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As an extension to the study of aerodynamic properties of fixed blad-
es of steam turbines in earlier paper by the authors. An experimental in-
vestigation has been carried cut to establish the effect of the inlet flow .
angle on the characteristics of steam turbine blades. The blade losses
such as, prafile Losses, friction losses and edge losses are obtained by
measuring the total pressure drop along the blade pitch and the velccity
distribution in the boundary layer at the end of the trailing edge in the
blade cascade. The blade losses were found to depend on the inlet flow
angleohave smaller values at smaller value of inlet flow angle (in oup casg
at 60 e‘snlet flow angle). The inlet flow angles Uereochosen to be 607, 90
and 120~ for a standard f£ixed blade profile, N(90-15~). While the flow
. Mach number ranging fram 052 to 0.7 agd the corresponding f£low Reynolds
number ranging from 2 x 10™ to 8 x 107, ' :

“NOMENCLATURE :
b : Blade chord. ‘
AEd  :  Blade edge thickness.
1 ' : Blade height. - ‘
Po : Stagnation pressure.
Py Static pressure at cascade inlet.
Pz, ‘.z Static pressure at cascade autlet.
‘P, ¢ Stagnation pressure at cascade inlet.
P, : Stagnation pressure at cascade outlet.
AB?L : Total pressure difference, Py~ Por equ(l),
~BDP - : Pressure difference,'Pol-Pz, equ. (1).
- £ ° : Blade pitch. ' ‘ '
u. : Boundary layer velocity.
S :. Stream velccity. '
' Y°_ ¢ Coordinate-normal to the trailing edge.
- %o : Inlet flow angle.
X1 : outlet flow angle.
Xy : Angle of blade setting.
® : ‘Boundary layer thickness.
%1 : Displacement thickness.
. $2 : Momentum thickness
93 : Energy thickness.

, 't Flogal constant.
K- ~: Specific heats ratio = cp/ev.
: *- 3 Blade height/chord ratio = J/b. .
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Relative pitch = t/b,
Relative velccity = U
Dimension less distancé = Y/p
Pressure ratio = Pz/Pol
§5/6, in equ. (3)

m m"ﬂglﬂ'l

NN

S 1 ¢ dimefision less velocity = Uy/U .

‘ft : dimension less velocity = U

B, : ($./5)% in 3 rax
1 1 equ (3)

K : 7/ in equ (3)

7%, ¢ Protfile foss coetficient,

fr Eriction loss coefficient,
Teg Edge loss coefficient.

1. INTRODUCTION

The study of air flow through a turbine blade cascade is of interest
because the results obtained from its solution are pertinent to the estim-
ation of turbine blade losses. The turbine blade losses are very import- -
ant part and play a vital role in the design of turbamachine, =~

In contrast to the air flow through a turbine blade cascade, no exp-
erimental work appears to.have been carried ocut and no analysis made in
crder to investigate the effect of inlet air flow angle on the performance
of blade cascade. The effect of Mach number (0.2<M<0.5) and blade pro~
file on the characteristics of blades has been studied for different val-
ues of relative pitch using air flow blade cascade, by sabry and Ibrahim
[1). Their results showed that clear dependence of the blade losses on
the blade profile and on the Mach number at the range between 0.2 and 0.5.
Herzing and Hansen{ 2]), studied the secondary flow phénomenon in turbomac~
hines for Mach numbers below 0.4. They found that the upstream wall boun-
dary layer was swept across the blade passage., A mathematical model for
the additional profile losses due to periodic flow motion and unsteady
flow at the entrence has been discussed by Labaticky and Azernow(3}.
Alexeeva and Boussova [ 4] discussed an imperical formula for curvature
blade cascade losses. Their gstudies gave reasonable results concerning
blade efficiency and distributed loss along the height of blades. The
effect of deviation of turbine blades from that which accepted geametry

- on _the turbine blade efficiency has been studied experimentally by khalifa

(5.

The primary aim of the experimental inwestigation described here was
to determine the effect of inlet flow angle on the energy losses through
the turbine blade cascade for the wide rapge of Mach numger (0.2<M 0. 7).
the corresponding Reynolds number (2 x 10" R < 8 x 107). Total press-
ure difference measurements distribution alons the blade cascade pitch a
and in the boundary layer thickness at the blade trailing edge, were also
‘obtained for same flow conditions using a standard blade profile.

The experimental set used in the experiments is similar to that which
previocusly used by Sabry and Ibrahim (1]}, and is shown in Fig.(l). This
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set is simply consists of :

i ) The cascade arrangement.
ii ) - Supply line and control systems,
iii) Measuring instruments.

2-1~ Cascade Arrangement:

The rascade arrangement is conssits of: .
1) The blades, which were used in this experimental work were made
: from aluminium by casting with carefully smooth finished surface,

2) The air guide, two angles of wood, Fig.(l), are used as an air
guide at the entrance of cascade to obtain the uniform flow at
the inlet of all channels and the ang%es were placgd in such a
way to allow an air inlet angle of 607, 90~ or 1207, -

2.2~ Supply Line And Control System:

The air flows in an open circuit shown in Fig.(l). Air compressors
(1) were used to give the required discharge and pressure. The air f£lows
fram the compressors through a 3" pipe diameter to the air tank and dryer
unit; with oil and water separation; (2), after this unit, the air flows
through another 3" pipe diameter to the air tunnel (4), and then to the
cascade arrargement. The air flow rate and the pressure at the entrance
to the air tunnel is controlled by the air tank and the pressure reducing
valve (3). o ' S ‘

2.3~ Measuring Instruments:

The meas;remeni:s were taken at different values of Mach number - .-
(0.2<M<0.7). ‘The following table show the all experiments, which were carr~
ied ocut for a standard f£ixed blade profile, N(%0"-157); Fig. (2).

bmm I=1/b t=t/b AET™ o(q o(ci a(o :
. 6 Ny
m . .
48,8 0.574 0.5 2 %0 15 39
i ' 120 -

For determining the effect of inlet flow angle on .the aerodynamic
characteristic of blade cascade, the following measurements were carried
“out. ‘

i ) The stagnation pressures before and after the c.ascadé and also in
the air tunnel were measured by Pitot-tubes. R

ii) The stagnation pressure in the boundary layer thickness were measured
by a micro-pitot tube placed on the trailing edge of the blade at the
middle height. R

All the stagnation pressure readings were available through a U tube
mancmeter (6), Fig.(l). Another U tube mancmeter (5) reads the difference
between the stagnation pressure in air tumnel and atmospheric pregsure for
the determination of the required Mach number by using the gas~dynamic
table. : ‘
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3. RESULTS AND DISCUSSION
3.1~ Total Pressure Distribution:

Figures (3-5) show a representative selection of the experimental mea-
Surements of the total pressure drop (AP,) along the blade cascade pitch,
for different values of Mach number and ifilet flow angle. Fram each figure
it can be seen that the maximum total pressure drop (difference between the
stagnation pressure before and after the cascade) occurs at trailing edge
of the blade, while the minimum total pressure drop occurs 'same where in
the pitch depending upon the inlet flow angle. This can be explained as
the velocity distribution is not symmetrical with respect to the trailing |
edge ‘due'tOits finite thickness and hence blade wake will be formed, i.e.
the velocity of air in the blade wake must be smaller than that of main
flow and a part of kinetic energy is exhausted in generation and maintena—
nce of vortices. This will lead to a higher total pressure difference at
the trailing edge than that in the main flow. These values of total pre~
ssure difference are varies fram figure to the other according to the value
of flow Mach number used.

3.2- The Profile Loss Coefficient :

The profile loss coefficient ( ’(‘ ) is determined for different values
of Mach number and inlet flow angle, ﬁ%ording, to the following relation,[ll
= AP ~

- k1= [a- 55, 8]

pr [ } k-1 aPy k-l
- [ -] 5

In this relation (Api/Bpo) is the average value along the pitch.

This average value calculated fram different measurements along the pitch

at the same flow conditions, inlet flow angle and Mach number, The corre-
sponding results of this situation are shown in Fig. (6. From ‘this figure
it can be seen that for each value of®’, the profile loss coefficient
decreases with the increase of Mach n r {(0.2<M<0.5), while for higher
range of M (0.5 <M<0.7) the profile loss coefficient increases slightly
with the  increase of M. The results also indicate that, for each value

of flow Mach number used, the profile loss coefficient increases with the
increase of ©<_. This is due to the fact that at smaller value of inlet
flow angle (°<°=600) , the cross pressure gradient has higher value and the-
vortex flow is strongly existed and concentrated in smaller area, hence a
.smaller losses are obtained. Meanwhile, in the other side in case of

(=< =120°) , the vortex flow is still stritched over a wide range of surface
area with relatively smaller intensity and hence a bigger value of losses
are found. The minimum value of profile loss coefficient was found to be
affected by the value of ™o, for example the minimum valge of profile loss -
coefficient was found to be ogcurred at M=0.6 for 6<6.':Q.20 and at M=0.53 .
for c><°=90°, while for o!.o=60 cccurs at M=0,5. .

(1)

3.3~ Friction Loss Coefficient:

In order to determine the friction losss coefficient ( T ) , the
relative velocity U (ratio between boundary layer velocity to main stream
velocity) and the boundary layer thickness (_§) at the trailing edge of _
blade must be known. The relative velocity U can be calculated from the
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experimental determination of Ap, where Ap= (P.,~ Po )/ (P oL Pz) Measu~

ring P 1r Pon and p,, the value of AP is determ%ed. 2While %he Value of
U can Be @eP&rmined“according to the following relation,[1];

1 — k-1

1- [1- - =) aP | ~—

[ ( po).‘ J,‘k

= 1~

u

U= 2
UOO

(2)
EL 2

2 ! selection ‘

Figs. (7-9) show a representative ze'an¢+ of the experimental measure-
ments of relative velocity distribution in boundary layer thickness, for
the back side of blade trailing edge, at different values of Mach number
and inlet flow angle. The results indicate that the area under curve,
which represent the velccity distribution, decreases with the increase of
Mach number and its means that the momentum, the displacement and the ene-
rgy thickness in boundary layer decrease with the increase of Mach number.
For the same value of Mach number, it is seen that each inlet flow angle
has its dependent effect of the relative velecity, in boundary layer. The
boundary layer thickness " & " is exper imentally determined, by measuring -
the variation of total pressure bhefore and after the cascade at the middle
height of trailing edge in boundary layer. The boundary layer thickness
is deduced when the difference of total pressure remains constant. By
using the following equation,[1], the friction loss’coefficient can be
determined.

S Ky -Hy,. 82
7;r= t.sino¢; 5 ky.Hj,. 5,

where kl’ H32, 52, t, °<l, k2' le and 52 are defined previously in the
namenclature’

(3)

Fig. (10) indicates the variation of the friction loss coefficient
with the Mach number for different values of inlet flow angle. From this
figure it can be seen that the friction loss coefficient increases with
the decrease of Mach number forall test value of inlet flow angles used.
The figure also indicate that for each Mach number used, the value of T,
increases with the increase of inlet flow angle. The order of the changg
ot Tfr' betwesen the smallest and biggest value of &, is smaller at sma-
ller values of Mach number. This can be explained agcording to the same
reason as the profile loss coefficient.

3.4~ The Edge Loss Coefficient:

The edge loss coefficient is determined fram the definition of prof-
ile loss coefficient which is the sum of friction and trailing edge loss~
es, , '
?’Fd- ?;r - ,Z.fr )

Fig. (11) indicates the variation of the edge loss coefficient with
the Mach number M, and inlet flow angle,e< . From this figure it can be
seen that the edge loss coefficient increafes with the decrease of M for
all values of = used. While its value decrease with the decrease of
“inlet flow angleotx ; for each value of M used., The variation of edge
loss coefficient at higher values of M, M }0.5 is similar to that for
profile loss coefficient. A comparison between the three loss coefficient
discussed here are presented in Fig. (12).
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3.5~ The Flogal Constant:

Flogal [6] found from his experimental work, that the edge loss coef-
ficient is directly proportional to the thickness of the trailing edge, Bpg
ard inversely proportional to the pitch, t, and cutlet flow angle,°<l.
A (5)
where, A is a constant gias value ranging from 0,12 to 0.41. 1In our previ-
ous work, [ 1),we have discussed the variation of the Flogal constant with
the change of Mach number (0.2<M<0.5) and the cascade geometry. But in
the present work we shall discuss the effect of inlet flow angle, 2<, on
the Flogal constant, A, for £low Mach nugber (0.2< M<Q.7) and the Corres-
ponding Reynolds number '(2x10° < Re<8x10”). These values of Reynolds num-
ber are fairly high so its effect on the blade losses may be assumed to be
neglected.

Figure (13) shows the variation of the Flogal constant with the Mach -
number and inlet flow angle, ©< . From these curves, it can be seen that
the Flogal constant decreases !rgnotonically with increasing Mach number
(0.2<M<0.5) for all values of the inlet flow argles and being decreasing
with the decrease of inlet flow angle, for each value of Mach number used.
This decrease is due to the decrease of edge loss coefficient at the same
flow conditions, For, M 70.5 there is a slightly increase in A for all
values of °(o used.

4. CONCLUSIONS:

The aerodynamic properties of fixed bladeg of steam turbines has been
studied by means of fixed blade cascade, N (900-15 , for thg range of Mach
number (0.2<M<0,7} and inlet flow angles, 60~, 90° and 120~. The major
conclusions and results of this study are summarized below:

1~ The total pressure difference along the blade cascade pitch was measu-
red for a different values of Mach number and inlet flow angle, These
measurements were found to be affected by the change of inlet flow
angle and flow Mach number.

2. The profile loss coefficient was found to be affected by the inlet
flow angle and flow Mach number. It is decreasing with the increase
of Mach number, as the Mach number increase from 0.2 to 0.5, for all
values of inlet flow angle used, the profile loss coefficient decreases
about 32%. ’ '

While for higher values of Mach number (M »0.5), whose values depend
on the value of inlet flow angle & _, the profile loss coefficient increases
slightly with the increase of Mach Sumber. So the minimum value of prof--
ile loss coefficient was found to occur gt M= 0.6, for ‘>(O =.120" and at
M = 0.53 for & = 90°, while for X = 60" occurs at M = 095, The profile
loss coefficien? was found to be defreased with decrease in the value of
inlet flow angle for each Mach number used. A reduction in the profile
loss coefficient was found to be varied according to the vag.)ue of !gach
number ,for example if the inlet flow angle changes from 120~ to 60, . the
profile loss coefficient decreases by 24% for M=0.2, while for M=0.7, th
profile loss coefficient decregses by 30%. :
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3~ The variation of flow velocity in the boundary layer and friction loss
coefficient with the inlet flow angle were measured, for a wide range
of flow Mach number (0.2<M<0.7). The friction loss coefficient was
found to be decreased as the inlet flow angle decreases, for the same
Mach number. The rate of this decrease increases with an increase of
Mach number. The results also show that as an increase in the Mach
number fram 0.2 to 0.7, the friction loss coefficient decreases by about
55%., for all values of inlet flow angle used.

4- The edge loss coefficient was found to be affected by both the Mach
number and inlet flow angle. - The results show similar character to
the profile loss coefficients, it decreases with the increase of Mach
number 10,2 <M< 0,5) and increases slightly with the increase of Mach
number greater 0.5. The edge loss coefficient was found to be
decreased with M®decrease of inlet flow angle.

5~ The Flogal constant obtained from these tests showed a good agreement
with the results obtained previously by other investigators, it lies
by about (0.18-0.3). The inlet flow angle and Mach number, were found,
have a significant effect on the value of Flcgal Constant.

REFERENCES:

1- Sabry, T.I. and Ibrahim, K.A,,
"Effect of Mach number and blade profile on the characterist-
ies of blades", Eng. Res. Bulletin, Faculty of Eng.,Menoufia
University Vol.l, Part 1, 1978, pp. 223-242.

2- Herzing, H.Z. and Hansen, A.G.
"Visualization studies of secondary flows with application
to turbomachines”, Trans. ASME, 1955, pp. 77-249.

3~ Labaticky, A.O. and Azernov, L.A., .
"additional profile losses in guide blades of turbines due
to pericdic and unsteady flow at the entrence." Thermal Eng.
J. 1976, pp. 44-47.

4~ Alexeeva, R.N. and Boussova, I.A.
"Approximate method to determine the losses in curved cascade
of turbine blade", Thermal Eng. J., 1974, pp. 21-~25.

5~ Khalifa, B.A. .
"Effect of technical deviation of turbine blades gecmetry on
efficiency of turbines" Eng. Res. Bullethin. Faculty of Eng.,
Menwfla University Vol. 1, Part 1, 1978, pp. 243-262,

6~ Delch, M.E. and Scmoulov:.ch, G. C ‘ :
"Fundamental aerodynamics for axial mrbomachme", Moscow,
1959,



- 160 -

3
- ~t ®— 2 {
¢ {
P i '
[ i S
<]

5 l-Compressor . )
2-Air tank 9 Drey unit-
3~ Presgure reducing valve-

4~ fir tunal.

5= U= tube manometer.
6 «0 =~ tube mazometer.

7~ Cascade arrangemeat.

Fig( 1)

B:| 29639

Profile (Tc _ 24)

8 | 9 |10]11] 12| 13}14

1 2 | 3|4 |5 6|7 |
30 | 35 |40 |45 | 477 499 -

X mm| O 1.5‘ 335 sp| 100| 15.0{ 20|25
14.5[13.5[12.1{10.4|8.3 |63 3.9 R63 |Le5]|—

YpackB 3.35|9.05111.5 (12, 8] 14.b
o o |5235]0.5€ |0.0 (0.42|30,8|4492|5.65|5.9 |5.55

4,73 352 218 125(052| ~

; Yfroﬂ’e\

Fig('2)



- 161 -

Distance a long the cascde blade pitch (&3 )

30 35 40 45 50

40
60} -
80} - -
100} - —
120
140
160
180
2004
20—

Fig (3 ) Totel pressure distributiop a long the blade cascade pitch
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