TURBOMACHINERY
Introduction

SAPIENZA

UNIVERSITA DI ROMA

Ho inserito la data in modo che possiate tracciare i
cambiamenti che faccio di volta in volta. Per favore
segnalate eventuali errori, grazie.

Monday, September 30, 2019



contatti e info sul corso

\
giovanni.delibra@uniromal.it
Roma : 06 44 585 901. Lunedi, martedi, mercoled., gioved., venerdi? \
Nota: il marted! ho lezione anche a Latina, quindi finite la lezione a Roma scappo via ‘
Latina office: 0773 47 65 21 (marted! - venerdi?)

(vale solo per questo semestre, nel semestri successivi dipende dallorario dei corst. Per
prendere un appuntamento mandatemi una mail. Il venerdi potrei essere a Roma o
Latina a seconda di esigenze che variano perche il corso a Latina e condiviso con un
altro docente, se fa lezione lui io sono a Roma) i

Materiale didattico
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Introduction

Turbomachinery are devices in which energy transfer occurs between a flowing
fluid and a rotating element due to dynamic action, and results in a change in
pressure and momentum of the fluid. Mechanical energy transfer occurs inside or
outside of the turbomachine, usually in a steady-flow process.

The energy transfer can go from the rotor to the fluid (macchine operatrici) like in
a compressor or a pump or vice-versa (macchine motrici) like in a turbine. The
classical distinction of machine operatrici/motrici doesn’'t have a straightforward
translation, they directly refer to compressor and turbines.

Turbomachinery can be classified in other ways, such as the main direction of the
fluid inside the impeller (axial or radial) and the properties of the fluid
(incompressible or compressible).
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Introduction: where were we?

In TM class you learnt how to design the geometry of the blade of radial and axial
TM, how to evaluate their ideal performance (Euler Work) with 1D method

}'31 Iy

’(( I'/ CX1
|
Mozzle row M Wa ———r-] it |—-—
Rotor blade row - [

Wo Ca
Cyz
—= W J"'—-'—‘5'flz—h---1
o U' ——— |
Rotor row b __Y X
g Stator blade row
Wy ~| I3 g
c
L
da Dixon, 2014
' da Dixon, 2014

glovannti.delibra@uniromal.it



Introduction: where were we?

Centrifugal impeller, velocity triangles
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FIGURE 7.5 da Dixon, 2014

Centrifugal pump and velocity triangles.
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Introduction: where were we?

You were also told that coupling cascade theory with radial equilibrium theory you
can achieve an axy-symmetryc non viscous solution much more accurate
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Introduction: where were we?

You were also told that coupling cascade theory with radial equilibrium theory you
can achieve an axy-symmetryc non viscous solution much more accurate

For this we need to couple Euler egns with ] |
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Introduction: where were we?

You were also told that coupling cascade theory with radial equilibrium theory you
can achieve an axy-symmetryc non viscous solution much more accurate. The
increase in accuracy comes from two major factors:

1. Axysimmetric solvers are able to compute a proper radial distribution of axial

velocity
2. Have a more accurate prediction of exit flow angle that entails viscous cascade
effects
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Introduction: where were we?

You were also told that coupling cascade theory with radial equilibrium theory you
can achieve an axy-symmetryc non viscous solution much more accurate. The
increase in accuracy comes from two major factors:

1. Axysimmetric solvers are able to compute a proper radial distribution of axial
velocity

2. Have a more accurate prediction of exit flow angle that entails viscous cascade
effects
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Introduction: where were we?

Moreover you can derive radial distribution of a number of quantities, such as
velocity components:
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Introduction: where were we?

Moreover you can derive radial distribution of a number of quantities, such as
kinematic angles:
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Introduction: where were we?

Moreover you can derive radial distribution of a number of quantities, such as DF
and lift and drag along the blade:
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-~ Wake effects in blade cascade

Velocity variation ¢,
across blade spacing
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Falta

FIGURE 3.15
Blade wake downstream of the exit of a compressor blade cascade.
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FIGURE 3.7
The flow through a hlade cascade and the formation of the wakes. 0.05

da Dixon, 2014

(From Johnson and Bullock, 1965 0

FIGURE 3.9
Typical traverse results for a compressor cascade.
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Cascade losses: incidence losses
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FIGURE 3.14

Effect of incidence on the surface velocity distributions around a compressor blade: (a) design incidence, (b)
positive incidence, and (c) negative incidence.

da Dixon, 2014
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Successive positions Threedimensional flows in TM

of vortex line C

Interaction between boundary
layer and bluff body with
development of horseshoe vortex

Flow Direction

Figure 3.11: Boundary layer vortex lines wrapping round an obstacle.

da Greitzer, 2004

Smoke flow: visualization of a
horseshoe vortex

upstream of a 60° wedge in a
channel (Schwind, 1962)

giovanni.delibra@uniromal.it da Greitzer, 2004



Threedimensional flows in TM

Endwall

-
- -

Passage vortex

Counter vortex

FIGURE 6.19
Secondary flow structure within a blade passage.

da Dixon, 2014

(Adapted from Langston, 1980

Secondary motions in a turbine blade passage
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Threedimensional flows in TM

FIGURE 6.22

Stagnation pressure contours measured downstream of a turbine cascade: (a) just downstream of the trailing CO rner se pa ratio N
edge and (b) a quarter-chord downstream of the trailing edge.

da Dixon, 2014

(Adapted from Pullan & Havey, 2008

Passage vortex along the suction surface

Corner separation

FIGURE 6.21
Stagnation pressure contours measured downstream of a rig compressor stage.

da Dixon, 2014
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Threedimensional flows in TM

Tip leakage vortex and induced

endwall vortex N axial
compressor
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FIGURE 6.23
Schematic of tip leakage flow.
Dixon, 2014
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Varpe and Pradeep, 2013
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Threedimensional flows in TM

Separation in centrifugal fans and compressors
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TM Design

PRELIMINAR DIMENSIONAL
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Dimensional analysis
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Balje charts (turbines)

NSDsturbine chart
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Balje charts (pumps)

NSDS pump chart
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TM selection
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TM Selection Cordier Diagram
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Dimensional analysis

To study the performance characteristics of turbomachinery, a large number of
parameters is involved. Dimensional analysis reduces the variables to a number of
manageable dimensional groups.

Usually, the properties of interest in turbomachinery are power output, efficiency,
and head. The performance of turbomachinery depends on one or more of several
parameters.

Dimensional analysis applied to turbomachinery has two uses:

1. prediction of a prototype’s performance from tests conducted on a scale
model (similitude)

2. determination of the most suitable type of machine, on the basis of maximum
efficiency, for a specified range of head, speed, and flow rate.
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Dimensional analysis

The variables involved in engineering are expressed in terms of a limited number of
basic dimensions.

For most engineering problems, the basic dimensions are mass (m), length (L),
temperature (T) and time (t)

For example, the dimensions of pressure can be designated as follows:

force mass -acceleration mL/t [
~ area area B Lt?
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Buckingham theorem

Buckingham proved that the number of independent dimensionless group of
variables (dimensionless parameters) needed to correlate the unknown
variables in a given process is equal to n - m, where n is the number of variables
involved and m is the number of dimensionless parameters included in the variables.

Suppose, for example, the drag force F of a flowing fluid past a sphere is known to be a
function of the velocity (v) mass density (p) viscosity (m) and diameter (D).

We have five variables (F, v, p, m, and D) and three basic dimensions (L, F, and T )
involved. Then, there are 5 - 3 = 2 basic grouping of variables that can be used to
correlate experimental results.
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Dimensional analysis: aims and capabilities

1. Understand what typology of TM is the most suitable (i.e. has maximum
efficiency) for a given range of Q [rad/s], Q [m3/s] and H [m]

2. Predict performance from a scaled prototype tested in laboratory (with some
caveats)
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Incompressible fluids

1. You can define only two control parameters (e.g. Q [rad/s] and Q [m3/s] for a
pump)

2. You choose a working fluid ( p [kg/m3] and u [Pa s])

3. You select a size of the pump (D [m])

gH = f110,9, 0 1€,
-5 (0.D,0me L2

n 2 ) ) ’Q}H} )D;D,---

P = QD b L
=310, O 1€ T

Buckingham theorem:

6 variables (Q,Q,D,o,u, ) > 6-3=3 non-dimensional groups
3 dimensions (mass, length, time)
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Incompressible fluids

2
Head coefficient: i = (QD)Z f4( piD %)

pQD? e
Efficiency: n = f5 (QDg,—H ,D)
.. P _Q  paDp* e
Power coefficient: IT = 0305 fe (QDB S ,D)
Flow coefficient: ¢ = — o <&
) QD3 U
All these coefficients are dimensionless
QD?
Reynolds Number: Re =~
Y T BUT

MANY US/UK CHARTS ARE NOT

Normalized roughness:%
BEWARE EVERY TIME TO CHECK
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Performance scaling and instabllity effects
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Dimensionless head —volume characteristic of a centrifugal pump.

da Dixon, 2014
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FIGURE 2.3

Extrapolation of characteristic curves for dynamically similar conditions at ©2 = 3500 rpm.
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Specific speed & diameter

1/2
91 = g3 = cost cancelD | _ o.> Q2
7S T 3/4 T (gH)3/4
Y = i = cost 1 (gH)
@) t D(gH)A
H_gH = | Dy =75 = g12
L= D)z~ €%t cancel o o/ QY

/% ap/o)Y?

For hydraulic turbines we use power specific speed: Q5= —7 = (gH)>/*
1

- C Qsp
Notice that: 0 = N
and that: Q, Q,, and D, are dimensionless, but in some books and graphs they aren’t

In different books and manuals flow, head and power coefficients can have different
definitions so be advised
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Balje charts (pumps, incompressible flows)
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Selection table & Cordier diagram
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Range of specific speeds for various types of turbomachine. Cordier diagram for machine selection.

(From Csanady, 1964
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Flow and head / pressure coefficient

0 ‘P11/2 - 0Q1/2 o = 1
s = f/4 = (gH)3/* Qg D?
Ds = 112 = 0(25)21/4 b= Qlez
1 S™Ss
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Selection table & Cordier diagram
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Compressible fluids — perfect gas or dry vapor approximated as perfect gas

1. You now need to define four control parameters (e.g. Q rad/s], m [kg/s], api[-]

and y [-]), where ay, is the stagnation speed of sound and vy the ratio of specific
heats

2. You choose a working fluid ( p [kg/m3] and u [Pa s])
3. You select a size of the pump (D [m])

4. Instead of H we use stagnation enthalpy Ahy [J] change as in an ideal adiabatic
process this is equal to the work done per unit mass of fluid

Ahgs = f1(, Q, D, po1, a1, V)

n = fZ(#t .Q, D' Po1, Ao1, )/)

P = f3(u,Q,D, pg1,a01,7)

glovanni.delibra@uniromal.it



Compressible fluids (i)

AhOS m pOl.Q.DZ QD )
)

Head coefficient: ¢ = ap) fa (p01QD3, L a?

.. ‘ QOD? QD
Efficiency: n = f (pofwg,pm e )

u ao1

p m pOl.Q.DZ QD )
)

Power coefficient; [1 = ——— = (
ower coefticient p01023D> o po1 D3’ Tag 4

Nondimensional mass flow:

po1QD3
2
Reynolds Number: Re = %
Blade Mach Number: Ma = S—D
01
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Compressible fluids (ii)

.. Ah m aop1D QD
Head coefficient: p = =% = f4( - portols ,y)
agy Po1ao1D [ ap1

Efficiency: n = f5( M Portorl 2D ,)/)

2 )
Po1a01D U o1

.. P m ap1D QD
Power coefficient: [1 = —— = f6( _ portols ,}/)
Po1ap1D Po1ao1D p ao1

Nondimensional mass flow:

Po1ag1D?
an1 D
Reynolds Number: Re = mem
QD
Blade Mach Number: Ma = o
01
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Compressible fluids (iii)

For a perfect gas we can use more convenient relationships:

Doz AT, myyRTy; QD
1, —f< ,Re,y

Po1 To1 B Po1D? ,,/yRTm

Why more convenient? Because it is easy to measure inlet and exit stagnation
quantities ina TM

Moreover if the device handles a single gas and operates at high Re in a
narrow range:

Poz ATy (myYRToy QD
Po1  Tox

lnl )
Po1D? JYRTyq

m yRT01

pPo1D?

Flow capacity:
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Compressible fluids (iv)

In industry, for TM of known size and working fluid it is customary to omit v,
R C,, D (but ratios on RHS are not dimensionless anymore)

Po2 AT, f(m To1 Q)

Po1 ',/Tm

And to refer them to standard sea level conditions using corrected speed and

corrected flow:
Poz ATy (m\/ﬁ Q)

)T’) — )
Po1  To1 f 0 Toq

with:;

g =11 5nd 5 =20t
Ty

Pa
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Compressible flow (v)

Efficiency can be rewritten for compressors and turbines as:

|4
/e
_Bhos _ (P%/py,) T -1

¢ = "Ah, AT, /r
01
AT
_ Ahg, B O/T01
T’T - Ahos -

Y1
(p02/p01) v-1_4

Flow coefficient (not to be confused with non-dimensional mass flow) and stage
loading:

_oom (m cpTo1 QD )
pPo141U D?po1 ' \/YRTo1
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Balje charts (turbines)

NSDsturbine chart

20 ] T 1 1
: P denoies the efficiency related to
60 Partial admission K ; .
05 . : =0.2 N ; total inlet pressure and static
1O~ 5/0\0.25 ‘/Plston expanders 1 . axial turbines il s
9 ﬂ*%%\ | Y : =
0.7 S do A:-‘ﬁ admission
R\ Drag ial furbines
: turbines
!
én 10 | : .
& 6 Rotary pls1onﬂ SO G IR i o Operating regime where
£ ' expander Sl o N RO N KRS 2 radial turbines have
g TR0 3 N | equivalent performance
.6 3 — N'\/V—:)) J "): . x| : AN .‘- D X % — 4 Il
Ng = ] 3 S ' ‘ [
= Hgg ' ot
> ot
& I o
fhes B3 - = o
Vs L
06 S/2
27— N=rpm =T
V3= ft3/sec. Piston expender ] %
03— 3 Rotfary piston - ) S =
Hag = f1. 16/1b
a expander Radial Axial
D = ft. B furbine turbine
l ‘ /D= 1000 Drag turbire j
0.1 | | l | | )
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Specific speed (Ng)

Balje, 1981
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Performance charts for high speed compressors
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FIGURE 2.4
Characterstic map al a transane fan tor a civil aircat @l enging.

Dixon, 2014
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Performance charts for high speed turbines
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FIGURE 2.5

Perormancs map of a L0-stage high-spead axial compressor, 05 i :
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FIGURE 2.6

Dixon, 20'] 4 Overall craacterstic of a two-stage high-speed axal turbine.
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