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Fluid enters at a flow rate m at r; with
tangential velocity Cy;.

It leaves the control volume at ry with
tangential velocity Cgs.

Moment of momentum, steady version,
along a streamline:

Ta = m (r2Coo — r1Cp1)
Power:
Taw = m(U2Cor — U1 Cpr)

Link to energy exchange (steady process,
adiabatic):

Ahy = A (UGy)




@ Along a streamline, the quantity called
rothalpy is constant:

| = hg — UCy = cte
@ Using the velocity triangle:

2 2
I:h—l—W?—U?:cte

o Different contributions:
Dhg = A (UWp) + A (U?)

@ Aerodynamic forces work + Coriolis forces
(26 x W) work.
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Axial-flow stage

Axial-flow compression stage

Axial-flow stage: U = cte along a streamline. If one assumes C,, = cte:

Ahy = U (Wpr — Wy1)
UCn (tan B2 — tan ,31)

Watch out: 8 < 0. For a compression, |Wps| < |Wp1| = hp > hy.
Stator: hg = cte but |G| < |G| = h3 > ho.

Conversion of kinetic energy to pressure (and degradation to internal energy).

The relative flow is decelerated in the rotor. The absolute flow is decelerated in
the stator. Diffusion (adverse pressure gradient) limits deflection to 40°.
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(a) Compressor cascade (b) Turbine cascade

Mollier diagram for a steady blade cascade hp, = ho;.

Losses are related to Apg: . . )
Losses with respect to isentropic are

d . . o
/ Todss, = — / Aaro related to kinetic energy
Po Q
P02 — Po1 Is. Loss = o (szs — C22)

Af ~
Po1
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Blade cascade

Ahg UCn, (tan B> — tan Bl)

@ Work depends on flow deflection AS.

@ Two-dimensional profile:

o [: chord length
o t: thickness of the profile
e 0: camber angle.

af N

’
e oy ,: blade inlet (outlet) angle

@ Two-dimensional cascade:
o &: stagger angle
e o = I/s: solidity
e «ay: inlet (outlet) flow angle
’

e i = ay — ay: incidence angle

’ . .
e 0 = ap — a,: deviation

e € = ap — oay: deflection &1 = Inle flow vlocity vector
e aoa = oy — &: angle of attack / % Cvragod actoss tho phen)
v
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Cascade characteristics
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Velocity variationc,
across blade spacing

Suction

s ‘
“ Pressure

surface

@ Stagnation pressure loss coefficient

(compression):

Y, = Po1 — Po2
Po1 — p1
@ Energy loss coefficient:
2 2
c= (CZS — C2)
&

@ Y,=(for M — 0.




o Measurements are performed ~ 1/ upstream and downstream of the cascade.

@ Mass-averaged quantities along one (two) pitch are given:

S
m = / pCxdy
0
° pCxC,d!
tanas, = fosp—><2yy
f[) pcxdy
v Jo {(po1 — po2) / (po1 — p1)} pCudy
’ J5 pCudy
Pot ~ Po
Pot— P4
015
0.10
0.05 { Mass
———————————————————————— Yo
average
% I . y/s
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2D Blade cascade

Application to rotors and stators

Cascades are stationary = straightforward for stator blades.
For rotors, replace:

e « by S3.
° €by wW.
o ho by ho rel-

Actual 3D flows
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Losses and efficiency: incompressible flow compression stage

Incompressible flow, temperature change is negligible, p = cte.
Upstream rotor: 1, between rotor and stator: 2, downstream stator: 3.

Actual work:
AW = hoz — ho1

Minimum work required to attain same final stagnation pressure:
AWinjn = hozss — hot
Along p = po3, second law gives:
AWpin = AW — TASstage

_ AWinin _ T Asstage
Nt = =1-
AW hos — ho1




@ Accross the rotor, hg e = cte:

Ap(),rel _ 1

2
T Asrotor = E W1 Yp,rotor

@ Accross the stator, hg = cte:

A 1
T Asstator = TPO = 5 C22 Yp,stator

@ Thus: .
> (W12 Y, rotor + sz Yp,stator)

hos — ho1

M =1—




One dimensi
0000
Blade loadin,

Losses and efficiency: incompressible flow compression stage

Blade surface velocity

onal Theory

g, boundary layers and losses

Suction surface

Pressure surface

Percent chord
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@ Adverse pressure gradient: boundary layer growth
(and detachment).

@ Wake momentum thickness 6, correlated to diffusion
on suction side.

s/2 C C
o ()6 &)
oo \Co Coe

@ Diffusion factor linked to solidity:

C —
iF = (- 20 o [ 2= Gl
C1 20'C1
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Tolal-pressure-loss coefficient, @
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Radial dependence & spanwise velocities

Tip

U = rw = stagger
angles depend on r.

2)

Bernoulli theorem
accros streamlines:
c? 10p
r p Or
For hub-to-tip ratio
r/re < 0.8,
temporary imbalance
between centrifugal
forces and radial
pressure gradients.
streamlines bend
radially until sufficient
radial transport to
recover equilibrium.

Simplified radial
equilibrium hypothesis:

Actual 3D flows
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3)

Permanent flow;
Outside blade rows;
Cylindrical
streamtubes;

Viscous stress
neglected:







Free vortex: rCy = cte

Constant vortex: Cy = cte

Forced vortex: Cy = cte - r

Constant absolute angle: Cy/C, = cte
General vortex: Cyp = kir" + kz%
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Secondary viscous flows

“Passage vortex”: mechanisms

Flows induced in transverse (S3) surfaces, by
creation of meridional vorticity.

Vorticity tends to conserve.

Boundary layers on hub and casing are
vortical regions (vorticity wp).

Deflection e.

= creation of a pair of passage vortices
(ws)-

wWs ~ 2ewp.

Other explanation based on blade-to-blade
pressure gradient and streamline curvature.

streanline of fnviscid
core flow

streanline in the
endvall boundary Tayer

Fig.2  Deflection of streamlines inside the endwall
boundary layer

Actual 3D flows
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Other effects

@ Horse-Shoe vortex: induced by
boundary layer impinging on
leading edge.

Ecoulement Principal
Toutbilonde  \
jeu

Nappe de tourbillons

Yer'

A/ \
%g r § | NEG. BIFRCATION LI
Ecoulement de. /ﬂ\ b S -
e

Tajectoire du
tourbillon de jeu Fig.1  Formation of a horseshoe vortex in front of an obstacle
(obstacle removed)

o Tip leakage vortex: induced by
flow instability in the radial gap
between blade and casing.

o Blade boundary layers and wakes:
low momentum fluid is centrifuged
(radial secondary flow).
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Secondary flows, a misleading term

@ These mechanisms exist, but
they all non-linearly interact:

o Extremely difficult to identify
them.

Figure 1. Schematic of secondary flow structure in a compressor cascade with tip clearance, Kang [6}
PV — Passage vortex; HV - Horseshoe vortex; TLV - Tip leakage vortex; TSV - Tip secondary vortex;
SV — Secondary vortex; €SV ~ Concentrated shed vortex; CV — Corner vortex

(a)

Fig.5 Measured (5hp) (a) and predicted (b) streamwise vortic-
ity @, at rotor inlet in the absolute frame of reference




vy OF Wy,

Rotating stall: frequency of the order of
the rotating frequency.
Surge: system instability, slow time

Fig. 7_Static pressure distribution (left) and reverse flow re-
scales glon (right) upstream of the fan In the rotating frame after 20
. w.) 70% fan speed, (b) 80% fan speed, and () 90% fan

B
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