THERMODYNAMICS, FLUID AND PLANT PROCESSES

The tutorials are drawn from other subjects so the solutions are identified by the appropriate
tutorial.

FLUID MECHANICS - HYDROSTATIC FORCES
SAE SOLUTIONS

SELF ASSESSMENT EXERCISE No.1

1.

A mercury barometer gives a pressure head of 758 mm. The density is 13 600 kg/m3. Calculate
the atmospheric pressure in bar.

p=pgh=13600X9.81 X0.758=10113 Pas or 1.0113 bar

A manometer (fig.1.21) is used to measure the pressure of gas in a container. One side is
connected to the container and the other side is open to the atmosphere. The manometer
contains water of density 1000 kg/m’ and the head is 250 mm. Calculate the gauge pressure of
the gas in the container.

p=pgAh=1000x 9.81 x 0.25 =2452.5 Pa

Calculate the pressure and force on a horizontal submarine hatch 1.2 m diameter when it is at a
depth of 800 m in seawater of density 1030 kg/m’. (8.083 MPa and 9.142 MN)
p=pgh=1030x9.81x 800 =8.083 x 10° Pa

F=pA=8.083x10°xmx 1.2%4=9.142x 10°N

SELF ASSESSMENT EXERCISE No.2

1.

A vertical retaining wall contains water to a depth of 20 metres. Calculate the turning moment
about the bottom for a unit width. Take the density as 1000 kg/m’.
(13.08 MNm)

y =10 m
R=pgAy=1000x9.81x(20x1)x10=1.962x 10°N

Centre of pressure is 2/3 the depth and acts at 20/3 from the bottom.
Turning moment about the bottom = 1.962 x 10°x 20/3 = 13.08 x 10° Nm=

A vertical wall separates seawater on one side from fresh water on the other side. The seawater
is 3.5 m deep and has a density of 1030 kg/m’. The fresh water is 2 m deep and has a density of
1000 kg/m’. Calculate the turning moment produced about the bottom for a unit width.

The solution is basically the same as the previous problem.

On the sea water side
M=pgAyxD/3=1030x9.81 x(3.5x1) x(3.5/2) x (3.5/3) =72204 Nm

On the fresh water side
M=pgAyxD/3=1000x9.81x(2x1) x(2/2)x(2/3)=1308 Nm
Resultant Moment = 72204 - 1308 = 59124 Nm



SELF ASSESSMENT EXERCISE No.3

1. A circular hatch is vertical and hinged at the bottom. It is 2 m diameter and the top edge is 2m
below the free surface. Find the total force, the position of the centre of pressure and the force

required at the top to keep it closed. The density of the water is 1000 kg/m3.

y=3m R=pgA7y=1000x9.81 xx2%4x3=92469 N

w= g+ AY? =1DY64 + (nD*/4) y°=n2"/64 + (n2*/4) 3°=29.06 m"
M=pg Is=1000x 9.81 x 29.06 =285113 N'm

h = M/R =285113/92469 = 3.08 m

)

Alternative solution h = y+k%y k=D/A4=05m
h =3+0.57/3=3.08 m

2. A large tank of sea water has a door in the side 1 m square. The top of the door is 5 m below
the free surface. The door is hinged on the bottom edge. Calculate the force required at the top

to keep it closed. The density of the sea water is 1036 kg/m3.

¥ =55m k=DAN12=1A12=0.288 m
R=pgAy=1036x9.81x(1x1)x55=55897 N

h=y+k%y =5.5+2.88%5.5=5.515m This is 0.485 m from the hinge.
Moment about the hinge = 55897 x 0.485 =27.11 kN

3. A culvert in the side of a reservoir is closed by a vertical
rectangular gate 2m wide and 1 m deep as shown in fig. 4. The
gate is hinged about a horizontal axis which passes through the
centre of the gate. The free surface of water in the reservoir is 2.5

m above the axis of the hinge. The density of water is 1000 kg/m3.
Assuming that the hinges are frictionless and that the culvert is
open to atmosphere, determine

(1) the force acting on the gate when closed due to the pressure of
water.

(i1) the moment to be applied about the hinge axis to open the gate.

R=p gAY p= 1000 g=9.81 A=2x1=2
¥=(3 +2)2=2.5m
R=1000 x 9.81 x 2 x 2.5 =49 050 N

Centre of pressure = 2" mom of area/1* mom of area

2" mom of area=1=Igg + Ay*=BD’/12 + Ay>
=2 x 1)+ (2x (2.5
4

1" mom of area = Ay =2x25=5m’ l

h=12.667/5=2.53m - T .
0.033

TM about the hinge is 49050 x 0.033 = 1635 Nm




4. The diagram shows a rectangular vertical hatch breadth B and depth D. The hatch flips open
when the water level outside reaches a critical depth h. Show that for this to happen the hinge
must be located at a position x from the bottom given by the formula

_D|[6h-4D
e 5{6h - 3D}
Given that the hatch is 1 m deep, calculate the position of the hinge such that the hatch flips
open when the depth reaches 3 metres. (0.466 m)

The hatch will flip open as soon as the centre of pressure rises above the hinge creating a clockwise
turning moment. When the centre of pressure is below the hinge, the turning moment is

anticlockwise and the hatch is prevented from turning in that direction. We must make the centre of
pressure at position X.
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Putting D=1 and h =3 we get X = 0.466 m



5. An L shaped spill gate that operates by pivoting about hinge O when the water level in the
channel rises to a certain height H above O. A counterweight W attached to the gate provides
closure of the gate at low water levels. With the channel empty the force at sill S is 1.635 kN.
The distance I is 0.5m and the gate is 2 m wide.

Determine the magnitude of H.
(1) when the gate begins to open due to the hydrostatic load.

(i1) when the force acting on the sill becomes a maximum. What is the magnitude of this force.
Assume the effects of friction are negligible.

Pressure force on the bottom = Fp = pA = pgAH = 9810H

y=H/2 A=2H R=pgAy =pgAH/2=9810 H”
R acts at H/3 from the bottom

Moments about O give the following.

Wx+Fpx025=RH/3+Fsx0.5

When empty, H=0 Fp=0 Fs=1635N
Wx=1635x0.5=817.5 Nm

When the gate just opens, Fs =0

W x +Fpx0.25=RH/3

817.5 +2452.5H = 3270 H’

Solve by any suitable method and it seems that H=1m

When not open, Fs is unknown.

Wx + Fpx 0.25=Fsx 0.5+ 3270 H’
Fs= 1635+ 490 H — 6540 H’

For max or min dFs/dH =0

dFs/dH = 4905 — 3(6540H%) = 0
4905 = 19620 H> =0

H=05m



SELF ASSESSMENT EXERCISE No.4

3000 N
F
1. Calculate F and xp for the case shown l 1
below.
Ay/A; =0.12%0.02° = 36
Fi;=3000/36 =83.3 N +
X1 =20/36 = 0.555 mm oo | B
1= — ol t
*
]
012 m dia 0.02 m dia
2. Calculate F1 and x for the case shown below.
& MM
) I
Ay/A; =80%/20° =16
x; = 100/16 = 6.25 mm
F1=5/16=0.3125 MN
+
x
100 mm =¥ il £
*
|
80 rnm L—J*M

SELF ASSESSMENT EXERCISE No.5

1.

A double acting hydraulic cylinder with a single rod must produce a thrust of 800 kN. The
operating pressure is 100 bar gauge. Calculate the bore diameter required.

A =F/p=2800000/100x10° =0.08 m*> D =V(4 x 0.08/n)
D=0.108 m or 101.8 mm

The cylinder in question 1 has a rod diameter of 25 mm. If the pressure is the same on the
retraction (negative) stroke, what would be the force available ?

A, =71 x 0.025%/4 = 0.00049 m> A=A, -A;=0.074509 m*
F=pA=100x 10°x 0.074509 =795 x 10° N

A single acting hydraulic cylinder has a piston 75 mm diameter and is supplied with oil at 100
bar gauge. Calculate the thrust.

A =mnx0.075%/4=0.004418 m* F=pA=100x10°x 0.004418 =44.179x 10° N

A vertical hydraulic cylinder is used to support a weight of 50 kN. The piston is 100 mm
diameter. Calculate the pressure required. (6.37 MPa)

p="F/A =50000/{r x 0.1%4)=6.37x 10°N



THERMODYNAMICS, FLUID AND PLANT PROCESSES

The tutorials are drawn from other subjects so the solutions are identified by the appropriate
tutorial.

FLUID MECHANICS - THE VISCOUS NATURE OF FLUIDS
SAE SOLUTIONS

SELF ASSESSMENT EXERCISE No.1

1. Describe the principle of operation of the following types of viscometers.
a. Redwood Viscometers.

b. British Standard 188 glass U tube viscometer.

c. British Standard 188 Falling Sphere Viscometer.

d. Any form of Rotational Viscometer

REDWOOD VISCOMETER

This works on the principle of allowing the fluid to run
Bung through an orifice of very accurate size in an agate block.

50 ml of fluid are allowed to empty from the level
{ Level Indicator indicator into a measuring flask. The time taken is the
' viscosity in Redwood seconds. There are two sizes giving
Redwood No.1 or No.2 seconds. These units are converted
into engineering units with tables.

&0 ml—|-

U TUBE VISCOMETER

The fluid is drawn up into a reservoir and allowed to run through a
- capillary tube to another reservoir in the other limb of the U tube.

Timin ] .
markf The time taken for the level to fall between the marks is converted
into ¢St by multiplying the time by the viscometer constant.
. v =ct

The constant ¢ should be accurately obtained by calibrating the
viscometer against a master viscometer from a standards
laboratory.




FALLING SPHERE VISCOMETER

This viscometer is covered in BS188 and is based on measuring the
time for a small sphere to fall in a viscous fluid from one level to
another. The buoyant weight of the sphere is balanced by the fluid
resistance and the sphere falls with a constant velocity. The theory is
based on Stoke’s Law and is only valid for very slow velocities. The
theory is covered later in the section on laminar flow where it is
shown that the terminal velocity (u) of the sphere is related to the
dynamic viscosity (n) and the density of the fluid and sphere (p; and

ps) by the formula

w=F gd%(ps -pf)/18u

Fig.2.5
F is a correction factor called the Faxen correction factor, which takes into account a reduction in
the velocity due to the effect of the fluid being constrained to flow between the wall of the tube and
the sphere.

ROTATIONAL TYPES

There are many types of viscometers, which use the principle that it requires a torque to rotate or
oscillate a disc or cylinder in a fluid. The torque is related to the viscosity. Modern instruments
consist of a small electric motor, which spins a disc or cylinder in the fluid. The torsion of the
connecting shaft is measured and processed into a digital readout of the viscosity in engineering
units.

You should now find out more details about viscometers by reading BS188, suitable textbooks or
literature from oil companies.

SELF ASSESSMENT EXERCISE No.2

Find examples of the following non- Newtonian fluids by searching the web.
1. Pseudo Plastic
Gelatine, clay, milk, and liquid cement (particles suspended in liquid generally)
2. Bingham’s Plastic
Foodstuffs containing high level of fats approximate to this model (butter, margarine, chocolate

and Mayonnaise).

3. Casson Plastic
Fluids containing rod like solids and is often applied to molten chocolate and blood.

4. Dilatent Fluid

Concentrated solutions of sugar in water and aqueous solutions of rice starch.



THERMODYNAMICS, FLUID AND PLANT PROCESSES

The tutorials are drawn from other subjects so the solutions are identified by the appropriate
tutorial.
FLUID MECHANICS - THE FLOW OF REAL FLUIDS
SAE SOLUTIONS

SELF ASSESSMENT EXERCISE 3.1

1. A pipe 100 mm bore diameter carries oil of density 900 kg/m3 at a rate of 4 kg/s. The pipe
reduces to 60 mm bore diameter and rises 120 m in altitude. The pressure at this point is
atmospheric (zero gauge). Assuming no frictional losses, determine:

i. The volume/s (4.44 dm3/s)
ii. The velocity at each section (0.566 m/s and 1.57 m/s)
iii. The pressure at the lower end. (1.06 MPa)

Q = m/p = 4/900 = 0.00444 m*/s

u; = Q/A; = 0.00444/(r x 0.052) =0.456 m/s Uz = Q/A; = 0.00444/(r x 0.032) =157
m/s

hi +z; +U12/29 =hy,+ 2z, +U22/29 h, =0 z; =0

h; + 0 + 0.566%2g = 0 + 120 + 1.57%/2g

hy =120.1 m p = pgh =900 x 9.81 x 120.1 = 1060 kPa

2. A pipe 120 mm bore diameter carries water with a head of 3 m. The pipe descends 12 m in
altitude and reduces to 80 mm bore diameter. The pressure head at this point is 13 m. The density is

1000 kg/m3. Assuming no losses, determine
i. The velocity in the small pipe (7 m/s)

ii. The volume flow rate. (35 dm3/s)

hy + 1 +Us?/2g = hy + 25 + U%/2g 3+ 12 +us’/2g = 13 + 0 + u,%/2g

2 = (u? - u?) 129 (u? - u?) = 39.24

ULA=Q=U A, Uy = Uy (80/120)° = 0.444 u,

39.24 = u,? — (0.444 uy)* = 0.802 uy? U, = 6.99 m/s up=3.1mfs

Q =U, Ay=6.99 x 7t x 0.04% = 0.035 m*/s or 35 dm®/s

3. A horizontal nozzle reduces from 100 mm bore diameter at inlet to 50 mm at exit. It carries

liquid of density 1000 kg/m3 at a rate of 0.05 m3/s. The pressure at the wide end is 500 kPa
(gauge). Calculate the pressure at the narrow end neglecting friction. (196 kPa)

A; = nD%/4 = 7(0.1)%/4 = 7.854 x 107 m?

A, = nD,%/4 = 7(0.05)%/4 =1.9635 x 10° m?

Uz = Q/A; = 0.05/7.854 x 10 = 6.366 m/s

U, = Q/A, = 0.05/1.9635 x 10 = 25.46 m/s

P1 +pU12/2 =p2t pU22/2

500 x 10% + 100 x (6.366)%/2 = p, + 1000 x (25.46)%/2 p2 = 196 kPa

4. A pipe carries oil of density 800 kg/m3. At a given point (1) the pipe has a bore area of 0.005 m?
and the oil flows with a mean velocity of 4 m/s with a gauge pressure of 800 kPa. Point (2) is
further along the pipe and there the bore area is 0.002 m? and the level is 50 m above point (1).
Calculate the pressure at this point (2). Neglect friction. (374 kPa)

800 x10% + 800x 4%/2 + 0 = p, + 800 10%/2+ 800 x 9.81 x 50
p2 = 374 kPa



5. A horizontal nozzle has an inlet velocity u; and an outlet velocity u, and discharges into the
atmosphere. Show that the velocity at exit is given by the following formulae.
up ={2Ap/p + u’}*
and u, ={2gAh + u,%}”

P1 +pui’/2 + pgzy = P2 + pU/2+ pgze 1= 2

p1 +pU12/2 =p2+ pU22/2

pr-p2=(p2)(U-u®)  2(p1-p) p= (U - urd)
Uz = V(2Ap/p + uy?)

Substitute p = pgh and u; =\{2gAh + u,%}”

SELF ASSESSMENT EXERCISE 3.2

1. Oil flows in a pipe 80 mm bore diameter with a mean velocity of 0.4 m/s. The density is 890
kg/m3 and the viscosity is 0.075 Ns/m2.

Show that the flow is laminar and hence deduce the pressure loss per metre length. (150 Pa)

R, = pud _ 890 x 0.4 x0.08 _379.7

i 0.075

Since this is less than 2000 flow is laminar so Poiseuille’s equation applies.
D= 32u22u _ 32x0.075 >2< 1x0.4 _150Pa
d 0.08

2. Calculate the maximum velocity of water that can flow in laminar form in a pipe 20 m long and
60 mm bore. Determine the pressure loss in this condition. The density is 1000 kg/m3 and the
dynamic viscosity is 0.001 N s/m2. (0.0333 m/s and 5.92 Pa)

Hence u = 0.033 m/s

R _ 2000 Pud _1000x U x0.06
. =2000=P4%_

M 0.001
Ap = 32 uzL u_ 32x0.001x 220 x 0.033 _592Pa
d 0.06

3. Oil flow in a pipe 100 mm bore diameter with a Reynolds Number of 500. The density is 800

kg/m3. The dynamic viscosity g = 0.08 Ns/m2. Calculate the velocity of a streamline at a radius of
40 mm. (0.36 m/s)

R, =500 = PUnd
m
5004 500%0.08

m 0.5m/s
pd 800x0.1

Since R is less than 2000 flow is laminar so Poiseuille’s equation applies.

D= 32u21 _ 32x0.08x Lx0.5 _128L Pa

d? 0.12
Ap(R? -r?) 1281 (0.05% -0.04?)
ap 4Lx0.08

u= =0.36 m/s




4a When a viscous fluid is subjected to an applied pressure it flows through a narrow horizontal
passage as shown below. By considering the forces acting on the fluid element and assuming
steady fully developed laminar flow, show that the velocity distribution is given by

dp  d%u
__=u_2
dx = dy
b. Using the above equation show that for flow between two flat parallel horizontal surfaces
distance t apart the velocity at any point is given by the following formula.

u = (1/2p)(dp/dx)(y2 - ty)
c. Carry on the derivation and show that the volume flow rate through a gap of height ‘t’ and

o dp t°
width ‘B’ isgivenby Q =-B——.
dx 12p
d. Show that the mean velocity ‘un,’ through the gap is given by u , = —%j—ptz
u dx
Part (a)
A shear stress 1 exists between each layer and this increases by
dt over each layer. The pressure difference between the T+dT
downstream end and the upstream end is dp. dp S —
— —»u dy
The pressure change is needed to overcome the shear stress. The lT il Iy
total force on a layer must be zero so balancing forces on one ZrarrrrrFrrr—
layer (assumed 1 m wide) we get the following.
dpdy+dtdL=0 E:—d—p
dy dL
It is normally assumed that the pressure declines uniformly with distance downstream so the

pressure gradient S—Eis assumed constant. The minus sign indicates that the pressure falls with

distance. Integrating between the no slip surface (y = 0) and any height y we get

dud—u
_dp_dr_\"dy _dp_ &
dL dy dy dL  dy?
Part (b)

2
Starting with _dp = d—lzj
dx  dy
It is assumed that dp/dx does not vary with y so it may be regarded as a fixed value in the following
work.

Integrating once - yd—p = pd—u+ A
dx dy
. . y? dp
Integrating again S ax MU+ Ay +B............ (2.6A)
X

A and B are constants of integration. The solution of the equation now depends upon the boundary
conditions that will yield A and B.

When a fluid touches a surface, it sticks to it and moves with it. The velocity at the flat plates is the
same as the plates and in this case is zero. The boundary conditions are hence

u=0wheny=0
Substituting into equation 2.6A yields that B = 0
U=0wheny=t

Substituting into equation 2.6A yields that A = (dp/dx)t/2
Putting this into equation 2.6A yields

u = (dp/dx)(1/2p){y? - ty}



Part (c)
To find the flow rate we consider flow through a small rectangular slit of width B and height dy at

" LS LL

& - - - —

b4 [R——

AN

The flow through the slit is dQ = u Bdy =(dp/dx)(1/2u){y2 - ty} Bdy
Integrating betweeny =0 and y =t to find Q yields

Q = -B(dp/dx)(t3/12p)

Part (d)
The mean velocity is Um = Q/Area = Q/Bh
hence Um = -(dp/dx)(t2/12p)

5. The volumetric flow rate of glycerine between two flat parallel horizontal surfaces 1 mm apart
and 10 cm wide is 2 cm3/s. Determine the following.

I. the applied pressure gradient dp/dx. (240 kPa per metre)
ii. the maximum velocity. (0.06 m/s)

For glycerine assume that p= 1.0 Ns/m2 and the density is 1260 kg/m3.

Umean = Q/A = 2 x 10%/(0.1 x 0.001) = 0.02m/s
Umean = 0.02= '(dp/dX){00012/(12 X 1)}

(dp/dx) = -240 kPa/m
u = (dp/dx)(1/2n){y2 - ty} put y = t/2 for maximum

Umax = (-240 X 10%){1/(2 x 1)}{0.0012 — 0.0005 x0.001} = 0.06 m/s



SELF ASSESSMENT EXERCISE 3.3

1. A pipe is 25 km long and 80 mm bore diameter. The mean surface roughness is 0.03 mm. It
caries oil of density 825 kg/m3 at a rate of 10 kg/s. The dynamic viscosity is 0.025 N s/m2.

Determine the friction coefficient using the Moody Chart and calculate the friction head.
(Ans. 3075 m.)

Q = m/p = 10/825 = 0.01212 m*/s

Um = Q/A = 0.01212/(x x 0.04%) = 2.411 m/s

Re = pud/p = 825 x 2.4114 x 0.08/0.025 = 6366

k/D = 0.03/80 = 0.000375

From the Moody chart Cs = 0.0083

he = 4 CsL u?/2gd = 4 x 0.0083 x 25000 x 2.4114%/(2 x 9.91 x 0.08) = 3075 m

2. Water flows in a pipe at 0.015 m3/s. The pipe is 50 mm bore diameter. The pressure drop is 13
420 Pa per metre length. The density is 1000 kg/m3 and the dynamic viscosity is
0.001 N s/m2.

Determine the following.
i. The wall shear stress (167.75 Pa)
Ii. The dynamic pressures (29180 Pa).
iii. The friction coefficient (0.00575)
Iv. The mean surface roughness (0.0875 mm)
Um = Q/A = 0.015/( x 0.025%) = 7.64 m/s
Dynamic Pressure = pu?/2 = 1000 x 7.64%/2 = 29180 Pa
Ct = 1o/Dyn Press = 167.75/29180 = 0.00575
From the Moody Chart we can deduce that € = 0.0017 = k/D  k =0.0017 x 50 = 0.085 mm

3. Explain briefly what is meant by fully developed laminar flow. The velocity u at any radius r in
fully developed laminar flow through a straight horizontal pipe of internal radius rg is given by

u = (1/4p)(ro2 - r2)dp/dx

dp/dx is the pressure gradient in the direction of flow and p is the dynamic viscosity. The wall
skin friction coefficient is defined as Cr = 2to/( pum2).

Show that C¢= 16/Re where Re = pumD/ an p is the density, um is the mean velocity and 1, is the
wall shear stress.
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4. Oil with viscosity 2 x 10-2 Ns/m2 and density 850 kg/m3 is pumped along a straight horizontal
pipe with a flow rate of 5 dm3/s. The static pressure difference between two tapping points 10 m
apart is 80 N/m2. Assuming laminar flow determine the following.

i. The pipe diameter.
ii. The Reynolds number.

Comment on the validity of the assumption that the flow is laminar.
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SELF ASSESSMENT EXERCISE 3.4

1. A pipe carries oil at a mean velocity of 6 m/s. The pipe is 5 km long and 1.5 m diameter. The

surface roughness is 0.8 mm. The density is 890 kg/m3 and the dynamic viscosity is 0.014 N s/m2.
Determine the friction coefficient from the Moody chart and go on to calculate the friction head hf.

(Ans. C£=0.0045 hf=110.1 m)
e = k/D = 0.8/1500 = 0.000533
Re = p u D/p =890 x 6 x 1.5/0.014 = 572 x 10°
C¢ = 0.0045 (from the Moody chart)
hs = 4 C L u%/2Dg = 4 x 0.0045 x 5000 x 6%(2g x 1.5) = 110.1 m

2. The diagram shows a tank draining into another lower tank through a pipe. Note the velocity
and pressure is both zero on the surface on a large tank. Calculate the flow rate using the data given

on the diagram. (Ans. 7.16 dm3/s)

20 m
.
50 mm bore, 50 m long
C¢ = 0.007
Apply Bernoulli between the free surfaces and h. =20 m
Losses are Inlet 0.5 u?/2g Outlet u?/2g Pipe 4 C;L u?/2Dg

h.= 0.5 u%/2g + u?/2g + 4 x 0.007 x 50 x u%(2g x 0.05)
20 =0.5 + 1.0 + 28) u?/(2g) = 29.5 u?/(29)
=133 u=3.647mls

Q=Au= (nx0.05%4) x 3.647 = 7.161 x 10° m%s



3. Water flows through the sudden pipe expansion shown below at a flow rate of 3 dm3/s. Upstream
of the expansion the pipe diameter is 25 mm and downstream the diameter is 40 mm. There are
pressure tappings at section (1), about half a diameter upstream, and at section (2), about 5
diameters downstream. At section (1) the gauge pressure is 0.3 bar.

Evaluate the following.
(i) The gauge pressure at section (2) (0.387 bar)
(i) The total force exerted by the fluid on the expansion. (-23 N)

| e

- L

|
@ @)

u; = Q/A; = 0.003/(x x 0.0125%) = 6.11 m/s  up = Q/A, = 0.003/(x x 0.02%) = 2.387 m/s
h, (sudden expansion) = (u;%- u,?)/2g = 0.7067 m

u1%/2g + hy = u?/2g + hy + he
hy - ho = 2.387%/2g — 6.11%/2 + 0.7067 = -0.9065

p1 - P2=pg(h1 - hy) =997 x 9.81 x (-0.9065) = -8866 kPa
p1 = 0.3 bar p2 = 0.3886 bar
PrA-+pQui=p2A-+pQuzt+F

0.3 x10°% 0.491 X103 + 997 x 0.003 x 6.11 = 0.38866 x10° x 1.257 x10°° + 997 x 0.003 X 2.387
+F
F=-23N

If smoothh. =0 h;y-hy= -1.613 and p, = 0.45778 bar



3. A domestic water supply consists of a large tank with a loss free-inlet to a 10 mm diameter pipe
of length 20 m, that contains 9 right angles bends. The pipe discharges to atmosphere 8.0 m below

the free surface level of the water in the tank.
Evaluate the flow rate of water assuming that there is a loss of 0.75 velocity heads in

each bend and that friction in the pipe is given by the Blasius equation Cf=0.079(Re)-0.25

(0.118 dm3/s).
The dynamic viscosity is 0.89 x 10-3 and the density is 997 kg/m3.

o5 (@35 /17281) s
Re = P80
A
b P= 997 /Cj/mj'
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4. A tank of water empties by gravity through a siphon into a lower tank. The difference in levels
is 6 m and the highest point of the siphon is 2 m above the top surface level. The length of pipe
from the inlet to the highest point is 3 m. The pipe has a bore of 30 mm and length 11 m. The
friction coefficient for the pipe is 0.006.The inlet loss coefficient K is 0.6.

Calculate the volume flow rate and the pressure at the highest point in the pipe.

(Answers 2.378 dm®/s and —4.31 m)
Total length=11 m C¢=0.006
Bernoulli between (1) and (3)
hy + uf/Zg +z1=hsg+ U32/29 +z3+ hp -

0+6+0=0+0+0+h, h.=6 v (1)
h.= Inlet + Exit + pipe

6 = 0.6 U?/2g + U%/2g + (4 x 0.006 x 11/0.03) u?/2g
6 = 0.6 U%/2g + U%/2g + 8.8 u*/2g = 10.4 U%/2g
u=3.364 m/s

Q=Au=(rx0.03%4) x 3.364 Q =0.002378 m*/s
Bernoulli between (1) and (2)

hy + u?/2g + 1 = hy + U229 + Z,+ h.

0+0+0= hy+2+u%2g +h,

h.= Inlet + pipe = 0.6 u?/2g + (3/11) x 8.8 u%/2g
h.= 0.6 x 3.364%/2g + (3/11) x 8.8x 3.364/2g

h|_: 1.73m

0= hy+2+3.364%2g + 1.73

h2 =-431m

SELF ASSESSMENT EXERCISE 3.5

The density of water is 1000 kg/m3 and the bulk modulus is 4 GPa throughout.
1. A pipe 50 m long carries water at 1.5 m/s. Calculate the pressure rise produced when

a) the valve is closed uniformly in 3 seconds. (25 kPa)
b) when it is shut suddenly. (3 MPa)

@ Ap = pLu/t = 1000x 50 x1.5/3 = 25 kPa
(b) Ap = u(Kp)®® = 1.5 x (4 x 10° x 1000) ®° = 3 MPa

2. A pipe 2000 m long carries water at 0.8 m/s. A valve is closed. Calculate the pressure rise when

a) it is closed uniformly in 10 seconds. (160 kPa)
b) it is suddenly closed. (1.6 MPa)

(a) Ap = pLu/t = 1000 x 2000 x 0.8/10 = 160 kPa
(b) Ap = u(Kp)®> = 0.8 x (4 x 10° x 1000) *> = 1.6 MPa



SELF ASSESSMENT EXERCISE 3.6

The density of water is 1000 kg/m3 and the bulk modulus is 4 GPa throughout. The modulus of
elasticity for steel E is 200 GPa.

1. A steel pipeline from a reservoir to a treatment works is 1 m bore diameter and has a wall 10 mm
thick. It carries water with a mean velocity of 1.5 m/s. Calculate the pressure rise produced when
the flow is suddenly interrupted. (1.732 MPa)

-1 -1
K’={R+i} ={ : st L 9} =1.333GPa
tE K 0.01x200x10° 4x10

Sudden closure  a = (K/p) * = (1.333 x 10%/1000) ** = 1155 m/s
Ap=a'up=1155x 1.5 x 1000 = 1.732MPa

2. On a hydroelectric scheme, water from a high lake is brought down a vertical tunnel to a depth
of 600 m and then connects to the turbine house by a horizontal high-pressure tunnel lined with
concrete. The flow rate is 5 m%s and the tunnel is 4 m diameter.

I Calculate the static pressure in the tunnel under normal operating conditions.(5.9 MPa)

ii. Explain the dangers to the high-pressure tunnel when the turbines are suddenly stopped.

iii. Assuming the tunnel wall is rigid, calculate the maximum pressure experienced in the high-
pressure tunnel when flow is suddenly stopped. (6.7 MPa)

iv. Explain the safety features that are used in such situations to protect the tunnel.

The static pressure is approximately the height less the kinetic head.
u = Q/A = 5/(n x 4°/4) = 0.398 m/s
p=pgh-u?2g=1000 x 9.81 x 600 — 5%/2g = 5.88 MPa

When the turbines are suddenly stopped the momentum of the mass in the pipe creates very high
pressure and shock waves that may fracture the tunnel walls.

Ap = u(Kp)®® = 0.398(4 x 10° x 1000) > = 0.796 MPa
Maximum pressure is 5.88 + 0.796 = 6.67 MPa

To protect the tunnel a surge tank with a damping orifice is connected to the tunnel so that the
pressure is converted into height.



THERMODYNAMICS, FLUID AND PLANT PROCESSES

The tutorials are drawn from other subjects so the solutions are identified by the appropriate
tutorial.
FLUID MECHANICS - DRAG
SAE SOLUTIONS

SELF ASSESSMENT EXERCISE No.1

1. A smooth thin plate 5 m long and 1 m wide is placed in an air stream moving at 3 m/s with its
length parallel with the flow. Calculate the drag force on each side of the plate. The density of
the air is 1.2 kg/m® and the kinematic viscosity is 1.6 x 10™ m?/s.

Rex = U L/v=3x5/1.6 x 10° = 937.5 x 10°

Cor = 0.074 Rex *° = 4.729 x 107

Dynamic Pressure = puy/2 = 1.2 x 3%/2 = 5.4 Pa

Tw = Cpr X dyn press = 0.0255 Pa

R=1,xA=0.0255x5=0.128 N

2. A pipe bore diameter D and length L has fully developed laminar flow throughout the entire
length with a centre line velocity u,. Given that the drag coefficient is given as Cps = 16/Re

pu,D

p
and hence the pressure loss in the pipe due to skin friction is p. = 32uu,L/D?

where Re = , show that the drag force on the inside of the pipe is given as R=8muu,L

Cor = 16/Re

R = Tw X pUo/2 = Cpr X (pUo/2) X A

R = (16/Re)(puo/2) A

R = (16p/puoD)(puo/2) nDL
R=(16pu,nL/2)=8mpnuL

pL=R/A =8 U L /(nD?/4) = 32 p u, L/D?

SELF ASSESSMENT EXERCISE No.2

1. Calculate the drag force for a cylindrical chimney 0.9 m diameter and 50 m tall in a wind
blowing at 30 m/s given that the drag coefficient is 0.8. The density of the air is 1.2 kg/m®.

Cb=0.8=2R/(pu’A) R =0.8 (pu’/2)A =0.8 (1.2 x 30%/2)(50 x 0.9) = 19440 N

2. Using the graph (fig.12) to find the drag coefficient, determine the drag force per metre length
acting on an overhead power line 30 mm diameter when the wind blows at 8 m/s. The density
of air may be taken as 1.25 kg/m® and the kinematic viscosity as 1.5 x 10° m?/s. (1.8 N).

Re = ud/v=8x0.03/1.5x 10° = 16 x 10°

From the graph

Cob=15

R = Cp (puo2/2)A = 1.5 (1.25 x 8%/2)(0.03x 1) = 1.8 N



SELF ASSESSMENT EXERCISE No.3

1. a. Explain the term Stokes flow and terminal velocity.

b. Show that the terminal velocity of a spherical particle with Stokes flow is given by the
formula u = d’g(ps - ps)/18p. Go on to show that Cp=24/R.

Stokes flow —for ideal fluid - no separation - Re <0.2

R = Buoyant weight = (nd*/6)g (ps — pr) = 3w d p U

u = d*g (ps— p)/18

R = Cp(p u/2)(r d*/4)

Cp = 26p/(p u; d) = 24/R,

2. Calculate the largest diameter sphere that can be lifted upwards by a vertical flow of water
moving at 1 m/s. The sphere is made of glass with a density of 2630 kg/m®. The water has a
density of 998 kg/m® and a dynamic viscosity of 1 cP.

Co = (2/p UA)R = {(2 x 4)/ (p u* nd®)} (=d*/6)g (ps — pr) = 21.38 d

Try Newton Flow first
D =0.44/21.38 =0.206 m

Re =( 998 x 1 x 0.0206)/0.001 = 20530 therefore this is valid.

3. Using the same data for the sphere and water as in Q2, calculate the diameter of the largest
sphere that can be lifted upwards by a vertical flow of water moving at 0.5 m/s. (5.95 mm).
Cp=85.52d
Try Newton Flow
D =0.44/85.52 = 0.0051
Re =(998 x 0.5 x 0.0051)/0.001 = 2567 therefore this is valid.

4. Using the graph (fig. 12) to obtain the drag coefficient of a sphere, determine the drag on a
totally immersed sphere 0.2 m diameter moving at 0.3 m/s in sea water. The density of the

water is 1025 kg/m® and the dynamic viscosity is 1.05 x 10 Ns/m?. (0.639 N).

Re = (pud/p) =(1025 x 0.3 x 0.2/1.05 x 107%) = 58.57 x 10°
From the graph Cp = 0.45

R = Cp (pu?/2)A = 0.45(1025 x 0.3%/2)(n x 0.2%/4) = 0.65 N



5. A glass sphere of diameter 1.5 mm and density 2 500 kg/m3 is allowed to fall through water
under the action of gravity. The density of the water is 1000 kg/m® and the dynamic viscosity is
1cP.

Calculate the terminal velocity assuming the drag coefficient is
Co =24 Re * (1+ 0.15Re *®®")  (Ans. 0.215 m/s

Cp = F/(Area x Dynamic Pressure)

romp—pr) o _ md’olp-ps) o _4d°g(ps —py)
6 ° (@ dpui2)  ° 3p, ud?

Arrange the formula into the form Cp R.” as follows.

_4d%(p, —pr) pek® _4d%g(ps —pedpr P 4d%g(ps —pelpr 1

3p; u%d® " pep? 3’ prud® 3y’ R?

e

15.10°

2_ 4d°g(ps —pr oy
CDR e 2
3u
Evaluating this we get 66217
From Cy =§b+ 0.15R, %% ]
[

cp R2 66216

0 100 200 300 400 500

We may solve by plotting CoR.* against Re.
From the graph R, = 320 hence u = R, W/pd = 0.215 m/s



THERMODYNAMICS, FLUID AND PROCESS ENGINEERING C106

COMBUSTION THEORY

SAE1 COMBUSTION BY MASS

Q1

80% CO, 18% H, 2% S
C+0,—>COy

12 32 48

0.8 2.133 2.933

2H,+ 0, > 2H,0
4 32 36
0.18 1.44 1.62

S+ 0,— SO,
32 32 64
0.02 0.02 0.04

Total O, =3.593 kg

Air needed = 3.593/23% = 15.62 kg

30% Excess air so air supplied = 1.3 x 15.62 = 20.308 kg
Contents

N, = 0.77x 20.308 =
802 =

C02 =

02 =

Total mass of products

Q2
75% CO, 15% H,
C+0,—> COy

12 32 48

0.75 2 2.75

2H,+ 0, > 2H,0
4 32 36
015 1.2 1.35

S+ 0,— SO,
32 32 64
0.07 0.07 0.14

Total O,=3.27 kg

15.637 kg or 79%
0.04 kg or 0.2%
2.933 kg or 15%
1.078 kg or 5.8%
19.69 kg

7%S 3% Ash

Air needed = 3.27/23% = 14.217 kg
20% Excess air so air supplied = 1.2 x 14.217 = 17.06 kg

Contents

N2 =0.77x 17.06 = 13.137kg or 78.7%
SO, = 0.14 kg or 0.8%
CO,= 2.75 kg or 16.5%
0;= 0.654 kg or 4%
Total mass of products 16.681 kg



Q3
80% CO; 10% H, 5% S

C+0,—> CO,
12 32 48

0.8 2.133 2.933

2H,+ 0, > 2H,0
4 32 36
0.1 0.8 0.9

S+ 0,—> SO,
32 32 64
0.05 0.05 0.1

Total O, =2.983 kg
Air needed = 2.983/23% = 12.97 kg

Contents

N, =0.77x 12.97 = 9.986 kg or 76.7%
SO, = 0.1 kg or 0.8%
CO,= 2.933 kg or 22.5%
02: 0

Total mass of products 13.02 kg



SAE 2 COMBUSTION BY VOLUME

Q1

C,H, +30, —» 2CO, +2H,0

1m® 3m® 2m® 2md
Stoichiometric ratio =3/21% = 14.28/1

Q2

C4Hqp +6%2 O, — 4CO, + 5H,0

1m® 6xum® 4m® s5m’
Stoichiometric ratio =6.5/21% = 30.95/1

30% excess air so air supplied = 30.95 x 1.3 = 40.238

Contents

N,=0.79x40.238= 3179 m°
CO, = 4md
0,=03x65= 1.95 m®
Total 37.74m’
% CO, = 4/37.74 = 10.6%

Q3

C3H8 + 502 - 3C02 + 4H20

1m 5m 3m 4m

Stoichiometric ratio =5/21% = 23.8/1

20% Excess Air Air supplied = 1.2 x 23.8 = 28.571 m*
Contents

N,=0.79x28571= 2257m®

CO, = 3md
0,=02x5= 1md
Total 26.57 m®

% O, = 1/26.57 = 3.76%

Q4

0.4 m® H, needs 0,2 m® O, and makes .05 m® CO,
0.4 m® CH,4 needs 0,8 m® O, and makes .4 m® CO,
Total O, needed is 1 m®

Stoichiometric ratio = 1/0.21 = 4.762 m®

N, inair is .79 x 4.762 3.762

N, in gas is 0.25 m®

Total N,=3.912 m*

Total dry gas = 0.05 + 0.4 + 3.912 = 4.362 m*
% N,=3.912/4.362 x 100 =89.7 %

% CO,=0.45/4.362 x 100 =10.3 %



SAE 3
Q1
Co,Hg + 3% 0, > 2C0O, + 3H,0
2CoHg + 7 O, —» 4C0O, + 6H,0

Let the excess air be x
Stoichiometric Ratio

0, —>35m’

Air - 3.5/21% = 16.67 m®
Actual Air =16.67(1 + x)

DRY PRODUCTS

N, - 0.79x16.67(1 + x) = 13.167 + 13.167 x
0> 3.500 x
CO, > 2.000

TOTAL 15.167 + 16.667 x

% CO,is 8 s0 8/100 = 2/(15.167 + 16.667 x)
200/8 = 15.167 + 16.667 X

25 -15.167 = 16.667 X

9.833/16.667 = x = 0.59 or 59%

Q2

C+ 0,>CO,

12 32

0.85kg needs (32/12) x 0.85 =11.2 kg O,

2H, + O, > 2H,0
4 32
0.15kg needs (32/8) x 0.15 =1.2 kg O,

Total O,= 3.467 kg
Stoichiometric ratio = 3.467/0.233 = 14.88/1

DEG Consider 1 kmol

This contains 0.1 kmol of CO,
y kmol of O,
1-0.1-y kmol of N,
0.1 kmol of CO,is 0.1 x 44 = 4.4 kg of CO,
Carboninitis 12/44 x 4.4 = 1.2 kg Carbon
This came from the fuel.

FUEL consider 1 kmol
It contains 0.85 kmol of carbon.
0.85/12 = 0.708 kmol of Dry Exhaust Gas

NITROGEN

(0.9 -y) x 28 = 25.2 — 28y kg per kmol of DEG

OXYGEN

(25.2 — 28y)x 23.3/76.7 = 7.666 — 8.506 y per kmol of DEG (Oxygen supplied per kmol DEG)



Oxygen in CO, (32/44) x 4.4 = 3.2 kg per kmol DEG
Excess oxygen 32y kg per kmol DEG
Total Oxygen excluding that in the water is 32y + 3.2 kg per kmol DEG

Oxygen to burn H,
Subtract from Oxygen supplied (7.655 — 8.506 y) — (32y + 3.2)

4.455 — 40.506y kg per kmol DEG

There are 0.708 kmol DEG

Oxygen to burn H, = 0.708(4.455 — 40.506y) = 3.154 — 28.678 y kg
2H, + 02 —>

4 32 ratio 8/1

1 8 for0.1kgH, 0.8kgO,

0.8=3.145-28.678y y =0.0818 kg

NITROGEN

25.2 — 28 x 0.0818 = 22.91 kg per kmol DEG
But there are 0.708 kmol so 25.91 x 0.708 = 16.22 kg N,

AIR

16.22/0.767 = 21.1 kg

Excess air is 21.1 — 14.88 = 6.27 kg
% Excess = 6.27/14.88 = 42%

PLANT PROCESS PRINCIPLES



SAE 4 ENERGY OF COMBUSTION

Q1
m=0.4kgls 6,=70°C 6,=10°C

® = 0.4 x 4.186 x (70 — 10) = 100.464 kW
Fuel Power = 3.2 x 10° x 44 000 = 140.8 kW
n = 100.46/140.8 = 0.713 or 71.3 %

Q2

m =3 kg/s py=70bar 63 =500°C 0, =120°C
Specific enthalpy hs = 3410 kJ/kg

Specific enthalpy h,, = 509 kJ/kg

® = 3(3410 - 509) = 8703 kW

Fuel Power = 38 x 10% x 17/60 = 10 767 kW

n =8703/10 767 = 0.81 or 81%

Q3

m¢=0.98 g

my = 1.32 kg

Q=1.32x4.186 x 5.7 = 31.495 kJ/kg

Calorific value = 31.495/0.98 x 10 = 32 138 kJ/kg or 32.138 MJ/kg



