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=PFL Helicopters- conservation law for hovering rotor
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=PFL Helicopters- conservation law for hovering rotor

« Continuity equation:
N -
T ZWT’W Vs . -
> o= = ™= mVs
: Vi
- Energy equation: P. ., = —m /
U T Far field velocity is twice of the
Induced velocity: [Uj = = V5J induced velocity
— 1
m = pAs3V3 = pAsv; = pAv; m = pAgV3 = pAv, — Az = §A
T = mVs = m(2v;) = (pAv;)(2vi) = 21014%2 Remember! The energy equation

is valid along the streamlines.

T ' 1
The induced velocity: =, = 4 —— — _
y Up = \/QpA <2p>

/L Disk loading
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Pressure around the helicopter
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Ignore the hydrostatic pressure : pAz ~ €
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£PFL  Helicopters- Figure of merit (FM)

=PFL  Theideal and actual powers . . . .

pAY

T IZaY

Ve ™y \3) i-.-l.- :'
» Last week, we learned ideal power —
« |t can be estimated the thrust needed for hover : Fronoe = 753 \ceal rotor power

ideal rotor power
Figure of merit, FM =

L4 ACtual power Actial rotor power ¥ FM is 0.7 and the con‘ot.wdm

power is 2000 KW, what is the acthua

power required?
actual w + ‘ profile + Pparasﬂ; ‘|“

Induced power =
modified ideal power
with factor

Viscous effect Climb power = Weight x V

P,rofile : POwer required to overcome the rotor drag - Torque

Pparasitic : power required to overcome the helicopter body (fuselage) drag and tail rotor power
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Reynolds transport theorem




=P*L " Reynolds transport theorem

System: a collection of matter of fixed identity (always the same atoms or fluid particles), which may move,
flow, and interact with its surroundings.

Control volume: a volume in space (a geometric entity, independent of mass) through which fluid may flow.

System vs. control volume (Lagrangian vs. Eulerian)

= p¥b ¥—0 - sys
Bcv :/ pbd¥
| 5B o
m
¥~ volume
B b= B/m
m 1
mV \Y4
pmve | BV T s s e

— — — System boundary at time ¢ + ¢
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=P*L " Reynolds transport theorem

t =to, Bsys(to) = Bev(to) -
t =to+ 0t, Bays(to + 6t) = Bey(to + 6t) — Bi(to + 6t) 4+ Br(to + 6t) g
:
: 5V,
> /
w i 0ly =
-I V,0t
l
|
|
|
!
DBy 9By @
— — — Fixed control surface and system Dt - 8t —I— '02A2‘/2b2 - ’OlAl Vlbl -

boundary at time ¢

— — — System boundary at time ¢ + o¢
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« General case

— — — Fixed control surface and system
boundary at time ¢

— — — System boundary at time ¢ + 6¢

\
Inflow \I’ CV-I |
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— — — Fixed control surface and system
boundary at time ¢

— — — System boundary at time ¢ + 6¢
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Reynolds transport theorem
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=P*L " Recall Last lecture: linear momentum equation

Newton’s second law of motion

Coincident

VU — o

—t

Fp |

J I S ! momentarm = Mass K i) veloci =J 2 iy

Z?A EYStem _D__ W\M; ;~\7j S‘PP V OI
DE L3
D(( svav): 3[ p7dv | 797 AdA
Dt S I Jt Jev Cs
Reynolds

transport
theorem

* Linear momentum equation

a R —
E / Vpd¥ + / V,OV -ndA = 24 F contents of the}

control VOIUHE‘
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Moment-of Momentum (angular momentum)




=PFL Moment-of-momentum

* Linear momentum equation
D Vd¥—a/Vd¥+/VVﬂdA—ZF
Dt J,, " "ot ), " o T L oo
* Linear momentum for a particle volume of 6V
D
E(Vp5¥> — 5Fparticle

« Form the moment” w.r.t. origin of an inertial coordinate system

D

Z r X —<Vp5¥> =TI X 5Fparticle
Dt
A7
¢ - )
—_———— |
| r” | | 5Fparticle
| |
| +—
| | // ¥
I | /
_____ v

"Apply force at a distance

=
N
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=PFL Moment-of-momentum

D
—[(I’ X V)IO(S-"L] =IrX 5Fparticle

Every particle of a sys Dr

(collection of fluid particles)

D

Dl Vgl = 3 % P

For a syste

Fof a control volume that is instantaneously coincident with the system

D (rxFlys =) (rxF)ey

* Moment-of-momentum equation

RBOMACHINERY

control volume

%/ (r x V)pd¥+/ (r x V)pV -ndA = Z(r X F) contents of the
| CcV cS

T=rxF Moment-of-momentum

Z
T equation is Torque _ ,
« Linear momentum equation

3

D 0
. — VodV = — V pd¥- VoV -ndA = F
. Dt/sys g 8t/cv g +/Cs PV ondA =)

contents of the
control volume

=
w
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Moment-of-momentum

* Moment-of-momentum equation

2 / (I‘ X V)pd—‘#—l— / (I‘ X V),OV -ndA = Z(r X F) contents of the

8t s control volume

In turbomachine, a series of particles (a continuum) passes through the rotor.
For steady flow (or for turbomachine rotors with steady-in-the-mean or steady-on-average cyclical flow)

Z(rx F) :/ (r x V)pV -ndA

CS

external torques (moments) acting net rate of flow of moment-of-momentum
on the contents of the control volume (angular momentum) through the control surface

/ (rxV)pV-ﬁdA:/ (rxV)pV-ﬂdA—/ (r x V)pV -ndA
cs Ao Aq
Outlet Inlet

=
)
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=PFL Moment-of-momentum

g

Assume: Ui

« The only external torque is the shaft torque -

« The flow is steady and uniform at the inlet and outlet, meaning (r x V) and pV - i are constant over the areas g

A1 & A ©
« The mass flow rate m» = pV - 1A is the same at inlet and outlet (steady flow)

- Derivation of Euler turbomachine equation R

(& 2] (2%

Y (xxF)= [ (rxV)pV-ndA rxV=|r 0 @

s Vi Vo Vo

The axial component is interesting for turbomachinery as it rotates along the shaft axis

Z {(I‘ X F) contents of the

control volume ]axial

[(r2 X Va)rg — (r1 X V)], . =me(raVes) — ma(r1Ver)
Euler turbomachine equation
Positive/negative according

to the right-hand rule Tshaft — —mM (7"1 V91) + 1o (TQ V92) = axial component of moment-of-
momentum equation

— JLgshaft

B INTRODUCTION TO TURBOMACHINERY



=PFL Application of moment-of-momentum equation

Select a fixed and nondeforming control volume that includes the rotating parts and the fluid in an instant.

The flow within this control volume is cyclical, but steady in the mean.
The only torque we consider is the driving shaft torque, Tgas.

DUCTION TO TUR

.

~
\4\— Control volume

\
\f_ Section (2)

(b)

V=W+U

Flow in

—_——— e ———_.—_ e ——

W : Relative velocity
V : Absolute velocity

U : Moving nozzle velocity

(I‘ X V)pV -ndA = Z(r X F) contents of the
contents of the

control volume
3 [(r « F)
control volume

[/CS(I' x V)pV - ﬁdA]

} — Lghaft
axial

= (—TQVQQ) (‘HTL)

axial

Sign of the axial component of r X V
+: If Vg and U are same direction
. If Vg and U are opposite direction

—T92 V82m — Tshaft

=
(-]
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=PFL  Application of moment-of-momentum eauation

- Shaft power

<—C ntrol volume
w : Angular velocity \hsw.on @
. ‘ Secton(l) \
. l
Wihatt = Tshatt w = —1r2Vgarmw |\ /T’
U,
Wihatt = —Ua Vo
- Shaft work per unit mass (shaft power per unit mass flow rate) ‘rv "
0
Wshatt = —Us Vo
6r (;\
w
U

When the shaft torque and shaft rotation
- are in the same direction, power is transferred into the fluid (pump)
- are in opposite directions, power is extracted from the fluid (turbine)
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Basic energy conversion

BOM

INTRODUCTION TO TUR



=PFL  Axial and radial flows

* Depending on the
predominant direction of Rotor
the fluid motion relative ,
to the rotor axis as the Inlet
fluid passes the blades

LHousmg or casmg

Radial-flow fan

Rotor

A Outlet

- Stator— Housing
or strut or casing

Axial-flow fan

B INTRODUCTION TO TURBOMACHINERY
I
|
|
|
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=
©
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B INTRODUCTION TO TURBOMACHINERY

Basic Energy Considerations

N
o

« Velocity diagram (fan)

(S
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—— Blade motion

Exit surface —

Tangential

-Blade cross
Lsection

Inlet

surface

Axial =

@

Assumptions
« Fluid is perfectly guided by the blade (relative velocity is parallel to the leading
and trailing edge)*

e r=Tip =T | . . . .
Flow leaves at n out  xsometimes leading edge (inlet) V is prescribed

Vector: magnitude and angle
In this example, let’'s assume
we know the magnitude of W

7L Incidence and deviation angles

umptions

+ Flowleaves t 7 = .y = remy

oftdesign operating condition



=F7L Basic Energy Considerations

B INTRODUCTION TO TURBOMACHINERY

(S
e

Exit surface —

Tangential

Axial = |

-Blade cross
L section

Inlet
surface

* Velocity diagram:
The actual (absolute) velocity is the vector sum
of the relative and blade velocities

V=W+U

V = Absolute fluid velocity

W = Relative velocity

U = Blade speed, wr

N
[y
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=FrL  Absolute/relative velocities

ROTATING_OBSERVER

STATIONARY OBSERVER

STATIONARY
> OBSERVER

——e

Stationary and rotating frames of reference /

Relative streamlines in the rotating frame of reference

INTRODUCTION TO TURBOMACHINERY

E. Yim
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B INTRODUCTION TO TURBOMACHINERY

V,
U,
_b a Wl
7 (1)
Exit surface —r———Blade motion
1
. i
Tangential
-Blade crossI
‘ isection\ Inlet
Axial < \\ surface
N
Vlez
%
Vw2.—.\
U2 \&) o d

Basic Energy Considerations
« Velocity triangle/diagram (fan)

The fan blade (because of its shape and motion)
“pushes” the fluid, causing it to change direction.
The absolute velocity vector, V, is turned during its
flow across the blade from section (1) to section (2) :

* Inlet (1): the fluid had no tangential component
of absolute velocity (in the direction of the
motion of the blade, 0)

« Qutlet (2): the tangential component of
absolute velocity is nonzero. For this to occur,
the blade must push on the fluid in the
tangential direction. That is, the blade exerts a
tangential force component on the fluid in the
direction of the motion of the blade.

This tangential force component and the blade
motion are in the same direction—the blade does
work on the fluid. This device is a pump

N
w
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=PrL  Basic Energy Considerations

. Veloclty diagram (turbine)

Blades move in the direction of the lift force exerted on each blade by the wind
blowing through the rotor

Chap.5 | E.Yim

Blade motion
U=ru] w, Due to the blade shape and motion:
: l : U2 - Absolute velocity vectors at (1) and (2),
| 924 - V;and V,, have different directions
|

v - The blades must have pushed up on the
™ fluid - opposite to the direction of blade
motion.

- Because of equal and opposite forces
action-reaction, the fluid must have pushed
on the blades in the direction of their
motion—the fluid does work on the blade

—> Extraction of energy from the fluid, purpose

|
|
|
|
|
|
|
|
: of a turbine
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Pump and turbine

V,
U,
W
e W a 1
| (1)
Exit surface —1—— Blade motion
Tangential
-Blade cross
isection\ Inlet
Axial < \ surface

Blade motion

N
o1
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=FFL " Euler turbomachine equation

Euler turbomachine equation Tonate = Tml (7“1 V@l) T Mo (T2V92)

mass flowrate Outflow from
into CV cV

Chap.5 | E.Yim

V = [Vrv V97 Vx]

Sign of the axial component of r X V or tangential component of Viangential = Vo = Vi
+: If Vg and U are same direction
—: If Vg and U are opposite direction

T.naet Positive same direction as rotation
Tsnhast Negative opposite direction of rotation

« Shaft torque is directly proportional to the mass flowrate . = pQ)
—> for the same volume flowrate, ~1000 more torque is required to pump water than air
« Tangential component of the absolute velocity is important

B INTRODUCTION TO TURBOMACHINERY



=PrL  Basic Energy Considerations

« Exercise: Turbine or pump?

Known:

- Rotation speed w = 100 rad/s

- rn=01m,rn,=02m

- Absolute velocity at the inlet is purely radial

- Absolute velocities are measured V, =12 m/s, V, =17.5 m/s

Tell if it is a pump or turbine

(2) r2=0.2m

T (1)

r1=0.1m

(1)
. 11—
o = 100 rad/s

Blade

(3

Vi =12 m/s

Blade
motion

Radial, r

Inlet < | Outlet

Circumferential, 6

U1=10m/s U2:2Om/s

1\\‘/@
V5, =175 m/s

W1 V92

N
~
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=PFL  Basic governing equations for turbomachine

B INTRODUCTION TO TURBOMACHINERY

- Shaft torque Tinate = —My (7“1 Vgl) -+ 1o (7“2‘/02)

« Shaft power

Wshaft = Adghaft W = —mT1 V@lw + 7”}7,7"2‘/92&)
Uy Us

Wanate = (—111) (U1 Va1) + g (Ua V) [W] = [kg-m?2/s3]

« Shaft work per unit mass (shaft power per unit mass flow rate), m; = mo

Wshatt = — (U1 V1) + (U Vio) [m?/s2]

- Basic governing equations for pumps or turbines whether the machines are radial-, mixed-, or
axial-flow devices and for compressible and incompressible flows
- Note it is only the function of tangential component of velocity, no Vi, V.

N
o
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=PFL  Basic governing equations for turbomachine

B INTRODUCTION TO TURBOMACHINERY

Velocity triangle: V absolute velocity,
W relative velocity, U blade velocity

From the big triangle (grey)

From the small triangle (dark grey)

Wshatt = — (U1 V1) + (U Vao)

Vi - VE+UF - UF - (W3 — WP
2

Wghaft =

Turbomachine work is related to changes in
absolute, relative, and blade velocities.

N
©
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=FrL About torques in helicopter

B INTRODUCTION TO TURBOMACHINERY

Two main rotors in a helicopter
- horizontal lift-producing rotor
- vertical tail rotor

Without the tail rotor to cancel the torque from the main
rotor, the helicopter body would spin out of control in the
direction opposite to that of the main rotor.

Tailless jet-rotor

Jet-rotor concept removes the need for a tail rotor in helicopters.

Gas (hot exhaust gases or compressed air) is directed through the blades/Exhausted from nozzles at
blade tips, perpendicular to blade axis.

Uses the angular momentum principle for rotation. Similar to a rotating lawn sprinkler or dishwasher
arm. No drive shaft needed to turn the main rotor, eliminating torque issues

w
o
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=P*L " Hiller YH-32 Hornet

Used peroxide-fueled tip jets to rotate the blades
A catalyst (silver or platinum) decomposed the hydrogen peroxide into high-temperature steam and oxygen.
Not efficient compare d to conventional helicopter, fuel consumption, too noisy

Chap.5 | E.Yim
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=PrL  Exercise

An air fan has a bladed rotor of 30 cm. outside diameter and 25 cm. inside diameter. The height of each rotor
blade is constant at 2.5 cm from blade inlet to outlet. The flowrate is steady, on a time-average basis, at 0.1 m3/s
and the absolute velocity of the air at blade inlet, V4, is radial. The blade discharge angle is 30° from the tangential
direction. The rotor rotates at a constant speed of 1725 rpm. Air density is p = 1.2 kg/m3, the only torque we

consider is the driving shaft torque.

Chap.5 | E.Yim

» Estimate the power required to run the fan
Wahatt = (=i ) (Ui Vo in ) + Mout (Uout Vo out )
= (—m1) (U1 V1) + g (U2 Ve2)
V=W+U

Power that needs to
be delivered through
the fan shaft.

Ideally, all of this
power would go

into the flowing air.

B INTRODUCTION TO TURB



=PrL

appendix
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Incidence and deviation angles

Assumptions
* Fluid is perfectly guided by the blade (relative velocity is parallel to the leading and trailing edge)
* Flowleaves at v = 7jn = Tout

ROTOR BLADE SECTION

Ex W,
MEAN CAMBER LINE V‘
V.
U 2
W
U These considerations are important at design and

= ¥ off-design operating condition

w
N
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Helicopters- Figure of merit (FM)

%5

Protor = 7m = mVav; = 2mo?
m = pAv;
oo T (TN (L
Lo\ 204 A 2p
7'3/2
Protor —

W |deal rotor power

|deal rotor power

Figure of merit, FM =
Actual rotor power

If FM is 0.7 and the computed ideal

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

w
(3]
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