Name: --------===-emmmu- Exam 2 Time: 50 minutes

ME:5160 Fall 2025

The exam is closed book and closed notes.

1. An incompressible Newtonian fluid flows steadily between two infinitely long, concentric
cylinders, as shown in the Figure. The cylinder is inclined with an angle 6 with respect to the z
axis. The outer cylinder moves with velocity —U,, and the inner cylinder is fixed. The pressure
gradient in the axial direction is constant and the effect of gravity cannot be neglected. Assume
that the velocities in the radial and tangential directions are zero. (a) Simplify the continuity and
momentum equation and determine the velocity field. (b) Determine the shear stress at the inner
wall.

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, Vs):

Continuity:
L ) () + () = 0
rore )T g Vo) T\ T
r-momentum:
v, ov, vy dv, v, vg\ 6p+ o0 (10 o) ) + 1 azvr+62vr 2 dv,
P\t " ar T e T2z T v ) TP T oy TH G\ Far VT r2 962 = 9z2 12?96
6-momentum:
vy vy vy dvy vy vrvg) 3 10p (10 190%vy 0%*vy 2 0v,
p(at T Y e T T ) TP T rae T ar\rar V) ) T aer T a2 Tz ae
Z-momentum:
(6vz+ 6vZ+vg 61JZ+ 61]2)_ 6p+ 10 ( avz> 1 0%y, 0%y,
PUat "Vrar T a0 T2 az) TP T 5 TR o U or r2 902 02z2

vy

Shear stress: t,, = 1 >
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2. The thrust F of a propeller is generally thought to be a function of its diameter D and angular
velocity Q, the forward speed V, and the density p and viscosity p of the fluid. (a) Find suitable
dimensionless groups for this problem and write the functional relationship between them.

(b) Some experiments indicated for D=0.2m, V=20 m/s, and 2=100rps the thrust is 100N.
Estimate the thrust and rps on a propeller with D,,,=0.6m, V},,=30m/s if the flow conditions are the
same. (p = 1kg/m3,u = 10~°kg/ms)

Hint: Use p, V, D as repeated variables.

Dimensions

Quantity Symbol MLT® FLTO
Length L L L
Area A iy I?
Volume v L’ g
Velocity % gt LT!
Acceleration dv/dt LT ? LT
Speed of sound a LT! L
Volume flow 0 r e
Mass flow 1 MT™! FTL™'
Pressure, stress P, o, T ML™'T? FL™?
Strain rate é g f il
Angle 0 None None
Angular velocity w, () / i 7 i
Viscosity m ML~'T™! FTL™?
Kinematic viscosity v r i
Surface tension Y MT ? FL™!
Force F MLT? F
Moment, torque M ML’T > FL
Power P ML’T FLT™!
Work, energy W, E MLT FL
Density p ML rreL
Temperature T (C] (C)
Specific heat Cps €4 L’T’07! L’T 0!
Specific weight b7 ML FL™
Thermal conductivity k MLT0~! FT7'0™!
Thermal expansion coefficient B (O o'
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3. Water (p=1000kg/m®, p=0.001kg/ms) needs to be pumped using a commercial pump. The
iron pipe (¢=0.01mm) is 500m long, with a diameter of 0.1m. (a) Determine the flowrate in the
pipe if the pump is providing h,, =20m and consider the minor losses due to the open globe
valve (K = 6.9) and the sharp entrance (K = 0.5) starting with an initial value of f =0.015. (b)
Assuming the same friction factor obtained in a), what would be the value of the pump head
required to achieve a flow rate ten times larger than that obtained in in a)?

L=500m

Q=?
D=0.1m

Z,=30m

z,=20m
. p  v? p v
Energy equation | —+-—+2z) =(—+—-+2z) +hs+h;—h,
P9 29 1 Pg 29 2
=55 (15 %)
s 2.9 D Values of (Vd) for water at 60°F (velocity, ft/s » diameter, in) -
0.1 0.2 04 06 ORI 2 4 6 8 10 20 a0 60 80 100 200 400 600 300 1000 2000 4000 6000 10,000
| | | Values of (Vd) for atmospheric air at 60°F | I T |
8000 80,000
2 4 6 810 20 I 40 | 60 |l(l)[ | 200 | 400 600 800 10001 2000 4000 16000 10,0001 20,000 | 40,000 60,000 100000
010 N T T T T T T I O O A
0.09 Laminar(“rilical;-lw_}u IS I : HENEERY R R R R i
‘\‘ flow T [zone Transition N \ \
0.08 b — i<t actzone <+ Complete turbulence, rough pipes ———+———— — 1 RN I
0.07 = r ‘ ‘ == 0.05
LR T 1 0.04
0.06 LT HH— - —
S = e (0,03
11 b - | P N 1
s EE TS nRi REAmER
2L \Q = = 0.02
- \\' i ] 0.015
e i N : —0.01
o or T — : t 1 — 0.008
s ‘ ‘ , 0.006
J 0.03 T o I e o m—— ;;0004
5 i Tt A i i
E g " S : : e 0.002
£ N AN o T A
= 0.02 1 T e S ——— S 0.001
Ita ¥ B i ~ - 0.0008
T ‘-; — - - —— (.0006
s~ - : : - 0.0004
0.015 | :\\\\\\ |- NN
L S ‘ \‘\\\\\(}‘ T
TN ! = 0.000,05
001 BT S v canRy AR
| | ~
0.009 i i i SRS
0.008 ‘ ‘ 1 | ‘ = T 0,000,01
|03 2“01) 3 456 8104 2(]04) 3 456 8105 2“05) 3 456 8[06 2(]06) 3456 8 ]07 2“07) 3 456 8108
Reynolds number Re = @ 5 = 0.000,001 5 = 0.000,005

£
d

Relative roughness
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Solution 1:

ASSUMPTIONS:
1. Steady flow (%:0)

2. Incompressible flow (p=constant)
3. Purely axial flow (vr=v6=0)

4. Circumferentially symmetric flow, so properties do not vary with 0 (%=0)

5. Constant pressure gradient (dp/ 0z =k)
6. Gravity (gz=gcod6)

(a)
Continuity:
=2 (r1,) - (v) + = (v,) = 0
ror s ) T ag e T g, e T
av,
03)+03)+—=—=0 (+1.5)
0z
Z-momentum:
v, v, vgov, 6v2> op 10 ( avz) 10%v, 0%v,
Ly —E4 2y " E ) =pg, ——+p|——(r=2) + = 0.5
P (et oo v st an) =p9 g T (o) F i ags ] (109
o . 10 dv, o
p(0(1) +0(3) + 0(3,4) + O(continuity)) = pgsind —k + u [;a(r W) +0(4) + 0(contmulty)](+1.5)
uo avz) _
o (r 5 ) = pgcosO +k
d ( 6v2> —pgcosl + k
—\|lr—=)= ————r
ar\ or 7
dv, —pgcost +kr? N
r or U 2 “
dv, —pgcos@+kr c
BT e ———————— +_
ar 7 2 r
— 0+ kr?
v,(r) = %% +cInr+c, (+2)

Boundary conditions:
v,(1r;) =0, v,(1,) = —U, (+1)
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Apply BCs:

—pgcosO + kr?
v, () =0= et j +ciInr+c,

_ —pgcosO + kg

v,(r,) = —=U, p y +clnr, + ¢,
Subtract:
pgcosl — k T;
0 = 4M (Toz - T'l'z) + Cq1 lnr_:
cosO — k
u, P9 4/1 ( 2 _ riz)
In+
rO
Add:
—pgcos + k
—Uy = p'gT(roz +17) + ¢ InryInt, + 2¢,

+ pgcosd — k (roz + riZ) (+1.5)

—Ug—ciInr;Inr, 7

C2= 2

Velocity distribution:

U, — 29059 k(12 _ 2

—pgcost + kr?
v, (r) = pg A 4u ' Inr (+1.5)
4 Ink
rD
—Uy—cyInryInr, + W (rZ +17)
+ 2
Shear stress:
pgcosl —k , 5 2
o) = v, —pgcosd +k N Up = m (d —1?)1
twir) =K or 2 rTH mﬂ T
rO
U pgcos —k ., , (+0.5)
)| 0y, _ —pgcost + k N o~ 4p (5 —71i) 1
Tw\r r=ri — u 61‘ _— - 2 T u ]ni r;
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Solution 2:
(a)
F=fD,QV,p1) (+1)
n==~6
F={MLT?}; D={L}; Q={T"1}
V={LT™'}, p={ML}; p={ML'T™'}
j=3-2k=n—j=6—-3=3 (+1)
The repeating variables are p, V, D. Using the Pi theorem, we find the three Pi groups:
M, = p*VPDF = {(ML3)*(LT V)P (L) (MLT?)} = {M°L°T°} (+0.5)
a=-1,b=-2,c=-2
F
pV?2D?
I, = pv?De = {(ML™3)(LT " HP(L)(T™1)} = {M°L°T°} (+0.5)
a=0,b=-1,c=1
b

I, = 7 (+1)

M, = pV2Du = {(ML™3)*(LT D) (L) (ML™T~)} = {M°L°T°} (+0.5)
a=-1,b=-1,c=1

n, = (+1)

VD
pVD U
Thus, the arrangement of the dimensionless variables is:
My = f(1,,I3)
(+1)
F (QD pVD)
pV2pz 2 \V ' pu
(b) D=0.2m, V=20 m/s, and 02=100rps the thrust is 100N:
0D 02
- —100xo0=1 " (15
F 100
= 6.25

pVZD2 1202 % 0.22
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D,,=0.6m, 17,,=30m/s:

0,,D,, Ve 30
=1-0, =—=—=>50rps
pVZDZ = 6.25 > E,, = 6.25pV,2D2 = 6.25 x 1 x 302 = 0.6 = 2025N
Solution 3:

(@) Apply energy equation between (1) and (2):

p V? p V? (+2)
—+—+z| =|\—+—+2z] +h
pPg 29 . \Pg 29 5

VZ

(0+0+Z)1—<0+5+Z> + hs — hy,

172 = o (1+f +Z )

VZ
~10 =5 ( f—+69+05)—20 (+1)
20g

=V2

(1+73% 169+ 05)

f 196.2
= |——2 (+1)
8.4 + 50001

Calculate ¢/d:

e 0.01x 1073 — 00001 (1)
d 0.1 o
Assume f = 0.015
V =1.53m/s
Calculate Rey: (+1.5)

pVd
Red = T = 153,379

Enter Moody diagram and select f = 0.022

|12
= lga+so00r MM
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Calculate Rey :
pvd
Rey; = T = 129,000
The process has converged.

Calculate the flowrate:
2

d

(b)

V2 500
—h, = 5(1 + 0.022 01 +69+ O.5> — 20

(20 —h,)2g _y  (+0.5)

(1 +0.022 % +6.9+ 0.5)

2 2 20—h,)2
Q=VA=V><nd :nd ( p)g

1+0.02255+6.9+ 0.5

*oot [(roozgy )

Q = 10Q, = 0.1m3/s

01 _md? (20 — hy,)2g
C4 (1+00225ﬂ+69+05)
022357 +69+0.
(0.4 2 (20 —h,)2g
ndZ) B 500
(1 +0.0223 1 +69+ 0.5)
2
(1+ 0022220 1 6.9 + 05) (0;42)
W =20 0.1 d
=20
2g
118.4 x 162.28
h. =20 — =9593m (+0.5)

p 2 % 9.81



