

V2 La Lg
Z1 — 23 =th+th.A+th+thB =E(fF+K1+K2+f7+K4)

V2 100 50
25) = (f( ) (50)

@osn\ 0os) T 05+ 0N +f (0.08)

, 490.5 .
= —_— = — +
18757 + 2.4’ *=T

Use initial guess and determine velocity and Re:

+ (1.0))

f=002 V=35

m
—; Re =1280000
s

Iterate using the Moody chart:
m
f=0.026; V=31—; Re=247000
s

m
f=0.027, V=3.0—; Re=24300 (converged)
s

m
VA =V = 30? +2.5

(b) If the valve C 1s open, we have parallel flow through B and C with

Qa=0Qp+0Qc; Va=Vp+1g
The total head loss is the same for paths A-B and A-C:

2

Vi (, La Vg
Z1 =22 = th + thA—B + th + Z hmB = E(fAE"’ Kl + KZ) +_(f3_

+K)
29 4
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Vé . Le
1~ 242 _th+thA C+th+thC ( d +K1+K3) 29 (fCE+K4+Kvalve)

Vi/ Ly Vi, L
Z1_Zz=$(ﬂ1€ K1+K2) g(f +K4)
—A
d

VAZ L
Zy —Zy = E(fA

B
d
ch Le
K + KS) (f d + K4 + Kvalve)
VA = VB + VC

N/ (100) _ VE (50)
(ZJ)_(Z)(9.81) fa (0.08)+(0'J)+(0'9) (2)(9.81) /e (0.08)+(1'0)

N/ (100) _ v (70)
(25) = (2)(9.81) (f“‘ w008 05+ (1'3)) (2)(9.81) (fC 0.08) " (1.0 + (0'5))

VA = VB + VC
490.5 = VZ(1250f, + 1.4) + VZ(625/5 + 1)
490.5 = VZ(1250f4 + 1.8) + VZ(875f¢ + 1.5) 2
VA = VB + VC
(c) Use:
m
fA=fB=fC=f=0'027; VC= 157?
Select two equations (for example, 2°¢ and 3*) for calculating solution:
{490.5 = 35.6V{ +61.9
Vy=Vg+ 157
v 490.5—61.9_35 m
4= 356 s
m +1.5
Vg =V, —157=19—
s
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Solution 6

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

2
u(9=1(’)—qj=li Ur 1+a_ cos 6 (2)
rof raobo r2

1 a’
ugz; -Ur 1+r_2 sin @

ug = —2Usinf (1)

At r=a, we have

b. Apply Bernoulli between any 2 points

1 2 1 2
po+§pVo +VZo=ps+§st +yzg  (3)

s in on the surface.

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

1
ps = Po + EpU2 —2p(Usin®)? —yasing (2)

2172:0 (1)

Flift —F,=0
5
3PV =mcg

m. = 2 (1.2)(30)2(50) (i>
c =3tk 9.8
m., =9170kg/m (1)



