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=PFL  Questions from last exercise session

B INTRODUCTION TO TURBOMACHINERY

* Pressure coefficient, CID

Pressure coefficient C,= P — P~ Stath.Pl‘eSSUI’e
spU* Dynamic pressure
L .

Lift coefficient C, = Lift force

1pU?A Dynamic force
- D Drag f

Drag coefficient Cp = rag. orce

1oUA Dynamic force

Aerodynamics, hydrodynamics

Aerodynamics, hydrodynamics

Aerodynamics, hydrodynamics

The pressure coefficient is a dimensionless form of the pressure

N
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=PrL Pressure.“ The pressure in the ideal gas law must be expressed as

Pressure

an absolute pressure, denoted (abs), which means that £
it is measured relative to absolute zero pressure (a -
pressure that would only occur in a perfect vacuum). -
A o
1 J:
O
— & —
Pabs = Fatm T Pgage
Gage pressure @ 1
Local atmospheric . T . - .
oressure reference T.he pressure at a point within a fluid mass is designated as
either an absolute pressure or a gage pressure.
Gage pressure @ 2
Absolute pressure T8 (sugtioal or vacuum) T
el measured relative to a easured relative to
Absolute pressure
@2 perfect vacuum (absolute the local atmospheric
Zero pressure) pressure

Absolute zero reference o
- Absolute pressures are always positive

- Gage pressure can be positive (above atm) or negative
 Ideal gas law - absolute pressure ge p P ( ) g

(below atm)
p= P - Zero gage pressure: equal to the local atmospheric
RT pressure

INTRODUCTION TO TURBON

- Negative gage pressure is also referred to as a suction or
vacuum pressure



=PFL  When flow Is involved...

« Static Pressure
- Exerted by a fluid when it is at rest or when there is no directional motion effect at a given point
- Measured perpendicular to the fluid flow in motion
- Can be expressed as absolute pressure or gage pressure

Pressure
distribution 0

Gage pressure

« Absolute static pressure = Static pressure + Atmospheric pressure
Total absolute pressure = Static (absolute) pressure + Dynamic pressure

« If static pressure is measured relative to a vacuum, then it is absolute pressure.

B INTRODUCTION TO TURBOMACHINERY

« If static pressure is measured relative to atmospheric pressure, then it is the same as gage pressure.

=Y
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=P7L  Stagnation, total pressure

If elevation effects are neglected, the stagnation pressure, p + pV2/2 IS the largest pressure
obtainable along a given streamline.
—> conversion of all of the kinetic energy into a pressure rise

Stagnation streamline Stagnation point

\._/“.:\‘
Stagnation point g N i ’

e _._-_.—__M-‘

— ppr = constant along a streamline

INTRODUCTION TO TURBOMACHINERY

Total pressure, p;: sum of the static pressure, hydrostatic pressure, and dynamic pressure

o
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=Pl Absolute or relative?

 \Venturi tube  Pitot tube

(-2}
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v (2) -
> > > > < o) Tube

M Stagnation Stagnation

pressure at ——>, pressure on —

| .
(1) (2|) (3) tip stem
I
p | | |
(Absolute I I
pressure) I I : (1)
| 0 (2)
| J \ Static
pressure
Moderate Q —
P IO \ L o
p2 + zpVs =p1
Large Q Incipient cavitation 2
0
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INTRODUCTION TO TURBOMACHINERY

B Y ¥
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Four static pressure ports

Heated outer case

Stagnation
pressure port

[ Mounting flange

|
Stagnation pressure fitting ‘

Ffﬂ*‘ Static pressure fitting
—

Heater leads

E. Yim
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=P7L Why does the loss coefficient increase slightly?
{V*

hr major — BZ

1.0

Separated flow

0.8

Secofldary 29
flow
- Increased flow path
- for a given D, the flow path is increased as R
- Velocity profile difference between inner and outer

bend is larger - secondary flow separation

Primary 1‘
flow

0.2

B INTRODL

o

Chap.4 | E.Yim



One example turbomachinery, which is directly linked
to the lift and drag of airfoils? Fe.
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=PrL

B INTRODUCTION TO TURBOMACHINERY

One example turbomachinery, which is directly linked
to the lift and drag of airfoils?

=
o
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=Pl 1-Continuity equation (Mass conservation

B mb
. DB +Bout B
Time rate of change of the system mass =0 : DB,
B = +p2AzV252 p1A1Viby

J J) b J# PoutAout
Reynolds

transport |

\%
theory 4 J P b vV mJAOUt“ “1“ 1
cs LY b outy
Swaa, areq | |
formal Ve |

The system mass, My Is

« Continuity equation : j -
D =S FdV+ )PV AR
D_t SSP‘S) QL)OL at jcv Cs I

|
| |
|
| |
| |
|
|
' |
|
|
e = (in)

Control volume

« Mass flowrate 1 = pQ) = pAV

' Pindin

B INTRODUCTION TO TURBOMACHINERY

cs: control surface
cv: control volume



=FrL 2-Linear momentum equation

Newton’s second law of motion

com?é’fﬂiiﬂi?é The c@e of @ 0f an object is proportional to the force impressed,;
EEEEA SN and IS/ i the direction of the straight line in which the force is
| impressed
Fp | . .
IL— ___T_/ F v momentam = Mass X (iks) Vgloclta = _P'\_/) dJ ¥
Z;‘A System 2_ j _P 1 - 9 SI1.S
Dt } Sys
J ~ = oo A
b £y d¥ =_S PV d¥ + | V. py mdA
Dt U Jt Jev CS

« Linear momentum equation

%/ Vpdlvl—l—/ VoV -ndA =

‘_\
L\J F contents of the|
control volunﬁ

B INTRODUCTION TO TURBOMACHINERY
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=P7L 3-Energy equation

B INTRODUCTION TO TURBOMACHINERY

- CS: control surface
- ¢cVv: control volume

Q.3 o — / .
\ / g \Qz

- \

/ \

I|
/ /
‘I /
\ Kred
\ ) e Q 4

%

Qnet=Q1+Q2—Q3_Q4

1 _ \Control Volume

(=Y
£ =Y

The first law of thermodynamics =
D 0 .
— epd¥- = — epdV-+ | epV -ndA :
Dt SY'S ot cv cs ”
Time rate : : net rate of flow
. time rate of increase
of increase of the total stored of the total stored energy
of the total = + out of the control
energy of the contents
stored energy volume through the
of the control volume
of the system control surface
V2
where e =u + 7 + gz total stored energy per unit mass
internal
energy

Q net + 1% shaft
in

net in

0 _p VZ
—afcvepd-‘#ﬁ—/cs (U—F;—F?

+ gz) pV - ndA

Heat
transfer ratio

Work transfer
rate, power



=P*L Three goveming equations

B INTRODUCTION TO TURBOMACHINERY

Continuity equation

0

d V -ndA =
8t/p¥+/csp n 0

Linear momentum equation

0 )
a/CVV,odﬂi?q/CSV,OV-]ndA:ZF

contents of the
control volume

Energy equation

Q net + W shaft —

net in

9, .p
afcv‘”’pd“/cs (’”;

2
-|—V——|—gz)pV-f1dA

2

=Y
(4}
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=P7L Helicopters- conservation law for hovering rotor

Thiust. T « Continuity & linear momentum equations:

Vo(=0), Ag, Py 4
) e R e at / av-+ / ,OV ‘ 0
b @ o
\_ & @ o o =% P e / V d V V dA Fconenso e
Disk area A 1 'l 4 l 'l 'l ‘l Rotor-disk plane / //‘# i / pY 2 Z conteol Volfufélle
:A1:A2 2 W—-+- . '+-"‘_l

Chap.4 | E.Yim

Steady -state approximation
a
ds _SCS.P V-d% =0

Sc v-Pvdy - IF ém:/pV-ﬁdA
\ Weight l Thrust, T (reaction force) et

\ I _F=T-J UVdR - (V9943

Vs, Az, P3(= Py)

* Rotor power (work done by rotor per unit time)

v; : induced air velocity Pooior = Tv;
V, : far wake velocity

B INTRODUCTION TO TURBOMACHINERY



=P7L Helicopters- conservation law for hovering rotor

* Energy equation (the gain of energy of the fluids per unit time)

[N
-
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adiabatic steady No internal energy
. . D V2
Woane =— [ eptvr [ (a+2+L V (adi
9, t—|— shaft = o C‘/e/ —|—/Cs(ﬂ{—|—p—|—2—|—gz)p @:

A 4 2
. & .? q
|44 shaft — Protor — J S(E + g.. Ny 3633\, J'S

net in C .?
rust, 7

0 . Vo(=0), A, PoT iy P . v2 T P
—\- ------------------------- - E (}T-“Z +9z) m —_%\‘ (-?

LT \IA\?- 0,

Dfl;ar::A o k= s g et a2 P vz.
T _(ra V;){n..(—ﬂ-_i)fm

572 T

V37 A31 P3(= PO)

—

\—dS

Mass flow rate

m:/pV-ﬁdA
A

ri ;.&4.- .?E)'Y;'

Pdtential energy change « kinetic energy



=P7L Helicopters- conservation law for hovering rotor

B INTRODUCTION TO TURBOMACHINERY

« Continuity equation:

TG P S

« Energy equation: P, o =

~ .
2> . .
> o= — ™= m Vs U
2

2

Induced velocity: ’U'I = S

induced velocity

) V J Far field velocity is twice of the
3

L —

m = pAsV3 = pAsv; = pAv;

T =mV3; = m(QUz') = (pA’UZ-)(Q’Ui) — QpA/U??

The induced velocity:

(2)

)

Disk loading

=y
(-]
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B INTRODUCTION TO TURBOMACHINERY

Helicopters- Figure of merit (FM)

V32 ,
Protor — m =

2

mVsav; = va,?

N\

m = pAv;
(5 )
' 7'3/2

Protor = |deal rotor power
V2pA

Figure of m

_ Ideal rotor power
ert, FM =

Actual rotor power

If FM is 0.7 and the computed ideal

power is 2000 kW, what is the actual
power required?

=
-]
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=PFL  Hovenring efficiency vs. disk loading

=
|deal power: g
7-3/2 —
ikg/kW]  [lb/hp] Hover vertical lift efficiency e S i
U 73—/12 : : . rotor g
=z ;] as a function of disc loading. V2pA  E
o
o
- 0.001 ‘
E 6 — e gl_easlured
. | B R imple momentum theory
% Helicopter & 0.0008] | Modified theory, k = 1, C, = 0.01 .
= S5—_ g = ] Modified theory, ¥ = 1.15, Cd0 = 0.01
o Tilt rotor ‘?_'5) 0.0006 1= . d
o 4 g 0.0006- o
o Tilt wing 3
> S 2w o '
8 3 — Lift-fan ?g 0.0004*_ e
> 5 — 4 Direct lift o ] )
50 i e
% d; % ] ---_..‘_,_;---"' o=a0.1
@tl_ I e e s e N s
F9 1 10 100 1000 10 000 [Ib/ft?] 0 0.002 0.004 0006  0.008 0.01
|_
=P © | | | | | Thrust coefficient, C.
5 4.88 10 100 1 000 10 000 48 824 [kg/m?]
é Disc Ioading, gross Weight / thrust area *Note, here C;, is not the pressure coefficient (C,)
o
Z T

A
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Real helicopter dynamics are much more complex..

Vortex ring state

1 L N 1 1 M N s " M N " | M M N

4.0 g ' - .
| 4 4 NS ’ ' Vortex Previous studies [
| . T T " : ring state J Momentum theory +
e F 0 - A R S | ® Castles e al. (1951) o
1 \ L
1 ¢ | N b : ; ©  Washizu eral. (1966) ||

|
1 AZRR AN N i tv,>0, ~=== Leishman (2000) -
304 % H T : - +#==+ Johnson (1980, pp. 93-122) |-
-~ E ' ! \ -
=N I 1 ' \ I L
"o | I i Turbulent : Normal !
- . \ i
S 254 ttttt wake : weking g
= ™~ state state  v=v, >0+
= { Syt v bbb b I
& , 2 3 4 I
o p— I
3} 2.0 4 N — 0
S FEEA DYV [
g i \ ' ~G :
\ !
'_U - \ T ! -
O 1.5 4 v . ~ -
3 1 3 ; [
1.0 - Windmill -
I t t brake [
|} )
i ' ' state I
| ' : I
QST ]III v=y,<2v, -
0 T Py 2 I T T T

-3 -2 -1
Climb velocity ratio, v /v,

(=)
[
N
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Real helicopter dynamics are much more complex..

=PrL
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Climb velocity ratio, v /v,



=PFL  Exercise

B INTRODUCTION TO TURBOMACHINERY

A helicopter is helping to the construction of a mountain cabane.

(1) Estimate the power required for the helicopter to hover. %%W
(2) What is the amount of fuel required for 10 min hover? (ignore mass
change)

- Gross mass of helicopter 20 tonnes

- Rotor diameter 12 m , R={m

- Density of air 1.2 kg/m3

- Figure of merit of the rotor 0.75

- Fuel for helicopter (BP Avgas 80), 30 MJ/litre (= 8.3 kWh/litre)

A e S (’
() T= 20000 kg X 9.8 njz b = sl 3022vW
Protor = T’Ui = (9‘6°°° N ‘ lid —
A= TR*= 2)x {“= (2 .04m" (@) owr tiw 10%in = Lheor <0143 hous
T . e = ' (;Mms. (0 min hoyer = J62 kW - D434
"= 2 vJ %hos0__ < o4 99 TR
2-1.2-01350 - Fael req, = B3 kN
bb 4 5K J 2 b
Pr«r‘u.‘.dec\ = T.q; = \Ybooo X %.§% < BQV P W= % W ~ W) fidne
A
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=PFL Vortex flow

Vortex flow: A vortex may be seen as region of a flow in which the fluid rotates
around a straight or curved line

* Free vortex (potential flow):
. Velocity f|e|d Vortex intensity

u=(0,u9,0), wug(r)=—

I‘:jg u - ds = cst.
C
ds = infinitesimal path element along the closed curve C

 [rrotational flow

(=Vxi= (0,0,18(7"“9)) ~ (0,0,0) V>0
r Or

B INTRODUCTION TO TURBOMACHINERY
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=PFL Vortex flow

B INTRODUCTION TO TURBOMACHINERY

* Free vortex (potential flow):
* Pressure field :

+ Navier-Stokes (radial equilibrium): 22 = " = p L
d Coor P ro p471'2fr3
r
pL* wolr) = o

Integration - p(7) = Poo — S22

* Alternate method - Bernoulli equation:
Since the flow is irrotational and steady, Bernoulli equation reads:

2
Vr >0, p(r)+ p% = constant

2 2
Up pl’
= Vr > 0, p(T‘) — Poo — p; — Poo — Q7272
e Limitations:
lim ug(r) = 400, lim p(r) = —o0

r—0 r—0

N
(~2]
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=PFL Vortex flow

« Rankine model:
 Close to the axis, the viscous forces limits the velocity

* Velocity field:
r>a, Ug= — 1-
2mr Ug
['/2ma
r<a, Up=wr

where I' is the circulation:

a: Viscous core

2m
F:/ uerdl
0

 Continuity of the velocity at » =«

I I
wa = —— — W=
2ma 27 a2

or 1I'=2nwa

B INTRODUCTION TO TURBOMACHINERY
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=PFL Vortex flow

- Rankine model: r g
* Pressure field (Navier Stokes) 2 p
Op ug
o 7
r r 1.
- Integration: ) - /”Z‘jT y
pl’ a: Viscous core
~ r 2 a) p(rr) — pOO _ 87T2T2
< pl'? r? J - —r
L 7S P(r) = Poo = 8m2a? o a?) ¢y a//_ r
p(r) — Pe n
CP(T) = 3 T 2 Cp,min = —2
5P (572
2

 Discontinuity of the velocity derivative at 7 = a
* More sophisticated models are available (e.g. Oseen model, Vestas model, ...)

B INTRODUCTION TO TURBOMACHINERY



=PFL Vortex flow

B INTRODUCTION TO TURBOMACHINERY

« Example of vortex flow: Super Typhoon Haiyan, Philippines, November 2013

« Maximum wind speed ~ 360 km/h

i i b /h
. Pressure in the vortex axis ? > 2*°°°"
34,0000 w/,

3boo S/
e Assumptions: = (oo ms
 Air density p = 1 kg/m?3
* Atm. pressure = 1000 hPa
. 2D flow O 100000 £a
Pressure F S QA& L
o [, "
Poo ~ —— (2 pe )
e ,
at r=o P= Py — ST
! 00 .q_“.«laz.
Wy = ——
o may T
o

S
?(f:o) = %, = "-\?n" < foa"'.? Wg — 100000 — (- ‘oo‘l < 40000 %q < Yoo

N
©
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=PFL Vortex flow

« Example of vortex flow: Karman vortices in the wake of a blunt hydrofoll

* Flow instability in the wake - Alternate shedding of discrete vortices
* Low pressure in the core of the vortices - Cavitation
« Hydro-elastic coupling (Strong induced vibration):
Vortex shedding frequency ~ resonance frequency of the hydrofoil (torsional mode)

B INTRODUCTION TO TURBOMACHINERY

w
o

Chap.4 | E.Yim



w
=

=PFL Vortex flow

« Example of vortex flow: Tip vortices in propellers

Chap.4 | E.Yim

« Lifting blade with finite span (ducted or non-ducted impeller):
« A swirl develop at the tip as the flow escapes from high to low pressure sides
» Risk of cavitation = Source of noise and vibration

B INTRODUCTION T(



=PFL Vortex flow

« Example of vortex flow: Rope in Francis turbines
* The rope Is a cavitating vortex that develops at the outlet of a Francis turbine

» Due to the residual kinetic moment at part load condition

« Source of strong hydraulic instabilities
(noise and vibration)

B INTRODUCTION TO TURBOMACHINERY
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