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This thesie takeg the wuch discusgsed and
ceooparatively Little ueed latiice theory and spplies
it to the dwﬁfgﬂ of fans. The application ig wmade
through the uge of charts‘cuming out of the theorye
It is felt that b the use of the charts that the
desirn of confined fans, that ig thﬂﬁé where end
effects on the blades need not be consglderad, will be
made eonsliderably sim lor asnd sasging.

The vege of the lattice theory in the desipn of
fairly eomplicatasd vave syetems lg discusged, and an
approximate method of avelygies iz given. This
subject rogquires more study in the near future.

Ag yot, ét the time of writing, the methsd ha
uot boeen checked by cxperiment, and ag a result oot
much way be gald couesrning the accuracy of the

rosulte 2 aotually applisd to dog

uge of the lattice theory cives decigns thut ap
to be reagonuble, snd it i hooed Thet the method
will prove to be fulrly accurste in actual practicee.
&t present a fam snd vane instaliation ss shown in Flg. XIII
and Fig. XV is being constructed, and it isg hoped that it will
be possible to precent some experimentsl data on the devign in

the nesr fubure,.



During the course of the deegign of a gpecial wind
tunnel wodel it became necesgary to d@sign‘& gmall
high espeszd sxial flow fan to give a cowparatively hirh
preggure rice per stage. Soeveral methods of dosinm
vw@re propoged, but they all emms e» sy dceponded on
the carrying sut of s serise of apgraﬁimﬁtisnﬁ. Ag &
regult these mothods tended tu bhe very long and

gomeviat innocurs

The application of the lattice theory wae digruseed

&
Lo

a gaagib]e Wbﬁhﬂd of desgign, but it wasg feared thot

e
Lxd

would b taﬁ complieoted to hondle with any depgree
of eass. However it wag finally found posgible to

develop dos

[N
'Z?

haorte

%’1

that were vory

£Y

a result the dosign nrocedure wae materially
compored €9 the other wmethosds provosed.

The lsttice theory thot waes uged in the
devoelopment  9f the charts wae d@veljgaé saveral yoarsg
Cago by Dre The Ve Parman and Dr. Clark D. fillikan.
The theory hae not been vublisghed, but is deccribed

in Aeference Yo.l. A gomowhsat giniloar anslyeie hasg

aleo been wode by 9. Kawada, and will be fsund in

i
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of the clrculer streamline ta e

‘e eonsidered Yo' me the radiuve of the eirele in the

2

firet oxansle. ow 1T we let L' be any rivon real

pgitive value lags thon unity, e do the follevwing
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apart vertically. IHowever, thig arrance
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Due to the sctlon of the infinits scories of circulations

syoun: the blodes ian the lettice there will be & change in bthe sugle
of svtack of %@& ale at the bludes (as cowpered to the angle at which
the eir would strike the blades iy they vere ilvoluted in an infinite
£ilow). The infinite serdes of civeulations will zlso cause & change
in the velocity of the alr at the blade (as cgmp&rﬁﬁ to the veloelty
st which the alr woudd sirike the blade 12 lsolsted in an infinite
{low). The actusl engle of attack of the air st the blade 1s one of
the lsetore entering inte the conslderation of the tinfinite flow!
angle &? ebtack, It iz found most convenlent to assume & certain
sngle of attuck of the sir at the blade and build up & family of
curves for this glven conditlon. One of these families iv shosn in
¥ig. VII. Likewise in detsrmining the varistion of the setusl
veloeity (ss compared (o the veloeity for the isclated airfoil in
an infinite flow) i1t is best to sssume sn angle of utteck at the
section snd solve for the vebocity at the blade (in terms of the
velocity for the isclated airfoil). 2 femily of thece curves is shown
in Fig. VIII.

Uslng relations é@?@lapﬁg in the theory it is found thb tﬁe»

expression for the aﬁﬂﬁﬁ& of attack is

Cot o + (2k/R)ein B
1+ (2k/R)cos @

ot al = 6}

P
a2



and that for the velecities is

1

5
W, )= e -
(v/u,) 1 + {2k/R)~sin~g + 2(ik/R) sinfx:;sin(mﬁ )

is the sngle of atiack the alrfoil would have if
iselated in an infinite flow.

‘g iz the sctusl sngle of attack zt the bl-de,

U, Is the velocity ab the airfoil if isolsted in un iafinite

flow,

U iz the sctusl velocity ét the airf@il.
From the characteristics of the WACA airfoil section to be used
7(2412) 1t is found that the section will probebly be most efiilcient
when the sngle of sttack o = 10%. The figures mentioned sbvove sre
bﬁilt up using this velue for a where @ is messured from zero lift.

Ye are of course very interested in the ferces on the blede

elements. themselves. From the theory ce find that the force om a blade

in the lattiece mey be reduced to the form
F = 2pUh(2k/R) sina , 8)
where F  is the force on the blade element (in two dimensions),
f i the ﬁgnaity'@f the fladd,
But from ai§f011 theory ve know that this may be written in ithe fornm
F = (p/2)U%Cy, o 9)
Setting_thaxe two expressions ecusl to each ether, they may be

".

reducad to the form

o
®

7



Ag SING' ig practiculiy zwusl to o in the range
comusnly -cmeosuntered; we gee that we may rite the glope
of the Lift curve as

Al _4h 2K Ty

t
A fomily Df eur?%& may be built up from thie, and ise
ghown in Fige.li. 1t ig interceting to note that the
valueg of ithig clope of the 1ift cufvenaﬁre@ vary
clozely to the value ﬁhawn.in the normal airfoil theory

up t3 valuece of 't/M' of about 0.10,where the vsluse

Legin to diverpe. It ig algo intero. ting to nots tha

s

n wmany of the caces ths glope of the Lift eurve of an

glament in the lzttice ig eomeldderstly higher than thet

the

b
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izolated zipfoil.
ey P Py waygr g b Bl oy PN R ey o en e v s ey
Yow we may wrlte the exureseiosn of tho Toroe on oan

ieogloted sivtoil op

F; = -ZE- Ull't CLu 12)

wiere CLo g aqual to AWsSINA, . From thie e oee

farce an the lattice elosunt to

eosHER) ]

From thase rolatiang e

calculate the orfaraavice we

allowlng of ecouree for variatisune of ox arimental




chayacteristics from the thesrelticanl ones,

4

in the narmoil adrfoil thoorye “This ig

uee g ceries of rotiose to eanvort from

A

phargeteristics tg the chare.e

te

the lottice gystame For practical purposs

the 't/h' value, or what is called the A value in the

.

the contour on tho chart is wmueh wors

[

satigfoctor. then the wse of thas ﬁ value hat ouas vsed
iv building vu the charve mentisped above. Tgiag the

(-3 - - .
value of a=10" , the neecsgeary charts for the degirn

9t the fao are roplotted in Figes. X and X1,
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For any cslosent of the fan we will bhove a ressitent

forece 3n the call YdbFY, whiech o

way iuntegrats slong tho lecgth of the blede in ovder fo

set thoe totsl resultant forece on any ~iven blade. In
genciral in a sressure tyse fam we will want to Leey a
conetant resgure increase osver the dighk of the fan, In
prder to mindmize pedisl flowe, zud thie prose re

) t ] . N e , o
increags may be ealled 8p . Calling 'D' the total

thrugt on th

0]

fan digk we way say that
Pe [Spds = 2w [sprdr 4)

This civer ue thot AP =24 Spr-ol.r-

From which

Fie. L

T T - . = . X - n o~ L] 1
From this, by suostitutisn in the ohove foraunla for SP

e gee thet

§p - dF sin (o + ) 1)

LZwrdr



e any gay that dF= dF,

P g

and dF, = C. g, tdr %)

o for oue blade we wmay wr it

§p = C, qt - SIN (ol+B) 19)
.Z1rr

Then 1f we let 'n' be the numbasr of vladeg, the ininl

value of 'SP' #ill "%f,a _
P* Zur [CL YE 5'”(**’(3)] | 29)

But 2wr ig the circunfercnes of stie of the annular ringe
of radiusg ‘', so0 B4l |
2wr h

Haking thie cubetitution 2 may then write
- t\[F - A
sp= Cu g [E][£])em(arp) 21

Howevaer, in the range in which sur valung of o soncrally
L - ey s B pen C 3 «‘,A. | Aoy
fall, we may gay that L dig proportional to " o  Ag
CL‘ ig the value of C-L of the wirvfoil when dgolated
in an infisite flow at on ancls of attaek &, -, if e

then eimegider that C L vorios divectly with th: velue of

be obhtained from on ivaletod al foil st an sogle of

attaek ‘o' , o may rite

][T'%] SIN (o(+(3) 22.)

/0,



mere (L =1ift coefficizat of the airfsil, contida
1*314t 2d 1ﬂ 9& infinits Flow, ot the
Jf i.tnf:‘k. d.

djriWﬂie }135
digtance ahe

ca of ii, flew an infinite
af the lattice,.

0
]

i.: fatio Jf b?“i?-vuwrj £ y ‘ o)
h bladose :11lel to the line Bf et

f;: ratio of forece on the blade in the lattice
F, to thot on the blade if isolated iu an

infinite flow, from Fig.sl.
B= angle of stapg r.

2= ratin of ;
X for {‘Gd ta s flow at in
blade) to tﬂu actual ang!
agir {vi the biasde), fras

k 9f the blade(ro-
Cint haod of the
of tho

Ty the use of the sbove @ﬁata;ﬂ& g may datermive

the available thrust and the preggure rige in the fan
& 2

and g0 the osutuul sowar.

vroblem necegzary ta einglder

The other .ortion of the
ig that of finding the tarsue, which way be ealled? !
= 4 2 o

‘e may define '.°

4

e
m

From the definitisn of 1} ag shown in Fig.ll, we wes 'hni

we may rrite
5 s

o
>
1]

r{cos(a+B)dF +4D|

where the 'dD’ terw is to tske into consideratio

efiecty aof tho g

the gection on the ftswme

E 2N a Lyl ey o ) e \)..x.
vhon eoncidesioe the toraue

/1,



necespary to turn the fan, it was found thet some value representing

the drsg of the sirfoll section should be included, or errors of too

lorge & magnitude would 0ecu%. ‘ )
Stiietly spesking the 'aD' term should be multipli&d by

the sin(a + ﬁb)a But the values of HADY are very smell, verying

somewhat becnuse of the low Reynolds Huwber at -bich tle zection

iz opersting. ilso interfersnce .ffécta are & problem about which little

is known in & guenbliistive wey. 45 & result the total value of the

ALY term iz comsidered ap o rough sporoxlumstion bo the sctuel drage

substitubing in the equstion for Y4Q' we mey write
ag = rqlmr[%a(al/’a) (F/F,)eos(a + 8 ) + ﬁ“’cl 25)
where Uy = deag coefficlent of the wirfoil, consldered isol:ted
o
in an infinite flow at sn angle of stbtack .

The rest of the terms huve been defined in Fgn, 2.

12



DBSIGH OF Tie FaN

The use of the charts sim@iifiea the design 01 the fun seection
to a very chort seriss of caléulati@na. The use of the churts involves
the making of sn originsl assumption to the value of ES which will
orobably be f&irly close with cere and practice in the use of the
cherte. However, this spproximation i not serious, ss the series of
appruximatiuﬂs converges very fast, znd the convergence msy sll bﬁ'
gerfarmaﬁ on the chart auﬁnecting oy and . This is & very simple

procedurs, and ﬂAkem the design of the fan very

*‘.'3

simple and shrrt,

#ith such o short orocedure for the design of the fan it is

possible to convenlently carry through z seried of designs in order

to aetersine the most sultable design for the cmsw dnder
considerstion. In the preseat cuse & series of sixteen (18) fans

WEE

investigated in order to determine the best propertions for the
fan to be used,

Generally we sre interested in the fen of highest effliciency, or
in other words the fan th t will give us the highest oubput power
for the power furnished it. In this case it wes found that the high
efficlency fans would give o very low total thrust per stage, and thus
make necessary the use of a very large nuﬁhﬁf of stages in order to
obtuin the desired overall thrust. Due to the physieal limitetions

on diponsions avellable for the fen units it was decided to change

oty

the eriterion for the fan design from one of meximum efficiency to

one of meximum thrust per stage for the inpub power per stage,

15.



As 2 result o pseuwdo-efficlency fuctor connecting the oubput
thrust and thé input power wan uged ax the design criterion, 45 used
it was not dinensionless, having the dimensions of & velocity.
Instesd of obtaining s design in which we had the highest value of
thrust oubtput for power input it wup found move convenlent té use
the design thet hed the lowest wvalue of in?ut power (Pi) for wmit
thrast output (Bp8 = thrust output). Of course this is one and the
asame thing, but the latber ratio waes found easier to plot and use
ayx shown in Fige XIT1. |

21l of the investigations were’made on the mean radius of the
C fen, thet is halfwsy bebween the inner and outer radil of the fan.
511 of the cslewlations were made for the eritical case for which
the fan was to be designed, which was one of & high pressure rise
snd small flow through the fen disk.

Fans were investigated with values ¢f the lnner to ouber radius
rutio, rifro, squsl B0 «85, 70, .80, and .90, For cach of thess
cases the values of t/h of .30, .40, .60, and .80 were investigated.

48 shown in Fig, XTI the best proportions of the'fan under the
criteria baken sbove would appear Lo be where ri/r0 lies belween
.65 end .70, &s the velue of ri/ro = 70 will give us higher axinl
yeloeities thot velue wus chosen, This seems to be about the best
value for all vﬁluéa of t/h. Our pseudo-efficiency facﬁar was then
crossplotted at 8 value of ri/rb = ,70 for all valugﬁ of t/h

considered, the optimwn value of t/h appearing to be zbout .4285,



Oeing these psramebers for the mesn sectlon the rest of the

fen blade w

s designed, The charsclerdstice are presented in Tsble 2.
4 sketch of the fan is given in Fig, XIII together with the variation
of the section chord and piteh along the radius in Fig. XTIV,

The value of dp for the optimum fan dimensions at tﬁe mesn radiug
wap determined by mesns of Eyn. RR. It was desired to have a2 constant
value of bp scross the area swept hy’th@ fah* Thus Ey varying the
dimensions of the blade at the outer and inn er radli it was possible

to pick the chord =nd the plich such that we did obtuin 3 constant

value of dp across the swept sres of the fan. For s sample csloulation

&

&

of dp &t the wean redius snd & discussion of the methods of detervining

thie fan vlade propovtions at other radii see appended Pe 2-1.
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direetion of the flow at tho 'railing edeoe of the fan

'y

blade we mey then ob ain the marmi iﬁém of the volocity of

the air, with resvect to the fouo blads. fut the fan ie

L%

rotating with o certain definite voiloclity, while the

vanas ave biing hold stetiomary. Ae g rosult W omug

add the velseity veetor Fopraganti thae rototional

gpaad of the fan to tho valocity veetor of the aip 1

the fan. Thie than wily give ve the directisn and
magnltude of the alr ar it will tond to suter the van
agsenbly. The pictures of the veloelity vectors will

1 gomavhat ae Tollowss

dith respeet to fan blads.
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component of the flow renaluns proecticslly covetant in
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vaclor ag we pneg throush the faun g

inre Thig, combined with the faet that in & swal

gnoad jan lik: this the smount of streishtening is
cenarally too lorge 1o be done wiith one sinple wvano,

makeg it necessary to gpomevhat chonpge the procedurs of

alyels for the veuok.

If the cage ig puech thet each of the vawnse dsg of

the rane lenpth, snd coverg o cerisin poreentage of the

alr has to follow throurhk

mean dypnonie pregsure that ooy be agsumed to set over

the whole vane, and svproximate the perfsemevee of "the

dynomie pragsure 3f the tenoontial

aft of the von inbka




Y

stopping ths rototion.  Ag g result, we may uge progeure

ingtead of kinstic epergi-g to detrmin: the parformance
of the vonsge OF course thig fg not axsetly pripsroug,

wut the kinetie energies of tha wmotion in sny

directiosn sre analsgous to the vrassgure duce to the

motism in any gliven direcetion becaves of the fact thet
3 .

wWe BIe a digk of congtant arcas. Ag n

raegult we may cay that the vansg will devslon & 'buckilng

prageure’ to countoract the tensential fiow, and this

s

\ 1 £ . Y 0y .
we may eall 8py o This 'hucking precsure' ic a

Blade. Thug we ma, congider thig ag propoacstionsl to
the pover invut to the vane. I there ie a pover
inrut, there muet also be a power osutput, and this will

take the form of o

whiech mav be ecalled

densted by 'SFa . Thiez 'decelerating proggurs clgo’
will bo dircetly analagove ty the 'buclhing pressure’
developed by the von, excopt thﬁi'it will act froam tho
componient of the iorce on the vano hiada that is at

ri;ht snslag ts the oo

that hose to do with the
thucking pre hk‘ro’
e ! . , e .
Iy oanalogy to the Sp' equstion doveloped fare the

farn bloda, ond by eofzranes ty the ghaten  which

s

t ig goan that o

SP* =g, [F)[CL,(%)F cos(ﬁ+x )+C, (-g—)sm((a‘w)]

iollowe,
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funection of one compooent of the aetusl force on th: voue
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vhere ell the %urme have 2xactly ths game gipnificance

e in the farmulae for the degiym ol the fan blada.
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As mentioned bafaore, the vone degisn of thie fan
wag quite a8 probles.  The very high value of the
rotational comuonant of velocity in the air sfter it

b

pagsed througzh the fan gection mode 1t wvecegegary to bond

the air throush guite a large angle in scder to
strai;ztaﬂ it go there would be no rotstional ecomponont
of welocity aft of th@‘anf geetion. Ae the saxiazl
component f the velocity has to remsin asproxinastely
constant due top the faet that the fan diek asete on an
annular ring of approximataly constent gection this
roally mesnt that the vane goction actad ag a veny
gltrong diffveor.

Because of thie diffusing sctlon of the vanee it
become almost certa n that a normal gingle blade type

of vane sg

that ig one with wmerely a gerisg  of
gingle vanse diciributed avosund the circumfeorence of the
fan digk, would be conducive 1o very bad zeparation

v
nlied egpecially if the vanes

characteristice. Thie
were to be kent to a fairly chort length. If the slugle
ane type were lengthened the friction locses in the
vanag woauld ©9 up ﬂueruarvly, and thoe overall
officiencies would tend to drope

Az @ result 1t wses decidod to use @

of degimon for the vansg.e Heveral arrca

1

ey

. The idea of using twa vanas arise

PN

eongids
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ag Yo odve a slot gsetisn boty

uld tend to large intarizrence

came uging tws, three

four vanse ware cuusidered; uwt the ecalculationg thowed

that they would nost have znoush 5trajxhtéﬂimﬁ actl 9t
Finally an avras

ent war ovolved that o to

be logical, and that

to mve amough otreld

actione The only troubls with it ies that it hos o

5;
il
@

connarative larpe totsl vunmboer of bhladsg, and teand

maks the overall laugth per fen-vane gte

e &

degirved. Thie arrs: ig ae followe:s

¥

There are ten (10) vanz sete arranged rodisll
arouwnd the perichoery of the awuvler chonnel aft of thoe

fan geatisn. In esch of tha

vladug,ench of chord of 0.90

,.«

ghown in Fig. V. lHach aof thoso

acrace khe aunular ¢

the oputer chaunacl

inner wall &t the inner end, The dlnner wall affsrds

gupsnrt vo the shaly

conter of the comylote

. . > » EVE L, ey ¥
hen it 1 gnid thot thoere are 2 laree

g wancg in ths

Woeomae ohvioue




whieh there are three (3) stasgzes, we hove one hundred
and fifty (150) vaoeg peed to straihten the flow.

Caleulatinn ghows thet we hove & roitstionsl comoonent
of weloeity that alone givoe ug a dynsmie oresgure of
approximately 49.0 /ei.ft. If the vanee are degignaed
to take thie rotational component sut of the flow and
convert the kinstiec enerzy into gltotic @rassur@ Piga,
the ealculatiosne < how thot we got a stetic sreseurs
rice of absut 39.107/eq.ft. Thie rives o vane

afficisncy of about 0.0%.

In the fan we calevlated o pressurs fiﬁm}ﬁm@ to
the actiasn of the fan, cangidering no logegssg in tho
vaneg, of dp= 22.9//sq.ft. It was also found that f
the ewirl just aft Jf‘ﬁhﬁ favn was taksn into account
that the petusl pressure rise throush the fan iteelf
was only %i,@i/ag.fta The vanaeg add a presgure rigs,
Like thet of a diffuser, of Sgelﬁﬁfﬁéuft, ‘ﬁﬁ a resvlt
this giver us an DVﬁrali vrageure pige through one fan

nd vane cti B3.00 /8

[Q

oftn Calevlating
the overall =f1101*v clag fram this oreegure rise we

detormine that Y = = 73,89,
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APPENDED FIGURES, SKETCHES, and TaBLES,
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PROBLEM ON LATTICH THEORY:
. diamster,
Given a fan of 7% outer xmsimex rotating at 17,500 RPM, handling 91.0

cubic feet of air per ==mwrz minuﬁziwgfhe th ratjo of the 1nner Yo

~rpab-powers Determine the pressure
rise for an element st the mean radius,‘and determine t/h and the
angular setting of the fan blades at both the inner and outer radii
to give the same pressure rise as at the mean radius,

Take the 1ift coefficient at the fan blade as 1.55; and the local
sngle of attack at the blade as 10°, Then, using this the equation

for the pressure rise becomes

= 0y a4 (t/h) (F/F,)sin(20%+H )
10°

end the equation for the torque becomes

4Q = rq; La (I‘/F )cos (10° +p) + CL,O] dr

where g = angle of attack of the bhlade as referred to the flow
R infinity ahead of the blade.
ql = dynamic pressure of the flow an infinite distance

ahead of the lattice,

t/h= retio of the blade chord to distsnce between the blades
parallel to the line of stagger.

F/Fo= ratio of force on the blade in the lattice to that on
2 similar blade isolated in an infinite flow.

/5 = angle of stagger

r = radius at the portion of the blade being considered

Cp = 0.02 approximately for the fan section being considered.




Table

A, DBESIGHN

PARAMET kRS QF THE
FAN

. I‘l I‘m I"O

" r (inches) 2.450 2.980 3,500
r (feet) .204 .248 .292 |
90° - (B)° 29.95 25.40 22.60 |
Setting, to N
chord line, (¥ )°| 28.25 23,70 20.90
(A) or th | .69l .425 ;505:
h (inches) Wyuﬂm’l.ezs 2,340 2,750
t (inches) ‘ wWM?—L‘:':SSO .995 8321

! Assuming no

Asswming

swirl

swirl

eft of fan, dp = 92.9 #/?tg )

af't, of fam, dp = 43.9 #/rt |
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APPENDIX V

THREE PHASE VARIABLE FREQUENCY
POWER SUPPLY



