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A CETRAL REFRECENTALION FOR AVIAL-FLOW FAS AR TUEBINES

Br W. Perl and M. Tucker

SULT4ARY

A cencxal T resentetion # fan and turbine a;rage

single clasaification ~haxt 1s D@ .ented which is wede possible by

& parbiculer definibien ef the atage of an axial-flow fan OF turbine.
gevercl wmcenvel 1onel fan and turbine arrangeuaents &8re 1ndicated

and the gppliceticns of these arrengenente are diasunsed.

TWROTUCTION

A study ef the 1dealized two -dimon .jenal blode arrang ments of
axial-flew fans and turtinca, Oor turbcmacliines, indicates that, on
tho basis °of A certaln definition ol the turbomachine stage, vorious
fan and turbine arrengouente oo vo revresented €n a gingle chart.
This repers presents & aerinition or the turbemachine ctage
resulting olmssificatien cherh, which wes Geveloped from &

of the general volecity dlsgXiil +or the fan or the turbine stago.
Some unr‘un'.'cn*lm.l £an and turbine arvangencnbe &r° i1pndiceted in
the shert; these arrangements end same T yagible ar plicatiens cre
a:incussod. Turbomecines neving vard eble exinl-flow axe a are shown
to be anmenable te the geme goneral repregent atien.

SY1B0LS

Ths symbols s & 4n the toxt and on the figwres aro dcfined
ag fellovs:
A exial-flow ored

parameter c’.uractnrr'zlrg charge in axial-flow ared

4+ £4 1 A 11 2

L otal -pressure cCe ficient, &HfZP

-

,
wregsure ccoffl -ient, Ap/=pu
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static pressuxc

desisn peripheral

axial velosity

ratio ol rotor-entrance relative tangential-velocity componcnt

s

to rotcr periphcral specd

ratic of rotor-cxit 1relative tangential-velocity component to
rotor peripaeral spcod

cg Cenzity

SUBSCRITTS
fan or turbine atoge
rotor
stetor downstrean
stator uratream
entrance to upstreem stator
entrance to rotor
exit from rctor or cntrance to downstrecen stator

cxit from downstreem stator

THE GENERAL REPRESENTATION SCIIME

A singlo stage of en axlal-flow {an or turbine may be definod
g consisting of an upstrosm stutor, a roter, and a downsiream stator,
ep shovn in figure 1. The flew, assumed to be two-dimenslonal,
incompresaible, and frictlonlesa, i considered to enter the upstrean
statcr and to leave thae downstroem stator with a velocity v in a
nurely axiazl dircction. The stage velucity diangram is shown in fip-
ure 1, The velocity-diagram vectore are shown relative to the corre-
sponding hledins. Pegitlive directions of the velocity vectors are
indlcated.
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Tre velocity-diegrem parameters usod in the stago enalysis
ere x end Y. Tio perizhierzl speod of the rotor is denoted by
u. The gquantity x represeats tho ratio of tho rotor-entrance
relative tangentiel-velocity component to the rotor peripheral
spoed. The quantlity ¥y represents tiie ratio of tho rotor-exit
relativo tengentiel-velcclity camponent to tho rotor peripleral
speed, In figure 1, tho upstieam stator imperts a tangential-
velocity component (x-1)u %o the fluid, Reletive to tlhe rotor,
tiio incoming tangentlal-volocity component is xu and the cut-
going tangential-velocity component is ju. The dovnstrean stator
removes the tangential component (y-1)u from the fluid.

The nondimensional pressure coefficlents across the various
stage elements are, by Bermoulll's thecorom:

[4%+)
Upsatream stator Cpgy = . (x-l)2 (1)

D)

cpr A XZ * }'2 (2)

ke = T58Q _ .. 442
Downstreen stator Cp . (y-1) (3)
sou

The stage or over-all pressure coofiliclent Cpf i1s tho gum of the
component pressure coefficlents

Cp, =2 (x-y) (4)

Y

The rotor preasure coefilcient cPr and the over-all pressure
coefficient Cyp . thus are functiorns of the veloclity-dlagrem par-
arcters x &and y. Either x or y mey be eliminated from

equaticns (Z) and (4) to give C in terus of CP,_. end ono of

i
the parametors; that ia: e

I 8
fc."f & :'.')

1 & 2
(Ecpf + y) vpr + y*

.
~Cp_ + X“
Pp
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) ~

Tho fomilies O saraboles repre senting eguetions (5) and (6)
ye chovn in the cimgaificetion chart of figuwre 2, T qroatity
x-y 18, 7 ko monentia wrincinle, the sengential fopce or torgue
rer unit redius on each rotor plade por wal mnge Slow pevr unit
ctrcumferontiel specd. Poeitive torgue corveaponds to for. action,
in which eneTd ie transferred to the S1uid by roans of the 10toT.
negative torgue corresponds to turbine actlon, 15 which CRCTE is
transt‘erre:’. Pyom the f£iuld by meons of the rotor. Positivo value3d
of Cga trereforo €OYTE spond, WY eguntion (), to fan action and

negative valuee to tuxbine actlon. Figure 2 thus ropreacnts 2 gen-
oral dcpaignation ol tho charactoristics of axial-flov fans end
turbinete.

DISCUSSION
Tens and Turbines wi +n Constent Axinl-Flovw Arod

g_o.nvcnti(vnul i_‘_"x)g__apg:_ t;._ﬂ_gp__‘_'_x_e_l , - Oporating conditions for
yoyious fat or turbino AyTongemontd can Le obtained frcm the chord
ip figue 2. Fan avrangouen e conaisit ~ g rotor follcwed by &
gtator will vo deel ated mtor=C ) Fon arangiments €on=
aisting of & gtator followed ¥Y & T > Wi o dcoignabid stator-
yotor fens. f 11 single-sses? yotor-shtator Tuns, for whiech ovidently
x = 1, oro rc.pr-.‘sunt;& on tio £ipot-quelrt 1t ;rur;\bolic erc CA. ALl
pingle-stoee atator-rotor fand, for which evi acatly v =1, 8&r¢
represcnt d ~n tho firct-;\*mdr_nt seyabolic arc oa. For an over=nll
proasvro cocfficicat Cpe = 1 4n tho sin 1o-stage yrotor-gtator fan,
-
tho rotor convritutes sprec-Tourtha aud the stater one-Tourth of the
yver-all pre agure-riee cocfriciont. Tor on ovor-oll nressurc coefTi-
cient Cp,. = 1 in the gingle~-stege gtotor-rotod fen, tho rotor ¢in-=

+ributes rivo-fourtha and the stetor ainua one-f surth of the over-2ll
e pguro-risd coofficient. 12 & nerel, the first quadrant of fig-

ure 2 contains the deslign porating points of € nventional fan arranic-
nents; that i, orrand menia in v ich the rotor pruasuro coafficionta
and the over-nll 1% ganurc 0o« sficionts 6% woth positive.

gimilerly, th third cuadrons £ Tigny ~s the deslen
operatir peints for couver tenal sybine arTangor nts in which tho
rolor pre3sur socTTicicata and tho OV pegll prussixro cocfficicenta
arc both aabivo.

Turbinc=tyn fans. = 1t 18 €2 ercnt from the crert thet pooi-
¥ I e uro cooffl ¥ b +

tive ov r-all preedul cocfficicnta may & o bo obtein d for fan
aryangoments in which th wotoy preesaro cocficients tX° nogesive.

Such cyrragenta, whick ar r.m:dh,nhd in the second quadrant,
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will e desimnted turbine-type fana, These fans utilize the rotor
to troensfer kinetic cnergy of rotation to the fluld, thus eecowrting

A researe dro) across the rotor, The dewnstream stator con-
verts tho kinetle onergy ction to pressuwre energy. In thio
vay the nxroblem of high loading in the rresence of an aver-all
alvurae nressure o transferred to tlo stator dlades. The
knowa aevod;mamic wethods of Incrsesing the efficlency of Qiffusion —
in pexticular, tho various methecds of boundery-lerer control — may
now be attempted witiiout Zncurring the Aifficultics presented dby
epplicetion of thess meilods to blados rototing at high speed. Such
errangements appesr to offer definito advantages in developing fens
of high vressure rise por stegc.

Qepregontative turbine-type fan arranspements are rpresented in
figureo 3 and 4. The fan shown in figuare 4 13 desligied for opera-
tion at woint C of figure 2. The rotoxr volocity triangic is similar
to that of an impuise-turbine rotor. The fon showm in figwre 4 1s
decigued tor operation at point D of figure 2. The rotor veloclity
triangle is similar ‘o thet of & rcaction-turbine rotor. Although
thio rotor-blade preasgure distribubtions in the cxamples given are
similar to the {avoradle presswre cGisiributiong thet occur in tur-
tino bliading, the lon rotors transi'er enerzgy to the lluild in the
Torm i kinsetlc enerzy of rotation.

Fan-type tuxblnes, - The urth gquadrant of figwe 2 containg

the denign onernting »isinte Zor tiebines having positivo rotor pree-
guro cuefficlents., Thiess twblnea, wiish will be dealgnatod Ten-

type turblirose, besv tile sams rolatica to couventlonal turbines that
turbine-tyre fanc bravr to conventional Jnns.
oneral tzabton 4} et ot tnttion.

¢ Tesults enbolied in rigrre o Moit w 13e e otege

tion is gunerallzed 85 that tho entrauc ; to, zad tho
city from, the atage arc nct necessorily cxizl but ar
magnitude, With thlo oxtenzliun, the pesults ere purtie-
plicadle to multlistage blading.

Consider, for exumple, multistege fen or twrbine blading In
he tangential v ritics reictive to £ rotor ave equal and
tanzeasa voincitica relatlive o Its
cus 1n figae & a1l guch bledinz iz cbtelned

+

downetroan

th 1al and tangeati componints ¢l the stag.
1 oxit velocitles ogqual, yespoctively to v and  (x-1)u
), eni (b) by sitting xu = -(y-l)u cr

e

x+ry=1 (7
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Step {a) does away with the unstresm stetor and congequently fixes
the chanre in tangential velocity through the rotor as being equal
to tno change in tengential velocity thrcugh the downstreaz stator;
step (b), in effect, equatos the entrance volocity reletive to the
rotor to the entrance velocity relative to the downsircam stator,
Equations (7), (6), and (5) yield,

Co 8
Op Pr (8)

This equation would bo represented in figure 2 by a straight line
through the origin and, of couxse, oxpresses tho fact that tho rotor
and gtator contritute equally to the resultant presesure chango across
tho stege,

Fans and Turbiresz with Varisble Axial-Flow Area

Velocitr-diagrem annlysis. - Thes analrsis may bo extondsd to
tako into account a exial-flcew arca through the fen or tur-
ine. Tho velocity diesram to be considercd is shewn in figure 5.
Radial-velocit;” comronents aro asswrod to be nonexistent in the ulti-
rato upstreum and downetream conditions. The parsmotors character-
izing the chienge in axial-flow crea ave:

where

A, axial-Slow a at entiunce to upstream stator
axial-"low arza nt entrance to rotor
axial-flow arca at ent co to downatraem stator

axial-flow area oxit frem dowmatrenm stator
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Tl.e rrossure coelficients of tho stepge elemonts ere, by
» U
Bern 1li's ecuat '-,n:

v -
Upatreen stator Cp . -(x-1)“ +(T\ @ - -'\Js-)
au /

2 f(‘%): (- (11)

7')\:'
Dovnstream stator Cp?d = (y-1)2 4 (T) (1 - a:2> (12)

Tre over-all pressure cocfficient ig the sum of the components:

bod [} s
"v~\‘- P - ‘.1>- o Vo&
2%z =0 'l.-a") —_ (-.-«-) g - a2
Cpf=(x,,)+<u/ (3 WEAG 1 LR AN 1-a,
(13)
The coelficient C‘f is not indlcativo of the total enorgy
T
transferred to the fluld bhecauso of the chiange in axial-flow area,
The Lotal cnowrgy chunge i3 givon by the differenco in totzl pres-
sures, based on abaoluto velocitiea, urstrcam and downstream of the
rotor. For tho frictlionless I'lowv assumed, no change in total pres-
sure occurs acroas either of tho stators, I Hy andl H, are the
total piegsurca unstream and downstrean of the rotor, resnectively,

5p (x-1)" u” + v~
- 2 -
Zp (y-1)° u” + vo J

r thc stag
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A : mnerizen —e. @,r.p-:nnq (1[)’ (__'5), end (15 '.,'”‘l. q;;qtiw:?g (2)
and (4) shows that the relacicn between the following coefficients

n=d N
PRY ]
‘_,;\;‘) SN

’V .
13/ 2y, (<
N4/ '}-al)-(A

rar be detoruined by the values glven in firmwre 2, where Cy ' mnay

be rezarded as an ecuivalent retor pressure coefficient. ¥

Applieations. = In the conventional axial-flow fan the roto
transfers :..tr,., to th luid in t.' fomm of presswre encrgy. I'1
the twrbine-type fan the rotor translers eaergy to the fluid in th
form or kiretic enorizy oi rotation. The Schicht, or camst'x:..-
yresoure, fan describved in refereace 1 tiansfers energy to the fluid
in the form of Increased cnergy of axlel motion. The censtant-
resgure fan utilizes a rediactlon in axial-low aiea to increase tho
axial-Tlow velocity and therety converts 4o rxiel-Tlow kinatic
cnergy the stetic-preasure riso thet would otaciwico eccur., Such
{ens are indicatcd in the first quadrent of the chart in figuro 2,
The coefficionts Cp, and C,_,r' of couation (16) must be uged

bocavgo of the crange in axial-flow arca through the fan, Tho ques-
tion as te which of the tlirec mothods of traneforring cnorgy %o a
fluid is mest cfficiont would dcpond upon thio purposo of tho fan
design under censideration, TFxperirental data on this problem ere
linited.

Thc posaiblo utility of applying veriablie axiel-Tlow area to
the design of constant-pressure turbines is alse o1 interest. Such
turbines are indicated in the third quadrant ol figure 2, In tke
conntant-pregsure turbine the axial-fliow area would bo increasged in
the dcwnstrean directlon, and the '::*a" Tlow velocity would thus be
docrecsed, Thoe static-pressure drop of the working fluid that wounld
eccur if the axial-Tlow area were conatant may be nullified ty a
change in axlal-{low arca. The turbiae thus delivers shaft work at

the expon: " & reducuvd kinotic enerzy in an axial directien rathcer
than at tho expenso ol reduced static-nreassure energy.
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Conastant-pressure turbines with increesing axinl-flow area
might prove of use in tho dosign of short dilffusers, Tho diffusor
lengihs required to transform the kinetic energy of a flow to prees-
sure cnergy are often excessive., In combination with a compressor
mounted Irmediately dowmstresn on the same gheft, tho constant-
pregsure turbine would perform the seme function as a diffuser, in
a chortor length.

CONCLUDIIG REURX

Tho general represcntation for axial-flov feng and turbinoes
presented in this paper indicates several unconvontional arrange-
ments of fans and turbinos that appear to offer definite advantages
for high pressure-rise faens and for diffuscr applications,

Aircraft Fngine Roscarch Laboratory,
Nationul Advisory Cormitioo for Aeronautics,

Py

Clevoland, Ohio,

RIFERINCE

1. Sbrensen, E.: Constant-Procsuro Blowera. NACA TM No. 927, 1940,
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Positive
peripheral
veloecity, u

Positive
axial

velocity, v
Exit v
velocity ¢—Entrance
velocity

Entrance
veloci ty

Upstream stator

b— Exit Direction of
velocity rotation

Downstream stator

Exit
velocity Entrance
veloci ty

(v-1u |—

NAT IONAL ADVISORY
COMMITTEE FOR AERONAUTICS

Figure |. - Velocity diagram of the single stage of an axial-
flow fan with constant axial-flow area.
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Figure 2. - Classification chart relating pressure coef-
ficients of axial-flow fans and turbines and veloeci ty-
diagram parameters.
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/
Exit
veloci ty
Entrance irectign of
t_\:::::u.:it._',r rotation

Stator
KiExit velocity
Entrance
velocity
(y=1)u

comdi TTEE" Phn REAE Y scs

Pressure coefficient
re coefficient ¢

Figure 3

« = Fan design for over-all
c

Pe " 4 with rotor pressu

Velocity vectors shown are relative to th
blading, Design values: x = I y = <,

¢ corresponding
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Entrance Upatream
velocy ty&“ velocity statcr

{(x=1)u

Rotor
Entrance Exit velcetty Direction of
veloci ty retation
yu

S .

Exit Entrance veloei ty ?:::;u
velocity stator
(y-1)u

NAT § ONAL ADViSORY
CommiTrEE Fom AERONAUT iCS

Figure 4, - Fan design for over-all pressure coefficient
Cpf = 2 with rotor Pressure coefficient Cpr = =l Velocity
vectors shown are relative to corresponding blading. De-

sign valyes: X=0; y = -y,
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Exit \_r_t:}]p_c_ity Vo - t “Entrance velocity

}l-(x- l)u—D‘

Upstream stator

Entrance veloclty —

Exit veloclty Direction of

rotation

Entrance veloclty

Exit velocity - -——-i (y-1)u

Dowustream stator NAT {ONAL ADV ISORY
COMMITTEE FOR AERONAUT ICS

Figure 5. - Velocity diagram of the single stage of an axial-~-

flow fan with variable axial-flow area.
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