Aerodynamic Design of Axial Flow Compressor & Fans
Professor Chetankumar Sureshbhai Mistry
Department of Aerospace Engineering
Indian Institute of Technology, Kharagpur
Lecture 22
Design Concepts (Contd.)

Hello, and welcome to lecture-22. In last lecture, we were solving a numerical, that’s what was
to calculate what is the variation of my flow angle by considering free vortex configuration and

by considering, say constant reaction configuration.

Now, today, let us take one more numerical, that’s what will be based on the free vortex and
exponential kind of swirl distribution. So, that’s what we'll be giving you some other kind of
feeling in sense of understanding the methods or design concepts what all we have discussed

in past few lectures.
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An axial compressor with a total pressure ratio of 1.02 is to be operated at 6000 rpm. The
estimated stage isentropic efficiency and work done factor are 92% and 0.98 respectively.
The hub and tip radii are 0.18 m and 0.25 m respectively.

The ambient conditions at the entry are P, = 101325 Pa and T}, = 288 K respectively.
Calculate the variation of degree of reaction and axial velocity using -

I. Free vortex swirl distribution and
2. Exponential swirl distribution.

Take axial velocity and DOR as 30 m/s and 0.65 respectively at the mid section.
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So, we have our axial flow compressor with a total pressure ratio of 1.02 and it is operating at
6000 rpm. The estimated stage isentropic efficiency and work done (factor) are 92% and 0.98
respectively. The hub and tip radius are 0.18 m and 0.25 m, respectively. Consider the ambient
conditions at the entry as p,; = 101325 Pa and kelvin Ty; = 288 K, respectively. Calculate
the variation of degree of reaction and axial velocity using free vortex swirl distribution and
exponentials swirl distribution. It says take axial velocity and degree of reaction as 30 m/s and

0.65 at the mid station.



So, here in this case it says we are looking for calculation what is happening with our degree
of reaction and what is happening with the change of axial velocity. That means, we need to

have some understanding of these methods.

(Refer Slide Time: 02:57)
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So, let us see how do we proceed with. It says, we can have this data, so, pressure, temperature
pressure ratio, my tip radius, hub radius, rotational speed, efficiency and blockage factor; they
are known to us. We would like to calculate the degree of reaction. So, in order to have your
degree of reaction to be known, we need to have the calculation of whirl velocity component,
okay. Now, when 1 say, we are looking for whirl velocity component, we need to go with

arbitrary distributed whirl velocity distribution at the entry and at the exit. So, let us move with.

Given stage data,

To1 = 288K
m. = 1.02
R,, = 0.65
7. =025m
m, = 0.18m
et

Tm > = 0.215m

N = 6000 _oN_ 628.32 rad
= Pmw == : S

n=92% and A1 =0.98
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The stage total temperature ratio

r-l

7 -1
r=l+—t—

I Calculate required work (AT) at
- mean station.
i 1024 -1 Degree of reaction at mean is known
=1+
0.92
7. =1,0061
Hence stage exit total temperature T, =7.J;, =1.0061x 288

>T,=200.77K
Stage total temperature rise is given by = AT, =T, - T, =1.77K

Let's assume generalized constant work swirl distribution as,

. " ; m
C,, =ar" -~ (atrotor inlet) Given stage data,
r T,=288K

7,=102

b :
C,, =ar"+~ (atrotor exit)
’
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So, what we know, is we are looking for say AT, for calculation in a later stage, we are looking
for a degree of reaction, that is what needs to be calculated at mid station, okay. So, if we write

down we have our temperature ratio, that’s what is given by

If you look at our pressure ratio is known to us efficiency is also known to us that’s what will

be giving me my temperature ratio as 1.0061.

0.4
O S
te = 092

Since this is what is low speed compressor, you can see my pressure ratio that is also say lower,
itis say 1.02, that’s what will be giving me my temperature ratio in this range. We know what
IS our entry temperature, so, based on the temperature ratio, we can calculate, what will be my

outlet temperature.
To, = t.Tp1 = 1.0061 x 288 = 289.77 K

Now, once the outlet temperature is known to me, we can calculate what is total temperature

rise in the stage, that’s what we are writing as,

Stage total temperature rise is given by = ATy =Ty, — Ty = 1.77 K



Now, at this moment, we are not having idea how the whirl velocity component it is being
distributed. So, we can safely assume, say generalized constant work distribution we can say
Cwi, that’s what is ar™ — b /r, that’s what we are considering at the entry or at the router inlet;

my Cwz We can say ar™ + b/r at exit, okay.

b
Cyry =ar™— - (at rotor inlet)

b
Cpr = ar™+ p (at rotor exit)

(Refer Slide Time: 05:44)

Tutorial contd. —

Introducing a non-dimensional radius, R = %
W

. _ b ;
C,, =ar" -~ (atrotor inlet)
The swirl-distribution in terms of non-dimensional radius can be expressed as

b s 11 C,=a" +é. (at rotor exit)
C, =drR) + =[a/;"”]R"t{—}— ;
"

a ﬁ |r

C ARt % Where We know, Vortex Energy Eqn.
dc, C, d
. C,—2+—22(rC,)=0
A=ar, andB-;” S g dr( ».)

The simplified Vortex Energy Equation with constant spanwise work as
146, G 4 pey=0
2 dR R dR

The above equation can be solved for C, for given swirl distribution
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Now, in order to simplify this solution, let me assume, let me introduce one non-dimensional
parameter, say... ‘R’, that is nothing but my radius (r) or my location at particular station
divided by my mean radius (rm). So, if this is what is your case, in place of ‘R’ in this equation,

what we have assumed as, Cw1 and Cwe, | can replace that with say 7, R.
The swirl distribution in terms of non — dimensional radius can be expressed as

_ nyp b _ nipn 4+ [ 2] 1
Cu = a(iR)" £ 7 = [anf]R" [rm -

So, if I will be putting this formula, it says my whirl component distribution that can be written

as

o
I
2
=S
S
-+
x| %



So, where we are putting our constant as A = ar,r and B that is nothing but ri. Now, from our

m

vortex energy equation, so this is what is my vortex energy equation, what we have written.
Since, we have modified our equation in terms of ‘R’; so, in place of writing ‘r’, | can put my
‘R’. And if | am simplifying this equation, this is what is a formulation for say my distribution
of axial velocity or variation of axial velocity with radius and variation of my whirl velocity

component with the radius.

The simplified Vortex Energy Equation with constant spanwise work as
1dc? cC, d
-——+——(RC,)=0
2dr TR ar R

So, this is the equation which we will be using for calculation of variation of axial velocity for

both the method methods.
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1. Free-vortex swirl distribution (n=-1) tp

In the general whirl distribution equation,

¢ =i+l
R

The free-vortex swirl distribution is obtained by putting n =-1

C=AR"t2
R
¢ udsd
"R R
Thus, the swirl components at inlet and exit to rotor are given by
C,= AL (Before rotor)
R R

G £+£ (After rotor)
< RInR
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Now, let us take first method. What it says? It says free vortex distribution. So, when | say free
vortex, we can say, my exponent n we are putting as -1. So, let me put n = —1. So, my Cw

formula, that’s what will be changed to

x|
=c] e
+
x|

C,=AR1+

So, you can say, we can safely write down my



A

B
Cy1 = R R (Before Rotor)

and Cwg, that is

B
Cpo = R (After rotor)

R

So, now we know what is our whirl component at the entry and what is our whirl component

at the exit.

(Refer Slide Time: 08:09)

Using this swirl distribution in Simplified Vortex Energy Equation

1dC} C, d
gy RC,)=0 .
AT Ca=;

(Before rotor)

We get (After rotor)
(k)4
LAV ETHEN
2 dR R dR R R

+
L 4B
2dR R dR

4 Yl
C_ =Constant
o’ M

The axial velocity remains constant throughout the span N
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Now, what we learned? We are having our axial velocity variation, that’s what we have derived

with simplified vortex energy equation. So, in this equation in place of Cy, we can write down

itis % + % if we are putting this in this formula, we will be getting say

Simplified Vortex Energy Equation
1dc? LG C, d
2 dR R dR
We get,

A
1dC§+§ d R(A+B> — 0o
2 dR R dR R—R))

1dC§+A+B d (A+B)—0
2 dR R2

——(RCy) =0

>U|Uu




1dcg
2 dR

C, = Constant

If that’s what is your case, you can say my axial velocity is constant.

So, we can say for free vortex, we have also seen, say... this is what is our required condition,
we need to have satisfaction of three conditions. One, that’s what is say... constant total
enthalpy; second, that’s what is my constant axial velocity; and third, that’s what is C,,r =
Constant, okay. So, that is what it says my axial velocity is coming to be constant. And that’s

what will remain 30 m/s at the entry of my rotor, as well as at the exit of my rotor.

(Refer Slide Time: 09:19)

Tutorial cond, >

Knowing constant axial velocity through the blade row, We know,

The degree of reaction can be expressed as

por=1.%+
w

€= 4.3 (Before rotor)
R R

C.= i+£ (After rotor)
"R R

Putting values of C,, and C,  as per free vortex distribution
4 B 4B

S+t
por=1.CatCa_|_R"R"R R
W w

DOR=1- 2
UR
The rotor speed U can be expressed in terms of mean rotor speed U, and radii

We get

o
r
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Now, next, that’s what is to calculate your degree of reaction. So, degree of reaction, that’s

what we can rewrite down as

CWZ + Cwl

DOR =1 -
2U

In this equation, we can write down my Cw: and Cwe, that’s what is % - g, and second, that’s

what is 4 + 5.
R R

So, if you are putting this together,



|
+
x|
+
|
I
| &

DOR =1 -
2U

It says my degree of reaction, it is nothing but
DOR =1 4
" UR

Now, what we have assumed? We have taken our R = —. So, we can write down my

m

peripherals speed at particular station, that’s what we can write down,

r
U=U, (r—) = U,R
m

(Refer Slide Time: 10:09)

Tutorial cond -

The degree of reaction thus becomes The constant 'B' can be evaluated,
DOR:l—l,i, C, AT, = AUAC, 2

Sl 2N

C AT, =4U(C,,-C, ® = —=628.32 rad/s

So at mean section, AT =0(Ca=Ca) &

i AT, =17TK
DOR, =1-7 car=wfd.B.4.8 U, =135 ms

" PR R ROR )

- A=098

Constant A=U, (1-DOR,) C 4T, = *’;’B =21U_B
We know,

bl M 3
U, =oxr, =62832x0215 g5l 1005610077

T
Um =135 m/s ../.Um 2x0.98x135
B=6.72

So, prescribing a mean reaction of 0.6
A = 135x(10.65)
A=4725
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So, this is what is your case, you can write down my degree of reaction, that’s what is given
by

DOR =1 —
U R?

Now, what we know for our case at the mid station, so, we can say r /7, SO, 1, /T;, that’s what

we will be getting cancel. So, at mid-station we can write down, it is given by

DOR 1 4
m= 41— 77
Un



So, you can calculate what will be the constant A. So, for that, we are looking for U mean, so,

U mean we are writing as
Upn=wXn,

Since my hub diameter - hub radius is given, my tip radius is given, | can calculate what will
be my mean radius. So, this is what is my mean radius and omega we already have calculated

based on ==, It is 628.32 rad/s.

Uy, = 628.32 % 0.215 = 135 m/s

So, we will get our main peripheral speed as 135 m/s. Since my Um is known to me, I can
calculate what will be my constant A. So, my constant, that’s what is coming 47.25, this is
what is my ‘A’.

So,prescribing a mean reaction of 0.65

A =135x% (1 - 0.65) = 47.25

Now, what we know from our fundamental understanding of energy balance, my aerodynamic

work and thermodynamic work, they both will be same.
So, if we are putting in this form, it says my B will be coming in sense of AT.

C,ATy = AUAC,,
ATy = AU(Cyz — Cy1)

A
cpATO=/1U(—+———+—

2AUB
CpATy = —— = 24U, B

So, you can say B, that is given by

_ C,AT, 1005 X 10° x 1.77

= = =6.72
20U, 2x0.98 x 135 67

Now, we already have calculated our AT, itis 1.77. Cp | can write down 1.005 into 10 to power

3 divided by 2. Lambda is known to us, that’s what is 0.98 and this (Um) is what is 135.



So, that’s what is giving me what is my constant B and that is coming 6.72, okay. So, based on
this, we can calculate what is our constant A and B. Now, what is our target? We are looking

for calculation of our degree of reaction.

(Refer Slide Time: 12:35)

From given swirl distribution Since |l = /
&
24
C,+C=—
wtla=7 R, =018/ ) 5=0837
2
C.:-C..=% R =025
Vidlocs of il velod - i R =025 =116
alues of swirl velocity at hub, mean and tip can be obtained by 1 0215
solving the set of resulting equations at each radii A=4125
Athub, R, =0.837 B=6T2
2x472
Gt Bt 2B iy
R, 0837
Cou=Cly 2B 2672 0
R, 0837

Swirl velocity component at hub —rotor exit ~ C,,, =64.48m/s
o

Swirl velocity component at hub- rotor entry ~ C,, =48.42m/s

So, you know, for that purpose, we can write down, here in this case, my C,,; + C,,,, that’s
what is given by

24
Cw1 + Cyp = 7

and we can write down C,,, — C,,,, that’s what is given by

So, at a hub, this is what it says; it is given at this station is 0.387, we can have this Ry, it is
0.837.

So, we can put this equation. It says, this is what will be giving me, what will be the variation
of my whirl component at the entry and exit at the hub, okay. So, this is what will be giving

me how my whirl velocity component, that’s what is varying at the entry and exit.

At hub, R, = 0.837

24 2x47.25

== =1129
R,  0.837

CWZh + Cwlh =



oo _2B_2x672_

Swirl velocity component at hub — rotor exit, C,,,;, = 6448 m/s

Swirl velocity component at hub — rotor entry, C,q, = 48.42 m/s
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Tutorial contd. _

Similarly, The swirl components at Mean and tip section can be calculated,

Swirl velocity component at mean —rotor exit ~ =C,, =5397m/s

Swirl velocity component at mean- rotor entry = C,, =40.53 m/s

Swirl velocity component at tip —rotor exit =C,y, =4652m/s
.

Swirl velocity component at tip- rotor entry =G, =3494m/s

The degree of reaction is given by,

DOR=1-—
UR
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Now, inline to that, we can do our calculation at the mean-section, inline to that we can do our
calculation at the tip-section. So, we can say, our swirl velocity component at the mid station
it is coming 53.97 m/s and at the entry it is 40.53 m/s. Same way, we can do our calculation
at the tip, that’s what is coming say 46.52 and at the entry it is 34.94.

Similarly, the swirl components at Mean and Tip section can be calculated,

Swirl velocity component at mean — rotor exit, C,,»,;, = 53.97 m/s
Swirl velocity component at mean — rotor entry, Cy1,m, = 40.53 m/s

Swirl velocity component at tip — rotor exit, C,,,; = 46.52 m/s
Swirl velocity component at tip — rotor entry, C,1; = 3494 m/s



(Refer Slide Time: 14:06)

Tutorial contd. —

Since R = % from given values of radii

DOR=1-——
UR R, =018/ 5=0837
R =01 15=!
025/ .
At mean, DOR, = l—%:O,GS (Given) R ="2515=116
Athub, DOR, =1-—"2___ 049
135%0.83°

47.25

Attip, DOR =1- =073

135x1.16
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Now, based on this understanding, we can calculate our degree of reaction, that’s what we have

derived as

DOR =1 —

UnR?

So, different ‘R’ value we can put. Suppose, if | will be putting at say mid-station, that’s what

is Um, because ‘R’ is 1.

47.25
At mean,DOR,,, = 1 — T35 - 0.65 (given)

At hub, we can calculate because my ratio of r/r,,, you can calculate, that’s what is coming

0.83, okay. This is giving me my degree of reaction at the hub as 0.49.

At hub, DOR;, = 1 47.25 =0.49
U B = T 135 x 0,832
At tip, we are getting our degree of reaction to be 0.73.
At tip, DOR, = 1 1725 0.73
P = T 3 x 1162

So, this is what is all calculation when we are considering our free vortex configuration, in
which our axial velocity, that’s what is constant; and, my degree of reaction, that’s what is
going from 0.49 at the hub to 0.73 at the tip.



(Refer Slide Time: 15:08)

2. Exponential swirl distribution (n=0)

In the general whirl distribution equation,

C=ars2
R
The exponential swirl distribution is obtained by putting n=0
C. = AR : E
R

; B
C,=41=
R

The swirl components at inlet and exit to rotor are given by

=
C,=4- L (Before rotor) =
R »
L
C,=4+ % (After rotor) N
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Now, what next is asked to us, it is to consider exponentials swirl velocity distribution. So, if
that’s what we are considering, we say my ‘n’, that’s what is equal to 0. So, in equation, if |

will be writing my n = 0,

n B
CW=AR iE
— 0 B
Cy, = AR iE
B
CW:AiE

It says my Cuwa, that is given by
B
Cy1 =A— R (Before rotor)
and my Cuw, that’s what is given by
B
Cpr = A+ R (After rotor)

So, at the entry, we are considering A — %, and at the exit of my rotor, itis A + %- So, these are

the two whirl components, that’s what we have come up with.



(Refer Slide Time: 15:47)

Using this swirl distribution in Simplified Vortex Energy Equation
146 G d pey=o 5
2dR RdR C,=4 = (After rotor)

Cy= A—% (Before rotor)

We will solve the above for rotor inlet, i.e.

Co=A ..
R

The equation will be

LG (4 )4 g
2dR \R R )dR

1dC} (4 4B
| === 0
2dR (R R é
Integrating the equation from mean radius (R =1) to any arbitrary radius (R), (g
R R 2 w
J3ac)s | {A——ﬁ}ﬂm 0
R—l2 R=1 R R-
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Now, based on our vortex energy equation,

1dcg+cw d (RC.) = 0
2dR  RdR™ Y
If we will be putting this equation, where my Cy, | am writing as A — g. So, if we are putting

this together, at the entry what it says? At entry, we can say A — g. So, this is what will be

giving me the variation of axial velocity. So, you can understand this is what is not coming to
be 0.

B
At rotor inlet,C,, = A — =
Th ti 1l b 1dC§+(A B) d (AR-B)=0
e equation will be - — =~ 72) IR _
1dc? [(A* AB
2 dR R R

That means we need to literally calculate what will be the variation of axial velocity at
particular station. So, for the sake of simplicity, what we are putting, we are considering mean
radius; we know, that’s what is r/r,, is say 1. So, this | am putting as 1 limit and arbitrary
radius, | say it is R. So, putting my limit and putting for integration, say R equal to 1 to R

integrating this equation and this formula.



fR 1 (dC2)+fR (AZ AB)dR—O
R=12 ¢ R=1 R RZ

(Refer Slide Time: 16:50)

Tutorial contd. —

Integrating the equation from mean radius (R =1) to any arbitrary radius (R),

1 o f(4 4B)
RLE({I(‘” )+ jl[?-R—]dR-O

o Rel

The axial velocity variation at rotor inlet is given by

" " . 1 Where
Cy=Cyu =244°InR+ AB(E_I)

C,,,, = Axial velocity at mean radius at rotor inlet
C,, = Axial velocity at any radius at rotor inlet
The axial velocity profile at the rotor exit can be deduced by replacing B with - B
Thus at exit,
Cit=Crt~ Z{A: InR- AB[%—I]}

It can be observed that the axial velocity is not constant through the blade span
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When we are simplifying this term, my axial velocity at the entry, that’s what we are getting

as
1
Cl =Clm—2 {AZ InR + AB (E — 1)}

Now, here in this case, just remember Caim is nothing but my axial velocity at the mean radius,

and Caz is nothing but my axial velocity at particular station.

So, in line to that, if you will try to solve the equation by putting say, A + g, you can get my

Ca2, Okay. That is nothing but my axial velocity at the exit of my rotor, that’s what will be

coming in this formula.
1
Ct =Chm—2 {AZ InR — AB (E - 1)}

So, it says my axial velocity is varying at entry, my axial velocity is varying at the exit, it is not
remaining constant, okay.



(Refer Slide Time: 17:56)

Tutorial contd. —

Hence the degree of reaction needs to be evaluated from the first principle

(¢

i =Cal Ca#C
W(C,-C,) W

wl

We know, DOR=1+

from the expressions of axial velocity distribution

Cl-Cl=C,} -Z{A:lnR+AB(%—l]}—(‘m: +2{A: lnR—AB[%—l]}

Assuming that axial velocity at mean radius remains constant before and after rotor
ie. C,, =C,,, (A common design approach)

6. =4AB[1-1]
: R

2
:

v
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So, if we are looking for calculating our degree of reaction, so this is what will be the formula,

DOR = 1 + C% — CZ, _CW2+Cwl
2U(Cy, — Cy1) 2U

If you are simplifying all these things together, that’s what will be giving me my

1
C% — C% = 4AB (1 — E)

(Refer Slide Time: 18:20)

From the exponential swirl distribution,

(V\,.,=A—£(Before rotor) 2B
R (»v:_(\.1=_~
B - R
C,; =A+E (After rotor) C,+C,=24

The expression for degree of reaction can be obtained by substituting the derived values

MB(I_%J] 24 . AR 24
DOR=14-—ps ool
’ 21/(ﬂ

:>DOR=l+ﬁ[l—z)
U\ R

Af, 2
= DOR= "QT[I‘;] Since U =U, R
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Now, here in this case, what all we know, we are putting our degree of reaction. Since we know
what is our Cwi, Cw2, We have our equation in the formation of C,, — C,,, that’s what is
corelating, just remember, that’s what is corelating my B and this plus, that’s what is correlating

my A. So, A and B, that’s what is a constant.

From the exponential swirl distribution,

B
Cw1 =A— R (Before rotor)

B
Chr =A+ R (After rotor)

24
wCyy+ Gy = 7

So, this is what we already seen in our past calculation, so will not be repeating the same thing.

So, if you are putting these together, my degree of reaction, that’s what is coming as

<4AB(1—%)>_E_ L ar_2
zu(%) 2U u U

DOR =1+

DOR 1+AR (1 2)
—1 = —_— —_—
U R

A 2
= DOR = 1+m(1—ﬁ> SinC€U=UmR
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As before, A can be evaluated at the mean radius (R =1)
A=U (1-DOR )

with DOR, = 0.65, the value of 'A'is
A=135x(140.65) As calculated
= 4=4725 U, =135m/s

The constant 'B' can be evaluated by expression for work done

41,
B= zpw From the given swirl distribution
_L00Sx10°x1.77 GG, =24
)
2x0.98x135 (,“’_szﬁ
B=6.72 : R
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Now, you know, we want to calculate what is our constant ‘A’. So, constant ‘A’, we are writing

as say
A="U,(1-DOR,)

Since we already know my degree of reaction at mid station, that is given 0.65. If | am putting

into this equation, that’s what will be giving me my constant A and that is 47.25.

DOR = 0.65 (given)
~A=135X%(1—-0.65) =47.25

Same way, we can calculate our B. The B is nothing but that’s what is based on our energy
balance, say my thermodynamic work and aerodynamic work both are same. Based on that we

can say, my B is

_ C,AT, 1005 x 10° x 1.77

= = =6.72
20U, 2x0.98 x 135 67

That’s what is giving me B as 6.72, okay.
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Tutorial cond, -

athub, R, =0.837 Since R = %
2 €5, +C,y, =24=2x4125=945 R =018 ) =087
S D DO g R, =020 1571
R, 0837 R=029 g
A=4725
B=6.72

Switl velocity component at hub —rotor exit =C,,=55.27m/s

Swirl velocity component at hub- rotor entry =C,,, =39.22m/s

Swirl velocity component at mid —rotor exit =C,,, =53.97 m/s

Swirl velocity component at mid- rotor entry = C,,, =40.53m/s ;
e

Swirl velocity component at tip —rotor exit = C,,, =53.04 m/s »;

Swirl velocity component at tip- rotorentry = C,, =41.46 m/s
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Now, once we have calculated these constants, we can calculate what will be my Cw: at the
entry and at the exit, at three different stations; at hub, mean and tip station. So, this is what is
a formulation, that’s what we have already discussed earlier. So, at hub, we can say, we are
getting 55.27 m/s at the entry, we are getting our whirl component as 39.22 m/s. For mid

station at the exit, we are getting that as a 53.97 m/s and at the entry we are getting 40.53 m/s.

In line to that, at the tip also we can calculate. It says my Cwz at the tip, it is 53.04 and at the
tip -at the entry, we can say, it is 41.46 m/s. So, because of repetitive stage, we are not showing
all calculations here, maybe you can do pen paper work and you can get with this number and

verify these numbers.

Swirl velocity component at hub — rotor exit = C,,,;, = 55.27 m/s

Swirl velocity component at hub — rotor entry = C,,1, = 39.22m/s

Swirl velocity component at mid — rotor exit = Cyy,m = 53.97 m/s
Swirl velocity component at mid — rotor entry = C,,1,, = 40.53m/s

Swirl velocity component at tip — rotor exit, C,,»; = 53.04 m/s
Swirl velocity component at tip — rotor entry, C,,1; = 41.46 m/s
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Tutorial contd. —
Variation of axial velocity Since. R = /
; A

The axial velocity variation at rotor inlet is given by R 'O'Iy 0837
" =/02157 0%
3 3 2 1
(2 =C,’ -2{/1- lnR+AB(E—l]} R, =025 5=1
R =023, s=116
Athub (with given C,\,, =30 m/s) i =30m/s
| A=4125
C,,} =30°-2{4725 In0.837+(47.25%6.72)| ——=~1 <
alh { ( )( Yo ]} B=6.72
=C,,=39.63m/s
Similarly at tip (with given C,,,, =30 m/s) &
1 A

'
=30 -2{47.251 lnl.16+(47.25x6.72)(W—l)}

-
.10
L

w
|

=C,=18.02m/s
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Now, we are looking for what is happening with our axial velocity. So, if you recall, we have
derived Ca that is nothing but my axial velocity at the entry. That’s what we have correlated
in sense of our axial velocity at the mid station and constant A, B and R, R is nothing but it is

at particular location.
2 2 2 1
C2, = C2m — 2{,4 InR + AB (E_ 1)}

So, if 1 am looking for my axial velocity at the entry near the hub, I will be putting these
numbers. It says my Ca; at the mid station is 30 m /s, this A we have calculate is 47.25, B we
have calculated as say 6.72 and R we have already calculated for hub, it is nothing but 3, /7,

itis 0.837, okay. And, that’s what will be giving me my axial velocity at the entry near the hub.

1
€2, =302 =2 {47.252 In 0.837 + (47.25 X 6.72) (W - 1)}

= Cy1p = 39.63m/s

Similarly, we can calculate our axial velocity at the entry, near the tip region, it is coming
18.02.

1
€2, =307 -2 {47.252 In1.16 + (47.25  6.72) (1—16 - 1)}

= Calt = 18.02 m/S



Just imagine, at the mid station, we are having our axial velocity to be 30 m/s, okay, and at
the hub, we are having 39.63, near the tip, that’s what is 18.02 m/s. So, it is a great variation

of my axial velocity.
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Tutorial contd. —

The axial velocity variation at rotor exit is given by

Since, R = /)
A
2C,=C, -2{ £ InR-4B l-l 8, =018/ /M—oxw
al alm R h = (1%} Comii
0215 .
o R, =025 151
Athub (with given C,,, =30 m/s) R =0.2%.2]5= 116
C,p=30° -2{47,251 In0.837- (47.25x 6.72)[ oy 1]} Cn =305
0837 A=4725
=C,, =42.63m/s B=6.72
°

Attip (with given C,,, =30 m/s)

C, =30 -2{47.25’ ln|.16-(47.25x6.72)(L-1]} \ &-‘

1.16 w

=C, =1223ms b
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Similarly, we can do over calculation at the exit.
2 2 2 1
CZ, = C2,, — 2{,4 InR — AB (E_ 1)}

So, if we are putting our exit at mid station, we have our axial velocity as 30 m/s. And this
constant A and B we can put, that’s what is giving me my axial velocity at the exit near the hub
is 42.63.

1
C%p, =30% -2 {47.252 In 0.837 — (47.25 X 6.72) (W - 1)}

= Cyop = 42.63m/s

Just look at these numbers, this is what is showing some great variation compared to 30 m/s

at the mid station.

Same way at the tip station, we can calculate, that’s what is coming 12.23 m/s, okay.

1
€2 =307 —2 {47.252 In1.16 — (47.25  6.72) (1—16 - 1)}



= Cypr = 12.23m/s

So, this is what is indication, when we are considering our exponential design, we are having
say variation of our axial velocity at the entry and our variation of axial velocity at the exit of

my rotor.
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; 4 ; Since, R = / 5
The degree of reaction at various span locations can be evaluated Ta
A By =018 5=0837
DOR=1+—(IJ—] 19157
U, R, =023 15=!
R =023 515=116
U, =135m/s
DOR,,=|+@(|-L]=0-51 4=4125
135 1 0.837
DOR, =1+ ﬂ( | —z) =0.65 (as prescribed)
BE\ 1
DOR, =1+ﬂ[1-i]:m4
135 1.162
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Now, if you are looking for calculation of degree of reaction, we can say, that’s what is given

by

DOR =1+ 4 (1 2)

U, R
this is what we derived, okay. So, whenever you are taking any exponent, maybe you can come
up with some other exponent, make a habit of deriving this thing, that’s what will be helping
you in order to calculate what all parameters, that’s what is going to change. Mainly degree of

reaction, my axial velocity, they are of great interest at the initial stage of design.

So, if we consider my degree of reaction at the hub, that’s what is coming 0.51. If we consider
at the mid station, that’s what is given 0.65 and at the tip, that’s what is coming 0.74.

DOR —1+47'25(1 2 )—051
h = 135 0.837)
DOR, =1+ 4725 (1 2) = 0.65
m 135 1)



47.25 ( 2

DOR, =1 1—
OR T35 1.162

) = 0.74

So, this is what is giving you idea, how my degree of reaction, that’s what is changing when

we are considering our exponential whirl distribution.
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Tutorial contd. —

=~ Exponential-Rotor inlet
40 ~—Exponential-Rotor exit
Free Vortex
3
Be30

hub mean tip hub mean tip

~—— Free Vortex = Exponential

(
Reaction
o
e >
> K

o
o
s

o
o

Variation of axial velocity Variation of degree of reaction
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So, let us have comparison of these 2. So, if you are looking at, say... this is what is
representing along the span, how axial velocity it is varying. When we are considering we are
having free vortex design, my axial velocity is 30 m/s. And that’s what is constant throughout
the span. Now, here in this case, if you are considering say, exponential method, we are having
variation of axial velocity at the entry, as well as at the exit.

So, if you look at, this is what is representing the variation of axial velocity at the entry. So,
you can see from hub to mid-section, my axial velocity, that’s what is going to decrease, and
on later stage from a mid-section to tip, my axial velocity is going to increase. But at the same
time for the exit, if you look at, | am having larger velocity in near the hub, that’s what is going
to decrease here. In line to that, near the tip region, our axial velocity at the exit is coming to

be lower, okay.

And if you try to compare the degree of reaction, we can have, look at these numbers, if we
look at, there is not much variation in sense of degree of reaction, that’s what is happening both

in your hub and tip region. So, we can say, this is what is giving some different kind of feeling.
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Free vortex loading Exponential loading

Cy |Gy [4C, |G, |DOR |G, |Gy |4C, |G |G,
(mfs) | (mis) |(mls) |(m/s) (m/s) | (m/s) | (m/s) | (Inlet) | (Exit)
(mfs) | (m/s)

Tip (3497 [46.52 | 1,55 |30 |0.73 |41.46 |53.04 [11.56 |39.63 |42.63 |0.74

DOR

Mean [40.53 5397|1344 (30 |0.65 |40.53 |53.97|| 1344 (30 (30 |0.65

Hub 4842 6448 [16.05 [30 [049 |39.22 | 5527 | 16.05 |18.02 [12.23 [0.51

* The change in swirl velocity is same for both distributions ( a consequence of same
blade loading ) at different span locations.
+ The inlet and outlet swirl are different for both distributions (except at mean radius).

=
3
'y
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Now, let us see what is happening in sense of my whirl distribution. So, here if you look at,
this is what is representing the comparison of free vortex and exponential loading at tip, mean
and hub station. So, if you compare, my AC,,, for both the methods, they are coming same,
okay, they are coming same. If you are looking at, the entry Cwz, exit Cw1, entry Cw1 and exits
Cuwz1, for both the methods at the mid station, they are same. But, when we are comparing near
the hub region, you can say, we are having say, great reduction for exponential method, okay.

And, when we are comparing near the tip region, my whirl component is coming to be higher.

So, this is what all is giving us idea of what all we need to do in sense of systematic calculation.
So, by solving this numerical, we are initiating some design idea to build the confidence that
you can do your design based on what all approaches are given to you. And at the same time,
this is also giving you hint, what all parameters they are getting changed when I am assuming
particular design.

So, free vortex design, that’s what we discuss as, that’s what is giving highly twisted blade.
When we are looking at constant reaction design, we have discussed, that’s what is not
satisfying your radial equilibrium. When you are going with say exponential method; again,
you will be having variation of axial velocity. We have discussed about our fundamental
methods also where we are neglecting our radial equilibrium. So, with this, we are stopping

with. Thank you very much! See you in the next class.



