
A s  an extension to the study of aerodynamic properties of fixed blad- 
es of steam turbines i n  p r l i e r  paper by the authors. An experimental in- 
vestigatim has been carried a~ t  to establish the effect of the W e t  flow 
angle cn the characteristics af steam turbine blades. The blade losses 
such as, prcrfdle Lasses, friction losses and edge losses are obtained by 

' 

measuring the total pressure drop along the blade pitch and the velocity 
distribution in the lxundary layer a t  the end of the trailing edge in  the 
blade cascade. The blade losses were found to depend cn the inlet flaw 
angleOhave smaller values a t  m l l e r  value of inlet  flow angle (in a16 cas$ 
a t  60 Anlet flow angle). The inlet: flow angles v r e  chosen to be 60 , 90 
and 120 for a standard fixed blade profile, N(90 -15'). While the flaw 
Mch number ranging fran 052 to 0.7 the corresponding flow Reynolds 
number ranging £ran 2 x LO to 8 x 10 . 

Blade chord. 
Blade edge thickness. 
Blade height. 
Stagnation pressure. 
Static pressure a t  cascade inlet. 
Static pressure a t  cascade cutlet. 
S t a g ~ t i c n  pressure a t  cascade inlet. 
Stagrution pressure a t  cascade outlet. 
Ilbtal pressure difference, Pol - Pd, equ(l), 

Pressure difference, Pol-P2, equ.(l). 
Blade pitch. 
Boundary layer velocity. 
Stream velczity. 
Coordinat-Rnormal to the trailing edge. 
Inlet flow qq le .  
Cutlet flaw angle. 
Angle of blade setting. 
Bcundary layer thickness. 
Displacement thickness. 
Martenturn thickness 
Energy thickness. 

DIMENS1OkJI;ESS GWXrPS 

A : Flogal ccnstant. 
K : Specific heats ratio = cp/cv. 
J? : Blade kight/chord rat io  = &&. 
M .  : Mach number. 
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Relative pitch = t/b. 
Relative velccity = 
Dimension l e s s  ms&%= Y/b 
Pressure ra t io  = P2/P,1 
'l;,h2 in w. (3)  
63/b2 in e q ~  (3) 
dmensian l e s s  velocity = U1/U,ax. 
dimension l ess  velacity = Ut/Umax 

( f ,/ in epl (3) 

1 -  i n e p l  (3) 
~ r 4 i . b  iuss ccefficient. 
Ericticn loss coefficient. 
Edge loss  coefficient. 

The study of a i r  flow through a turbine blade cascade is of interest  
because the results  obtained £ran its solution are pertinent to the estim 
ation of turbine blade losses. The turbine blade losses are  very import- 
an t  par t  and play a v i t a l  role i n  the design of tur-hine, . 

In contrast to the a i r  flow thrcugh a b rb ine  blade cascade, no exp 
erimental work appears to. have been carried cut  and no analjisis made i n  
crder to investigate the effect of in le t  a i r  flow angle cn the performance 
of blade cascade. The effect  of Mach number (0.2<M<0.5) and blade p r c ~  
f i l e  on the characteristics of blades has been studied for d i f ferantval-  
ues of relat ive pitch using a i r  flaw blade cascade, by sabry and Ibrahim 
[I]. Their resul ts  &awed that  clear dependence of the &lade losses on 
the blade profi le and an the Mach number a t  the range between 0.2 and 0.5. 
Herzing and Hansen t 2 J , studied the secondary f lcw phEihomenon in turhmac- 
hines for Mach numbers below 0.4. They f& that  the upstream wall boun- 
dary layer was swept across the blade passage, A nethematical model for 
the additianal profi le losses due to periodic flow motion and unsteady 
flew a t  the entrence has been discussed by Labaticky and ~ z e r m C 3 ) .  
Alexeeva and Boussava 1 4  3 discussed an imperical formula for curvature 
blade cascade losses. Their studies gave reasonable resul ts  concerning 
blade efficiency and distributed loss along the height o£ blades. The 
effect  of deviation af turbine blades fran that  which aocepted gecmetry 
on the turbine blade efficiency has been studied experimentally by khalifa 
L53. 

The primary aim cb 'tke experimenta3. imest%gatian described bere was 
to determine the effect: of i n l e t  flow angle cm the energy losses thrcugh 
the turbine blade cascade for the wide raye of Mach num$er (0.2 < M (0.7) 
the correspa-iding Reynolds number ( 2  x 10 < R (. 8 x 10 ) . Total press- 
ure difference measurements d is t r i tu t ion alod the blade cascade pitch a 
and in  the boundary layer thickness a t  the blade trai l ing edge, were a l so  
obtained for sane flow conditions using a standard blade profile. 

2. APPARATUS AND METKIDS C@ -: 

The experimental s e t  used in  the experiments is similar to that  which 
pxevicusly used by Sabry and Ibrahim E l ) ,  and is shown in  Fig. (1). This 



set is simply consists of : 

i ) The cascade arrangement. 
ii ) mpply line and control systems. 
iii) Measuring instruments. 

2-1- Cascade Arrangement: 

The Cascade arrangerent is conssits of: . 
1) The blades, which were used i n  this experimental wark were made 

£ran aluminium by casting with carefully s n ~ ~ ~ t h  finished surface, 

2) The air guide, two angles of wood, Fig. (l), are used as an air 
guide a t  the entrance of cascade to obtain the uniform flow a t  
the inlet of a l l  channels and the angbes %re placp i n  such a 
way to allow an air inlet angle of 60 , 90 or 120 . 

2.2- Supply Line And ~onGol  System: 

The air flows i n  an apen circuit shown in Fig. (1) . A i r  cqpressors 
(1) were used to give the required discharge and pressure. The air flows 
£ran the canpressors through a 3" pipe diameter to the air  tank and dryer 
unit; with o i l  and water separation; (2 ) ,  after this u n i t ,  the ai r  f l m  
through another 3" pipe diameter to the air  tunnel ( 4 ) ,  and then to the 
cascade arrangement. The air flow rate and the pressure a t  the entrance 
to the air  tunnel is controlled by the air tank and the pressure reducing 
valve (3 1 , 

2.3- Measuring Instruments: 

The measurements were taken a t  different values of Mach number 
( 0 0 % ~  < 0.7) . The follawing table shaw the aU, ~ r i m ~ n t s ,  which were carr- 

ied cut for a standard f bed blade profile, N (90 -15 ) ; Fig. (2) . 

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

i ) The stagnatim pressures before and after the cascade and also i n  
the air tunnel were measured by Pitot-tuks. 

ii) The stagnation pressure i n  the boundary layer thickness were measured 
by a micro-pitot tube placed cn the trailing edge of the blade a t  the 
middle height. 

A l l  the stagnation pressure readings were available through a U tube 
qwmieter ( 6 ) ,  Fig. (1). Another U tube mananeter (5) reads the difference 
between the stagnatim pressure in air tunnel and atmospheric pressure for 
the determination af the required Mach nwnber by using the gas-dynamic 
table. 



Figures (3-5) show a representative selection of the experimental mea- 
surements of the total pressure drop (&Pi) along the blade cascade pitch, 
for different values of Mach number and inlet flow angle. Frcm- each figure 
ft: can be seen that the maximum total pressure drop (difference between the 
stagnation pressure before and after the cascade) occurs a t  trailing edge 
af the blade, while the minimum total pressure drop occurs .sane where i n  
the pitch depending upon the inlel: flow angle. This can be explained as 
the velocity distribution i s  not symetrical w i t h  respect to the trailing . 
edge-due to i ts  f mite thickness and hence blade wake w i l l  be formed, i.e. 
the velocity of air in the blade wake m u s t  be snaller than that of main 
flaw and a part of kinetic energy is exhausted i n  generation and maintena- 
nce of vortices. This w i l l  lead to a higher total pressure difference a t  
the trailing edge than that i n  the main flow. These values of total pre- 
ssure difference are varies £ran 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 
angle, &cording to the following relatior$ll. 

k-1 

- (1) 

In  t h i s  relation ( b pi/& po) is the average value along the pitch. 
This average value calculated £ran different measurements alotq the pitch 
a t  the same flow conditions, inlet flow angle and Mach number. The corre- 
-ding results of this situation are shown i n  Fig. (6p. Fran'this figure 
it can be seen that for each value o f Y ,  the profile loss coefficient 
decreases with the increase of Mach nu&r (0.2 < M (0.5) , while for higher 
range of M (0.5 <M (0.7) the profile loss coefficient ixreases slightly 
with the increase of M. The results also indicate that, for each value 
of flow Mach number used, the profile loss coefficient increases w i t h  the 
increase of Y . ghis  i s  due to the fact that a t  smaller value of inlet 
flow angle (-:=a ), the cross pressure gradient has higher value and the 
vortex flow is strongly existed and concentrated in miller area, hence a 

. m l l e r  Aosses are obtained. Meanwhile, i n  the other side i n  case of 
(%=120 ), the vortex f law is still stritched wer a wide range of surface 
area with relatively m l l e r  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 -0, for example the minimum valge of profile loss 
coefficieng was found ko be %curred a t  Me. 6 for s(g34.20 and a t  W0.53 
for04 =90 , while for do=60 cccurs a t  M . 5 .  

0 

In order to determine the friction losss coefficient ( ?&), the 
relative velmity 5 (ratio between boundary layer velocity to min stre- 
velmity) and the boundary layer thickness (-8 ) a t  the trailing edge o f .  
blade mst be kncnm. The relative velocity U can be calculated f rm  the 



1. .L 

selection 
Figs. (7-9) show a representative qn? x(... of the experimental masure- 

ments of re la t ive  veloci ty distr ibut ion i n  h n d a r y  layer thickness, for  
the back s ide  of blade t ra i l ing  edge, a t  different  values of Mach number 
and i n l e t  flow angle. The resul t s  indicate tha t  the area under curve, 
which represent the velcci ty distr ibut ion,  decreases with the increase of 
Mach number and its means tha t  the mentum, 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 tha t  each i n l e t  flow angle 
has its dependent e f fec t  of the re la t ive  velocity, in  boundary layer. The 
boundary layer thickness " 6 " is experimentally determined, by measuring 
the variat ion of t o t a l  pressure before and a f t e r  the cascade a t  the middle 
height of t r a i l i ng  edge i n  h n d a r y  layer. The boundary Layer thickness 
is deduced when the difference of t o t a l  pressure remains constant. By 
using the  f o l lming  equation,[ 11, the f r i c t i on  loss'coeff ic ien t  can be 
determined. 

2 K1.H3,. s.2 

Gr= t . s i n y  Z k 2 . H l 2 .  g2 1 
(3) 

where kl, H-321 s2r t, ql, k2, H12 and S2 are  defined previously in  the 
nanenclature . 

Fig. (10) indicates the variat ion of the f r i c t i on  lo s s  cceff ic ien t  
with the Mach number for  d i f fe rent  values of i n l e t  flow angle. F r m  t h i s  
f igure  it can be seen that  the f r i c t i on  loss  coeff icient  increases with 
the decrease of Mach number f o r a l l  test value of i n l e t  f l w  angles used. 
The f igure  a l s o  indicate tha t  for  each Mach number used, the value of 
increases with the increase of i n l e t  flow angle. The order of the cha&g 
,i Tfr, between the m l l e s t  and biggest value of*, is smaller a t  sma- 
ller values of Mach nwnber. This can be explained a%ording t o  the same 
reason a s  the p ro f i l e  l o s s  coefficient.  

3.4- The Edge Loss Coefficient: 

The edge l o s s  coeff icient  is determined frun the defini t ion of prof- 
i le lo s s  coeff icient  which is the sum of f r i c t i on  and t r a i l i ng  edge loss- 
es. 
7&i= <r - Ttr (4) 

Fig. (11) indicates the variation of the edge lo s s  coeff icient  w4th 
the Mach number M, and i n l e t  flow angle,* . From t h i s  f igure it can be 
seen tha t  the edge lo s s  coeEficient i x reages  with the decrease af M for  
all .  values of used. While its value decrease with the decrease of 
i n l e t  flow angle o~,, for each value of M used, The variat ion of edye 
lo s s  coeff icient  a t  higher values of MI M )0.5 is similar t o  t h a t  for  
p ro f i l e  l o s s  coeff icient .  A canpar ison between the three lo s s  coeff icient  
discussed here a re  presented in ~ i g  . (12). 



3.5- The Flogal Constant : 

Flqa l  t 6  J found f ran h i s  experimental work, that the edge loss cmf- 
ficient is directly proportional to the thickness of the trailing edge, dm, 
and inversely proportional to the pitch, t, and wt le t  flow angle, ql. 

4 m 
1 :. TM= A. 11( (5) ' 

where, A is a constant has value ranging fran 0.U to 0.41. In our previ- 
ous work, L l),we have discussed the variation of the FLogal constant w i t h  
the change of Mach number (0.2 C M C 0.5) and the cascade g m t r y .  wlt i n  
the present work we shall discuss the effect of inlet flow angle, 5, on 
the Flcgal ms tan t ,  A, for f&ow Mach n q p r  (0.2< M(0.7) and the orres- 
p d i n g  Reynolds number '(2x10 < Re < 8x10 ) . These values of Reynolds num- 
ber are fairly high so its effect cn the blade losses my be assumed to be 
neglected. 

Figure (13) shaws the variation of the Flogal constant with the Mach 
number and inlet flow angle, o( . Fran these curves, it can be seen that 
the Flogal ccnstant decreases m8notonically with increasing Mach number 
(0.2 < M (0.5) for a l l  values of the inlet flow angles 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 a t  the same 
f l w  conditims. For, M >O.5 there is a slightly increase in A for a l l  
values of eo used. 

The aerodynamic properties of fixed blade8 ofosteam turbines has been 
studied by means of fixed blade cascade, N (90 -15 A, for3 thg range of Mach 
number (0.2<M<0,7) and inlet flow angles, 60°, 90 and 120 . The mjor 
conclusions and results of this study are summarized below: 

1- The total pressure difference along the blade ca&ade pitch was masu- 
red for a different values of Mach number and inlet flow angle, These 
measurements were fcund to be affected by the change of inlet flow 
angle and flaw Mach number. 

2. The profile loss coefficient was found to be hffected by the inlet 
flow angle and flow Mach number. It is decreasing with the increase 
of Mach n&r, as the Mach number increase £ram 0.2 to 0.5, for a l l  
values of inlet flow angle used, the profile loss coefficient decreases 
abwt 32%. 

While for higher values of Mach number (M )0.5), whose values depend 
cn the value of inlet flow angle , the profile loss coefficient increases 
slightly with the increase of Mach Xumber. So the minirrwn value of prof- 
i le  loss coefficientowas £and to occur f ~ t  M= 0!6, for OC = 120° and a t  
M = 0.53 for o( = 90 , while for * = 60 occurs a t  M = 0?5. The profile 
loss coef ficien? was found to be ddreased w i t h  decrease in  the value of 
inlet flow angle for each Mach nwnber used. A reduction in the profile 
loss coefficient was found to be varied according to the va&ue of gach 
number ,fW example if the inlet: flow angle changes £ran 120 to 60 , the 
profile loss'coeff icient decreases by 24% for W . 2 ,  while for M4.7,  the 
profile Loss coefficient decr-ses by 30%. 



3- The var ia t im of flaw velocity in the batndary layer and frict ion loss 
coefficient: with the inlet  flow angle were measured, for a wide range 
of E h  Mach number (0.2 C M  (0.7). The f r ic t ion loss coefficient was 
found to be decreased a s  the in le t  flow angle decreases, for the same 
Mach number. The rate of th i s  decrease increases with an increase of 
Mach number. The results also show that  a s  an increase in the Mach 
number f ran 0.2 to 0.7, the fr ict ion loss coefficient decreases by about 
55%. , for a11 values of in le t  flow angle used. 

4- The edge loss coefficient was found to be affected by both the Mach 
number and in le t  flow angle. The results  show similar character to 
the profi le loss coefficients, it decreases with the k r e a s e  of Mach 
number ('3.2 <M (0.5) and increases sl ightly w i t h  the increase af Mach 
number greater ,t&m 0.5. The edge loss coefficient was fcund to be 
decreased with edecrease af in le t  flow angle. 

5- The Flcgal constant obtained f r m  these t e s t s  showed a good agreement 
with the results  obtained previously by other investigators, it l i e s  
by a h t  (0.184.3). The in le t  flow angle and Mach number, were fcund, 
have a significant effect on the value of Flcgal Constant. 
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l-Compreeaor. 

2 - i ~ r  tarrk 9 ~ r a ~  u n i t .  

3- Pressure reducFng valve. 

4- A h  tunel .  

5- IF tubs manometer. 

6 4 - tube marameter. 

7- Cascade azrsngemerrt. 
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Distance u l ong  the cascde blade p i t c h  (m , 

P i (  ( 3  ) T o t ~ l  pressure distribusaop a long the blade cascade p i t c h  

. ) l s t m c e  a lone  the csscde blade p i t c h  (m ) , 
> 

Pig (4 )Total prcasurc d l s t r i b u t l o n  along t h e  blade caacade p i t c h  



D i s t m c e  d lonr: the csscde blade pitch (m ) 
L 

F 1 6  5 ftatnl preosurc distribution along the blade cascade pitch 
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Pie(l0) variation of fr ict ion bsa conffioiant w i t h  Y and 



P i g  (12 ) A  Cornpnriaop between the p r o f i l e  , f r i c t i o n  and Edge loam o o a i f i -  
-%c ht 



Pig (15) variation a? Plogal  conatcurt w i t h %  and UC. 


