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Module 8: Design of Low Speed Contra rotating Fan
Lecture 46 : Design of Low Speed Contra Rotating Fan

Hello, and welcome to Lecture 46. We are discussing design of low speed contra rotating
fan.
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Fundamental Design Method

Calculations for Rotor 1 at mid section

Dr. Chetan S. Mistry




In last session, we have discussed about the design calculation for rotor-1 at the mid station,
where we have assumed our total pressure rise expected to be 1200 Pa. Then, we have
started doing calculation at say mid station as well as we have done our calculation at the
hub station.
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Now, say this is what we have expected; here, In this case, we are expecting our total
pressure rise at the hub to be say 500 Pa, for what, we have done the calculation at the hub
station. Today, we will be moving with say design at the tip station, where we are expecting
our total pressure rise to be 1900 Pa. So, let us move with.
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Fundamental Design Method
At Tip
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So, this is what we can say our condition. We have our entry to be axial entry. So that is
the reason why my «; at the tip, that’s what is say 0, my Cus at the tip, that is also will be
0. We can say, our peripheral speed, now this is what will be based on my tip diameter, so
it is coming 50.89 m/s. Once, we know what is our peripheral speed, and we already know
our axial velocity that’s what we are assuming to be constant, so that’s what will be giving

me my relative blade angle at the entry g;, as say 48.90.
At tip,
From inlet velocity triangle,
ais = 0° (Axial Entry)
Hence,C,1 = 0m/s

_ mNyd,

7 X 2400 X 0.405
B 60

o Uth == 50.89 m/S



Uy

tan f1; = T
a
50.89
“ranfie =27720

S ﬁlt == 4‘8.900
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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.
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Now, in line to what all we have done, we will be doing our calculation based on our
fundamental understanding of thermodynamic and aerodynamic work. So, here at this
station, we are expecting our total pressure rise to be say 1900 Pa. And that is the reason if
you look at, we are calculating our say pressure at the outlet near the tip, that’s what is say
it is coming say 103.225 kPa. We are calculating our pressure ratio, that’s what is coming
1.011, okay. Now, once we know what is our AP,, we can do our calculation for say AT,

for rotor-1 at the tip, and that’s what is coming 1.87 K.
The exit total Pressure at tip
Poat = Po1¢ + APopat
& Py = 101325 4+ 1900

o POZt = 103225 Pa



Pressure Ratio

oo, = Lozt
T Poge
_ 103225
"~ 101325
=1.0118
Temperature Rise,
P+ AP\ T,
y
ATypis = ( 01t Oth) _q| 201t
Po1t Ny
1.4-1
AT B (101325 + 1900) 1.4 o 299
T TUORIE T 101325 0.85

o ATOth == 187 K
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Balancing Aerodynamic and Thermodynamic work
CAL,, =U,,C,(tan f, ~tan 3, )
where /=098
21005 1.87 =0.98x50.89x 44.40( tan 48.9° - tan f3, )

Hence, f,, =16.53

Blade deflection angle
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Now, once this is what is known to us, based on our fundamentals, we can say we are
comparing our aerodynamic and thermodynamic work at that station to be same, and based

on that we are calculating our £3,, that’s what is coming say 16.53. Now once £, at the tip



is known to us, we can calculate what will be my AB, and this Ag at the tip it is coming
32.37°. We can calculate our specific energy for say tip station, okay, that’s what is coming
1.88 kJ/kg.

Balancing Aerodynamic and Thermodynamic work,

CpATog1e = AUgqCq(tan By — tan fo;)

where A = 0.98
~ 1005 x 1.87 = 0.98 x 50.89 x 44.4 (tan48.9° — tan f8,;)

& P = 16.53°

Blade deflectiona angle,
ABy = B1e — Bat

~ ABy = 48.9° — (16.53°)
~ ALy = 32.37°
Specific energy = CpATopy¢

= 1005 x 1.87

= 1881.36 ] /kg



(Refer Slide Time: 03:53)

Fundamental Design Method

Calculation for Flow angles :
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Now, in order to do the calculation at say tip station, we need to have our Cy, at the tip to

be known to us. So, what we know from my tan law, it says tan S, it is nothing but U=Cwz,

a

Now, be careful what all we are putting, that’s what is at the tip station because we are
doing our calculation at the tip station. That’s what is giving me my whirl component to be
said 37.72, okay.

UR1t - CWZt
Ca

tan By, =
Cwzt = Upyt — Cqtan By,
Cope = 50.89 — 44.40 tan(16.53)
o Cypy = 37.72 /5

So, if you look at here, my velocity triangle, that’s what has changed accordingly. So be
careful about that part. Once, this is what is known to us, we can do our calculation for a,
because that’s what is my requirement for downstream rotor. So, it says my «,, it is coming
40.35°.



From velocity triangle,

Cth
tana,; = —
a2

37.72

standg =200

S o = 4‘0350
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Calculation for relative velocity :
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Now, once these angles are known to us, we can do calculation for what all will be my
relative velocities. So, my relative velocity at say entry, it is coming 67.54 meter per
second, at the outlet it is coming 46.31, and if we are calculating our De-Haller’s factor,
that’s what is coming 0.69. So, you can say, we are having variation of our De-Haller’s
factor at hub, mid and tip station, okay. When we will see the comparison, that will make

more sense.
Calculation for relative velocity:

_ Calt
cos B¢

Vl t

_ 44.4
" c0s(48.9°)



~ Vi =6754m/s

_ CaZt
cos B¢

Vat

4440
~ c0s(16.53°)

i VZt =46.31 m/S
De — Haller'sfactor

Voe 46.31
Vi, 67.54

Vae
~DH, =—=10.69
TV
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Now, we need to calculate what will be our diffusion factor at the tip station. So, we will

be calculating our pitch, we will be calculating our solidity. So, pitch, we are calculating

wd;

based on —
Z

. Here, my number of blades, we are assuming to be 19. So, that’s what is

giving me my pitch to be 0.067 m. And if you are putting our chord to be 0.045, that’s what

is giving me say my solidity as 0.67.



Pitch mdy
itch,s, = —

We have number of blades,Z; = 19

_ mdy

Se = —
Zy

T X 0.405
o St = T

~ s =0.067m

Solidity of rotor at hub station,
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Diffusion factor,
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Now, my diffusion factor at the tip, if you are calculating, that’s what is coming 0.73, okay.
And my power calculation, if we compare at the hub, at mid station, at the tip, this is what



is tip loaded rotor, and that is the reason if you are calculating your power, at that station,

this is what is coming 17.71 KW. Now based on Carter's rule, we can do our calculation for

say m factor. And this is what is coming 0.38.

Dif fusion factor,

cos Bir  €OS Bi¢

tan — tan
cos Byy | 2 X 0, (tan By, Bat)

(DF)t,rotor =1

cos(48.9° cos(48.9°
=1 ( ) + ( ) (tan(48.9°) — tan(16.53°))

" c0s(16.53°) ' 2 x 0.672

(DF)t,rotor =0.73

Power required,

mh X Cp, X ATogy¢
NMm X Nc

PRl,t =

_ 6% 1005 x 1.87
~0.75 % 0.85

=17.71 kW

According to Carter's rule; slop factor

2a\° (90 — Bae)
90 — (16.53)

= 0.23(2 % 0.5)2 a
0.23(2x0.5)“+0 0

= 0.38
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Let's assume Incidence angle i'to be -2” at tip.
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Now, say as we have discussed, for say selection of our incidence angle, so we are
assuming our incidence angle at the tip to be —2°. What all are the reasons, what we have
discussed earlier. Again, in order to take care of your change of incidence, by default,
designers, they are adding that angle. So that when the blade that’s what will be acting

under off design condition, still behave like working in a design condition, okay.

So conventionally, we are assuming this to be say —2°. If you are putting that, it says my
camber angle that’s what is coming 63.64°, my deviation angle, it is coming 29.26°, and
my stagger angle, that’s what is coming 19.08°, okay.

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

Camber angle at tip,

M i, 32.37+2
T 0.38

0, =
Jor V0.672

-~ 0, = 63.64°



Deviation angle at tip,

5 _Mmeb _038x6364
YJo. Voer2

“ 8, =29.26°

Stagger angle at tip,
.0
{t :ﬁlf_lt_?:48'9+2_—

~{, =19.08°

Now, we can understand, we have our calculation at mid station, we have calculation at
hub station, we have calculation at say tip station. So, all the required parameter for the
design, that’s what we have done calculation. So, let us see, this is what will be coming in

sense of our design sheet.
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At hub station, mid station and say tip station. So, if you try to compare, so if you look at
my De-Haller’s factor, that’s what is coming to be 1.07, that’s what is at the hub, and 0.7
near the tip region. If you are considering our diffusion factor, it is coming 0.15, and near



tip, that’s what is coming 0.67, okay. Now, if you are considering this as your case, it says

my camber angle, that’s what is coming 17.94, and 54.08.

Let me tell you what exactly is a purpose here. So, you know, this is what is our final design
sheet, okay. What we have assumed, we have assumed at hub, our total pressure rise
expected, that’s what is say 500 in sense, okay. So here if you look at, this is what is giving
me 500, 1200 and 1900. Now, in order to showcase what iterations we have done,
say...initially we have assumed at hub my total pressure rise as 700, at mid station, we

have not done any change, but at the tip, that’s what is say 1700 Pa.

When we are doing this kind of calculation, just look at what De-Haller’s factor we are
getting, that’s what is say 1.07, that’s what is on higher side. But at the same time if you
compare my Af at the hub, that’s what is coming 50.20. That’s what is too large, okay.
Same way, if at the tip, if you are looking at, that’s what is say 27.81. So, you can say the
blade what I will be making, that’s what will be highly twisted blade, okay.

So, what it indicates? Now, you need to play with your parameters. So, what all parameters
we need to play with? So, here if you look at, for this case, for our design, what we have
done, at hub we have taken our total pressure rise as say 500 Pa. And that’s what is giving

me my A as 37.18. You can compare these numbers, okay.

At the same time, near the tip region also, this is what is slightly on higher side but you can
say that’s what is giving me my angle as say 32.37, AB. So, by this way, you are having
the flexibility to modify these numbers. And basically, you do initial calculation at the mid
station with your pen and paper, verify that part, is it coming as a same number, then you

make or extend your excel sheet for hub and tip station.

This is what is advisable thing. And that’s what will be giving me two extremes. At hub,
what need to be my number, at tip, what need to be my number, okay. Now here, if you
compare, say...compared to my earlier assumption, diffusion factor that’s what is coming
0.18, and here this is what is coming 0.73. It is on higher side, okay. We will discuss about

this point, what is the reason why we are expecting this to be on higher side.



Remember one thing, what all numbers that’s what is given in open literature, what all
people they are discussing, that’s what is applicable for stage, rotor and stator combination.
That may or may not be straight way applicable for say the design case for contra rotating
concept, okay. It is designer’s choice, you need to play with the numbers, okay.

Now here in this case, if you are comparing, | am improving my De-Haller’s factor in the
proper way. At the same time, the camber angle, that also that has reduced from say 51 at
the hub to 63 and the tip region, okay. Now, once we have finalized with the two extremes

and mid station, what we will be doing? We will be making the number of stations.

Remember one thing, this blade, that’s what is having aspect ratio of 3, that means my
height of the blade will be taller or it will be larger, compared to aspect ratio one. It means,
I will be having blade height to be large. If that’s what is your case, it is advisable to go

with more number of stations.
(Refer Slide Time: 12:36)
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With the space as a constraint for this slide, so we have consider only 11 stations, but you
can play with say 20 stations, 21 stations, even you can go with 40 stations, nobody will
stop you, okay. So here if you look at, this is what is my distribution of AP,, okay. Now,

this AP,, that’s what has not been selected randomly.



Remember one thing, there is no systematic rule you need to apply here. Many times,
students they used to put, say you know, they will set this number in such a way that it will
give the linear kind of trend or linear variation of total pressure. There is nothing wrong
doing that part. But you know, that’s what is a mechanical kind of work. We are more

towards say aerodynamic design. So, you need to think in an innovative way.

And that is how, you need to keep on eye with the variation of AS. So, just look at when
we are doing this, we are putting these numbers, | will be having particular trend for AS.
At the same time, just keep an eye for De-Haller’s factor, okay. Same way, you just keep
an eye for what is happening with your camber angle. Just look at, this is what is showing

me say particular trend for my camber angle variation, okay.
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Now, once whole data sheet that’s what is ready with us, then you will say, Sir, we will go
with now making of the blade. Now if you recall, | was talking to you what Carter has
given in sense of calculation for deviation angle, that’s what is not giving the exact features,
what we are looking for. So, these days, people, they are comfortable with using the
computational tool.

So, based on what all calculation initially we have done in last data sheet, that’s what will

be the input in sense of my camber and stagger angle, okay. Once, we are putting this



camber angle and stagger angle, we will be observing what is happening near my trailing

edge, and that’s what will be giving you clue to modify your deviation angle.

So, in one of my paper I have discussed how do we decide with this deviation angle. If you
are interested, you can go through, you refer that paper, that will give you idea how we
need to check with and why we need to change this angle, okay. So, you know, based on
CFD analysis, based on experiments or based on experience, you can modify your

deviation angle.

So, once you are modifying your deviation angle, you need to take some numbers. So, this
is what is my assumed number. Once we are doing this delta calculation accordingly, my
camber angle, | need to correct, because my earlier deviation angle it was different, now |
need to put corrected camber angle. So, this is what is my corrected camber angle. Be

careful about this.

Same way, when my camber that’s what has been changed, | need to do modification for
say stagger angle. So, it says my corrected stagger angle, that’s what is say g — i, and
B.0r+/2, Okay. Now, this corrected camber and corrected stagger, these are the angles

which we need to use for making of our blade. Be careful about this part, okay!
Corrected deviation .oy = 6 + Sassumed
The modifications need to be made as,
Corrected camber 0.y = AP + Scorr — 1

HCOT'T'

2

Corrected Stagger angle {.opyr = 1 — 1 —

It may be possible say like deviation angle, what you are assuming, that may be coming
different at different stations. You can say, you will be assuming your deviation angle more
near the hub region, you may be reducing your deviation angle to moving towards say tip
region. But that need to be in a systematic way, okay. And that’s what the computational
tool, that’s what will be coming into the picture. That’s what will give you how do we

move forward with.
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At mid section I
. . Pin
e mecrma 40
Let'sassme 0, =4 b o
¥
Corrected devation On 4 72"

3, =28.05+4=32.05"

Corrected camber b ‘/r A ‘
o =B 40, i ; / c
=39.83+32.05-0 = R
0, =TI8" ¥
Y m p
C
Corrected stagger 3 Bom »%'
7
=amse-118 ol
,,,,,,,,, > o
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Now for this case, say we have assumed this to be 4° and if you do it, say at mid station,
we have done calculation for corrected deviation, corrected camber and corrected
incidence, okay, or corrected our stagger angle, okay. So, you can say my corrected

deviation, corrected camber and connected stagger, we have done calculation.
At mid section,
Let'sassume 6 eyme = 4°

Corrected deviation

Smcorr = 28.05 + 4 = 32.05°
Corrected camber,

Ocorr = AP + Scorr — 1
=39.83+32.05-0

Bpm corr = 71.87°



Corrected stagger,

71.8

Cmcorr = 37.38 =0 — R

$m,corr = 1.45°

(Refer Slide Time: 17:10)

Extending for other radial locations.....

[ Rotor-4
| ‘Solution {14 | 200 [ 300 [ 400 [ 500 | ewid ) 900 | w00 | nTp |
r 0.067 0.081 0004 | 0108 0.421 0.435 0.448 0.162 0175 0.189 0203
it 0.33 0.40 047 | 053 0.60 0.67 013 0.80 087 0.83 1.00
Incidence 200 160 120 080 040 | 0 240 280 420 460 200
Camber angle 5142 688 6127 40 66.66 6788 0824 6787 66.89 68544 6364
Deviation angle 1583 1921 218 2482 %58 | 205 205 261 27 2065 226
Stagger angle 465 S41 360 A81 | 01 | 345 633 939 1257 1581 19.08
[T Dovation fassumea | &80 | 400 | 400 | 40 | 40 | 4% 0| AW | A% w0 1]
Corrected deviation 19.93 221 26.18 2862 30.58 3205 33.05 3361 3379 3365 33.26
Corrected camber 5512 60.88 6521 6849 7066 | 7188 24 na 7089 944 67.64 I
Corrected Stagger angle | 3.65 T4 560 361 A1 | 145 433 139

Dr. Chetan S. Mistry

Now, this logic, if you look at, this is what is my assumed deviation angle. As I told, what
you need to do is maybe you can plot your velocity contours, you can plot your Cp
distribution at particular station, then you just observe how my flow is behaving on my
suction surface, on my pressure surface, how it is behaving near the leading edge, how it
is behaving near the trailing edge, and based on that, systematically you need to assume

this number.

So, for this design, we have assumed this to be 4°. And that’s what will be giving me my
corrected camber and corrected stagger angle, okay. Now, once we are achieving this
corrected camber and corrected stagger angle, we can say we have our equation for say C4

profile.
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Generation of Blade
The upper and lower surface co-ordinates for C4 profile family airfoils are given by,

1y, =( ) ,,)x (03048 ~0.0914x-0.8614x +2.1236x' ~29163x" +1.9744x* ~0.5231x'

The airfoil wrapped around circular camber line is given by,

[

.= 05 b —(e-05)2| - 035 y

t x’in[a‘“”, H \ l:mf’)-“' A |
\ 72} 2

The wrapping of the airfoil co-ordinates along camber
line is given by
For upper surface,

X =x-y,sing

Yy =), 7,005

For Lower surface, /

-9
W

|

X, =x+y,sing k
Y =Y.~ y,c0sQ
(dv,

Where p= I:m‘:[ o /s ; =tan”!| i

.\'-U.S)l

Dr. Chetan S. Mistry

In that C4 profile, do not forget, what angle we were considering, 8, now that angle need
to be corrected angle, okay. Do not miss this part. So purposefully, this slide has been kept

intentionally here, okay.

The upper and lower surface co — ordinates for C4 profile family airfoils are given by

t 1
+y, = (ﬁ) X (0.3048xi —0.0914x — 0.8614x2 + 2.1236x3 — 2.9163x* + 1.9744x°>

- 0.5231x6>

The airfoil wrapped around circular camber line is given by,

2 0.5

0.5 0.5
ve=[{——"} —(x-05)2| -

The wrapping of the airfoil co — ordinates along camber line is given by
For upper surface,
Xy=x—y;sin¢g

Yy =y.+yrcos¢



For lower surface,
X, =x+y;sing

Y, =y —yrcos¢

d
where ¢ = tan™?! (d—):;) = tan™! (

—+255)

(Refer Slide Time: 18:24)

Generation of Blade
Co-ordinates of the CG
X,, =43.5-0.0036 x4, —
¥ =0.164x0,, g J
! ' [ —_
Upper surface shifting CG to origin, —F o E— —
Xy, =x, x100-X
Y, =y, x100- Y,

Lower surface shifting CG to origin,

X, =X, x100-X,,

Y, =y, x100-Y,
The airfoil profiles have been rotated with the Stagger angle,
For Upper surface

X, =X, xcos, - Y, sin G

Y, = X, xsin,,, + Yy, cos{,,,
For lower surface

X, = X, xcos{,, - Y, sing,,

Y, =X, xsin{,,, +Y,,cos¢,,

Dr. Chetan S. Mistry

Now, same way what stagger angle we have considered for our earlier program, now that
input will be corrected stagger angle. So, accordingly, we will be getting our blade
geometry, okay. So, for rotor-1, this is what we say, in sense of we are doing calculation

for say this corrected camber angle and corrected stagger angle.
Co — ordinates of the CG,
X.4 = 43.5—0.0036 X 0,5y
Y.y = 0.164 X .0rr
Upper surface shifting CG to origin,
Xy1 = Xy x 100 — X,

YUl = YU X 100 - ch



Lower surface shifting CG to origin,
X1 =X, X100 — X,
Y1 =Y, X100 -Y,,
The airfoil profiles have been rotated with the stagger angle,
For upper surface,
Xy = Xy1 X €08 {eorr — Yy1 SINCeorr
Yy = Xy X sineorr + Yy1 €OS eorr
For lower surface,
X1, = X114 X €05 {eorr — Y11 SIN {eopr
Y, = Xp1 X sineopr + Y1 €OS (eopr

(Refer Slide Time: 18:50)
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Let me show you, say how we will be having our variation of ; and . So, you can say,
this is what is my A variation. This is what is representing my A« variation, and AS, that’s

what is varying in a different way here. My diffusion factor at the hub, it is coming to be



lower, and my diffusion factor at the tip, that’s what is larger, that’s what is reflecting in

sense of our De-Haller’s factor also, okay.

Tip
i E Hub

Stacking line at CG I

Rotor1 Hub

(Refer Slide Time: 19:21)

Comparison of Blade Geometry

r~

Stacking
line at CG

Rotor 1
Fundamental design 1200-800 Fundamental design 1100-900

Dr. Chetan S. Mistry

Now, when we are putting all our angle calculation for different 11 stations, so if you look
at, this is what is represented my 1200 and 800 Pa distribution. So, this is what is the
geometry for my rotor-1, okay. So, here if you look at, say this is what is my hub curvature,

my mid station and my tip station, okay.

So, same way here, this is what is my hub and tip. Since this is what is a rotating
component, we will be taking all our airfoils about CG. Now let me show you here. So,
this is what is we have done our initial calculation with, that’s what is with 1100 and 900
Pa. So, you can compare the change of the shape for my blade. Just look at, this is what is

my rotor-1, this is my rotor-2.

And if you are looking at, how my angles, that’s what is changing. Now, be careful, what
all we are discussing, that’s what is AP, you are distributing along the span. It may be
having some variation. So many times, say initial design, people, they are doing with excel
sheet, then they realize they are looking for say particular kind of performance, that’s what

they may or may not be achieving.



Then at that time, say span wise, they will be doing their calculation for total pressure rise,
and based on that comparison, according to the expectation, my AP,, that’s what can be
changed. When | am changing AP,, accordingly I need to make my distribution in a smooth

way.

If you look at here, say my variation of §; and variation of $,, that need to be smooth. It
should not be zigzag. Otherwise, it will not permit you to make the blade. And that is the
reason as | told, you take more number of stations. So here, we have taken 11 station. You

go with say 22 station, 21 station, no one will stop you, okay. And this is what.

(Refer Slide Time: 21:40)

Comparison of Blade Geometry

B 1200800

H 1100-900

Rotor-1

Dr. Chetan S. Mistry

Now, when we are comparing, this is what is a comparison for rotor-1 for two different
loadings. So, here if you look at, this golden color what you are observing, that’s what is
say 1200 and 800 Pa, that means my expected total pressure from rotor-1 is 1200 Pa. And
my rotor-2, that’s what is we will be calculating immediately. So, here if you look at, this

is how my angle variations, that’s what is coming into the picture.

So, if you look carefully, from leading edge, okay, so from hub to tip, I will be having the
variation of angle. At the same time, towards the trailing edge also, I will be having highly
twisted blade for 1200 Pa, okay. So, remember, at all station, my distribution of pressure,

that’s what is different for both the blades. This is what is for representation purpose, okay.



Now you can understand, if you try to look at, what is happening, here? Near the tip region,
I am having my angle, that’s what is coming to be larger, okay. Now, that’s what, if you
go through your aerodynamics, it says when | will be having my blade to be highly
cambered blade, or slightly more cambered blade, I may be having chances for my flow to

get separated.

So aggressively, if you are doing design, many times, maybe as per your blade shape or as
per your computational study, you may need to modify these angles or you may need to
reduce your loading. Sometimes you feel, maybe you need to go with the higher loading.
So, this is what is all designer’s choice, okay. So, | am sure, this is what is giving you idea

about the design for rotor-1.

So, here, we are stopping with. In next lecture, we will be discussing about the design of
rotor-2, okay. So, be with me, and we will be discussing design of rotor-2 based on
fundamental concept, and later on, we will be comparing both the rotors by using two

different loadings. Thank you.



