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'n Interim ASDV korrelasie, athanklik van lemstelhoek, is saam met H2 gebruik. Deur van
ASDV-waardes vir die interim korrelasie te kies wat saam met H2 die eksperimentele
vloeihoeke sal voorspel, is totale druk voorspellings binne 3% by ontwerpen 8% by af-ontwerp
behaal. Aangesien 'n mate van vertroue in H2 en die aangepasde lae Reynoldsgetal korrelasie
geplaas kan word, is die wandverlies korrelasie van Howell uitgesonder as die oorsaak van
die gebrek aan verdere verbeterings in akkuraatheid.

Trefwoorde:

aksiaa!snclheid-digdheidsverhouding. ASDV, af-ontwerp defleksie, af-ontwerp verlies,
deurvloei, H2, kaskz.le, kompressor, kritiese Reynoldsgetal, lae Reynoldsgetal,
matriksdeurvioeimetode, MDFM, NACA-65, SDVM, SKM, stroomlynkromming,
stroomlynkrommingsmetode, subkritiese Reynoldsgetal
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NOMENCLATURE

a distance along blade chord line to point of maximum camber, Davis and Millar
exponent for Reynolds number loss correlation

area, determinant of Boadway's transformation matrix

maximum camber (measured perpendicular to chord line)

velocity

f) 9 ok

constant

S

drag coefficient

g

=3
=

annulus drag coefficient

Cp secondary flow drag coefficient

5

lift coefficient

D

drag force, diffusion factor
equivalent diffusion ratio
body force

enthalpy

blade height

incidence angle

-

constant in AVDR correlation

chord length

lift force

macroscale

coefficient of Constant's deviation rule
gradient coefficient in H2 correlation
exponent for Constant’s deviation rule

normal vector

pressure

radial co-ordinate, radial position of streamline
Re Reynolds number

Re cascade inlet Reynolds number based on blade chord

w‘u::ggqr-h'-‘:g--::-q'pg

s entropy, blade pitch

S southern grid point, source terms

S dimensionless angle of correlation of Jansen and Mo*fat
t thickness

T absolute temperature

Tu turbulence intensity

U dimensionless axial velocity

v local velocity

- XXil -
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14 maguitude of velocity vector

v, component of velocity along streamline

4 dimensionless radial velocity

X blade force in axial direction

y displacement in the traverse plane or blade to blade direction

¥ blade force in tangential direction

Z axial co-ordinate (cylindrical coordinates)

o flow angle (inlet or outlet)

o blade angle (inlet or outlet)

o, mean flow angle

Y blade stagger angle

& deviation angle, boundary layer thickness

5, deviation angle at AVDR = |

A difference

(3 deflection angle

4 loss coefficient: { = Ap,,/{ 1pcf)

0} duminy variable of r and z for Boadway's transformation

1 stream function

P density

D, far upstream reference density

o solidity (I/s)

P loss coefficient: @ = Ap,,/( -;pch

Q angular velocity

0 camber angle

Subscripts

B bursting

¢ choke

cr critical

e midpeint between eastern and central points in discretisation grid
eastern grid point in discretisation grid

eff effective

n midpoint between northern and central points in discretisati n grid

N northern point in discretisation grid

o stagnation

opt Carter’s optimum condition

p pressure surface

- XXiii -
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ref reference

s stall, suction surface, midpoint between southern and central points in discretisation
grid

§ separation, distance rrom stagnaiion point, southern point in discretisation grid

SB subbursting

w midpoint between western and central points m discretisation grid

W western point in discretisation grid

x axial

¥ blade to blade direction

Z axial in cylindrical coordinates

1 upstream, blade inlet

2 downstream, blade exit

0 tangential

Superscripts

* nominal condition, design condition

& non-dimensionalised

s inches, corrected value for Jansen and Moffat correlation

- XXiV -
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ABBREVIATIONS

ADT actuator disc theory

AGARD  Advisory Group for Aerospace Research and Development
ASME American Society of Mechanical Enginecis

AVDR axial velocity density ratio

CFD computational fluid dynamics
DC direct current

DCA double circular are

H2 Howell's correlation as modified ir this thesis
HBM Hottinger Balcdwin Messtechnik
Hp horsepower

IGV inlet guide vanes

K Kelvin

LE leading edge

LED light emitting diode

LHS left hand side

MTFM matrix throughflow method

NACA National Advisory Committee on Aeronautics
NATO North Atlantic Treaty O, ganisation

NGTE National Gas Turbine Establishment

N-§ Navier-Stokes

Pa Pascal

°C personal computer

PEP Propulsion and Energetics Panel
PVD prescribed velocity aistribution
RHS right hand side

rpm revolutions per minute

SCM streamline curvature method
SRE simple radial equilibrium
STFM streamline .hroughflow method
TE trailing edge

4 § turbulence factor

USSR Union of Soviet Socialist Republics
VKI von Karman Institute

= XXV -
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1.2 Scope and Objectives

The purpose of this thesis is to investigate the stability and accuracy of the STFM, and then
analyse flow through a low pressure-ratio (essentially incompressible) three stage axiai-flow
compressor using the STFM for a design flowrate and two off-design flowrates, one each
near choke and surge.

Empirical cascade correlations for flow deflection, pressure loss and secondary flow will be
used in the STFM code. The results generated by the STFM will be compared to those cbtained
by experiment. The STFM will be evaluated with respect to its predicted velocity and total
pressure distributions. The experimental analysis will serve to indicate how accurately the
axisymmetric analysis predicts the real flow.
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3 THE DEV™  >MENT AND TESTING OF THE STREAMLINE
THROUGHFLOW METHOD

31 Previous work
As mentioned in the introduction, the two main inviscid axisymmetric methods are the

Streamline Curvature Metho and the Matrix Throughflow Method. Oates (1988) derived
the following MTFM equation for the stream function y for turbomachines:

a P,, ! aw.l a pn l a\y bt _! £ ano aS {'.0 a(rcﬂ)
Bz[p;§;J+8r pror ‘_vanlp,,r aw“ralytr dy ] )
where the velocity components are ziven by
PRIy Py =

Owing to the complication introduced by the presence of the body force term F, Oates
simplified equation 3.1 by approximating blade rows by infinitely thin actuator discs, with
the proviso that the eavi uun does not apply across actuator discs. The effect of the forces
upon tangential momentum, stagnation entropy and enthalpy within the actuator disc is the
same as that within the blade row, but the forces do not appear in the equation. Equation 3.1
was therefore reduced to

r

i[&léw]J[& 3.!]=£,[%_T§1_&a<f_€s)] 33
Po Ly " dy r ay

Oates et al. (1976) transformed the matrix throughflow equation, 2quation 3.3, to yield as its

dependent variable the radial position of stream function r = r(z,y) instead of the value of

stream function W = (r,z):

o[ 1(E) N l_+(%)zl+f_l+(zra(llp)=£r[%_ré_ﬁgﬂ] »
R o)) 2 o[z 2 (2 v e v T T oy |

L8
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Making use of Boadway's transformation in Appendix A, equation 3.6 becomes
P 1 [ arJga_p a_r_e( lar})]_& 1
rp( i (aw dzdz  dyay rzp@

P, aror Fr ar or or|*)| _
a[zawazazaq; (a\pJ o’ aw‘(”{i‘Z} ]]‘S &

+—-
P

Multiplying by r £( 2 ' we obtain
plying by r -{ 5

1) 23( 2]
S SN R BIEE S

This equation can be seen to be equivalent to that of Oates er al., equation 3.4. The density
gradient term can be moved to the RHS since it may be regarded as a form of source term:

aror &r (or Y'&r & b ar }
2o (o) - ogl 5] A

[l e A

If the flow is incompressible, then p/p, = 1 and g:l, §= 0. Equation 3.9 then simplifies (o

(& J@_&[H{a_r}‘)_i(g)z

dyazdzdr \ dy ) 9z° o’ a7 r\ oy
ar 1'[dh, _ 9s E_,B(rc,)
aw][ TN oy ] =

Examining the LHS of equation 3.10 the same terms as Boadway’s transformed Laplace
equation for cylindrical coordinates (equation 1.3) can be seen. The first four terms on the

-19-
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and

re=r 3.14

These were non-dimensionalised by dividing all the radii by the outer radius r,. The solution

was comparzd with the exact solution from equation 3.11 and both are plotted in figure 3.1
as a function of ry/ry. The difference between the Iwo, expressed as a percentage of the exact
solution, is also shown, The largest error occurs when r, equals zero.

Next the effect of the number of nodes in the grid in the radial direction was investigated. To
make the error as visible as possible, the inner radius r; was chosen \, be zero. The grid was
evenly spaced in the stream function direction, again with three nodes i 1 the axial direction.
Calculations were done with grids containing 1, 3,7, 15and 31 internal streamlines to examine
the effect of halving the stream function spacing. The resultant values are shown in figure
3.2 as fractions of the exact values, The procedure was repeated for different values of r,ard
are shown in figures 3.3, 3.4, 3.5 and 3.6.

From the figures it can be seen that if calculations have to be made involving low hub-tip
ratios, the grid must be made finer in the smaller radius regions, or else the cylindrical

coordinate term, }(% ):. should be modelled differently.

<30
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3.5.2  Flow over a sphere

This te:* -ase is useful since it gives a means of assessing the flow over the nose cone of the
: » . F ar

hub of a turbomachine. It differs from the previous test case in that 3 is no longer zero, so

the first two terms on the LHS of equation 3.10 come into play.

A sphere of radius 0.4 units was chosen for the internal bounding streamline. To eliminate
the complication of taking blockage into account, an exact potential flow solution was taken
for the external bounding streamline, with a radius of unity at the widest point.

Non-uniform increments were used in the stream function direction to avoid using too many
grid points and still examine a streamline close to the centreline, and in the axiw: direction to
be able to follow the curvature of the sphere relatively accurately.

Figure 3.7 sl ~ws the comparison between the STFM and potential flow solutions. Only one
ia!f ol the solutio' is displayed since the streamlines are symmetrical about the z = 0 axis.
The er or is shown in figure 3.8. It can be seen that the error at all streamlines is less than
1% atz=0. This shows that the STFM yields accurate velocity distributions after nose cones.

=13
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37 Non-zero Total Enthalpy, Tangential Momentum and Entropy Gradients
across Streamlines, Incompressible Flow

These test cases are, in effect, the results from the experiments performed on the Rofanco
compressor. Since the STFM is inviscid, losses will have to be introduced by correlation.
The comparisons wi the experimental results will not be presented in this chapter as they
areexpected to be quite dependent upon the different correlations employed. The substitmions

within the source term to remove the entropy gradient will, however, be presented here.

From thermodynamics the following equation is obtained:
Tds =dh —d-p£ 313

Since the flow is incompressible, the following relations apply:

1.5
=p+=pV
P.=p+5p

h =k ~V? 3.16

At combining the two above equations, it is clear that

h-hube B 3.17
pp
20 therefore
d|
di, ~ e 3.18
P p
Substituting 3.15 into 3.18 yields
dp,
Tds =dh, —"p— 3.19

Applying finite instead of differential differences, 3.19 becomes

=26 -
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Ap,
TAs = Ahn -—:—- 3.20

Applying 3.20 across a blade row, the notation changes:

Ap,i .,

TAs ,=Ah,, ,~ 3.21
p
The Eu'er turbomachivery equation is
Ahnu - Q(rzcm = r:cm) 323

where is the angular velocity of the blade row and r, and r, are the upstream and downstream

radii of the streamline. The change in total pressure across a blade row can be broken down
as follows:

Apnl.2=pul*pu|

- pul + Apul.ﬂdﬂﬂ —Apnl.ﬂu.u —pnl

= AP, 2ideat = BPot, 210ss 3.23
In an actual blade row Ap,,,, results from viscous boundary laver losses on the blades and
endwalls as well as secondary flows. These can be obtained by correlation. Substituting 3.22

and 3.23 into 3.21 we obtain

(Ap, 1, 2ideat = DPo1, 210ss)

TAs) ,=KUrycq = riCy)) = 5 324
If the flow is isentropic and ideal, then it follows that
A51,2=0, Ap,; 3o =0 3.25
Inserting 3.25 into 3.24 yields
AP, 2o = PEUF Lo = 1iCop) 3.26

«27-
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On combining 3.26 and 3.24 we get

A o nys
Tas, g mibetdn) 3.27

p

Considering 3.22 and 3.27 alongside 3.20, it is clear that

Fa ) PP
AR, 5= TAS y m =tk
(AP 210
=LYrCq = IiCo1) = —p—L)
p
Q2 - = AP 2oss
=(P (raCoz = 71Co1) = AP 210ss) 328
p
and
Ap,, 2= pEUrycy, — riCyy) =P, 20 329
Rearranging 3.19 vields
dp,
dh,-Tds =— 3.30
p
Since
oh oh
dh, =—dy+—4d
(1 a‘l’ W az Z
ds ds
ds =—dy+—d
T R*
ap, ap,
dp, ==——dy+——d 331

-28 -
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and (except across actuator disks)

e 333

equation 3.30 is equivalent to

h
g_,,_Ta.s 1dp,

dy Y poy

333

This substitution removes the entropy gradient term in equation 3. 10 which in turbomachinery
flows is inconvenient. The use instead of the total pressure gradient allows use of
two-dimensional empirical correlations from which the amount of fluid turning and the total
pressure loss across blade rows due to profile drag and secondary flows can be calculated.
The values of stagnation enthalpy h,, total pressure p,, entropy s and tangential momentum
rcg in inviscid flow are all conserved along streamlines until changed by external influences
such as blade rows. Given initial profiles of total pressure p, and tangential momentum rcy,
the method will calculate all the downstream values.

38 Conclusion

The test cases have systematically examined the behaviour of the STFM, gradually including
more of the source terms. A subsgitution for the turbomachinery test case was introduced
replacing the ;— - T% term with a -:;% term, where p, is affected by the Euler turbomachinery
equation and loss correlations. No aitempt was made to investigate compressible flows. The
STFM has shown to yield accurate results for inviscid, incompressible flows determined by
external boundaries alone, external boundaries and actuator disks and interference between
actuator riisks.

«29 =
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The compressor analysed in this thesis is fitted with NACA 65 profiles on a circular arc
camber line, so no more att.ntion will be paid to parabolic arc camber lines. Three more
angle definitions complete :he cascade nomenclature: incidence, deviation and deflection.
The incidence angle i is the diiference between the air inlet angle o, ana the blade inlet angle
o

i=o -0 44

The deviation angle 8 is the difference between the air outlet angle o, and the blade outlet

angle of'y:

8 = U., — a’z 4.5
The deflection angle € is the difference between the entry and exit air angles:

E=oy -, 4.6
4.3 Cascade Forces
Figure 4.4 ilius eates flow through a cascade entering ihe control volume irom 1ne far upstream
boundary .t velocity ¢, at an angle ¢, 2nd leaving the cascade at the far downsire .M boundary
of the control volume at velocity ¢, at an angle &, I'he side Youndaries of the control volume
@1e median streamlines. The flow is assured to pe steady and incompressible. The forces
X and Y are exerted upon the fluid by unit a1 ¢ hlade, and are exactly eqiral ¢ nd opposite

to the forces exerted by the fluid upon unit “ of Made,

Applying continuty to a unit depth of s-an anc.. assuming incompressibility, the « xial velocity
is constant through the cascade:

€ COSOL =c,Cc080, =¢, 4.7
The momentum equation applied in the x and y directions with ~onstant axial velocity gives

X=(p—p)s 4.8

Y=psc,(c, ~c,) 49

3.
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or
Y =psc](tano, —tan ot,) 4.10

4.4 Cascade Losses

Total pressure losses are incurred as a real fluid passes through a cascade as a result of skin
friction and other effects. From Bernoulli's equation we get

% Pr— P2 ‘5'12—"22

p p 2

P "‘P2+(C'v21 +Cf)_(f,3z +c])
p 2 2

_h-p (-c)
p 2

p=p |
=f+-2-(c\.,~ ey, —=c,) 4.11

(If the flow is though a rotor row, the above derivation is not applicable, and use must be
made of equation 3.29 to take Euler's pump equation into account. The derivation is

nor=theless useful for describin~ the origin of loss coefficients). Substituting equations 4.8
and 4.9 into 4.11 yields

Ap, Yic,;+¢,
p4 2__£.+ “-_I C_Z} 4.12
P ps 2psc

Now

¢, ¢, =c(tano, +tan o) 4.13

ma,,,:%(tana,ﬂana.l) 4.14

Substitute equation 4.13 and 4.14 into 4.1 o obtain

g g
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%—i(ﬂx+l’lana,,) 4.15
poops :

Pressure losses ave most often presented in dimensionless form. Two commenly used loss
coefficients are

Ap,

= 4.16
2
3PE;
and
g
=% 4.17
;Pci

45  Lift and Drag

Figure 4.5 shows a single cascade blade with the lift and drag forces it exerts on the fluid.
Define a mean velocity ¢, as

Cy

= 4.18
CoS 0L,

Cﬂl

where o, is defined by equation 4.14. A lift force L acts in a direction perpendicular to ¢,

aiong a unit depth of blade, and a drag force D similarly acts in a direction parallel to c,,.
Experimental data presented in terms of lift and drag can be resolved in terms of ax:al and
tangential forces. From figure 4.6 it can be seen that

L =Xsino, +Ycosc, 4.19

D =Ysina,, - X cosa,, 4.20

On combining equation 4.15 and 4.20 we get

D =cosa, (Ytano, = X)=sAp, cosct, 421
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Rearranging equation 4.21 to solve for X and then substituting into .19 gives

L =(Ytana, —sAp,)sinc, + Ycoso,

= ¥Yseca,, —sAp, sino., 4.22

Inserting equation 4.10 into 4.22 yields
L = psc)(tan o, —tan ) sec o, — sAp, Sinat,, 4.23

Coefficients for lift and drag based on the chord / and the mean velocity c,, may now be

introduced:
L =3 £ 4.24
~pcil
1PCm
b= I—D— 4.25
-pcll
1PCn
Considering equations 4.16, 4.17 and 4.21 alongside 4.25 we can write
sAp,coSQ, .5 —scos'a,
Cn =-'#=C_—COS' o, =07 3 4.26
speal [ I cos*a
Substituting 4.23 into 4.24 results in
2 *
sc,(tan o, —tan 0,) sec o, — sAp, sin
A ?’)2 T TS 427
Epc,,,l
Inseriing 4.21 into 4.27 we obtain
C, =23 cos o, (tan @, — tan 0,) — C, tan s, 4.28

i

-

=35 =
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Values of C. are very mucl less than C, within the normal range of operation of a cascade.

In addition, since ¢, is unlikely to exceed 60°, it is normal practice to drop the C, tan o, term
in equation 22. Within the STFM code, however, it was decided to retain the term as it would
not be defrimental to calenlate, and extreme flow conditions may weil result necessitating 2
more accuraie approach,

36
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5.2 Howell’s Correlations

Howell (1942, 1945) has laid much of the basis of compressor cascade work, at design and
off-design conditions. In this section three sets of correlations are presented, correlations for
the nominal condition (design point) deviation and incidence, off-design loss and deflection
and endwall losses.

5.2.1 Howell's Nominal Condition

Howell (1942) defined nominal conditions of cascade operation as those pertaining to a
cascade deflection which is 80% of its maximum stalling deflection g, (see figure 5.4). Howell
found that the nominal deflection &" of various cascades are a function of the nominal outlet
air angle o, space-chord ratio s/ and the Reynolds number Re

€ = f(s/l,00, Re) 52

This correlation is independent of camber within its normal range of choice (200 <8 < 40)
(Dixon (1978)). The correlation, based on C-Series profiles, is shown in figure 5.5 as a
function of o, and s/, as dependence on Reynolds number is small for Re > 3 x 10°, This is
borne out by Howell's original graphs: figure 5.5 originated from figures 5.6 and 5.7, while
figure 5.8 shows the low-Reynolds number deflection behaviour as an s-shaped curve with
values of

Oa—r 5.3

E e w1 10°

varying from 0.84 at Re = 1 x 10° to 1.0 at Re =3 x 10°.

To obtain the value of o, it is first necessary to obtain the nominal deviation 8°, which is the

deviation the flow experiences at the nominw. condition explained above, since
=0+ 54

Howell used an empirical deviation rule by Constant (1939) relating deviation to camber 6
and space-chord ratio s/
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8 =mO(s/1)" 5.5

where n = % for compressor cascades and n = 1 for inlet guide vanes. Constant originally
suggested m = 0.26, but Howeil modified m to allow it to vary with o,

o

a ¥
m =0.23(27J e 5.6

where a/l is the fraction of chord from the leading edge to the point at which maximum camber
occurs (see figure 4.1). For inlet guide vaues, the flow is accelerated as in turbine passages
and

m=0.19 -

From equations 5.4, 5.5 and 5.6, for a circular arc camber line compressor cascade, (2%)2

reduces to |, and:

r .
. o, fs
o =|0. — |0\ =
_023+500:l 1
Bt ’ o
- (o', +8) §
—-0.23+ 500 ] ]
¢ & _’- (o, +8)
HB.J%‘—_O‘23+ 500
hY & x
=[500x0.23+ 0o/, +8)

Lo -
sco‘h

1
8'[ " ] =[500 % 0.23 +ot,)

gl=

_[500%0.23+ o]

0 (%;\(;—-IJ
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Ap,
(= 4.16
3Pc:
and
.
m=% 4.17
3Pei

Lieblein and Roudebush (1956) have shown a simplified relationship between 8,/1 and total

pressure coefficient, valid for unstalled blades,

_ cos’
m=2(ﬁ](5] - 5.15
I )\ s Jcos’ o,

Substituting equation 5.15 into 4.26,

3 N 3
_ofs)eos o (8) cosa, ' (s .
C”_E(l]cosla. _2( I J(COS%J —Q(l)cos a, 5.16

Since values of ¢, /c, will not be known without detailed cascade data or flowfield

calculation results, an equivalent diffusion ratio D,, has been correlated for NACA 65 and
C4 blades from inlet and outlet cascade conditions:

cos 01,

5 Cy COS (1,

{1.12+0.61(%Jcos’a,(tana,—tanu.,)} 5.17

Atincidence angles greater than the reference incidence i (either mid-point of working range

or position of minimum loss) Lieblein extended the above correlation to

. =%{ 112 +k(i -i,,,)"“+0.61[§)cos’a,(tana, —laﬂaz)} 5.18
1

where k= 0.0117 for NACA 65 blades and k = 0.007 for C4 blades on a circular arc camber
line.

S
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Lieblein (1965) also developed a complicated but accurate method of determining the
minimum-loss loss incidence angle i; and deviation angle & as a function of solidity o,
maximu.a blade thickness-chord ratio, thickness distribution (profile), air inlet angle o, and
camber 8. No off-design deflection calculation method is given, however,

55 Jansen and Moffat Loss Correlation

In the correlation of Jansen and Moffat (1967) it is the design diffusion facter incorporating
streamline radiai shift which is the parameter determining design loss @ :

Vi nVa-nVy
D=] - =4 —m—— 19
Va (n+ryVo :

The wake momentum thickness to chord ratio /7 is linked to the design diffusion factor D

by the expression

(?) =0.003 +0.02375D - 0.05D*+0 125D° 5.20

In Hirsch and Denton's (1981) review of Jansen and Moffat (1967), Lieblein’s loss expression

is then used
2
x cos ot
m=2[9](£] o 5.15
I )\s )eos’a,
Jansen and Moffat (1967) originally used a simplification in their paper of
2 >
0= (9 ) 521
cosS \ 1

The method of Wiggins (1963) is used to account for Mach nuniber effects and incidence
effects at off-design:

5.5.1 Inlet angles for design, choke and surge

If the inlet Mach number exceeds 0.7, the inlet flow angles are ~orrected by the following
equations

- 4K
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B;.v = ﬁls
B, =B, +1.5AB
B, =B, +AB 5.22

where s represents surge, ¢ represents choke, " indicates a corrected value and AP is given by
AB=10M,-7 523

55.2 Supercritical Mach Number

If the inlet Mach number exceeds its critical value, the design loss coefficient is corrected by
® =0)2M-M,,)+1] 5.24

5.5.3 Off-design Loss

A parabolic variation of loss with incidence is assumed for off-design operation, with choke
or surge being achieved at twice the minimum value:

o= (0.83335" +0.16675 + 1.0) 5.25
where S is defined as
. = -B
B, <P §=—t-—
I I ﬂlc =1 B
B, >B S =E-B—‘, 5.26
Bh"- Bl

5.6  NACA Cascade Data
Herrig et al. (1951) systematically tested the NACA 65 family of profiles (65-0-10 to

65-(27)10) from positive to aegative stall and solidities from C.5 2 1.5 at low speed. The
data has been summarised respectively by Mellor (1956) and Felix (1957).

A7
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(D+04) =
Re, =| = x 10° + 10000 5.30
fro [7.5JTF}

as a function of the NACA ditiusic, . 5

Gape, S 5.31
TR +20V; )
and Taylor’s turbulence factor
TF =T, : ; 5.32
=1lu Lj o F

where

=
I
|
tn
"
L2

5.34

If TF is not available then Tu can be used as an approximation. No bursting takes place ai
values of D below 0.14,

58 Comparison and Discussion

Cumpsty (1989) gives a substantive review of the correlations mentioned in the sections above
in terms of incidence, deviation and loss.

Concerniny reference incidence (variously called aominal, optimum, design and
minimum-loss by Howel! (1945), Carter (1950), Emery er al. (1958) and Lieblein (1960,
1965) respectively), Cumpsty comments on the philosophies of the different approaches and
concludes that very similar predictions are obtained by using the different approaches for
moderate to high camber blades, but ior low camber blades Carter's predictions diverge from
those of the other methods. Carter’s method predicts the incidence to give the highest lift-drag
ratio for a given camber, but for a given flow deflection the lift-drag ratio is not the highest
and is regarded by Cumpsty to be the incorrect approach.

-50-
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For the low Reynolds number regime the correlations of Howell (1942) and Davis and Millar
(1975) appear too simplistic. Neither the semi-empirical correlation nor the empirical
correlation of Roberts (1975) are useful in a method such as the STFM since the blade velocity
distribution and a boundary layer method are required. Since Roberts provides the data from
which the correlation was derived in graphical format, however, it is possible to create
correlations of loss and turning versus the difference in bursting and subbursting blade chord
Reynolds numbers

ARe =Re,, — Re, 5.39

Sa
in the same manner as Roberts’ empirical correlation. From section 5.7 it can be seen that

Roberts had based his original correlation on the difference in bursting and subbursting
separation momentum thickness Reynolds number to separation position blade chord fraction

Re,. Re,.
ARX = ¥ - . 5.29
(S5 |gp | (S |y

ratios

0



Stellenbosch University https://scholar.sun.ac.za



Stellenbosch University https://scholar.sun.ac.za



Stellenbosch University https://scholar.sun.ac.za



Stellenbosch University https://scholar.sun.ac.za



Stellenbosch University https://scholar.sun.ac.za

for values of &, where i, <0.4. Correlating M proved to be the least straightforward. Success

was ultimately only achieved by dividing the data into two ranges, 30° < a, < 50° and
350° < o, £ 70°:

- 50

o S% M=Ml

- 50

oy >3—0' M=M1 6.14

M, and M, are given by

30° < @, < 50° M, =1.051072+0.867436 6+ 1.11147 &
+0.524389 @, -0.0389094 &2 -0.351642 &
~0.209736 6°-0.535405 660415628 G0y,
~0.202516 @,G+0.0893002 (8G)*+0.0173806 (B¢, )’
- 0.0148907(0,6)" +0.215056 860, +0.0263945 &'

-0.00778454 b6’ 6.15

- 5B -




50° < o < 70°

where
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M, =—-22.886694 + 12.1308 £ +28.6134 &
+11.1523 &, -0.207618 o - 5.58370 &
- 1.31375 6*—6.88576 B0 --5.09887 o0,
~12.9649 (1,6 +0.531582 (86)* +0.165805 (Bar,)’

- 1.19605 (01,0)* +2.33333 Boa, +0.0785607 6’

-0.034533% 66’ 6.16
b=, 0,=10°
0y = ;"'1‘ Oty = 30°
o=—, O,=10 6.17

The correlation coefficients for the two ranges are 0.866 199 and 0.923 300 respectively.

Using these interp~lation equations, thc M correlations were used to modify £, in the

following way:

Enoa = Eagy — M (i, —0.4) 6.18

for the values of €, where i, < 0.4. Application of the correlation for M had the effect of

reducing the average error to 0.008 44 and the standard deviation of the error to 0.060 252.
Qualitatively, the spread of the worst diverging NACA data lines was reduced, but some of

.59
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the data lines that converged well 1o the Howell correlation line to start with, such as those
with low 8, low @ and low «,, were more dispersed. This is due to the correlation of M being
imperfect and over-predicting values of M in regions where it should become very small

To overcome this effect, table 6.1 was drawn up showing the regions where the values of é,,,,,

the NACA data adjusted only by C, and (,, were considered good (with acceptably small
czviation from Howell's ~urve). Using table 6.1, table 6 2 was drawn up showing zones of
applicability of the two M correlations. In the non-app.” .ie regions M was assumed to equal
zero. Linear interpolation was used 1o cnsure smooth transitions between the different regions.

Therefore
o < 2% M =M,
30
% 2 M=M
Qa i) =M,
50 . o5 M, -M)(. 50
e e =M S -
n
M, and M, are altered by
M, =M (1 -Cyu\l -C,C,)
My =M,(1 - C,(1-C,) 6.20

where
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6<1.0 C,=1
o212 C,=0

: 0=1) .
1. : Co=1+—— —(c-1.
0<c<12 A 1+”}¢mm 1.0)
B<15 Cy =0
6=25 Cyy =1

A - (1_0)
1.5<8<25 c,,,=0+(25 m
6<38 Cu=1
6242 =0

o 0-1)
318<B <42 Co 1+53:z5@-1m 6.21

The NACA duta was again modified using equation 6. 18, this time with M having been altered
by equations 6.19,6.20and 5.2'. The average error is now 0.005 89 and the standard deviation
of the error is 0.052 933. The exercise was repeated, this time applying equation 6.18 for all
values of :"‘,dj. collapsing the data lines at i‘.,_,,J > 0.4 by

104 M=M
i>04 M=-M 6.22

The resultant values of €, are shov/n plotted in figure 6,9. The spread has been successfully

narrowed and the divergence minimised, and the values for average and standard deviation
of the error are 0.003 54 and 0.054 261 respectively.

To regenerate the NACA results, firstly the values of € and C, must be found from 8, & (or
s/l) and ¢, Then, C, and € produc: £, and, with i, f‘w. From f‘,,,. use is made of Howell's
off-design orrelation to obtain €, and, with s/, C,. After finding M from equation 6.22

and C;, the detlectio € is finally found from

€= Gy, [+ M (i~ 0.4)] 6.23

-€l -
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6.4 Modification to the Correlation of Roberts for Reynolds Number and
Turbulence Effects

As mentioned in section 5.6, the correlations of Roberts (1975) are not directly applicable to
the cascade correlation requirements of the STFM, since the blade velocity distribution and
a boundary layer method are required. The data in the graphs of the two papers of Roberts
(1975), however, were used to create correlations of loss and turninig versus the difference in
bursting and subbursting blade chord Reynolds numbers

w, =K, (019)ARe, + o, 6.24
€ = €, — K,0(s/)ARe, 6.25

where
ARe =Re,, ~Re, .- 3.39

0=08,. 0, =10°
f=(yan),,, (1), =0.1

fo (s/!)/(sfl),,f, (s/),,=1.0 6.26

The subbursting and superbursting values of ®, and & were digitised from the graphs in the

two papers of Roberts (1975). By means of the modified Howell correlation (sections 6.1 to
6.3), a spreadsheet was used (o calculate the values of diffusion factor D for each of the test

points.

The bursting Revnolds numbers were then obtained from Roberts’ correlation equation

(D+04) 3
Re,, =| —— [x 10"+ 10000 5.30
Cen [7.5\/1*17
and Taylor’s wrbulence factor
TF =1 4 j 5.32
=Tu L 5

«6%:
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10° @ and 1.2 5/ cascade (figure 6.16), where the loss was overpredicted by 8 percentage
points. This is to be expected since from figure 6.3 it can be seen that a § value of -0.84 is
far from the given data range and extrapolation is always dangerous.

The prediction of subbursting € and ®, was very good, given the simplicity of the correlation

and the accuracy bounds of Howell's adjusted method. The two mathods were then deemed

acceptable for use in the STFM.
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In neither of the two methods is mass flow comparable with experimental values because no
annulus blu.ckage capability has been built into the method. A better comparison would be
vuss ble if @ reliable endwall boundary layer technique were employed to predict blockage
tespecially in hiade rows to yield AVDR values) and endwall losses.

« T4 =
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9.2 Experimental Recommendations

The experimental runs should be repeated incorporating a number of important modifications.
The traversing in the radial and yaw plane should be automated to decrease the time taken to
complete measurements. This will allow more tests to be taken in a reasonable amount of

time.

Measurements should be taken at several pitchwise statioas behind each stator row to allow
mass and area averaging for comparison with predicted values of pressure, velocity and angle.

The cobra probe should also be calibrated for errors in angle prediction in flow with pitchwise
velocity gradients.

Detailed turbulence measurements, including calculations of macroscale L,, should be done

at inlet and behind each blade row.

=76 -



Stellenbosch University https://scholar.sun.ac.za

APPENDIX A: BOADWAY'S TRANSFORMATION APPLIED TO CYLINDRICAL

CO-ORDINATES

The stream function  is a function of radius and axial position and hence its differential is

given as

dy= %—d’ + g—i’dz

Introducing a dummy variable ¢ = ¢(r,z) another differential is found:

do= a—gdr +g¢dz

New functions are required, such that:
2=2(0,¥), r=r(d.y)

dz dz
dz == d¢+§‘;d|p

dr = §£d¢+ -aid’ly

a " dy

Substituting A.1 and A.2 into A.4 and A.S we obtain

eSS
and
dr =g—;[ g—-—?dr+§fdz_l 4 %[gl—fdﬂg—:—'dz]

==

Al

A2

A3

A4

AS

A6

A7
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Collecting the 7 terms the following set of simultaneous equations, expressed in matrix form,
can be derived:

a2
o0 ody|| dz | [
> or ov| o e
dd dy]| oz

from which it follows that
=t = A9

where A is the determinant of the matrix. Similarly, collecting dr terms one obtains:

az’|[ ¢

oyl or| [0
ar |l eyl LI

|| or

A. LD

Y &%

from which

d0  dz/idy dy _dz/od 411
o A o A '

The second pariial derivatives can be obtained in an analogous fashion:

Py _20yd:)_a@w:)%  Adye)dy
a: o0z 9 oz dy oz

_iﬁ?]aﬂa\p 3[%’]-&/&»
"% A oy 4

A.l12

A.l3

<8



Stellenbosch University https://scholar.sun.ac.za

4%
A =_1[A32r_iﬁ] A.l4
dy A’ dgdy 9t ‘
Inserting A.13 and A.14 into A.i2 yields
82_w=__|:ar|:araA PR Ir ] ar[araA azr]] 215
a2’ 96| ooy " deoy | ay| a6 " 3¢’ '
By a similar process g can be found:
dy_ 1[a [azaA B’zJ az[azaA_Aazz 118
or' A’ 00 apoy " eay | 1 3636 3¢’ '
If one lets ¢ =z, then:
g, X 5 X &
a oy T N o
AR Sdr o
opdy dyap dy
oA_dr
oy oy’
JA _0A _ dr
" aza\v A.17
Considering A.17 alongside A.15 and A.16 it is clear that
dy__ 1 ar[or &r ordr]| or[ardr or Ir
oz’ (dr/dy)’| v dy| 02020y Iyt | oz dzay® oyazdy
gy .. L&
o'  (Arldy)’| oy’
E (0z/d9) 1 AL18

ar A (9r/dy)
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Density gradients are handled in the same manner;

p=pO,v)

I _9pde  dpdy
9z 009z awaz

e

_p@ridy) _E[ ar/a¢]
T30 @rdy) oy

_dp_ dp[ arld
'w*aw{ arfaw]

_op 1 dpor
=3 Griy)avac g

o v, B2y 3 2v], %@L
o obor oyor drioy ' Ay (dr/dy)
» | dp _dploy
=0+ @rioy)w - -y AL




Stellenbosch University https://scholar.sun.ac.za

APPENDIX B: DISCRETISATION OF MATRIX THROUGHFLOW EQUATION
USING GREYVENSTEIN’S NON-UNIFORM GRID METHOD

Equation 7 is reproduced for convenience:
By (R B A ]
“ovdzazor \dy) oz awl ezl ) rlaw

[, 2T 2 _pds _codre] 1 a_r(_a:]’ee_a_pa_r( or ]]
[p,, ][aw][aw Ta\y r a\p] p[az dy ) dz dyady H{Bz} 4

Analogous to the method of Greyvenstein (1981), but in axisymmetric co-ordinates, the

equation is discretised for a rectangular (, z) grid. The equation is then numerically solved.
Figure B.1 shows a section of the (y,z) grid. N, S, E and W indicate neighbouring grid points,

while n, s, e and w are the midpoints between the neighbouring points and the point P, the
point being examined. The grid is not necessarily evenly spaced.

. : . ar . .
Using linear interpolation, the term 3 at the point P car . written as

a_r _(rP_’w)+5_Zw_ ("a_’r)_(fr""w)
%" & ik & @ &

ZG1(ry=rp)+2G2(rp—ry)

- B.2
where
8z,
2]l =———— B.3
28298z,
and
dz,
= B.4
e <

81 -
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The term -':; at the point P can be expressed in a similar fashion as

[-—ai:, =PG](:;\,—r,,)+PGZ("p—"s)
P

dy
=A B.5
where
dy,
PGl = m B.6
and
oy,
PG2 = m B.7

The remaining terms in equation B.1 are discretised in the same way. The following
expressions are used:

r:, =PGI(rW—rw)+PCrZ(rw—rsw)=B B8
w

%IS.J 4t

|
[

[ ] =ZGI(C-A)+ZG2(A-B)=D B.10
dzoy |,

= PGl (rys = rg)+ PG2(ry - ry)=C B9

E

9

[-ézﬂ] =ZG1(pg—pp)+2G2(pp—py) = F B.11
P

35] =PGl(py=p,)+PG2(p,-p,) =G B.12
P

23
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The sevond-order partial derivatives in B.1 can be written as

Ir] _1[Ge=rp) (ro=ry) B.12
dz* |, &z &z 8z,

Fr 1 | (ry=1p) (rp=ry)

oL (=00, ) - B.14
[awz]p ﬁw[ dy, By, ]

Using equations B.3 to B.14 in the LHS of equatiun B.! yields

2o ) a1+ 2] ) &)

o (re— ’r)_(’P""w) (I—H‘)r(ry‘rr) (rp—rg) A_z
oA &{ oz, 3z, ] dy | By, Sy, ]—r, 21
In a similar manner, the RHS of equation B.1 can be expressed as
Bl el MR = By
P 1w ™"y oy ow) o ayayl |
pr T Cap
=[p—rP]A{L-—PN]—p—[HA F-AG(1+HY)
=850 B.16
where
oh, as]
B.17
1575
and

(%]
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If flow is incomprcssible,

oh, _9ds _19p,
—=T— B.19
dy Ay poy
Inserting B.19 into B.17 results in
[ 1 ap.,]
p oy
1
=-p-[PGI (paN -poP)+P62(poP -poS] 820

Substituting equations B.15 and B.16 into B.1, we obtain:

_A_! (fs"’p)_(rp-"w)-‘_(l+H2)|-("~—’p) (re—rg) Az_
2AHD 62[ i = J o Y e =50 B2

re

Substituting Q = ;: and rearranging, the following identity emerges:

+Q0 +8S0-2AHD
B.22

P

tlate

A_’[_z —*] n+~’)['_~+_'s_
kTR by | by, ' by,
+

R
3
I
tl.-l

1 |
a‘vj‘*iv‘.]

Equation B.22 is solved by iteration, with A, D, H, Q and SO calculated from values of r,

obtained from the previous iteration.
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Table 2.1: Details of blade geometry

Rotor blades
Blade number: 41 Blade chord: 30 mm
Radius | Stagger [ Camber Solidity |Maximum Position of
(mm) (degrees) | (degrees) Thickness | Maximum Camber
150.0 38.00 31.04 1.3051 0.10 0.5
i65.0 45.00 23.48 1.1864 0.10 0.5
180.0 49.40 17.93 1.0876 0.10 0.5
195.0 53.00 13.85 1.0039 0.10 0.5
210.0 56.10 10.90 0.9322 0.10 0.5
Stator blades
Blade number: 43 Blade chord: 30 mm
Radius | Stagger | Camber | Solidity |Maximum Positior of
(mm) (degrees) | (degrees) Thickness | Maximum Camber
150.0 20.38 46.28 1.3687 0.10 0.5
165.0 18.18 43.39 1.2443 0.10 0.5
180.0 16.61 41.05 1.1406 0.10 0.5
195.0 14.90 40.57 1.0529 0.10 0.5
210.0 14.32 40.00 0.9777 0.10 0.5
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Table 2.2: Mass balances

Near-surge flowrate:
Density = 1,1757 kg/m’ m = 1,9892 kg/s

Measured inlet velocity 27,413 m/s
Corrected inlet velocity 25,984 m/s

Rotor Stator Inlet
Stage No. 1 . 3 | 2 3 left
M 2,0093 | 1,9573 | 2,0010 | 2,2949 | 2,5651 | 2,5579 | 2,0986
m
E 1,0101 | 09840 | 1,0059 | 1,1537 | 1,2895 | 1,2859 | 1,0550

Near-design flowrate:
Density = 1,1664 kg/m’ i = 2,5378 kg/s

Measured inlet velocity 34,631 m/s
Corrected inlet velocity 33,384 m/s

Rotor Stator Inlet
Stage No. 1 & 3 1 2 3 left right
i 2,5601 | 2,5140 | 2,5394 | 2,7877 | 2,6854 | 2,7623 | 2,6356 | 2,6296
i .
. 1,0088 [ 09906 | 1,0006 | 1,0984 | 1,0581 | 1,0884 | 1,0385 ! 1,0362
1

Near-choke flowrate:
Density = 1,1602 kg/m’ 1= 2,8036 kg/s

Measured inlet velocity 38,367 m/s
Corrected inlet velocity 36,924 m/s

Rotor Stator Inlet
Stage No. 1 2 3 1 2 3 left
m 2,7850 | 2,8309 | 2,7949 | 2,8917 | 2,8959 | 2,9686 | 29131
m
h, 09934 | 1,0097 | 09969 | 1,0314 | 1,0329 | 1,0589 | 1,0391
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Table 6.1: Prediction quality of H2 correlation without gradient correction

+ good
- poor
*  not applicable
Camber Solidity Inlet angle
angle 30° 40° | 50° 60° 70°
0,5 + + + + +
0,75 + + + + -
10° 1 + + + + +
1,25 + + + - -
1,5 + + + - -
20° 1 + + + + +
1,5 + + + - -
0,5 - - - - -
0,75 “ - - - -
30° 1 + + + + +
1,25 + - - - -
1,5 + + + - -
37,3 1 - - - - -
1.5 + + o < .
0,5 - - - - .
0,75 + + + + »
45’ 1 . - - - s
1,25 + - - - -
1,5 + + - - "

<
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Table 6.2: Regions of applicability of gradient correction correlation M

+ applicable
not applicable

M: 30" <q, £50°

Solidity Camber angle

10° - 20° 20" - 30° 30°-37,5" | 37,5 -45°
0,5 - 0,75 - + + +
0,75-1 - + + +
1-1,25 - - - +
1,25-1,5 - - - +

M,: 50° < @, < 70°

Solidity Camber angle
10" - 20° 20° - 30° 30°-37,5" | 37,5 -45°
0,5-0,75 - - + +
0,75-1 - + + +
1-1,25 + + + +
125 =195 + + + +
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Figure 2.1: Schematic diagram of Rofanco low speed compressor testbench (adapted from Lewis)
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Figure 2.2: Cobra three-hole probe
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Figure 3.9: Median internal streamline position for actuator disc flow with different
numbers of internal streamlines (NIS)
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Figure 3.10: Error in median internal streamline position for actuator disc flow with
different numbers of internal streamlines (NIS)

- 11



Stellenbosch University https://scholar.sun.ac.za

Axial velocity, Cx [m/s]
® 3

Tangential velocity, Ct [m/s)

6

4

2-

0 , ;

0.4 05 06 0.7 08 09 3%
r/(r tip)

—— Cx1SRE ~ Cx2SRE O Cx1STFM
& Cx2 STFM ct g ¢

Figure 3.11: Comparison of axial (SRE and STFM) and tangential velocity profiles for
actuator disc flow with 7 internal streamlines
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ligure 3.12: Median internal streamline position for twin actuator disc flow with different
numbers of internal streamlines (NIS) (25 equispaced nodes)
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Figure 3.13: Error in median internal streamline position for twin actuator disc flow with
different numbers of internal streamlines (NIS) (25 equispaced nodes)
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Figure 3.14: Median internal streamline position for twin actuator disc flow with different
numbers of internal streamlines (NIS) using sparse non-uniform axial spacing with three
nodes between ihe discs

1.004 : :
A s oA
1.002- AN [ L B N
" =il ActuatorDiscs ||/ # .
SRR b : 4 L .
sk ) 1 A M Tk
g o9t » AP 2 t
o T . A
Eo.egs- ;
© 0.994 i
0.
0- .
i

988+——— ; pe by A w———
10 08 06 -04 02 00 02 04 06 08 10
Z/(r tip)

- NIS=1"+ NIS=3-&-NIS=7

Figure 3.15: Error in median internal streamline position for twin actuator disc flow with
different numbers of internal streamlines (NIS) using sparse non-uniform axial spacing
with three nodes between the discs
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Figure 3.16: Median internal streamline position for twin actuator disc flow with different
numbers of internal streamlines (NIS) using sparse non-uniform axial spacing with two
nodes between the discs
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Figure 3.17: Error in median internal streamline position for twin actuator disc flow with
different numbers of internal streamlines (NIS) using sparse non-uniform axial spacing
with two nodes between the discs
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Figure 3.18: Median internal streamline position for twin actuator disc flow with different
numbers of internal streamlines (NIS) using sparse non-uniform axia'
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Figure 3.19: Error in median internal streamline position for twin actuator disc flow with
different numbers of internal streamlines (NIS) using sparse non-uniform axial Spacing
with a single node between the discs
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Figure 4.1: Compressor cascade and blade notation
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Figure 4.2: Four compressor blade profiles for nominally identical turning,
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Figure 4.3: Relationship between isolated aerofoil lift coefficient and equivalent camber
for NACA 65-Series profiles
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Figure 4.4: Forces and velocities in a cascade
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Figure 4.5: Lift and ‘rag forces exerted by urit span of a cascade blade upon the fluid

Figure 4.6: Axial and tangential forces exerted by unit span of a blade upon the fluid
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Figure 5.3: Variation of deviation angle with incidence angle and Reynolds number for
parabolic arc biade 10C4/40P40, o, varying from 28" to 40°
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Figure 5.4: Characteristics of an 11C1/45/C50 cascade, showing Howell’s nominal
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Figure 5.5: Cascade nominal deflection correlation of Howell
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Figuiz 5.6: Nominal deflection as function of nominal outlet angle
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Figure 5.8: Space-chord ratio correction for nominal deflection
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Figure 5.9: Howell’s off-design cascade correlation
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Figure 5.10: Losses in a compressor stage according to Howell
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Figure 5.11: Lift-drag ratios for s/ = 1
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Figure 5.12: Carter’s deviation rule
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Figure 5.13: Compressor cascade blade surface velocity distribution
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Figure 5.15: Design angles of attack for NACA 65-Series
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Figure 5.16: Effect of AVDR on deviation angle, loss coefficient and discharge pressure
coefficient as a function of incidence
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Figure 6.1: Howell's nomiual deflection correlation data with three curve fit
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Figure 6.3: Howell's off-design cascade profile drag correlation with polynomial curve fit
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Figure 6.4: Carter’s deviation rule for circular arc with polynomial curve fit
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Figure 6.5: Comparison of values of m from Carter’s deviation rule and Howell's
correlation for the NACA cascade test data
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Figure 6.10: Initial ¢ srrelation applied to the !ow Reyncids number & data of Roberts
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Figure 6.11: Initial correlation anplied (o the low Reynolds number ® data of Roberts
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Figure 6.12: Definition of ‘artificial” bursting Reynolds number
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Figure 6.15: Comparison of € as function of non-dimensionalised incidence and Reynolds
number, Re,, between data of Roberts and prediction of H2 correlation combined with
modified correlation of Roberts, for NACA 65-4(A10)10 profiles in cascade: s/ = 1.2,

B, = 60°, TF ~0.006
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Figure 6.16: Comparison of ® as function of non-dimensionalised incidence and Reynolds

number, Re,, between data of Roberts and prediction of H2 correlation combined with
modified correlation of Roberts, for NACA 65-4(A10)10 profiles in cascade: s/ = 1.2,
B, =60°, TF ~0.0"6
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Figure 6.17: Comparison of € as function of non-dimensionalised incidence and Reyuolds
number, Re,, between data of Roberts and prediction of H2 correlation combined with
modified correlation of Roberts, for NACA 65-12(A10)10 profiles in cascade: s/ = 1.2,
B, = 60°, TF ~0.006
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Figure 6.18: Comparison of ® as function of non-dimensionalised incidence and Reynolds

namber, Re,, between data of Roberts and prediction of H2 correlation combined with
modified correlation of Roberts, for NACA 65- 12(A10)10 profiles in cascade: +4 = 1.2,
B, = 60°, TF ~0.006
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Figure 6.21: Comparison of € and @ as function of Reynolds number, Re,, between data of
Roberts and prediction of H2 correlation combined with modified correlation of Roberts,
for NACA 65-6(A10)12 profiles in cascade: s/ = 1.0, B, = 50°, y= 40, Tu < 0.01, TF
assumed ~0.006
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Figure 6.22: Comparison of € and ® as function of Reynolds number, Re,, between data of

Roberts and prediction of H2 correlation combined with modified correlation of Roberts,
for NACA 65-18(A10)10 profiles in cascade: s/ = 0.55, B, = 60°, y= 37.5", TF ~0.006

- 150 -



Stellenbosch University https://scholar.sun.ac.za

45
o TuD =Disturbance |evel
40t a Tu -Unsteadiness
&k o U -Free stream Tu
L 4
Re =5x10°
30F
Tu9
‘_J.-j -
20¢r
15t » -
10k "
0.5 5 -t
050 0-52 0-54 056 058 0:60

c
¢=Uﬁ-1

Figure 7.1: Variation of turbulence level with flowrate for a single stage compressor
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Figurz 7.2: Flow angle profiles at near-design flowrate: 2.54 kg/s. Comparison between experimental data and STFM predictions using
Howell's method with and without correction of Roberts
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Figure 7.3: Flow angle profiles at near-design flowrate: 2.54 kg/s. Comparison between experimental data and STFM predictions using H2
and H2 with correction of Roberts (with and without AVDR correction)
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Figure 7.4: Tangential velocity profiles at near-design flcwrate: 2.54 kg/s. Comparison between experimental data and STFM predictions
using Howell's method with and without correction of Roberts
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Figure 7.5: Tangential velocity profiles at near-design flowrate: 2.54 kg/s. Comparison between experimental data and STFM predictions
using H2 and H2 with correction of Roberts (with and without AVDR correction)
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Figure 7.6: Axial velodity piofiles at near-design flowrate: Z.54 kg/s. (Zeroes of inlet and rotor rows have heern staggered by 40 and 20 m/s
.2spectively). Comiparison between experimental data and STFM predictions using Howell's me.hod
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Figure 7.7: Axial velo ity profiles at near-design flowrate: 2.54 kg/s. (Zeroes of rotor rows have been staggered by 20 m/s). Comparison
between experimental data and STFM predictions using Howell’s method with and without correction of Roberts
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Figure 7.8: Axial velocity p. files at near-design flowrate: 2.54 kg/s. (Zeroes of rotor rows have been staggered by 20 m/s). Comparison
between experimental data and STFM predictions using H2 and H2 with correction of Roberts (with and without AVDR correction)
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Figure 7.9: Total pressure profiles (relative to inlet mass average) at near-design flowrate: 2.54 kg/s. Comparison between experimental data
and STFM predictions using Howell's methods, using Howell's and Lieblein's profile loss models
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Figure 7.10: Total pressure profiles (relative to inlet mass average) at near-design flowrate: 2.54 kg/s. Comparison between experimental data
and STFM predictions using Howell's method with and without correction of Roberts
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Figure 7.11: Total pressure profiles (relative to inlet mass average) at near-design flowrate: 2.54 kg/s. Comparison between experimental data
and STFM predictions using H2 with and without correction of Robe:ts
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Figure 7.12: Total pressure profiles (relative to inlet mass average) at near-design flowrate:

2.54 kg/s. Comparison between experimental data
and STFM predictions using H2 with co.rection of Roberts and AVDR correction for two values
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Figure 7.13: Flow angle profiles at near-choke flowrate: 2.80 kg/s. Comparison between experimental data and STFM predictions using
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Figure 7.14: Flow angle profiles at near-choke flowrate: 2.80 kg/s. Comparison between experimental data and STFM predictions usiug
correction of Roberts with Howell's method and H2 (with and without AVL R correction)
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Figure 7.15: Tangential velocity profiles at near-choke flowrate: 2.80 kg/s. Comparison between experimental data and STFM predictions
using Howell's method with and without correction of Roberts
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Figure 7.16: Tangential ve')city profiles at near-choke flowrate: 2.80 kg/s. Comparison between experimental data and STFM predictions
using correction of Roberts with Howell's method and H2 (with and without AVDR correction)
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Figure 7.17: Axial velocity profiles at near-choke flowrate: 2.80 kg/s. (Zeroes of .nlet and rotor rows have been staggered by 40 and 20 m/s
respectively). Comparison between experimental data and STFM predicrions using Howell's method with and without correciion of Roberts
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Figure 7.19: Total pressure profiles (relative to inlet mass average) at near-choke flowrate: 2.80 kg/s. Comparison between experimental data

and STFM predictions using Howell's method with and without correction of Roberts
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Figure 7.21: Flow angle profiles at near-surge flowrate: 1.99 kg/s. Comparison between experimental data and STFM predictions, with ;-ﬂ
limited to 0.6, using Howell's method and H2
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Figure 7.23: Flow angle profiles at near-surge flowrate: 1.99 kg/s. Comparison between experimental data and STFM predictions, with f,,,

limited to 0.6, using H? without and then with the correction of Roberts at two levels of Tu
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Figure 7.31: Total pressure profiles (relative to inlet mass average) at near-surge flowrate: 1.9 kg/s. Comparison between experimental data

and STFM predictions, with { ag limited to 0.6, using Howell's method w

ithout and then with the correction of Roberts at two levels of Tu
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Figure 7.32: Total pressure profiles (relative to inlet mass average) at near-surge flowrate;: 1.99 kg/s. Comparison between experimental data
and STFM predictions, with i, limited to 0.6, using H2 without and then with the correction of Roberts at two levels of Tu
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surge flowrate: 1.99 kg/s. Comparison between experimental data and STFM predictions, with f

limited to 0.4, using Howell's method and H2
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Figure 7.34: Flow angle profiles at near-surge flowrate: 1.99 kg/s. Comparison between experimental data and STFM predictions, with f,,,

limited to 0.4, using Howell’s method without and then with the correction of Roberts at two levels of Tu
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Figure 7.38: Tangential velocity profiles at near-surge flowrate: 1.99 kg/s. Comparison between experimental data and STFM predictions,
with ,,, limited to 0.4, using H2 without and then with the correction of Roberts at two levels of 7u
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Figure 7.39: Axial velocity profiles at near-surge flowrate: 1.99 kg/s. (Zeroes of inlet and rotor rows have been staggered by 40 and 20 nv/s
respectively). Comparison between experimental data and STFM predictions, with 7 ay limited to 0.4, using Howell's method and H2
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Figure 7.43: Total pressure profiles (relative to inlet mass average) at near-surge flowrate: 1.99 kg/s. Comparison between experimental data
an¢ STFM predictions, with 7, limited to 0.4, using Howell's method without and then wiih the correction of Roberts at two levels of Ti
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Figure 7.44: Total pressure profiles (reiative to inlet mass average) at near-surge flowrate: 1.99 kg/s, Comparison between experimental data

and STFM predictions, with l.ug limited to 0.4, using H2 without and then with the correction of Roberts at two leveis of T
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Figure 7.46: Tangential velocity profiles at near-surge flowrate: 1.99 kg/s. Comparison between experimental data and STFM predictions,
with :",4, limited to 0.4, using H2 with AVDR correct’on, without and then with (e correction of Roberts at two levels of Tu
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Figure 7.47: Axial velocity profiles at near-surge flowrate: 1.99 kg/s. (Zeroes of rotor rows have been staggered by 20 m/s). Comparison
between experimental data and STFM predictions, with fm,j limited to 0.4, using H2 with AVDR corraction, without and then with the
correction of Roberts at two levels of Tu
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rigure 7.48: Total pressure profiles (relative to inlet mass average) at near-surge flowrate: 1.99 kg/s. Comparison between experimental data
and STFM predictions, with 7,,,, limited to 0.4, using H2 with AVDR correction, without and then with the correction of Roberts at two levels
of Tu
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Figure B.1: Nomenclature and discretisation grid of Gr syvenstein





