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Module 7: Design of Low Speed Compressor
Lecture 40 : Design of Low Speed Compressor

Design of Low Speed Axial Compressor

Engine design company is planning for compressor stage testing
using existing low speed testing facility at IIT Kharagpur.

The compressor has an inlet total temperature and pressure of 298 K
and 101.325 kPa, respectively. The expected average total pressure
rise is 1000 Pa with the expected efficiency of 80%. The design
mass flow rate is 4 kg/s. The rotational speed is 2400 rpm and
casing diameter of 400 mm. Assume the flow to be axial at the
compressor inlet and exit. Additional data is as follow.

Suggest the geometrical dimensions for the stage using...

1. Free Vortex design approach

2. Fundamental design approach Additional Data :

3. Force Vortex approach Aspect Ratio = |
Chord =100 mm

Discuss your important observations while design.... L73S 0.73
tip

Dr. Chetan S. Mistry

Hello, and welcome to lecture 40. We are discussing design of low speed axial flow
compressor. In last lecture, we were discussing about design of low speed compressor for given
data using free vortex concept. So, in today’s lecture we will be discussing using the

fundamental design approach.
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Dasign Approaches R

1. Free Vortex design approach
2. Fundamental design approach Given Data
3. Force Vortex approach Inlettotal temperatuee Ty, 298K
. 25
Hint Tnlet tota pressure Py 101325Pa

Avg. Pressure nse Apwy 1000 P2

I Design calculation at mean diameter | Efficiency no 8%
Mass flow rate W dkgs
| Velocity components and velocity triangle I Rotational speed N 2400mpm
Tip diameter 4 40mm
| Peripheral velocity, Axial velocity, mass flow rate | AdpsctRatio AR (1
Chord ¢ 100 mm
- = cu, 07
Entry and exit flow angles at mid span —
Assumed data

(0 Qo By Pow)
Blade turning angle AP

Ratio of specific heat

14

DOR, DF,DH, solidity, no. of blades Work factor Looo0%8
Camber, Deviation and Stagger angle Tnlet flow angle o 0
l Specific heat (const. pr.) C,  1005JkgK

Use Design law and find profile parameters at different
spanwise stations
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So, what all we have discussed in earlier class; our calculation that’s what we will be starting
with the mean diameter. So, all parameters we are calculating at the mid station. So, once
fundamentally we learn, we are doing our calculation at the mid station, say especially for low
speed axial flow compressor, we are considering our mid station as 50% of the span, okay. So,
based on our understanding, we will be doing all our parametric calculation and after that we
will be applying our design approach. So, let us see what all we have done in sense of say mid

span calculation.
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Fundamental Design Method SO
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So, we will not be discussing again like what all we have done at mid span calculation. So, if
you recall, when we were discussing say design using free vortex concept, we have made this
mid-section design calculation. So, here if you look at for this fundamental approach also at
mid station, we are considering our say pressure rise AP, at mid station to be say 1000 Pa and

this is what is all data what we have considered with.
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Work loading / Fundamental method

Tip

Tip section = Hub loaded

~——Tip Loaded
= Mid loaded

>
o
S
Span

Mid section

l Hub
Loading (4P,

Rotor

Hub section

Let’s assume APy,= 800 Pa and AP, = 1200 Pa
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Now, this approach, if you recall when we were discussing different design approaches that
time we have discussed there is a flexibility in sense of varying by AP,. So, my AP, | can
distribute in a way like if you look at here this is what is say hub loaded configuration; say...this
is what is say mid-loaded configuration and third if you look at, this is what is representing tip

loaded configuration.

So, here in this case, at mid station we will be doing all our calculation and we will be assuming
our AP, at hub and we will be exiting our AP, at the tip station. And, then after this AP, we
will be dividing in 11 stations, say 5 station below my mid span and 5 station above my mid
span such a way that, that will be giving me uniform distribution of what all parameter we are
targeting. Mainly, when we are saying our parameters, we are more interested in sense of blade

angles.

Because if we will be having say uneven variation of blade angle that may lead to make the
blade to be zigzag. So, we will see what all we need to take care of when we are doing the
design using this fundamental approach, okay. So, this is what is all we need to start with. So,

at mid station we already have done our design. So, let us move here in this case, let us assume



say at hub, we will be considering our pressure to be 800 Pa and at the tip we are considering
our pressure to be 1200 Pa and at mid station we have done calculation for 1000 Pa, okay. So,

at hub and tip we need to do our calculation.
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Calculations at other stations
At Hub

From inlet velocity triangle, ;\a,,, =0 Vun
|
a ,=0° (Axial Entry) fis
Station-1
Hence, C,,, =0 ’%

f—u, —-‘
U,= L Zé 2 %or
60
_ mx2400x0.2

Station-2
60

U, =25.3m/
U,
And, tan §, = 5

25.13
Bt =—
an f}, 366% o

Hence, f,=3441° N =2400rpm

C,=36.694"
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So, here if you look at, let us start with the calculation at the hub. So, this design approach,
that’s what is different from what we have discussed for free vortex design. So, here what all

we need to do is we need to do our calculation at the hub station in sense of flow angles, okay.

So, suppose if | consider, this is what will be my velocity triangle at the hub, you can say my

Unuw. S0, Unup We can calculate based on a

U _ T[Ndh
T 60
7 X 2400 X 0.2
B 60
~ Uy, =2513m/s

Since my hub diameter, that’s what is say 0.2 we can do that calculation. Same way at hub, we
can do our calculation for ;. So, this ; at the hub, that’s what is given by U, /C,. Since our
peripheral speed at the hub it is known, we are assuming our axial velocity to be constant
throughout my span. That is the reason this is what all we have already calculate with, it is say
36.69 m/s. And, that’s what will be giving me my f3; as say 34.41 at the hub.



Up
And,tan i, = o

a

25.13

“ranfin = 3604

Hence, B, = 34.41°
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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.

Let’s assume AP,,= 800 Pa

The exit Total Pressure at hub Temperature Rise,
4
Pu:h‘H)u."M, AT me_\}h] 4 xh
By, =101325+800 " P, n,

2Py, =102125Pa "
101325+800) 7+ 298 We know
And, Pressure Ratio y ’l( 101325 ] ) } 08 P, =101325 Pa
. o AP, =500 Pa
“ By, =l =08379K T,,=298K
102125 1,08

101325
=1.0079
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Now, what is my next required parameter, that’s what is say my f3,. So, here in this case, when
we are looking for the calculation for ,, we need to compare our aerodynamic work and
thermodynamic work; the way in which we have done calculation for the mid station. So, in
order to do that calculation, what we have assumed? Say, we have assumed our AP, at hub to
be 800 Pa. So, if this is what is your case, you can calculate my Pg at the hub, that’s what is say

Py1n + APy, that’s what is coming say 102.125 kPa, okay.
Pozn = Po1n + APy
= Pyap, = 101325 + 800
« Pyyp = 102125 Pa

So, based on this calculation, we can do calculation for the pressure ratio at the hub, that’s what
is coming 1.0079, okay.



And, Pressure Ratio

S Pozn
ch —
Po1n

102125
© 101325

= 1.0079

So, this approach, that’s what is somewhat different compared to what all we have discussed
in earlier case. Now, once this is what is known to me, we can calculate our AT, at the hub
based on our fundamental equation. Since our efficiency it is given 80%, so, we can write down
this number say we are assuming our Toz at the hub to be 298 only. So, that’s what is giving

my AT, at the hub as say 0.83, okay.

Temperature Rise,

y-1
Py, + APy p\ v T,
AT, , = ( 01h 0,h> v 1| % 01h
Poin Ny
1.4-1
B (101325 + 800) 14 o 298
0.k 101325 0.8

o ATy, = 0.8379 K
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Balancing Aerodynamic and Thermodynamic work
CAT,, =AU,C, (tan i, ~tan f, ) i AlBuw
where =098 Co=Cp

1005%0.8379 = 0.98x 25.13x 36.694(tan 34.41° - tan f3,, )

Uy
Hence, §,, =-13.87 _.1
This Gives,
Ap,= BBy N
L AB, =3441°-(-1387°) zh
~Af, =48.28
Specific Energy = C,AT;,  =1005x0.8379
=842.1J / kg
Total work = mass flow ratex Specific Energy
- 4x842.1
=336 kW
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Now, once this is what is known to us, then we can do our calculation for the blade angle or
we can say relative flow angle at the exit of our rotor. So, what we can do? We can compare
our thermodynamic work and aerodynamic work; our work done factor, that’s what we have
assumed to be 0.98. If we are putting this number, that’s what is giving me my f, at the hub to
be -13.87.

Balancing Aerodynamic and Thermodynamic work,
Cp ATy, = AURC,(tan fy, — tan Byp)
where, A = 0.98
~ 1005 X 0.8379 = 0.98 x 25.13 X 36.694(tan 34.41° — tan ;)
Hence, 3,5, = —13.87°

So, be careful, when we are doing our calculation accordingly you need to modify your velocity
triangle, okay. So, here if you look at, this is what is my velocity triangle at the entry, and this

is what will be my velocity triangle at the exit of my rotor.

So, here you can see this is what is representing, my (3, at the hub to be -13.87, okay. Now,
what we know? We can calculate our A based on what parameters say ; and S, that’s what

is known to us, that’s what is giving me my Ap at the hub to be 48.28°, okay.

Now, same way we have done calculations for the specific energy. We can write down, say

that’s what is given by C,AT,. We can do our calculation, it says this is what is coming 842.1

J/kg.
Specific Energy = C,AT,, = 1005 X 0.8379
=842.1]/kg

We can calculate what will be our total work requirement at the hub station. Here in this case,
we need to be really careful of what parameters we are calculating because my AT, at the hub,

it is different; my AT, at the mid, it is different; my AT, at the tip, that’s what is different.

And, that is the reason why my total work that also is varying along my radius or we can say
that’s what is varying along my span. So, basically, when we are calculating this total work

done at different station, we will be averaging out date and that’s what will be giving us what



power that’s what is required. We will see what is the difference in sense of power when you
are using your free vortex concept and when you are using your fundamental concept, but this

IS what is a way in which we are calculating our total work done.
Total work = mass flow rate X Specific Energy

=4x842.1

= 3.36 kW
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Fundamental Design Method

Calculation for Flow angles : We know
s Vi A B e
lanﬁm =258 = wh CaCy 4=098
o U, =25.13m
)
C,, =U,-C, tanp,
i =U,=Ctan B, I Uh—" C,=36604 mS
C,,, =25.13-36.69tan(-13.87)
? B, =3441°
2 Gy =319 M/ B, =-1387°
a
Bar\N
Can

From velocity triangle ~ Degree of Reaction :

c
tana:,,=% DOR, iO.SxE”:(wn/gn +tan ) F—Uhj

3
’f’i‘):x(mnuAlﬂuan(fn.sm] o

34.19 DOR, =0.5x s

~DOR, =032
E
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Now, once we have calculated that part, we can do our calculation about say what will be my
say whirl velocity component. So, what we know? From our velocity triangle, just write down
this carefully, it says this is what we are writing in sense of say different formulation, that’s

what is giving me my Cyz, that’s what is equal to 34.19 m/s, okay.

Uh - Cth
Ca

tanf,, =
 Cyan = Up — Cgtan By
& Cyon = 25.13 — 36.69 tan(—13.87°)
& Cyop =34.19m/s

Now, once you have calculated what is our Cwz, we can calculate what our a, is and this is

what is giving me 42.98° degree.



From velocity triangle,

_ Cth
tanay, = —
a2
34.19
AN tan = 38 goa
oy, = 42.98°

Since, my £; and 3, that’s what is known to me, my C, /U, that’s also known to me, we can
calculate what will be our degree of reaction at the hub and if you are putting this number, it
says our degree of reaction, that’s what is coming 0.32. So, we can understand degree of

reaction at the hub it is coming 0.32, that’s what is a reasonable number in sense, okay.

Degree of Reaction,

C
DOR;,, = 0.5 X U—ah (tan By + tan Byp)
2

36.694 . .
# DORy, = 0.5 X ————-(tan 34.41° + tan(~13.87°))
~ DOR,, = 0.32

So, this is what we can say fine, okay. Now, careful here, suppose say my degree of reaction
at the hub is coming negative then we are having problem. What we need to do? We need to
do our re-calculation, that’s what we will be starting from what Py what we have assume...
AP,. You need to adjust that number in such a way that my degree of reaction at the hub that
will be coming more than 0 or that will be coming positive number. Remember this part, okay!
So, what assumption we have made, 800 Pa, you can assume 500 also, even you can assume
400. But you need to be very careful when you are doing your calculation, your degree of
reaction, that’s what is the first cut check, okay. It should not come negative, it should not come

0, okay.
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Vip Bin

Calculation for relative velocity :
Ca=Cyy

re (Vnm

" wsf
h Uy
3669 B

cos(34.41°)
%2h
Can

AL TLA .
2

7= e
s,
36,604

" cos(1387) L_Uhj
Wy =318 b6ar e
We know

v, 318

¥, e Cas =C =36.694 7/
f,=3441°

B, =-1387°

d,=02m

Station-3

A3p =y
R

g Con = Cun

1
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Now, once this degree of reaction, that’s what is known to us, we can do same calculation in
sense of our De-Haller’s number or relative velocity ratio. So, if you are putting this in the

formulation. So, V1, that’s what we can write down in sense of cos component and it says this

is what is coming, 44.47 m/s.
Calculation for relative velocity,

Calh

Vip = =221
7 cos Bin

36.694
cos(34.41°)

~Vip = 4447 m/s
Same way here in this case, we can do our calculation at the exit. So, this V2y, that’s what is

C“ﬁ and that’s what is coming to be say 37.8.

Cos

coming in sense of

V., = Ca2h
2h = 5
cos B

36,694
" cos(—13.87°)

~Vop =37.8m/s



Now, we are having this number, we can understand, we are looking for say diffusion. So, our
De-Haller’s number, that should come more than 0.72 and here if you look at this is what is

coming 0.85. So, we can say we are in a safe range, okay.

Vo _ 378
Vin 4447

V.
w2t =085
Vin
Suppose say, this is also not coming then again you need to go with the iteration for assuming
our AP,, okay. So, this is what is little iterative. So, you know, in sense of making this numerical

simple for understanding with more complexity, we have assumed this number, okay.
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Sh

Pitch, s, = &y
V4
Assuming number of blades, Z =15

7x02 |
15

L8 =
=8, =0.0419m

Solidity of rotor at hub station,
¢
0,=— \
S
0.1

O, =
00419

:.0,=2387 [ B

We know
° d,=02m

¢ =100mm =0.1m

Dr. Chetan S. Mistry

Now, once we have done our calculation, our next parameter we are targeting that’s what is
my diffusing factor. And in order to do the calculation for the diffusion factor, we need to

calculate what will be the solidity, okay. Now, for calculation of solidity, we need to check
with pitch and chord. So, it says pitch, we can say that’s what is ”7‘1’1, my hub diameter, that’s

what is known to be very careful, we are doing our calculation at the hub station, that is the
reason do not forget you need to put hub diameter. Now, in order to avoid the confusion at this
moment, what numbers we have assume for free vortex, same number we are considering. So,

for this case, our number of rotor blades we are assuming to be 15.



So, it is possible for us to do one to one comparison. No one is stopping you to change his
number of blades, again. So, here we are considering this to be say 15. So, if you are putting
this as a number, we can calculate our pitch and that’s what is coming 0.0419 meter and my
solidity that’s what is coming 2.387, okay.

. mdp,
Pitch,sp, = —

Assuming number of blades,Z = 15

. mx0.2
BT
s sp = 0.0419m

Solidity of rotor at hub station,

C
O'h = ;
o1
"% = 0.0419
- o, = 2.387
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Diffusion factor,
cosf3,  cosfi,
DF)y o =1-—2+ —(!an By —tan ﬂ:h)
cosfly,  2xo, ;
_ cos(34.41°) . cos(34.41°)
cos(-13.87°)  2x2.387

=1

(tan (34.41°)-tan (-13.87°))

+(DF),,,, =03112 b

We know
° ¢ =100mm=0.1m
5, =0.0419m
£, =3441°

B, =-1387°
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So, if this is what is known to us at hub station, we can do calculation for the diffusion factor.
And as we have discussed when we are talking about say rotor for diffusion factor calculation,

we are considering these angles to be ; and g,. Very careful what all we are writing, that’s



what is at the hub station. And it says at the hub, we are getting our diffusion factor to be 0.31,

we can say this is also in a reasonable range, you can say this is what is okay with. So, we have

done our calculation for degree of reaction, we have checked with relative velocity ratio, we

have checked with the diffusion factor. So, what number 800 Pa pressure what we have assume

at the hub, it seems to be okay with us.

Dif fusion factor,

(D F ) h,rotor

(DF)h,rotor = 0.
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Calculations at other stations

cos fin  €os PBip
cosBon 2 X oy
cos(34.41°)  cos(34.41°)

cos(—13.87°)

2 x 2.387

3112

(tan By, — tan fByp)

(tan(34.41°) — tan(—13.87°))

At Tip
From inlet velocity triangle, %
: =0
a ,=0° (Avial Entry) I\
Hence, C,,, =0 r% Station-1
fp——1,
. _7Nd,
v =4
60 .
_ 7x2400x04 Bekor
4 Station-2
U, =50265 '%
U,
And, tan ff, =L
X ; We know
50.265 :
stanff = o, =0

36.694
Hence, f},=5387°

d, =04m
N =24001pm
C,=36.694"

1.
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Now, once we have done the calculation for the hub, we need to check at the tip also. So, for

the calculation at the tip, this is what we can say my a;, at the tip that’s what is 0. We can do

our calculation for the peripheral speed at the tip, that’s what is given by "Z—EN. My tip diameter

at this moment we are considering 0.4 meter. So, that’s what is giving my Usip to be 50.26 m/s,

okay.



At Tip,
From inlet velocity triangle,
ay = 0° (Axial Entry)
Hence,Cy1: = 0m/s

_ nNd,
™ 60

=1 X 2400 X 04
- 60

~ U =50.265m/s

And we can calculate what will be our g, at the tip based on the velocity triangle; at 3, at the
tip, that’s what is coming 53.87°, okay. Inline to what we have done calculation for the hub
station, same way we can go with the calculation at the tip station.

Uy
And,tan f,; = ol
a

~ tan By; = 50.265/36.694
Hence, 1 = 53.87°
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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.

Let’s assume AP, = 1200 Pa

The exit Total Pressure at tip Temperature Rise,
4
Py =By +AP, . :(M)' bl
~. P, =101325+1200 YU B, ,
:. P, =102525Pa ® R
¢ ap | (o500 Ko ] 2 ::“f':‘;‘]‘mp
And, Pressure Ratio R T 01328 08 iR d
» AP =1200 Pa
_lon "
T AT, =12551K T, = 298K
102525 =08

101325
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So, what we will be doing? We have our AP, at the tip, we have assumed at this moment to be

say 1200 Pa, okay.
Let'sassume APy, = 1200 Pa

So, if we are putting that it says we can calculate our outlet pressure at the tip. Be careful! Po1
at the tip, that’s what is say 101325 Pa and this is what we are assuming 1200 Pa. So, that’s

what we will be giving us say our pressure ratio to be 1.011, okay.
The exit Total Pressure at Tip,
Pooe = Po1r + AP,
« Pyze = 101325 + 1200
« Pype = 102525 Pa
And, Pressure Ratio

S Poat
ot =p
Po1t

102525
"~ 101325

=1.0118

From our fundamental understanding, we can do our calculation for the temperature rise. So,
here if we are putting this number, it says our temperature rise or total temperature rise that’s

what is coming to be 1.25 K, okay.

Temperature Rise,

r-1
14

Po1¢ + AP,
AT, = [( 01tP0 O,t) _ 1l x
1t

1.4-1

AT (101325-+1200);ar . 298
0.t 101325

% ATy, = 1.2551 K



Now, once we know what is our AT,? That’s what will be helping us for the calculation of our
other parameter, what parameter? We want to calculate, what is whirl component or what will

be my blade angle, okay, or what will be my relative blade angle?
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Balancing Aerodynamic and Thermodynamic work
CATL, =UC,(tan 4, ~tan §, ) -

where =098

21005x1.2551=0.98x50.265x 36.694( tan 53.87° - tan 3, )

Hence, f3, =339

This Gives,

A =4, =B,
S 0B =5387°-339° We know
~AB=1997 8l =125 K
A=098
Specific Energy = (",/\7;,, =1005x1.2551 U, =50.265m/
=12614J/kg €, =36.604™
Total work = mass flow rate x Specific Energy ' f,=5387° \
4x12614

=5.045 kW
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So, here in this case, if you look at we can do balancing between aerodynamic work and
thermodynamic work. And if we are doing our calculation, that’s what is giving me my f, to

be 33.9°, okay. So, this is what is giving me 33.9°.
Balancing Aerodynamic and Thermodynamic work,
CpATo = AU Cy(tan By — tan Byr)
where, A = 0.98
~ 1005 x 1.2551 = 0.98 x 50.265 X 36.694(tan 53.87° — tan )
Hence, 5 = 33.9°

Once, this is what is known to us, we know what is our f; at the tip, we know what is our 3,

at the tip. So, we can calculate Ag at the tip, that’s what is coming 19.97°, okay.
This Gives, AB; = L1t — Bot
~ AB, = 53.87° — 33.9°

AB, = 19.97°



Specific Energy = C,AT,, = 1005 X 1.2551
=1261.4]/kg
Total work = mass flow rate X Specific Energy
=4x1261.4
= 5.045 kW

And same way we can do our calculation, this is what is for our understanding. Intentionally
we have kept this; it says if | am calculating my total power, that’s what is coming say 5.045
kW. So, you can understand, we have our design, that’s what is tip loaded design, my hub is
less loaded, my mid-section is mid loaded and the tip, it is highly loaded, okay. And, that’s
what is giving my power requirement for that station, that’s what is coming to be larger, okay.
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Calculation for Flow angles : Ny =0 Vie By
] \ Ca=Cye We know
a ce
U-C Station-1 AT, =1.2551
tan f, =———2 2098
. C

a U, =50.265 m
C=U=C, 1, - .
C,,, =50.265-36.69 Ian(33.9) i 2 8, =587
) L B,=339°
5C,p =2561 ’% Vi ' ¢

E ‘ ua
From velocity triangle Degree of Reaction : |o— sz,
tana, = E_L DOR, =0.5x —(l.m f,+tan B, ) Stator
e,
a

R ) DOR, =05 54, (tan53 87 +tan33.97)
7 36,694 50.265
fay =3491 DOR, =0.745 6=

Smlon
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Now, as we have discussed for our hub, we can do our calculation for the tip station and we
can calculate what will be our Cw, okay. So, based on our fundamental equation and velocity

triangle, we can calculate our Cw at a tip, that’s what is coming, 25.61 m/s, okay.

Ut - Cw2t
t = —
an fiy; C,
o Cyoe = Up — Cqtan By,

% Cype = 50.265 — 36.69 tan(33.9°)



& Cpor = 25.61m/s

Now, once this Cwe, that’s what is known to us, we can calculate what will be our a, and this

a, that’s what is coming 34.91°.

_ Cth
tan a2t -
a2
25.61
ANz = 2o tos
o Q= 34.91°

Now once this is what is known to us, we can do our calculation for degree of reaction, because
my B, at the tip is known my g, at the tip is known, my C, and Uy they are known to be. So,

we can do our calculation for degree of reaction and that’s what is coming 0.74, okay.

Degree of Reaction,

C
DORt - 05 X f (tan ﬁlt + tan ﬁzt)
t

4
0265 X (tan 53.87° + tan 33.9°)

~ DOR, = 0.5 X

~ DOR, = 0.745

So, we can say now this is also coming in a reasonable range, okay. And, you know, reasonable
in the sense at the tip, we will never be having this degree of reaction to becoming negative or
0. So, that is okay, okay!
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Now, we will be checking with what is happening with our relative velocity ratio. So, based on
our velocity triangle at the entry and velocity triangle at the exit of our rotor, we can do our cos
correlation; it says my V1, that’s what is coming to be 62.23 m/s. And same way at the exit,
we can calculate our relative velocity, that’s what is coming 44.2 m/s. And, it says my relative
velocity ratio, that’s what is coming 0.71. So, this is also in the range of what we can say 0.72.
So, we are not bothering at this moment in sense of this number also, okay.

Calculation for relative velocity,

Calt
cos Sy

Vig =

_ 36.694
~ c0s(53.87°)

@ Vip = 62.23m/s

Ca2t
oS By

Vor =

36,694
"~ c0s(33.99)

o Vo = 442m/s



Vie 62.23
Vo

n—===0.71
Vl t
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Fundamental Design Method

Pitch, s, = ”i’
Z
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x04
s =
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Solidity,
¢
—
e |
0.1
o [}'v D —
0.0838

..0,=1.194

We know
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Now, we have done all this calculation. Next parameter we need to check, that’s what is with

the diffusion factor. So, for diffusion factor calculation, as we have discussed earlier, we are

looking for the calculation of the solidity. Be careful here, when we are calculating our pitch,

we need to consider our tip diameter and number of blades, that’s what is say 15. If you are

putting that number, it says my pitch, that’s what is coming 0.0838 meter.

You can understand, my pitch at the tip that’s what is coming to be larger, my pitch at the hub

that’s what is coming to be lower, because that’s what it is a function of my radius, okay. My

chord that’s what we have assumed to be constant. So, we can say solidity, that’s what is

coming as 1.19 at the tip station.

, md;
Pitch, s; = —~

Assuming number of blades,Z = 15

T X 0.4
AT

~ s =0.0838m



Solidity of rotor at hub station,

_ c
o = 5,
_ o1
£ 7 0.0838
.o, = 1.194
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Now, once this is what is known to us, we can do our calculation for the diffusion factor for
rotor at the tip station and that’s what is coming 0.4619. So, we can say this is also coming in
a reasonable range, 0.46 it is okay.

Dif fusion factor,

cos Bit €oS Bq¢

- + tan — tan
o5 h T T (N ue —tan f)

(DF)t,rotor =1

cos(53.87°) cos(53.87°)

=1- tan(53.87°) — tan(33.9°
c0s(33.99 T Zx 1.194 can ) — tan(33.99)

“ (DF)protor = 0.4619



So, we have done our calculation at hub station, we have done our calculation at a tip station
and we have verified our required parameter in sense of degree of reaction, relative velocity
ratio and diffusion factor. And, we have calculated all our flow angles as well as our same

velocity component.
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Now, let us come to what all we have done. So, as we have discussed for our fundamental
understanding, again, when we are using this fundamental method for that also it is preferred,
we will be doing our calculation using excel sheet program, okay. So, this is what is my mid
station calculation, okay. So, that’s what will be remaining same, okay. That’s what we have
done our calculation for, say our free vortex design, same logic that’s what is applicable here,
there is nothing different in sense of say, these numbers, okay.

Here in this case, where the change, that’s what is coming, that’s what is coming here. Now,
all our calculation, that’s what is based on AP,. So, here for hub, we have assumed to be 800
Pa and for the tip, we have assumed that to be 1200 Pa and if you recall, when we have done
our calculation for free vortex, at mid station we have done calculation for Cw2 into R at mid
station that’s what was giving some constant and from that we have done our calculation for
say our tangential velocity component or whirl component. Here in this case, we are doing our

calculation based on AP,.

So, here if you look at, based on this AP, we are doing our calculation for Cw2, we are doing
our calculation for 8, and all those numbers, okay. So, this is what is the difference. And, that

is the reason why intentionally we have done our calculation at the hub station and at the tip



station. So that, you will get clarity how exactly these numbers are coming. There is nothing
magic in doing this calculation, okay. So, be careful! You just make your excel sheet program
that’s what we will be ready for this fundamental method also, okay. Now here in this case, if
you look at, this is what is giving me my 1000 Pa.

So, you know, if you are taking your average, that’s what is giving me 1000 Pa; this is what is
my requirement, okay. Now here, if you look at my Ag, that’s what is coming 48.28; you can
say, this number is coming slightly on the higher side, we are looking for our Ag to be in the
range of 45. And this is what is coming slightly on higher side. So, you know, you can
understand, we need to do something for changing this number. Let us see what to do with.
Here, if you look at, this is what is giving me idea about the degree of reaction, we have no
issue with degree of reaction at the hub, that’s what is coming to be positive. So, it is okay. We
are considering our say relative velocity ratio, that’s what is say it is changing from 0.85 to
0.71.

So, this 0.71 that’s what we will say, okay; we need to do something there in order to modify
this number, okay. Now, next, that’s what is coming in sense of my diffusion factor. So, here
if you look at my diffusion factor, that’s what is coming 0.31 at my hub and 0.46 at tip. Now,
as | told, we have so much of flexibility by using this axial sheet program. Suppose say, you
want to modify your diffusion factor, what change you will be doing? You will be changing
your number of blades, okay. Just change that number of blades, that’s what will be changing
all your calculation for diffusion factor, that’s what we will be giving the change in your camber
angle and all those parameters because your pitch, that’s what is changing, okay.

So, your camber angle will be changing, your deviation angle will be changing, your stagger
angle will be changing, they all are interrelated parameters. So, that’s what is the flexibility.
So, you can say here, | can play with changing the number of blades. You say | need to go with
say some higher loading, 1 am looking for a higher tip loading compared to 0.46, | want to go
with 0.5. Yes, you can play with these numbers, you can change your say chord, you can change
your number of blades, okay.

So, that’s what is a flexibility what we are getting when you are using this excel sheet program.
So, that is the reason why | insist all the time because when you are writing your code, for
writing of code all the time, we will be having say different kind of feeling, okay. And, may
not be calculating say we will not be having the feeling of how my angles, how my parameter,
that’s what is changing at the hub, how my parameter that’s what is changing at say tip. So,



this is what is you know, we will give you a feeling of exact view of how would a variation

that’s what is happening, okay.

Now, let me discuss something different. Here, in this case as we have discussed, we are having
our A, that’s what is coming to be large, okay. So, in order to address this kind of issue, just
look at here, this AP, that’s what we have modified. Now, let me put one point here. Now, what
we are expecting is our pressure rise what we are expecting, that’s what is 1000 Pa. These all
designs what we are doing, we are not knowing what kind of loss that’s what will be happening.
This loss majorly is because of the tip clearance, what we are having are we going in sense of

1 mm, 2 mm or 3 min clearance or be in sense of percentage of height.

So, you know, we need to take care at the initial stage only. So, that later it will not create the
trouble for us. So, in spite of say having 1000 Pa, let me consider slightly on the higher number
there is nothing wrong in doing this thing. Even for a free vortex, at mid station you can take
that number, there is nothing wrong in that, because we are not having idea what will be the
losses and how much pressure loss that will be happening because of my tip clearance because

here we are not having any consideration for the tip clearance, okay.

So, what we have done, here in this case, you can say at hub we are having our say AP, is 699,
at mid station also we have changed, that’s what is the flexibility; that’s what | was telling you.
Say here, in this case, you play with this number, and just check with what all changes, that’s
what is happening, okay. So, here at mid-station, we have considered that to be say 1070. And,
you can say at the tip, we have considered that to be 1500 Pa, okay. Now, what will happen
because of that, just look at this AB here, for our earlier loading case, it was coming 48.28,
that’s what we have reduced to 41.80, okay. Where it is reflecting? You can say, that’s what is

reflecting with our degree of reaction.

So, you can say my degree of reaction, that’s what has increased near the hub region. Now,
what is happening at the tip region? It says my degree of reaction, that’s what is decreased by
say 0.682, earlier it was say 0.74, okay. Now, when we are comparing our relative velocity, it
says my relative velocity | have moderately compiled here at the hub, but near the tip region,
that’s what is coming to me slightly on the lower side, we prefer to have 0.72 but this is what
is coming around 0.66. It is designer’s choice, you can, you can play with the numbers. Here,
you can modify that part. And, if we compare our diffusion factor, just look at, at the hub, we
are having our diffusion factor to be 0.30 and at the tip, we are having diffusion factor to be
0.55.



So, we can say, we have increased our diffusion factor near the tip region by changing our
loading, okay. So, accordingly if you compare your angles, it clearly gives, we are able to
maintain our camber angle within certain range. Because my blades twist what we say in sense
of AB, that’s what is very important, okay. And if you recall, for free vortex design, we have
realized our Ap, that’s what is coming to be say higher near the hub region. And, we have no
control for that, it is by default it will come because my diameter is smaller, and maybe my

rotational speed that’s what is smaller.

So, my U will be smaller. Now, here in this case, when we are opting for this design concept,
that’s what is in our own hand, we can control in sense of degree of reaction, we can control
what blade turning angle we are looking for. And, that is the reason why this is what is one of
the fundamental | say this is, what is say fundamental method and that’s what is most preferred.
Most of the design what all we have done up till now, that’s what is based on our fundamental
approach and there is nothing wrong; all what stages we have designed, what all rotors we have

designed using this concept they are safely running without any problem, okay.

So, we can realize now, this is also one of the approach for the design. So, later part in sense
of how we will be dividing, that’s what is very important, that’s what we will be discussing in
the next session. But you just realize one thing, say when we are comparing our design aspect
for free vortex and the fundamental method, we are having more flexibility when we are

approaching or when we are using our fundamental design approach, okay.

And, we must realize what are the benefits of using this excel sheet program and we will soon
be realized and we will be getting matured with using this excel sheets only. As and when we

will be doing our design, we will be having excel sheet program with us, okay.

So, now in next lecture, we will be discussing here we have discussed about what will be my
AP, at hub, what will be my AP, at the tip. Now, at 11 stations we need to distribute that AP,
in a systematic way then only we will be getting our smooth curve for the blade otherwise it

will be creating trouble, okay.

Then we will be discussing how do we do our design for the stator and we will be finalizing
the stage design. Then we will try to understand what all changes we are bringing by
incorporating free vortex method as well as this fundamental method. Thank you. Thank you
very much! | do prefer you just go with doing the excel sheet program. And, at the same time,
you just try to make the code for making of blades. Thank you. Thank you once again.



