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Attempt all the following questions
Solve the following five questions, and assume any missing data

1-a) Define the system ; write down the mass, momentum and energy conservation equations and define each
term in these equations.

b) Liquid enters a circular pipe of radius R with a linear velocity profile as a function of the radius with
maximum velocity of U,.x. After magical mixing, the velocity became uniform.

(i) Write the equation which describes the velocity at the entrance.

(if) What is the magical averaged velocity at the exit? Assume no-slip condition.

(iii) Calculate the momentum flux correction factor for this flow.

2-a) For the nozzle shown in Figure 1, flow rate of 0.01 [kg/sec]. The entrance pressure is 3[Bar] and the
entrance velocity is 5 [m/sec]. The exit is uniform but unknown. The exit pressure is 1[Bar]. The entrance
area is 0.0005[m?] and the exit area is 0.0001[cm?]. What is the exit velocity? What is the force acting the
nozzle? Assume that the density is constant p = 1000[kg/m®] and the volume in the nozzle is 0.0015 [m?].

b) Given is steady isothermal flow of water at 20°C through the device in Fig.2. Heat-transfer, gravity, and
temperature effects are negligible. Known data are D1 = 9 cm, Q1 = 220 m*h, p1 = 150 kPa, D2 = 7 cm, Q2
=100 m¥/h, p2 = 225 kPa, D3 =4 c¢cm, and p3 = 265 kPa. Compute the rate

of shaft work done for this device and its direction.

3-a) The insulated tank in Fig. 3 is to be filled from a high-pressure air supply.

Initial conditions in the tank are T = 20°C and p = 200 kPa. When the valve is opened, the initial mass flow
rate into the tank is 0.013 kg/s. Assuming an ideal gas, estimate the initial rate of temperature rise of the air in
the tank.

b) Define the following:

i) boundary layer, ii) fully developed flow, iii) entrance length L, (write expressions for L. in laminar and
turbulent flows)

4-3) Incompressible steady flow in the inlet between parallel plates in Fig.4 is uniform. u = U, = 8 cm/sec,
while downstream the flow develops into the parabolic laminar profile u = az (z,-z), where a is constant. If z,
=4 cm and the fluid is SAE 30 oil whose viscosity p = 0.29 kg/m.s, and mass density p = 891 kg/m®
i) Unax in cmM/sec.
ii) The skin friction coefficient Cg,
iii) What is the axial pressure gradient (dp/dx)?
4-b) Compute the displacement thickness, the momentum thickness, and the shape factor assuming the
velocity profile of turbulent boundary layer is given by:
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4-c) Two pipes connect two reservoirs (A and B) which have a height difference of 10m. Pipe 1 has diameter
50mm and length 100m. Pipe 2 has diameter 100mm and length 100m. Both have entry loss k = 0.5 and exit

loss k =1.0 and Darcy f of 0.008.
Calculate: rate of flow for each pipe

5-a) The power P generated by a certain windmill design depends upon its diameter D, the air density p, the
wind velocity V, the rotation rate Q, and the number of blades n.

(i) Write this relationship in dimensionless form. A model windmill, of diameter 50 cm, develops 2.7 kW at
sea level when V = 40 m/s and when rotating at 4800 rev/min. (ii) What power will be developed by a
geometrically and dynamically similar prototype, of diameter 5 m, in winds of 12 m/s at 2000 m standard
altitude? (iii) What is the appropriate rotation rate of the prototype?

5-b) Sketch curves represent the performance and operating points of two pumps operating singly and
combined in parallel and in series
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1-a Recall from thermo class, that a system is defined as a volume of mass of fixed identity.
o Conservation of mass states that the mass of a system is constant.

This can be written as the following equation:

o

thn e _ 0
dt

Conservation of linear momentum

which is a restatement of Newton's Second Law.

Newton’s Second Law

d .
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o In equation form this is written as:

Where mV = the linear momentum of the system.

Conservation of Energy
For this, use the First Law of Thermodynamics in rate form to obtain the following

@]
equation:
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Where E = the total energy of the system. In the above equation

5YS

dt

is the rate of change of system energy.
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o is the rate of heat added to the system
]
... dt ~
o #*is the rate of work done by the system

Because work is done by the system, the negative sign is in the equation for the first law of
thermodynamics.

o Now, these conservation laws must always hold for a system.

Conservation of Angular Momentum
We will have time to study this

1-b
The velocity profile is linear with radius Figure 1. Additionally, later a discussion on relationship between
velocity at interface to solid also referred as the (no) slip condition will be provided. This assumption is good
for most cases with very few exceptions. It will be assumed that the velocity at the interface is zero. Thus, the

boundary condition is
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Figure 1
U(r = R) = 0 and U(r = 0) = Umax Therefore the velocity profile is
. . : o
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Where R is radius and r is the working radius (for the integration). The magical averaged velocity is obtained

using the equation
. For which

R
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The integration of the equation gives
R? ) U N
U7—=U, R =U,, =—% (ii)
3 3

Calculating the momentum flux correction factor
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2-a)
The chosen control volume is shown in Figure2
g
P — 1[Bar| ‘;3 10jcm?
‘E

Fa — 3|Bar|

Ay 50jcm®

[y = 5lm,sec

Figure 2.
First, the velocity has to be found. This situation is a steady state for constant density. Then
U,A =U,A
and after rearrangement, the exit velocity is
0.0005
U, - Ay -

x5=25m/sec

A, ' 0.0001

The momentum equation is applicable but should be transformed into the z direction which is

ZF;+f g kpdV +

Pcosf.dA + [ T-dA =

C.T C.T. [ 1
=0
——
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— pU_ dV + pU. U, dA
r'fr [ = 8 [y
The control volume does not cross any solid body (or surface) there is no external forces. Hence,
liquid
—0 surface
__,—P\—,‘_ ) -
ZF; —f g-kpdV + Pcosfl.dA+
[y LN C.rm.
forces on
the nozzle
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All the forces that act on the nozzle are combined as

ZF“”;;“' +f e i‘prﬂ«" - Pcosf_dA =f plU. U, dA

C.Tr. ..
The second term or the body force which acts through the center of the nozzle is
FE* = _f g- fxi'-ﬂ dV = —4q P‘V’ua;;h:
cC.v.

Notice that in the results the gravity is not bold since only the magnitude is used. The part of the pressure
which act on the nozzle in the z direction is

_f PdA = deA . fp.u — PA|, — PA|,
.. 1 2



The last term in the equation is

f oU. Upmdd= [ U, () dA— [ U, (1)) dA
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Which results in

f pU: -UmmdA =p (Uz*4; - U*A))
iy
Combining all transform equation into
F; = —EIPLJM;;J: + .P."ilz — P_ql] + p ('U-?E.ﬂ-ig _ [_.r]2_4]}

F, =-9.81x1000x0.0015+10° x 0.0001—3x10° x 0.0005 +10° x 25(25 x 0.0001 - 0.0005)
F, =-14.715+10-150+50 =—104.715N

2-b) For continuity, Q3= Q1— Q2= 120 ms/hr. Establish the velocities at each port (figure 3)

220/3600 100/3600 120/3600
_Q 2206600 o0 om o 1005600 Lo, m. oy o =265 2

A, 71(0.045) s T m(0.035)° s m(0.02) s
With gravity and heat transfer and internal energy neglected, the energy equation becomes
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: 100 | 225000 (7.22)° 120 [ 265000 (26.5)2
or: —WJ/p= + + +
- 3600| 998 2 3600 998 2

+
36001 998 2

Solve for the shaft work: W, = 998(—6.99 —20.56 +12.00) H =15500 W Ans.
(negative denotes work done on the fluid)

220 |:]5DDDD . (9.61}1]

3-a)
For a CV surrounding the tank, Figure 4 , with unsteady flow, the energy equation is
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E( fepdv]—miﬂ[u+£+?+gz] =Q—-W,.q=0. neglect V°/2 and gz
P2

Rewrite as din;pw\.T] =mc T, =pvc, £+-::1.TU C;—p
L t

where ) and T are the instantaneous conditions inside the tank. The CV mass flow gives

%(j-,Chdu)—rh-,n='|:l~ or: Ud—p=ﬁlin

dt
Combine these two to eliminate ) (d)/dt) and use the given data for air:
mic,—c )T  (0.013)1005— ' o
% tank : J = {ngéggéﬂﬂj T18)(293) = 3.2 < Ans.
PUCy 2 (02 mP)(T18) s
287(293)

3-b
i) This region, where there is a velocity profile in the flow due to the shear stress at the wall, we
call the boundary layer.
Boundary layer is the region near a solid where the fluid motion is affected by the solid boundary.

i) Once the boundary layer has reached the centre of the pipe the flow is said to be fully
developed. (Note that at this point the whole of the fluid is now affected by the boundary
friction.)

At a finite distance from the entrance, the boundary layers merge and the inviscid core disappears.
The flow is then entirely viscous, and the axial velocity adjusts slightly further until at x = L, it
no longer changes with x and is said to be fully developed, v = v(r) only.

iii) The length of pipe before fully developed flow is achieved is different for the two types of
flow. The length is known as the entry length.

The entrance length L. is estimated for laminar flow to be :
Lo/D = 0.06 Rep for laminar
Lo/D = 4.4 Rep® for turbulent flow
Where L. is the entrance length; and
Rep is the Reynolds number based on Diameter

4-3) figure 5
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The flow rate per unit width of the area Q =U_z, *1=8x4x1=32cm®/sec

Zg ZS Z3 Z3
=|az(z,-2)dz=a(2-2)=a>2
Q j (z,-2)dz=a(-2)=a’;
3
.'.a4—=32:>a=§:3
6 2
Umax at the middle where z = Z—2° =2CMm = U, =3x2(4-2)=12 cm/sec Q)

The shear stress 7 = /J(;_U atthewall i.e z=0 .7 = yj—u = 1az,=0.29x3x4=3.48 \n/m?
z z

The skin friction coefficient
T 3.48

C. = - =1.2205 i
Pl U2 0.5x891x (0.08)> i
2 0]
dx=dpxz, =P _ 7 _ _g7pa/m (iii)
dx z,
4-b)



The displacement thickness is given by
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and the momentum thickness is given by
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Thus, the shape factor is
i
5 T y
H=" =2 - - =12
A i 7
72

5-a) Apply Bernoulli to each pipe separately. For pipe 1:

Figure 6
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p,and p, are atmospheric, and as the reservoir surface move s slowly u, and u are negligible, so

z,—zy=| 05+ Lol
_ i 2g

' 2
ID:[I_U+4XD_DD8><1DG) u;
0.05 2x9 81

u=1731m/=

And flow rate is given by:

0 = lﬂjl = 0.0034m°



For pipe 2:

2 1 2 2
Py My _Ps U3 :B+ﬂ'u1 +4ﬁu}_ 104
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Again p, and p, are atmospheric, and as the reservoir surface move s slowly u, and u, are negligible, so

2=z, =| 05+ 10|
: d 2g
' 2
mz[l_n_l_ﬂrxt}_ﬂﬂgxlﬂﬂ} 13
| 0.1 2x9.81
u, =242m/s

And flow rate is given by:

2

0, =u, mil =0.01907° / s

|

i) For the function P = fen(D, p, V, €1, n) the appropriate dimensions are { P} =

(ML'T}, {D} = {L}, {p} = {ML™}, {V} = {L/T}, {Q} = {T '}, and {n} = {1}. Using
(D, p. V) as repeating variables, we obtain the desired dimensionless function:

P

W=ff”[%.ﬂ] AHS.(i)

iii ) “Geometrically similar” means that n is the same for both windmills. For “dynamic
similarity,” the advance ratio (£2D/V) must be the same:

bl

( QD ] _ (4800 r/min)(0.5 m) _, D=( ﬂ_D] _ (S m)
model prifo

V (40 m/is) Vv 12 m/s
or: Q, ., =144 n::‘r Ans.  (iii)
min

ii) At 2000 m altitude, p= 1.0067 kga"mg. At sea level, p=1.2255 kgfm'l. Since L2D/V and n
are the same, it follows that the power coefficients equal for model and prototype:

P _ 2700W _ Poroto
pD*V*  (1.2255)(0.5)%(40)"  (1.0067)(5)*(12)*

solve  Pprgo =5990 W =6 kW Ans. i
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1 Pump A Combined
in parallel

0 B A A+B —
Operating points

Performance and operating points of two pumps operating singly and combined in parallel

Combined

/ In series
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Performance and operating points of two pumps operating singly and combined in series
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