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THE INFLUENCE OF INLET BELLMOUTH GEOMETRY
ON THE PERFORMANCE OF A DUCTED FAN

SUMMARY

The N.R.C.  f an -  in-wing VTOL scheme employs a duc t ed  fan
comple te ly  immersed in the wing of an a i r c r a f t .  This  means t ha t
the fan  must have the minimum poss ib l e  ax i a l  lengths ,  to  a l l ow  i t s
i n s t a l l a t i on  in the t h i cknes s  of a t h in  wing s ec t i on .  An i nves t i -
ga t i on  of the r e l a t i on  be tween  fan  performance and i n l e t  be l lmouth
d imens ions  was the re fo re  ca r r i ed  out to  f ind  the minimum bel lmouth
s i ze  cons i s t en t  with any des i r ed  fan performance.  These expe r imen t s
covered  a range of fan hub / t i p  d i ame te r  r a t i o s ,  and a l a rge  range
of fan  d i s c  l oad ings .

INTRODUCTION

In the f an - in -wing  VTOL scheme v i sua l i zed  at  N.R.C.  i t
is  impor tan t  to keep the fan  to  the minimum ax i a l  l eng th ,  to a l l ow
i t  to be comple t e ly  bu r i ed  in a t h in  wing.  Af t e r  an ex t ens ive
gene ra l  exp lo ra to ry  programme,  the 12- inch ducted  fan  r ig  in the
Engine Labora to ry  at  the Na t iona l  Resea rch  Counc i l  was t he re fo re
used to t e s t  a s e r i e s  of i n l e t  be l lmouths ,  over  a l a rge  range  of
d i sc  l oad ings ,  through a range  of d i f f e ren t  hub/t ip d i ame te r
r a t i o s  of the f an .

A gene ra l  p i c tu re  emerged ,  from which minimum des i r ab l e
in l e t  be l lmouth  d imens ions  can be g iven  fo r  any pa r t i cu l a r  com-
b ina t ion  of hub/ t ip  r a t i o  and d i s c  l oad ing .  This p i c tu re  is
compl i ca t ed  by the fan  cha rac t e r i s t i c s ,  no t ab ly  in the s t a l l i ng
reg ion  at  maximum d i sc  l oad ing .

DESCRIPTION OF RIG

The 12= inch  duc t ed  fan t e s t  r i g  cons i s t s  of a sha f t
running in o i l  mis t  - l ub r i ca t ed  bea r ings ,  and d r iven  by an s i r
turbine at  one end.  The sha f t  i s  sp l i t  nea r  the tu rb ine  to take
the qu i l l  sha f t  of an op t i ca l  t o rquemete r ,  fo r  power measu remen t .
The expe r imen ta l  fan is  mounted on the f a r  end of the sha f t .  The
s ix  turbine nozz l e s  are  mounted three on each s ide  of the whee l ,
so t ha t  the r e s idua l  tu rb ine  thrus t  on the sha f t  is  z e ro .  This
has been checked  by ca l i b r a t i on .  The whole sha f t  mount ing  frame
is he ld  on f l exure  p ivo t s  a t  one end ,  and a hyd rau l i c  we igh ing
ce l l  a t  the o the r ,  to measu re  t h rus t .
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Wall  s t a t i c  t app ings ,  p i t o t  s t a t i c  a r r ays ,  and remote
con t ro l l ed  t r ave r s ing  p robes  are  mounted on the fan  as r equ i red
fo r  each expe r imen t .  P re s su re s  are r eco rded  pho tog raph ica l l y  from
a 27~ tube  manometer  bank .

The r i g ,  which has been run at  20 ,000  r . p .m .  on the 200
h .p .  t u rb ine ,  is  s e t  up in a j e t  eng ine  t e s t  c e l l ,  and is  ope ra t ed
from a con t ro l  pane l  ou t s ide .

DETAILS OF BELLMOUTHS AND FANS TESTED

The s e r i e s  of be l lmouth  i n t akes  t e s t ed  i s  shown in F ig .
1|. This p rov ided  a s e r i e s  of bel lmouths  hav ing  r ad ius  r a t i o s ,
ζ ί .β . ,  l i p  r ad ius  / th roa t  d iameter , · )  of 1 /2 ,  1 /1 ,  l Us 1 /6 ,  1 /12 ,

I /2I4,  and Koc, . Each of t he se  was run with fans  of hub / t i p
diameter»  r a t i o s  of .2 , «375, and . 5 ,  in o rde r  to see whether  the
r a t i o  of l i p  r ad ius  to  annulus  wid th  was of impor t ance .  S ince
the sma l l e s t  hub t e s t ed  had a pa ra l l e l  sha f t  hous ing  of fu l l  hub
d i ame te r  bu i l t  out from i t ,  a l l  hubs were f i t t ed  with a n l a in
long cy l inde r  of p ropo r t i ona l  d i ame te r  to ob t a in  geome t r i ca l
s imi l a r i t y .  The va r i ab l e  be l lmou th  i n l e t  t e s t ed  was t he re fo re
conf ined  to the ou t e r  wa l l  of the  i n l e t  annu lus .

I
The ro to r  b l ades  are  shown in F ig .  5. This  shows tha t

the b l ade  form is  the same in a l l  c a se s ,  excep t  tha t  fo r  o the r
r ea sons  the .375 Η/Τ b l ades  a lone  had no t ape r .  s This appea r s  to
have g iven  them a much more abrupt  s t a l l  cha rac t e r i s t i c ,  which
shows up in the per formance  cu rves .

Al l  t h ree  b l ades  had app rox ima te ly  f r ee  vo r t ex  tw i s t ,
and the p ro f i l e  va r i ed  un i fo rmly  from t / c  C la rk  Ύ’ at  the
t i p  to  17$ t /c  S iko r sk i  GS-M at  3” P .C .D .  This roo t  s ec t i on  was
on ly  ac tua l ly  p re sen t  on the .25 F./τ f an ;  the b l ades  with l a rge r
hubs were ec l i p sed  by the hub be fo re  they  r eached  th i s  po in t .

TEST PROCEDURE

The fan was run over  the r ange  6000 - 17000 r . p .m .  , and
read ings  of t h rus t ,  sha f t  t o rque ,  r . p .m . ,  ex i t  a i r  t o t a l  n r e s su re

κ Tin was i nc rea sed  to e l imina t e  tapjer  in the .375 F /T b l ades
to ob t a in  more b l ade  a r ea .
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on a 27 -po in t  p i t o t  r ake ,  i n l e t  ba rome t r i c  p ressure  and a i r  t emper -
a tu re  were t aken  at  each 5>00 r . p .m .  through th i s  r ange»  This run
was accompl i shed  in two pa r t s ,  6000 - 11000 r . p .m»  us ing  a sma l l
qu i l l  sha f t  in the t o rqueme te r ,  and 10000 - 17000 r . p .m .  wi th  a
heav ie r  sha f t .  The curves  of th rus t  vs.  r . p .m .  were found to over -
lap  s a t i s f ac to r i l y  where the two r anges  met.

S ince  the f low and r . p .m .  could  not be held pe r f ec t l y
s t eady ,  the 27 - tube  manometer  r ead ings  were r eco rded  pho tog raph ica l l y ,
to ge t  a s imu l t aneous  p i c tu re .  The va l i d i t y  of t h i s  method was shown
by the r epea t ab i l i t y  of po in t s ,  and the sma l lnes s  of s ca t t e r  of
po in t s  .

DISCUSSION OF RESULTS

Figs .  6,  7 and 8 show the r e su l t s  of t e s t s  on the range
of be l lmou ths ,  wi th  hub / t ip  r a t i o s  .2 , .37 , and . 0 r e spec t ive ly .
The cu rves  p lo t  thrus t  ( co r r ec t ed  to IOAN cond i t i ons )  aga ins t
be l lmou th  l i p  r ad ius  r a t i o  ( l i p  r ad ius  / t h roa t  d i ame te r )  for  a
s e r i e s  of cons t an t  co r r ec t ed  r . p .m .  These curves  have been ob t a ined
by c ros s -p lo t t i ng  from the u sua l  curves  of t h rus t  vs.  r . p .m .  cu rves ,
at  cons t an t  l i p  r ad ius  r a t i o .

These curves  show the f a l l -o f f  of t h rus t  at  a g iven  speed
with r educ t ion  of be l lmouth  l i p  r ad ius  in a ve ry  obv ious  way. I t
is  i n t e r e s t i ng  to no t i ce  t ha t  in the optimum reg ion  ( e .g .  , 110 -1  0
lb s .  t h rus t ,  in F ig .  6) the thrus t  is  una f f ec t ed  by be l lmou th  l i p
r ad ius  r igh t  down to va lues  of 1/12 l i p  r ad ius  r a t i o ,  or l e e s ,
a f t e r  which i t  f a l l s  off  d r a s t i ca l l y .  However ,  above ,  and to a
l e s se r  ex t en t  be low,  t h i s  opt imum,  a cons ide rab l e  r eg ion  of g r adua l
th rus t  f a l l -o f f  ex i s t s .  This is  shown quan t i t a t i ve ly  in F ig .  9 ,
which p lo t s  l i ne s  of 2%> and $%> l o s s  from the curves  of F ig s .  6 ,  7 ,
and 8. These l o s se s  are based on the th rus t  s t  r/D = 1 /2  as the
100$ da tum.

In the l i gh t  of t he se  t e s t s ,  and of obse rva t ions  made
dur ing the programme as a who le ,  i t  appea r s  t ha t  t h i s  behav iou r

I is  the  r e su l t  of two i n t e r ac t i ng  e f f ec t s .  The slow lo s s  of l i f t
appea r s  to be due to the l o s s  of t i p  e f f ec t i venes s  of the f an ,

I due to the a l t e r a t i on  of t i p  i nc idence  due to the wa l l  e f f ec t
c lo se  to the be l lmou th .

Not d i r ec t l y  r e l a t ed  to t h i s  is  the abrupt  l o s s  of l i f t
when the b l ade  s t a l l s .  The connec t ion ,  a l though ind i r ec t ,  is  s t i l l
t he re ,  s i nce  the b l ade  s t a l l s  from the t i p  i nwards  when the t i p



NATIONAL  RESEARCH COUNCIL

DIV IS ION OF MECHANICAL  ENGINEERING

LABORATORY MEMORANDUM

5

inc idence  i s  f o r ced  ou t s ide  the  working  r ange  by the f a l l -o f f  in
ax i a l  ve loc i ty  a t  t h i s  po in t .  Howeve r ,  t h i s  t i p  s t a l l  r ep re sen t s
the comple t e  l o s s  of l i f t  f rom an i nc rea s ing  l eng th  of b l ade .  I t
i s  qu i t e  d i s t i nc t  f rom the  i nc rea s ing  s l i gh t  l o s s  of l i f t  f rom
the  t i p  r eg ion  due to  ope ra t i ng  a t  a l e s s  f avourab l e  i nc idence
but  s t i l l  w i th in  the working  r ange .

I
Th i s  sugges t i on  i s  con f i rmed  by the f ac t  t ha t  t e s t s  on

b l ade  tw i s t  fo r  opt imum per fo rmance  have  l ed  to  t i p  p i t ch  ang le s
coa r se r  t han  t hose  ca l cu l a t ed  f rom pure  f r ee  vo r t ex  cons ide ra t i ons .

I t  i s  i n t e r e s t i ng  to  no t i ce  t ha t  the  s t a l l  l i ne ,  which
i s  ba s i ca l l y  a p rope r ty  of the b l ade  s ec t i ons  r a the r  t han  of the
be l lmou th ,  i s  de f in i t e ly  mod i f i ed  by the i n l e t  f l ow .  Of the  t h r ee
se t s  of b l ades ,  the „5 and . 25  Η /τ  s e t s  a r e  bo th  t ape red  and s t a l l
i n  a gen t l e ,  p rog re s s ive  manner  f rom the t i p  i nwards .  The . 375
Η/Τ  b l ades  d i f f e r  only in  the f ac t  t ha t  t hey  a r e  no t  t ape red ,  and
they have  s ve ry  ab rup t  s t a l l ,  which appea r s  to  occur  a l l  up t he
b l ade  a t  once .  I t  i s  t he re fo re  very  sugges t i ve  t ha t  the . 375  H/T
se t  i s  a f f ec t ed  qu i t e  heav i ly  ove r  the  s low  lo s s  i nc rea se  r eg ion ,
which  i s  no t  connec t ed  wi th  s t a l l .  I t s  s t a l l  l i ne  , however  , which
i s  a f u l l - span  phenomenon ,  i s  ha rd ly  a f f ec t ed  by be l lmou th  e f f ec t s
on the t i p  f l ow .  The . 5  and . 25  H/T b l ades ,  which  s t a l l  f rom the
t i p  f i r s t ,  on the o ther  hand ,  show the e f f ec t  of be l lmou th  r ad ius
equa l ly  in  both low- l o s s  and s t a l l  r eg ions .

CONCLUSIONS

1.  The 12 - inch  o/D duc t ed  f an  has  been  run wi th  a s e r i e s  of
be l lmou ths ,  hav ing  l i n  r ad ius  r a t i o s  of f rom 1 /2  to  0 ,  a t  f an
hub/ t ip  d i ame te r  r a t i o s  of „5 S . 375?  «nd . 25 .  Curves  a r e
p re sen t ed  showing  the  l o s s  of t h rus t  due to  r educ t ion  of
be l lmou th  l i p  r ad ius .

2 .  The r e l a t i on  be tween  l i p  r ad ius  and t h rus t  l o s s  i s  complex ,
and no s imp le  law can  be s t a t ed  to  cove r  i t .  The two main
causes  a r e  d i s cus sed  in  the r epo r t .

3· In  gene ra l ,  i t  i s  sugges t ed  t ha t ,  up to  g ros s  d i s c  l oad ings
of 200 Ib s / f t  , a be l lmou th  l i p  r ad ius  r a t i o  ( l i p  r ad ius  /throa t
d i ame te r )  of no t  l e s s  t han  1 /12  i s  adv i sab l e ,  wh i l e  for  h ighe r
d i sc  l oad ings  t h i s  f igu re  shou ld  be i nc rea sed  to  1/6 or  even
h ighe r .

1|. Apa r t  f rom the s t a l l  cha rac t e r i s t i c s  of the b l ad ing ,  a
lower  va lue  of f an  hub / t i p  r a t i o  r equ i r e s  an i nc rea se  of
be l lmou th  l i p  r ad ius  r a t i o  t o  have  the same ope ra t i ng  r ange ;
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but this effect is smell, end is critically dependent on the
stalling characteristics of the blades.

it has been shown that in the present set-up there is
close interaction between bellmouth and fan flow profiles and
characteristics. The investigation described here has con-
sidered the bellmouth purely as a fan inlet, and not as a
device converting pressure to velocity with an efficiency to
be found. It would be of interest to investigate the optimum
proportions of a bellmouth in uniform flow, without interfer-
ence from fan characteristics.
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