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Choice of Whirl Distribution

Method of Work Whirl Axial Variation of Radial Remarks
Design variation distribution velocity Reaction equilibrium
with radius variation | with radius
with radius
Free vortex | Constant | .C, =constant | Constant | Increases Yes Highly twisted
with radius rotor blades
Forced Increases | C,/r=constant | From radial | Varies with Yes Rarely used
vortex with 2 equilibrium | radius
Constant Constant | C,=ar+bir From radial | Constant NO Alogical design
reaction ® | equilibrium method. Highly
twisted blades.
Exponential | Constant | C, =a+ b/ From radial | Varies with Yes Alogical design
equilibrium | radius method.
Constant @, | Supposed | Fixed by the Supposed | Approx. Ignored | Blades with
constant | condition that constant constant lesser twist
Cy, = constant;
Cy=a-br
Work Varies with | Varies with work | Constant | Varies with Ignored | Blades with
radii loading radius lesser twist
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Hello, and welcome to lecture-21%. In last few lectures, we were discussing about different
design approaches for axial flow compressors and fans. So, we were discussing about design
methods name as say... free vortex design, forced vortex design, constant reaction design,

exponential design, constant a, and work loading or our fundamental method.

Now, this is what is a compilation of all design methods what we have discussed in past few
lectures. That’s what is in sense of the variation of work with the radius, whirl distribution,
axial velocity variation with the radius, variation of degree of reaction. Whether this method is
opting for or is it satisfying a radial equilibrium and we will be putting some remarks that’s

what is related to the final blades what we will be getting.

So, if you look at, very first method, what we have discussed it is free vortex method. And as
we have discussed, during 50s and 60s, people, they were using this method for the
development of gas turbine engines application to Aero engines, okay. Now, in that, what we
are looking for is by work variation, that’s what will remains constant. | will be having my

whirl distribution as say rC,, = constant.



And, if we look at, this is what it says axial velocity also we are assuming to be constant. And,
we have derived with it says my degree of reaction, that’s what is varying all the way from hub
to tip. And, this is what is satisfying our radial equilibrium equation. And if you look at, this
method, that’s what is giving highly twisted blades.

And we have realized, there may be chances for my degree of reaction to go 0 or maybe
negative value when we are looking for free-vortex design concept, okay. In order to overcome
what limitations we are having with the free vortex design, we have opt for different
approaches; one of them, that’s what is a forced vortex design approach. We can say my work

variation, that’s what is varying with the function of 2.

TP . Cw . . .
Here, whirl distribution, we are assuming —- = constant. And, if we look at our axial velocity,

we are calculating based on radial equilibrium, and it says my degree of reaction, that’s what

is varying from hub to tip. And yes, this is what is satisfying our radial equilibrium equation.

So, if you recall from our radial equilibrium requirement, we say, we need to have constant
work input all the way from hub to shroud, we need to have our axial velocity to be constant,
and C,, - r = constant. If we are satisfying these three requirements, then we can say our
radial equilibrium, it is satisfied. Then we have discussed, if you are able to have two
parameters, that’s what is known to us, we can calculate our third parameter. So, that’s what

we have done in our forced vortex design.

Then we have started discussing about the constant reaction design. So, if we look at, it says
my work variation along the radius, that’s what is constant; my whirl distribution, that’s what

we have arbitrarily chosen. Whirl velocity component, it says my Cw1 and Cwe, that’s what is
varying in the form of ar + g. So, at the entry we are assuming my whirl distribution, at the

exit we are assuming different whirl distribution; my axial velocity, that’s what we are

calculating based on radial equilibrium equation.

And as we have decided with, say constant reaction; so, it says my variation of degree of
reaction, that’s what is constant. And the limitation with this method, it is not satisfying radial
equilibrium, okay. But, it says this is what is more logical design and it may be used for design

of special kind of compressors, okay.



Then we are having our exponential design method; if you are looking at my work variation,
that’s what is constant and my whirl velocity distribution, we can say that’s what is based on
my selection of arbitrary whirl distribution. We can calculate our axial velocity based on radial
equilibrium equation and it says my degree of reaction, that’s what is varying along my span
or with radius from hub to shroud. And, we can say, this is what is satisfying my radial

equilibrium equation. This, also people used to say as a more logical design.

So, many fans, many compressors in actual engines; we are finding, they are having of this
kind of design configuration. We have discussed about the variation of my exponent from
ranging of say maybe 0.8 to 2, that’s what is of special category and there we are using this
kind of design concepts. These days people started talking about constant a, design, in which

at the exit of my rotor, a, we are assuming to be constant, okay.

So, there are special requirements downstream of my rotor, we are having stator and for more
challenging designs, people they are opting for constant a, approach. It says, my work done
supposed to be constant; we can say, my whirl distribution, you can say, my Cwe, that’s what

is constant. We are assuming our whirl component at the exit of rotor to be constant.

And at the entry, we can assume that to be say a — b/r. We are having this axial velocity, we
can say, it is supposed to be constant; we can say my degree of reaction also is around constant,
you can say, about constant, approximately constant. Here, we are ignoring our radial

equilibrium. The beauty of this design is we will be having less twisted blades, okay!

So, recent compressors what we are looking for, say... for LP compressor for HP compressor,
even for high bypass ratio fans or for low bypass ratio fans, people, they are looking for the
special kind of requirements. And, these designs, that’s what will be catering those. Then we
were discussing about say work loading or the fundamental method, that’s what it says my
work done or work, that’s what is varying along my radius; we are having variation of my Cw

component.

Because at all stations, we are not assuming our Cy at entry and Cy at the exit. Basically, that’s
what we are calculating based on our fundamental understanding of aerodynamic work and
thermodynamic work. We can say, our axial velocity we are assuming to be constant, we will
be having degree of reaction, that’s what is varying all the way from hub to tip. And, in this
case also, our radial equilibrium we are ignoring. Now, the case is what blades we are getting,

that’s what is having less twisted blade.



So, it is all the choice of designer to meet special requirements and based on that he or she will
be doing the design or group of people, they are doing their design and finally based on their
expectation, if the design is meeting with, they will be going for finalizing that design approach.
So, there is no unique method in sense; you are having multiple choice here when you are doing
your design, okay. So, with this background, let us try to solve a numerical, that’s what will be

giving you idea how do we approach with say different design concepts.
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A low speed compressor design has been proposed for an overall total pressure rise of 1000 Pa with a
design speed of 2200 rpm. The hub and tip radii are 0.1 m and 0.2 m respectively. The axial velocity is
30 m/s. The estimated stage isentropic efficiency and work done factor are 95% and 0.98 respectively.
The ambient conditions are Py, = 101325 Pa and T, = 288 K. Calculate the variation of air angles and
DOR for Free Vortex and Constant Reaction swirl distribution.

le;n:‘tagc o B, =101325 Pa ’ Variation of air angles and DOR. I
r=0zm
y T, =288K
r=01m . -
ren AR, =1000 Pa ’ Velocity components at entry and exn,l

’sz:O»U’" C,=30m/s
N’ = 2200 rpm, ‘ Calculate C,, component ‘
0= m=230.32‘I rad s l

60
n=95% ’ Work done equation ‘
A=098
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So, let us take a numerical. it says a low speed compressor need to be designed to have overall
pressure rise of 1000 pascal with design speed of 2200 rpm. The hub and tip radius are 0.1 m
and 0.2 m respectively. The axial velocity is 30 m/s, the estimated stage isentropic efficiency
and work done factor, they are 95% and 0.98 respectively. The ambient conditions are py; =
101325 Pa and temperature as 288 K. Calculate the variation of air angles and degree of

reaction for free vortex and constant reaction whirl distribution.

So, this is what is a numerical. We can say what all data that’s what is given. We know what

is my tip radius, it is 0.2 m, hub radius is 0.1 m. You can say, you can calculate your mid radius,

Given data,

r=02m
Th=0.1m
e+ 7

T = —2=0.15m

2



that’s what is 0.15 m.

We have our rotational speed as say 2200 rpm, you can say, this speed is say low speed
compressor, we will be having our efficiency to be 95% and you can see work done factor it is

given 98%.
N = 2200 rpm
w = 271_N = 230.38@
60 s
N =95%
A=10.98

So, you can say, this is what may be, the first stage. We are having our entry pressure and entry
temperature and we are expecting our total pressure rise of 1000 Pa and axial velocity also is

known to us.

T01 == 288 K
AP, = 1000 Pa
C,=30m/s

Now, what all we are looking for is, we are looking for variation of my air angles and degree

of reaction.

So, you can understand if we are looking for air angles, we must know what all are the velocities
at the entry of my rotor, what are the velocities at the exit of my rotor. When | say velocities,
we can say what are my absolute velocities, my relative velocities. Based on that we will be
calculating our Cy, that is nothing but my whirl component, because that’s what is important
in order to calculate your degree of reaction, okay. And, this Cy, that’s what you can calculate

based on what all work done is given to you, okay.

So, in order to meet these requirements, let us move from bottom to top approach. Say, initially

we will be implementing our work done equation for the calculation of parameters.
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Tutoia coni -

Given
The stage pressure ratio Given stage total pressure rise P, =101325 Pa
LB B And efficiency T,=288K
“RhA | AP, =1000 Pa
_101325+1000 Calculate temperature ratio :’;95%
101325 and stage exit temperature :
7, =1.00986
. |
The stage temperature ratio Calculate total temperature rise and amount of
2 work done using Thermodynamic work
7]
r.=l+ i
U
04
sl 1.00986" -1 The stage exit temperature
0.95
r =1.00298 Ty, =r.T;, =1.00298 x 288

T,, = 288 85K
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So here, what we know? We know what is my total pressure rise required, we know what is
our efficiency and based on that we can calculate what will be my temperature ratio. Once we
will be calculating our temperature ratio, we are able to calculate our thermodynamic work.

So, let us move step by step.

Say very first point it says my stage pressure rise, you can say Po2 by Po1. You can say, what
pressure rise we are expecting is say 1000 Pa, that’s what will be giving me my pressure ratio

of 1.00986 pressure ratio.

The stage pressure ratio,
_FPo2 _

Poy + AP, 101325 + 1000

_ = 1.00986
e = o, Por 101325

Now, based on this pressure ratio, we can calculate what will be our temperature ratio. So here,

this temperature ratio we are correlating in sense of my pressure ratio and efficiency.

The stage temperature ratio,

y—-1

So, these two are known to me, if I will be putting, that’s what we will be giving me my
temperature ratio as say 1.00298.



0.4
1.0098614 — 1
0.95

« 7, = 1.00298

T, =

Now, once this temperature ratio is known to us, we can calculate what will be my outlet
temperature. So, we can say we are able to calculate what will be my AT,. So here, if you look
at, since this is what is low speed application, we are expecting our pressure rise in the range
of 1000 Pa, that is why my pressure ratio is lower. And that is the reason why my To2 is also

coming to be lower, okay.

The stage exit temperature,

Toy = 7.Tp; = 1.00298 x 288 = 288.85 K
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Tutorial contd. —

The stage temperature rise Angular speed Given
P, =101325 Pa
N =T,-T,=28885-288  _2xaxV o B
= AT, =085K 60 L
0=23038rad!s I Stage temperature rise | g
y ’ ) =95%
The peripheral speed at different stations l C. =105 WkeK
: 51,
Uy =0, =23038x0.1  =2304m/s Calculate change in swirl y = 14
U, =or, =23038x0.15 =3455m/s across the rotor using
U, =0, =23038x02  =46.08m/s Aerodynamic work

Aerodynamic work = Thermodynamic work
C,AT, = AU, AC,
_GAT,
",

_1.005x10°x0.85
0.98x34.55
AC,, =2533m s

AC,
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Now, once we are calculating this To2, we are able to calculate what will be my AT, okay.
Now, let us try to calculate what all will be my peripheral speed at different stations. So, in
order to calculate, we can say my peripheral speed at the hub. It is my, you know, angular speed
into hub radius, my angular speed into say mid radius, my angular speed into tip radius. So,
this radius at hub, tip and mid-section, that’s what is given to us. So, if you will be putting this,

it will be giving me my peripheral speed at different stations.

The peripheral speed at dif ferent stations
Up = wry, = 230.38 x 0.1 = 23.04 m/s



U, = wr,, = 230.38 X 0.15 = 34.55m/s
Ui = wry = 230.38 X 0.2 = 46.08 m/s

Just understand, we are interested in calculation of what is happening at different stations,

mainly at three stations, mid-section, hub-section and tip-section.

Now, here in this case, if you look at, we can say, we can correlate our aerodynamic work and
thermodynamic work. And, based on that, if we are putting this equation, it says, my change in
whirl component, that’s what is a function of C,,AT,, my work done factor and my peripheral
speed at the mid-station. So, we will be doing our calculation what is happening at the mid-
section first. So, it says my delta Cw AC,,, that’s what is coming as say 25.33 meter per second

m/s.
Aerodynamic work = Thermodynamic work
CpATy = AU, AC,,

CpATy  1.005 x 10° x 0.85
AU,, ~ 0.98 x 34.55

“ ACy,m = 25.33m/s

Acwm =
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Tutorial contd.

1. Free-vortex swirl distribution (n=-1) By T
AC,, =Coy=Corm I Exit swirl at mean calculated l Vim (=€,
C,.,=0 (" Axial entry) I

ooy =2533m/s Calculate flow angles using = Un =
swirl, U and axial velocity

a
e : ke v 4
From Inlet velocity triangle, ~ From Exit velocity triangle, 2m C
Bom Zm
B, =tan '[i] ﬂ:ﬁ'“"-l[h;,(“”J
: (34 55.’ 2533 fCun
=“m,\[@] =t +] : —U—
30 M
o We know
=49.03° ,,,=17.08° i
A =80 A U,=3455m/s

C,=30m/s

Dr. Chetan S. Mistry

Now, what we are asked for? We are asked for implementing two different design approaches;

first, it is free vortex design in which we can say my n = —1, okay. So, let us try to approach



with say first design methodology, that’s what is say free vortex method. So, here, if you look
at, my AC,,, that is nothing but a change in my tangential velocity component, we can write

down here it is

ACym = Cywam — Cwim

Since, we are considering our entry to be axial one, that is the reason why my Cw1, that is
coming 0. So, if you are putting these numbers, it says we are able to calculate the whirl

component at the exit and at the mid-station, okay.
Cwim = 0( Axial entry)
& Cyom = 25.33m/s

Now, if you are considering this is what will be my velocity triangle, do not forget to plot
velocity triangle in order to understand, and in order to calculate various angles and various

velocity components.

So, here if you look at, this is what is representing my inlet velocity triangle, this is what is
representing my outlet velocity triangle, for the rotor, okay. So, from my velocity triangle, 1
can say my tan 3, that’s what we can say, it is U,,,/C, . So, based on that this Un we have
calculated. C,, that’s what is given, it is 30 m/s. So, based on that we can calculate what will
be my entry air angle, £;. In line to that, based on my exit velocity triangle, we can calculate

what will be my 3,

From inlet velocity triangle,

So, here this tan 8, , we can write down. That is nothing but U’”_Cm . This Um is known to

a

us, Cwe is known to us, my axial velocity, that’s what is known to us. We can calculate, what
is my B, at a mid-section, okay. So, you can understand, we have calculated what is our whirl

component and what will be the change in these angles.



From exit velocity triangle,

_1(Um = Cwz
Bam = tan™ (—_2m o ")

34.55 — 25.33)
30

o Bym = 17.08°

=tan~! (
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Tutorial contd.

From Exit velocity triangle, We know
K C,,=2533mls B
a,, =tan” | == . ;
2 ( (” =30m/s vlm =C
o =G

(253 [0l
=tan| —— 1, =0.15m

i
30
1 =02m //?’_— Up —.|
a,, =40.17° -
Aom

The free-vortex swirl distribution is given by
C, xr=constant

Applying free vortex equation at tip

(‘uz, RE= (1\.:", Xn, l"chm'

, —1, —|
Coy =2 = 2533 "
S 08

Velocity triangle at mean

C,, =1899%19m/s
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Now, at the exit; similarly, we can calculate what is our absolute flow angle. So, if you are
putting this, say it says tan a,, that’s what is given by C,,,/C,, Ca is nothing but this is what is
my axial velocity component. So, it says | will be having my «a,, that is 40.17°. Now, what all

we learn, for free vortex design, we are considering my C,, - r = constant.

From Exit velocity triangle,

CWZm)
Ca

a, = tan™?! (

~ tan-! (25.33)
B T

“ay = 40.17°

So, here in this case, since my Cy at the mid station is known to me and my radius is known to

me. So, | will be writing say we can write down,



Cwat X 1 = Cyom X Ty

So, you can understand, we are basically calculating the constant. And, what we have assumed?
Throughout my span, my C,, - r = constant. So, that’s what will be giving us the idea to
calculate what is happening in sense of change of Cw. at mid station, at tip and at the hub. So,

let us calculate what is happening at the tip. It says my Cw. at the tip, it is 19 m/s, okay.

Tn 0.15
& Cyor = — X Cpom = —=—X%X2533=1899 = 19m/s
Ty 0.2

(Refer Slide Time: 20:02)

From Inlet velocity triangle, Calculate flow angles using B
a,=0 We know swirl, U and axial velocity v T
. U, =4608m/s # C=C,
B, =tan | (—] C,=30m/s

G g _L
=tan™ 4(;_(())8‘[ Coy=19m/s 0
B=sT p— U, —
Cat

T Ba
From Exit velocity triangle,
Absolute exit angle Va,

i (Le
B, =mn"[l - (‘i "*"] @, =tan ‘[(—”]
e .[4(,.0‘2-191 g lan,‘[g] L—CwZ!-.
J 30

B, =407 @, =3235° U,

velocity triangle at tip

LoT)

3
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Now, once we are able to calculate our whirl component at the tip, we can calculate what all
are the flow angles. So, what we know? my «;, that’s what is O because we are considering
axial entry. So, based on my velocity triangle, we can calculate my tan f,, that is tan §; =
U/C,, do not forget this U is at tip, okay, and my axial velocity we are as assuming to be
constant. So, Utip what we have calculated earlier, it is 46.08 and C; it is known to us, that’s
what is 30 m/s.

From inlet velocity triangle,

Ollt:()

P
= an”! (Z)
Bt an C,



o Bye = 57°

So, based on that, we can calculate our By, it is 57°. Same way, we can calculate what is
happening with my S,,. So, if we are looking at, it says my from velocity triangle, we can write

down my

Utip — Cwat

tan Sy = C
a

U
o .BZt = tan_l (—

- (46.08 — 19)
= tan T —

30
S ﬁzt == 4‘2.070

So, that’s what is giving my f,; as 42.07°, okay. Now, same way we can calculate what is
happening with my absolute triangle. So, that’s what is nothing but tan inverse Cw. by Ca, and

that’s what is giving alpha to as 32.35°.

absolute exit angle

Cw2t>
Ca

= tan~! (2)
30

o e = 32.35°

@,y = tan™?! (
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Applying free vortex equation at hub

|| Exit swirl at hub calculated |

Coaxt=Cy X,

G = 2xC = 2533 : g T
i T Calculate flow angles using %

C,,,=38m/s swirl, U and axial velocity Gy

From Inlet velocity triangle,

—Up—
a,=0
We know
].
4=t l[%} U, =2304m/s

C,=30m/s
=tan ‘[ﬂ—m) Cy=2533mls
® C,=30m/s
By =315 r,=0.15m

1,=0.10m
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Now, you know, based on what understanding we have, we can do our calculation at hub station
also, what we know from the free vortex concept, my C,, - v = constant. Since, this constant
at mid station it is known to me, I can do calculation what is happening at the hub. So, I can

write down this equation as say

Cwan X Th = Cyom X Ty

Tim 0.
CWZh = E X CWZm = W x 25.33
& Cyon =38m/s

So, if you are putting these numbers, it says my Cw. at the hub is coming 38 m/s. In line to
what we have discussed, we can do our calculation for 3. Here also, remember this 8, we are
calculating at the hub; so, you will be having change in your velocity triangle, do not forget,
okay. So, make a habit to plot the velocity triangle, that’s what we will be giving you indication

say you are putting your U at hub, okay. And, that’s what is giving me S, at the hub.

From Inlet velocity triangle,

alh:O



o Byp = 37.52°
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Tutorial contd.
We know Bun T
From Exit velocity triangle at hub, U,=23.04m/s Vin C.=C
a=41
. C=30mls
| Uy =Can g
P, =tan [ . ] (‘":h=3g
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Same way, we can calculate based on our exit velocity triangle 3,5, okay. And this is what is
similar to what we have done calculation at the mid-section inline to what we have done
calculation at the tip-section, okay. And this is what will be giving me, what is happening in

sense of my «,;, and what is happening in sense of my S,p,.

So, if you look at, my B, just careful, that’s what is coming -26.56°. Just look it, say on one

side, we are putting this S, okay.
From exit velocity triangle at hub,

Up — Cw2h>

=t -1 (
Ban an C,

4 _1(23—38>
= tan 30

S ﬁZh = —26560

So, do not get confused that angle is coming negative just you need to put that or you need to
the represent in such a way that it will be on the other side of my velocity triangle, okay. Now,
if you look at my blade or say my aerofoil shape also will be changing accordingly, okay. Now

@, you can calculate that’s what is coming 51.7°.



C
Ay = tan_l( WZh)

Ca

38

= 11—
tan (30)
o ﬁzh = 51.70
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We know, Degree of Reaction Expressing DOR as function
of radius

C,.+C,
U

R=1

This equation can we rewritten using,

U= Um(i]
I

The DOR can be re-expressed in the form
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Now, here if you look at, we have done all our calculation for Cw1 and Cwy at different stations,
we have calculated our flow angles. Now, let us move with the next step, that’s what is for the

calculation of degree of reaction. So, my degree of reaction we can write down it is

CWZ + Cwl

DOR =1 —
2U

Now, let us try to put that or rewrite. We can say, my peripheral speed at any station, that’s
what is we are writing as say my peripheral speed at the mid-station into this radius ratio.

Tr
U= Un (r)
m

This r is nothing but that’s what is representing particular station and rm, that’s what is
representing my mid station, okay. So, if you are putting this in the form of formula, it says my

degree of reaction we can represent by this form.

The DOR can be re — expressed,



CWZ + Cwl
r
2Up | —
m (rm)
(Refer Slide Time: 24:59)

Tutorial contd. —

Degree of Reaction
poR=1-| CatCa Degree of Reaction at different stations..
2, L] 0.008
I DOR, :l—'—:2 =]-W=Q,()3
(weC.. =) ' 0.15°
e 0.0082
DOR, =l—r—: = 1_%(:?:0, 18
Gy [ " s
DOR=1-| ==, =1-— 9 9
[ w,r ] r DOR =1- 0'098 = 1—% =0.795
Ts 0.2°
where constant C = o,
W,
We know
0.0082 r=02m

DOR=1-——
r n=01m

r,=015m
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Let us try to say re-formulate that. So, this is what will be my degree of reaction. Now, what
we are looking for is, say variation of degree of reaction at different stations. So, you can say,
we can write down this degree of reaction in a more simplified way, it says degree of reaction

it is given by

CWZ + Cwl
20, (%)

since,C,1 =0

DOR =1 -

C
>rm=1——

T2

Cyot

DOR =1-— (—
(2Upr?)

There is a reason behind calculating, you can straightaway do calculation by putting some
calculation of say Cwz at hub, Cw: at say hub; you can put Cw: at tip, Cw2 at tip that way also

you can do the calculation. But, let me simplify this. So, it says this constant we are writing as

(sz T')T'm

Constant =
20U,



and this is what will be giving me my degree of reaction, that’s what is given by

0.0082
r2

DOR =1 -

So, this is nothing but some constant divided by 2. Now, these r as we have discussed, they
are different locations. We know what are our radius at tip, we know what are our radius at hub
and radius at the mid station. So, let me write down degree of reaction at mid station, degree

of reaction at hub and my degree of reaction at tip.

Degree of Reaction at dif ferent stations..

DOR. = 1 0.0082 00082 _ 063
me r2 0.152

DoR, — 100082 00082
h 2 012

DOR. — 1 0.0082  0.0082 _ 0795
t 2 022

Let me put all these radius values at mid station, at hub and at the tip, that’s what is giving me
the variation of my degree of reaction. So, if you look at carefully, it says my degree of reaction
at the hub is coming 0.18, at mid station it is coming 0.63 and at tip it is coming around 0.79.
So, you can say, for free vortex design, we will be having the variation of degree of reaction

from hub to shroud, okay.
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2. Constant reaction swirl distribution

In this approach a swirl distribution is targeted to achieve
Spanwise constant reaction and Constant work addition will be implemented.

We know, the peripheral speed at different stations

U, =an,=23038x0.1  =23.04m/s

U, =ar,=23038x0.15 =34.55m/s
L]

U, =or=23038x02  =46.08m/s

Now assuming a constant axial velocity through the rotor inlet and exit,
the degree of reaction can be given as
Cwl + Cn]

R=l-=2 e
bl

Dr. Chetan S. Mistry

After doing all this calculation, let us move with the second approach, that’s what is say
constant reaction approach and for this constant reaction approach, we are assuming our degree
of reaction to be constant and constant work addition, okay. This is what all we know from our
previous calculation for say peripheral speed at hub, peripheral speed at mid station and my

peripheral speed at tip station. What we know, our degree of reaction, that’s what is given by

(Refer Slide Time: 27:44)

Tutorial contd.

We know, Degree of Reaction  R]. €,+C; Express swirl velocities as
W function of DOR and work

By rearranging the terms,
C,wlq=2U(-R).......... (1)
Aerodynamic work = Thermodynamic work
C,AT, = AU,AC,

i i
R
wCa=to ®

Now we have two sets of equations in terms of C,; and C,,

Dr. Chetan S. Mistry



Now, if you are arranging this term, it says, my C,,, + C,,1, that’s what is given by 2U(1 — R),
okay.

What we know? We are having this AC,, term or change of Cw and Cwz and Cwy, that’s what is

also coming in my work equation. So, let me put my aerodynamic work and thermodynamic

work to be same.

If we are putting that, it says... my C,,, — C,,1, that’s what we are representing in the form of

CpATy

0 | am sure, this is what all we have discussed in our class, but this is just for your

understanding what all we are working at this moment, okay. So, our requirement, it is to

calculate what is my Cw: and what is my Cwz, at entry and at the exit of my rotor.

CyAT, = AURAC,,

AC, = U
C,AT,
Cwz = Cw1 = iw
(Refer Slide Time: 28:47)

Afhub

Calculate inlet and exit swirl

Now rewriting these equations at hub, velocities

€,y +C,yy =2U,(1-R,)=2x23.04x(1-05)

C oy +C,y =23.04 m/s -
Calculate flow angles using
— C,AT, 1.005x10°x0.85 swirl, U and axial velocity
T 098x 2304
Coap=Cyp =37.83 ms
By solving these equations, We know
U, =23.04m/s .
C.,,=3044m/s R, =05 (given)
Coy=-14mls =105 K/ kgk .
AT, =085 K Al
4=098

Dr. Chetan S. Mistry



Tutorial contd.

We know, Degree of Reaction  R]. €,+C; Express swirl velocities as
W function of DOR and work

By rearranging the terms,
C,wlq=2U(-R).......... (1)
Aerodynamic work = Thermodynamic work
C,AT, = AU,AC,

ac, =%
P

Now we have two sets of equations in terms of C,; and C,,

Dr. Chetan S. Mistry

So, if we will be putting, say... we are looking for our calculation at the hub station. So, we
can write down, we are having two equations what we have seen; one, that’s what is in sense
of degree of reaction, second, that’s what is instance of my AT,. So, AT, that’s what is known

to me and this degree of reaction, that’s what we are looking for, okay.

So, it says, if we are assuming, say... our degree of reaction to be 0.5, that’s what is given to
you, say at mid station or say this is what is at the hub station it is given say it is 0.5. If we are
considering that because it is a constant reaction design. It says my degree of reaction to be 0.5,

so you can understand at hub, my degree of reaction is 0.5.

So, if I will be putting this in this equation for degree of reaction, and my work done equation,
where | know all these numbers. If we will be putting this into case, it says my Cwi and Cw2 at
the hub station we can calculate, and that’s what is coming my Cw; at the hub is -7.4 m/s. And
my Cw. at the hub is 30.44 m/s.

Coan + Corn = 23.04m/s

c o GATy _ 1.005 x 103 x 0.85
wzh — =wih AU, T 0.98 x 23.04

m
Cwzn = Cwin = 37.83—

By solving these equations,

Cpon =3044m/s & Cy1p, = —74m/s



(Refer Slide Time: 30:11)

Tutorial contd.
From Inlet velocity triangle,

We know

BT
P _m,,'L'A-(‘m\ U,=23.04m/s C
3 G, J C,=30m/s Vin (8 e
! m,[ :3,o4+7.4‘J C,,=T4mls
30

DOR =50%
By =45° ; k‘%"é‘“*
¢
a, =tan™ Su ’ .
) G

We know for 50 % Reaction,

The velocity triangles will be symmetrical
ay, =, =45° and
Py =a, =-1385

velocity triangle at hub

Dr. Chetan S. Mistry

Now, once this is what is known to you, we can put our velocity triangle, be careful, we have
done our calculation for Cw:. And if you look at this Cwz, that’s what is coming to be negative.
Now, you are expert enough to make your velocity triangle, okay. So, you can say, | am having

negative swirl, that’s what is coming at the entry.

So, that’s what it says, my g, at the hub, we can calculate it is Un minus Cwin. Since, this is
what is in negative direction, you can say, that’s what is getting added up here. This is what is
you need to take care of. That’s what is giving me my g, at the hub as 45°, same way we can
do a calculation for a4, that is coming -13.85°. Now, what design approach we are discussing?

That’s what is constant reaction design approach.

So, what it says for 50-person reaction? We will be having our blades to be symmetrical blade.
So, for symmetrical blade what it says? my a, and p;, that’s what is same, and my g, and a4,
that’s what is coming to me same. So, you can say my a, and £, that will be 45°, and my £,
and a,, that’s what is -13.85°.

Up — Cwlh)

Cq
23.04 + 7.4)
30

1h = tan_l (

=tan~! (

“ Bin = 45°

Cwlh)

@y, = tan™! (
a



tan-1 (—7.4)
= tan R

a 30

o ay, = —13.85°

We know for 50% Reaction,
The velocity triangle will be symmetrical
ayp = Pin = 45° and

ﬁZh = aqp = —13.85°
(Refer Slide Time: 31:37)

Tutorial contd. —

At mean

Calculate inlet and exit swirl

Now rewriting these equations at Mean section, iE
velocities

€,y +C,p =2, (1-R,)=2x3455x(1-0.5)
Coan+Cyy, =34.55 s

Calculate flow angles using
swirl, U and axial velocity

¢, -G L0510 085
wan ™ Clm i, s
(‘nm = Cnllu =2523 m/s

We know
By solving these equations, U, =3455m/s
We get R,=035
C,,=2989mls C,=1.005kJ /kegk
C,,=466m/s AT, =085 K
A=098

Dr. Chetan S. Mistry

Tutorial contd.

From Inlet velocity triangle, Weknow
o[lazCn U, =3455mls
By =tm [ (6 J C,=30m/s
34.55-4.66 C“‘m =4.66m/s
=tan”| ——
30 DOR =50%
B, =4489°

A Cam
ty =tan ) ==

=tan™ [ ﬂ]

=
Rl

@, =88
We know for 50 % Reaction,
The velocity triangles will be symmetrical
=f, =44.89° and

=q, =88°

o
P

Dr. Chetan S. Mistry

Inline to that we can do our calculation at the mid station. So, we can rewrite the equation and
we will be doing our calculation for two different approaches; one, that’s what is constant
reaction and by work done equation, we will be getting our Cw> variation at the mid station, we

can calculate our Cw: calculation at the mid station. Once this whirl components, that’s what



we are calculating with, that’s what will be giving us idea how to do calculation for variation

of our flow angles.
Cowom + Cwim = 2Um(1 — Rp) = 2 x 34.55 x (1 — 0.5)

szm + Cwlm = 3455 m/S

c o CpAT,  1.005 x 10% X 0.85
wzm o Ewim T Ay 0.98 x 34.55

szm - Cwlm = 2523 m/S
By solving these equations,

Cwom =29.89m/s & Cp1m = 4.66 m/s

So here, if you look at this is what is by ;. So, ;, that’s what we are calculating, just look at
here at the mid station, my Cuws, that’s what is coming positive. So, that’s what is on other side,
you can see my 4, that’s what is coming to be positive, it is coming 8.8°. Same way, as we
are having our degree of reaction to be constant, and that to it is 0.5, we can say, we will be
having symmetrical blading.

So, it says my «, at the mid station and my £, at the mid station, that’s what is same and it is
44.89°. We have our a4,, and ,,,, that’s what is coming to be same, and that’s what is 8.8°.
So, just look at how you will be changing your velocity triangle. So, this is what is my velocity
triangle at the mid station, okay. Always, repeatedly | am saying, make a habit of plotting the

velocity triangle when you are doing your calculations, okay.

Un — Cwlm)
Ca

34.55 — 4.66
30 )

& Bim = 44.89°

Bim = tan™! (

=tan~! (

_1(Cw1
A1 = tan 1(‘2—:)

tan-1 (4.66)
= tan _—
a 30
oy, = 8.8°

We know for 50% Reaction,
The velocity triangle will be symmetrical



Aym = L1m = 44.89° and

ﬁZm =y, = 8.8°

(Refer Slide Time: 33:24)

Tuorial cond O

At tip
Similarly we can have
C,,+C,, =2U,(1-R)=2x46.07x(1-0.5)
(‘\«ZI * (‘hll = 4607

B C,AT; 1.005x10°x0.85
UM 0.98x46.07
(Vn:I _('v-I/ =18.92
o

wlt

By solving these equations,

We get
C,,=325mls
C,=138m/s

Now, at the tip station also, in line to what all we have discussed, we can do our calculation for
Cw1 and Cw at tip station. So, this is what you can say my degree of reaction is 0.5, that’s what
is giving my C,,,; + C,,1; at tip as some number. Same way based on our work balance, we are

getting C,,»: — C,v1: = 18.92. Now based on that, we are able to calculate our Cw, and Cw; at

tip station.

Calculate inlet and exit swirl
velocities

Calculate flow angles using
swirl, U and axial velocity

We know

U, =46.07m/s

R =05

C,=1.005kJ / kgK
AT, =085K
4=098

Dr. Chetan S. Mistry

Coge + Coie = 2U, (1 — R,) = 2 X 46.07 X (1 — 0.5)
CWZt + CWlt = 46.07

CpATy  1.005 x 103 x 0.85

Cwat — Cyat = U
t

0.98 x 46.07

m
CWZt - CWlt = 1892?

By solving these equations,

Cwot =32.5m/s &C,,; = 13.58m/s



(Refer Slide Time: 34:05)

From Inlet velocity triangle, s mow

U,=46.08m/s

B, =tan 1[(",'(‘;,1,] C,=30m/s

I

G €, =1358mls

- ,[4608-13.58] DOR =50%

30
B,=4129°

@, =tan '[((—"]

,,( 13.58]

=tan”| =—
30

@, =2435°

From symmetry of velocity triangles U,
a, = ff, =47.29° and

By =a,=2435°
-

Dr. Chetan S. Mistry

Now, as we have discussed, since my tip diameter, that’s what is larger. So, U value, that’s
what will be coming to be larger. We can do our calculation for f5;, that’s what we can have as
say 47.29°. We have our a; as say 24.35° and because of degree of reaction to be 50%, we will
be having symmetrical blading. And, for those symmetrical blading my «, and ,, that’s what

is coming 47.29° and my £, and a,, they are coming say 24.35°, okay.

U — Cwlt)
Ca
46.08 — 13.58
30 >
& P1e = 47.29°

f1; = tan™! (

=tan~! (

Cwit
= tan™ (T2
a1t an Ca

I (13.58)
= tan 30
o alt == 24’.350

We know for 50% Reaction,

The velocity triangle will be symmetrical
CZZt == ﬁlt == 4’7.290 and

ﬁZt = alt = 24’.350
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30% Span

-3
Ry "

hub mean o hub mean tip hub mean o
Free vortex Constant reaction (50%)

Variation of air angles from hub to tip Variation of Reaction

1. The constant 50% reaction has overlapping relative and absolute angles due to
symmetric velocity triangle all along the span.

2. In the Free Vortex design the degree of reaction becomes 50% at around 30% of span
(as highlighted by dotted line). This can be confirmed by intersecting air angles as
shown (symmetric velocity triangle) in the left figure..

3. In order to avoid low DOR at hub... The DOR required at mid station to be higher.

Now, after doing all this calculation, here, this is what is very important, that’s what we need
to observe. So, this is what is representing the variation of my angle from hub, mid and tip

station using pre-vortex concept and this is what is with constant reaction concept.

So, here if you look at, say my Ap, if you are looking at for free vortex concept, we have
discussed, that’s what will be coming to be large, okay. And, if we are looking at, say...
variation of my Ap, that’s what is from hub to tip is coming larger, that’s what is giving highly

twisted blade.

Remember this is what is interpolation at particular three stations; hub, mid and tip-section.
Now, here for constant reaction. If you are comparing these angles, these angles are coming to
be lower, okay. And this is what is representing how my degree of reaction, that’s what is
varying. So, this line, that’s what is representing my free vortex concept. And this line, that’s
what is representing my 50% reaction concept. So, if you try to compare these two, it says at
mid-section for free vortex, my degree of reaction is coming to be large, maybe around 0.65,

okay.

And that is the reason why if you look at, near the hub region, our degree of reaction is coming
to be larger, maybe around 0.18, okay. And if you compare both the design approaches, it says,

for free vortex design, approximately at 30% span, your degree of reaction is coming 0.5. So,



I am sure, this is what will be giving you idea, when we are taking two different approaches

for our design.

Say... we have discussed about this design approach, that’s what is called free-vortex design
concept. And we have taken the approach, that’s what is constant reaction design approach,
okay. So, it is advisable that you do your pen paper calculation, literally sit down and do the
calculation, that’s what will give you more confidence in sense of doing the calculation for
variation of my whirl velocity components, variation of my degree of reaction, variation of

flow angles. Thank you! Thank you very much for your attention!



