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Propeller-I nduced ship - -ibrit i o ns have become increasingly important in
rece n t  ve i rs due to • nce j Se J size and horsepower per shalt of new ships.
Ship ‘.- hru : ions ire caused by the ve c tor  surns o f  se’.’eral ime—dep e n-a ~ n: r- -es
and mome nts wh l-: .-: ~~to ~iue : toe o re ra :  ion of the propeflor in t he  w a k e  o~ the
s hip .  The compone n: -i c- f t .:e v e c t  r sue s of r o e  t i r e-  It- , n- tnt forc es and
moments ma: ~ e t hought o :  as (1) th - ’ .-~e t ra n s nj t : e i  by t o -  beartnr s of the
pr. -~’c1! ~~~ s ha f t  ~hIc:i i te  due to : ime—dep e no. . :- .t pr ..pel i~~r loads , and (2 )  those
transmt:ted by tOe h-ill n : :he pr ope lle r , by bossings , ana Lv appendages near
t h e  :- r p s i  le: co I t o  due to t i e near—fie ld :-russure$ Induced ~~ t h e  prcp~ .l~-r .

The t ime—depe- : -  r-~ - -~ and 
— cots ge nera t ed  ~.y a p rope l ler  opera: in:

in : : :i - wake of -.i ship ire due to v.i r~ a:ions in t o t  p r  ~o11er toi let- - veloc ity
ti e ld . l e  ve loc : t v  v a r i at io ns  in he tue: h: of as ~~- n - s e d  of te  ii

a e-- :.rn.en o e , and sr-i t i.i l v- i r i a : i o n s  of  the s t e a : -  vc~~c - c . : v
field. Th is :..- v ii! be coro- er n •-.d - I t; ;  t O t  : :re—iependen : forces ..~oa r — en : s
-~e::.-ri: .H by a propell er -ne: ::in- : T h u  spatiall y - ~-v~ o: ‘ t e a  iv  veloct:;- iie~~ .
.\ tv p ic i l  spi t lii distr:b - tIer , of velocity is s - 

—.— ;  in F;.:urt- 1.

~~~~~~~~ a”pt-c : s of this area -f ‘ pt - I  ler : ~re—lependen: f e r .  eS - n d
have been tr.ve~~t t ~~- -~: - - : .  . - - :a i  anal tical n.- :hods e:~i~ : :or t o . .  predIction o:

-r- :es and m rcrts -Inc ~‘-eratt.n in a - : itiall 1-
varying velocity field . I~-fercn:es (1). (2). and (3). In ai~ i:Ion , the time—
de pen .t -nt : o rc c s  and r’ nent  s ~e:;.’r,~ted by various pel :~ rs. c- pe r- it  Ing over a
ran.zc o: cond it ions. e. ~~~. . a f - i n c e  t V  :~~~, due to  o n - - r i :  ir.g in a - : v of
Sr i : ;  ~~1v vi rvl ng ve loc Ity  ~:e Js have been ~ c usur- t~~. Ret e r e n t c  (3), 1~~.),

(5), and (
~~~~~

.

F ’ F P ’ -~E OF IN ’ .’E Sr - IA T - ’N

p u r p - ’~ e of this :nve~’r . -~ ion Is twofeli : (1) to neasure the ti- —
- ;e1’en. !ent thrus t ~c n e r a t e - ~ by a series - :  : r -

~~ 
‘- c r  - OPerat In~ In ~ nurbe r -f

d;::.-rent s p i t  la l ly v~Irv ing -iel oc itv f ie l ds -ve t  a rancc ‘f op era: 4.r~ c - n d , t  ions .
and ( )  co— re T h t e  ~ - e  r. : :e s e n t a t . ve  neasu red vl1ut’~ v-i:h values pre lic:~. 

an-i~ - I ca l  ar ~ r

it — til ler s h.,vln. t o  - . ive . and te n bTh ios  we ri t e s t .  :. -ch pr op el ler
was oper a t e d  in :he wake sned 1-v a st r ut .  loc :- -d it a nunbor — f  ~ts :ances
be:-..e- -r. the gt :  .: an~ he pr o pe l l er . For each of  t o  st: :t ~~~.t1cn s cons1~i. -r~ 1 .
~c~~ uro~ c n t s  o r - .- ide for each pr -re Icr -n or-at in~ ove r a ra::eo of advance ratios
and irce-s:rea veloc-ties.

J-rre ]a:1
~
-nc ar~- r- : i i- ~- e’t:.ee-’ repri sen: ‘lye ~‘ -iiured values and v-~Thes

p r t — I i c : e :  by -. - inii- .- :icai methods . The first ana~ --tic a1 ~-e:I-- ’d is based or
t w - - h l m e n s i n i i  uns te i *.  a i r f — U  o rv . The gec -” rd analv : i..- a me t - H  Is based
on -u nc t e  iv ~~ f t in~ s : r f ace tues-r ” .

— — --— —--~~~- .- - - - - - - -~~~~ -—-- - - - - - --— ~— -~~~-p-- - - - - -~~~ —----~~ — 
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THEORY

ln tro iuct  ten

A number of fundament a l ly  different the ties for pred Ict ;ng the tim e—
dependent f - -rce-s and O s O t S  generate.! by a propeller ont rating In a spatially
v a r v i o~ v e l - c l : ’ .’ fl~-h! ex .- : . :hese theoretical approacoes can be -divIded into
the f o l lov i n~ cate c- ties: (1) nua sl— st ei!v :~~i n~ unif:r— flow te st— . (2 )  c u a s i —
s t e a d .  using steady—star ..- lifting—line t heory, (3) t-wo—d~aeasion4l unsteady,
i- .) comb:ni:ion quasi— stuody and t~o-J Imens1ona unsteady, and (5) three—
aim en sl ’nal , unsteady Lifting s.r :ace.

Boswell. Reft -r t ’n - e (6). has ne isu t- ed rI ;.. :Ioe—depend -.-nr f ’ r ~~ es  generated
by a series c-f prcptHl e :s operar tng in a .spiti aU ;-’ vary ing .t- - irv  f Ie ld .
..1~ r rd l .~:io:~s 1-etween the measured values and each o f rot - above thi r~~os showed
t o i t  the t~~tet- — Ii~ensiona l , - i n , t e  idv 11: log s~ rf a c e  : nc - i’- - .:.ive g d a~~ r-u-

wI:u to.’ m.i .~n I t - ;- ! o  - f  the m e a— ;rel ‘.‘il:t- ~ . I , a d-~Ition . t o e  pro per  t rends - -- .th
-.‘.i r :.i: i n s  in p elle t advance :~~::e and expanded area ra t i - - were preli::ed .
The tw- ’—iimens i -na ‘~nstea dv :h-- - :  v prt - l I o t ~~.i ti:. cot: t ren~: fo r vari t ions
in ;-r - ;- e ’~ er expund ~•d urea ratio b- .r t : ,~ ~agnl tudc vas - a r c t . The - --t her
t h~’or~~e-’; nr t-d ic:ed ne Ither the correct mign: tulc r tr-nc s.

As a consec uence of B.’iw ell ’s :‘.- :  H t s . t he ‘ t 1 ~~~’r e t ’ ; c i l  a p p r i -n i :h es
considered her— - w l~~~ 5.- the t — ~ —d :n~~-u s 1  ~ni: , un~ t c i - d v  theo ry and o~-
1 ho ’  ns~ --:n; l , unst~ -i a- -- ii:’’ ir,g su rf a- -e r he r’.’ . Each h*- r- -- is I. scrtrc d brief .- -

-
~~~ i.oer- -j onal _ea-4~~Th.- ~

The :wo—d lmen s i- --n.il. - - -- : c - - i l~’ t heo ry assumes - - :  - . p r - ’ e I ~~.:: 1- ades are
t’~o—J I~~t-ns !ooa . t soHt- : a :rfci1s w~ :: sm,illcir nc: (I.e. l:~ ’ :l - l ,a-Ied).
The fluid in -‘h :ch the pr- p -H lot :pe r - a : e s  is assumed :. -c I n o o r ; - : e s ~ ible and
invisc id . Scir~ , Reference -

. has determined the uns’ - i ; - -- ii:: en an air in - Il
which - pc r ~~es in a free- .-trea~ veloci:v w ith a superposed sinusoidal velocity
which i—a n,’rma to  t a’: a i r f  - i:  surf ,i c , i’ i.~ure . The rc ’ - : ’.t Is gi’.cn as

L - 2 — :~ b ~ )~(k) e t - (1)

where

: L
~ 

t il t  per unit span

K O;) z S- -~ n~ lunc t ion, see Figure 3.

Ho r - ’c~~. R e f e r e n c e  ~~. ~as sh - —~~ ‘ ,: t~ ; .-  uns:c iv lift on an airfoil operating
• In - l  u n i f o r m  v e l o c i t y  f i e l d  upon which j~ 

-- n - - - :-p o~ ed sinusoidal velocity variations
ii -- :  : ie airfe .! surface Is g i v - n by 
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L
u 

— _
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f 

U u b a 1(k) ei
~

t (2)

w tie r

I. lift ret un It span
U

T(k )  Hon - - o h  ~unc:1on . see Figure -~~.

A brief desr ::-::’n o: tue i~~; i o .i:i -n of t w o — -I nnensi:na . uns t e ad y  a i r f - —H
a pr opeller oper~ t :n-.t in -~ spit ~~ill y n -n—un I fo r m inflow is given.

A p lOu l  s~ .~t ia di .’~:r, t::: :: - -
~~ t he :~rJ r e i c- r l n f i .w  ‘.‘~ loc it’. f r this

investigation :s shewn In F:-cure 5. A :  a - n— t a;: ~.I lus , t O e  C i ; .  a t:  e ren a l
veloc i t. ’ ~~ str:o- ,t~~on can be decomposed :nto Four- .~ r . t; e:;un ’ s , .C .,

L i/c 
~ 

‘ - 
~~~~~~~~~~~~~~~~~~~~ n~ -~ 

C~~ 
in~

where

1 —th’~— -

~

-

~~

- U
1~~~

t ’
r

(
~~~~~

j  
e

Con - . . - .-:lv , a t-.-pi c al : .  .a ele ment of a pr . .- p e i i e r hi~~de ~,i :; be thought of
-as - ;  ~:1n~ an infinite number of  s : iper rose l  sinusoidal -~us r ve l - ’c i t ies  w i th
macnt~ - ..‘ . i n t  can theref ore app i- : the results  of Sears and ~ r ock t o

t o  u~~g’..- d v  Hf t  of a radial e cr-cn: c-f a pr opeller b lad e. The
unstead y h f :  —ri a :‘.- p i c i l  b -ide - , e~~ : t  due t - tu,- ~~tli componen t of the prop-—ll er
inflow . sho’cn ~n F~~~~~rc “ , ~s

Lnj  
— 

~~~ 
b~ U RJ 

L . r~ C~ (K (k~1
) cos — i~~ T(k ~~ ) sin d j

) e~~~ 
t ’~~~~)

- 
- (4)

E~ u a t  t ’ n  (d) was dt ’ r i v t  I from t o . - equa t i —o s f - r  -., -- ~~t c  e i -  lift c-n an isolated
- i l r t  II or’-r ~:in~ in sinus ìl v d l - o l t y  disturbance~ n?r ~ al to t ue a lrf ’ : i ’s

and ilon~ the a : r f c - i l ’ s surface. Equa t I~ n (~ ). however , is t - be arp lied

~
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to a propel ler wot -rc’, for a large number of b l a d e s , the isolated airfoil concept
will be invalid. The .ht c..-m p-oe r , t  Ec u.it lori (4)  may be thought of as the
l ift curve s l pe , ( - : / ‘ .L) fa r the tt~o—d imensic .nal Is- l a t c h  a i r fo i l .  r - include
th e effects of  id~ acent bl ades or. - :n~~:t - -ihv farces and ments , let us substitute
the value of (~‘C L/ H) f - r  2 j t  eac h b la d e  segment considered , i.e., repl ace .~~~

in F~;ua t ion (
~ ) by . a )  , lu-:h u ,

p 
~~

~ ~ 
b~ ~ 

U~; C~j 
InC t+ :

j
) {K(k~~ ) COS — 

~~~~ ‘r(k~~)sin E~ }~.rj
j

(5)

bc:n: slmi ,i r ar:ur :en:s , t he unsteady n - r ent on the ~th blade element , about the
cen:.-r f tat - pr - p.Hler . due t o  the 0 th Fo ur:€-r  conp -oeo t  of t ;-r p.~~~er ~r f~~~w
is given by

1 - c  -- -

- 

~ 

b~ r~ ‘~RJ u~ ~~ 
.. tr.( t+ .

j) : K(k ) C Os  - 

~ 
:(~~~.) sin

(6)

The (T ’C .~~~~)4  : - rm sh~,ui-.: then he de:..’r-o :ned f t  - o p e r - m ental or t .e-:retica
data  whit ch r -t  : IC.. t -; toe c a scade  e f :  .~ot s v-.c aIr: oil ~e .- : - - chara~ tt r-~ stics at
e.~c b. blade st -g :ent :n ste’d’c row . In :u:s i nvcs t i g n t i - — n . tx  values of (

~~~
J:, /

~~~~~~)jwere determ~n .d from expe rin.e -.:-a data for airfoil cascades, Ref.- r..- - e  . The
radial - - iriat~ ons of CL/ L f - :- :he t - - - — , f i v e — . and ten—bladed propellers as
calcu ate! ::~ m : ‘ da:~ in Rei~ :ence 9 are given in able 1.

Mc-pt log t :;e coc— rdinat e s-:sten shown in Figure , and sur.ming - vc r all
Fcar~ t-r Co~ pooents cor-respen..hiri.~ to t~- s i t ive pr - - -t.Hl~-r r~- :a:ten and t hen sunting
over all b la d e  e:emt-:; :-., the f~ llowing comp o nents c-f c--a~~eady f o r - c and n-— 
act on th e prope l or

- 
p B -

F • . ,~~~~. L. -z 3-’ - . . n .  ~~n 3

(7)
‘ - P ~

F a I - si~ E sin (
~~ 

4’
x j~ l .—1 n~1 - o  j 9.3

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
~~~ ---~~~~~

----
~~~~~~~~~

- -
~~~
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I

p B -
F — z : L. sin 8 cos (0 + ; - )I’ 3 l  ~~l n— i 

..jn ‘-3

p B ~
-

I — z z ~~~ . sin 8z . •.~ n 33— 1 s-—I n— l - -

(7)
- p B ~ -

I — -st - - cos B sin (0 + - )x • s i n  33.1 ~— l  n—i

- p B ~
I — Z -II. sin ~ cos (3 + 

~
- . )y . , ‘~~n i

3 1  s-•i n .  -. -

In E-~uj t ion ( ‘ ~ , t r i t ’ ~‘um -‘c .. r the blade elem..- nts has hoc-n ~c:-~ r-~ted into a sum
— -- - -r p elem ents :- e: blade and a sum ~‘.er B blades. The a -.: :~~ v +
where is the phase angle due t o  blade s~:~~.’ and 

r~ is the : sc ,~nc- l t -  ~ue t - -

blade ~.- i: ~t i - t .  The ç’aanti:ies - ., and ar.’ :ii.. s in ; e as given in
E~ uat ion.  (3) .nd (6) excert t hat  I -, re -lo ~ed by-j ‘.3

It is shown .:- Refer . :;. e 3 t hat - 2 —  c u rta in  harn nics of the nr~- - 2 2 c r
Inflow : - o : r ~ bute the onstt - .1:- - :- -r :os arid n o .  ‘;:s or. the prcpell .’r. chi y
t o  :- . .- .oan g - f  t oe inf low which are in:e~:er n:1 ’, : t; i t - c 0: the nunaer nrc- —
peiler blades ~m3) c —n:ribute to th~ cristeid v tt - r u- ; t and t - -r :uc-
to  - -~~

- -. :- - n i c s  c-f tic inflow which are adjacent t ‘ t :- ault ~nles of :t -
of rr— :-H 2er blades (mB~

’) con:ri~-a:e the - : n a . t - - u ,  side forces. 
~~~~ 

and ~~~~.. and
heri - :io, : n- — ent.- , ~ ana T x.. A 5-coni r - -- - f  t o .  sens itivit- - o: various prepe ’. lers
t o  t oe  hirm - -nic component ’s f t’;..- n r  n.- lu :  i n f low is given in 2.

It can be shown. t h i t  Fcu.i:io~ s (
~ ) reduce to

(F,) — B 
~ ‘ ‘~(_ ‘~) l e1°~~ 

~ * :~~) 
~

- 

~m 

~~~ 

:
~ (~~~l 2 j e1~~~ ~~) } (8)

I -

‘ ifi ~~~~~~~ ~2 
4’ 

~~~(ti~4’l) 
~~
, e + ~~~ I

_ _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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- B ( M3 (~~ ) l 1 e~~~~
2t +

— 

~~ .~~~~~~ 

~ — “j ( ~ B—l) 1 2 + M
j (mB+j )~ 2~ 

e imB
~~~

t + c j~~) (8)

- - 

~j (mB-1) 2 + M
j (mBtl) t 2~ 

i~ B (t + 

-

where

- L J - ~~ ~~ ~~ 
- ~ 1(k

3
) sin cos

IL J~I ~ 
. -- -p 

-~~~ b
3 

- r 4 C
RJ 

L’~ 
~~ 

~~(k~3
) c°s 

~ ~~ 
sin sir.

~~9)

1 — 
-

~~ 
~~~~ ~~~~ 

5~~~~
j  ~ c, 4 ~~~~~~~ ~~~~~~~ 

— -

~~~ 

T ( k ~~~) sin ~~~~ sin

- 

- 
- -

I l l  — 
L 

. b
3 

r ‘ r
3 ~R1 

U C
3 ~~~~~~~~~~ 

cos — 

~~ 
1(k

3
) sio c~~) cc- s .dH

T oe :1:- - n in. F -~u.ation~ (~~
) t akes on :~~~ - va 1ut -~- ~~~~~~ r-:~- - — , or nB— i

i c- c o r d i n g  t o  their use in Er~u~~ ions (-i). Also . sino - : a- values of  C n 4  Or -C
pc — s i t : ’ ,’o va lues of ri - -n . ’- . C.,~ be r.’r i t te n  In :er~ s of toe real ao.1 .ig~ narv

- -m n -:;. - -- t s of the com ’—I. -~. F o r  i c r  c c ’e f f i c ~~~ot as

C —~~~~~(~\ - L B  )
nj nj

for the :‘urpose of ccnp~~: at I n .

A compu .-;- program has I— ceo written which cal culates the uns:tad’: forces
and n-.-m. • genera: 2 by a prop eller operi:i in. a s:-a ti al lv varying v e lo c ity
fieI’~. as given by E~uit1ons (~ ) and .~~~) .

*
i n — :, i ; -  ~ i f t  in,~~ Surfa ~ ..Theorv

• 
H.~n~i — ~;-~. Reference (10) . deve loped a 1 int ’arized , ; ; ns t t—ad v . 1 f t  thg—surface

theory f r  calcul~ :ing toe uOstea-i\’ 1- - id ing ~ev ~-~ -r - .- by a p r ’— e ll er . The

* p . O i t.~is sect ion -n:- taken from Rcfcr en--c (1). 

r -— 

- - - ~~~~~~~~~~~~~ - -~~~.-- --—- --—
~~~~~~~~

- -
-~~~~~~~~~~~~~ -~~~~
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I

propeller is assumed to be operating in .ini Incompressible , potential f low. Both
• the lifting— surface anid t rai l ing vo rt i c l t’c  are assumed to lie on a predete~~ined

helicoidal surface of constant  pi t~:h and any deviati on from this surface b
either the flow or toe ifting surface is c o n s i d e r e d  as a small per turbat Ion .
Under consideration 1 .r. . is the case of a rigid propeller operating at a constant
advance ‘.- -~~ o i t v  and rot a t i ona l ve1~~c l t y  in a spatially va r - i n g inflow velocity
ieiJ. Hinio l- a ~:t- r ~v ed the following ;nt~- c r n l  equat ion wh ic h  relates the kn-:wr.

unsteady downiwash Lj~ -— tribUtj0fl on the blades to the unkno~ a unstead y loading
distribu t ion

V~ (r) ~~~ 
-t - 

~~~ - 

~~~~~~~~~ I 
J 
~~~~~~~~~ ~~~~~~~~~~~~~~~~~~ 

- (~)d~ ’dS

S (10)
-c o t - r e

-. -) - ) —

R — { (~~
‘ - 

~~) r + , — 2r~ cos (~~ — I +-.’ — a(T ’ — x ) ) j  -

In a serico of :a-,- t’- - t 2 ;  .:ions c ncu ted ~: Stevens Ir -rst :tute of Technology ,
Ref erences (11), ( 1 2) ,  ( 13 ) .  and (1), t x  uo~ :eadv i~~ ring— sur f~ ce euit i on
his been nuncr i cal l-  ev alu ir - od ut’ :er succecsivelv le~~ restrictive assunpt ions
r~- c .~rd :n - z the p rrr cl - -r -.~~- - n : : ‘ .‘ arid ti e c.. .-

~- .- loading d i s t r t n u t i - -n .  The
teconiques -of c ’.- a l u  ition USCU in t c na— st re .a:t invest i .:a: i - n , Ref t  rence ( I ) ,
a re re’c~ ewc 2 - . . r .- . since e :;is o.~taod 1-oi s i-ceo en--- l~- ’.-ed to :‘rc:ict time—denendent

• :r - - .1 er thrust  in the -resent in’.- es t ;  o it i - n .

Toe direc t i a-i~ d e r iv i t ; ’ cs normal to the he 1ic~-id~i l surf -i- e rt- g ive n  by :

At ti;c cc- i i t ro l point .

-~~ r I :—

2 2  
~~a ------- ~

.1 + g  r

At the lo ad ing  point
-J

_ _ _  
i ~ l• -______ — — -— -  a ~

- . —

ri - ‘ , -

w i  + a - ~

A high - ‘rdcr s.ngularity exists in t he kerne l of the Integral eouatien . In
• — t i e r  - circumvent t h i s  nr~ bienr . the mn. tec r- d  is eva u.a:eJ - - v t - n  the :-r.’Jectio n

of the blade to t .~ or o.- l cr p li~ c instead c’f over the actua l blade surface.
A f t e r  the ma chema:i-:ai manipu :t l ’ n s  have been p e r - f or - nt - h —n the sl~~chtly  shifted
sur f a c e , the pr ~ec :ed s u r f a c e  is brought back into c-incidence w ith t o e  a c t ua l

sur f a c e .

. - — - 

~~~~~~~~--— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~ -~~~—
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Equation (10) can be written as

V ( r )  ~~iq(..t_ ;
0
) 

— I S(~ ,~~ ) K ( r ,~~~;~~,~~~;q) sin 9 d~~~ d~

where

S(~ • e0) — Lp(p. r~~~) p

r _ _

I -

- — 
. 2 

-
~~

-
~~~~

-- -
~~~

- l i n  ~~e~~~~n 
~ JX

iqa (t~_x) 
~ (-i) ~

(13)

and the tri ~~c f  ‘— ioo ~ • cos - has been used.o ~ a

The urrkn-~..ni l - a d i n ~ f unc t i on  S(~~.-~~) is apprcxirn .ited b’: a Bi rnbaum ‘~-ri es

— sin ( o — 1 )~
~~~~~~ ) — - L (U (.~) cot ; ~

- L~~~~(~~) —-- —--- --—--—
~
------

~~ ( 1.~4 )
n—2 n —i

where L~ ”~~( . )  are a-  -— n inw is . -  loading -0:-coca: -;. This series r c n r  - a o c  — the
r n  r- .r  ead1n~ e :~ .’ s ir, larit and fu l f i l ls  the ~u t t ~a con~~t t i on  al ong the
t rall- .rr .: cd~ e.

Toe inverse Descart - dig : i - - : - - is ex pa nded in terms of Legead re funct ions
of the se-c- n-i ktnd

2 ‘ — 1
- ~ — — .4.

~ co sm O 0
- ~~~

— m—l/2 .,ro j
~ r — .r. c s  j ri- 0 tr ~r~’

(15)

~ ~

~~~~ 

‘

~ 2 , m~~O

r -

The kernel is now in separable forO . so t hat  the chordwise ~rrte -~r i t i — n  can be
per forn- .- i . -.- he r en - .’ . the surface integral c~ ua:ion Is reduced to a line imte~ ral
C u l t  ion

- -  - - .~~~
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Yi!.1 ~iq(..t_~0) — J LU~ (c) i~~~~ r ,p, ;q)d .~ + J n 2
p p 

(16)

The new kernels ‘~(r~ are t he result  of the ~ — inte~ rat icn.

The t r insf - -:-m ,ition ; — - cos - is mj d e and the integral equat i n .  becomes

~~~~ ~ i c~~ cos ~~ - 

~ 

L~~~(d) m~~~~) ~~~~(r ,~~;q)d. . (17)

Ihe chc-rdw:se - i r y  ;-~nJitions are s— lt k - -fied for each of the ch- ~rci - - c i se
h— id tog modes by use of th t  - r i es  - :  -~e nc r alite- ~ Ii f t  — p e r a t o r s

rn—i , ~.
- - ( 

~ (1 — cos : )  d
• j~ _ -

• n 2 , i 1( 1  • 2 cos ~~ (18)

cos (m- I
• 

-

~~ 

~ — - 1  ~~~
0

App li it ~on of the iFt open to ns to both sides of e:uat~ on (~ 7) result s in.

‘.7 :-) ~
(
~ ) 

(q~~~~~~) - L ( .:)K ~~~
’1

~~(r , .q)  d~ + 

~~ 2 
L (:)K ’°~ (r~ . ~q ) dp ( 19)

is of the f - rn g iven in Equat ion (1~ ), arid ~~~~~~~~~~~ are the kernels
P after b - t :  t oe  - and - ~n tc ~ rat i o n s .

L a

The nanI--.-r o~ r~ - : n z  v:: cer i l  e-ua:ions is ~ • n. The solut, i -n of tt:e- e
integr al equat i’n- . is obtiined by t x  coL c a : ~~- -r r - ’ t t 1~od . The blade is divide-i
j o t - - - i— s t  r - . ;s . of  length 2~ alon g the span , which re : :~~~ ‘- ‘ the integral equat tons
to a s i t  of a~~ee5r

-i i c equations

— r ~nax p — — 
~~

-

~~~~~ 1(rn )~~~~~i~ = 

~E, 
~~~~~~ 

L~~~~(~~~)~~~
” -i) (r~~ ) (20 ) 

--—--~~~~- ----- --~~~~~ - ---— ---- - —- - -~~~~~~~~~ -
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This set of equatIons is solved for the spanwise loading components L~
’
~ (p ) by• the use of a dig ital computer.

The resulting spanwise loading distribution is

I (~‘)L( r )  — L (~~~~) + -
~ L (,:.)  . (21)

The t ine—dependent thrust at blade rate frequency is given by

1 R
tip 

ar I tT — — Re B 1 L(r)  
________ 

dr e 
q.. (22)q 

- - 
~ 2 2

L R , I + a  r
hub

A co~~ eter  p r - g r a ~ which c a t — c u l i t e s  the t ime—dependent f o rc e s  and moments

~
en c r ited by a propel l- - r as -r’ edi-t ed by the - .n s te ad ’,- li fti n g surface t heory

~as obtained toO the di ’cil Shi p Researc-: and cv~-l --pm ent Center. T his pr- zr- in
.ir -p r - x imi tes toe dt  t- .~- t -‘nil det-ivat ives no rmal  to the he lico idal  surface by
d~ rcc t 1on,al der i - ;a t iv es  in the axial d irec t~ cn , I.e.,

p 
~
, I ‘ 

-i
— (~ 

—- -c — A -o — )
2 2  - ov 1 + a  ~

r :— i ~ a -

_______ 
(a - --- - —

~
- -z—--)-~ - cx 2 

~~~- - - r 0il ~~~a r

In addi tion , the he lic old al s urf  ice of integration, bct~ -n the b ades and in
the d — n:st rc im ~r~t ?c . 2 . a ; - p r -  x in- i ted to a staircase m ao -e r - . The ca1cu1~-at i’ni S
made for t h i s  tn’.’estigation used five chordwise modes .

E :cPER:~ir~~~\l, P P I E - ’  .I ~ A T i ’~~i O F SPATIAL VELOC ITY ~ lST~~l~ u1 02 S

Introd u— t i - -:- S

As shown tn. 2 : — : : ir-n -~- ‘ , the t heore t i c i l  value of the t ime—dependent thrust
generated by a :- r — - .-ller opera t i ne  ii a spatially varying velocity field is

• pr opo rtionil to ‘ic radi al -:istn ibu t ion of the harmonic c o n t e n t  of the clrcun . ferent iii
var iation of the axial v e i o c t t v . i . C 5~ quantities must hi. dete rm ined from
experimental velocity uistr~butions. The first part of the experimental rrograrn

________

-

~~ 

- -  

-- 

--
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involved measuring the cir - :umfercotial distribution of -~ .i.-~l velocit y in
the pr ope ller le~~Iing edge p lane for each of t u e test conditions at which
unsteady prope l’.er thrust v~i s measured .

Test .Ap:- ar : us

The spatial variat.cns ira the pr- pcll er in.t 1-  -..- were generated by a strut
with a s m ~ret r icil airf oil cross— se ct ion h aving  ari e iciit— ir .:h c~c-r .i and a
one—inch maximum th ickness. in or- Icr to measure t tme—d, :-eai.-’nt pr reller
t n r u — t  in. vcloc~ t f ie ds caving different sPat lal v a r i at i o ns , the strut—
t - ’ — p r - ”—el ~ er s pacmn.~ v .as ad~ ust~~-~ i.’ from — c r  ~~~~~~ s to t n : r t y — t w o  inches.
r:~- s~~~ut pla ccu t t  Ot?tc angi e of att~ ch and , : : c r t f c r e , t he vase ~:idt h
~~is prcp- ’rrional t o  . 1~ an d  :~~~- - max :mum vcl ocit” d e f i c i t  was pr c ; - -’ r ti —aal
to  —I , ~‘heN- ‘

~ is the d~ sta n ce  fr -c- n the s t r u t  t r i~~ling edge , Reference (i’~).
A t y p i c i l  v e l e c i tv  d i s tr :°- : : l or .  behtnd the strut is shown in. Fig ure S.

In order  to d L t c r m i ne  t o o  h-a rno::ic co n ten t  or the propeller t o f lo - - , toe
c i r cu o f e r en t ~~i l  d i ’ : r~ b u t io r t ~ of ax i  ve loc i t- - t a ncrA:er of - -idii were
measur-: :. A wa ke rake . i .e . ,  a series ~ f rc~d i  dlv d :str~ buted p it t r- -t al
and s: ~t i c  t ube s , Figure ~~ , was employed - t O — c ~ -nsur -ements . l i~ wake
rake is sh~-vr. s hemoti - c - ll y in Figure ~~.

r Dat a Ac cru is ltion au -i 1~ei.1uction

The r a~ c vjs rot ated about Its - - -::cr—i ine th r~-ugh 180° and , since the
rake was s~~~- -: r ic abo - it the o - -n t - : r- l Ine . a survey --.-or 3-3 ’ v-as made.

~casurement -. v’er.,- nade it each of -: lowing a ng ~~i~lr ~ricren~ nts . v:lere
.: -c r - i s  pe:- :--~- oi1 : :i in : - the ~:nut :

00 — 70 0 50

7 — 1 d ~ 1°
1:0 0 

— 180° 5°

~ typ ical vel~~ci:v d~ stn ihutto n as measuri.i with t O e  wa~ -c rake is shown
i: F i~~u rc 5.

T::~ d a t a  acq- .~sit ion a~ d reduc tion system used in measuri ng ti .e velocit y
d is t r t ~’ut l-’os is s -c- v~ in t he -‘l ock  d l az ra n of Figure 10. At each angular
p c It I —u considered . the values of t o ta l  and st ct Ic pre ;-.~.eo 

— -- o-~~- :re I by
the wake rake p I t e t  :uhe~ were recorded or papen t ape . In additi on ,
free-stre am ~:il and s ta t i c  nr ssu res were rec-’r~ ed. Based on c s~ data , the
free—st rom v ,c1ct ~~t- : and t a:- radial dls tr :but ion of velocity at each angular
position cons iderci ~Tt~ calcu lated. Thereby , tre circ :m~ i.-rcatia l distri bution
of axial veloc t ’ - at various ra dI i were dctcrm.n ’ -~ .

T:-~.— velocity d Ist rib -i~ ions - o r -  I - ternined f-cr a fr - c—stream velocity of

~5. 18. ani 21 ft/sec at each of the ioll —vi n~ distance s downstream of the
st rut triifloz edge- : ~~. 5. ~~, 7, S . 10, 12 , 16. 24 . and 32 ~r - h es.

- - - - - - -- ‘~
---- -“ - - —--—- - - - --_ - - -- - -~ - -- ~~ --~~~ -—--~~~~~ -~~-- ,-- -- — -

~~- - ---- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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Data Analysis

For each free—stream velocity arid strut position considered , the ha~~oniccontent of t i~ - cir - -cnfezential d2 str~bution cf  axi d velocity at each rad ius
--ca~ determined. Stand ~ rd Fourier analcsis techniques were used with

numerical in: icri t :on be:oc perrormed by the t r u~~zoida1 rule, the resulting
real and imagin:r -- - - ci r t s o: the F c r i e t  coe ff icients are listed in able 3.
Since toe t i mc -dept~n.dcnt thrust on a 2— , 5— , and lO—bladed pr :-pe ler were
coris ider cu , oni’: ha r m o n i : s  o :  order 0, 2, 5, and 10 are listed In the table.

As pr e . io - a s l v  ind~c i t t - -! , the obje -t of pos-. t ~~- - n i n . g  the strut at a number
of up st ream d ist ’n~es vas to alter the -uc it ial  V O Y i A t I O f l  -o f the inflow -at
tne propeller eading edge . F:.~ures U , 12 and 13 show th~ second , fifth
and tentu : r;-lex Fourier c c ef fi c~ en.t , non—dimensional~ red by the f r e e — s t r e a m
veloc l t - - , ver-u~ toe rad :il po- :1 -ra , non—dimeri s~ cnalized by the p r -~~eller
tip r fi us , for :~~o v 3 t ~c S  of o - n . — u~ mcn.c i cna l  ~trut position . It is seen
in toese : i~~utc - ~ ~t :he Fo~ t ie r  coe f f i c i cn . t~ do va ry  v ito str u t position.

S~ :~ce t - - barn -‘cc ~tcn: of t O t  pr -p t - h er inflow Is cai~ ulated f:
cx:’eri~ erta v determined ve l o c i t y  : is t n ib . : i o n .s , t here -

~ill be sc-me
e x p e r i m e u t t l  e r r  r in v - -lved . R e f e r e n c e  (15). In order t c  determine t o e

- : the  Four~ ur -~~: f i c i e n t s . a ser~e~ of eizht ~oako s u rveys
were p erformed -

~ith a free—st r~~im v e lo c~~t :  of 15 t t / sec  and a n on — d :m~~ s1ona 1
di-.:ance \/h ., 0.~’ 5  hi t ’~een t h e  S t r ~~t t ra I1 i r .~ edge and thc wake rake .
r- ~ .- Foc’jer c ’ e f f t c i - - n t ~ sc,ro calculated for e.ich of the te sts at e.-~- h ra d ius
coriside r~c h .  T~~c neara and ~t i nd-ird deviation of each - -~c t  of Fourier coeffic: nts

~-1s c-t c u  ~ ed . F l c u r e s  1 h r c- u~ h 23 show toe me in and standard deviation
of t o o  :t-r - :h , ~ - co nd • : i t  th , and tenth ~ouni er coeffi c Ien: versus the
non.—dimt’nsicna

EY?ERPi~~ TAL D iT ?2 l l ~.-\TiO:. OF T I- IF  P~~~ PROPELLER T~RtST

Tue t~ m.- — d c p e c i ~-nt tI:r zenerated by t hree different propellers --‘ren ting
in t oe wake of a strut was n~- - a - ~u;ed . Mea sur-r-ent c were riade f.or each - r - t—cl ie r
opera t i n

~
’ -it va r ious advance rati s , f - r  a ran~e of stru t—tc -— rr c-p ehl er d~ s~ances

and for various ‘r~-e—st rear~ ve1oci:ie~ .

T e s t  A: 1-ar itu-;

The pnc-re1 - -r~ used in the test ire shown in Figure 21. The same blades
were used -r each of the ,~ronel1ers , the blade number differences beIng
achieved by using different sized spacers on a cor~ on hub. Each blade has
a con -st -in ’ chor 2 of  one inch . no camber , m d  a sp an of toree inches with a
hub—t o-tip r3tio of P.25. The desi~ ra advance ratio of each propeller is

— 1~~• ’~

The propellers were dr ive n.  by a dynam — n - t er hi — cated downstream as shown
in Figure 2 2 .  A— st—e n , the for-~ard part of the dvnamo~cter shell was made
as small in dlrr c’ter is possible in order to minimize its effect on the

-u 
~~~~-~~~

—_
~~~ ~~

- - - - - .— -- - - - — -- - -
~~~~~

-
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p r on- e l ie r .  By placing the propeller drive mechanism downstream , the presence
of a bc- urad irv l.aver in f low . uith its radial variat~or. in velocity, was avoided.
T hus , the generation of :ime—depen h -nt pr - ’:— ulle r thrust due only to operation
in the strut wake could be studied .

mt time—de pend ent thrust i~cner.:ed by the propt-hl er was measured with
a d n i m i c  th r u — t  balance - : .ich o t i l t r e s  a p iezo—el ectr - :c crystal as a sensing
element. Th~ balan ce is located .n toe p r : p e l l e !- drive shaft and is pla ct- - :
as c lose t o  the pr - n - e l l .- r  as poss ible , Ftgure 23. The er stal :enerates ,n
clec trt al signal due t~— the def- -rmmticn caused by :b~.- t iLe—de pendent :- r - : neh le r
fo r e s  and moments.  l O C  tin t-—dependent forces ~r:d moments are transn:tted
to the crystal b. a h~nl— sph~-r ic - -ih ball :ich is aligned - - - i t h m  the drive -uaf t
center—l Ine. ::e pier -c-el ec tr ic cr-:-~tah ~ s also aligned w t t O  the cent e r—line —

of the dr -~.ve sha::. see Figure .. !l.- positi oning the humi -sphenica ball
ar.d cr’ stal in this w m v , the sens it~ vitv of the b-i i ance i a b ending nent
is low -.d:en compared to the sensitivi : - to an ax ia l  f ree.

A mass wis p licod -c:: the dri v e shaft between the balance an- the drive
n -t a r. :cs mass is large woen comnared : t ie conhIne - ! ma--i of the propel2~~r
and short sect~~n of d r~’:e aba:: forward of the balanc e . Tin s , t he s’:stem
Is conside~ e-.i t~ be a um:- ed mas-— -spnlng cv s te r - , w f t h  the comphianc*: p r e y t - ced
by .a thin - - , i  led stc~ n or, on ~he shaft . see Fig cr- 2-i . A t ra!e— ’ff was made fn

- - de - :-.~ n of the compl i~~n: sect :on since it ts desired to - e a hL’h
:t::rai fn - e--cxen cv of t h e  s’-’s:-~m . i . e., lam .- st iffness , and a hiRb ; balance
sensit ’.vht y . t .e. , small s:tffn. -- — .

Data ~c-t uis -- t :  and Reduction

-\ block dia~ r-a:n of toe -dat - i a c— u Is i t ion and r- u ct i o~ syst’~ - is shown
tn. Fl~ ure 25. An lcct rtc -~~pn I s ~tenerat ed 

by the niecoe cc tn ic crystal
Jut to- . de f -n:.c -n caused by thu propeU- :- tine - 1 ‘-n: f— r o es and
n —ment s. Sin -ce t ht- balance rotate - ai- -n~ with the sha f’ o s~~nal ~s
passed :hr-,u. c a se t  o f  s h m r — r i n ~~s. Si nce g hi p —r 1 n - ~s are a source - noise.
t ie :~ gn -~l is am-:-lified be- -re passing through the sli’ --rings in - - r ue r  to

have a good ~~~:-: :1— ta— no ise ratio .

The signal fr toe Si in-rings was :hen passed through a set of - - - i r i - i ble
fil:.-r - i . :~ o high pass and one low pass. Toe low n- ass filter ~;as — - - :  at
I kh: far al l tests and toe cut—- off frequency - t -  tw o hig h pass fil ters
was se t  at 50 perc .nt above the - -~ • ‘t rat e frequency c r each n~ rti c uhir test.

The spe ctr- .c- of the t ine—depen:en: thrust wa s  - i-t im ed by passing the
filt ered sI~ n- a t n -  a: a wave anaiyct~r. A typ ical spec t rum is siic:-m In-

~ igure 2’— . Tne time— d ep ~- th rus t of inte rest here Is that a urn i n -~
at blade—rate fre- ~uency . i.e.. nt~ ber of bl ades time s sh -aft ~~~~ T - neasur.
this, the center ~req:iercy of the wave analyzer was set at the b i o - ~ - — r i t ~
frequency of the particular test and me 1 ev - h at this f mc :uen- -y  was recorded .
A typic _ i l level of t ime—de-’cnien: t h rus t  at b ade—r :te frc~ uencv is shown in
Figure 2~~.

- ~~~~~~~~~~~~ — ~~
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To deter-mine t he amplitude of the blade—rat e frequency time—dependent
thrust in paen - :~ , t - c re -or-led leve l was cc—~tpar,- to  t e  level of a cali-
bration sitral. In-c c t l i h r- i t io r ,  signal was sinusoi dal .ith an amplit ude
corresp onding to a siven f-r e and a frequenc ’. equal : -- rue b la d e - r i t e
frequency of t - :  rest unuer conslueration . T his calibrat ion SiOnil was
pi s s ed to r ugh the h’,co and low pass filt ers -~~~~ ti .r ~

:i the ~~~
in I v,ner an-: toe lcv~- 1 roe -  rded . The f o r c e  a n — l i t  wi t- — f  h~ blade—
rate t ~n~-— :ependent t::r-ast v-i s tn -en dete r~~lnc’I bc connot ing Its  si~ na1
le vel w ith the c i l ibr t r ie r ,  ~i cnal level. —\ calfbrat ion c ur -ce is shown in
Figure 27 . : - - 1 bI i d e — :  ite tinc — de ’— t- n den: thrust Si~ r,il lu r e - i and
cal ibratran signal leve l  are shown, on f igure  2r

Cal ii-” 

The time-depe::denr thrust balance was calibrated by applv~ng a known
sinus~-i :ai it-n-m i force to the “ropeller sha ft in! recorilng the n:tput c-f
the bal anc e. Figure 2 S shows the cal~ i- :-atl -n t u c ~ set- - . The s~nuc idal
axi -i l fom~ e wis appiie.: wi t-u a f i t t - — n - r n - nd e’.- - t n- - —— n - t a - t I C  shaker. ~b:e
m n n l L t u dt ’ - f  -me f o r c e  u m s  mea-,mr e - : vi::. a f -ree cube lacE -- be:~ct-~-n the
shaker and the :~ropei Ion - :r iwo s h i f t .  l1;e b-a 1-ince out - : t  was n- = -n - ted
botu on t ~ wave ar .mly zem leve l m~ corder -and on .i v ’l:m - ter in term s ot
peak v- -I’ age for various known values of apr i~ od axIal f -r~ e. T i : : m e  27 

~ app ~ed rce .ers- ~s baiance eutpu: :- - : a range ot. a - p l led f n r c .
It ~s seen t : - - ba mn ce - - -~: p.: is l inear : itl: : - rce.

Since the c- ilIb: -~t ior, y~is t-t’rfo:-- - - l t a re:uencv of 150 and :1- .
5Iid ~~—r a te ir e-~uencies of 

-.t  . re -: r - mo t- - d from 35 Hz - n - - S  
•

fre-lueno v r e s p - n s e  of the b.alan-n-e for .i con t ~n: amplitude app lied force
was de:’-rn l ned . The ele t :- - n - a, ’ncti c shal-er was driven with a vhite n- - u - c

~e n-r - i t o~ and the spectrum of t i-a ’ .:ue output was -:-:ained ~o l t n -  t -~~

u iye analc :t- t- . The f re-:uencv r csn o n s e  — F he ba lance is shown in Figure 29.
A-; ~t’t n -  . the response is - ~: vi :o :re - uoncv in the r-i n~ c o: int ere st .

The - - il: b r,i t ion -
~ is ncrf -mn ~ed vi:.: no steady axial force appl :ed

the shaft. l i - - - cyen , during the n~easutemc:-, : c— f the tlme-lenenden t t rust
gener-ited by a ~r - neUcr~ a c :cadv axial farce is an- p lied to tn-c ~ft due
to t h - ’ steaJy th ru st c t - c :  a t -  -~ by the : nopel h e r .  Te - .ts were perforate-; when -c
the balance o~:t put due to a t:—e—d epe -- .:cm t axi~i! fo rce  w as n-ea-n rc - : vh~ n-
v a r io u s  lCVe~

’.s o: steady axla force ;--.-‘re an-- p lied to the shaft. -\ sket of
t oe  t o t  set—up i- i shcwn .n. Fi c- :re 32. The t o~~t re~ u :s are shown in Tmi - ’.~ 4.
The steady :-.is:- ’expectt-d lurin g the m c a s u m - - - nt of t ime—dependent
are shown in T ’ b le  5. In is seen that the stca iv thruc: has only a sna~~
effect on the nea- - - .:ed ~~~~~~ of l a t e — l e n - e n - I c  - t

Tes :~~~Cond’ icted

The : lme—Je;cnd . -- - : t hru~ t :t ~~ade r i t e frequency generate 1 by a se rie ~ a:
n r - p e i i crs  opera :  in~ ir, th. wake of a S r u ~ was aeos :m ed . P’r each propeller
cons ide red  , ~eas%:rem.ert w ere mad e with the at t - :  at the followl ”~ strut
t r ail1n ~ & d g e — t o - p r - ’peI i t r  spac ings :  3 . 5, ‘-‘ , 7 , 8. 10, 12 . if’ , 2.  an-i 32 ;nches .

--
— ——~~S ~~~~~~~~~ — - ______ ____
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For each of the - - r n - u t  positions considered , mt-asu retae nt s we re made for
each p ron - e ’.ler op e r t : in ~ at i t s  design advance ratio , at design advance ratio
plus ten per c e nt , and at ~~n t~ n ad’.’ooce ratio m i n us ten percent. Each of
these propel ler advance r ir ;o conditions was  repeated  for f ree—stream
ve l o c i t i es  of 15 , 18 . and dl ft S t -C .

The L ime— de pe nden t  t I r u s t  it olade—r .ire Ire :uer,cv is a multiple c - f  sha f t—
r i te fr e :uen -- v . Due to tn - u presence of rota ti ng parts ,nd their supp orts ,
the bolance .~ l1 ge.:oro:t’ sig nals an sha ft—r ate fre-:ucncv an-u ~:s nult ;ples.
:ae st~~:- ti Rene rated by n - c - ti: hag components of the r r— ~

- t - 1l er dr ive s y s t e m
should he ‘.c-~ c r toun toe s ignil c e ne r  ted I ;~~

- t —  the t i ne—depe nde nt  pr - n-e l  h er
t h rus t .  To obta in  the signal lev e l  due t - t he rotating parts , tests were
conduc ted to atea — ure the spe c :rn - of the signal leve l  due t o  the p ro rclle r s
operat ing ~n ~a spa: : t1 1.v unif rn in: low , i.e., vi ta no s t r ut  n - an ted In mn -~
test section. Spec t rt~ levels were ita ined for the two— and t.:n-i--~.a;ed
pr ort - he rs o;- eri :ing at -c~ r i - -u s al-cc - - : e r- t :  : 5  and free—stre c-- vel~-c ities ,
an.! It was sh,~ a :~ni: tne sn - :ift rat e signal leve ls were at least 10 dB lower
t han  t he  i- lade rstt- signals .

RES~~ ~S A~ fl ( -~ t 

The results o~ the Inves riga: Ion 8re shown ha Fic.r -- . ~1 t -  . Figur es 31
t o  -, - ire n -lot s c~f t i c  tin~-— d ep en-lcn -t t .r- .~ t :- ef : ic :ent -~er as n o n — d . t . ~n s ion  ii
snrt:t — :o— propell - -r d :s:ann-e . Each of :1. -se f I g u r e s  n - t n - r e  - c O t S  t O t  e~ nt r rnen- t a1
- i r .-d t h eo re t i c a l  rcgul t  a -oi- :atned vi: - on-c - f toe pr- - n-c ’.l e r~ oper at;n-.t - t a

~:ven advance ratio f— r a n-ar ’ ten -ha’ - free— ~ :re-a n -c~~ 
- - - i t y.  F i- u rc  —~~ is a plot

of the t ime—Jepa:a d cn -t : irust c- ’cf f l c ie r .t V t n - S U S  advance ratio for a given
strut p o s I t i o n  and f ree—s t rea m t’~ 1oc:: ~~. Table ~ shows toe various condi t i - n-s
u n - i c r  w leh exper :menr -; in. t o t -  r~- t 1ca l  p red i c t  i were made for each proneh ler
cons i de: - -. .

The ex ,er iaen- r- , lv obtained data have Inher ent errors associ-~tt- vi t o
due t o  the usual sotr-:u~ of expe rim ent t~ err ~r .  The values ‘-r die ted

by t- :t’ rue ‘ret ic il nethrds also have err - -r~ associa ted w i t ; ;  t n ~ ., since the
‘ h e c r ! e s  e m:lo v t :~~

- exper Imen t . Ii’.- d~~t e r m i n e d  harmonic con :e-:t of the propeller
inflow ve locit y f:~-hi. These errc-rc -i re evIdent b:-’ the inspection
Figures 31 to . which show the scatter oi the lat a .

In order t o  be ab le t o  c o m p a r e  : : - ~
- mi ~ n ! tud e and t r en d s  of t

experi me n ta l and t h e -r e t ical value ;, a least g~ u i res  p c-l yn -r-iaI t i=~hnl n-t
- i -  used to fIt cu rvc~ t - —  the da ta  p oints . I --c dat - i  r ’ - l n t - ~ comprising any
one of the ct~r -:.-~ has .a g iven shape due t o  the t n - t n !  of t o e  data , but i ’,sc
has scatter ui - - ut the truC t:end line. The prc- °.en is then to select t I e
“cor r~- - t ” deg r.te of tOe po1vnoat! -’~l to t i :  the data point s such that a “ t rue ”
repres’— tion of the c-:nve Is e b t , a m n - c d  wh ile — l n i n : z i ng  : c  ~ f f c c t s  of the
random scatter of the data po int s . A met hod of acc’mr ’~is :;~~~ th is has been
developed by Dvlow-;ki (16). h;~ gencrah apn r’i= : taken is t o  a ~- - -n: t hat

type of curve f- n - ren-re~ ent~ t ;‘n of the dat a f’r vl-:ch r~- -;dua1 dev iations
show the 1c’ i~e n i p s . wuc re b Ias is d ef ine d t ’ be s~~~ t . m :ic liso r cn -anc v be:w- --a
t he true and t he as~ - i -~.- I  cu rve  t-- :-c s. This n- -.ni—o:m bias criterion has been 

- - -
~~~

—-- - —-
~~~~~~~ - - - ~~~~~ ~~~~~~~~~~ -~~~~ --— _ _ _
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used to choose the degree of the polvni-rr:- il curve fit s shown in Figures 31
to 3 5. Those plots w i t h  no Curves f it :0 tue data had insufficient data

— 
- - points to a,-~- l y the mt :~Ln-:m bias cr .re rra n .

p redi c t tons o f toe t ime—dependent t h r u s t  c - - e f f i c : e r i t s , basea on the
t w o —d im e n s :  - n - t I  c-i-.t- -~~~. ir r f~ ii thea r , have ~~t- .-:: n ., : t -  f~~r the five— , and
t e n — b l i de d  ro:~. h e r s  operat i ng  at ‘. i- of t n - n - c e  id’.-~ nce n - i t  los itt a free—
s t re ir; veloc i t y  of l~ f t ’~ c for all Ot posit  t - ns cons : :er e - : .
Pred i ct:ot ; of t a o  tlne--dep. -n -dent t rust  coe f f i c ~ t - n t s , based on unsteady
l i f t i ng  -u r f ~~- - e ave been made fo r  : - • same tt-~.: conditions.
Comparisons - - f  t .~~

• r e sult s  are si:ou~i to F:gures 37 , 3d , 39 , 4 3 ,  ~~~, and 35,
1: i s  seen t -  t t - r e is good agr - -~nt-ot between the On - n - vt - fits to the
dis t rti - uti - n ~ of time— ae:-er.de nt thrust coe:fr cit -nt~ by tOe two
lno ivt i ca i  mi - :  iods . l i .  n~a::i u m  dl f f e rence  I - t - -.~ t - t - - t heo r i es  occurs
it X ‘D.~ 0.5 in F~~ n-re 39 :;-a o r e  the net h :u based on : - :,—dI—en -~ I -o -~l
un-.tt-a3v airf oil tue - - r - p re d Ic t s  .- i l-a~s ap:’r uc~ —~~:elv 1SZ lower t han the
values ~re-d1 cte d by tu ’~- m~-:h~ d based on un-ste -v li’ting su rfa c t - - n - - .

In orde r r - be a b le  t u -mpo rt- .-xnc rimenta r- -s u i - vi: - - t l : - - s . - o b t i i r e
f ro m an ,-zn i - :  hal ~ .-t I, -: t -u- - - :  - - u t  t ru  : w~5 predicte-: by the
meth - -i i - used on ~—dim .-:’.-, ! j~ un~ r . -a i- - airfoil t :eor .’ for all of the teSt
conditions at vn~ch p: 

- U t - n - t in -- lepender.t i . :  - - t v -a s meas u red . A compi risot~
o: the :-- - - :lc:eJ and n.- asu re J  values of t a o  propel her thrust can be seen In
Figur e-. 31 to 35.

t o .5 she - t in- i t  the tren ~ of :h e t ime— -d en - e n -d e nt n- .s: cceffic~ ent
versu~ :i~ r.— dimens~ - -nol s’rut- : —t- ropcl er d:- - :ancc as “:cdlcted by the aoal’.’t icPl
method is e s s e n t : - t l1~ e n - c  s,-m- ~ as :hat -f the no red value s nor.—dir-u~n-sIonal
di stanc es ercater than 1.50. Tao tn . u s  of t’ e ~:.;lvtiCa l and • -:- : - -t-imer.t ah

;:a d~ vor~ t - f - n  va .- .cz of n - o n— imen sie-nal dist ,-inces ies~ than 1 .50. Id is  c~ n
be a-;cr 1.be~ to - - - o f  fec:s of pot .-:- : Ii: Int ”ract ion be :oct- n- t o o  eli .
blades and the c t r  ~: , whI c h r.- pr cs~- nt  ta tho  cose  of toe neasa: - values.
i-u’. wh ose e f f e c t s  ; re n t  in~ uded in the develon- me:— : of to e  an~~ -t: ca l n - - t - -  .

- - t r e n d ;  of toe  ex ne r i m e r t .-t l and io- i lv : ical carve S .- mre 5- in. 1 h - t n-
f - n -  v a r i a t io n s  n-a n—uiner.sI.-tna l ~~ru~ pc-s it  on g r e a t e r  than 1.50. :h- ’ t e
S s :n,- d j : f - r e n c e  in t a ’  n - - - t t - .d~-~ of t e  cu rves I’rained fr-:n the

exper i - t - nt t i data when ccn;-in -cl : - . 
~~

- curves o bta Ined :r - m th~- - ia ta i - asea
on tue analv ::cal — thods. I ;is di f e renoc  can be ascribed tc ’ the exclu s ion

cert : -
- ph y sica l phenome na f~ 

— the t o e  r’ - ::c ii t r e a t m e n t  of t h e  nro b len ,,
for in- ’ ance , t he e I f - : :  - o: rae V i s c ou s  bou- larv la c e r I -n -— c or. : - - surface
o f t n-c bi a e s  and the eY e  :s o: blade th~ c kn - es s  i- ~~i~~n c - r e d .

Figure -i’~ si-~o’~s the va r :i t i - -.n of t I m e  —d e - ’e n - d e n t  t - - :  c o e f f I c i e n t  ~- i t h
advance ra tio  f r t c tc~ -bladed m r - p e l l e r  as n-redtc:ci ~~~~ — I~~ ers~ or.al

— - ory and ~s me a s u red  ~:- -‘e r Iment~ llv . is ~ct~n tha t t - ‘. t rends  of
the  t o -  cu~~es are n - :  t - - same .

As n- o t e d  pre viouilv , the ;~~~~~
- - : : -  ted values of the t ime— d ep e nde nt t hrust ,

-
~~~~ in Ficn -re s 31 t - t~~, d .~ n - t  i~ cln -- i c the contr ibu:: -’n~ ~ue to vel ocity

-‘a -- ---~- — ____
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variations parallel t o  the surface of the blades. These contributions are
neglected altoget~ r in - the lifting surface ~i;~pr o-ich and , theref-r .’ , have
also been neglected , b’. setting 

~ 0 in Enuarion (9), in t he -arproach based
on two -d im ,ns io f l i , uns tc i -d - - airf~ il theory In order that comparisons be tw ee n
toe tw o .i~ pr~- a c h : e s  might be made.

In order to is -e n -ta m the e f f e c t  of v e lo c i ty  f l n - t uu tL r .s parallel to
the blade s , computations of tim e—dependent thrust coefftc :ent based on tv- —

d imensi on-al stri r thi e c ’r- - - including the Horinok fun -- -tioa were made and cc-mn -are a
to expe rim.-o :i. values m d  compn-t.trion s based en t~~-d1men sion-a stri p theory
cxc uJin~ tn -c ~cr:ock fon-ct~on . The :orn- ttison was maoe for  tne ten-~~ aded
prop eller -reratin g at an id .’ ,n-~ c rat :e  of 1.17 in a free— stream veloc ity
of IS :t/sec . F:.ture .7 s hows  toe radial v ir :~~t i -n - of th e local an~ le o :
attack of the bl.m des for m e  t’-n—bladed pr -och er opera tin-.t at an advance
ratIo of i.l ~~. The se v alut- ~~~ f l ~- - -al mn ~z Ie  of  attack -0.-re usod in ti:.-
c- -m n - at it I-on-s vh:c h include the effects of velocity fluctuations parallel to
t ic blades.

i:;e effect ot v e l O c i t y  fluc : - t ions ; arahle l to tn-e bl — ~--oes on the
t ime -- h- ~ enden t t . r  ~~ coe::I-~-ienr :s seer. In F~ ,- in-e ~~~~~~ This f :gure shows
the t t mc—dep e: - . I- ::: r n-n-— : ,c . f f t c i .  ot -- - .-:-sus t rie no n—dimension- 1 —tr o t-to —
propel.er d~ srance as o~~te rm:n ed by - - :- - - - i i n e ntg . by toe to’ -— d:n. ’;stonai t - L  -ry
eXcIa t:r.~ t oe  Ron-lock in- ne:  ic-r. ~::: by the too—d lmensi n -- i l t heory :nci-oiir.g
th~ ~-- r l~-ck f:jnc::ori . I: .~~

. S’-t- n- tha t t incl- osio~ -of t h e  c f ’ .- t a due to
the  v e i ,~~ j t  - : l -o~ tn- i:  r~- n-  :~irolIe1 to t-e~ bia~es wIelds an imp rovement iii the

ted values -on-en com;— -m :-o~ - the ex :er:’ otal values.

FIgure -. -i sho- o~ t o  tine—a. ~-~- t-naent th ru st coezfic:cn -t versus the advance
r a t i o  as dettr ~ tne~: by ex~erimen : and by the t~~- ,— . .n -n - ’- .r - -r .al ~- :rIp t heory
exc lu-d: n c t he effect of v c l - -.c i t -  f i n- c t  :: i--ns o ar -ml ’.el t-, the b1adc~~. lncmo :in-g
t i-c  effec t or v e l o c i ty  f l uc t u a t i o n - s  r.-a r,iLel to t e  b1aJ~-s the two—d imension-al

—.trip - -o r- - -~~ -.~~hds the pornr shot-n at an- advance rat i -~ of  l.1 . A 1 t n - c u~~h no
L computi t hcns mn - c I- ;a in g tn -c c i f e c t  -i vc loc . t’. f1to ~ t n - m: :or.s. pa ra l l el t -  tn -ic

r blades were - .de f- - n - adv;rr.ce rat : -s  nigher —r lower tn-an 1.11 . j et  us cons Ider
wn -~r occurs fo: e adv ance r t og . The s tead y t h rus t  is deve lc -~ ed in -c

L operatin~z the ~r~ pc i i e r  b i t .  a t  an angle of a t t a c k  re la tive t - - t he
ve loc l :- - a t  t a -  b ide icad no e d g e s .  The va r ia t i on  of the st ~~ -‘ t — : - ’ :st  v ito
advance rat io is sho—~-n- ifl F:c  te 50. It Is seen f r  ‘m t:;s figure that tn.-
reia~~ v.- angle of urt.ack o: t o -  b lade s increases as ti-c advance ratio at v:-aich
r n - c  pr -:- - - Uc r  ept’ri:es decre a~~e~~. Tn -t - t -for e , the e ft~ - t  of the velocity
flurt - tj~ ns pi r a l i ch  to  ~e h-lad*g will Increase as the ad vance  n- t i e  - t t
which the p r - : - e l 1 c r  en - c ra tes  dc re - s e~~. SIn -c the v e l - :  : tv  f u ~ t u a t i c - n c
p ar a llel to t iae b1~ad , -s  n- c -~ce the t Inc—depend ent or st  of t o  pr -: c I. r . at
the r a r t i ~ u1 n -c ho - -ed frequency considered here , then the total t i ne—dependent
tn -ru st will aecrease as the 1-:vclnce ratio d- -r-ases . An -n ving tn-is reasoning

- the t - r - orrcai curve of F~gu:- c .9 , it is seen that the tn - cod o: tt e

~sr iat ion of t m’!—dependenr t rust c- -o fIi c~ - n t with advar -’ r a t ~ c- due t o

t n-Ca r’ : an d • -x: - ~~r im- - : :  viii be o~out the same if t ;c theer ’- - incln -ctes the
eff ect of ve l- c.:: f~.-ictuations p ar allt - 1 to t o  bl4 idcs .
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The concl usion is t hat the effect of ve lOc it y fluctuations parallel to
- the propeller blades can i-cc --me appreciable for blades operating at an ang le

of attack. Na umarn , Reference 17 , reached the -~anc ca nnlusion in a theoretical
ana 1i’~is and a ls ° showe d tn -at v.- loc i: - - fl uctuat:ons :- -m ra ll e l to blades with
camber c~~o. hive a lan-se eff ec t on the tIme—d~~--endent forces.

I
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34— July 10, 1972
• DET:mac

U-

TABLE 3

Harmonic Content of the Propeller Inflow for Various Values of
Free—Stre.rn- Ve loc ity and Non—Dimensional Strut—to—Propeller Spacing

a 15 fps

X/D — 0.5p

A A 2 B, A
5 B

5 
A10

0.2 O. Q 5— . 0.0251 -0.0011 0.0117 0.0015 -0.0088 —0.0023
0.3 0.955 0.0276 —0.0035 0.0173 0,0007 -0.1- 9. —0.0016
0.4 0.962 0.0220 —0.0011 0.0112 —0.0011 --1 .0069 0,0002
0.5 0U-”3 0.0150 0.0010 0.0-937 -0.0026 -0- .O0-.3 0.0919
0.6 0.963 0.0 9~) 0.0013 0.0012 —0.0019 —0.9029 0. fl0 i~0,7 0.9’od 0.0074 0,0005 0.0010 0.000-~ —0.0025 0.0007
0.8 0.960 0.0062 0.001: 0.00U- ~

c- .0008 -1.0019 0.0007
0.9 0.~~

S
~’ 0.00’-d 0.0014 0.0032 -0.0027 - -1 .0006 0.0020

1.0 0.959 0.0054 0.0012 0.0033 -9.0020 -D .~~- - . 0 .0017

V a 
~5 f p~

X/D • 0.625
p

A A 2 B , A 5 B5 A 10 Bio

0.2 0.963 0.0326 -0.0007 --2.0051 0.9022 0.0059 -0.0006
0.3  0. 0~ 8 C ,02 61 _ 0.0007 —0.0038 0 0.0089 -0.0010
0.—. 0.969 0.0207 0.0010 —0.0028 — .J9l9 0.0103 0.0023
0 5  0.-~ 0 0.0162 r , 90-3S -9.0026 -0.0015 0.0105 0 . 0020
0.6 O.-~ 0 0.0123 0.0002 -C.002~ —0 .000~ 0.0109 0.0004
0.7 0.:~~9 0.00°4 -0.0002 -0.1-9: 3 -0.0021 0.0112 —0.0008
0.5 0.-~- -~ 0.00 3 0.0003 -0.0003 - .0-319 0.0108 0,0023

0.005 1 0.0007 —0 .0002 -:.ooos , -7~ T~ 0.0038
1.0 0.970 0.0035 0.0007 —0.0010 9.0005 0.0101 0,0031
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. 35 July 10, 1972
DET :m ac

a

TABLE 3 (Cont ’d)

• V 15 fp~

X/D - 0.75
p

R/R
~j 

A A , A
5 8

5 
A

10 B10

0.2 ~~~~ 0.0125 —0.0039 —0.0016 0.0028 0.0046 —0.0013
0.3 0.969 0.0107 0 0.0021 3.0053 0.0056 0.0019
0.-. 0.97-9 -3.0077 0.0014 0.0031 0.0027 0.0023 0.0016
0.5 0.971 0.0060 0.0010 0.0021 -0.0010 0.0015 0.0023
0.6 0.972 0.0055 0 0.0006 0.0002 0.0043 0.0021
0.7 0.972 0.0069 —0.0009 -0.0009 0.0023 0,0068 -0.0005

0.971 -3.0062 —0 .0012 0.0021 —0 .0012 0.0057 —0 .0021
0.9 0.970 0.0071 —0.0051 0.0089 —0.0012 0.0030 0
1.0 0.967 -~.0113 —0,0095 0.0076 —0.01l..0 0.0017 0.0023

V • IS f ps

7~-D - 1 . 0
p

R - S  A A B, A B A Bt Ip - 5 5 10 10

0.2 0.-1~68 3.O1 -t3 —0.0L~0 0.0005 -0.0015 0.0033 0.0003
• 0.3 0.972 1.0176 —0 ,0-9-3 7 —0.1- - ’0 —0.0037 0.09:1 0

- 1. -I 0.97~ 9.011” 0.90-~9 —0.0055 -0 .00-.5 0.0036 0.0 1 -.
0.5 0.97~ 0.0122 0.0031 -1. ° .-1 —0.0023 0.0057 0.00if~
3.6 C.97’ 9.0083 0.0008 -9.0030 -0.C-0-2~c 0.0066 —0. ‘.2
0.7 0,075 0.0052 0.00-11 —0.0003 -2. -:2n 0.0067 —0.0035
0.8 0. -~75 0.0031 0.01 i~ 0.0012 — 0 .  0- 115 0.007’ —fl . - °°n-
9.9 0. ‘75 0.004-t 0.00i~’ 0.0003 —0.0011 0.00’9 -1 .0019
1.0 0.975 0.004~’ 0.0021 --3 .0015 -0.0017 3.0079 0.0018

15 f r- s

X / D 1.25
p

RI A A , B
2 A

5 
B
5 

A
10 Bio

0.2 0.963 3.0294 —0.0006 0.0130 1.0023 0.01-7 —0.00~ 1
9.3 0.973 0.0153 —0 .0014 0.0102 0,3-231 0.0056 —0 .0113
0.4 0 .9 7 .  0.0141 0.0006 0.0071 0.0057 0.0077 — 0 .1113
0. 5 0 . 9 7 5  0.0l:~ 0.0014 0.0053 0.0033 0.011’ —0.0098
0.6 - 3 .9 7 5 0.0131 0.0317 0.0- -~2 0.0007 0.013 k ’ - - .008?
0.7 0.975 0.0101 0.0019 c .09~ 3 0.0017 0.01.3 —0. 0C---~
0.8 O,97~ 1.0077 0.0°.l1 0.0055 Q .3Ti-~S 0.0140 —0.0090
-9.9 0.977 0.305. 0.0028 0.00~8 0.00~~ 0.013~- —0.0085
1.0 0.980 0.0032 0.O0 fl 0. 0038 0.0025 0.0125 -3.0~~9

-.4
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— 36— . July 10 , 1972
DET:ma c

a

TABLE 3 (Cont ’d)

V • l S fp s

X/D a 1.50
p

R/R
~i 

A A, B2 A 5 B5 A10 810

0.2 0.952 0.0278 0.0004 0.3098 0.0001 0.0015 —0.0015
0.3 0.962 0.0177 0.0002 0.0372 0.0030 0.0022 —0.0030
0.3 0.964 9 .0133 0.0009 0 .0049 0.0037 0.0045 —0 .0033
0.5 0.963 0.0126 0.0-913 0.0331 0.001. 0.0073 —0.001~
0,h 0.962 0.0120 0.0012 0.0022 —0.0019 0.0090 —0.000-t
0.7 0.963 0.0086 0.0013 0.0016 -0.0011 0.0091 0.0000
o.s 0.-~~-. 0.0055 0.0010 0.0022 0.0014 0.0085 0.0010
0.9 0.966 0.0039 0.0013 0.~~296 0.0021 0.0082 0.0010
1.0 0.9”7 0.0033 0.0115 0 -16 0.0011 0.0085 0.0010

V a 15 fps

X/ D • 9.0
p

A A , 
~~~
, A

5 B
5 

A
10 B10

0.2 0.173 -). 3C- . s —0 .012 3  .0012 —: ,oc-~ 0.0027 0.0003
0.3 0.977 9. 1- 1.0 — 0.0333 0. - - ~ 3. 0014 0.0028 —0 .0002
0. . - - 0.373 1.0130 0.0032 0.3 10 3.3001 0.002: 0.0002
0.3 

- 
- 0. °- 3 3 . 1--I -- . 0.0036 0.0113 .0o2-3 0.3-0:9 —0.0002

0. ” ).9S1 9.0059 0.0010 —0.0005 -9 .0001 0.0036 -i .0010
0.7 T .~~-~2 

- . 2 .0 —0.0002 -1.0020 C.001~ 0.0035 —2 .0002
0 .8 0. ---: 0.03.~ -0.0006 —0.0015 -2.0010 0.03.~ 0.0012
0. 9 - -3 . ~~~~. 0.0009 0 -0.-3-°06 - .0003 0.0046 0.0033
1.0 0.9-S O -0 .0003 3.30-3 : 0.0012 :.~ 02] 0.0046 0.002k

V • 15 f ps
a 3.0

“2 8, A 5 B 5 A 10 Bio

0.2 0.978 0.0050 -1.0079 0.0011 -- .0010 0.0026 0.0013
0.3 0.980 0 . 2 1 2 ’ —  -0.0046 0.0034 0.0021 0.0028 0.0005
0.4 0 . -~~3 0.0107 0.0016 0.0-23h 0 . : 1 2  0.003 1 0.0007
0.5 0 .9~ 5 0.0101 0.0015 0.0034 0.0035 0.0030 —0.0003
0.6 0.9~n 0.0075 -0.0007 0.0022 0.3021 0.0029 —0.0021
0.7 ~~~~ 0.0039 -0.0113 ~~~~~ 0.0033 0.0036 —0 .0013
0.8 0.988 0. 3Q~~h —0.0015 —0.0010 3 .0017 0.00-.S 0
0.9 0 .9 58 0.003 7 -0.0002 -0.0012 0 0.0037 0.0019
1.0 0.9 8  0.0030 0.0005 0.0010 - .0006 0.0038 0.0033

- -  -~~~ - - -—- -~~~~~~~~~ -- - - -“ -‘- ----~-- _ _ _ _ _
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4 37 July 10, 1972
DET :wac

TABLE 3 (Cont ’d)

V • 15 fps

X/ D~ — 4.0

A t
~2 

B~ A5 B~ A
10

0. 2 0.971 0.0067 -0.0033 —0.0018 —0 .0025 0.0025 —0 .0002
0.3 0.981 0.0087 —0.0015 —0.0018 —0 .0029 0.0023 0.0001
0 .4  0.985 0 .0096 0.0016 —0 .0010 -0.0017 0.0023 0
0.5 0.987 0.0082 0.0014 -0.0012 0.0008 0.0028 —0.0004
0.6 0.957 0.0065 -0.0001 —0.0017 0.0031 0.0038 -0.0007
0.7 0.987 0.0058 -0.0007 -0.0015 0.0026 0.0045 —0.0008
0.5 0.9s7 0.0048 0.0001 —0.0017 0.0007 0.300- . 0.0003
0.9 0.987 0.0040 0.0009 —0 .0012 -0.0010 0.0043 0.0014
1.0 0.987 0.0033 0.0013 — 0. 00 0 3  —0 .0023 0.0-3.2 0.0015

V • 18 fps

X/D - 0.5p

A A, 82 A5 85 A
10

0.2 0.~~ 2 0.0236 - 3 .0.29  0.0029 -2 .0088 0.0020 —0 .0020
0.3 0.?S1 0.07~ .3 — 3 .0028 0.0151 0,0030 —3 .0020 —3 .001 2
0. .. 0.960 0.0285 3.00 17 0.2 :35 0.0012 0. 1-00 ’ - -
0.5 0.963 0.3-~~ 9.0020 0 . 0 3 - 7 3  — 0 . 0 . - I: Q .0?Th  0.0024
0.6 0.9’-S 0.0122 3.0-237 0.0029 —0.007-~ 0.0069 0.0001
0.7 0.9~ 4 0.0088 —0.0006 -~ .0002 0.0002 0.0079 -3.0025
0. 5 0. -~- :  0.009. 0.0002 0.0002 -0.0007 0.0107 -0 .0003
0.9 0.960 0.00-~’~ 0.0007 0. -C oo 0.0013 0.0116
1.0 0.~ ’-0 0.0069 0.0013 0.0031 0.0030 0.009 0.001:

V 18 
~~

XID a 0.625

R/R , A A2 A
5 B5 A 10 B10

0.2 0.960 0.0325 -0.0019 0.0053 -0.0001 0.0027 —0.0001
0.3 0.965 0.0271 —0.0015 0.0043 0.3233 0.0065 0.0009
0.4 0.967 0.0226 0.0002 0.0030 0.0047 0.0085 0.0026
0.5 0 .96 7  0.0173 0.0003 0.0029 C.0020 0.0093 0.0017
0.6 0.9~ 7 0.0130 —0 .0007 0.0024 0.0002 0.0089 -0.0007
0.7 0. ~~~ 0.0107 —0 .0008 0.0117 0.0015 0.0088 —0 .0010
0.8 0 .966 0.00~ 5 —0.0005 0.00 ’- 0.0023 0.0095 0.0037
0.9 0.965 0.0073 —0.0003 0.Oo35 0.0027 0.0392 0.0011
1.0 0.9’~6 0.0-3’--3 -0.0003 0.0009 0.0020 0,0084 - 0.0010 

— ----—~~~~~~~~~~~~~~~
- -
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— DET :ma c

TABLE 3 (Cont~d)

• V l8 fps

X/D~ 0.7 5

RIR . A A
2 82 A5 A10

0.2 0.964 0.0168 —0.0137 0.0004 —0.0038 0.0016 —0 .0017
0.3 0.967 0.0210 —0.00 41 3.0128 0.0027 0.0008 —0.0013
0.—. 0.9.2 0.0171 0.0008 0.0102 0.00.8 0.3022 —0.0015
0.5 0.971 0 .012~ 0 .0022 0.0078 0.0025 0.0036 -0.0034
0. ’-’ 0.972 0.0095 0.0007 0.0053 0 0.0050 -0.0006 $

0.7 0.97: 0.0077 -0.0011 0.0022 0.0005 0.I- . ’ -0.0030 1-
0.8 0.’~.2 D.0C’~9 — 0.-~-.28 0.0010 C’.O- H 0.0084 --2.011 1
0.9 0.~i72 0.03..5 0 0.c~ 0.0023 0.0082 —0 .101’-~
1.0 o. 911 0.0037 0.0007 0.0022 0.0013 0.c-0 7 .~ —0.0003

V a 18 fps

X/D •0.-~7 -
p

A A , 87 A 5 B~ A 10 B
io

0.2 0 . 9 7 0  0.01:1 0.0002 — ) ,9rr~ 0.001-0 0.3- ‘7 —3 .0009
0.3 ‘ . --

~~~~
- 

~~~~~~~ 0.000’- -3.0099 -1 .23 ’.-. 0.0 .2 —0 .0020
0.-. -1.976 3 .01.5 0.0020 —0.011.2 —0 .00~ 2 0.0009 —0.023’-
0.5 ‘9.977 0.014- 0.0015 - - ; .0063 - 1 .002- : . .  

-
. . —0.0048

1.0110 -S -
-

- . .  - - --‘3.0021 0.00-25 0.03~~ —O.00~s0
0.7 9,978 1.0393 —0.0003 -0.0005 —i . -I ’35 0.0051 —0 .0024
0.8 0.Q ?  - .0058 0.’3:-)’o —~~~Q23~. - .-3 ’1~’ 0. 0077
0.9 2.~~7 - ~ 3.0059 0,001-1 —0.0015 0.03- 38 0 .03 53 0.0035
1.0 3~~5 0.~~~.’-- 0.3 1- . — 0. -

-

~ 2 o — 2 .11 0.0075 0.0029

V — 18 f r’s

X/D • 1.0
p

A “i: 
82 A 5 85 A 10 Bio

3.2 0. 772 0.-2.2’~ —0.01 35 —0.0005 0.00.2 0.0010 0.0026
3.3 0.9;) 0.0184 --1.0020 -0.00’9 -0 .0 335  0.0008 0.0027
0.-. 0.’~.2 0.015. 0.:1:~ -3.C3~’3 _0.00 9 1.0027
0. 5 -3 .97 5 0 . 0 1 17  0.0026 — °.OC ’-. —0.0022 0.97.7 0.0031
0. 6 0. 175 0 . I ’ - 0.0010 -0.0025 -0.0001 0.0058 0.0015
0 - 

°~~6 C 11’~ —0 -. - ‘ —0 0026 0 ~“ —0 001_
0. 8 0. 97-’ ‘2 .0)’ — -. 0.0002 0.0017 -0.0-01 5 0.0081 —0.0005
0.9 0.976 0.0049 0.0015 0.0007 -0.1135 0.0080 0.3.135

— 1.0 0 .9 2 ’ -  0.003-0 0.0021 —0 .0012 —0.3707 0.117-. 0.0048

I
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DET:mac

TABLE 3 (Cont ’d)

V • 18 
~~~

X/ D • 1.25
— 

A0 A, 82 A5 85 A10

0.2 0.9’~’ 0.0246 —0.0015 —0.0006 0.0018 0.0024 0.0001
0.3 0.~~7. 0.110-. 0.0017 0.0013 0.0007 0.0036 -0.0001
0.4 0. r5 0.31- -S 0.0026 0.0018 -3.0008 0.0050 0.0021
0.5 0.—

~’S 0.C12~ 0.0018 0.0003 —0.0005 0.0066 0.0015 -

— 

- 

0.6 0.976 0.0098 3.0012 --9.0008 0.009: 0.0076 0.0012
0.; 0. • - - 0.0086 0.0012 0 —0 .0002 0.0090 -3.0013
U.S 0.97~ 0.0075 0.0013 0.0013 —0.0015 0.9391 0.0022
0.9 0.97’, 0.33’- .. 0.0312 0.0017 —0.0-0:3 0.0092 0.0017
1.0 0.97b 0.02r-1 ..~~. 1- - . - 1 0.0017 —0.0014 0.0094 0.0009

V — 18 f~’sx -

X I D  • 1.50
p

A A , 
~2 

A
5 

A ,0

0.2 0.1114 —-112)07 —0 .0’4 1 — 0.C ?-~ 0.115. -‘3.0021
0.3 0.960 0 .0 15-9 0.0003 0.03 - 0-1 —0 .0003 0.0038 --3. - 1 1 1
0.. 0.-~- 0.0150 0. 3001 0.0017 —0.0 0-10 0.0005 —0.0003
0.5 0. -.- - I  0. 0111 0.0110 0.0002 -0.0013 0.003? -3.0006

0.962 0.0083 -0.002 2 —0.0013 -0.0008 . - .~‘11 --1 .0012
0.7 0.—.3~- 3 0.0070 ~~.C J2 ~ -0. 0005 -0.0007 0.0083 - ‘3 .0012

0. -’- - -- 0.0-11-’. -0.0022 0.11--I-. —0.33.2 - .0083 .0008
0. -

~ 0 .9-~. 0.007: —0.0023 0.0007 —0 .0017 - t .3O5~,
1.0 0. — -- . 0.00” ) -0.0025 0.0002 -0.0010 0.0085 -0.0003

V • 18 fps

X/D • 2.00

A A 2 A
5 

B~ A 10

0.2 0.97 2 0.0033 —0.011’6 —0.0 022 -3.0007 ~- .0036 -‘3 .0006
0.3 0.977 0.1111 —0.0006 0.0020 0. -‘-

~~~~‘ 0.0032 _ 9.2 0 -70 3
0. . 0.9-80 0.0135 0.0025 0J’ .S 0.D3~-~5 0.0033 -2 .2- ’3--
0. 5 0 .952 0.011, 2.0006 0.0037 0.0035 0.0031 _ 0 .OO It’
0. ’— 0 . 953 0.0091 -0.0012 0.0018 0 .0 - 2 13 0.0029 -2 002-.
0.7 0. ‘~~~~

. 0.0055 -0- .~ -Ii7 0.00-32 3.0932 0.0034 -0.0017
0.985 0.0071 -0.0012 -0.C--’l7 0.0003 0.0055 —0.0007

0.9 0.955 0.0056 -3 .c’0’33 —0.0 8 — ‘- .‘3 -11i- 0.0052 0.2011
1.0 0.985 0.0044 0.0012 0.0014 ‘ .OOOB 0.0045 0.0028

.

~~~~ — _ _

—
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40 July 10, 1972
DET :~ ac

-4

TABLE 3 (Cont ’d)

V~,, a 18 fps

X/D • 3.00

R/ R 1 A A2 B2 A
5 

B~ A10 B ia
0.2 0.979 0.0060 —0.0042 0.0013 -0.0026 0.0036 0.0006
0.3 0.983 0.0106 -0.0011 0.0022 0.0002 0.0030 0.0003
0.4 0.985 0.0109 0.0017 0.0031 0.004 1 0.0026 0
0.5 ~~~~~ 0.0118 0.0007 0.0027 0.0035 0.0020 - 3.0013
0.6 0.987 0.0101 -0.0312 0.0013 0.0016 0.0023 -0.0019
011 0.957 0.399~ —0 .0018 -0.0002 0.0031 0.0038 -0.0017
0.-S 0. - . -

~~ 0.0080 - -3.00 13 — 0.0019 0.0023 0.0051 -0.001.
0.0061 0.0005 -0.3-I’ll 0.0004 0.0047 0.0010

1.0 0. ’- 8 ~ 0.004 1 0.0015 0.0 33 - 9 0.0002 0.004 1 0.0023

\~,, 1”~ f : s

X/D — - .11
p

-: 
S R

~~~’ 
A ‘

~2 
82 A 5 B5 A10

0.2 0.978 0 .0098 -0.0032 - ‘- . 0005 — 0.0010 0.0033 2.0-2-21
0.3 0.982 0.0114 -~ .0012 -0.0014 —0.0015 0.0035 0.0003
-0 . -. o .o ~~ 0.01 3 -3.OO2~ — 11 (1:9 —0.0013 0.3011 0.0Q~50.5 0. ’~~

) 0.0111 -.3 .0015 -3.03 16 —0.0002 0. 0.0003
0.. 0.1- 9 0.~ ’ o’1 -2.0008 -0.0216 .0013 0.0041 0.0002
0.~ O. —~-~o Q,~~.9)) — 0.0021 -3.2-11 5 0.1111 0.0045 0.0003
0.8 Q.99:3 -3 .3075 0.0015 0.0021 0.0014 0.11.-. 0.0011
0.9 0. ~~

‘
~~

- 0.0063 -2’. 11-2 -’ -0.30-2.. 0.0005 011-- .-. 0.0025
1.0 0. ‘ -

~~
‘
~ 0.0057 —0. : - . —0.0013 0.112’- 0.030 3 0.0211’

3~ fps

X/D • 0.625
p

RJR
1 A ‘~2 ‘2 A 5 8~ A10 B10

0.2 0.911 0.OF —— 0.0014 0.0049 0.0011 0.0-259 -0 .O’ -11
0. 3 0 . 9 - S  0.11.5 - -0 . 0007 0.0032 0.0337 0.311’~ 0.0018
0.-. 0.~~~ 0.01 39 0.0002 0.0-211 0. ’r., ’ 0. 11.1 11-”- 3-
0.5 0.967 0.013~’ 0 0- .(’012 0.0009 0.0059 0.0 -315
3.6 0.967 110126 -0.0006 0. 0020 0.02-11 0.0088 —0. 2 - 11 T-
0.7 0. “-7 -2. 0 120 -0.00-11 0.0015 0.0119 0.0090 --2.0312
0.8 0.967 2.0157 —0 .00 11 0.0006 (0 .3’11 0.31 .1 : 0. 1133
0.9  ‘3~ - 1~ 0.0185 0.30 -30 2 .001-3 3.0066 0.0085 0.0003
1.0 3.967 0.0198 -0.2010 0.0031 0.0039 0.0062 0.0002 

- 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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3.1 — 41— July 10, 1972
DET :

~ ac
4

TABLE 3 (Cont ’d)

V a 2 l fps

X/D 0.75
p

A0 
A , B 2 A

5 
A10 ~10

0..1 0.970 0.0299 -0.0004 -0.0080 -c- .00l0 0.0030 —0.0008
0.3 0.977 0.0238 —0.0017 —0 .0115 -0.0034 0.3017 0.0005
0.4 0.97~ 0.0179 0.0003 —0.0100 -0.03.~ 0.3026 -0.0007
0.5 3. # 11 0.311’- 3 . 301 7 —0.00?’-’ —0.0020 0.0037 —0.--1’0-11
0.6 0.99  0.009: 0.0006 - 0 . 1 1 1 --. 0.0003 -3 .0053 —0.0021
0.7 0.9~9 0.0356 - - 0 .3 - 3 10 —0.0 111 0 0.0072 —0.0058
0.8 0. 979 0 .3U’~-. - ‘3.0004 -0.311” —0.0013 0.0085 —0.0049
0.9 - 3 . 9 7 9  0.0041 0.0005 -0.001 -0.0014 0.0089 -0.0010
1.0 0.979 0 .0-39 0.0010 —0.0223 —0.0011 0.0087 0.0001

V • 21 f~~s

-11-7 5

A A B , A 5 A10 B 10

0.. 0.—’11 0.01’. —0.0315 -0.0086 ~0.00l2 0.00-11 0.0002
0.3 0.~~7- ’ 0.~- i~ 0.0 -T;’ — 3.1110 - - .0063 0.0033 -~ .00 ’-
0.4 011.— 0.0158 0.0011’ —0.0135 -2 .0-375 0 --9.0028
0.5 0.980 0.0155 —0.112~ -110068 -9.0008 0.3001 -0.0038
0.6 0.9~0 0.0111- ~0.001

.1 —0 .0032 0.0021 0.0063 -0.004. 3
‘3 . 7 0. -~5-9 0.005. — ‘ 3 . 0- 71 7 —0.0029 —2 .2-11 1 0.011~ —3.0038
0.’ :.95-) 0.0080 —0.0008 -Ii.0034 -0.0009 0.2 -~i - .C 117
0. -i 1.95.3 0. -11-’-3 0. 0302 -3.0034 7.0001 0.2050 0.0015
1.0 0.980 0 .0 0 .5  0.0006 —0.0025 -0.0006 0.0072 0.0025 =

— 21 f r ’s

X/D • 1.00

?.~~~ A A B A B A B
c it-’ a 2 2 5 5 10 10

011 0. ‘ 0  0.O 2’-~ 0.0001 —0.002 5 —0.0 3.. 0.0025 0
0.3 0.97 5 0.0232 —0.0 02- . — 0 .0011 —0 .001? 0.0.338 0.0001
-114 0 .9 7 7  0 . 317- .  ~O.0:7 -3 1 —0 .33 55 —0 .0035 2 . 11.3 0.000”
0.5 0. “~ 0.01-.S 0.0017 —0.0071 —0.0010 3.03.9 0.0007

Ø. 9 7~ 0 .0 12.  0.00C~ -0.0060 0.0014 2 .0058 -110010
0.7 ~~~~ 0.0082 —0.0003 -0.0031 - .0001 3 .006 2 - - 2.0036
0 . 3  O. 97~ 0.0 :372 0.0001 -0 .0012 -3.0015 ‘.0082 -0.0029
0.9 0.978 0.0063 0.0010 --‘.0008 -3.0012 0.0091 0
1.0 0.97s 0.0-359 0.0013 —0.0021 —0.0002 0.0080 0.0011 
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DET:mac

TABLE 3 (Cont ’d)

. #  V 21 fps

X/D • 1.25
p

R/R
1 

A A2 B2 A5 B~ A10 B10
0.2 0.970 0.0230 0.0037 —0 .0334 —0.0008 3.0029 0.0005
0.3 0.911 0.0208 0.0037 -0.0029 -0.0007 0.0035 .0014
0.4 0.979 0.01~~3 0.0026 —0.0018 —0.0012 0.0050 0.2322
0.5 0.980 0.0120 0.0013 —0.0014 -0.0007 0.0366 0.0015
0.6 0.-iSo 0.0090 0.0001 -0.0027 0.0001 0.007? -0.0003
0.7 0 .9 .3 -2 0.0074 0.0001 —0.0015 —0.0002 0.0083 0.0001
0.8 -2.980 0.0067 0.3004 —0.0004 -0.0009 0 .09 92  0.0007
0.9 2.9 -~ 0.003. 0.0004 -0.0003 -0.0011 0.0093 0.0005
1.0 0.-’~ 7 0.0046 0.0002 0.0002 —0.00-08 0.0091 —0.0007

V • 21 11—

X/D • 1.50
p

- -\ A S A A B
- - 2 5 10 10

0 .2  3 . 9 7 ’- 0.3111 -0.0014 0.0006 0.0035 0.31o~ 0
0.3  0. - i -- :  0.01- .- . -9.0005 —0.0002 0.2-015 0.3005 0.0005
0... 0. - i-  3 0 .U1.. - - 0 .00 14 0.0015 0. :009 0.7311 :r .0018
0.5 0 .98 .  0.0105 0.0018 0.0)32 0.0001 0.0058 0.0015

3.985 0.0096 0.0013 0.0-732 -0.0002 0.0064 0.0008
0.7 3.939 0.013-. 0.0013 0.0017 0.0007 0.0064 0.0016
0.8 0.985 0.0111 0.0015 0.0003 0.0016 0.0055 0.0020
‘211 0. 0.0138 0.0013 0.3770 0.3019 0.0007

‘ 1.0 0. -- - 0.0143 —0 .0013 0.201’- -0.0001 0.1111 0.0013

V • 21 f ps

— 2.00
p

- A A B A B A B
o 2 2 5 5 10 10

0.2 0.97-. 0.0075 —0.0055 -~.-2118 0.001? 0.71’— ” 0.01.26
0.3 0.97? 0.0115 —0.3011 0.0058 0.0058 0.11’-.. 0.0109
0.4 011~ l 0.0110 0.0009 0.3069 0.0091 0.0170 0.0102

— 
- 0.5 O.—~S~ 0.0113 0.0017 ‘.0O”5 0.0059 0.0172 0.0085

0.6 0.11. 2.009- 0.0001 0.0047 0.0035 0.0119 0.0070
0.7 -3.9.5 5 -2 .0046 —0.0031 0.7-’:’- 0.0-252 0.0111
0.8 0.:

~s5 3.00’-5 —0.0028 2.0008 0.3.0. 0.019?
0.9 0.985 0.0051 -0.0010 0.02-15 0.0311 0.0210 0.0111
1.0 0.98 5 0 . 0 0 3 7  0.0001 0 .233 .  0.032 3 0.0201 0.0133

_ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _ _ _  ---- 
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TABLE 3 (Cont ’d)

V~~a 21 fps

X/D - 3.0
p

RJ S~~. A A
2 B2 A

5 B~ A10 B10
3 . 2  0.976 0.0028 0.0016 0.0005 0.0017 0.0019 —0.0005
0.3 0.982 0.008 1 0.0026 o.0020 0.0038 0.0020 —0 .0004

0.987 110110 0.0026 0.0039 0.2-119 0 .0023 0.0001
0.5 0.989 0.0107 0.0016 0.0050 0.032 8 0.0026 0
0.6 0.990 0.0087 0 0.0040 0.0022 0.0033 -0.0008
0. 7 ~~~~ 0.011-3 —0.0012 0.0016 0.0017 0.0045 —0 .0017
0..~ 0.991 0.001- ’ — -3 .0009 0112.0 0.2009 0.0056 -0.0011

= 0.9 0.992 0.0055 —0.0003 0.0012 0.0003 0.0060 0.0005
1.0 0.992 0.00-11 0.0001 0.002 1 0.0002 0.0048 0.0014

~

-—.-- ~~-- - - - — - - -~~~~ 
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44 July 10, 1972
DET:~.ac

TABLE 4

Results o f C.ulfbratlon with Steady Axial
F~- r c e  A r’ r ’ l ieO to the S . ~f t

St ~..~t - i. v Dvnav~ic Balance
Load (1t~ Load ~~~~~~~~~~ ~~ Output 

(peak volt)

0 10 1.00

33 10 0.920

10 0 .930

1~~
. 10 0.885

12” 10 0.865 

-— - -- - - --- -- - -  .
~~-‘----— - - - ------~~~~~-~~~~~~-
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—45— July 10, 1972
DET:ma c

TABLE 5

= Steady Thrust of Free—S trea m Propel lers

2 Blades

c Thrust
J I (lb)

1.05 0.19 20.8
1 .17 0.105 11.5
1.29 0.03 3.28

5 B1i.J ’~S

Thrust
J T ( ib )

1.05 0. ~~~ 39. 0
1.17 2 .  3 5 3  2011
1.2w 0.055 6.01

10 S~~~2cs

~ .rust
C1 ( b )

1.05 0.-~8 52 .5
1.17 0 .22  2- 3 .1
1.29 0.0-3

I ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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55— July 10, 1972
DET:aac

7TOTAL TUBE
‘i~~~ 30 ,STAT IC TUBE

~~ 10
— 29

28
9

27

— 26
— 8

25

24
7

23

22
— 6

CENTER LIN( _ 21
Oc RAKE 

- 

_ _ _ _ _ _ _ _  20
— 5

‘9

l8
— 4

— ‘7’

16
— 3

— $ 5

— ‘ 4
— 2

- . ‘3

— 12

_ _ _ _ _ _  

— I

I’

Fig u re 9 - Sche*atic of Wa k e Rake

_ _ _ _  
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69 Ju ly 10, 1972
DET:aac

a

SLIP-RING rAMPL1FI ER

[ASSEMBLY/ 

~~~
_ _ _  

_ _ _  

11~~~~~~)

I U _ _ _ _ _ _ _ _  PROPELLER 
—

LORIVE LRIV E 
‘-MASS

MOTO R SHAFT

Figure 2 3 - I~~t~~~-~i~ View of ~yna~~~eter
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— 71— July 10, 197 2

- 

DET :mac

- 

. DYNAMI C FORCE BALANCE

CEC CHARGE AMPLIFIER 
- 

OSCILLOSCOPE

SKL VARIABLE ELECTR ON IC
F I L T E R MO- C-EL 308-A
VARIA BLE CUTCFF (HIGH PASS

SKL VAR I1~.BLE ELECT L(MC
FILT ER MCC- EL 30e -A
V A R I A E ~L E CUTOFF (HIGH PASS

SKL vt- .HABLE ELE~~TPO~’,ICFILT ER MO~~EL ~C 8 — ~’.
IK C CUTC~ F (L OW P’Yi~ .)

~
—I
L

OSCILLOSCOPE1

GENEP ,. R A C I O ~~A -~’E
MODEL I9OO -

~~~ AND L E ’.E L

RECC- PDE R MC C- EL 1521-B

F i g u r e  25 - Data A~qu isi t~ - --n and -.duc t~on Svg t .--- f o r
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