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Dr. Chetan S. Mistry

Welcome to lecture 56, we are discussing design of transonic compressor. So, this design that’s
what is mainly been focusing for the pressure ratio of the order of 1.63. Mass flow rate, that’s
what is fixed with 38.69 kg/s and we have our design constraints. For that in initial stage, we
have assumed certain axial velocity numbers, say peripheral speed based on that we have done
our calculation for entry. We have done our calculation for say exit of the stage. In between the
stage that means, at the exit of my rotor and at the entry of stator, we have done the calculation
for the radius. And, at mid-station we started doing the calculation for say different parameters.
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So, when we are discussing about say, design at the mid-station, we have assumed our pressure
ratio to be expected pressure ratio at the mid station, that is 75% of span. We have done our
calculation for all flow parameters, flow angles. And, in order to have say calculation for the
number of blades, we have assumed our diffusion factor to be 0.32 at mid-station and that’s
what was helping us for the calculation for say solidity. Based on the aspect ratio, we have
done our calculation for the chord. And, let us move towards the next calculation. So, as we
know once, we have done our calculation for the mid-station, we are interested in what is

happening at the hub-station, what is happening at the tip-station.
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Calculations at hub:

Let's take total pressure rise at hub is to be 40530 Pa which corresponds to a total pressure ratio of 1.4

Given
P, =101325 Pa

Total temperaturerise at hub can be calculated from o
T, =298K

& &)
[la.wa,,] b [11)1325+4053o] 'l 28
Ry n, 101325 093

AT, =32.33K

AT, =

Hence hub will be designed for a total temperature rise of 32.33 K
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So, let us move with the calculation at the hub-station. Now, here in this case, we have
considered our fundamental design approach that means we need to assume certain pressure
rise expected near the hub, okay. So, say for the sake of understanding, sake of simplicity, we
are assuming our pressure ratio expected at the hub to be 1.4, that means that’s what is giving
me my total pressure rise expected to be 40530 Pa. So, do not get confused from where this
number that’s what is coming, that’s what is approximately we are assuming our pressure ratio
of 1.4.

If that’s what is the case, at the hub-station we can do our calculation for say total pressure rise.
So, here in this case at the entry my pressure Po1, that’s what is known to us, this is what is say
my total pressure what we are expecting, that’s what is 40530, we are assuming our efficiency
to be 93%, that’s what is giving me my AT, at the hub to be 32.33 K. Now, this is what is very

much helpful for us in order to do the calculation for different velocity components.
Let'stake total pressure rise at hub is to be 40530 Pa
which corresponds to a total pressure ratio of 1.4

Total temperature rise at hub can be calculated from

y—1
Py, + APy, \ ¥ T,
ATy, = (—01 °"‘> —1fx 2
Pyq Np
[ 1.4-1
_ (101325 + 40530) 14 298
B 101325 0.93

AT,, = 32.33 K
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Given
AT, =32.33K
CAL,, =Ao(n,C,p-1.Con) (" hub radius is changing) U,y =201.55m/s

where =098 Cp = 1005k / kg K

Balancing Aerodynamic and Thermodynamic work at hub

AsC,, =0 (Flow is axial at inlet)

_GAL, 1.005x10'x32.33

(0] =164.52 m/s

T, T 0.98x 20155
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So, what we will be doing say in line to what we have done at the mid-station, we will be
assuming our aerodynamic work and thermodynamic work to be same at the hub-station, if you

are putting that as a case, my Cwz1, as we have discussed, it is axial entry, that is the reason why

Cw1, that’s what is equal to 0 and if we are putting these numbers, it says i”U— at exit, that’s
h2

what is giving say whirl component it is as say 164.52 m/s. Now, once at exit station, this is
what is known to us, it will make our calculation easy.
Balancing Aerodynamic and Thermodynamic work at hub,
CpATy = Aw (T2 Cwnz — Th1Cywn1)
where A = 0.98

As Cyp1 = 0 (Flow is axial at inlet)

o _ GpATon _ 1.005 x 103 x 32.33
Whz = U,, ~ 0.98 x 201.55

= 164.52m/s
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From inlet velocity triangle at hub, Given
a,, =0° (Axial Entry) C, =225m/s
itz U, =14992m/s
also, il
g el (12992 U,,=201.55m/s
p =tan ral tan 5 C,.=16452m/s

Hence, f3, =33.68°

From exit velocity triangle,

B, =tan”

Uy =Cu ) _ [ 20155716452 ]
i 05

B, =935°
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So, let us move with what velocity triangle we will be having. So, this is what is representing
my velocity triangle at the entry of the rotor, this is what is the velocity triangle at the exit of
the rotor. So, based on our understanding, we are having our axial entry that means a; that’s
what is equal to 0. B;, we can calculate based on U/C,, that’s what is coming 33.68°. Same

way, [, that is at the exit station, we can do calculation that’s what is coming 9.35°.
From inlet velocity triangle,
a,, = 0° (Axial Entry)

also,

Unt 149.92
- () - ()
Br1 = tan C. an 57¢

Hence, (1 = 33.68°

From exit velocity triangle,

Uy — cwh2> — (201.55 - 164.52)

=t _1< =
Pnz = tan C, 225

By = 9.35°
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Deflection at hub, Given
AB, =B, - B, B, =33.68°
f,=935°
S OB, =33.68°-9.35° C,,=16452m/s
L AB =2433 C =225mls

From rotor exit velocity triangle

Cis ] ,1[164.52]
5 =tan | —
G 25

%0, =36.17° "

@, =t
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Now, here in this case, if this is the case, we can have our A, that’s what is coming 24.33°,
okay. So, with this AB, we will be moving forward with say calculation of a,, we will be
calculating what will be our relative velocities, okay. So, based on velocity triangle, we can

say tan a,, that’s what is C,,, /C, and this is what is coming as say 36.17°.
Deflection at hub,
ABn = Br1 — Br2
~ ABy, = 33.68° — 9.35°
~ ABy, = 24.33°

From rotor exit velocity triangle,

 Cona  164.52
@z = tan 1( VCVa )Ztan 1( 225 )

“ Qpy = 36.17°
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Average wheel speed at hub,

Given
Uy o = M = 149.92+201.55 U, =149.92 m/s
. 2 /0 =201.55 /s
U, oy = 175.74 /s C,a=16452m/s

Now, we calculate the degree of reaction at hub,

DO, =1- e Con
U

Uh g

164.52+0

DOR, =1
2x17574

~.DOR, =0.53
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Now, in order to calculate our degree of reaction as we have discussed, we will be taking say
peripheral speed to be average peripheral speed. So, at hub at the entry we have Uns, at the exit
we have Uny, if you are putting that as average it is coming 175.74 m/s. And if we are putting
that in the equation for degree of reaction, the degree of reaction at the hub that’s what is

coming 0.53, okay.
Average wheel speed at hub,

_ Uni + Uy, 14992 +201.55
Uh_avg - 2 - 2

Un avg = 175.74m/s

Now,we calculate the degree of reaction at hub,

C +C
DORh =1— wh2 whil
2Uh_avg
DOR. = 1 164.52+0
hT T 2x175.74

AN DORh = 053
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The relative inlet and exit velocities can be calculated from velocity triangle

C, 25

Vo= =
" cosff, cos(33.68)

=203
Similarly at rotor exit

y oG s
" cosf, c0s(9.35°)

Oh m
W= 28030

‘h!

de Haller's no at hub, DH = =% =
V., 21037

DH =0.84

Given

B, =3368°
f,=935°
C,=25mls

Vit
Uny
Bu
Co=Cyy
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Now, in order to do the calculation for relative velocity components, based on velocity triangle

we can say, cos component of £; that’s what is given by C,/V;, and that’s what is giving me

relative velocity component at the hub at the entry it is 270.32 m/s. Similarly, at the exit we

can do this calculation it says 228.03 m/s. We can say the number we need to be careful, we

need to keep on eye with say V1 and V2. You can say, this is what is coming as say 228.03,

that’s what is indicating the diffusion that’s what is happening. And, that is why if you are

calculating our de Haller’s factor, that’s what is coming 0.84. So, this is what is in the range of

what we are deciding with 0.72.

The relative inlet and exit velocities can be calculated from velocity triangle,

Ca 225

Vit = cos 1 - cos(33.68°)

~ Vi =27037m/s

Similarly at rotor exit,

C, 225

V = =
"2 cos By  c0s(9.35°)

o Vipp = 228.03m/s



de — Haller's number at hub,

Vs 228.03
DH =22 =
Vi, 27037
DH = 0.84
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The number of blades has already been determined from mean line calculations as 29.

Pitch/spacing at hub is calculated as, +,

T

where, , =22
g w20  DEROIL 0.0967+0.130
“h 4 29 h= ool =0.113m
5,=0.025m
Given
Solidity at hub is calculated based on mean chord and hub pitch, c=009m
00 o
"y 0.025

7, =3.665

Dr. Chetan S. Mistry

Now, in order to do the calculation for say our diffusion factor at the hub-station, we need to
have some parameters. So, since we have already assumed our diffusion factor at the mid-
station to be 0.32. And based on that we have done our calculation for number of blades. So,
for the same number of blade, we can calculate what will be my pitch, okay. And, that pitch is
coming 0.025 m. And, based on that pitch and chord say here we are assuming our chord to be

constant, okay.

The number of blades has already been determined from meanline calculation as 29

Pitch/spacing at hub is calculated as,

_ 27TT'h
Sp = 7
The + 7 0.0967 + 0.13
where, 1, = M > 2= > =0.113m

_ 2mx0.113
- 29

s, =0.025m



So, there are many design where people they are assuming this chord to be different, okay. So
in such kind of design, that’s what we will be discussing as and when required. So, at this
moment, we are assuming our chord to be constant from hub to tip. And that is the reason why

it is giving me solidity as 3.665.

Solidity at hub is calculated based on mean chord and hub pitch,

c 0.09
oy = — = ——
h s, 0.025
o, = 3.665
(Refer Slide Time: 08:12)
Thus the Diffusion factor at hub is given by Given
., =33.68°
(DF), e =1- coshh %(tan B, -tan B, fu =338
cwsf, 2x0, . B, =935
13,68 C,,,=16452m/s
0 0 2
1. 0368 cOs(336E) o o9 359 0,=3.665
c0s(9.35°)  2x3.665
(DF),,,., =021

N\
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Once, the solidity it is known to us, we can do our calculation for diffusion factor at the hub

and that’s what is coming 0.21, okay.
Thus the Dif fusion factor at hub is given by,

cos 1, €os fin
cos By, 2 X oy

(DF)h,rotor =1 (tan .Blh — tan .BZh)

co0s(33.68°) co0s(33.68°)
c0s(9.35°) 2 X 3.665

(tan 33.68° — tan 9.35°)

(DF)h,rotor =0.21
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Calculations at tip:

The total pressure rise at tip is prescribed to be 67000 Pa which corresponds to a total pressure ratio of
1.66
Given

g . =10132
total temperaturerise at tip can be calculated from F, =101325 Pa

3 , Iy =298K
[la.w:,,] il [lOI325+67000] "1, 28
hy , 101325 093

T, =

AT, =50.01K

o

Hence tip will be designed for a total temperature rise of 50.01 K

Dr. Chetan S. Mistry

Now, in order to understand, like in order to do the calculation at the tip; so, here as we know,
this is what is our fundamental design approach, in which we need to assume our AP,
distribution. So, at the tip, we are assuming suppose say our pressure ratio to be say 1.66 near
the tip region, and that’s what is giving say my pressure is expected to be 67,000 Pa, okay. If
that’s what is the case, we can do our calculation of say my AT, at the tip-station, and this is

what is coming 50.01 K, okay.
The total pressure rise at tip is prescribed to be 67000 Pa
which corresponds to a total pressure ratio of 1.66

Total temperature rise at tip can be calculated from

_ yo1
Py + APy v T,
ATy, = (—01 ‘”) —1fx 2
Pyq Ny
i 1.4-1

(101325 + 67000) 1.4 298
= — X —
101325 0.93

ATy, = 50.01 K
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Balancing Aerodynamic and Thermodynamic work at tip, Given
AT, =50.01K

U,=39922mls

CAT, =20(1,C,,=1C,.) (- hubradius is changing) |Cp = 1005 &7/ ks K

where =098
C. =("_A"_' = 1005x10°x50.01 _ 128.46 m/s  (C,,, =0, Flow is axial at inlet)
A, 098x399.22

3\
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Now, in line to what all calculation we have done at mid-station and at the hub, we can do our
calculation by comparing aerodynamic and thermodynamic work. So, here in this case, Cw
that’s what is at tip-station, Cw at the tip-station, that’s what we can calculate by comparing
our aerodynamic and thermodynamic work. So, if you will be putting that number, it says my

whirl component at tip at the exit, that’s what is coming as say 128.46 m/s, okay.
Balancing Aerodynamic and Thermodynamic work at tip,
CpATy e = Aw(Te2Chez — Te1Cwie1)
where 1 = 0.98
As Cy1 = 0 (Flow is axial at inlet)

o _ GpATor _ 1.005 x 103 x 50.01
w2 AU, 098 x 399.22

= 128.46m/s
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From inlet velocity triangle at tip,

Given
a, =0° (Axial Entry) C =25mls
also. U,=399.22m/s
U,=399.22mls
| Us i 399.22 N
B, =tan = = tan — C., <1846 mls

Hence, f3, =60.59°

From exit velocity triangle,

S(1,<C., 1(399.22-128.46
f,=tan 2 | = an
. C 225

f,=5027
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Now, based on this, we can do our calculation for different velocity components near the tip
region. So, a, that’s what we are assuming to be 0, we are considering axial entry throughout
the span, okay. And, based on our velocity triangle we can calculate what will be our g; at the
tip and what will be my B, at the tip. If you are considering £, at the tip it is coming 60.59°
and g at the tip, that’s what is at the exit it is coming 50.27°,

From inlet velocity triangle at tip,
a;; = 0° (Axial Entry)

also,

399.22)

U
By = tan?! (—tl) =tan~ ! ( 275

Ca
Hence, [ = 60.59°

From exit velocity triangle,

Uiz — Cpia 1 399.22 — 128.46
—) = tan ( )

— -1
Pro = tan ( C, 225

ﬁtz == 50.270
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Deflection at tip,

Given
AR =B, B, =60.59°
f,=5027°
~.Af, = 6059°-5027° C.,=1846mls
C,=225m/s
L AB=1032° ‘
From rotor exit velocity triangle
Gz
_— _J _ (12846
G, 25
% 0 vll
ey =297 Ua
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Now, this is what we will be giving us our AB to be in the range of say 10°. So, this is what is
10.32° and based on that we can make our blades, okay. Here, in this case from the exit velocity
triangle, we can do our calculation for a,, this a,, that’s what is will be helpful for us in order

to do calculation for this data, okay.
Deflection at tip,
ABe = Be1 — Bz
~ AB: = 60.59° — 50.27°
~ AB, = 10.32°

From rotor exit velocity triangle,

 (Corz /12846
ez = tan 1(;_:) = tan 1( 225 )

n Q= 29.72°
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Average wheel speed at tip,

Given
U =392 m/s

U' o= 39922 m/s ( [lp iS constant from inlet to oullel) C,,=12846m/s

Now, we calculate the degree of reaction at tip,
(.nV: +(‘uﬂ

w
"I _avg

DOR =1-

128.46

DOR =1-
2x39922

-.DOR =084
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Now, based on all this calculation, we are looking for say degree of reaction at the tip-station,
again, we will be doing our peripheral speed averaging and this averaged value, that’s what is
coming 399.22 m/s and that’s what will be giving degree of reaction to be 0.84, okay. Now,
all these numbers what we are discussing in sense of degree of reaction, you must realize what

is the meaning of this degree of reaction, that’s what is varying all the way from up to tip, okay.
Average wheel speed at tip,
Ut avg = 399.22m/s

Now,we calculate the degree of reaction at tip,

Coir + C
DORt — 1 _ wt2 wtl

2Ut_avg

DOR. 1 128.46
£ 2 % 399.22

~ DOR, = 0.84
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The relative inlet and exit velocities can be calculated from velocity triangle

yo G S
" cosf, cos(60.59°) Given
f,=60.59°
¥, =458.26m/ f,=5027
C =05mls
Similarly at rotor exit ai i
v G WS
*cosf, cos(5027°)
v IE oui m
1V, =35205m/
Vll
352,08 Uu

K
de Haller's number at tip, DH =2 =
v, 45826

DH =077
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Now, based on what all calculation we have done for our blade angle, relative inflow blade
angle, relative outlet angle, we can calculate what will be our relative velocity at the entry,
what will be our relative velocity at the exit and based on that we can do our calculation for de-
Haller’s factor.

So, from velocity triangle, we can write down our relative velocity at the entry, that’s what is
C,/ cos B, and that’s what is coming 458.26 m/s. You can see the range, if we compare what
is happening at the hub and what is happening at the tip. Same way, at the exit we can do
calculation it says this is what is coming as say 352.05 m/s. Based on this relative velocity,
we can do calculation for our de Haller’s factor and that’s what is coming 0.77, it says that
needs to be more than 0.72, so we can say this is what is coming in line to what we are

expecting.
The relative inlet and exit velocities can be calculated from velocity triangle,

yo__Ca __ 225
7 cos By c0s(60.59°)

~ Vi =458.26 m/s
Similarly at rotor exit,

yo_Ca 225
27 cos By, c0s(50.27°)




o Vi = 352.05m/s

de — Haller's number at tip,

Vi 352.05
V. 45826
DH = 0.77
(Refer Slide Time: 12:47)
Pitch/spacing at tip is calculated as, Given
r=0258m
(. mn_21x0258 }zwj
Z 8 =009

5,=0056m

Solidity at tip is calculated based on mean chord and tip pitch,

009

0= =caa—
0.056

¢
' o
§

0,=1612

1\
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Now, say at the tip, we have already assumed with our number of blades, that’s what it say 29.
So, we can do our calculation for the solidity at the tip-station. Here, let me say it is chord that’s
what we are asking to be constant that’s what is coming 0.09 m and we can do calculation for

the solidity this is what is coming 1.61.

Pitch/spacing at tip is calculated as,

sy = 0.056m

Solidity at tip is calculated based on mean chord and tip pitch,

0.09
== =1612
ot =S T 0.056



(Refer Slide Time: 13:17)

Tutorial contd. .

Thus the Diffusion factor at tip is given by Given
. cosff,  cosf3, B, =6059°
(DF), g =1 -W+ W(m B, -tan ) B,=5027°
! ' 7,=1612

., €05(60.59°) g ¢0s(60.59°)

= (tan 60.59° - tan 50.27°)
c0s(50.27°)  2x1.612

(DF), e =0.32

NP
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So, based on that, we can do our calculation for the diffusion factor. For diffusion factor at the

tip this is what is coming as say 0.32.
Thus the Dif fusion factor at tip is given by,

cos f1; €os P
cos By 2 X0

(DF)t,rotor =1 (tan P1t — tan BZt)

cos(60.59°) 4 cos(60.59°)

tan 60.59° — tan 50.27°
0s(50279) T Zx 161z (A" an )

(DF)¢rotor = 0.32
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Now, after doing all this calculation, as we know, we can make our excel sheet program that’s
what will be helpful for us in order to check...cross checked with what all calculation we have
done at hub-station, mid-station and at the tip-station. Now, here you can see, this is what is

giving us the variation of AP, all the way at the hub, mid-station and at the tip-station.

Now, you can divide say from hub to span, you can divide into some number of station. Same
way, you can divide from say 75% span to tip span as say some number of stations, okay. And
based on your design program, you can do all your calculation part, but here in this case, we
need to assume this AP,. So, this AP, assumption that’s what need to be very careful with catch
on eye for what is my AB. It should have particular trend, this is what all we have discussed

when we have done design for our subsonic compressor.

So, in line to that only we need to assume our AP, in such a way that AS will be coming in line.
Second observed parameter, that’s what is in sense of my de-Haller’s factor. Same way, we
can catch on eye with say diffusion factor, okay. Even we can check with our camber angle

variation. So, this is what is a calculation we can say at three different stations.
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Stator design: Given
a,, =3198°

Assuming absolute velocity at the exit of rotor is same
at entry velocity of stator

Cu= (‘m: Cm3
a,,=a,=3198°
Also, axial exit is expected,
Hence, a,, = 0° byl
-
Turning of the flow,
A”m =a,,-a,,
A, =31.98°~(°

~Aa, =3198°

3\”’1&
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Now, let me put the point here. So, after doing this design, we will be looking for the design
for the stator. So, for stator design at the mid-station, what we are assuming is say what is my
absolute velocity at the exit of rotor, that’s what is equal to absolute velocity at the entry of my
stator, okay. And here, in this case, my a, = a3, this what we have calculated is say 31.98°.
Now at the exit, we are expecting the exit to be say axial one and this is what is say in line to

what we say assuming a, = 0.

Stator design:

Assuming absolute velocity at the exit of rotor is smae at entry velocity of stator
Cnz = Cna
Az = Ay = 31.98°
Also, axial exit is expected,

Hence, ay, = 0°
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Now here, if we look at what is happening in sense of our axial velocity at the exit of the rotor,
this is what is coming in the range of subsonic flow, okay. So, that’s what is giving us indication
that our stator, that will be sub sonic stator. So, based on design, so this is what all we have
discussed when we were discussing about the transonic compressor. So, there are many
compressor in which you will be having your absolute velocity coming out from the rotor,
that’s what is on higher side. And under that condition, you need to go with your stator to be
supersonic stator, okay. So, here in this case, these numbers, that’s what is coming to be in
slightly lower range in subsonic range or high subsonic range, we can safely go with say

subsonic kind of stator.

(Refer Slide Time: 16:56)

Stator design: Given
a,, =3198°

Assuming absolute velocity at the exit of rotor is same
at entry velocity of stator
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And, that is the reason why if you look at this airfoil that’s what they say subsonic airfoil, we
can say, we can go with say C4 kind of airfoil for this, okay. Initially, you can go with C4
airfoil, later on as per your requirement, you can modify the shape, you can morph your airfoil
as per the expectation. Here, in this case, my Aa, that’s what is coming to be say 31.98.

Turning of the flow,
Ady, = Oz — Qs
~ Aa,, = 31.98° - 0°
~ Aa,, = 31.98°

(Refer Slide Time: 17:23)
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Now, this is what is the kind of configuration we are discussing at this moment.
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Anaspect ratio (AR) of 1.4 will be assumed for the stator

2 AR=2
4

chord of blade = .
AR

The blade height will be approximated as as average of heights at rotor exit and stator exit

T =hg 1l —la
2

_ 0258%0.13+0.258-0.163
2

h=
h =0.111m
ry=ry=0258m
1, =013m
1, =0.163m

ho 0111
Blade chord is thus, ¢ = —=—— =
TREY 0.08 m
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Now, next step, that’s what is for the design of stator. Here also we are looking for what will
be the height and what needs to be the chord, even we need to have assumption or we need to
have say number of blades for the stator. So, for the sake of understanding, here also, let us
assume say aspect ratio to be 1.4, okay, this 1.4 that’s what is coming with certain assumption
in order to catch on eye for the chord of our stator, okay. So, here we have assumed this aspect
ratio to be 1.4 and as we have discussed, we need to calculate our height based on entry height

and exit height and this is what is my average height.

So, this is what is in line to what we have done for our say rotor, okay. Same way, you can
calculate your average height for the stator and this is what is coming 0.11 m. Now, this chord
calculation, we can say this is what is coming as say 0.08 m.

An aspect ratio (AR)of 1.4 will be assumed for the stator

h
“ AR = —
c

h
chord of blade = 1R

The blade height will be approximated as average of heights at rotor exit and stator exit

Teo —Tha + T3 — Th3

h = >




B = 0.258 — 0.13 + 0.258 — 0.163

=0.111
> m

Blade chord is th —h—o'lll—oos
aae cnora s uS,C—AR— 1.4 = V. m

So, we can say this is what is in line to what we are expecting. Suppose, again we need to be
very careful this number, if this is what is coming to be lower under that condition maybe you
need to modify your assumption for aspect ratio, okay. So, certain assumptions when we are

making, we need to be very careful in that aspects, okay.

(Refer Slide Time: 19:15)

In order to limit the DF value of @, = 2.0 for stator seems to be a good choice
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Now, once this is what is known to us, next parameter that’s what will be coming is for the
selection of say number of blades for the stator, okay. There are different approaches for say
assuming say number of blades for the stator. Here in this case, what we will be saying in order
to limit our diffusion factor, say we have assumed our diffusion factor for the rotor, diffusion
factor for the stator also can be assumed, but do not go into the detail we will be doing say
assumption for say solidity. Let us assume the solidity to be 2. You may be having questions
or why 2, you can go with say lower number, you can go even with higher number, okay. Why

we are assuming this solidity to be 2? Let us see.

So here, based on solidity to be 2, we can do our calculation for say number of blades and this
number of blades that’s what is coming say 36, okay. So, you know, many times as we have
discussed earlier, mechanical engineers that’s what they will be putting, they will be insisting

to have say maybe less number of blades. Again, this less number of blades and more number



of blade it is a hot discussion for the design, okay. When we are looking for say design in which
we are expecting our say weight of the engine to be lower it is but obvious it says you go with

say lower number of blades both for rotor and stator.

But when we say we are assuming our number of blades to be say lower it may be possible that
it will not give what performance we are expecting because my flow passage will be, you know,
it is diffusing passage. And, when we are having less number of blades, it will be possible that
we will be having say special kind of configuration where we will be having say diffusion

action will be lower.

There are many chances in which you will be having the flow separation that’s what will be
happening towards the trailing edge, okay. So, those all things that’s what will be coming when
we will be doing the detailed design. At this moment this is what we are doing as a preliminary

design, so we are taking our number of stators to be 36.

In order to limit the DF,value of o,, = 2.0 for stator seems to be a good choice

Since, 0,,, = —
Sm
c 21Ty,
S —_— —
™ o, Z

Tmz +Tma _ 0.226 + 0.234
2 - 2

(Where, Ty = =0.23 m)

Thus, number of stator blades,Z = 36
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Now, once this is what is done, we can say we are calculating our say ‘m’ factor that’s what is
my slope factor. So, my slope factor that’s what we are calculating based on a. So, this is what
is representing my cascade, okay. So, we will be taking this as a parameter. Here, in this case
when we are calculating our camber angle, again at the mid-station even for stator we are
assuming our incidence angle to be 0, okay. So, if | am taking that to be 0, at mid-station we

can do our calculation for camber angle and that’s what is coming 45°.

According to Carter the slope factor is given by

2a\? 0.1(90 — «
m=0.23(—> + ( = m4)

where, 4/ = 0.5 (circular arc)

0.1(90 — 0°
m=0.23(2 x0.5)% + 0.1(50 - 09
50
~m=041
Aa, — 1
Camber angle, 6,, = m__m
1-10.32 /1/1_87
31.98° — 0°

= = 45.05°

1-032 |1/, o
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Now, we can do our calculation based on Carter's relation for the deviation angle and this
deviation angle that’s what is coming say 13.09. Maybe again we will be putting this as a note,
we can put additional deviation as per your requirement, this is basically been done based on
computational study, okay. So, we need to be very careful what numbers need to be selected
for say corrected deviation, okay. So, this is what will be giving me corrected deviation. Same
way, based on this corrected deviation, we need to calculate what will be our corrected camber
and this camber that’s what we are using in our design program for say making of airfoils, we

need to be very careful about this.

Deviation angle,

Om = memwfsm/c
= 0.41 X 45.05° /1/2

o8, =13.09°

Considering an additional deviation of 2.2° the corrected deviation is thus given by,
Scorrectea = 13.09° + 2.2° = 15.29°

Corrected Camber,

ecorrected = Aam —i+ 6corrected

= 31.98° — 0° + 15.29° = 47.25°
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Now, based on that we need to set our blades that’s what is called say setting angle or what we

say as a stagger angle. So, this stagger angle for blade that’s what is coming to be say 8.3 at
the mid-station, okay.

Finally the corrected stagger angle,

_ ecorrected/z

Ccorrected = Xm3 — Im
=31.98° — 0° — 47.25 /2

“ Ccorrectea = 8.34°
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The transonic stage is designed at 75% span rather than 50%.
The average span loading needs to be equivalent to required overall loading.

Thus loading distribution needs to be revised as per the following reasons.

Loading 75% span to desired pressure rise results in-

* Extremely high loading in 75% span to tip. This invites shock losses due to high blade camber and
relative speed.

+ The extreme loading can be avoided by loading the rest of the span (below 75%) to high pressure
rise. This results in very uneven loading distribution throughout the span.

A possible solution is to load the 75% span at a higher loading than required loading.
This ensures moderately loaded tip and hub.
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Now, so this is what will be giving us idea about how do we do design for the stator. You must
be realizing there is nothing more to do for the stator design, because we are assuming our
absolute velocity at the entry to be same as exit velocity...exit absolute velocity from the rotor
and what we are expecting at the exit maybe axial or maybe when we are doing multistage
configuration, it may be possible that we need to enter the flow to the next stage at certain
angle. So, that’s what will be giving me what will be my «,, okay. So, the stator design that’s

what we can say, we can do simply by understanding in sense with certain assumptions.

Now, here very important point that’s what we need to discuss is in sense of selection of what
we say pressure distribution or what performance we are expecting. Say for 50% span, we were
assuming what pressure ratio we are expecting? We are assuming the same number. Similar
approach we have done here for say our transonic design, we have assumed our design pressure

ratio at 75% of span.

Now, what we need to do? We need to vary our pressure ratio...expected pressure ratio at
different station based on certain assumptions. So, for this case, we have assumed our pressure
ratio expected near the hub, it is 1.4 and pressure ratio expected near the tip as say 1.66. If we
are doing this kind of configuration, what will happen? We will be having say distribution of

the pressure that’s what we will be varying in a different way.

Suppose say, if we are varying our pressure ratio to be on higher side from 75% span towards

the tip then it will be very highly loaded near the tip region and that’s what will be subjected



to give very high camber angle and maybe relative velocity also will be coming to be on higher

side, this will lead to increase the losses.

So, the meaning is, you know, we need to assume certain amount of say pressure distribution
from 75% span towards the tip. Same way, from downside of mid-span towards the hub also
we need to assume our AP, in such a way that we will be having uniform distribution of the

pressure or we will be having distribution that’s what will be even distribution.

If this is not the case, then it may lead to give some kind of zigzag kind of configuration for
our blade angle, okay. Now, in order to get rid of this difficulty, maybe what we need to do is
at 75% span, other than what we are expecting in sense of pressure ratio, suppose say for this
compressor expected pressure ratio is 1.63, maybe you can assume say at 75% span this

pressure ratio to be on higher side, okay.
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Tutorial contd.
Rotor design sheet with increased loading at 75% span.

S i S I T e

A S
nim Tomwr | ornr o | 0w | e [owr | emr | oaw o |
T o9 | oms | es [om [ om | on | em | om | 1m0 |
1im) [Tonn0 o oz [ om e oz [ om | o |am
1o ] om0t | ave o [owe | o | o | o | e |
i) oy "o [owr [“ome [ “ean oz | ez | oaw | o |
Mans Sow (igvec) Toamee | e[ awes | e | e | e | e | e | e |
Yymn) Tvnsa | wwnee | | 2w | e [ oeny | w0 | e | ma|
Uy} Taovss |0 [ a0 | nw | wemr | ame | e | ww | wea|
Cama) T o6 [ o0 | o | o [ o | o | 28 | o | o |
o (o) O YO M D O T (A
Tl 0 T T T T

X2 T 0 T N T T T T T
e 63043 63035
B Ton | uy | a0 | uu | aw | en | we | oo | aw |
Culmt) | 7900 OV NS RO IO DO NS T RS
Culm) T2 |00 | e [Tvaer | vam | v | wre | i | 1e
Pufoog) Lum | we e | o6 | we | o6 | ws | au | e |

a8 [ou T [ [ [y an | un lea
imy) aasoo | 2ame0 | zaso0 | aze0 | aawon | zaen0 | am0 | mmee | ameoe |
Cifmin) LM | o | maor | e | ms | mu | e | msw | |
Viim) Lo | ammer | e | 37 | 34w | e | aena | onM | e
Vafon) Tasn [ za | aun [ ww | wy | ma | mw | um | wu
ke, Tem [ om “ere " ors [“ee | e | e | on |em |
}

Govatonangle, Bjdog) | 1007 | k2 | 78y | edb | 68 | 4% | 4| a1y | 3w |
Comucted doviatn, b, (ong)| 1267 | 1132 | 1003 | 4% | aoe | re | e% | s | ew

Comvcud Combe, (o | 090 | arsr | wre | sewe | s | ma | an |
Cormacted Sugger, {_ (d0g) m 180 nu | wn | Hu

Dr. Chetan S. Mistry

And, this is what we have done here. So, here in this case, if you look at, say earlier at 75%
span, we have assumed our AP, to be slightly same as what we are expecting in sense of design,
this is what has been modified here, okay. So, here you can see, this is what has been modified.
So, once you are having your design excel sheet with you, this is what is the flexibility what

you need to keep on eye with.

So, what we are expecting in sense of pressure rise of 1.63, this is what is a total pressure rise
we are expected to be, okay. And, based on modified version, with at mid-span we have

modified our AP, this is what is representing the distribution of AP,. So, when we have done



design for subsonic compressor that time also we have discussed the same approach. So, in line

to that this is what we are discussing here, okay.

Now, when we are doing this, we need to keep on eye as we discussed in sense of my ApS. So,
this is what is representing my Ag, that’s what is varying from 38 to 11, okay. Same way, we
are putting our eye for degree of reaction, since this is what is having higher rotational speed
and my diameter is also slightly on the higher side near the hub region and as the reason why
degree of reaction is not a problem. But maybe when we are discussing about the low speed
configuration, this is what was a problem. So, accordingly we were modifying our AP, at the
hub. This is what is in a reasonable range, we can say 0.38 and at the tip this is what is coming
0.83.

Now, diffusion factor also that’s what is now modified earlier it was 0.22 and at the mid-station
this is what was coming as say 0.32, that’s what we have assumed. Now based on this, this is
what has been modified as say 0.34. We have considered our number of blades to be same, we
have considered our chord also to be same and that’s what will be giving us say corrected
camber, corrected stagger, and, you know, our corrected deviation angle. So, this is what is a

modification that’s what we have done.

So, you know, like when we are discussing, doing design using fundamental approach, there
are infinite number of solutions which are possible, okay. Again, as a designer, it is you to
decide which configuration you will be moving with. Now, many times what happens people
they are realizing, if I will be assuming my AP, such that, you know, you will be setting some
trend and based on that you will be assuming this number, No. It is preferred, you just check
with how my angles are varying, how my velocity components are varying and based on that
only you assume these numbers, be careful about this aspect, okay! So, maybe when you are
using your excel sheet, on side by you can keep on eye putting say A is one of the parameter

and that’s what will be helping you in sense of understanding what need to be my AP,.
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Now, we will not be discussing about the stator design at the hub, we will not be discussing
stator design at the tip, because this is what is known to us in sense of my a3, that’s what is
equal to a, and a, we are assuming to be 0. We have done our calculation for number of stator
blades that’s what is say 36. And, again here in this case, incidence angle at the hub we are
taking as +2° and say we are assuming our incidence angle at the tip that’s what is say —2°,
okay and this is what is all calculation at the hub-station. Now, based on all this design for say

rotor and stator, now the term that’s what is coming is to make the blade, okay.

(Refer Slide Time: 31:15)

Rotor Geometry with Constant tip configuration
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So, here if you look at, this is what is representing my rotor blade, okay. And, as we have

discussed, we have discussed about the development of DCA airfoil in last week, you are expert



enough to make the program for that. This is what is representing my distribution of the
thickness in a circular arc, okay. And, these are the locations what we are discussing at hub, at

tip, okay.

And, if you look at this leading edge what we are discussing, that’s what is slightly rounded,
trilling edge is also is slightly rounded. So, you make your design program at one station,
maybe same logic you can apply, okay. Here, in this case my whole blade, that’s what is or say
all airfoils they are been stacked about CG. So, this is what is representing my rotor blade. So,
you can see, this is what is constant tip configuration, this is what is representing in sense of

what is happening at the hub, okay.
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Stator Geometry with Constant tip configuration
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stator, that’s what a subsonic stator, so we will be using our C4 airfoil. So, here this is what is
representing my curvature at hub and tip and this is also been stacked about CG. As per your
requirement you can modify in a later case maybe you can stack about leading edge, maybe
you can stack about say trailing edge, okay. So, this is what is my blade, and this is what is

representing my placement of the blade.
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Rotor Geometry with Constant tip configuration

TE

A’Jh

Dr. Chetan S. Mistry

Now, very interesting point, here you need to observe for both rotor as well as for stator. What
needs to be observed? You know, Like what all airfoils we have discussed, that’s what program
we have discussed, this is what is making 2D airfoil, that’s what is having x and y coordinate

and that too it is in one plane, okay.

Now, here in this case, as we have discussed, because of change of my density, because of
change of my pressure ratio, my exit dimension will be different. So, under that condition, my
airfoil here at the hub-station is not 2D airfoil. Suppose if | say, 2D airfoil that’s what it say, |

will be having my hub radius to be same.

Now, based on what is my inclination, | need to modify. So, this airfoil is no more to the airfoil,
this is what is 3D airfoil, okay. So, what all cascade data that’s what is available with us may
not work straightaway here, okay. For transonic kind of airfoil, those data may not work

straightaway. Now, there your computational study that will be helping.

Here in this case, what will happen? Maybe you can have your chord, you need to modify that’s
what is one of the way, okay. Based on your inclination, you can modify your chord, this is
what is say with modified chord or maybe your expected chord you can change, okay. This is
what is one of the possibility. Later on, maybe you need to modify your thickness, okay. So,

this is what is very important when we are discussing transonic compressor.

For say subsonic compressor, there is no problem; straight way what all cascade data, that’s
what is available with you, you can use and that is the reason why most of the time when we

are doing our design for transonic stage, we are using or we are making use of computational



tools only, okay. So, most of the designers, most of the engine design companies, they people,
they are taking help of their own code for doing the simulation or maybe they are using

commercial tools which are available, okay.
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Now, in line to this, here also if you look at for subsonic case also, say this stator is subsonic
say in the case. Here, in this case, here we are having this hub that’s what is inclined hub, this
is tip, that’s what is say constant tip. So, this airfoils also you need to modify, okay. So, you
need to be very careful about selection of these airfoils and how you will be incorporating these

airfoils when you are making your rotor, when you are making your stator, okay.

So here, we will be stopping with. We are interested in doing design for transonic compressor.
So, very first approach we have selected that’s what is constant tip diameter configuration and
we have done all our calculation at the mid-station, we have done calculation at hub-station,
we have done calculation at the tip-station. Based on that we have changed our aerodynamic

loading for fundamental design approach and we have come up with these blades.

So, this same design you can try with free vortex concept also having say constant tip diameter
configuration. Now, in next lecture we will be discussing about constant hub diameter
configuration, that also will be very interesting! Thank you, thank you very much for your kind

consideration. See you again in the next lecture. Thank you.



