Fluid Mechanics
Prof. Subashisa Dutta
Department of Civil Engineering
Indian Institute of Technology-Guwahati

Lecture - 14
Conservation of Momentum: Example Problems
Welcome all of you for this course on fluid mechanics. In the last class we discussed
about conservation of mass and the momentum and its applications. To continue to that
conservation of mass and momentum and its applications, today I will deliver lecture
on this topic and also I will solve some example problems to illustrate it how we can

use conservation of mass and momentum equations to solve real life problems.

(Refer Slide Time: 01:24)

Reference Books for the Course

FRANK M, WHITE

Mechanics

FLUID
.. MECHANICS

Yunus A, Cengel

Frank M. White Bidya Sagar Pani
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Again, I can talk about this that some of the examples the level of the fluid mechanics
what I have been teaching it, its level of the fluid mechanics fundamental and
applications, Cengel, Cimbala or close to the Fluid Mechanics by F.M. White.

(Refer Slide Time: 01:30)
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Let us come back to what we discussed in the previous class that we discussed that how
we can approximate linear momentum equations from Reynolds transport theorems to
a specific cases like one inlet, one outlet, which is very simplified problems, when you
have a one inlet and one outlet. And second thing is that is you know it the momentum
equation is vector equations.
Min = Moyt

But many of the case we can solve the problems in a specified directions or equating
momentum equation in a specified direction. Then we can solve the problems. So we
can align the specific axis rotation in such a way that using only one equation we can
solve the problems. So these are the simplifications that the problems where we have

one inlet and one outlet.

And the momentum equations we can apply for a specific directions. Most important
qualities that we consider always is steady flow conditions. This is the approximations
what we do it, the steady flow conditions where there is no change of the pressure or
the velocity distributions with respect to the time. So it is a steady condition. We apply

the steady linear momentum equations.

Again you simplified for the one inlet one outlet case, where the mass inflow will be
equal to mass outflow. So this is very simplified case we will get it. Similar way, when
I apply the momentum equation in specific directions that means, as you know it the
momentum equations, we can write in three scalar components in x, y, z for Cartesian

coordinate system.
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So that way we can apply the momentum equations for the polar coordinate systems
also. So if you look at that way, we can apply the momentum equations in a specific
direction such a way that we can solve the problems. Flow with no external forces like
a spacecraft, there is no external forces are there. In that case, what simplifications we

do it.

Then we talk about when you apply this linear momentum equations, we should follow
hints and the tips like we follow the free body diagrams in solid mechanics, whenever
you apply the linear momentum equations, you have to draw control volume, the control
surfaces. How to define this control volume and control surface whether it is a fixed

control or movable control, how should be the control surface should be there.

That should be a major emphasis when you draw a control volume and the control
surfaces and that hints we should consider it how these pressure distributions and
velocity distributions we should assume it or we can have a proper assumption which
is valid for that problems, that we should highlight it. In the last class we solved many
problems like force acting on the Sluice gate, force acting a jet water striking the fixed

plate at the centers.

Also we talk about the momentum corrections factors that means beta. How do you do
you compute the beta value which is the momentum correction factors.

(Refer Slide Time: 05:16)

Contents of Lecture

1. Flow Structure in Hydraulic Jump

2. Linear Momentum Hints and Tips

3. Previous GATE and Example Problems on Linear Momentum
4. Flow With No External Forces

5. Solved Example on Flow with No External Force

6. Summary

387



Now let us come to today lectures what I will talk about that. We will discuss many
things with a starting with a flow structures in hydraulic jump. Then again I will talk
about or repeat the linear momentum hints and tips. That is what again [ will repeat it.
Again we will going to solve some of the previous GATE questions or example

problems based on linear momentum and mass conservation equations.

Flow with no external forces, I will repeat that part. Then we will solve one examples,
cases where no external forces is there specifically the spacecraft problems that what
we will solve it and end of the day we will have a summary for these lectures which is
more theoretical.

(Refer Slide Time: 06:08)

Applications

Holetanoy Team First 204

Now if you look, it is very interesting photographs what is there. It is available, you just
type the flow visualizations. It is a great things are nowadays available if you just type
the flow visualizations in any Google search engine you can see this type of flow
visualization tools are available. If you look it what I am going to show from this
photographs, it is clearly indicating that if I have flow jet and there is a mixing of air,

there is mixing of air and the water okay, how the things are changing it.

If you look at that, the bubbles what is representing it here, those are all are the air
bubbles. So and if this is the water jet, there is formations of water and air bubbles
mixing with water. So interesting pictures are coming up and if you just visualize the

flow, how it is very mixing of air and waters and that what change the flow systems.
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So with this just a flow visualization tool let us come back to the our applications of
linear momentum equations. Again, I am repeating this part of the tips of linear
momentum applications, what are the tips are necessary to do that.

(Refer Slide Time: 07:35)

Linear Momentum Tips

The vector momentum equation is more difficult to handle than the scalar mass and energy equations, some
{ips are given below to solve momentum problems:

+ The momentum relation i quation. The forces and the momentum terms are directional and can have three
components. A sketch of th rs will be ial for the analysis.
The momentuin flux terms, link two different sign conventions (V dependent on direction, outflow and inflow sign), so
special care is needed.
The one-dimensional approximation, non-uniform velocity distributions require laborious integration, Thus the momentum

flow correction factors ff are very useful in avoiding this integration, ¢ Iy for pipe flow

The applied forces 3, # act on all the material in the control volume, Stresses on non-control-surface parts of the interior
are self - cancelling and should be ignored

If the fluid exits subsonically to an atmosphere, the fluid pressure there is atmospheric,

Where possible. choose inlet and outlet surfaces normal to the flow,

One thing you should remember it this momentum relationship what you get it is a
vector equations. That means it has three scalar component, x component, y component
and z component. We have the velocity vectors in the three component, Vx, Vy, V z.
So similar way we have the force factors, which have three components. The

momentum relationship what we have also the three components.

But many of the time we reserve it into the scalar components like writing the
momentum occasions in x directions, y directions or the z directions, we do that. Second
thing what I am to highlight is that momentum flux terms. The most of the times when
you compute the momentum flux terms, we should look it what is the relationship, what

is the angle between velocity vectors and the normal vector to the control surface.

If the scalar product of these two vectors is positive sign, that means it will have a
positive flux is coming into the control volume. If it is a negative sign, it indicates it is
going out from the control volume. So that is the scalar product of the velocity vectors
and the normal vectors to the control surface. That what to consider. Always you scale
the velocity vectors and the normal vectors then try to find out what is the angle between

them.
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Most of the times what you make it these two surface should have a such a way that the
theta the angle between these two vectors should be zero or the pi, okay 180 degree. So
it will be easy for us to do vector product. So that way we get either a positive or the
negative sign convections. And most of the times if you look it the flow are not uniform

velocity distributions. It is non uniform velocity distributions.

Because of that, we should have the momentum flow correction factor beta because of
the velocity distributions is not uniform. But many of the time we simplified it and say
that the beta is equal to the 1. We consider it that the flow distribution is uniform and

we do the or we solve the problems.

But if you try to understand it sometimes we can use the beta value, the momentum
flow correction factors when it will be much larger than beta equal to 1. We can use
that for especially for the pipe flow. When beta is close to 1, it may help us indirectly
not to consider the velocity distributions. But when beta is more than the 1 we should
consider the beta values to find out approximated how much the momentum clocks

going through these control surface.

Similar way when you apply this control volume concept, within the control volumes
we do not talk about that as it can be considered is a trace field and that can self
canceling each others. The mostly we would consider the control volume gross
characteristics. Within the control volume we do not consider it how the flow variations
are there, the pressure variations and velocity variations or the density variations we do

not consider that inside the control volume.

And this is what very good it is not atmospheric is a quite valid conditions when you
have the fluid exits to an atmospheric and the fluid flow is subsonic. Then we can
assume it the fluid pressures at that locations is atmospheric pressures. These
assumptions is quite valid. So many of the times we use whenever the flow jets are

going to the atmospheres and we anticipated is that the flow is subsonic.
That means the flow Mach number is less than 1. In that case, we can have the fluid

pressures we can assume it or it is quite valid the atmospheric pressures. And the to

appropriate inlet outlet surface, generally we take it flow normal to that. The otherwise
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we can solve the problems using the scalar product of the velocity and the normal
vectors. It is possible to do it, but it will be laborious to do the integration part or it takes
time to solve the problems.

(Refer Slide Time: 12:29)

Example |

vater jet (p,, = 1000 kg/m’)
ving the deflector is 4m/s and discharge 1s

(GATE 2003, Civil)
Flow classification:
One dimensional
Steady flow
Turbulent

Fixed Control Volume

Now, let us come it to solve example one which is GATE 2005 civil engineering
problems. The problem is that there is a tank or deflectors are placed in a frictionless
trolley. Okay, there is no frictions components, okay. The water issues the water jet
which is have a the density of the water is 1000 kg per meter cube. It strike to a

deflectors, turn 45 degree.

[A tank and a deflector are placed on a frictionless trolley. The tank issues water jet (pw
= 1000 kg/m?)

which strikes the deflector and turns by 45°. If the velocity of jet leaving the deflector
is 4m/s and discharge is 0.1 m’/s, the force recorded by the spring will be]

If velocity of jet leaving the deflector is 4 meter per second and discharge is equal 0.1
meter cube per second, what could be the force record by the spring, that is the problem.
So if you look at that that is what we have sketched it here. There is a tank which is
having the waters and getting jet of the waters from this tank and there is a frictionless

trolley that means there is no frictional force acting on this.

The problem is quite simplified for us. And there is a deflector which is making a 45

degrees to turn these things. We need to compute it, how much force is going to act on

391



the spring. That is the problem. It is very easy problem, we can solve it. But let us follow
very systematic approach what I discussed in the last class, we will go step by step.
First step is that to classify the problems.
Flow classification:

One dimensional

Steady flow

Turbulent

These problems is one dimensional flow and steady flow because the discharge what is
coming out from this jet can consider is a steady. Flow will be the turbulent and consider
a fixed control volume okay. That is what the control volumes I have consider it. So the
force what is acting here that is a component here. Other the locations if you look at

this water jet is going out from this.

Other locations we can take it the pressure equal to the atmospheric pressures. And here
the shear stress is equal to zero because frictionless trolley. So there is no friction force
is acting on this. So it will becomes zero. So there is no force component is here due to
the friction. So water jet that component will come it. That is what the water jet is
coming out from this. So we have chosen the control volume, fixed control volume.
Our object is to compute what is the force recorded by the spring.

(Refer Slide Time: 15:05)

Example |
ressure Distribution

* Atmospheric pressure at outlet

Considering average velocity Vy,

viomentum Correchion Factor

[ =1 by assuming flow is

uniform an inlet or outlet

So the pressure distributions at the outlet will be the atmospheric pressure. Here also

we have consider the velocity distributions again average velocity. No doubt there will
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be a velocity distributions will come it here. After deflectors also velocity distribution
will come it, but we here assume it is uniform velocity and the beta will be the one
value for this.

(Refer Slide Time: 15:31)

xample |
Momentur Conservation Data Given:
Vi Conservation
Via =4 ms

ol

Applying RTT o S04 i

mij —TF— (]Lpdvl)+ [I;J[L f)dA

OmEntur
Deflected angle (f) = 45°
/ Acs

0

4 I.f [ "
d 7 :ft'+ZﬂmL l.—Tﬁml W

y Fy = my, Veost
i ‘

Forece recorded hy spring = pQ,, V Cos 8= 28284 N

Now let us apply the directly the momentum conservation equations here. If I apply this
momentum conservation equation this some of the forces should equal to the rate of the
change of momentum flux within the control volume is equal to the net outflux of
momentum flux passing through these control surface.
Data Given:

Vie =4m/s

Qjet  =0.1m’s
Deflected angle (6) =45°
Momentum Conservation:

Applying RTT

d - d - - - A
a(mV)sys =ZF = prdV + pr(V-n)dA

Vcv Acs
ZF—_ deV+ZBmVavg Zﬁmvavg
d v out in

Steady flow, — f deV 0

Z Fx = mjet Vcos@

Forece recorded by spring = pQje V Cos 0 =282.84 N

393



You can look it the cos theta component will come it as the x directions and force
recorded by spring if I compute what will be the mass, p into Q. Q object which known
to us, V is known to us, 6 is known to us, we can compute what will be the force acting
in terms of Newton.

(Refer Slide Time: 16:58)

Flow classification
Twao dimensional
Steady flow
Turbulent
Incompressible

= llimh—

= |

al Volume Frezjet (.18 m !
ixed control volume
Free jet .!

Now let us go to the second example 2 where we have the water flows through a double

exit elbow. Okay this is elbow type of concept, where we have a V 1 velocity and V 2
velocity. One is 5 meter per second another is 10 meter per second. Inside the volume
of the elbow is 1 meter cube, okay the volume of this. What are the vertical and
horizontal force component of from air and water on this elbow if pressure in the free

jet is atmospheric and the unit weight of the water will be 1000 kg per meter cube.

[Water flows through a double exit elbow for which Vi = 5m/s and V2 = 10m/s. the
inside volume of the elbow is 1 m’. what are the vertical and horizontal force
components from air and water on the elbow?

Note: Pressure in the free jets is atmospheric (pw = 1000 kg/m?)]

Now if you look it the sketch of the problems, there are the free jet in the two part. And
there is a velocity here, the velocity here, but the velocity is unknown here. We do not
know the velocity of this part. There is a diameter of this elbow part. The first we have
to apply the mass conservation equations. Then we will apply linear momentum

equations to compute what is the vertical, horizontal force components.
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Flow classification:

Two dimensional

Steady flow

Turbulent

Incompressible
Is very simple things that here we will apply mass conservations equations. Then we
will apply two momentum equations, one for the vertical directions and other is
horizontal directions to get what is the vertical force component, what is the horizontal

force component. First let us define the problem. Problem is two dimensional.

As you seen it that here the flows are coming, there is not change of the flow volume
within this, this. So we can consider is a steady problem, turbulent, incompressible.
That what we can consider as a flow classification. We can consider is a fixed control
volume like this. This is what will be the control volumes. We have the surface like
this. We have a surface like this.

(Refer Slide Time: 19:15)

Y, =5mis

P, = 25,000 Pa

* Atmospheric pressure at outlet
+ Constant pressure P, = 25,000 Pa at inlet

Free jet
= lmis 4
g —

=

Considering average velocity V,,, T
=p . 018m

entum Correction Factor
f= 1 by assuming flow is
uniform an inlet or outlet

So if we have this fixed control volumes, first we will find out that the pressures. The
pressures at the inlet is given is 25,000 Pascal. At the outlet is pressure is atmospheric
pressure. That what is there. So you have the free jet at these two locations where
pressure is the atmospheric pressures. At these two point you have a pressure equal to
atmospheric pressure, but at this point I have the pressure which is 25,000 Pascal,

Newton per millimeter square.
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So if you have that and we use a concept of average velocities. We neglect the velocity
distributions. We use the beta equal to the 1 as for the inlet and the outlet.

(Refer Slide Time: 20:02)

D~ 25000 Pa

For steady flow mass conservation equation can be wrilten as 0.5m

Outflow = Inflow E':ml}in:Z(m(}mrt qu“uto
1

T Vs iuu}.'.. ;

' 3 Control Volume ™

PP )

0. = p ) "'/.
Incompressible flow B= Py Al \2 :

Free jet

Velocity of jet Vy

Then we will apply mass conservation equations that let us apply mass conservation
equations to compute it what could be the velocity at the section 3. So we are applying
the mass conservation equations for these control volumes that to compute what could
be the velocity at this point. So if I apply this mass conservation equation which are
very simple form is rate of mass influx into the control volume is equal to rate of the
mass outflux from this control volume.

For steady flow mass conservation equation can be written as

Z(mi)m =Z(mi>out

Outflow = Inflow

PQin = PQout
AinVin = AoutVout
AV, = AV, + AsV;
Velocity of jet V3

_5(0.5)2 —10(0.18)2
37 (0.2)2

= 23.15m/s

Simple substituting the area and the velocity of Vi, V2 and you can compute it the
velocity of z passing through the section 3 will be 23.15 m/s.
(Refer Slide Time: 21:30)
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Example 2

Momentum Conservatios

Applying RTT

Free jet @

\
T fml Jsys Tf ——( [L’pd‘a‘) 1 J r’p{_l;';-ﬁJu'A =
/e =

\ver

5 0.1
o nnlan Volume

A

By

f=1

0+ g0,C0s8 =V, p VA, 4V, 2V, A, Cos{ds?) = 9530 N

LF, =g, 4 myv,, - mav,;Sinb + P,A, + (p g Volume) =+ Vy p Vs A, -Vy oV A, SInAS?) + P&, +p gV =T720N

So if I apply this momentum conservation equations for this control volume, when I
apply this momentum conservation equations, the first things what I writing the control
volume equations, Reynolds transport theorems and then I am simplifying it. So again
it is a steady problem, okay. And I look it the momentum flux in and out assuming the

beta is equal to the 1. And our objective is now to compute the force components.

We have the consider the control volume inside this control volume, you can think that
there will be a frictional resistance from the surface of the 1. But that part we are
neglecting it as compared to the force component what is acting it. So this way we can
neglect the frictional force which is there near the wall, that part we are neglecting it to
compute it what will be the force component.

Applying RTT

d - d - - el A~
d—(mV)SyS =ZF = prdV + JVp(V-n)dA

Vcv

ZF— fdeV+ZﬁmVavg ZﬁmVavg
cv

out
d — —
Steady flow, — jcv pVdv=0,8 =1

Y Fx = mlvx1 - m2vx2 + m3vx3Cos0 =-V2p V242 + Vi p V3 43 Cos(45°) = 9539N
Vi =0

Y Fy = mlvyl + m2vy2 - m3vy3Sin + P1A1 + (p g Volume) =+ V2 p V242 - Vi p
V343 Sin(45°) + P1A1 +pgV=7720 N

Vi2=10
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So if I apply this part, then F x will come it to the 9539 Newton. Similar way the force
component acting on this y direction that one will be the 7720 Newton.

The approximations and all the velocity component, zero component if you look it and
we have resolved the force, momentum flux component as a cos theta and sin theta. We
have also considered the force due to the pressures at this point, which is and also we
consider the weight of the fluid here. If you look at this, the weight of the fluid is

considered in the y direction, that components are there.

The force due to the pressure one also we have consider it and these are all momentum
flux component that what total what is come in these parts. So there is a force F x
direction and F y direction. We noted that the force due to the pressure at this point we

have computed which is can consider as a gauge pressure, it is not the absolute pressure.

And also we have considered the weight component of rho g into the volume.
Combining the all the terms we got it the force acting the y direction will be 7720
Newton.

(Refer Slide Time: 24:28)

g refuelled in flight at the rate of 568 lit'zin of fuel having a specific g
additional thrust does the plane need to develop to maintain the constant velocity it had just
m"idt diameter of th ﬂL\ih[L [1IPL 1»0 127m, l|||. Ihud pILNHL in the mm at llu g

Let us take another example. A fighter plane being refueled in a flight at the rate of 568
liter per minute of fuel having specific gravity of 0.68. What additional thrust does the
plane need to develop or maintain constant velocity it had just before hookup. The
inside diameter of the flexible pipe is 0.127 meters. The fluid pressure in the pipe at the

entrance to the plane is 27 kilo Pascal.
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[A fighter plane being refuelled in flight at the rate of 568 lit/min of fuel having a
specific gravity of 0.68. what additional thrust does the plane need to develop to
maintain the constant velocity it had just before hookup? The inside diameter of the
flexible pipe is 0.127 m. the fluid pressure in the pipe at the entrance to the plane is 27
Kpa. Do not consider the mechanical forces on the plane directly from the flexible pipe

itself (pw = 1000 kg/m?)]

And if you neglect the mechanical forces on the plane directly to the flexible pipe and
you consider the unit weight of water will be 1000 kg per meter cube. The problem
what graphically it is shown it in this figure, this is the main aircraft and this is the what
the fuelling aircraft okay which is fuelling this the aircraft from this sides. That is what

new technologies what is develop it.

In air itself we can refuel the aircraft from this part. So if it is that is the conditions,
what could be the additional thrust does the plane need to develop to maintain the
constant velocity between these two. They should move it the same velocity. They
should move it with the same velocity so that the refueling can be done. That is the

problem. Now we try to look it what is the additional thrust is necessary.

The problem is now simplified in this part that there is aircraft like this and it is hooking
it, the fuel hooking to this one.
(Refer Slide Time: 26:28)

Fuel Tank

One dimensional at entrance
Unsteady flow
Turbulent
Incompressible =
/' Control Volume
Control Volume y/
Fixed control volume relative to
motion of flights

Pressure Distnbution

* Atmospheric pressure over entire outside control surface area
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And if T define the fuel tank and this coordinate of x, y, z the problems can be considered
is one dimensional. Fluid is unsteady flow, but we can simplify it make it the steady
flow; turbulent, incompressible. So these three conditions will be there; one
dimensional, we are not considering the velocity distributions and all. The unsteady,

turbulent and incompressible flow. That is what the classifications.

Flow classification:

One dimensional at entrance

Unsteady flow

Turbulent

Incompressible
Here it is movable control volume, but since we have the two flights are moving it with
respect to the refueling aircraft we can consider is a fixed control volume, relative
motions to the flight okay. So that the basic assumptions of these type of problems is a
fixed control volume which is related to the motion of the flights. If that is the

conditions, the pressure distributions enter outside the control surface.

We can consider is atmospheric pressure what will be there like this the problems now,
everywhere you have atmospheric pressure and the pressure, the fuel what is injecting
it, it is P 1 pressure having area A 1. The everywhere the control surface can be
considered is P equal to the atmosphere pressure. The velocity distributions again we
can take is average velocity distributions V average value, beta equal to the 1.

(Refer Slide Time: 28:07)
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Mass Conservation

For steady flow meass conservation equation can be written as

Oufflow = Inflow E(Iil[}m:z(]mm

: Qi = pQouy

Incompressible flaw . ;

: ’ Control Volume
AV = gyt Vo

AV = Qrams

Velocity Vy

Now let us apply the mass conservation equation where is inflow minus outflow and
this case will be,

Outflow = Inflow

Z(mam =Z(mi)out

Incompressible flow

PQin = PQout
AinVin = AoutVour
A1V1 = Qrank

_ 568 lit/min
170.785 (0.127)2

This is what the discharge is given to us, the volumetric discharge is given to us divide

= 0.748m/s

by the area will get it the velocity, that the velocity part what we have.
(Refer Slide Time: 28:56)

401



Applying RTT

. od | [+
F_E(JLPW

)4- j To(i - )id

\Ver Acs

W ¥ 1 ¥ 7 y
v+ ) by, —Yﬁ My Control Volume
[T " Pressure = 27Kpa

out in
f=1
SF, = =iyt + PoA, = -V, pV, A, +27000 (0.013) = 0,748 (0.68%1000)(0.748)(0.013) + 27000 (0.013) = 355,95 N

The foree on the plane from the gasoline is 355.95 N
@ L4 .E_«‘

Now we have to find out what is the force acting in Rx and the Ry directions, we have
the pressure component here. Applying this Reynolds transport theorems and the
simplifying the tops. Here, this is the main concept what we have consider it that there
is a change of the momentum flux within the control volume. But the right of the change
of the momentum flux within a control volume, is not that significant order as compared

with the momentum thrust what is coming from the fuel.

d =3 d - — - A~
a(mV)syS = ZF = prdv + pr(V -f)dA
Ycv Acs
- d - . —_— . —_—
ZF = Ef deV+ZBmVa,,g —ZBmVa,,g
v out in

Neglecting even though flow is technically unsteady, % fcv pl7 dv=10
B =1
Z F, = —myvy + P14,
= —V;pVi;4; + 27000 (0.013)

= 0.748 (0.68 x 1000)(0.748)(0.013) + 27000 (0.013)
= 35595 N

So this component will be there, but it is not that significant. Since it is not significant
we make it to zero and make it the problems in a steady nature. Then we have a two
momentum flux components, one is influx another is outflux, beta is equal to the 1. So

if I apply it, I will have a simply the momentum flux in x direction, the pressure into
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the area and that what I will get it and in terms of value, I will get it 355 approximately

Newton.

That what the force will be acting on the x direction. Now take it another examples
which are again simple examples what we are talking about, but is the control volume
which is the moving conditions. That means moving control volume problems we will
going to solve it.

(Refer Slide Time: 30:32)

low classification
mensional
Steady flow
Turbulent
Incompressible

Movable control volume

) (» @ ’J {_q'm

Like let we will have a water jet, the if you look it this is the water jet, is impinging this

normal to a flat plate and moves to the right to the velocity V c, okay this that means,
this flat forms is moving with a velocity V c. Find the force required to keep the plate
moving at the constant velocity if jet density is this, the water density is this. Jet area is
given and V j the velocity of water jet and the V c the velocity of the frame is

respectively 20 and 15 meter per second.

[A water jet of velocity Vj impinges normal to a flat plate that moves to the right at
velocity V.. Find the force required to keep the plate moving at constant velocity if the
jet density is 1000 kg/m?, the jet area is 3cm?, and V;j and V. are 20 and 15 m/s,
respectively. Neglect weight of the jet and plate, and assume steady flow with respect

to the moving plate with the jet splitting into an equal upward and downward half-jet.]

Then neglect the weight of the jet and the plate, assume the steady flow with respect to

moving plate. Jet is splitting into two equal upward downward half-jet. So these are the
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assumptions, quite valid for a jet flow problems is quite valid. So as the flow is
impinging and making into two directions, vertical directions. One is jet is coming
down, another is up.
Flow classification:

Two dimensional

Steady flow

Turbulent

Incompressible
You will have a two dimensional flow problems becomes a steady the turbulent and
incompressible flow. Movable control volume concept only the things what we have
here to know it that we will apply this movable control volumes to know it the pressure
distribution part.
(Refer Slide Time: 31:59)

Example 4

Pressure Distribution Vi
* Atmospheric pressure at inlet and outlet

Velocity Distributior

Considering average velocity V,

ivg

of jet

Momentum Correction Factor
fi = 1 by assuming flow is
uniform an inlet or outlet

L'.aulml volume

The pressure distributions in atmospheric pressure distributions will be the atmospheric
pressure distribution the we will consider the average velocity conditions and the beta
equal to the 1. Okay that the great simplifications we used to do it.

(Refer Slide Time: 32:21)
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For steady flow mass conservation equation can be written as

Outflow = Inflow Z(’”()Illzz(mh}ulif

l
: PQin = PQou
Incompressible flow
AinVin = AputVour
A0 V)= Ay + Ay

jet splitting into an equal upward and

Velocity of jets splitting afier strke V, =V, e
elocity of jets splitting after strike V, doktwed bl

And if this is the V 1 to this cross section V z is water is coming into that and it is
splitting into two part is equally part. So this is velocity of jet, this is what the moving
control volume is moving with 15 meter per second. Jet is splitting into equally upward
half-jet, the half of what goes to upward direction, half of water goes to the downward

direction. If is that let us first apply the mass conservation equations.

jet splitting into an equal upward and
downward half-jet

The mass influx is equal to mass outflux. If that is the conditions you have a these
values, okay. Please remember it we consider here the relative velocity component
along the and it has the Vi, V2 velocity which is going out where the velocity
components, we do not have any velocity components in the y direction. But is only

moving in the x direction, that is the reason.

Z(r'ni)m =Z<mi)out

Outflow = Inflow

PQin = PQout
AinVin = AoutVour
Aj(V}' -Vo) =4V, + A1V,
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Velocity of jets splitting after strike Vi = V2

2(vj-Veo)

V=V, = =20 —15m/s =5 m/s

(Refer Slide Time: 33:53)

xample 4
Momentum Conserva

Applying RTT

/ \ e e et
L V) —ZF‘—'1 [Voav |4 jF (V- i)ad I
mlm Yoy = =5 ] pdy )+ | VplV -« fi)ds . |

o [/ A

\ =20 m's

] A |\‘

1: “‘ = ﬁml":ug.;

== (V= V)fo (V= V) A]=-5 (1000)(5)(0.0003) =- 7.5 N

=4V, VA Vs [p VoA, =ON

Now I am applying momentum conservation equation. We remember it [ need to apply
the relative velocity component here as the part the considerations here and beta equal
to the 1 and I apply the relative velocity component. That what you can look it how the
relative velocity components are used for the mass flux and the momentum flux
component and that what is substitute to get it what is the force component. So the
problem is similar nature.

Applying RTT

di(mv)sys =Zﬁ =— prdv + pr(V fi)dA

Vcv

ZF— fdeV+ZﬁmVa,,g ZﬁmVa,,g
dt Jey

out

Only what we are doing it, we compute the relative velocity. The V xz whichis V j —
V c. Vjis the velocity of jet minus V c is the velocity of the platforms moving with V
c. That in the x direction. The flow what is going in the direction of 1 and 2 as you

know it does not have any component in the x direction, we can make it zero.
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So only the force we have because of the impinging of jet what is working with a
relative velocity component that what we have substitute to finally we got it what is the
amount of force acting because of these things. Similar way, the y direction also we can
substitute it and apply it. As it expected it when you have a the same amount of water

goes in the 1 and 2 the same velocities, they will be cancelled each others.
D Fx =ty + 1w —riyog = -Vl (¥ V) 4]

= — 5(1000)(5)(0.0003) = — 7.5 N

So the net force will be act is zero, the force component will be the positive and the
negative. The net momentum flux will be the zero. That the force component will come
it.

(Refer Slide Time: 35:49)

: d velocity at the
: ely. Neglecting the gravity and viscous effects, defermine the
anchoring force required to hald the vane stationary.

Laminar/Turbulent
Incompressible

Control Volume

Fixed control volume

Now let us come to the example fifth which is again a simple problem where a
horizontal jet of water strikes a vane, this is the vane, okay? Is turned the angle to theta
degree. Cross-sectional area and velocity at the inlet of the vane is 60 centimeters, 5

meter per second respectively neglecting the gravity and viscous effect, okay?

[A horizontal jet of water strikes a vane and is turned at an angle ©. The cross-sectional
area and velocity at the inlet of the vane are 60 cm? and 5m/s respectively. Neglecting
the gravity and viscous effects, determine the anchoring force required to hold the vane

stationary.]
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Determine this anchoring force required to hold this vane at the rest or the stationary.
This is very simple problems okay. There is flow jet is coming. We are making angle
theta which is coming out from this jet. The area is given, velocity is given and we need
to compute it what amount of force is required to anchor this vane so that the vane will
be at the rest conditions or the stationary will be there.
Flow classification:

Two dimensional

Steady flow

Laminar/Turbulent

Incompressible
Flow is two dimensional, steady. We do not know whether flow is a laminar or turbulent
or incompressible flow. Fixed control volume. This is what the control volumes.

(Refer Slide Time: 36:57)

* Atmospheric pressure at inlet and outlet

Velocity D
'
g

Considering average velocity V

of jet

‘.“' I‘.h:‘-. ! T “\"‘I‘ 107
f#= 1 by assuming flow is
tniform an inlet or outlet

And the jet is there is atmospheric pressure and the velocity distribution again we can
consider is a uniform. That is what not a conditions when you have the free jet in it
going through the vane V but we can assume it the velocity distribution is uniform.

(Refer Slide Time: 37:17)
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Example 5

Mass Conservation

For steady flow mass conservation equation can be written as

Qutflow = Inflow Zlnrﬁlm=2("w”m
{ |

[ncompressible flow

Speed of the jet remains constant then A, = A,

And if that is there we are computing the first mass conservation which is very easy
things here being a steady flow we will have a mass influx is equal to this is a very
standard things as we discussed earlier and that is what we will show it since the speed
of the jet remains constant, the area of flow A 1= A 2 following the continuity equations

as the flow is incompressible.

Z(mi)m =Z<mi)out

Outflow = Inflow

Incompressible flow

PQin = PQout
AinVin = AoutVour
AV = A0,

Speed of the jet remains constant then A1 = Az

(Refer Slide Time: 37:46)
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xample 5

Applying RTT A6t
V=5 mf

d _T-_(fI'T . oo
I(n!l‘ _l:;,.._.;—LlF—T( ’ Lpd'ﬁ)J— JLFJ“ f)dA
\¥

\vew /Ao

Steady flow

EF, =y, +igp, = (=W lo () A + (¥, Cast)[p (V) A =~ A2 (1 Costl =150 8- Cost) N

¥ Costt |

=(0)fp (Vi) A)+ (V, Sindl} [o (V) A;] = p AV (Sind) = 150 Sinf! N

Now need to apply the momentum conservation equation, apply the Reynolds transport
theorems to compute what will be the force. First again steady flow conditions which
is standard assumptions we have been doing it for simplifying the problems for the

problems here what we have considered it and 8 equal to 1.

Applying RTT
d -> d - - = .
a(mV)Sys = ZF = JVpdV + pr(V -f)dA
Vcv Acs
> d - e e
ZF:a deV+ZﬁmVavg_ZBmVavg
v out in

d =
— \4
T CVpV dV tends to 0

Y Fx =1y + vy, = (-Vi) [p (Vi) Al + (V1 Cos6) [p (V1) Ai] = -p AV (1-
Cos@) =-150 (1- Cosd) N

Vit =- Vi

Vi2 = V1 Cos

YL Fy =1mvy, +1pvy,=(0) [p (Vi) A1l + (V1 Sinb) [p (V1) Ai] = p AV;? (Sin6)
=1505in8 N

Vy1 =0

Vyz=V15in8
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The velocity component x direction and the mass flux that what we will equate it, it will
be this value. Similar way if [ am to compute the force acting in this y direction, I will
have mass flux coming into momentum flux in the x y directions will be the zero. Influx
is not there, it is coming imposing on the x direction.

(Refer Slide Time: 39:01)

Flow with No External Forces

If no external forces acting on control volume with multiple inlets and outlets

In this case the Linear Mamerium equation is given as

fim - Tﬂ'm 14
Ll
ot m

the rate of change of the momentum of & control volume is equal to the difference between the rates of
incoming and outgoing momentum tiow rates in the absence of external forces.

When the mass m of the control volume remains nearly constant, the first term of the
becomes simply mass times acceleration

Fi .
M) g = My
For a fixed mass system (solid body u net (hrusting force

Now let us come it before ending this lecture, let us have a one examples very
interesting examples of decelerating the spacecraft before landing on the earth. This is
what very interesting problems. That means when you have a spacecraft there is no
external force acting on that. And if you have that there is a multiple inlet and outlet.
You can write the linear momentum equations sum of the force in the systems is equal

to zero.

0= —d(ri)” £ pmi =y b

out in
—d(mV)w =m Ve, = (mad) e, = Meyd
dt - cv dt - cv — cv

You will have a these two point. The rate of the change of the momentum flux within
the control volume is equal to net outflux of momentum flux passing through this
control surface. That is what is written here. Rate of change of momentum, within a
control volume is equal to the difference between the rates of incoming, outgoing

momentum flux rate in absence of external force.

This is what the text, this is what mathematical explanations for this. So if you assume

it 1s a mass of the control volume is m which remains constant. Then we can write this
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part is mass of control volume dV by dt. That is acceleration. So mass of control volume
into the acceleration. The thrust of the force will going to act it is force acting on the
body, the mass body into the acceleration.

Finrust = Froay = Mpoay@ = 2 pmV — Z pmv
in

out

That what net outflux of the momentum flux which is going out from this. This is very
interesting problems. We will consider it when there is no external force acting on a
control volume even if you have a multiple inlet and outlet.

(Refer Slide Time: 40:52)

Example 6

constant rate of ! ¢ cecrafl in the direction of motion o the
! g small change in the termine () The
paceeraft during this period (b) the change of velocity of the spacecraft and (¢) the thrust
exerted on the space crafi,

aa

|r'm(l ms

2500 m’s |

Let us see this, the figure what is showing is that when a spacecraft are landing on the
surface, it decelerate it. It decelerate the terminal velocities and then it land on the earth
or the any planets. So how do you do decelerate it? That is what we do it to decelerate
that. It is the problems what you have consider it a spacecraft with a mass of 15000 kg

dropping vertically towards a planet at a constant speed of 600 meter per second.

To slow down to spacecraft a solid fuel rocket at the bottom is fired. Combustion of
gases leave the rocket at a constant rate of the speed of 90 kg per second. This is the
what the mass rate is going up. The velocity will be 2500 meter per second relative to
the spacecraft. Please remember this is what the main point, relative to spacecraft in the

directions of the motions.
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Then if that is what for the spacecraft for a period of the 10 second, this disregarding or
neglecting the small change of the mass in the aircraft determine the deceleration of the
spacecraft during this period, change of the velocity of the spacecraft and what is the
thrust exerted on the spacecraft. So if you look it this is the spacecraft. This is what the
Mars inside mission, how the diagrams what is from the NASA that is what we have

illustrated.

Looking at these problem text whatever we discuss it the problems like this there is a
spacecraft having 15,000 kg weight, the speed is 600 meter per second, which is
injected a mass 90 kg per second, mass flow rate. And it has a relative velocity which
2500 meter per second. What is the amount of force acting due to that? What is the
decelerating because of these firing of the gases from this rocket. And what is the
change of the velocity that is what we will solve it.

(Refer Slide Time: 43:17)

ncation
One dimensional at entrance 600 m's
Steady flow (flight of the spacecraft is unsteady) i
Turbulent
Incompressible

‘ontral Volume: ! “’IH A |
: : 90 ke's
Moving contral volume relative y « |
to motion of spacecraft I 2500 s

;unlm\ \\'!lL“IiL‘

* Atmospheric pressure over entire outside control surface area

p average velocity Vi,

Now the problem is one dimensional because only one jet is there. We can use as a
steady problems, turbulent, incompressible. This is a moving control volume, relative
to motion of the space aircraft. Here we are talking about the relative velocities. We are
not talking about the absolute velocity of jet and if it is that we consider the control
volumes and try to find out what will be the force is acting because of this firing of the
gases from this space aircraft.

Flow classification:

One dimensional at entrance

Steady flow (flight of the spacecraft is unsteady)

413



Turbulent
Incompressible

(Refer Slide Time: 43:57)

Example 6
[

000 /s
* Mass of the discharged fluid is negligible relative to the
mass of the spacecraft (solid body with a constanf mass),

mal For
* Noextemal forces
* Pressure force s negligible

um Corre | [ 10
: : control volume
[ =1 by assuming nozzle s well e

designed

Now if [ have a another assumption as you said, the mass of the discharged fluid is
negligible, is relative to the mass of the aircraft. This will be the solid bodies moving
with a constant mass, okay. No external forces. The pressure forces can be negligible.
Beta is equal to the 1, assuming the nozzle is well designed, okay. So because a well
designed nozzle have a close to the uniform velocity distribution. So beta will be 1.

(Refer Slide Time: 44:37)

(a) Momentum Conservation
Applying RTT

:ﬁ(,ntl-"]_\.y, = E F= i( [ L'Imfv') } j Vp(V - fi)dd
¥ [ A

\¥eow s

Fr.‘iru nacecraft = m.'";\mulu;‘l 4= Yﬁ‘w i
e

raf 5
= =fiyas Yy

G
——(2500) = =15 m/s*
15000 :

And let us apply the Reynolds transport theorems, okay. In this case, as we have
considered earlier, okay. So there is this force component is zero. Only the change of

the rate of the momentum flux within the control volume that what will force thrust,
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that will be the mass of aircraft and the accelerations. That what will be net outflux of
momentum flux what is going out from this. There is no inflow.

Applying RTT

d - d - - e A~
E(mV)Sys =ZF = prdV + JVp(V-n)dA

Vcv Acs
Finrust = Fspacecraft = Mgpacecraft a= Z pmv — Z pmv
in out
p=1
_ stpacecraft _ .
mspacecraft aspacecraft - mspacecraft T - _mgas Vgas
stpacecraft Thgas 90
a = pacerll 9%y = ————(2500) = —15m/s2
spacecraft dt mspacecraft gas 15000

So you will have a because of gas injections you have a momentum flux what is m dot
V gas. That what is the will be the spacecraft mass into the acceleration. This way we
can compute it the acceleration will be -15 per second square. So this is the what the
accelerations of the space aircraft in the negative directions. That what is decelerating
in downward direction.

(Refer Slide Time: 45:42)

Example 0

600 m/s

Wypaeeragt = Dopucecrape dt = (=15m/s%)(10s) = ~150m/s

v,

spacecrajt

dt

gas [ ik

=m

}'H:iw - ”]\]HM‘UHH u‘qluu.'l raft = "‘vmluw raft’ 2500 m/s

control volume

Finrust = =90k g /5)(2500m/s) =- 225 kN

( foree acting on the opposite

direction of the discharged gases)

Second part of the problem is that compute the change of the velocity.
stpacecraft = Aspacecraft dt = (-15 m/SZ)(los) = —-150m/s
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And what will be the force acting on that which is very easy to compute and the
momentum flux or mass of aircraft and the acceleration we can compute what is the

thrust is acting on these,

stpacecraft _

>
Fthrust = mspacecraft aspacecraft = mspacecraft dt mgas Vgas

Fenrust = —(90k g/5)(2500m/s) = - 225 kN

this is what will come it to 225 kilo Newton force acting opposite directions of
discharged gases, that is what happens it.
(Refer Slide Time: 46:24)
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And let me acknowledge before ending this course is that my 3 PhD students they have
been working hard, drawing the figures, illustrating the figures, bringing lot of
examples, discussing lot before presenting you. So I do acknowledge their efforts and
not to improve the knowledge of the fluid mechanics but teach the fluid mechanics in
simpler form. That is what is possible because of them. I do again acknowledge their

help. Okay, with this let us conclude today lectures. Thank you lot.
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