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Learning Outcomes

4 Be able to categorize a flow and have knowledge about how to select
applicable methods for the analysis of a specific flow based on category

12 Define Reynolds transport theorem using the concepts control volume and
system

13 Derive the control volume formulation of the continuity, momentum, and energy
equations using Reynolds transport theorem and solving problems using those
relations

15 Derive and use the Bernoulli equation (using the relation includes having
knowledge about its limitations)

we will derive methods suitable for estimation of forces and system analysis

fluid flow finally ...
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Motivation

Fluid motion analysis:

differential approach (chapter 4):

describe the detailed flow pattern at every point in the flow

control volume approach (chapter 3):

working with a finite region, balance in and out flow and determine gross flow
effects (force, torque, energy exchange, ... )

gives useful engineering estimates
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System vs Control Volume

All laws of mechanics are written for a system:

A system is an arbitrary quantity of mass of fixed identity m

Mechanical relations describes interaction between the system and its
surroundings

We need the corresponding relations expressed for a control volume:

A region in space defined by the control volume surface

Flow can pass through a control volume = a system can pass through a control
volume



Conservation Relations for a System

Conservation of mass
Conservation of linear momentum
Conservation of angular momentum

Moo~

Conservation of energy

The above-listed relations includes thermodynamic properties and needs to be
supplemented by a state relation

Remember: a thermodynamic property can be calculated from any two other
thermodynamics properties

p=pp,T), e=ep,T)



Conservation of Mass for a System

Msyst = Cconst

am
o

Obvious in solid mechanics but needs attention in fluid mechanics



Conservation of Linear Momentum for a System

If the surroundings exert a net force F on the system, the mass in the system will
begin to accelerate



Conservation of Angular Momentum for a System

If the surroundings exert a net moment M about the center of mass of the system,
there will be a rotation effect

_aH

M=

where H = X(r x V)dm is the angular momentum of the system about its center of
mass



Conservation of Energy for a System

First law of thermodynamics

Second law of thermodynamics



Control Volume - Volume and Mass Flow Rate

Q= (V-n)dA
o)

m = p(V -n)dA
o2




Control Volume - Classification

Control Control
surface surface

Control
surface

fixed moving deformable
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Reynolds Transport Theorem

Reynolds transport theorem

1. converts mathematical relations derived for a specific system to relations for a
specific region

2. converts mathematical relations expressed in the Lagrangian frame of
reference to relations expressed in the Eulerian frame of reference



Reynolds Transport Theorem

Let B be any extensive property of the fluid (energy, momentum, enthalpy, ... )
5 is the corresponding intensive value (the amount B per unit mass)

The total amount of B in the control volume is

Boy = / Bam — / BpdV
cVv cVv

where 8 = g/Ti



Reynolds Transport Theorem
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Bsys(t) = Bey(t) + ABj

Bsys(lL + At) = Bev (t + At) + ABout



Reynolds Transport Theorem

The rate of change of B for the system:

styS o hm Bsys(t + At) - Bsys (t)
at  At=0 At

Apply relations from previous slide =

stys ) 1 (Bcv(t + At) + ABout) - (BCV(t) + AB/n)
= l1m
at A0 At



Reynolds Transport Theorem

Rewriting =
stys . Bcv (t + At) - Bcv(t) . ABout . ABm
= 1 — 1
g A At TA AL A At
dBev Bout Bin
di
Bﬂet
B B .
d Ssys dBey + Bt

at dt




Reynolds Transport Theorem

Rate of change of B within the control volume

dBy d
at  dt (/Cvﬂpdv>

Net flux of B over the control volume surface

Bret = / Bp(V -n)dA
CS



Reynolds Transport Theorem

d d

& (BsyS) -
—_——

Lagrange




Reynolds Transport Theorem

For a fixed control volume (the volume does not change in time)

d ’ 0
° ( y deV> - /C S epav



Reynolds Transport Theorem

If the control volume moves with the constant velocity Vi, the relative velocity of the
fluid crossing the control volume surface V, is

and thus

& (Boe) = ;(/ deV> . Bo(Ve-njas
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Conservation of Mass

Reynolds transport theorem with B = m and g = dB/dm = dm/dm =1

d d
—(Mgys) =0= — / pdV)—i—/ V; -n)dA
O’l‘( sys) dl‘< oy . p( )

for a fixed control volume

{/Cvgfdv+/ (Vr-n)o’AO}




Conservation of Mass

for a fixed control volume with a limited number of one-dimensional inlets and
outlets

Control surface (CS)

0
» 8—’?0’1/ + ) (PAVout — Y _(pAV)in =0
j

i

Control volume (CV)



Conservation of Mass
fixed control volume formulation

9 gy + / p(Vy-1)dA = 0
cv Ot cs

Steady state = dp/0t = 0 and thus:

/ p(Vy-n)dA =0
CS

for a limited number of one-dimensional inlets and outlets:

Z (PAV ) out = Z (PAV))in

/ /



Conservation of Mass
fixed control volume formulation

{/Cvgfdw/ (Vr-n)dAO}

Incompressible flow = p = const = dp/ot = 0 and thus:

/CS(Vr-n)dA =0

for a limited number of one-dimensional inlets and outlets:

Z(Ai\//)out - Z(A/V/)/n

i i



Conservation of Mass - Example 1

V-n=20
Steady flow through a streamtube: e
Va
1. steady state = no changes in time |
2. streamtube =- only flow through the " K ®
Surfaces 1 aﬂd 2 @ Streamtube control volume

m = p1A1V1 = p2A2V2 = const

if the density is constant (incompressible flow)

A
Q=A1V1 =AsVs = const = Vy = A—IV1
2

Remember: a streamtube is constructed from a set of streamlines



Conservation of Mass - Example 2

Compute the average velocity for a steady laminar incompressible viscous flow
through a circular tube with given axial velocity profile

r=R u = 0 (no slip)

ry 2
v UO (1 B (E) > r u(r)
Assumptions: ) o U

1. Laminar flow
2. Steady state = no changes in time
3. Incompressible = constant density U = 0{nosip)

1 1 (A r\2 20U, 7 ry 2




Conservation of Mass - Example 2

Vay = QRUQO/OR (1— <;>2>rdr—

Thus, for laminar pipe flow

Vav: -

2U,

R2

r

[

2



Conservation of Mass - Example 3

Compute the average velocity for a steady turbulent incompressible viscous flow
through a circular tube with given axial velocity profile

r=R u = 0 (no slip)

r m
u~U, (1 — —) g\
R \ "\ ui
Assumptions:

1. Turbulent flow: 1/5 >m > 1/9 7/
2. Steady state = no changes in time

u = 0 (no slip)
3. Incompressible = constant density

1 I r\m 2U, [ r\m



Conservation of Mass - Example 3

r—R(1-5)"mr+r+R)]"

Vav%wj/ﬁ(l—r>mrdr_2UO
0

R? R R? (m+1)(m+2)

Thus, for turbulent pipe flow
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Conservation of Linear Momentum

Reynolds transport theorem with B = mV and 5 = dB/dm = d(mV)/dm =V

= : (/ ) /
—(MV)gys = F=— VpdV | + Vp(V; -n)dA
dt( )sys Z di \Joy p - p( )

V is the velocity relative to an inertial (non-accelerating) coordinate system

) F s the vector sum of all forces on the system
(surface forces and body forces)

the relation is a vector relation (three components)



Conservation of Linear Momentum

Forces on the system F:

body forces (gravity, magnetic fields, coriolis forces)

forces transferred to the system via solid bodies that protrude through the
control volume surface

forces due to pressure and viscous stresses of the surrounding fluid



Surface Pressure Force

F, = /Csp(—n)o’A

Fp = /C (P — Patm)(—m)dA = / Pgage(—

101.3 kPa

276.0 kPa > —> 101.3 kPa 174.7 kPa

. ®

@ 101.3 kPa




Surface Pressure Force

A free jet leaving a confined duct and exits into the ambient atmosphere will be at
atmospheric pressure

101.3 kPa

276.0 kPa > —> 101.3 kPa 174.7 kPa —

; ® ;

@ 101.3 kPa




Linear Momentum - Example

Deflection av a steady-state water jet without changing its velocity magnitude

steady-state

water = incompressible
atmospheric pressure on all control volume surfaces
neglect friction

M~

F=myVy —miVy

[Vi| = [Va| =V

mass conservation: m; = ms =m = pAV



Linear Momentum - Example

Fx =mV(cosf — 1)
Fy, =mVsin@

F = mV/(cosf — 1,sin 6, 0)




Momentum Flux Correction Factor

One-dimensional flow through inlets and outlets is of course not true in reality

Introducing the momentum flux correction factor ¢

/Vp(V -n)dA = (Vaym

where (for incompressible flow)

1
Va\/ :A/UdA




Momentum Flux Correction Factor

Laminar pipe flow:

Velocity profile:
r 2

From example 2 in the conservation-of-mass section Umax
we have that the average velocity for a laminar pipe
flow is obtained as:

1 \P\ Umax
Vay = QUmax ﬂj




Momentum Flux Correction Factor

Vp(V - n)dA = Ru,%qax 1= (5 e (1= (57 20
/ 0 (%) ()
/Vp(V ‘n)0A = 27pU2 /OR (1 - </;>2>2ro’r

1
/Vp(V -n)dA = gWRQpU,%aX




Momentum Flux Correction Factor

1
/Vp(V -n)dA = §p7r92U,37aX

the mass flow m can be obtained as:

. 1
m = Vg prR? = §Umaxp7TFfQ
which gives

/ Vp(V -n)dA = QUg’aXm

from the definition of ¢

~ 1 Umax .
/Vp(V-n)dA = (Varm = {Vav = 2Umax} = ¢ ;naxm




Momentum Flux Correction Factor

comparing the two expressions, we have that

2Umaxm _ Cumaxm
3 2

and thus ¢ = 4/3 for laminar incompressible flow



Momentum Flux Correction Factor

Turbulent pipe flow:
Velocity Profile:

U() ~ U (1= ) e

Umax

From example 3 in the conservation-of-mass section Vor |
we have that the average velocity for a laminar pipe
flow is obtained as:

2Upmax
(L+m)(2+m)

Vav -

|




Momentum Flux Correction Factor

4pmR2U2, .
(1+m)?(2+m)?

2 g ry2m 21,2
pQWUmaX/ (1 — ﬁ) rdr = CprR*Vy, = ¢
0

r2m R
(r—R) (1 . f) @mr +r +R) 1R
2 H =( =
2(1 + 2m)(1 + m) 1+ m)2(2+m)?
0
R? _¢ 4R? Ny (1+m)?(24+m)?

(142m)(1+m) (1+m)3(2+m)3 4(1+2m)(1 +m)



Momentum Flux Correction Factor
Laminar pipe flow:
¢ = 4/3 should be used
Turbulent pipe flow:

(1+m)*@2+m)?
4(1 4 2m)(1 +m)

(=

m| 1/6 | 1/6 | 1/7 | 1/8 | 1/9
¢ [1.037 | 1.027 | 1.020 | 1.016 | 1.013

¢ = 1.0 is often a good approximation for turbulent flows
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The Bernoulli Equation

The relation between pressure, velocity, and elevation in a frictionless flow



The Bernoulli Equation

Frictionless flow along a streamline (a streamtube with infinitesimal cross section

area) o
A < \ p+dp
V +av dp(A + dA)
p+dp a”
V,p, p
. P g dW = pgdV -
conservation of mass: o

1
p,perimeter = EdpdA

d . . 0 .
dt_<‘/c\/pdv>+mout_mm—0%a?dV‘i‘dm
where dV ~ Ads

dp

dm%—a

Ads



The Bernoulli Equation

linear momentum equation in the streamwise direction:

d . . 0 .
D dFs=— / VpdV | + (mV),,; — (M), = = (pV) Ads +d (mV)
at \ Jov ot
frictionless flow: only pressure and gravity forces
1
dFsp ~ 5dpo’A — (A+dA)dp ~ —Adp

dFs.gray = —dWsin = —(gpA)dssin = —gpAdz

> dFs = —gpAdz—Adp = gt (pV)Ads +d (mV)



The Bernoulli Equation

op ov : .
—gpAdz— =—VA —pA
gpAdz—Adp o as + FTik as + mAc\i/\;VJrVdm
=p

the continuity equation gives
ap .
%4 [atAo’s + dm} ~ 0
and thus
oV
5 pAds + Adp + pAVAV + gpAdz = 0

Now, divide by pA

oV
—ds+d—p+VdV+gdz:0
ot P



The Bernoulli Equation

Bernoulli’s equation for unsteady frictionless flow along a streamline (the relation
just derived) can be integrated between any two points along the streamline

—d +/ ~Vi)+g@z—21)=0
1



The Bernoulli Equation

Steady (0V/ /0t = 0), incompressible (constant density) flow:

1 1
P1+ 5pVi + pgz1 = pa + 5 pV3 + pgzy = const




The Bernoulli Equation

Note! the following restrictive assumptions have been made in the derivation

steady flow

many flows can be treated as steady at least when doing control volume type of
analysis

incompressible flow

low velocity gas flow without significant changes in pressure, liquid flow
frictionless flow

friction is in general important
flow along a single streamline

different streamlines in general have different constants, we shall see later that
under specific circumstances all streamlines have the same constant

One should be aware of these restrictions when using the Bernoulli relation



Relation to the Energy Equation

1 1
p1 + §PV12 + p9z1 = p2 + §pV22 + pgzy = const

Derived from the momentum equation

May be interpreted as a idealized energy equation (viscous dissipation not
included) - provides a balance of

reversible pressure work

kinetic energy

potential energy



Stagnation, Static, and Dynamic Pressures
In many flows, elevation changes are negligible

1 1
P1+ Vi =P2+ 5pV3 = po
Static pressure: p; and ps
Dynamic pressure: 5pV1 and §pV2

Stagnation (total) pressure: pg






Pitot Static Tube

1 1
p1 + ipa/‘ru% + p9z1 = P2 + §PafrU§ + p9Z2

U1 = 0. (1N
Us =U LU= 2pwater@h
21 ~ 22 Pair
P1—pP2 = Pwatergh

water




Hydraulic and Energy Grade Lines

2
EeL: P+ s
pg 29

EGL constant if:

the there are no friction losses
no heat is added or removed
no work is done

V2

HGL: ~ 4+ > - EGL -
e

] e

72
29 y

&|o

HGL

REF




Venturi Tube

o1 + V1 +9z1 = Pz + V2 + 972
P P
71 = Zo gives
2Ap
vZ_oyz=""0
2 1 P
continuity:
A
A1V1 :A2V2 = V1 /?2\/2
1

inserted in the Bernoulli equation, this gives

4 1/2
QDIAIO ):| =m= pAQVQ =

Y D202 [ 2pAp 1Y/?
‘7 [p0f - D}

4 |DI—DI



Tank Problem

AS HEAD OF SECURITY, YOUR PRIMARY
TASK 15 TO MONITOR THE STORAGE TANKS
AND \JATCH FoR CALCULUS TEACHERS
TRYING TO DRILL HOLES IN THEIR BASES.

%)




Tank Problem - Solution 1

vi
29

conservation of mass: ©)

A
A1V1 :AQVQ = V1 = lVQ
A1

— 7o

Bernoulli: : 2
/@ p‘opinget
pr 1 pz 1 5
+Vi+9zi=—+;Vi+92

p B p 27 . 2gh

A
' - (#)

P1 = P2 = Patm

Ay <Al = Vo x \/2gh
V2 - V2 =29(z1 —z2) = 2gh



Tank Problem - Solution 2

The outflow is very small in compared to
the tank volume and thus the water
surface hardly moves at all, i.e. V4 ~ 0

Bernoulli:

1 1
%+2V§+gzl = pr—l- S Vs +922

Vi~ 0, p1 = P2 = Patm

vi
29

@ P2 = Patm

— 75

v _
open jet

V22 = 29(21 —22) = 2Qh

VQ = \/29/7



HANDLING A STUDENT WHO
|CHALLENGES, YOUR EXPERTISE
WITH AN INSIGHTFUL QUESTION

50, KIDS, THE. AIR ABOVE THE WING
TRAVELS A LONGER DISTANCE, 50
T HAS T0.Go PASTER T KEEPUPR
FRSTER AIR EXERTS LEK PRESSURE,
SOTHE WING IS LIFTED UPLIARD:

BUT THEN WHY

RIGHT:
Wow, GOoD QUESTION!
~MAYBE THIS PICTURE IS
SIMPUIFIED~OR WRONG!
\WE SHOULD LEARN MORE.

IT5... COMPUCATED,

L aouesen

:
:

SANTA CLALS 15
“— YOUR PRRENTS.




Roadmap - Integral Relations

Integral relations

t

Conservation of energy

t

Conservation of angular momentum

t

[ Conservation %ar momentum ]—»[ The BerVequation ]

t

[

ConservM of mass

]<—i Reynolds trwort theorem ’

t

[

Conservation relations

)

‘ System anwtrol volume ’







Angular Momentum

Angular momentum about a point o

syst

where r is the position vector from o to the element mass dm and V is the velocity of

that element
y

The amount of angular momentum per unit mass

<

_ dH,

am =rxV / x

g




Conservation of Angular Momentum

Reynold’s transport theorem:

dH, d

at

syst

-2 [/Cv(r Y V)pdV} + /Cs(r « V)p(V, - n)dA

for inertial coordinate systems:

dio => My=)» (rxF)



Conservation of Angular Momentum

Non-deformable inertial control volume:

> M, = % [/Cv(r X V)pdV] + /Cs(r x V)p(V - n)dA

for a limited number of one-dimensional inlets and outlets

/CS(I‘ X V)p(V -n)dA = Z(I‘ X V)outMout — Z(r x V)inMin



Angular Momentum Example - Garden Sprinkler

Assumptions:

1. steady-state flow
2. incompressible flow (water)




Angular Momentum Example - Garden Sprinkler

Vo
Vo
ro

Io

> M, = % [/Cv(r X V)pdV} —i—/CS(r x V)p(V; - n)dA

=0 (steady state)

(Vo — Rw,0,0)

— (0,0, V,)
= (0,R,0)

= (0,0,0)

absolute outlet velocity

©)
—
// Vo = (Vo — Rw)ex

! |
I |
I I
| T |
I |
R | ‘
Hy h cv
! 1
| I
7 | | \etard\ng torque To
IANL
Y 1 eln X
S
inlet velocity

Vo = Zez



Angular Momentum Example - Garden Sprinkler

> M, = / (r x V)p(Vy - n)dA

inlet:
(ro x Vo) = (0,0,0) x (0,0,V,) = (0,0,0)

(Vor -10) = (0,0,V,) - (0,0, —1) = —V,

(to x Vo)p(Vo - 1o)As = —(0,0,0)pV0A, = (0,0,0)

outlet:
(ra x Vo) = (0,R,0) x (Vo — Rw,0,0) = (070’9% ~RV,)
(Vo -my) = (V5,0,0) - (1,0,0) = Vo

(ry X Vo)p(Va -1n2)As = (0,0,R*w — RV,)pVoAs = pQ(0,0,R*w — RV,)



Angular Momentum Example - Garden Sprinkler

> M, = (0,0,-T5) = pQ(0,0,R%w — RV,)

V., % T
T = pQR? _ 0 -0 0

Note:

V
with a negligible retarding torque, i.e. To ~ 0., we get w ~ w|r,—g. = ﬁo [rad/s]

the torque required to hold the sprinkler arm still is Ty |,—0. = pQVR [Nm]
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The Energy Equation

Reynold’s transport theorem applied the the first law of thermodynamics
B=E, p=dE/dm =¢)

0Qys dWes dEys  d
at gt at  at /Cvepdv +/Csep(v'n>dA

Recall:
positive Qsys: heat added to the system
positive Wsys: work done by the system on its surroundings



The Energy Equation - Energy per Unit Mass

€ = Cinternal 1 Ckinetic + epotenﬁa/ =+ Cother

Eother COUId be related to, for example, chemical reactions, nuclear reactions, or
magnetic fields and will not be considered here

.1
e=0+ §V2+gz



The Energy Equation - Work

The work term W can be divided into shaft work, pressure work, and work related to
viscous forces

W, :/ p(V -n)dA
CS

v'\/y:—/ - VdA
CS



The Energy Equation - Pressure Work

W, = [ p(V-n)dA
CS

The rate of work done by pressure forces on the control volume surfaces

internal forces will always have an opposite force leading to cancelation



The Energy Equation - Viscous Work

WV——/ 7-VdA
CS

The rate of work related to viscous stresses on the control volume surfaces

important or not depending on flow situation



The Energy Equation - Control Volume Boundaries

Solid walls:
no-slip = Wl, =0

Machine surfaces:
viscous work included implicitly in shaft work

Inlets/outlets:

flow aligned with surface normal (usually) and normal viscous stress components
are in most cases very small

Streamlines:
viscous stresses may be significant depending on streamline location



The Energy Equation

Q—Ws—W, = a </ epdV) +/ pe(V-n)dA+ [ p(V-n)dA
at \Jev cs cs

collecting surface integrals gives



The Energy Equation

Q—WS—W,,:E</ epdV)+/ <e+'9>p(V-n)dA
at \Jev cs p

or

. s . o1 -1
Q—WS—WV:Q / O+ =V%4gz) pdv +/ <h—|—V2+gZ>p(V-n)o’A

where h is the enthalpy defined as h = 0 +p/p



The Energy Equation

Steady state:
i . . .1
QWSW,,:/ <h+V2+gZ>p(V~n)dA
cs 2
Special case: one inlet and one outlet (both one-dimensional)
. . . . ~ 1 2 . ~ 1 2
Q=Ws =W, = = (h + Vi +921 | + M2 (ha+ 5V + g2

continuity = m; = my = m, divide by m gives

- 1 - 1
[h1+§V12+921=h2+§V22+QZ2—Q+Ws+WVJ




The Energy Equation

1 .1
h1+§\/12+QZ1:/72+§\/22+QZQ—CI+WS+WV

all terms has the dimension [m?/s?], divide by g [m/s?] to get dimension [m]

V2 V2
Pt Vi, P2 Vs 9 hth,
rg 9 29 rg 9 29 g

p/(pg): pressure head

V2 /2g: velocity head



The Energy Equation

steady-state flow
incompressible (low speed)

pipe/duct that may or may not include turbines and pumps
solid walls = h,, =0

V? V2 (g — (17 —
<D1++ > <,O2_i_+ >+U2 ur—q
rg 29 rg 29 g

hoy ho,

A

where h, is available head or total head



The Energy Equation

friction head losses hy (always positive)
pump head input hp,
turbine head extraction h

V2 V2
(pl+1+zl> —<p2+2+22> +hr —hp + hy
pg 29 in pg 29 out




Kinetic Energy Correction Factor

One-dimensional flow through inlets and outlets is of course not true in reality

Introducing the correction factor «

OCVa\/2

1 2 o
/2V p(V-n)dA = 5

where (for incompressible flow)

1
Vav — A/UdA



Kinetic Energy Correction Factor

nN%: V2
<’Ol+a1 1+Zl> :(pQ+Q22+22) +hf*hp+ht
P9 29 in 2l 29 out




Kinetic Energy Correction Factor

Laminar pipe flow:

Velocity profile:
r 2

From example 2 in the conservation-of-mass section Umax
we have that the average velocity for a laminar pipe
flow is obtained as:

1 \P\ Umax
Vay = QUmax ﬂj




Kinetic Energy Correction Factor

.Rl

r 2 2 r\ 2
1, B N R r\2\ 2
/2\/ p(V - n)dA = pwu,mx/0 <1 - (ﬁ) rdr

/ %VQp(V-n)o’A =

/ %VQ;)(V -n)dA = épﬁE’QU%aX




Kinetic Energy Correction Factor
/ —V?p(V -n)dA = *pWRQU%aX

the mass flow m can be obtained as:

. 1
m= Vavp7TF1’2 = iumaXpWRQ
which gives

2
Umax

1 5 - .
/2V p(V-n)dAf—4 m

from the definition of a

2 2
/ ~V2p(V -n)dA = a\; - {\/av _ 1Umax} _ %m




Kinetic Energy Correction Factor

comparing the two expressions, we have that

Uz _ . alU?_ .
maxm _ maxm

4 8

and thus « = 2 for laminar incompressible flow



Kinetic Energy Correction Factor

Turbulent pipe flow:
Velocity Profile:

U() ~ U (1= ) e

Umax

From example 3 in the conservation-of-mass section Vor |
we have that the average velocity for a laminar pipe
flow is obtained as:

2Upmax
(L+m)(2+m)

Vav -

|




Kinetic Energy Correction Factor

4prR?U3,
(14+m)3(2+m)3

R r\3m 1 92\ /3
PWU?nax/O (1 - ﬁ) rdr = aipﬂ'ﬁ’ Vo, =«

r\Sm R
(=R (1-5) Gmr+r+A) . 4R N
(1+3m)(2+ 3m) (1 +m)3(24+m)3
0
R? 4R? (L+m)*2+m)?

= = =

(14 3m)(2 + 3m) (14+m)3(2+m)3 ~ 4(1+3m)(2 4+ 3m)



Kinetic Energy Correction Factor
Laminar pipe flow:
a = 2.0 should be used
Turbulent pipe flow:

(1 +m)*2+m)’
~ 4(143m)(2 + 3m)

m| 1/6 | 1/6 | 1/7 | 1/8 | 1/9
o | 1.106 | 1.077 | 1.058 | 1.046 | 1.037

a = 1.0 is often a good approximation for turbulent pipe flows




The Energy Equation - Pump Example

Task:
Calculate pump power if n = 0.8
Given:
1. Geometry and pressures from figure
2. The pump delivers water at a flow
rate Q = 0.04 m?/s
3. Friction losses between 1 and 2 are
given by hy = KVZ/(2g) where
= 101.3 kPa
K=~T7.5 511 =0.0m
4 a=x~1.07

Assumptions:

1. steady-state flow
2. negligible viscous work
3. large reservoir (V1 = 0)

machine

p2 = 70.0 kPa
73 = 6.0m
Dy = 8.0cm

water —»



The Energy Equation - Pump Example

Vo = Z =796m/s

V2 V2
(/91 + 21 +zl> - <p2 + 22 +22> +he—ho+he

P2 — P71 \/22 p1 = 101.3kPa

hp = +(z2—21)+(a2+K) 2= = 30.5m 2 =00m o

P g ( 29 n
water —- pump p2 = 70.0kPa

75 =6.0m
h Doy = 8.0cm

Poump = & 9 _ 14960 w (or 20 hp) 0
n



Roadmap - Integral Relations

Integ ations

t

Conservaygfl of energy

t

Conservation o%lar momentum

t

[ Conservation %ar momentum ]—»[ The BerVequation ]

[ ConservM of mass ]<—i Reynolds trwort theorem ’

[ Conservation relations ] ‘ System anwtrol volume ’




Integral Relations - Considerations
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Integral Relations - Considerations

O N OO0~ N

control volume type: non-deforming?, non-accelerating?
steady flow? if not can the frame of reference be changed?
can friction be neglected?

can the fluid be assumed to be incompressible?

if compressible, can the ideal gas law be used?

do we need to account for body forces (gravity etc)?

is there heat transfer, shaft work or viscous work

can inlets/outlets be assumed to be one-dimensional



Integral Relations
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