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Notations 

eonstant~ 

axial velocity hr-fore the rotor 
drag coefficient 
ann"Ulns drag coefficient 
profile drag coefficient 
secondary drag coefficient 
lift coefficient ~ 
tangential velocitv due to trailing vortices 
tangential velocit), when th~ circ~lation is constant 
tangential velocit), when the circulation is not constant 
ann"Ulus drag loss' coefficient 
profile drag ~Ioss coefficient 
secondary drag loss coefficient 
loss coefficient of rotor 
loss coefficient due to swirl 
actual mean head rise coefficient 
mean static pressure rise coefficient 
theoretical and mean theoretical headrise coefficients. respectively 
chord len"th 
solidity '" 
numher of blades 
torque 
torque coefficient 
eyli~ldrieal polar co-ordinates 
hub radius 
hub , 
-,-ratIo 
tIp 

tip radius 
blade spacing 
thrust 
thrust coefficient 
relative inlet velocitv 
relative outlet velocitv 
relative mean vclocit,: 
new relative mean vell)citv 
efficiency at a point ' 
mean efficiency 
effective angle' of attack 
geometric a;lgle of attack 
ande which the relative mean velocitv. W",. makes with the tangential 
dir'eetion .. 
angle which the new relati>'e mean velocity, IV". makes with the 
tal~gential direction 
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Ca/WRT 
angular velocity of the rotor 
circulation 
circulation at the hub. 

Suffixes: H denotes the value at the hub 
T denotes the value at the tip. 

1. Introduction 

The solution of a three-dimensional flow through an axial turho machilll' 
has heen ohtained hy :MARBLE [6-7], l\:!Il'::HAIL [8], RUDEN [12], SMITH, 
TRAUGOTT and 'VISLICE"US [13] and others under the assumptions that the 
circulation is variahle along the hlade length and there are infinite number 
of hlades in each row and RH(RT > 0.45. The fluid is considered as incompres­
sihle, frictionless and without heat transfer. HowELL [4] obtains the solutioll 
of three-dimensional flow in an axial compressor hy giving expressions for the 
slope of the velocity profile as a function of axial co-ordinate and considering 
the flow that occurs in the neighhourhood of the midradius of thc flow annulm. 
BETZ [I] has ohtained the three components of the induced yelocity due to 
trailing yortices which are spirals, in the ease of an airs crew, hut has not 
integrated them. GLAUBERT [3] has ohtained the solution of the direct prohlem 
in the case of a single wing of finite span hy the isolated aerofoil method, hy 
considering the variation of the circulation along the hlade length. WALLIS [15] 
has ohtained the solution of the three-dimensional flow in an axial fan with 
pre-rotator and straightener in the case of non-free-vortex flow without 
taking into account the effect of trailing vortices. NATH [9] has obtained the 
solution of the three-dimensional flow in an axial fan consisting of N (finite) 
hlades, without pre-rotator and straightener and with RH/RT lying between 
0.2 to 0.45 when the circulation is prescrihed. He has taken the circulation as 
increasing along the span of the blade being minimum at the huh antlmaximum 
at the tip so that the deriyative of the circulation vanishes at the huh and the 
tip. The trailing vortices arc taken as straight lines parallel to the axis. Further 
~ATH [10] has obtained the solution considering the trailing vortices as spiral" 
and the numher of hlades as infinite. 

The present author considers the same prohlem under the assmnptions of 
ref. 9 hy replacing the finite numher of blades hy an infinite number of blade" 
so that the total circulation is N r. Therefore, the trailing vortices ,,-ill form an 
infinite concentric cylinder. The assumption that there are infinite numher of 
hlades is justified hecause for a given circulation it giyes almost the sam{~ 
efficiency and the chord distribution as in the case of finite numher of hlades. 
The assumption that the trailing yortices are straight lincs instead of spirals i~ 
also yalid, because in hoth cases. the efficipncy i" almost the same for the sanlt' 
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circulation. The results obtained by the present method have been compared 
"with a more exact method given in ref. 9. 

2. Basic assumptions 

We prescribe a circulation which increases along the radius and whose 
derivative vanishes at the hub and the tip. In addition, the following assump­
tions have been made: 

a) The fluid is non-yiscous and incompressible, hut frictional forces 
are taken into account. 

b) Each hlade is treated as a lifting line for purposes of induced-Ye!ocity 
calculation. 

c) 

to 0.3. 
d) 

rotor. 

hub 
The -- ratio lit,S hetween 0.2 to 0.45 and ca/wRT lies hetwct'u 0.1 

tip 

The axial velocity, Ct!, is given and is taken as a constant before tilt' 

e) The tip clearance is considered to he zero. 
f) For numerical calculation, a = -0.01, c = 0.02, RH/RT = 0.2. 
The aerofoil is R.A.F. 6E, Re. No. 0.312 X lOG, cD

p 
0.177, CL = 1, 

Weif. = 6°. Cl., CDp and Weff. have been considered as constant along tI1" 
radius, as the effect of Reynolds numher on them is yery small. 

3. Outline of the method 

For a prescrihed circulation, first the induced velocity due to trailing 
vortices is ohtained. Then an aerofoil section is chosen and the effectiye angle of 
attack, corresponding to the design lift coefficient is ohtained from isolated 
aerofoil data. Then the geometrical angle of attack is ohtaincd. Knowing th., 
lift coefficient and the new resultant velocity, the chord length can he ohtained. 
Then the losses due to profile, secondary and annulus drag and swirl are ohtained 
and hence the efficiency is determined. Further torque and thrust cOt'fficient~ 
ar(' also obtained. 

4. Basic equation and solution 

Consider the rotor of a single stage axial fan consisting of iV blades placed 
at equal distance apart, whose circulation r varies from the inner radius, RH' 
to the outer radius, RT' We replace these N blades by infinite numher of 
hlades so that the total circulation is N r. We want to find out the induced 
velocity at any point due to trailing vortices which form an infinite concentric 
cylinder. 

The circulation in non-dimensional form can he written as: 

3* 
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r ( R)3 ( R '2 
--9 = 1'1 = a R/RT - ~ + b RjRT - -!i..\ 
wRy RT. RT 

c (1) 

when' 

The induced tangential yelocity for a constant circulation is given by: 

(2) 

The induced tangential yelocity when the circulation is variable is given 
by: 

NI' 
(3) 

There is no induced yelocity due to trailing vortices in the axial and radial 
(Iirections. 

The tangential induced yelocity is giyen in Table I and Fig. 1. It decreases 
a8 ]V or circulation, I'], decreases. It has the maximum value at the huh. 

0,0,6 

:; = 0,2 

0=-0,,0,1 

c = 0,0,2 

0, 0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9 1,0 R/R; 

Fig. 1. Tangential velocity distribution 
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Table I 

Tangential component of induced velocity 

Present mpthod 
c.lethod of [9] (Finite "'umber 

of blades) 

N=·1 

RjRT <u eu t-u 

wRp wRr WRT 

0.2 0.06366 0.04·774 0.06318 0.04707 

0.3 0.04·24·4 0.04·267 0.0312.3 0.03200 0.01-175 0.03087 

OA 0.03183 0.03N7 0.02387 0.02435 0.03160 0.02332 

0.5 0.02546 0.0264-9 0.01910 0.01987 0.02581 0.01909 

0.6 0.02122 0.02258 0.01591 0.01693 0.02227 0.01661 

0.7 0.01819 0.01978 0.01364 0.01483 0.0199·1 0.0150,1· 

0.8 0.01591 0.01763 0.01194 0.01322 0.01826 0.01395 

0.9 0.01415 0.01588 0.01061 0.01191 0.01685 0.01291 

l.0 0.01273 0.01436 0.00955 0.01077 0.01512 0.01162 

5. Geometrical angle of attack, chord length and headrise coefficient 

The effective angle of attack is given by the experimental data of 
isolated aerofoil of infinite span by choosing design value of CL [11]. The 
angles lp and if! can he ohtained from the velocity diagram (Fig. 2) . 

Hencp . ;1 
(4.) tan1jJ 

.11 
(5) tan lp = -.------.--::-~--

It IS known that 

(6) 

Tilt' new relative mean velocity IS given hv: 

(7) 
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The chord length IS giYen by: 
21' 

IjRr = -J;~-

IjRr iE giyen In Tahle II and Fig 3. 

cL-­
wR T 

I 

. Cu : Cfj' cu ! 
"""'--2wRr ----.-wRr-r--2wRr ~ 

~, I ~' -·------WRr I . ! 
_E;; •• c;;_ 

2wRr ' 2wRr 
_-----_~ E;; _______ ........! •• 

'wRr 

Ca 
CJR, 

Fig. 2. Dimensionless \'elocity diagram of axial flow fall 

Table 11 

Chord length, [fRT 

(8) 

PrC5cnt method )!ethod of [9] (Finite number of blades) 

RJRT 
.1 = 0.3 .1 = 0.2 .1 = 0,3 .~ = 0.2 

0.2 0.15010 0.14997 

11.3 0.09823 0.1l726 0.1l579 0.09815 0.09727 0.1l563 

0.4 0.08376 0.09617 0.08321 0.09350 0.08370 0.09420 0.08314 0.09340 

0.5 0.07279 0.07909 0.07243 0.07863 0.07275 0.07904 0.07239 0.07858 

0.6 0.OM41 0.06815 0.06417 0.06816 0.06440 0.06343 0.06415 0.06814 

0.7 0.05781 0.0605t 0.05763 0.06034 0.05781 0.06055 0.05764 0.06035 

0.8 0.05238 0.05431 0.05225 0.05417 0.052-10 0.05433 0.05227 0.05419 

0.9 0.04771 0.04911 0.04761 0.04901 0.04773 0.04014 0.0476't 0.04904 

1.0 0.114350 0.04-455 ()'04343 0.04447 0.04352 0.04457 0.04345 0.04449 
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0,15 
Aerofoil Sec/ion 

RAF 6£, 
Re. NO = 0,;312 x 10,5 

:; = 0,2 

a =-0,01 

c = 0,0,2 

0, 0,10,20,3.0,'1·0,5 0.50,70.80,9 f,O R/R;-

Fig. S. Chord distribution 
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1 
All pressure coefficients were constructed by using the dynamic head - Pc:. 

. 2" 

Hence 

(9) 

Table III 

Theoretical head rise coefficient, Kth 

~fcthod of [9] (Finite number of blade,) 

i\ =.~ 

R!RT 
..t1 = 0.2: 

0.2 0.6366 0.2121 0,47H 0.2808 0.470, 

0.3 0.2844 0.6400 0.2133 0.4800 0.2783 0.6263 0.2058 0.4630 

HA 0.2886 0.6494 0.2164 0.4870 0.2809 0.6321 0.2073 0.4664 

0,;; 0.2943 0.6622 0.2207 0.4967 0.2868 0.6452 0.2122 0.4714 

0.6 0.3010 0.6774 0.2257 0.5079 0.2970 0.6682 0.2214- 0.4982 

0.7 0.3076 0.6923 0.230fi 0.5190 0.3102 0.6980 0.2340 0.5265 

0.3 0.3134 0.7052 0.2350 0 .. 5288 0.32~7 0.7305 0.2479 0.5578 

11.9 0.3176 0.7116 0.2381 0.5359 0.3369 0.7581 0.2597 0.5844 

1.0 0.3191 0.7181) 0.2393 0.538:-; 0.3359 O.75~9 0.2:-;83 0.5811 
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ell 
Kt/I increases as RjRT or R increases, but decreases as "1 increases. It is 

OJ T 

given in Table Ill. Again if>" Ktll and Rad decrease as .1 increases and increase. 
as N increases. It is given in Table X. 

N has very little effect on the chord distrihution. It increases whcn tlw 
circulation increases hut decreases when .1 increases. 

There is no interference effect as l/RT < 0.55 and hence the application 
of isolated aerofoil method is justified. The angle, Wgec . is given in Table IY 

and 1p + Weff. In Tahle V. 

Table IV 

t]'geo. 

Prc£'C'ut method :\fethod of [9] (Finite number of blade;;;) 

,Y=·I 

RJRT 
.1 0.3 .1 0" .1 = D.:! 

0.2 6.0000 6.0000 6.0000 5.9.J,60 

0.3 6.0115 6.0110 6.0107 6.0034 5.9670 5.9543 

0.'1 6.0235 6.0196 6.0160 6.0098 5.9922 5.9930 5.9795 5.983·) 

0.5 6.0302 6.0207 6.0202 6.0161 6.0121 6.0069 6.0000 6.0000 

0.6 6.0268 6.0206 6.0198 6.0146 6.0208 6.0160 6.0135 6.0099 

0.7 6.0239 6.0176 6.0181 6.0131 6.0262 6.0193 6.0213 6.015J 

0.8 6.0181 6.015,1 6.0152 6.0113 6.0326 6.0210 6.0234 6.0177 

0.9 6.0173 6.0116 6.0133 6.0085 6.0269 6.0180 6.0240 6.0156 

1.0 6.0131 6.0092 6.0102 6.0069 6.0192 6.0135 6.0170 6.0117 

Table V 

( 1p .L <I> eiif 

Pre5ent method ~Inhod of [9] (Finit<> llumber of bl'HJes) 

.Y =·1 

RjRT 
.1 = O.~ .1 = 0.3 .1 = 0.2 

0.2 66.7271 55.9317 65.5885 54.5345 

0.3 53.1H2 41.6671 52.5780 ·H.1551 ·H.I009 

0.4 4<1.0152 33.5250 ·13.7230 33.277l 33.2507 

0.5 37.6471 28.337-1. 3U735 28.200,1 28.1843 

0.6 33.004,0 24.764·1, 32.8934 2·L6802 2,1-.6755 

0.7 29.4958 22.1636 29.4219 22.1091 22.11U 

0.8 26.8062 20.1881 26.7107 20.1490 20.1551 

0.9 24.5894 18.6368 2·1.5501 18.6106 18.6177 

1.0 22.81-11 17.391-1 22.735·1 17.3712 22.8202 22.7922 17.3760 
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6. Fan unit efficiency 

In a fan unit which consists of a rotor only, the loss in the efficiency 
is due to rotor and swirl losses, other losses are neglected. The yalue of losse:­
along the hlade span will not he the same. To overcomc this difficulty, Wt' 

calculate the mean yalue of the losses. The secondary and annulus losses in 
a non-free-yortex flow are not precisely known, hcnce thcy haye heen calculated 

0,09 

0,07 -------- --

0,05 

0,03 '-----<'5:...-'--..L-L_L.....:......2.__ !L 
o 0,2 1),4 0,6 0.8 f.O Rr 

,1=0,3 

11=0,3 

CDp = a0177 

RH - 0.2 RT - , 
a =-0,01 

c =0,02 

CL = I 

Aerofoil Section 
RAF 6£, 
Re, No, = O,J12x ;:,c 

Fig. ,I. Loss in efficiency due to profile drag 

according,; to [15], where the efficiency at a point (R/R y • 0.0) IS giyen hy 

(10) 

KR __ KDp + KDs KDA _ ( CD p CD,) c'l --- - -- .. _----- - ----- ---
K: 1: K!i! CL, sin21p 

1 KDA 
(11) ---

R/Rr ' Kih 

The profile drag coefficient, CDp ' i8 calculated from the experimental 
data of isolated acrofoil of infinite span, hy taking the design value of Cl 

(Say 1). 
The secondary drag coefficient, CDs' can he obtained hy the well-known 

empirical formula hv carter i. e. 

CD" = 0.018 CL [15]. 



244 G. "ATH 

This equation has been used, as there is no better equation for the determi­
KD 

nation of CD s' The annulus loss, __ ,_4 = 0.02, for the fan unit [15]. 
KIll 

The secondary loss should be evaluated at the radius where profile loss 
assumes its mean value. 

The swirl loss at any point (RjRT , 0.0) is given by: 

=------ (12) 

The mean efficiency is given by: 

1 

i)=l- 2 J r KR I 

1 _ ( ~H)2 RH Kfil I 

. T RT 

(13) 

Equation (13) can be integrated numerically, graphically or otherwise. The 
profile loss is given in Table VI and Fig. 4. 

R{Rr 

0.2 

0.3 

Q.4. 

0.5 

0.6 

0.7 

0.8 

11.9 

1.0 

Table VI 

Rotor loss due to profile drau:. KDp 
~. K 

,h 

Present method ~rethod of [9] (Finite number of bl.de.) 

:"=4 lV= 3 N=4 I N=3 

I I I 
"1 = 0.3 I "1 = 0.2 .1 = 0.3 /1 = 0.2 _1 = 0.3 "1 = 0.2 "I = 0.3 I /1 = 0.2 

i 
0.03570 I I I 

0.03025 I 0.03573/ 0.03489 I 0.03021 I 0.03142 I 0.3491 I 0.03148 
i 

0.03297 0.03471 i 
0.

03356
1 

0.03559 I 0.03302 I 0.03478 I 0.03569 

0.4151 I 
0.03362 I 

0.034·99 0.04143 I 0.03546 0.04213 I 0.03505 i 0.035521 0.04221 

0.03858 I 0.04901 i 0.03896 I 0.04959 I 0.03862 I 0.04907 I 0.03900 0.04965 
I I 

0.05705 I 0.04293 0.05702 I o 0'~'1 I 0.04295 0.04327 0.05754 0.04326 , . ;),~ i 
0.06527 I I 

0.04772 \ 0.06525 ! 0.04772 0.04801 I 0.06570 I 0.04800 0.06568 

0.05280 0.073671 0.05306 0.07,106 i 0.05276 t 0.07362 I 0.05302 0.07399 

0.05830 I 0.082531 0.05801 
I 

0.08210 I 0.05807 0.08218 i [ 0.05823 0.08244 

0.063,16 0.09077 i 0.06367 I 0.09109 ! 0.06342 0.09071 0.06362 0.09101 
i 

For a prescribed circulation, rI' the profile loss decreases when .d or 
:v or both increase. When /1 = 0.2, the loss rapidly increai3cs towards thf> 
tip, hut 'when .1 = 0.3, the increase is not so rapid. 

The swirl loss is ~iven in Table VII and Fig. c). 



METHOD OF DESIGSn"G cl SINGLE STAGE AXIAL FLOlF FA,',,- 245 

Table VII 

Swirl loss. KSll irI _ 
. Kth 

Present method 
~[ethod of [9] (Finite 

number of blades) 

R/RT S=4 ,"\'=:1 N=4. 2\- = 3 

--------

0.2 0.15915 0.11936 0.15796 0.11768 

0.3 0.07112 0.05334 0.06959 0.05144 

0.4 0.04058 0.03044 0.03950 0.02915 

0.5 0.02649 0.01987 0.02581 0.01909 

0.6 0.01881 0.01411 0.01856 0.01384 

0.7 0.01413 0.01059 0.01424 0.01074 

0.8 0.01102 0.00826 0.01141 0.00871 

0.9 0.00882 0.00661 0.00936 0.00721 

1.0 0.00718 0.00538 0.00756 0.00581 

The swirl loss is independent of Lt and it decreases as RI Rr increases. 
It has a very high value at the hub. It decreases as RrdRr increases and 
increases as circulation or N increases. 

~; = 0,2 

a =-o.Of 

c = 0,02 

QfO 

o 0,1 0,2 0,3 0/1 0,5 0,5 0,7 0,8 0,9 1,0 R/RT 

Fig. 5. Loss in efficiency due to ,wirl 
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The efficiency due to profile and swirl loss only and the mean efficiency 
of the rotor are grven III Table VIII, Fig. 6 and Table IX, respectively. 

RjRr 

0.2 

0.3 

0.1 

0.5 

0.6 0.93825 

0.7 0.938H 

0.8 0.93617 

0.9 0.93311 

1.0 0.92935 

Table VIII 

Efficiency, I} uue to profile drag and swirl only 

Pre:::ellt me thou :\fcth()t! of [9] (Finite Ilumlwr 1)1' hlades) 

0.8·1921 

0.91106 0.39739 

0.93,nO 0.92743 0.925H 

0.924,t9 0.94117 0.9305·1 0.93557 

0.92416 0.9·1263 0.92837 0.938'19 

0.92060 0.94139 0.92370 0.93804. 

0.91530 0.93867 0.91767 0.93582 0.9H97 

0.90899 0.93508 0.9108.5 0.93263 

0.9020,1 0.93091 ('.90352 0.92902 

, i 

, i ~/V=3'11=O,3 
~ :fVr~~, '. v "~N 1;,11=0,3 

il'f~: ... i If ' ,_ ~-n? 
~ f' I ~ .,//\ - 3, .• - "','" 
i pr ---; --- -~ ,~N=!;,!.:02 

, fir: I i i Aerofoil Sect/on ' 

.,',6

1
8:"i,1 ; i ' • • RAF 6£, 

Re, NO; 0,312.<10,5 

§ 0,55 
, ,,! --:-,,'-+-­, ~I i 

RH: [0? R- ,,­
I C> 

Cl 
Cl 
C> 
C> 

S 
'" S 

-<: 
2 
[::' 

a =-QCf 

I 
C : 0,0,2 

l 

o r:f D2 Q3 (if (5 0,6 07 0,8 ag 1,0 R/Rr 

Fig. 6. Efficiency distribution 

0" 

0.8503:3 

0.91286 

0.92863 

0.9312;; 

0.92862 

0.92357 

0.9172Y 

0.91035 

0:90:'117 
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Present method 

Table IX 

. '[can efficiency, '17 

)fethod of Ref. 9 (Finite 
numher of blades) 

s=-\ 

cl = 0.:: .1 = 0.3 .-1 = 0.2 .1 = 0.3 

0.839-1- 0.8659 0.8349 0.8709 

7. Torque and thrust 

3!cthod of [10] (When trail. 
ing vortices are spirals) 

~'1 = 0.3 

O.86911 

The torque coefficient and the thrust coefficient [15] are respectively 
given lw: 

1 
Cll 

Qc =,1-\ - WRT (R BIT d(RIR..-) L1 . J 

R;; 
Rr 

t
- 7 (R5 

= (f _li...\ 
_ 40 l RT 

Similarly, 

T c =:2 J Kuz (1 
Rn'Rr 

Qc= 
Q 

1 p') RO' Ca or T 
') 

Equation (15) can be integrated numerically or graphically. 
The torque and thrust coefficients are given in Table X . 

(14) 

(15) 

.For prescribed circulation, Qc and T c increase as N increases, hut decrease 
as 11 increase's. 

8. Approximate estimation of (l and (' 

The approximate minimum and maximum values of a and C are obtained 
from Equation (3), which can he written as: 

c 
')rr"A 
~RIR-(16) IY . I 

",.here 
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Table X 

Present method Method of [9] (Finite number of blades) 
------

.v .\ ,\- 3 ,\'= 4 lV= 3 

Qc 0.0881 0.1321 0.0660 0.0991 0.0896 0.1344 0.0678 0.1017 

Tc 0.2461 0.5305 0.1840 0.3992 0.2587 0.5613 0.1968 0.4269 

Ps 0.256·1 0.5526 0.1917 0.4158 0.2695 0.5847 0.2050 0.4447 

Krll 0.2962 0.6620 0.2200 0.4954. 0.3112 0.';'003 0.2354 0.5297 

K ad. 0.2630 0.567,1 0.1952 0.4240 0.2764 0.6002 0.2089 0.453,1 

KDp 
0.0,1818 0.06490 0.048:;1 0.06538 0.04817 0.06-188 0.0485 0.06537 

Kt/I 

KSlrirl 
0.02231 0.022:31 0.016H 0.0167-1 0.02222 0.02222 0.01661 0.01661 

KIll 

KDs 
0.04%6 0.05798 0.0-1399 0.0:;848 0.04367 0.05801 O.04··HH i 0.05851 

Klh 

The minimum and the maximum values of E are 0 and 1, respectively. If E 
is zero, the inflow and the outflow directions coincide. If the maximum value 
of E is taken as greater than 1, CL becomes greater than 1.2, which is 
generally the maximum permissible value. If CL > 1.2, CD rises rapidly with 

c 
the angle of incidence, hence ---.!2. increases, which reduces the efficiency. For 

CL 

a given .11, RHIRT and N, the minimum values of a (a is negative) and care 
obtained by prescribing maximum circulation at the tip and minimum at 
the hub hy putting E equal to 1 and 0, respectively. Similarly the maximum 
values of a and C are obtained by prescribing the circulation at the tip to 
be equal to the maximum circulation at the hub. The maximum and minimum 
values of a and (' are gi-..-en below: 

a = 0 (maximum) 

(minimum) 

2:7.11 RH ( (' = --- --- maximum) 
N RT 

(' = 0 (minimum) (17) 
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Even within this prescribed range in the case of isolated aerofoil method, th!' 
values of a and C should be chosen in such a manner that the solidity, lis, 
should be less them 0.66. 

Boundary conditions at the hub and at the tip 

Boundary conditions at the hub: Since the blade velocity at the hub i~ 
C 

minimum. the relative velocity at the inlet, W1H is also minimum. __ U_ is 
'. WRT 

maximum at the hub. This leads to large chord and to high values of CL at 
the hub. 

However, there exists a definite upper limit for both the chord and 
the lift coefficient, CL, at the hub. The upper limit of the lift coefficient, CL, 

is always taken to be lcss than the value at which staHing occurs. This results 
hub 

in minimum values for the blade speed at the huh and also for -. - ratio_ 
tIP 

The chord also should not be increased arbitrarily, because high value of 
the solidity, lis, introduces harmful interference effect between adjacent 
blades. Generally for the isolated aerofoil method it does not exceed 0.7 and 
for the cascade method it does not exceed 2. Similarly for the isolated aerofoil 
method, generally.a . CL also does not exceed 0.7 and for the cascade method 
it does not exceed 2. 

From the equations (7), (8) and (9), it is possible to obtain the required 
R 

value of RH , for prescrihed PH, ,1 and K tlJH • The relation l)('t"-(,(,>11 them call 
T 

he expressed as: 

~~ = ~; U 4(1 - ~ KthHf + [f~~ - 1)KD1H}~ - 2[1 ] )J~ -2 KthH -

where ,Lt = CL ·l/s (18) 

This relation is very important, because now it is possihle to know the 
R 

value of ~ to be taken in order to obtain the required value of KtlJ at tht· 
RT 

R 
huh provided ,-I and PH are also known. Values of iT-! calculated from equation 

T 
R 

(18) are giYen in Table XI and Fig. 7. They show that ~ depends on .1, 
RI" 

KthH and flH' It increases as ..c10r KtllH increases or PH decrease:::. From Fig. I 
R 

it can be concluded that low pressure rise axial fan require::: small values of --.!i .. 
R.,. 
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0.2 
~ 

eA 
0.8 

1.2 

1.6 

2.0 

0.0199 

0.0396 0.1188 

0.0728 0.2185 

0.0989 
I 
; 0.2968 

0.1205 0.3615 

0.1391 OAIH 

1,0 
Hub . 
Tip Ra/la 

RH aa 
if, 

0,6 

1.72 

o 

C . .YATR 

Table XI 

RH 
RT calculated from Equation (Ill) 

I'H = 1 

.1 = 0.7 ,'= 0.9 

0.1394 0.1792 

0.1979 0.2771 0.3563 

0.3642 0.5099 0.6556 

0.494,7 ,0.6926 0.8905 

0.6025 0.8436 

0.6957 O.9UO 

0,4 0,8 1,2 

.1 = 0.1 .1 = 0.3 ! . j = 0.5 

. 0.0803 'I 0.2410 : 0.4017 

,0.1279 0.3838 0.6397 

0.1925 0.5775 0.9625 

0.2407 i 0.7222 

0.2809 i 0.8328 

0 .. )160 0.9481 

1,6 

J1 ~ 0,3. PH ~ I,D 

Il~O,I, j1H=0,2 

Fig. :-. Yariatio!1 of RHIRT with KthH' .1 and,uH 

,1 = 0.7 .1 = 0.9 

0.5624 0.7231 

0.8956 

In a non-free Yortex flow, Kt/, generally increases with the radius. 
::Xormally a specified yaIuc of Kt/I at the tip is required. If a specified value 
of [(tll r is required for a prescribed ~1, N and PH, the corresponding values 
of Kill at the hub can always be chosen. The difference between [(tllH and 
[(tilT should not he large, due to design difficulties. In the section 10, the 
method is given by which it is possible to verify ,,'hether a prescribed Kt/, 
occurs when [(til

II 
has heen chosen. Hence it is always possible to cho08(> 

RH 
[(U'H corresponding to [(t/lT and from the corresponding yalue of-- it can 

RT 
RH 

he chosen. Hence, the above equation can give an idea about the value of-­
RT 

to be employed, because in the absence of such a relation, it is very difficult 
to foresf'e the vaIn!', and one has to follow the method of trial anrl error. 
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Boundary conditions at the tips of blades : The upper limit of the rotational 
velocity at the blade tip can be fixed at 550 ft/sec, because at higher values, 
the air can no longer be regarded as incompressible and ",rill invalidate the 
assumption of constant air density. Moreover there ,,,ill be a considerable 
decrease in efficiency and large increase in noise. 

10. Circulation corresponding to prescribed headrise 

Great difficulty is normally encountered in obtaining the circulation 
R 

which can give prescribed K thT, when .1, Nand ---.!!- are known. U ntiI now 
RT 

the method of trial and error has been employed to obtain the required KthT 

in a roto, of the fan. Here attempt has been made to calculate it approximately, 
when the circulation increases with the radius. From equations (2) and (9) 
the relation can be expressed as: 

(19) 

Values of FIT calculated from equation (19) are given in Table XII and 
Fig. 8. FIH or FIT varies directly as Kt/la or Kt/IT and .1 and inversely as N. 

Table XII 

FIH or F1T calculated from Equation (19) 

Ktha or ,'Y=:j ". 6 

Kt/IT .1 = O.~ .1 = 0.3 ' cl :1 = 0.2 cl = 0.3 :1 = 0.5 ,1 = 0.7 

0.25 0.0026 ' 0.0105 0.0235 0.0654 i 0.1283 ,0.0013 0.0052 0.01l8 10.0327 0.0641 
i 

0.50 0.0052 0.0209 0.0471 0.1309 0.2566 0.0026 0.0105 0.0236 ' 0.0654 0.1283 

1.0 0.0105 0.0419 0.0942 0.2618 U.5132 0.0052 0.0209 0.0471 0.1309 0.2566 

1.5 0.0157 0.0628 0.1-114· 0.3927 0.7698 0.0078 0.0314, 0.0707 0.1964 0.3849 

2.0 1 0.0209 10.0838 0.1885 0.5236 1.0264 0.0105 0.0419 0.0942 0.2618 0.5132 
? -_.;) 10.0262 0.1047 ,0.2356 0.6545 1.2829 0.0131 0.052·1- 0.1l78 0.32i3 0.6415 

3.0 0.0314 0.1256 0.2828 0.7855 1.5395 0.0157 0.0628 0.1414, 0.3927 0.7698 

3.5 0.0366 0.1466 0.3299 0.91M 1.7961 0.0183 0.0733 0.1649 ' 0.4582 0.8981 
I 

4·.0 ' 0.0419 0.1675 0.3770 1.047 2.0527 0.0209 0.0838 0.1885 ; 0.5236 1.0264 

4 Periodica Polytechnica )1. X/3. 



252 C. NATH 

In a non-free-vortex flow when the circulation increases with the radius, 

Kth also increases with the radius. The difference between Kt/la and Kth]" 

should not be much due to the design difficulties. For a prescribed Kt/lp' it 
is always possible to chose K'hu' For a given :1 and iV, the value of the 
circulation at the hub corresponding to K tllJI can be obtained from Fig. 8. 

-N 3, /1=0.7 
2,0 

'-c.:-
:§- 1,5 
QJ 

~ 
t; 
<-
Cl 

'" t:-
.Q 

~ 
'" 1,0 

:::: 
t 
c: 
.~ 
t; 
::; 

,_J ___ , __ 
I i 

+ -N=3, A =0,5 --r--- , !;<, -,/2-N = 6, J1 = 0; 7 

, 1",7(' 
i I'" I 
1 ___ ",9~ __ L 
I r! : ,'" ' 

u 
.", 
'-.l 

0.5 

o 0.5 10 1,5 2,0 2,5 J,D 3,5 

Fig. 8. Variation of r lT with KtlIH • • 1 and N 

Similarly r ly corresponding to KthJI can also be obtained from Fig. 8. In 
the present case, circulation at the hub will give c and the circulation at the 
tip will give a. Hence kno'wing a and c, the circulation at any point can bt, 
determined. Knowing the circulation at every point along the radius. the 
distribution of Kt" and hence Kt/I can be obtained. Hence, with the aid of 
the above equation, it is now possible to obtain the required circulation which 
can give a prescribed Kt/lp. This equation is important from the point of view 
of design because it gives the designers of a non-free-vortex flow fan a method 
by which they can immediately obtain the required circulation which give" 
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R 
a prescribed Kt/I' when ./1, Nand -.!i. are known. It can be concluded from 

1" RT 
Fig. 8 that for low pressure rise fan using isolated aerofoil method, small 
value·., of a and c are employed as A is also small. 

11. Design limitation of some parameters 

The properties of the fan are influenced by four major parameters: 
R 

.1, N, rI' and RH . It is not easy to give a precise lower or upper limit r9 
T 

them as these limits vary according to the nature of the fan and the method 
of designing it i. e. whether a low pressure rise or a high pressure rise fan is 
desired or "whether the isolated aerofoil method or the cascade method is 
employed. Hence, only the tentative limits can be prescribed. 

Normally, for the isolated aerofoil method, lower values of .11, N, rp 
RH/RT are employed as compared to those employed in the cascade method. 
Genel'ally the isolated aerofoil method is employed in low pressure rise and 
the cascade method in high pressure rise fan. In prescribing the limit in case' 
of the isolated aerofoil method, it must be borne in mind that the solidity, 
lis, should not exceed 0.7. Of course, other considerations like efficiency, 
static pressure rise etc. must also be taken into account. 

The parameters a and c which determine the circulation in the present 
R . 

case depend on .:1, N and RH..... Moreover it is difficult to give a finite. upper 
T 

limit to N. Hence in order to remove the difficulty of prescribing lower or 
R 

upper limit to A, N, RH and r 1 individually, efforts will be made to prescribe 
T 

RH c lI C lI the upper and the lower limits to -- , A and -- only. -- depends on 
RT wRT WRT 

RH . 
For the isolated aerofoil method, generally, -- lies between 0.2 and 

RT 
0.6. For cascade method it is greater or equal to 0.6. Similarly for the isolated 

c . 
aerofoil method, __ 1I_ should be less than 0.19 and .11 should lie between 0.04 

wRT 

and 0.48. If ~ exceeds 0.19 and.l1 exceeds 0.48, 1p becomes greater than 
wRT 

40°, ,UH exceeds 0.7 and swirl loss at the hub becomes very high. Similarly 
if A is taken as less than 0.04" there is great reduction in the efficiency. At 

ClI the same time care should be taken so that -- should not exceed 0.4. For 
ca 

4* 
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Cu the cascade method, -- should lie between 0.19 and 0.9 and 11 should lie 
wRT _ 

Cu . 
between 0.48 and 0.9. If --> 0.9 and /1 > 0.9, the stalhng and other 

wRT 
design difficulties may occur. At the same time attention should be paid to 

C 
see that ~- may not exceed 1. In case of the isolated aerofoil method optimum 

ca 
CL should be taken slightly less than 0.8 for low pressure rise type of fan. 
Normally optimum CL should not exceed 1.2 as stalling may occur. Even 
maximum value of angle of incidence along with optimum CL can be prescribed, 
but they vary according to the nature of the aerofoil and also according to 
Reynolds number. In general the blade Reynolds number lies between 2.10" 
and IOH. 

12. Effect of parameters on the characteristics of the fan 

There are four major parameters which affect the characteristics of the 
fan. They are: (I) axial velocity, A. (H) number of blades, N. (IH) circulation, 

_ hub . RH ., . 
rI' (TV) -.- ratIO, --. It IS essentIal to know theIr effects on the charac-

tIP RT 
teristics of the fan when they are increased or decreased. 

- -- K Dp KDs 
(I) Effect of axial velocity: l/RT' K th , <Peff , -K ' -K Qc and Tc 

III III 

ell I(swirl 
decrease as "j increases, but 1] increases as /1 increases. -- and are 

wRT Kt/I 
independent of .d. 

(H) Effect of number of blades, N: ~, Kth, iJ5eff , Qc, Tc and KSH'ir! 
wRT Kth 

" ,,- " Th h . K Dp KDs l/R d - . 11 "f h Increase as i.( Increases. e c ange In ---- , -- , T an 1] IS sma ,1 t e 
Kill Ko" 

change in N is also small. 
. Cu - -- KSlVirl 

(HI) Effect of circulation, r 1:--, l/RT,Kth,<Peff,Qc,Tcand 
. wRT 

K Dp KDs 
increase as 1V increases, but --- and --' - decrease as r increases. 

Kill Kill 
hub 

(IV) Effect of ---. ratio, RH/RT 
tIP 

KSlVirl d R /R . ---- ecrease as H T Increases, 
Kth 

increases. 
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13. Conclusions 

Iu the present paper, a method has beeu developed to design an axial 
fau without prerotator and straightener w-ith three or more blades having 
RH/RT lying between 0.2 to 0.45. The circulation is prescribed and taken as 
variable along the span and the effects of straight trailing vortices are taken 
into account. The difference in the chord distribution and the mean efficiency 
etc. obtained by different methods is very small. The present method is simpl{~ 
and different from the methods given by other authors. 

Summary 

The solution of three-dimemional flow in the rotor of a sin!!le sta!!e axial flow fan. 
with prescribed variable circulation was obtained by considering that there a~e infinite number 
of blades whose total circulation is Nr. RHiRT lies between 0.2 to 0.45 and .lilies between 0.1 
to 0.3. The efficiency, chord length and other design parameters have been obtained. For 
a prescribed circulation, rI' and iY, the difference in the mean efficiency and the chord length 
obtained by the present methods and by the methods of Refs. 9 and 10 is very ;;mall. The 
fluid is taken as incompressible and frictionless. 
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