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Module 8: Design of Low Speed Contra rotating Fan
Lecture 47 : Design of Low Speed Contra Rotating Fan

Hello, and welcome to lecture 47. We are discussing design of low speed contra rotating
fan.
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So, in last lecture, we started discussing about design of rotor-1. We have done our
calculation at the mid station, we have done our calculation at the hub station, as well as
we have done our calculation at a tip station. Then we were discussing how do we distribute
our total pressure along the span at three different station, such that we will take care of

what all constraints we have defined with.

Maybe in sense of say diffusion factor, De-Haller’s factor, my camber angle, we will put
an eye for this kind of configurations. Then, we have discussed about the comparison of
say two different rotors; one, that’s what is say having total pressure ratio expected to be
1100 Pa, and for presentation design, this is what is say 1200 Pa.

And we realize, when we are increasing our total pressure ratio expected from rotor-1, my
blade twist that will be coming to be slightly on higher side. So here, this is what we have
discussed for say 1100 and 1200 Pa pressure rise. You can see for 1200 Pa, near the tip
region, we are having this angle or say my camber, that’s what is coming to be slightly on

higher side. Now, today, we will be discussing about the design for rotor-2, okay.
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Calculations for Rotor-2 at mid section

The inlet Total Pressure
Py, =Py, =102525Pa

The inlet Total Temperature
T, =T, =300.17K

For rotor 2 2
Isentropic temperature rise

(B +AR,. ) My, =T Ty =T,
R, =— & |
- pi:m ‘ ' ‘

=1.008 éy
=
Weknow : ‘«w
AP, = 800 Pa ‘
=0.79K T, =T =300.17K '

1
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Now, say when we are talking about the design for rotor-2, we are looking for say total
pressure at the entry of rotor-2 and total temperature at the entry of rotor-2. So, we can say
my inlet pressure, that’s what will be equal to say Po, that’s what is equal to Pos, okay.

Same way, we can say, our temperature Tos at the mid station, that’s what is equal to Too.



So, you can say, my station 2 is nothing but that’s what is representing exit of my rotor-1.

And station 3, that’s what is representing my entry of rotor-2.

So here in this case, if we are considering this as my pressure, we can say, we are expecting
our pressure rise of 800 Pa at the mid station as per our design requirement. So, | will be
calculating with say my pressure ratio of rotor-2 at the mid station, and that’s what is
coming 1.008. Same way, we can do our calculation for say AT,, and this AT, for rotor-2

at mid station, that’s what is coming say 0.79 K, okay.
The inlet Total Pressure
Pysm = Poam = 102525 Pa
The inlet Total temperature
Tozm = Toam = 300.17 K
For rotr — 2,
APygrom = 800 Pa

_ Poom + APorom

U]
m POZm

= 1.008

Isentropic temperature rise,

y—1

Yy _
Tym 1

ATorzm = Toam — Tozsm = Tozm 1
S

14-1
(1.01 14 — 1)

= 300.17
0.85

=0.79K
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Fundamental Design Method

Let's assume C,, =C,, 3m

Oy, =y, Station-3

b —te— »
Coam  Upzm
&Cp=-Cy
Rotor
\ \

\ \
N Bym \Station-4

o Aym
From velocity triangle C
a

il Ui Csa | Up,
Bo=tan| 2 e G "

Weknow :
) 3393+35.82 C, = 444mss
44 Uy =33.93 mis
-C oy =Cp3n =-3582m/s

=38.89

a.,

-a,
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What we are doing here? That’s what is say we are started doing design for rotor-2. And
as we have discussed, we are making our assumption, that’s what is say my absolute
velocity coming out from rotor-1, that’s what will be the entry velocity for the rotor-2. And

that is the reason my a, at mid station, that’s what will be equal to az,,.

4 j—
Let's assume Cy,, = C3pp

Oom = A3m
& Cpom = —Cwzm

One more observation what we are having is in sense of whirl component coming out from
rotor-2, that will be the entry whirl component for say rotor-2. And, you know, that’s what
IS having opposite sign. So, this is what we need to take care of, okay. Now, if this is what
IS your case, we can say we can calculate what will be my S5, that is nothing but my flow

angle with which my air that’s what is entering inside the rotor-2.

So, it says my f5 that is my relative flow angle, it is coming 57.51°, okay. Here, in this

case, you can say this is what is say negative sign, that is the reason why it is getting added
up.



From velocity triangle,

— URZ —C 3
o =t (L2~ Cm)

can-1 (33.93 + 35.82)
= tan

44.4

= 57.51°
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Fundamental Design Method

Work done 3m
W =C,.Al,y,, =1005x079 =78903W b Vim
Station-3
From Euler's eqn, “Cwﬂr;: uliZm“
CAT 20 =32 (Coi = Ca) Rotor 2
= Wpa(Coin-(-C.20)) Bym \Station-4
=,,(C,.. +C..) &
n Vim
Cq
CAT., Uy
Con™ F o
R2m Weknow :
78903 - C, = 44ms
= -3582 I, =3393
088393 =335l
AT, =0.19K
A=088
=-94mls C,=1005J kg
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Now, based on our comparison for say Euler's equation, we can calculate what will be my
Cws at the exit of my rotor-2. So, if you are putting this, it says my velocity, that’s what is
coming —9.46 m/s.

Work done,
W = C, - ATopzm = 1005 X 0.79 = 789.03 W

From Euler’s equation,

CpAToRZm = AURZm(szl»,m - Cw3,m)

= AUg2om (Cw4,m - (_sz'm))



= /1UR2m(Cw4,m + sz,m)

_ CpAToram
wim — W — Lw2m
m
_789.03 2580
~0.88 x 33.93 '
=-94m/s

We can calculate what will be our g,, that is, you know like, the angle with which my flow
that will be coming out. It is coming to be 44.42, okay. And my a, is nothing but my

absolute exit flow angle. If you are putting, it is Cwas by Cs, that’s what is coming say 11.94.

URZm + Cw4m

tan ﬁ4m - C
a

3393 —(-9.4)
B 44 .4

= 0.98

Bam = 44.42°

Now sometimes, when you are doing your design, it may be having constraint, it says your
exit need to be axial one. So that’s what will be putting my a,, that’s what is equal to 0.
Maybe my Cwas, also, I will be taking that as say 0. And that’s what will be putting whole
lot of stress on design calculations, okay. So, we are not restricting our self with say axial
outlet, and as a reason, you can see at mid station, we are having our a,, that’s what is

coming say 11.94°.
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Fundamental Design Method

AB, =By =P G3m

Station-3
=5751-4429 *

“Cuim Ugem |
1322 Rotor 2 \

\ B \\Smion-d

Power required Ay
. p Vim
_mxW 5
URT) e
_ Coam "
_ 6x789.03 Weknow :
= < i
0.75% 0.8 S etal
=743k B = £
B, =44.29°
Here, n, =0.75
1, = Mechanical efficiency . =085

1, = Compressor efficiency
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So, based on that we can do our calculation for say my AB. Once, this Af is known to us,
we can move forward with the calculation of other velocity components. Again, since, we
are having our motors, they are having capacity of 15 kW, that’s what is a constraint that

what was given to us.

ABm = Bsm — Bam
=57.51—-44.29
= 13.22°

So, we will be calculating what will be the power required for rotor-2. So here if you
consider, again, we are assuming our mechanical efficiency for rotor-2 also to be 75%, and
our efficiency for the compressor, we are assuming 85%, that’s what is coming say 7.43
kKW.

Power required,

X W

Zm_nmxnc

_ 6x789.03
"~ 0.75 % 0.85



=743 kW
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Fundamental Design Method

From velocity triangle:

v U Vim
" sinf, > Station-3
— =
“Cam Unem \
33.93
= f Rotor 2
sin(57.51°) \
Bym \Station-4
=82Tm/s Ay v
c 4m
" (VH ‘(u:n
“ s p, R
©osinf,, Cien m
_3393-(-94) Weknow :
sin(44.29") U, =33.93m's
. B =511
=62.05m/s Coe="94m/s
B, =4429°
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Now, once the flow angles, they are known to us, we can do our calculation for the relative
velocity components. So, this relative velocity component, we can calculate based on say
U,/ sin 3, okay, and that’s what is coming say 87...82.7 m/s. So, we are having our
relative velocity with which flow is entering. Same way, we can do our calculation for the
Vs, that is nothing but that’s what is my exit relative velocity from the rotor-2, and that’s

what is coming 62.05 m/s, okay.

From velocity triangle,

Uzm

" sin Bam

V3m

3393
~ sin(57.51°)

=82.7m/s

Um - Cw4m

sin Bym

Vam =

3393 —(-9.4)
~ sin(44.29°)

= 62.05m/s
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De-Haller's factor

v 3m
DH=-* a
2 " Vim
6205 . . Station-3
82.70 “Cam Upm| N
=075 Rotor 2
C = C Bam \Station-4
" cosa,, (L™
\
g b3 4m
cos(11.94%)
—l—y
=454m/s Coam fram
st Cae il S Weknow :
co t s rule: § ol
According to a er's rule: Slop factor V, = 6205mls
(2a) - s 8.
m, =0.23| 1 401 &LAT) Via = 82038
\¢ 50 C, = 44 m's
U 3393 m/s
o 90-(44.29 L
=023(2x03) +01 ) a =198
=029 B = 4429
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Once this is what is known to us, we can do our calculation for De-Haller’s factor. That is
nothing but it’s a velocity ratio, relative velocity ratio, and that’s what is coming 0.75,

okay.
De — Haller'sfactor,

_ Vam

DH = —
V3m

6205

82.7

=0.75

Now, we can calculate our absolute flow angle based on my known a, angle, and that is

coming 45.4 m/s.

Ca

Com = —2—
™ CoS g

44 .4
cos(11.94°)

=454 m/s



So, once we are calculating our relative velocity ratio, our next target that will be to
calculate the diffusion factor. And for calculation of diffusion factor, as we have discussed
earlier, we need to calculate what is our m factor, we need to calculate what will be our
solidity, okay. So, this is what we are putting in sense of my m-factor, and here you can

say like m, that’s what is coming 0.29.

According to Carter's rule: Slop factor,

2a\> 90 — Bum
=0.23 (—) 01 ———=
b c + 50

0.1(90 — (44.29))
50

=0.23(2 X 0.5)% +

=0.29
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Fundamental Design Method

B " LR li X
» ’ g )
;
Chord i [ ,{,‘/ﬁ/f:

Solidity o, =
pitch

045 oo b 17
005 (/s

Weknow :

G
Diffusion Factor " 4 J
05,y cosh e A b
DF_=1- 03y + c0sf (tan B, ~tan B,, ) m =029 o 1 ¢
@sf 2xa, d =0405m J Ay
C4 Agm

$751 5751 d, =0.135m

CA 1) Cos(37.3

=1 S0P  e0SOT 57 510 tan(44.29)) =3
cos(44.29)  2x09

chord = 0.045m
B =5111
f.. =44.29

DF, =043
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Now, for rotor-2 when we are doing our calculation for the pitch, so here in this case we
are assuming our number of blade, that to be say 17, okay, because this is what is in line to
what all design we are comparing with, already existing rotors, okay. And for that, we are
having number of blades for rotor-2, that’s what is coming to be 17.

No doubt, when you are making your mean line calculation, once you are ready with your
Excel sheet, you can play with these numbers, not an issue, okay. So here, if you are putting



that, it says my pitch, that’s what is coming 0.05. We can do our calculation for the solidity

based on chord. It says, it is coming 0.9.

21Ty,
Z;

pitch s, =

_ 2mx0.135
N 17
=0.05

Chord
pitch

Solidity, o, =

0045

0.05

=09

Once this solidity, that’s what is known to us, we can do our calculation for diffusion factor
at the mid station for rotor-2, and that’s what is coming 0.43. Be careful in sense of putting
the angles. ,, B, here this will be 85 and S,, okay.

Dif fusion Factor,

coSs fB3m  €OS Bzm
- + tan — tan
ot T o tan o — tan fi)

m

DF,, =

cos(57.51) cos(57.51)

=1- c0s(4429) T 2% 09 (tan(57.51) — tan(44.29))

« DE, = 0.43
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Fundamental Design Method

Incidence angle i'is assumed to be 0" at mean radius " Sm

A3
Camber angle G
g OB _(3220) b ) \ A
"~ m 0.29 /‘/fvc
(I--=) (I-—=) f PN 7/ .
Jo_m \/(E - /// ",/ ",/ ) i
g =19.18" /"/ /
oo /i/
Deviation angle [ /
A )/ c
.m0 0.29x13.22
5, = Daln = - . =]
\/{7”' ' Weknow : 103 » /
o0, =596 B =5111" . Tm
Stagger angle B, =44.29 * Uy
) ) - 1918 [pp=np2
rw=ﬁ~.y,,",,,‘,;" =ST51-0-—— " Jo, =194
- 00 = m, =029
om= 4192 o, =09
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Now, in order to calculate other flow angles, say may be camber angle, deviation angle and

the stagger angle, we need to have assumption of our incidence angle. So, in line to what

we have discussed for rotor-1, here for rotor-2 also, our incidence angle at mid station, we

are assuming to be 0, okay. If this is what is coming to be 0, we can say our camber angle,

it is coming 19.18°. Same way, my deviation angle, that’s what is coming 5.96°, and my

stagger angle, that’s what is coming 47.92°.
Incidence angle 'i’ is assumed tobe 0 at mean radius

Camber angle,

On="_m = 029
Vom V0.9

“ 0, =19.18°

Deviation angle,

5 _ MmOn _ 0.29%13.22
" Jon V0.9

o 8 = 5.96°



Stagger angle,

. O 19.18
Cm =ﬁsm—lm—7=57.51—0—T

o Gy = 47.92°
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Fundamental Design Method

Calculations for Rotor 2 at mid section

b
vA

\ “\
|
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So, by this calculation, we are able to have this Excel sheet at the mid station, ready with
us. So, you can say, this is what is our expected pressure rise from rotor-2, that is nothing
but 800 Pa, okay.
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Work loading / Fundamental method

Tip section

Mid section

) Rotor-2
Hub section

Tip
L
AP, &
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Let's assume APpy,= 300 Pa and APy, = 1300 Pa

Calculation for other radial stations for rotor-2

At Hub

From inlet velocity triangle,

U TNy 7x2400x0.135
‘R2h ——
60 60

Uy =1696M/

The inlet Total Pressure at rotor - 2 hub
By, =P,, =101825Pa

The inlet Total Temperature at rotor - 2 hub
Ty =Ty, =299.48K

—— Hub loaded
~—— Tip Loaded
—— Mid loaded

Loading (AP,

o

ln}\
)
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Now, what all we have learned, say for our fundamental method, we are assuming our AP,
at different stations, and since we have designed our rotor-1 with the tip loaded
configuration, same trend we will be using for rotor-2, that’s what will be having say tip
loaded configuration. And if this is what is your case, initially, we can assume say my

expected pressure rise near the hub to be 300 Pa, and near the tip region, is say 1300 Pa,

We know
d,, =0.135m

N, = 2400rpm

C, =440/
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Now, if this is what is your case, what we can do is we will start doing calculation at the
hub station, same way, we will be doing our calculation at the tip station. But we need to
be very careful, we should not commit mistake. Like this design approach for rotor-2, for
contra rating configuration, that’s what is different, okay. And your small mistake in
calculation, that’s what will lead to give the numbers that may not be acceptable. So be
careful about that part. So, if you are considering that as a case, we can say at the hub, we

can calculate our peripheral speed, okay.
At hub,

From inlet velocity triangle,

TNydy, T X 2400 X 0.135
Ureh = == = 60

S Uth == 1696 m/S

Now near the hub, | need to have my pressure as well as temperature because we are
looking for calculation of pressure ratio as well as what will be my AT,. So be careful here,
near the hub region, whatever is my total pressure at the outlet, near the hub, that’s what
will be the entry pressure for my rotor-2. Same way, what is my total temperature at the
outlet of the hub for rotor-1, that will be my entry temperature for rotor-2, okay. So, these

are the numbers what we are putting in sense.
The inlet Total Pressure at rotor — 2 hub,
Py = Py, = 101825 Pa
The inlet Total Temperature at rotor — 2 hub,

T03h = TOZh = 2994‘8 K



(Refer Slide Time: 12:15)

All the parameters for different radial locations can be evaluated similar
to mid section from the total pressure rise required at each spanwise
location.

The exit Total Pressure at hub Temperature Rise,

By =Ry + ARy (B, +AP,)” ' T
| [ 22 NN
B, =101825+300 By n,
2Py, =102125Pa r 144
(101825+300) 4 299.48
) A= —| -l
And, Pressure Ratio L 101825 ) 0.85
T 2 AT, =03K
By OR24 We know
_1o212s P, =101825 Pa
101825 AP, =300 Pa
o2
=1.003 a T, =299.48K
1, =085

Now, once this is known to us, we can do our calculation for the pressure ratio. And the

pressure ratio near the hub, that’s what is coming 1.003, okay. Same way, my AT, at the

hub, you can say that’s what is coming 0.3 K, okay. Remember, what pressure rise we are

expecting, that’s what is lower. We are designing for tip loaded rotor, and that is the reason

why my AT, that’s what is coming lower in the numbers.
The exit total Pressure at hub
Poan = Pozn + APogran
& Pyyp, = 101825 + 300
& Pyyn, = 102125 Pa
Pressure Ratio

Posn

Tiop =
Posp

102125
101825

= 1.003



Temperature Rise,

Pour + APy T,
ATypop = ( 03h 0R2h> v 1 03h
Posn NMp
1.4-1 1
AT _ (101825 + 300) 1.4 1« 299.48
SO0RzR 101825 0.85

o ATOth = 0.3 K
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Calculation for Flow angles : 3h
; : a
lanﬂ :{ R2h -( = V:m
5 ¢ Station-3
e JI' 16.96+29.93 *Coi Upan™ \ N
= \ 44 / Rotor 2 \ \
° \ \ .
=46.56" Bun \\Shtlon-d
@4h V.
Balancing Aerodynamic and Thermodynamic work C &
a
C ATy, =AU, (€, =(-C.y)
where /.=0.88 T U™
Cush
C,,, =-ve; asitis opposite to U, i <know
AT, =03K

= =3398"
~1005x0.3=0.88x16.96x(C, ,, +23.93) f ;‘; ;"_J
=0y =33.54m/ s

and

Hence, C,,, =-9.98m/ s € =C. = 299mls
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So, now based on this, we can start doing calculation for our S5, and as we have seen, my
Cw2 at the hub, that’s what is equal to my Cug at the hub. And that’s what we are putting
here, that’s what says my S5 at mid station is coming 46.56°, okay. And now, once this is

known to us, we can do our calculation for the whirl component.

URZh - Cw3h

t =
an Bap C,
- (16.96 + 29.93)
3n = tanl 44 4

= 46.56°



Here in this case, we need to be very careful. Say, here my work done factor, that’s what |
have taken as 0.88. For my rotor-1, we have considered that as say 0.98. And here, this is
what is say 0.88. This is what is based on what all we have discussed in our earlier class,
okay. And that’s what is giving me my Cws as —9.98 m/s. So minus in sense, you need to
be very careful about what will be my angle and what will be the direction. Accordingly,

you need to do modification in your triangles, okay.
Balancing Aerodynamic and Thermodynamic work,
CpAToran = AUgzn(Cywan — (—Cuzn))
where A = 0.88
Cw3n = —ve;as it is opposite to Uy,
~ 1005 % 0.3 = 0.88 X 16.96 X (C,,4, + 23.93)
Hence, Cyup, = —9.98 m/s
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From velocity triangle

tan @, =—4-
=G Station-3
9.98 e U K
stana,, = . Lay, =12.67 Lo, v XN\
R \
otor 2 \ ‘?T
\Station-4
U —c Bin
tan f§,, = 22 _—xib s Var
(5 (il
(16964998 U
B, =tan ‘T‘ =3125 Coth
We know
This Gives, o o AT, =0.3K
e Specific Energy= C AT, =088
AB, =Py~ Pu ! )
=1005 Uy, =16.96™
- 0B, =4656-3125 =1005x03 . s
=297.75J kg o= 4407,
A8, =1531 . 4
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Now, if this is known to us, we can calculate what will be my a,, okay. My a,, that’s what
is coming 12.67 near the hub region. If you recall, at the mid station also, that was coming

around 11°. And we can do our calculation for £,.



From velocity triangle,

tana = CW4h
4h Ca
. 9.98
AN e = a g
h gy = 12.67°

URZh - Cw4h

tan Sy, = C
a

16.96 +9.98

Aia ) = 31.25

Ban = tan™! (

Now, for rotor, when we are saying, we are always interested in AB. So, at A at the hub

for rotor-2, it is coming 15.31, okay.
This gives,
ABn = Bzn = Ban
~ ABy, = 46.56° — 31.25
~ A, = 15.31°

And my specific energy based on our understanding, that’s what is say C,AT,, if you are

putting this is what is a number, that’s what is coming, okay. It is 0.29 k] /kg.
Specific energy = CpATogr2p
= 1005 x 0.3

=297.75 ] /kg
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Calculation for relative velocity : 3h
s 3,
V- G Van
" cosf, Station-3
44.40 ’ 5 'C#Um*
. Wy =6as8m/ v
€0s(46.56°) Rotor 2
c B tation-4
= —o a
" cosf, - Uin
Co
-l ¥y =5194m/
cos(31.25°) g 2 V™

De Haller's factor :

Vi 5194 We know

v, 6595 €, =440 ,%
=0.78 B, =46.56°

B, =3125°
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Now, once we have calculated our flow angles, we can calculate what will be our relative
velocity because we are interested in calculating our De-Haller’s factor near the hub region.
So, if you are calculating that, my V3 at the hub, it is coming 64.58, and my V4 at the hub,
that’s what is coming 51.94 m/s. That’s what is giving me my De-Haller’s factor to be

0.78. So near hub, we are having this De-Haller’s factor, that’s what is coming 0.78, okay.

Calculation for relative velocity:

Var = Cah
3h cos Ssp,

444
"~ cos(46.56°)

S V3h = 64’58 m/S

_ Cah
cos Ban

Van

_ 44.40
~ cos(31.25°)

&~ Vyp =51.94m/s



De — Haller'sfactor

Vi 51.94
Vs, 65.95
=0.78

(Refer Slide Time: 15:30)

Fundamental Design Method >

: 7d, — Sk
Pitch, s, i
Z, B
We know number of blades, Z, = 17 ir R, ‘ﬂ’“"
L ‘/ﬁ/
1 i 1 4
g o 7x0.135 } 0, /”7 // i X
i 5 y//

~s, =0.025m /! 54

Solidity of rotor at hub station,

We know
d, =0.135m

c=0.045m
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Now, based on that later part, as we are doing calculation, the sequence of calculation that’s
what will remain same when we are designing say rotor or rotor-2, in line to what we have
done calculation for rotor-1. So, we will be calculating our pitch. And near the hub, as we
have discussed, my pitch, that’s what will be coming to be lower. Here, for rotor-2, we
have assumed our number of blades to be 17. So, that’s what is giving me my solidity at

the hub, it is say 1.8, okay.

Pitch mdy,
itch,s, = —

We have number of blades,Z, = 17

Tl.'dh
Sy = —



T X 0.135
S Sp = T

~ s, =0.025m

Solidity of rotor at hub station,

C
op = ;
_0.045
~0.025

W Op = 1.8
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Sh
Diffusion factor, 8
r 9 3
- s, cos L LB
OF) =+ 2 P 0, i) Wy 9
© cosfy  2x0, L /ﬁ/
i 7 7 o a
cos(4768%) _ cos(47.68°) M)/ /AN
=1- 2L R fan (47.68°) - tan (43.2°)) /7
cos(43.2°) 2x18 /: o/
b J1/r
[ )
:(DF), =011 ¢
1 ’\ I
J [
According to Carter's rule: Slop factor 4 /
: i/ Y B
2) v J
m=023 = | +01%0Aw) Vi Bun

¢) 50 We know

¢ c=0045m
5, =0.025m
B, =47.68

B, =432

=023(2x03)f +01 X768
50

Dr. Chetan S. Mistry

Now, once we are calculated with the solidity, we know what will be our S5, what will be

our B,. We can do our calculation for the diffusion factor near the hub region, and if you

look at, this number, that’s what is coming 0.11, okay. Now for say calculation of our

angles, we are looking for say our m factor or say...what we say Carter's factor, that’s what

is coming to be 0.32, okay.



Dif fusion factor,

cos 3,  cos PBsp
cosByn 2 X oy

(DF)nrotorz = 1 (tan B3, — tan fay)

cos(47.68°) cos(47.68°)
cos(43.2°) 2x1.8

(tan(47.68°) — tan(43.2°))

(DF)h,rotorZ =0.11

According to Carter's rule; slop factor

2a\° (90 — Ban)

90 — (47.68)

= 0.23(2 x 0.5)2 1
0.23(2x0.5)“+0 0

= 0.32
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: ! - 5
Incidence angle 'i' is assumed to be 2" at hub =
I" ﬂ]h
- h
Camber angle at hub by j X
Af,-i 5312 i
gt f ; A /,‘/VV Y
(S () “ NG 7 N\
V‘b‘, Js S/ S/ /
6,=1742 ,;;/
b 1/
[//¢ J
Deviation angle at hub /8 // c
s _m, 032x1742 A /
0, =—— = — /] 8
\O, V1.8 v & /
8, =411 Weknow : Yy V » Bin
By =46.56" Vy Ban
Stagger angleat hub B, =31.25°
A W SR . A, =1531
2 2 m, =032
£,=3585 0,=18
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Now, once this is what is known to us, again, do not forget when we are doing our
calculation for say camber angle, say deviation angle and stagger angle, we need to have
certain amount of incidence to be assumed. And as we have discussed, near the hub region,

we are assuming our incidence to be positive incidence, and that too we are taking, +2°.



So, if we are putting this, it says my camber angle at the hub, it is coming 17.42, my
deviation angle is 4.11, and my stagger angle that’s what is coming 35.85°, okay. You can
cross verify this once you are doing your pen and paper calculation. That’s what will give
you the idea for the calculation, okay.

Let's assume Incidence angle 'i’ tobe + 2° at hub

Camber angle at hub,

ABp—ip 1531 -2

On

T 032
VOn V18
o Oy = 17.42°

Deviation angle at hub,

_myB,  032x17.42

On

~ Jon V138
6h =4.11°

Stagger angle at hub,

8, 17.42
{h =ﬁ3h_lh_7=4656_2_T

« ¢ = 35.85°
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Calculation for other radial stations for rotor-2 F— tip
Attip
U, = aN,d,
i 60 hub
_ 7x2400x0.2025
60
Uy, =508/
The inlet Total Pressure at tip
P, =P, =103225Pa

We know
: 2 d, =0.2025m
The inlet Total Temperature at tip N, = 2400rpm

T, =T, =30085K

C,=440m/
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Now, similarly, we will be doing our calculation near the tip region. We will be having the
same step. That’s what we need to follow. We will be calculating our peripheral speed.
Same way, near the tip region we need to have our total pressure and temperature, that’s
what is coming from rotor-1, that will be the entry condition for my rotor-2.

At tip,

From inlet velocity triangle,

_ TNpdy T X 2400 X 0.2025
Rzt = g0 60

~ Ugy =50.89m/s
The inlet Total Pressure at tip,
Py3t = Py = 103225 Pa
The inlet Total Temperature at tip,

T03t == TOZt == 30085 K
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All the parameters for different radial locations can be evaluated similar
to mid section from the total pressure rise required at each spanwise
location.

The exit Total Pressure at tip Temperature Rise,
P, =P, +AP,, [ \
o 3 OR2 AT‘“ » ‘ Ry —\P,k.: 1 XL
2P, =103225+1300 \ A | 7
B, =104525Pa -
103225+1300 4 300.85
X ATy, = ‘ | -1)x
And, Pressure Ratio Z 103225 ) | 085
1= ”_: i 7 We know
T <A, =121K P, =103225 Pa
104525 .

103225
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Now, once this pressure and temperature, that’s what is known to us, we can do our
calculation for say what will be my pressure ratio at the tip, and that’s what is coming

1.013. My temperature rise AT, at the tip, that’s what is coming 1.27 K, okay.
The exit total Pressure at tip
Poat = Po3e + APopo¢
& Pgyge = 103225 + 1300
& Pyge = 104525 Pa
Pressure Ratio

_ Post
Tyt = 55—

P03t

104525
"~ 103225

=1.013



Temperature Rise,

Poss + APy 7 T,
ATypps = ( 03t ORZt) v 1| 5 Lost
P,
03t NMp
1.4-1
AT _ (103225 + 1300) 14 o 300.85
T ORzt 103225 0.85

o ATORZt = 1.27 K
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Calculation for Flow angles : N

I -C &
tanf, = U .(" L Station-3

. "Cwi;, o
(50.89+37.72
B, =tan ‘|—5“'“ 317 ],m 39° Rotor 2 \
\ 4 Station-4

pll

Balancing Aerodynamic and Thermodynamic work C,
CAT,, = AUy (Cis = (-C,))

where /=088

Cwu
: . . We know

C;, =-ve; asitis oppositto U, AT, =127K

¢ Uy, =50.89m/ s
~1005x1.27=0.88x50.89x(C, ,, +37.72) a, = a, = 4035

C, =C, =5826m/s
Hence, C,,, ==9.2m/ s and
. C,y =C,y, =31.02m/ s
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Now, based on all these calculations, now later part, we will be calculating what will be
our blade angles or relative flow angles. So, my S5 at the tip, that’s what is coming 63.39,
okay. And when we are comparing, our aerodynamic and thermodynamic work, that’s what
will be helping us for calculating what will be my Cuws at the tip region, and that’s what is
coming —9.26 m/s, okay.

URZt - Cw3t

tan ﬂ3t = C
a

50.89 + 37.72)

Bar = tan_l( 44 4



= 63.39°

Balancing Aerodynamic and Thermodynamic work,

CpATORZt = AURZt(thlt - (_Cw3t))
where A = 0.88
Cw3t = —Vve; as it is opposite to U,
~ 1005 x 1.27 = 0.88 X 50.89 X (C 4 + 37.72)
Hence, Cy4y = —9.26 m/s

Now, once this relative velocity, that’s what is known to us, relative flow angles known to
us, my absolute components are known to us, later on we will be calculating the parameters,

called De-Haller’s factor, and my diffusion factor. So, let us move in that direction.
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From velocity triangle

C 3
tana, =— V3
- (*_, Station-3
9.27 i i |
stana, = T s, =1179 Cuse Urae \
g Rotor 2 \ \
) \Station-4
Us=C a <
tan f§, = 2L at Vo
cﬂ
(50.89+927) | T U
/g:m';T‘ =5357 Cuse ‘
We know
This Gives, o e AT, =121k
fbla Specific Energy= C AT, 1-038
A, =Py ~Bu ' ) i
=1005x1.27 Upy, =50.89")
~AB =6339°-5357 .
=127423J kg G
= AB =981 f, =63.39
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So, it says, I will be calculating what will be my a, at the tip region. We will be calculating
what will be our AS. And if you look at, near the tip region, my Ag is coming 9.81, okay.
So, this numbers, that’s what is having certain meanings. We will see when we will be

discussing about say finalizing of this design, what all is the meaning of these numbers.



From velocity triangle,

tana,; = CW4t
4t Ca
. . 9.27
crAN e = s
i a4t = 11790

Upat — C
tan B,, = R2t w4t

Ca
_,(50.89+9.27 .
Ba¢ = tan (T) = 53.57
This gives,
ABy = B3t — Pat

s~ ABy = 63.39° — 53.57°
~ AB, = 9.81°
Specific Energy = C,AT, 1
= 1005 x 1.27

= 1274.23 ] /kg
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Calculation for relative velocity : - &
7 Cor . Vat
£ cosf, : Station-3
4440 “Cut Upy ™!
E =90m/
c0s63.39 ¥ s Rotor 2 \\
, c. By \\Smlon-4
el a
; cos ff, ::' Vi
4440 s S
S0 10 ¥ =mam/

cos(33.57°) ——,,
R2t

Chose
De Haller's factor

'_ = un We know &
h B C,,=440m/ =
. a 4

l%:0.75 B, =63.39° ‘1

* B,=5357° ‘,
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Now, as we have discussed, we are looking for our relative velocity ratio or say De-Haller’s

factor. So, we will be calculating what will be my V3 at the tip, what will be my V4 at the

tip, and that’s what is coming 99.12 m/s. And V4 is coming say 74.77, okay. If you keep

an eye with these numbers, you will realize my V3, that’s what is coming to be higher, my

V4, that’s what is coming to be lower. And that’s what is giving me my relative velocity

ratio as 0.75, okay.
Calculation for relative velocity:

_ Calt
cos S

V3 t

444
~ c0s(63.39°)

o Vo =99.12m/s

_ Ca2t
COS Byt

V4-t

4440
~ co0s(53.57°)

~ Ve =7477m/s



De — Haller'sfactor

Vae 7477
Vs  99.12
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. 7d
Pitch, s, =l
=z

ﬁll
We have number of blades, Z =17 Ly R !‘""
B
702005 < I— /4/( Va
T B 4 A Nl

o5, =0075m

Solidity of rotor at tip station,

We know
d, =0.2025m|
c=0.045m
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Now, in order to do the calculation for the pitch, we will be having say it is, my pitch is

given by

”Tdt. We can say our number of blades, what we have selected, is say 17. So, that’s

what is giving me my pitch, that’s what is coming 0.075, okay. And my solidity, if we are
putting our chord to be 0.045, solidity, that’s what is coming 0.6.

. md;
Pitch,s; = 7

2

We have number of blades,Z, = 17

d;

Se = —
Zy

m %X 0.2025
=TT



~ 5 =0.075m

Solidity of rotor at tip station,

. C
O = St
_0.045
"~ 0.075
O-t = 0.6
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Diffusion factor,

Mol + %( tan 8, —tan 3, )

cosfl, 2xo,

(DF), e =1

g[
205(63.39°)  cos(63.39° /
218 0B (63,39 -t (53577 /,
¢0s(53.57°) 2x0.6 / Y/
b [/ 4
:/' X /
~(DF)__ =048 // ¢
e 14 “
I ; J
According to Carter's rule: Slop factor _," >/ p
A A ;
J(2a)  (90-5,) J By
m, =0‘3:|‘ =i +0.1 m Vie B

We know

(90-(53.57)) c=0045m

.8
=023(2x0.5) +0.1 50 5,=0075m

=028
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We can do our calculation for a diffusion factor at say our tip region. And that’s what if we
are putting our numbers say S5, B, and my solidity, it is coming 0.48 near the tip region,
okay. We will be calculating our m factor because we are looking for other parameters or

flow angles to be calculated.
Dif fusion factor,

cos f3;  cos f3;
cos By 2 X0

(DF)trotor2 = 1 (tan B3, — tan fy)

cos(63.39°) cos(63.39°)
cos(53.57°) 2x0.6

(tan(63.39°) — tan(53.57°))



(DF)t,rotorz =0.48

According to Carter's rule; slop factor

2a\* (90 — Ban)
90 — (53.57)

=0.23(2 X 0.5)2 + 0.1

= 0.28
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G=—%" = m 4 [~ /?‘/\/ Vy
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o V0.6 > PN
f ,’/' AA B
0,=1861' e 4
e /i /i
eknow I) /,V /
. j, = 6339 a
Deviation angle at tip Rt W' .
Af, = 981" W 1/ -

s _mo _0.28x18.61

. 14 //
0= slop factor m, =0.28 AR f
T £
Vo, V0.6 0,206 ] b, §
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Vi Bae &
&

Stagger angle at tip
0 w
Cofomi-t 233942108 :
2 2 . ‘;‘)
|

-
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So, if we are putting this, here, when we are calculating our camber angle, say my incidence
angle at the tip, that’s what need to be assumed. And as we have discussed earlier, for rotor-

1, in line to that, for rotor-2 also, we are assuming our incidence angle to be —2°, okay.

And if you are putting this as a number, it says my camber angle, it is coming 18.61, my

deviation angle, it is coming 6.8, and my stagger angle, that’s what is coming 56.08°, okay.



Let's assume Incidence angle 'i' tobe — 2° at tip

Camber angle at tip,

ABy—i,  9.81+2

Hle_ﬂ‘l_o.zs
Jor V0.6
o 0, = 18.61°

Deviation angle at tip,

_m6, 0.28x18.61

t = \/;t = /06
~ 0y = 6.8°
Stagger angle at hub,
0, 18.61

Zt:ﬁlt_lt_7:63'39+2_T

= {, = 56.08°

So now, at mid station we have done our calculation, at the hub station we have done our

calculation, at tip station we have done our calculation. So, like, let us see what all we have
assumed, and like how, this is what is affecting.



(Refer Slide Time: 22:17)

Rotor:2
B T R
0 07 | 01 | o0 r
| Porpherai spaedy | to58 | 3299 | 508 | Porphwalspeed U | 1696 | 3399 | ¢
| Adalvelocity €, | M0 | M0 | Mo Adilvelocly G, | M40 | I |
| Totalinettomp T | 2997 | 30047 | 3006 Tolaliniettomp T | 20948 | 30047 | 30085 |
Pu | to2025 | fo2s25 | 103025 Pu | to1eas | 102825 | 1028 |
P [ o0 w0 | 120 2P [0 | we | v |
moPuPu) | 10059 | 10078 | 10116 ToPoPu) | 1008 | 10078 | 10128 |
ATw 0s | o | 7 AT 0% | om | a1 |
caxc2 | o100 | stes | ss1e c3=C2 | ss | sros | s |
asai(deg) | 32 | w%0 | 372 omo(deg) | 390 | 3890 | 4035 |
Custu A e | s Custu [ a | wm | an |
3 (deg) | 2% | 5182 | en $3 (dog) [ s | s | ew |
w(CrAT) | sf0 | 7803 | 12 wierat) | 2nas | e | e |
Cm |20 | a0 | aa [ [as | am | ez | —
un [Toas s [ 1 anfe [ oot [ oo | 13 |
i (dog) ETRRERED B (0eg) [0 | aw | ns |
unw [oos | o2t | om na [Toz | o2t | om |
o (deg) | Taer e | s a(0g) e | nes | um |
[ a5 | B2 | o [iss [Tz o |
Powsr (W) | 5% | 143 | 10 Power(W) | 280 | 143 | 1198 |
Pitchs | o025 | o0 | oors Pich s | o025 | osso | ours |
Sty 0 130 | 080 | om0 Soliity o 190 | 0% o
L OF 049 043 w [0 OF 028 | 043 048
v 71 | s2es | 9560 3 TS | we | e |
v @3 | @M | na v 5194 | 6204 | nam
I — e DK gl L ozs o5 1]
& T 45 | 3 | 60 < 51| 453 | 4
m 00 | 02 | o ) [0 | o | om |
(200 | oo | 2m Incidence [ 200 | 000 | 2w |
Camber angle Tdg 198 | 1861

T8z | 898 | 65 | Deviatinangle | 411|596 | 680 |
ne | ey | sse | Stagger angle 385 | 419y | 508

Dr. Chetan S. Mistry

So here, if you look at, this is what is say the initial case, what we have planned for. Say,
it is having say...pressure rise of...say near the hub region, it is 600, at mid station, we
have kept 800, and at the tip, that’s what has been say 1200. If you are looking at, it says
my De-Haller’s factor, that’s what is varying from 0.66 to 0.77, okay. Now, if you look at
the diffusion factor, that’s what is say 0.49 at the hub and 0.46 near say my tip region,

okay. And if you are looking at my camber angle, that’s what is coming 35° and 18°.

Now, if we look this carefully, when we are expecting our pressure rise from the rotor-2,
we need to keep an eye for certain parameters, and here, for this target, we have kept an
eye for say our diffusion factor as one of the parameters near the hub and tip region. So
that’s what we have done here. So, you can see, we have reduced our diffusion factor near

the hub region, and we have increased our diffusion factor near the tip region, okay.

And that’s what has been done by changing my AP, at the hub, say that will be reduced to
300 Pa, and this is what has been increased to say 1300 Pa, okay. Now, if you look at my
camber angle, accordingly, that’s what is coming 17° and 18°. Now, with this all, if you

are putting this is what is giving me say my overall distribution.
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So, if you try to look at, this is what will be the distribution of my total pressure. Again,
for rotor-2 also, this is what is designer's choice. So here, | have taken 300, maybe you can
go with 400, maybe you can go with say 500, nobody will stop. It is your choice. But when
you are doing that calculation, you need to do this calculation carefully.

And as we have discussed, we need to check with total pressure rise, average total pressure
rises, throughout my span that need to come as per my expectation, okay. So, be careful
about doing this calculation. Here in this case, if we look at, this is what is representing my

systematic variation of AS.

You can say, we are having the variation of say diffusion factor, as we discussed, we are
having this diffusion factor as one of the keep an eye kind of parameter. If you are looking
at the camber angle, this is what is representing my variation of the camber angle. And De-
Haller’s factor also, if you look at, compared to earlier case, we are modified with, okay.
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Now, we have discussed for say rotor-1, we have assumed our say deviation angle. And
that’s what, again say for this rotor-2 also, we can assume our deviation angle to be say
assume deviation angle of 4°. If that’s what is your case, you will be having say corrected
deviation angle. Based on that corrected deviation angle, we need to calculate corrected
camber angle, as well as corrected stagger angle. So, we will be having all this calculation
for that.
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Corrected Flow Angles

[ Rolord |

| sowton | 1w | 200 | 300 [ 400 | 500 | ewd | 700 | s 90 | 1000 [ 1T |
; 0067 | oget [ oon | o108 | otz | o435 | oms | ote2 | ors | o | o

it 038 [ o4 | o4 | o5y | os0 | o0& | om | om | omm | osm | 1w |
Incidence 200 180 120 0.80 040 0.00 24 450 420 460 | 2
Camber angle 1742 1860 1913 1931 192 19.18 19.03 1858 1875 1866 1861
Deviation angle an AT 515 549 574 596 614 3 647 663 | 680
‘Stagger angle 3585 3875 4135 4372 4591 4193 4931 5155 53.47 5468 56.08

[ oot fssumed) | 400 1480|400 | AW | 400 | 48 | W | 0 | | % | % ]
Corrected deviation 8.11 871 9.15 9.49 9.74 9.96 10.14 1031 1047 1063 | 1080
Corrected camber 24 260 243 a3 22 a1 20 288 a1 286 26
3935 41.72 4391 45.93

Dr. Chetan S. Mistry




And, for this case also, let us say, if you look at, we have assumed this deviation angle to
be 4°. Now, this is what is designer's choice. Again, | am telling, like, you know, it is not
at 4°, you can go with 3°, you can go with 5°, but that’s what need to make the sense in

sense of what performance you are expecting.

Many times, it happens maybe from say hub to tip, you need to have the variation of
deviation angle, and maybe from say mid to tip region you will not be having variation of
deviation angle. Sometimes it may happen that you need to keep an eye, your deviation
angle will be varying all the way from say your hub to tip, I am talking about assumed
deviation angle.

So, this is what is a number that’s what is in your hand, you can play with, based on what
understanding, or what flow physics you are expecting. And once we are putting this, this
is what will be giving me in sense of corrected camber as well as corrected stagger angles,

okay.
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Once, this is what is ready with, we will be doing or we will be checking with how my
variation of the flow angle, that’s what is coming. Now, you can understand here our
expected pressure rise, it is say 800 Pa. So, my Af variation, if you are looking at, that’s

what is coming to be on a lower side.



So, just look at, this is what is representing my Ap variation, okay. And this is what is a
variation of my Ag, okay. Now, same way, if you are looking at say my diffusion factor
for rotor-1, that’s what is having say high load and low load kind of configuration near the
hub, my diffusion factor, that’s what was coming lower; on say tip side, I am having my

diffusion factor to be larger, okay.

But at the same time, you know, you are having say great control of diffusion factor for
rotor-2. So, basically how nicely you are doing your design for rotor-1, that’s what will be
getting reflect on rotor-2, okay. So, when we are doing our design for contra rotating fan,
you need to design your rotor-1 nicely, just finalize all parameter using your Excel sheet

program, okay.

Once you are confident with, then you go with say design of rotor-2, because they are
interrelated. Your small change for rotor-1, that may bring more change in rotor-2. So be
careful about these aspects. Here, if you look at, my De-Haller’s factor for rotor-1, we are
getting very high near the hub region. And compared to that, we are having our De-Haller’s
factor, that’s what is coming to be lower. Now, you must be knowing the reason. We are

talking about the relative velocity ratio, okay.
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Now, once you are doing all this calculation, for 800 Pa, what we are discussing, this is

what is a configuration or the blade that’s what we are achieving, for rotor-2. Just look at,



this is what is my rotor-2. And we are having say hub, mid and tip sections. We are having
three sections, this is what is the twist of the blade what we are getting for 11 station. Now,
this is what is the case when we are having 1100 and 900 Pa expected pressure rise, okay.
If you compare these two, it seems to be a similar kind of thing.
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But here if you look at, you will realize the difference for say how my angles or how my
blade geometry, that will be look like for two different configurations, okay. Here in this
case, we are having combination of 1200 and 800. So, for 1200, what we have realized, we
are having our flow angles, that’s what is coming to be larger near the tip region because

we are designing highly loaded rotor that’s what is near the tip region.

Now, when we are comparing for say 800 Pa and 900 Pa, we will be realizing, say when
we are having this to be say 900 Pa, our twist, that’s what is coming to be slightly on a
larger side. Major change we are finding towards the tip region. Near the hub region, not
much modification, that’s what can be observed. So, like this, you can play with the number

of parameters.

Now, here in this case, what all we are discussing is say distribution of my total pressure
ratio. The question may come, sir, 1 am planning to do design for contra rotating
configuration in which I will be having my rotor-1 that will be rotating at high speed

compared to rotor-2. Yes, same way, same logic, same calculation, you need to do. You



make your same Excel sheet program, and you can play with the parameters, you can play

with the numbers and get what you are looking for.

Someone will say, | am not interested in say increasing the speed of rotor-1. | am more
interested in increasing say the speed of rotor-2. Yes, that is also possible. And if you recall,
when | was discussing about the performance map what we have achieved experimentally,
it says, when you are increasing the rotational speed of rotor-2, that’s what is improving

the performance in sense of pressure rising capacity.

At the same time, we will be having some compromise in overall operating range. So, this
IS what is designer's choice, what all he will be looking for, okay. And as I told in one of
our latest publication where we are having study for say distribution of total pressure ratio
between two rotors, and, you know, when we are loading our rotor-1 too high, you will be
having more chances for your flow to get separated near the tip region, and that’s what will

be making the design more challenging.

So, maybe you need to go with slightly higher loading for rotor-1, not too much loading
for rotor-1. And the advantage of having higher loading of rotor-1, we have realized that’s
what is giving me say stall free operation, and that’s what is increasing my overall operating
range. Now, in next lecture, we will be discussing about the design for the same

configuration using free vortex concept. So be with me, thank you for your kind attention.



