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BY Mark R. Kichoh and Arvid L. Keith, Jr . 

An investigation has been conducted fn the L&r&.ey propeller-research 
tunnel t o  study  carling+3pfnner  coolbinations baaed CIL the NACA l-series 
nose i n l e t s  and t o  obtaln sys temt ic  design data for one family of approxi- 
mat.ely ellipsoidal  spinners. I n  the main part  of the investigation, ll of 
the related spinners were tested i n  varfous canbinatlons w i t h  9 HACA open- 
nose cowlings, which were also tested without spfnners. The effects  of 
location and shape of the spfnner, shape of the inner surface of the 
cowling l ip ,  and operation of a propeller having; apgroximately oval shenks 
were Investigated briefly. In additicn, a study was conducted t o  deter- 
mine the correct prdedure for extrapolating desrgn conditions determined 
from the low-peed t e a t  da- t o  tke design c o n d i t f a s  at the ac tua l   f l fgh t  
Mach number. 

The design  conditions for the  EACA 1"eeries  cmrlings  and  cowling- 
spinner ccmbinations are presented i n  the form of charts fram whfch, for 
wfde r8nges of spinner proportions and rates of internal f l o w ,  cowlings 
wi th  neazmaximm pressure recovery &I be seleoted far critical Mach 
numbers ranging f r a m  0.70 to about O.@. I n  sdditicn, tke characteristfcs 
of the spinners an& the effects of the spinners and the propeller on t h e  
cowling; design conditions are presented se-pzrately t o  provide in f t l a l  
quantitative data f o r  use i n  a generel design procedure through which 
M C A  l-serles cwlings can be selected for use with spinners of other 
shapes. By use of this general design procedure, correlation  curves 
established frm the test data, and derived compressible-flow equations 
relating the inlet-velocity ratio t o  the surf&-ce gressures on the cowlirg 
and spinner, NACk 1"eerles cowlings and cowllng-splnner  combinations can 
be designed for cri t ical  Mach numbers as high 8s 0.9. 
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presente a simple  procedure for their eeleation, asd demons"k3s the 
general  applicability of the  ordinates used to the  design of other 
criticalkpeed  inlet  configurations  euch a8 wing  inleta, a i r  scoops,  and 
cowling-epinner  combinations  (D-type  cowlings). Because of the  great 
importance of the Latter type of inlet  in  the case of conventional4ngine 
and turbopropeller  inetalbtions, a ten-bative procedure for the design 
of cowling-splnner  cambinations  utilizing  the NACA l-series nose W e t s  ' 
ae the  basic  ccmponent was also presented In reference 1. The usefulnese 
of thls procedure was seriously  limited,  however, by the  lack  of infoma- 
tion  defining  quantitatively  the  effect8  of the spinner  and  the  propeller 
on the performance of the  cowling  and on the  characteristics of the 
entering flaw. 

The present  investigation waa undertaken in the Langley propeller- 
research  tunnel to make a detailed  study of cawliwpinner combinations 
based on the NACA l-aeries nose inlets  and t o  obtain  sgstematSc  design 
daa--for one family of approxinvstely  ellipsoidal  spinners. For the  main 
part of the investigation, in which 11 of the related spinners  were 
variously cconbined with 9 NACA l-aeries opendoee cowlings, the maximum 
diameter of the  spinner was located at the oarl lng inlet. Elmever, a 
representative  configuration was tested  with  the  spinner  projected 6- 
what-arthr  ahead of the inlet, as might  be  used for a dual-rotating- 
propeller  letallation, and also  withdrawn  into  the  Anlet, as is  typical 
in the  case of rotating  cowlings  (E-type  cowlings)  and  jet-propuleion 
nacelles. Additional  teste  were  conducted.  to  study  the  characteristics 
of a conical  spinner,  designed  to have a amsuer preseure rise along ita 
surface  than  that far the  corresponding  approximately  ellipsoidal spinner, 
and  to study the ~Wacteristics of a revised cowlminner-Up ahape 
using NACA L-eeriea ordinates to  eliminate the internal flow eeparation 
which occur8 at the higher inlet-velocity  ratios in the case of the 
standard NACA l-eeries cowlings. The nine NACA l-series  ccwlings were 
also tested in the open-nose condition'to  establish-a baee for determining 
the  effects of,the spinners. 

4 

The effects  of  propeller  operation on the  aerod&mmic  characteristics 
of a typical cawlimpinner canbination  were  studied using a propeller 
with approximately oval shanks. Other  propeller  configurations were not 
investigated. However, reference 2 provide8 saae in?hrmation re lat ive 
to the effects of propeller-shank  configuration, and a beginning t o -  the 
solution of the general propeller~awling-interference problem l a  afforded 
by  referenoe 3 which  presente a detai led  atuQ of the  speeds  and  direc- 
tiom of the  flow in the inrmediate  field of seven of the cowling  configu- 
rations  presently  reported. -.- 

Inasmuch  as  the  present  testa were conducted a t h u  airspeeds, the 
investigation  necessarily  included a study of the -procedure required to 4 I .  

determine the  design  operating  conditions at the design flight Mach number 
frcm the lw-speed test;rssults. In thls study, relations originally 
derived by &man investigators far opendoae cmlinga (references 4 and 5 )  
were  gpneralized  to the case of the  carling-epinner  canbination  and  extended 
to obtain a ~olution fcr cmpressible flow. The derived  relations  were 

- 
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then used to   ca lcu la te  the effec t  of Mach number on the design inlet- 
' i d  veloci ty   ra t io  and to   e s t ab l i sh  a s3mple correction  procedure. 

The method of alaelyzing  the t e s t  data for use i n  the preparation of 
design  charts  ia  described, and design  charts are given for the open- 
nose cowlings  and for these cowlings when used in canbination w i t h  each 
spinner of the re lated family. In addition, the characterist ics of the 
spinners and the ef fec ts  of the spinner8 and the  propeller on the cawling 
design  conditions are  presented separately to provide in i t ia l   quant i ta t ive  
data for use i n  a general  design procedure through which NACA l-series 
carllngs can be selected for use with spinners of other shapes. 

SYMBOLS 

A 

C 

d 

< D 

D8 

F 

DP 

f 

F 

E 

AE 

m 

M 

n 

P 

P 

area of stream tube containing  internal flaw 

e function of Mo and Vi/V, (eee fig. 26) 

cowling inlet diameter 

maximum diameter of carling 

maximmu diameter of spinner 

propeller  diameter 

skin-friction drag 

maximum frontal area of carling 

t o t a l  pressure 

t o t a l  pressure loss between free stream curd. measuring s ta t ion 

mass rate of internal  air  flow, slug8 per second 

Mach number 

propeller  rotational speed, revolutions per second . 
static pressure 

dynamic pressure 
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QC propeller  torque  coefficient 
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r radius from cowling center llne unless otherwise  specified 

Tc propeller thrust-disc-loading  coefficient 

V . velocity 

x distance frcon inlet along cowling axle 

x8 distance f r a n  nose of spinner along cowling axis 

X length of cowltng from inlet-to maxi mu.^ diameter  etatfon 

Xf length of  cowling-inner-lip shape fram nose to maximum thichess 
s ta t ion 

XS 

Y 

Yf 

ye 

a 

Y 

6 

‘1 

length of  spinner fram nose to lnaximupn diameter s ta t ion  

maximum ordinate of cowling measured perpendicular to reference 
1- at maximum diameter station (see table I) 

thicknese of cowling 

maximum ordinate of cowling-inneuip shape measured perpendicular 
to reference line (see table V) 

maximum radius of epimer (Ds/2) 

angle of a-t;tack of center line of model, degree8 

ratio of apecific heat a t  constant pressme to specific heat at 
constant-voluie (1.4 for a i r )  

nmina l  boundary-layer thickness (defined. as n o m 1  d istance 
E - Po 
90 

from surface to point where - = 

propulsive efficiency - - (:ic ( :p)) 

Y 

i 

Q 
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P mass density of air, slugs per cubic foot 

c 

Y 

? 

General subscripts: 

aV average  value  weighted according to m s e  flow i n  case of 
internal  flow and according t o  frontal. ere8 in  cese of 
flow along surface 

C carling 

cr condition corresponding t o  predicted crf t fcal  Mach nmber 

i oowling inlet 

0 f r ee  stream 

8 spinner 

t condition correeponding t o  test Mach number 

u condition i n  propeller elipstream Just outstde cowling boundary 
layer 

The MACA l-series nose-inlet ordinates (frcan reference 1) and rela- 
tions for their application t o  the carlings used W the  present investi- 
gation are given in t a b l e  I. A8 In .reference 1, cowlings confarming t o  
these  ordinates are identified by a three-nurnber designation; f o r  example, 
Li'O"15O. The flrst number indlcates that the NACA l-~eries ordinates 
are used; the second. and third numbers g ive  the m e t  diameter and cowling 
length,  respectively, as percentages of the mzximum cowling diameter. The 
cowling specified, therefme, hes a l-series profile  with an in le ta iameter  
r a t i o  d/D of O,7O and a length ratio X/D 09 1.50. The approximately 
ell ipsoidal  spinners of the family Investigated were arbitrarily designed 
by revolving MACA l+eries nose-inlet ordinates abou% their reference 
l ine ( tab le  I) and are therefore identified by aimllar designations. For 

The 9 NACA 1"series. cowlings and 11 NACA l-aeries spinners investi- 
gated are shown i n  table J3 . Each cowllng was tested i n  conjunctfon with 
all spinners sham in the m e  horlzontal  rbg; in each'case th8 maximum 
diameter of the spinner m s  located at-the cawling inlet unless otherwise 
specified. The ccnfigumtions tested to study the effects  of varying the 
longitudinal locat ion cf the spinner w i t h  respect t o  the Inlet are shown 
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i n  t a b l e  III. Maiification8 to   the  spinner  and cowling  shapes tes ted in  
attampt;a t o  obtain improved operational  characteristics are presented i n  
tab1e.s IV snd V, respectlrvely. 

V i e w s  of the model instal led in the Langley prOFeUer-research trmnel 
are shown in  figure 1. The internal-flow exstem (fig. 2) included an 
axial-flaw fan wNch was necessary t o  obtain the higher inlet-velocity 
ratios.  The internal  flow was controlled by varying the speed of the fan 
motor and the  position of the butterfly-type shutters. Flow quantit ies 
were masured by mans of the total- and s t a t z t cees su re  tubee a t  the 
throat of the venturi and checked by a rake a t  the exit .  A thermocouple. 
a t tached  to  the exit rake was used t o  measure the temperature rise through 
the fan. 

Prior t o  the %umeltests ,  the venturi in the tail of the model was 
carefully  calibrated to assure the accuracy of the internal4low  quantity 
measurements. It was found that accurate measuramenta could be obtained 
so long as the fan did  not introduce  appreciable rotation i n  the flow 
through the throat of the venturi. 1-8 also determined that such 
rotat ion could be avoided for  any desired flow quantity by simultaneous 
adJustment of the resistance of the system (by means of the shutters) and 
the rotational speed of the fan. D u r i n g  the tunnel tests, uniform nonrota- 
t ional  flow i n  the venturi  throat wa8 obtained far each tes t  condition by 
adJusting the  shutter  posit ion and the fan speed until the static-pressure 
distribution acr-8 the venturi  throat was uniform. V i s u a l  observation 
of a multitube manometer was used t o  establiah this uniformity. 

A th reeblade  5.7-foot-dlameter propeller (figs. l ( b ) ,   l ( c ) ,  and 3)  
driven by a variabl-peed  motor was used to   inves t iga te  the effects of 
propeller  operation on the aerodynamic cbmm%eriatics of a typical 
cawling-spinner canbination. The approximately oval shanks of t h i s  
propeller were similar to those i n  general use. The propeller blade  

angle  at-the  2-radius station was f ixed  a t  32O throughout the tests as 

this angle gave r e a s a ~ ~ a b l e  va lues  of the thruat-torque relationship over 
the t e s t  range of thrust  coefficienta. The propeller operating condi- 
t ions were as follows: 
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It is noted that the lowest t e s t  thrust-disk-lading coefficient, 0.02, 
is typical  for the higk-speed fl ight  conditfon of current airplane8 but 
is probably an upper limit t o  the hlgk-speed fl-ight Balues for future 
high-speed aircraft. 

Surface preasures were measured by meam of 11 f lush  o r i f i c i e s  dis- 
tr ibuted along the top center line of each spinner and 22 orifice8 
Installed in the top section of each cowlfng. With propeller removed, 
pressure surveys a t  a station 0.75 inch inside the- inlet were made by 
m e a n s  of 10 total-pressure tubes extending across the amulu8  at; the top 
of the inlet and 3 tota1”pressure tubes located 0.12, 0.23, and 0,s inch 
frm the cowling inner.surface a t  the b o t t m  of the i n l e t ,  Far the 
propeller-bistalled tests, this inlet instrumentation was replaced by 
rakes of shielded total-reabure tubea supplemented a t  each end by 
boundary-layer rakes of four total-pressure tubea immediately  adJacent 
to the annular surfaces. (See fig. l(c).) Two rakes of shielded total-  
pressure tubes at the top of the cowling (fig. l (c ) )  ala0 were used in 
the propeller--installeh tests t o  measure the total pressure of the flow 
in the  vicinity of the surface orifices.  A l l  pressure measurements 
obtained by such fnstrurnentation were recorded by photograpNng a multi- 
tube mancmter. Prossuros measured by the venturi instnunentation ware 
road visually frm a second rnultitube manmeter. 

Vith propeur removed, oressuro surveys of each configuration were 
conducted for from 11 to 3.8 values oP inlet-velocity  ratio at anglee of 
a t tack of o0, bo, ana Go; 31431Et8 of attack OP 80 and EO were also 
fnvest lgated i n  two instances. Xith propeller ILataUed, pressure eurveys 
were conducted for oWl/rr ranges of inlet-velacity r a t io  at axles of 
at tack of Oo and. 6O for propeller thrust-disk-loading coeff iclente 
of 0.32, 0.06, and 0.E. X tunnel speed of 100 &lea per hour, which 
corresponds to a Mach number of 0.1.3 and. a Reynolds 
based on the maximum cowling diameter, waa used for 
tests for inlet-veloclty ratios l e a s  than 1.3.  For 
having very hrge inlet areas, the tunnel speed m8 
per hour to ,obtain  the higher inlet-veloclty ratios 
capacity of the fan. 

number of about 2 x lo6 
the majority of the 
t he  configurations 
reduced t o  70 miles 
with the United 

Flow over Spinner0 

Surface pressure8 on NACA l-eerles spimer6.- Static-pressure dis- 

Lributions representsstive of those mezaured along tho tops of the 
NACA l-wries cowli-rqpup.bner combinations w e  prssen-hd in figure 4. 
Sharp negative-prossurc pesks did not 0csu.r in tho-dfs-dlbutions over 
t he  spinners for any of the conditions in3es t i s ted ,  and the ninimum 
pressures on the spinners wero rarely lesa than thzit of Lhe free scaesm 
except for very high values of i n l s G v e l o c i t y  mcio. For gfven values 

. -  
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of inlet-velocity ra t io ,  the peak velocities 011 the 8pimer8, indicated 
by the minimum pressure coefficients as  summized in figure 5, generally 
increased with incrases in  spinner diameter and angle ofattack; except- 
far the very high  inlet-velocity  ratios,  increases in spinner  length  also 
caused  increases in these peak velocities by mov- the splnner nose 
farther ahead of the  retarded flow in the immediate  vicinity of the 3.nle.t;;- 

The abrupt breaks which occurred  in some of the spinner  pressure 
distributions  in the v ic in i ty  of the inlet at the lower inlet-velocity 
ratios (fig. 4) were caused by boundary--layer separation. For given 
values of  inlet-velocity  ratio and angle of athack, the  shapes of the 
prerssure distribution6 for the NACA lrseries sp,inners (see distributions 
far NACA L”O& spinner which was typical) were changed  sanewhat by 
variatioxw i n  both  cowling length and cowling inJ.et  diameter;  however, 
the o v e ~ l l  pressure rise from the point of m i n i m u m  pressure to the 
ide t  was essentlal&y unaffected  by these cowl3ng  ~ariablee. The phe- 
ncopenon of separation for these spinners, therefore, would be expected 
to the first order to be a function only of the spinner proportions, the 
i n l e t v e l o c i t y  ratio, and the angle of attack so long as the inlet  lip 
is located at a reasormable distance (0 .07p or @?ester) fran the  spinner 
surface. This  conclusion may not apply for  other t-es of spinners  that 
might have, for example, m o r e  severe  preesure  gradients. 

Effect of spinner  1ocatia.- In order to detextulne the effect of 

spinner location, the XWCA l“0 spinner was t z s t e d  in several longs- 
tudinal  positions relative to the NACA l-7O-lOO cawling. (See table 111.) 
The configuratim with the nose of the spinner located near the inlet 
are of intarest for the  case  of the rotating (%type) cowling, w h e r e a s  
the configurations  with the nose of the spinner located at 0,8D and 1.OD 
resemble the design frequently proposed for dual-rotating-propeller 
installatione. 

Static-pressure  distributions over the cowlin~pinner ombinat ions 
of table I T  “6 sham in figure 6. In80far a& the spinner m s  concerned. 
the most important-effect of shlftfng I t s  nose ahead of the inlet  in 
successive  increments was to increase succeesively  the severity of the 
minimum pressure peak on iks surface  (fig. 7). Such increases,  a0  shown 
by the measurements of P, Ruden in the similar tests  of reference 4, 
would cause correspmdlng increases in the pressure losses at the inlet 
a t  the lover inlebvelocity rat ios  and succeseive increases in the value 
of the minimum Inlet-velocity  ratio required to avoid such losees. 

A canparison of the data of  figures 6 and 4 shows that the mfnimum 
pressure peaks on the BlACA b4-0440 spinner when its nose was located 
at 0 . b  and 0.m ahead of the  inlet were much m o r e  negative than those 
for the normally located 0. I%- and 0.-length spinner8 of the same or 
larger maximwn diameter. Thus for  dualdotating-propeller installations, 
the long normally located NACA l-series  spinners  are  superior to spinners 
having  cylindrical base sections Jus t  ahead of the inlet wLth regard to 
the minimum value of inlet-velocity ratio  which csn be used without 
incurring flow aeparaticm. 

1 
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Effect of conical spinner.- A 8tud.y of the surface presswe distri- 

butions  over the NACA lwerles apbners (fig. 4) showed that appreciable 
pressure rise8 occ-arced ahead of the inlet a t  low values of i n l eL  
velocity  ratio.  A conical apinner (table IV) was tested in coajmction 

modification to the spinner shape would reduce the -velocities along the 
spinner and therebg  reduce t-b pressure rise act- on the apinner 
boundary layer. A caqa r i son  of the surface pressare distribxtions over 
the  conical  spfnner  wlth  corresponding pressare diatribztions over 
NACA l-series spinaers of the ~ a m e  maximm diameter (fig.  8) shoya  that 
t h e  desired resiiLt was obtained a t  all t e s t  values of inlet-velocity 
ra t io .  Such  spinner^ are therefore sqerior t o  the HACA l-eeries 
spinners with-regam3 t o  the minimum value of inlet-velocity  ratio  for 
whlch flow separation f'ran the apfnrser surface is avoided and are worthy 
of further research. Based on the present results, 8 more detailed 
analysis of the use of canical spinners, particularly those with larger 
cone angles, is being mde a t  the Langley Laboratw$. 

W i t h  the NACA 1-70475 C a w l a ,  tkr0fOX'e, t o  debmine whether Such a 

Total-pressure  distributions a t  inlet .- TotaLpre8sure dist-riblrtions 
across the annulua at the top of t3.e inlet of a typical  NACA l-series 
cowling4pinner  cabination w i t h  propeller reanoved are ebown i n  figure g(a) . 
At an angle of attack of -Oo, a pressmwecavery  coeff ic ient  of unity was 
obtained 0781 most of ,the inlet a t   t h e  bier i t ihbveloc i ty   ra t ios .  As 
t h e  test  inlet-velocity r a t i o  vas decreased below 0.5, however, the 
boundary layer on the epimer thickened rapidly under the influence of 
the increasingly severe adveree presswe rise and 80031 separated causing 
large loases i n   t o t a l  pressure (fig. 10). The effect of i n c r e a s i q  the 
angle of a t tack was t o  -crease the  severity of the flow separation from 
the spinner at  the lower inlet-velocity ratios and t o  require the use of 
a Ngher value of inlet-velmity  ratio to avoid such separation. It 
should be noted tbt the losses in  idlet total pressure caused by flow 
separation frathe spinners w o u l d  becorns inareaa31gly severe w i t h  
successive  reductians in  the width of the inlet annulus. 

P r o p l l e r  operation effected large change8 in tb sbapes of the . 
total-pressure  distributions a t  the top of t.he inlet ( f iga .  g(b) 
and g(c)). In general,  the to ta l  pressures in  t h  vicinl ty  of the 
cowling l i p  were increased, uhsreas thoee near the spinner were reduced. 
This radial total-pressxra gradient, which to a l esser  e n e n t  would be 
present wren with  thinner &Moil-type proseller shanks, would cause 
increases in pressure recovery with increases in  the width of the i n l e t  
annulus and m i g h t  be  expecwd t o  encoirrage sepamticm from the spinner 
at t h e  lower in lebveloc i tg  ratios. Such separation was not obsemed, 
however, and propeller operation  eithar had a nsgligfble ef fec t  upon o r  
ac t t a l ly  raduced the value of inlet-velocity  ratio below w h i c h  the mean 
inlet  total  prassure  decreased  rapidly.  (See  fig. Lo.) It appars,  



therefore, that with a conventional  propeller any destabil izing  effects 
of the propeller  an &he boundary layer are canpensated for by additional 
effects  possibly  including: (1) the removal of.the  spinner boundary 
layer along the propeller blade surfaces, (2) the introduction of large- 
male turbulentmixing, and (3 )  the effect of the swirl introduced by 
the propeller  in  reducing the pressure rise acting a the boundary layer. 
Further research is necessary t o  establish the effectiveness of these 
cornpeneating effects f o r  the case of a propeller with  thikairfoil-type 
propeller shanks. Since only one propeller blade angle wa8 i nves t i s t ed ,  
t e s t e  wi th  propellers s e t  a t  hlgh blade angles suoh ae w i l l  be used by 
high-aabsonic-speed  turbine-powered a i r c r a f t  are desirable. 

d 

Minimum inlet-velocity r a t i o  for high pressure recovery.- Boundary- 

layer thiclmesees a t  the top of the  spinner of the typical conf'iguration 
being examined are presented i n  figure U a6 a function of inlet-velocity 
ratio. The curves are  of the same general shape and the breaks in the 
curves, which are  indicative of the onset of eeparation, occur aknea r ly  
the same inlet"vel0oit;y r a t i o  regardless of the definit ion of boundary- 
layer  thickness used. Hence, the boundary-layer thickness 6 has been 
defined as the normal distance'frcan the surface t o  the  point where 
H - Po 

= 0.95. 
90 

I n  correspondence with the discussion in the preceding ~ e c t i o n ,  it 
I s  noted i n  figure U that-propeller  operation  either d id  not affect   or  
actually reducedthe separation value of inlet+-velocity  ratSo. Propeller- 
removed data f i l ~  a higkcritical-peed fuselage scoop (reference 6 )  show 
that such  separation  value8 of lnletcveloci ty   ra t io  are essentially 
unaffected by large changes in  t e s t  Mach  number and by reasonable changes 
i n  boundary-layer thickness such as might be  introduced by variations i n  
the transition point; considerable increase  in Remolds number, however, 
may decrease the separation Value of in le t -mloc i ty   ra t io  t o  eawwhat 
below the values obaerved in these testa.  Inamuoh as a maximum pressure 
recovery in the ducting is generally obta-d at an 5n le tve loc i ty   r a t io  
just greater than  the maxirmun value far which the inlet flow is separated, 
the inlets-velocity  ratio 0.04 greater than that omresponding t o   t h e  
intersection of tangents t o  the  inclined and approxinaately horizontal 
parts of the propeUerasmoved boundary-layen-thickness curve is therefore 
considered t o  be the opt2mum design  value f o r  obta-Ining a mxirmua pres- 
sure recovery. 

Boundary-layer thickneelses on the taps of the spinnere of representa- 
t i v e  NACA l-series carling-epinner  canbinations are shown in  figure 12. 
So long aa the inlet l i p  was located at a reasonable  distance (O.O75D or 
greater) f r a m  the spinner  surface, the inlet-velooi-Ly ratioe below which 
the boundary Layers thickened rapidly were essentially a function only 
of the proportions of the spinner and the angle of attack as previously 
deduced from the pressure distributions on the spinners. Hence, within 
the useful range of inlet  annulus widths, it was possible a t  each angle 
of at tack t o  determine a single minimum inletrvelocity r a t i o  for which 
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separation from each spinner was avoided regardless of the proportions 
of the  cowling used. Such minimum values, which increaae  with  increases 
in spinnerdiameter  ratio,  spinner-length  ratio, asd angle of attack, are 
summarized in  figure 13. 

It was not  possible to deternine single miam values of i n l e t  
veloci ty   ra t io  for avoiding flow separation f r a m  the spinners w h e r e  the 
width of the i n l e t  annulus was less than O.O75D because the sepsratioo 
inlet-velocity  ratio then was no longer a function only of the proportions 
of the  spinner. Ho attempt was made t o  deternine more accurate  design 
conditions f o r  such  configurations;  they are seldan used because the 
large  thiclmess of the spinner boundary layer r e l a t ive   t o   t he  U t  
annulus results in a low pressure recovery. 

The minimum inlet”ve1ocity  ratios  necessary for avoiding  separation 
fram the NACA l-eeries spinners (fig.  13) were higher than gezierally 
would be desirable for h€@ presaure recovery. In  reference 1, values 
of 0 -35 t o  0.40 w e r e  indicated f o r  the part icular  cowling-spinner cabina- 
tions  considered. Further gains in  internal pressure  recovery  appear 
possible  through the development of n e w  families of spinners with lower 
separation  Wet-velocity  ratios. In  this regard, the conical  spinner 
of table IV and figure 8 is of in te res t  fnasmuch as the previously  noted 
decreases in   the   sever i ty  of the pressure rise ahead of the  inlet ,  
obtained by substi tuting this spinner  for caparable NACA l-series 
spinners, resulted (fig. 14) i n  reductions of 0.05 t o  0.1 in the minim= 
usable value of inletrvelocity  ratio.  Such reauctiam would cause 
important gains i n  the ultimate preeaure  recoverg a-i; the end of the 
diffuser; w h e r e  not limited by the geametry of the propeller hub, addi- 
tional gains  could  undoubtedly be obtained by increasing the cone angle. 

Maximum in le tve loc i ty  r a t i o   f o r  avoiding separation f r a  inside of 
lip.- At the  higher  inlet-velocity  ratios the outward displacement of the 
stagnation  point on the inlet l i p  (fig. 15) caused high local pressure 
peaks a t  the inside of the l i p  f o r  both the opertnose and spinne-installed 
configurations. These minimum pressure coefficients are summarized i n  
figure 16. Although considerable sca t te r  of the experimental data 
occurred, presumably due t o  both the necessarily limited number of pres- 
sure orif ices  In the lip mdii and the unsteady nature of the  f l o w ,  a 
defirltte effect of spinner slze  is  discernible when, as shown, an attempt 
is made to fair  separate lines through the  poin ts  for the different  
spinner  diameters. When the spinner diameter was mall with respect t o  
the i n l e t  diameter,  variations in spinner proyrt;iona had little 
effect  on the velocities  alopa the inner“cowlTng-lip surfcce. When the 
spinner  diameter was increased t o  the point vhere the i n l e t  annulus 

markedly, possibly because of the e f fec t  of the spinner boundarr laxer 
on the  direction of the flow a t  the cowling li_n. Fropeller  operation 

- 

4 width was O . G 7 9  QT less, however, these flow veLocities increaeed 

I ( f ig .  17) also caused appreciable  increases in the flow velocit ies along 
T t h l s  surfece bg d i s to r t ing  the r&dial total-prassurs dist r ibut ion i n  the 



Representative  total-pressureloss  coefficient8 meaeured by a  total- 
pressure t-ube 0.B inch from the inner  surface of the bottcm section of 
the  i n l e t  l i p  (the  section where the moat severe-seperation  losses  are 
l ikely t o  be initdated i n  the cruise and  climb canditions) a re  presented 
i n  figure J.8 fo r  an  angle of attack of 6'. The formation of bubbles of 
separation is inciicated. by the  abrupt  breaks .in-t-&.?e-. curves beyond which 
the  losses  increased  rapidly  until the Local-totaL--pm'ess~~e coefficients- 
became approximately equal t o  the  local-surface-pressure  coefficienXs. 
These data, which are typical for a l l  ceses  investigated, show that, the 
inlet-velocity r a t io s  a t  which separation  bubbles f i m t  occurred were 
again essentially a function oriLy of the  proportions of zhe spinner.  
For a given  spinner the locations of the  breaks these curves were 

shifted by 88  much as S.03 - frm the mean value by changes in 

cowling proportions; however, no consistent-trends were observed. 

v i  
VO 

The i n l e tve loc i ty   r a t io s  correspond.lq, t o  the points on the 
inclined  portions of data plots of the type of figure 18 w h e r e  t b  total- 
pressure-loss coefficient was 0.1 have been arbitrarily taken as   the 
maximum values f o r  whlch appreciable separation bLbbles d id  not occur. 
These Umlting values  fo r  Ngh pressure  recovery (fig. 19) increamd 
with increases  in  epimer  diameter and decrea8es in splnnor l ength  and 
were undesirably low far the  angles of attack encountered in lav-speed 
f l igh t .  As w i l l  be diacusseci l a t e r  in the report, the  effect  of an 
increase i n  f l i g h t  Mach  number a t  any f ixed  inletveloci ty   ra tdo less 
than 1.C is t o  decrees8 the effectlve angle of attack of the cowling l i p  
and,  consequently, t o  reduce  these  already low limiting values. H o w ~ v ~ ~ ,  
propeller  operation,  as shown in  f igure 20 by bta obtained with shielded 
total-pressure  tubes, has an oppoeing favorable effect which, a t  the  high 
propeller  thrustdisk-loading  coefficient8  encountered i n  t h e  low-trpeed 
cruise and  climb  canditions, would more than counterbalance the  p ~ w t h  
of the local  pressure peaks  with  jncreases in Mach nunber. Furthemore, 
the inlet  total-pressure  distributions of figures r)(b) and U(c) s t rongly  
indicate that the internel flow would separate fram the  inner  surface of 
the  d.iffuser  rather than fram the cowling l i p  a t  rezsombly high values 
of in le tve loc i ty   ra t ios .  It is concluded therefcrre t h s t  flow separation 
fram the  inner  portion of. the cowling l i p ,  while of meJor importance in  
the  case of the NACA open-nose in le t s ,  i s  not of s ip l f l cen t .  importance 
i n  the case of the  NACA l-seriea cowling-spinner cab ine t ions  except fo r  
extremely severe  cabinetions of hlgh inlet-velociQ ratio End hjgh mcle 
of a t tack such as are encountered in  the  take-off  conditicx. 

Beceuas of the importance of avoiding separation of the lnt-ernal 
flow i n  low-speed fllght, tests were conducted OR two represefitative 
cowlings tc detamnlne whether the upper l imit  of ilw oeparaticm-free 
operating range of inlet-velcei t y  rh t i o  (fig. 19) coud  be r a i s e d  by the 
addlt ion of an inrier-lip fairing. Ths KACb I-serjes  ordinstes invertcd 

3 
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w i t h  respect t o  the reference line through the caWUng l i p  (table I) were 
ueed in t h i s  fairing (tpble V) both  because the general applicabili ty of 
these o r d i n e t e s  to higkri t ical-apeed  configurat ions had alread3 been 
established and  because the use of these ardinates  would permit  the 
region of high curvature t o  be kept w e l l  forward. The aadition of t h i s  
fairing caused large reductions  In the peak negative  presaure  coefficient 
on thls surface at the Mgher  inlet-velocity  ratios (fig. 21) and corre- 
sponding large increases in  the limiting values of inlet-velocity  ratio 
(fig.  22). A fa i r ing  of this type therefore is desirable for instal la t ions 
in  which separation of the internal flow frm the inlet l i p  is l i k e l y   t o  
be encountered. In  the case of cowling-spinner  combinations, ft appears 
that such a f a i r h g  need only be applied as a "glove" in the bottcnn 
quarter of the   inlet .  

External Flaw over Cowlin@; 

S t a t i c  pressure diatributions over the external cowling surfacea of 
several of the teat  configurations  are sham in figures 4, 6 ,  and 8. The 
phenomena shown are generaUy similar to those discussed in reference 1. 
A t  the lower inlet-velocity  ratios, high negative  preasure  peaks  usually 
occurred on the cowling l i p s  due t o  the i r  high effective angle of at tack 
and i n  the case of sane of the sharper  lipped cowlings initiated separatfon 
of the external flow. A6 the inlet-velocity r a t i o  was increased, these 
negative presaure peaks decreased  progressive^ fn severi ty   unt i l  a t  
particular  values, d e ~ ~ d  by the c&ling and spinner shapes and the 
angle of attack, t he  pressure  distributions became easentially uniform. 
The surface pressures  decreased only al ight ly  and the distributions of 
these pressures were eseentially unaffected bg large additional increases 
i n  inlet-velocity  ratio; thus, far each cowling, the c r i t i c a l  speed 
increased only s l igh t ly  and presumebly the external friction drag 
decreased only slightly over 8 vide range of inlet-velocity r a t i o  above 
the value necessary t o  e-te the presaure  peak on the cowling l ip .  
The e f fec t  of increasing the. angle of attack was t o  increase the severity 
of the  pressure peak 0x1 the top  section of the cmlSng l i p  at  the lower 
inlet-velocity  ratios and t o  increase the inlet-velocity r a t i o  requfred 
t o  eliminate thirj peak. 

Same ef fec ts  of cowling and spinner geopnetry 011 the   dis t r ibut ion 
and  magnitudes of the surface  pressures on the cowling a re  shown i n  
figurea 4, 6 ,  and 8. The inlet-velocity ratio required t o  avoid a nega- 
t i v e  pressure peak on the cowling lip increased. wtth increases in both 
cowling Length and cowling inlet diameter; at  inlet-velocity  ratios above 
t h e  cri t icalvalues,   increases  in  these same variables  decreased the 
minimwn surface pressure coefficients,  In  general, the addition of a 
small diameter  spinner or a long spinner t o  the basic open"noee cowling 
did not cause important  changes in  the cowling preasure distributions. 
However, the additfcm of a spinner w i t h  a large rate of decrease of cross- 
sectional area just ahead of the inlet, such a8 8 short largediameter 
spinner or 8 ccrnical  spinner,  tended to cause  the'formation of a negative 
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The inlet-velocity  ratio for which  the  surface  pressure  distribu- 
tion m the  cowling  first  becomes  essentially uniform is a function of 
the free-8tream Mach number, A detailed  discussion of the  effects of 
cowling  and  spinner proportions on.thls important operating condi-tion is 
therefore  delayed to the  next  two  sections of the report following an 
evaluation of the  effect of Mach  number. 

Propeller  operation  effected  increases in boeh the static  and  tatal 
presswres in the  vicinity of the carling  Surf8Ce. The increases in 
static  pressure (fig. 23) were  large near the  leading edge but  were amall 
near the  position of maximum diameter. The increases in tutal pressure 
just  outside  the  cowling  boundary  layer (fig. 24) were approximately the 
same at the fore and aft  rake  locations (fig. l(b)) and were sanewhat 
less than values  calculated f o r  the  ideal case of uniform propeller-disk 
loading. As the increasea in total preeswe were greater than the 
increases  in  static  preflsure,  except in the  region of the l i p ,  there  was 
a net increase in the mxinnun flaw veloci.t;y along the surface  which  became 
of fmportantauagnitude  at  the  higher  propeller  “ust-disk-lmding 
coefficients. 

Critical  Mach Number Claaracteristics 

The critical Mach-number has important  design  significance in that 
it  is  the  lower  limit- of the range of Mach number withZn  which  significant 
force  changes due to shock can OCCLW. Numerous tests of  wings  and  bodies 
have indicated that an appreciable margin may exfst between  the  critical 
Mach  number and the  fbrce-break  Mach  number,  especially when the  critical 
Mach  number is determined by pressures  ahead of the mximum thickness 
station; hence,  the  critical  Mach  number may be unnecessarily  conservative 
for design purposes. The preeent diecuasim muat be limited to the 
critical  Mach  number,  however,  because of the lack of data defining  the 
margin  between  the two Mack numbers. 

Extrapolation of lowepeed test data.- In estimating the high-speed 
operational  characteriatlcs of R particular  cowling fram lar-apeed test 
data, such.as  those of the present  investfgatian,  it  ia  necessary to 
consider the effect of incroasfng  the  free-stroamMach  number on the 
magnitude of the  surface-pressure  coefficients a d  on the minimum value 
of inletrvelocity  ratio for which the surface pressure  dietribution  is 
essentially uniform. Previous  discussion ha8 poiDted art that the inlet;;;- 
velocity ratio required to avoid flow eeparation frm the  spinner  need 
not be  considered aB it is essentially  unaffected  by  increases in the 
free-atream  Mach  number. 

The von d & n  method of extrapolating the measured surface-pressure 
coefficients  (reference 7) was shown in reference 1 to be  valid for 
cowling data obtained  at t e a t  Mach numbers as low as 0.3 so 10% as sharp 
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forwardly  located  peaks did not OCCUT i n  the m e a s u r e d  pressure distribu- 
tions. A cnmparison in figure 25(a) of the result8 predicted fram the 
present data with  the higher speed results .of reference 1 shows that the 
von d d n  method luewfse is applicable,  with  the same reservation,  to 
the present data obtained at a t e s t  Mach number of 0.13; hence, this 
method has been  used to predict the c r i t i c a l  Mach numbera far all test 
configurations. 

The data contained in figure 25(3) show the Bnportant influence that 
the test Mach  nlzmber has on the minimum value of inlet-velocity m t i o  
f o r  which the  surface pressure d i s t r i b u t l m  1s essentially uniform and 
below which the predic ted   c r i t i ca l  Mach nmber decreases rapidly due t o  
the formation of a negative preseure peak on the cowling lip. The decrease 
w i t h  increasing Mach lsumber shown was ignored in wdsLng the  selection 
charts of reference lbecause the shi f t  uas fn a conservative  direction 
and appeared small f o r  thoae t e s t s  and  because thearetical jus t l f ica t ion  
f o r  a correction was lacking. T h i s  ehif t ,  however, must be taken fnto 
account  In analyzing and applying the low-speed data of the present 
investigation. 

The problem of estimating the magnitude of the inlet-velocity-ratio 
shift just discussed may be attacked  theoretically on the basis of an 
extension of the work of Ruden (references 4 and 5) .  (See appendix A.) 
By re la t ing  the pressure force on the cowling to the change in pressure 
and r a t e  of change of maanentun of the entering a*, he obtained an 
incrsnprossible-fk 
written in the forra 

where Pcav is  the 

expression for an opeIl;no& c&lTng which can be 
(equation (5) I appendix A) 

average pressure  coefficient on the external cmllng 



16 NACA RM No. L&15 

where C, a camplex function of khe f r e w t r e a m  Mach  number and the 
inlet-velocity  ratio, is given in   f igure 26. If it is assumed that the 
low-spee? surface prossure distributions can be e,xbrapol8ted b;r the 
yon Kannan equation t o  obtain possible  surface  pressure  dlstribucfons at: 
higher Mach numbers, this expression can then be used t o  f i n d  the  inle-d 
velocity  ratios required by these highe-ped pressure d i s t r i b u t i o n s .  
I n  the case 09 the  RAGA l"7M5O open-nose cowling, f o r  oxample, the 
measured pressure dist r ibut ion  for  which the predicted  crl t icql Mach 
number is 0.715 may be extrapowtad to  obtain px?sslrre dlstributions for 
Mach numbero of 0.40 and 0.715." Then the inlet-velocity ratlos for the 
test Mach  number (0.13) and these two higher  Mach numbers can be calca- 
lated  fran  equation (10) of appendix A after each _orossure dlstrlbutdon 
is mechanically  integrated to obtain  the weighted  average surface pres- 
8-8 coefficient. For th5s example case,  the  follacring comparison with 
the  experlmntal results of figure 25(a) is obtained: 

The calculated inlet-velocity ra t ios  are shown t o  be in  excellent  agree- 
ment with the values observed experimentally. 

T h e  foregoing result8 indicate that equation (Lo) of appendix A and 
the similar comnress ib l~f la r   re la t ion   for  c o w l w p i n n e r  carnbinatlons 
(equation (9) of appendix A )  can be used to calc-date the increments 
of V i / V o  by which each point on the test curves of Mc, plotted- 
against V i / V o  must be shif-ted to correct the lakr-speed tea t  data. 
(See fig.  25(a).) However, the amount of work required to  make such 
corrections is prohibitively Large i n  the present cam even if only the 
points near the kneea of the curves are cansidered;  also, the resu l t s  
for  cowlingspinner cambinations mightbe subject t o  appreciable  error 
due to the failure of the von K&&n relat ion to-predict accurately the 
variation of large positive pressure coefficiente  with Mach namber. 
Hence, equatiom ( 9 )  and (10) of appendix A were examined i n  an attempt- 
to determine a simple factor  which would accurately  predict the s h i f t s  
of the knees of the curves. As a result  of thfs study, it was found 
that the major parts of such shif La were caused by the change i n  i n l e t  
density  ratio pi/po which accompanies an incrpase i n  f l i g h t  Mach 
number. This result can be exphined physicaav (fig. 27) by considering 
that for a constant  inlet-velocity  ratio a c h n p  i n  inlet-densi ty   ra t io  
requires a charqe  ahead of the inlet in  the area of the stream tube 
containiw  the internal flow and a corresponding change in the  effective 
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angle of a t tack of the cowling l i p ,  At inlet rveloci ty   ra t ios  l e a s  than 
unity, the effective angle of attack  ie  decreased, whereas at inle-b 
velocity rat ios  geater'than unity the effective angle of attack is 
increased. Thus, the minimum value of inle+velocity r a t i o  required t o  
obtain a uniform pressure dist r ibut ion on the external surface (Less than 
unity) decreases regularly w i t h  increases in flight Mach number, 

Figure 25(b) shaws the  greatly improved correlation between the 
c r i t i c a l  Mach number results obtained  in the present teata  and those of 
reference 1 when the test inlet-velocity ratios were multiplied by the 
i n l e t - d e n s i t r   m t f o  pi/po. Extensive analysis  failed to uncover any 
other simple factor  which would mare accuratelg  predict  the  shift of the 
knees of the curves. Therefore, in view of the previously discussed 
di f f icu l ty  of calculating these shtfts, this  a p p r o m t e  but alwaye- 
conservative correction factor  used; a l l  critical Mach number results 
of the  present repart are presented 8s functions of the mass-flar coef- 

Inlet-velocity  ratios  corresponding t o  the mas-f low coefficients 
given in the present report may be determined by u8e of an inletrgLrea \ 

chart  (fig. 28) and a conversion  chart  (fig. 29). As an i l l u s t r a t ion  of 
the use of them  charte, &uppose that a particular  configuration  with a 
spinnerdiameter ratio D,/D of 0.30 and an inlet-dlameter ratio d/D * 

of 0.72 has a predic ted   c r i t i ca l  Mach  number of 0.65 at  a mase-f low coef- 
f i c i en t  of 0.165. The inle-ea r a t i o  AI/F is first determined to 
be 0 .k25 by reference t o  figure 28. Then, by proceeding through figure 29 
as indicated by the dotted  line,  the  inlet-velocity  ratio corresponding 
t o  th i s   p redfc ted   c r i t i ca l  Mach  number and the test mas~flow coefficient 
is found t o  be 0.325 aa canpared with t he   t e s t  value of 0.385. 

NACA h e r i e s  cowlings  and  cowling-spinner  canbination8.- T h e  pre- 

d i c t ed   c r i t i ca l  Mach  number character is t ics  of the NACA l-seriea cowling- 
spinner  cabinations a t  angles of attack Oo, 2O, bo, and 6' are presented 
as a function of the masa"s1ar coefficient and c a w e d  w i t h  the charac- 
t e r i s t i c s  of the basic OpIL-nose cowlings in f igaces  30 to 38. A key 
to these data is given as table VI. The inlet-velocity ratios located 
by t i cks  on the c m e ~  are the minimum usable design  values fram the 
viewpoint of avoiding flow separation from the spiruners (fig.  13) and 
are therefore optimum w i t h  respect   to  obtabing minimum internal losses. 
Except for   the  re la t ively  thiwlipped cowlTngs, these  inlet-velocity 
ratios u s u a l l y  occur  above the knees of the curves and thus define  the 
"design points" for the h i m p e e d  condition. Homver, when these  ticks 
fall below tfie knees of the  curves  (fig. 35) or when no spinner is used, 
t he  most desirable rates of internal  flaw are detemined by the  locations 
of the h e m ,  where the pressure  distribution  over the cowling first 
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beccanes essentiaUy uniform. The method for  determining the Latter  type 
of design  condition is outlined  in a oubeequent section of the report. 

Changes i n  spinner  diameter shifted the knees of the curves of Mc. 
plotted  against r n / p P o  of figures 30 t o  38 hO??izOAtally because  of 
result ing changes in the inlet-area. The data for a a  angle of attack 

of Oo were therefore  replotted in figure 39 as a function of (2)" to- 
GL- 

show the effect  of spinner configuration on the aerodymmic phenamena. 

I n  general, the addition of t h e  mllestdiameter splnners - = 0.2 

t o  the ope~knose cowlings  did  not  cause  large cbssges i n  the c r i t i c a l  
Mach number char\acteristics. Further increases in epimer diameter and 
changes i n  the length of the Larger-diameter spinners, however, Frequently 
caused important changes in the location of the beet3 and in the c r i t i c a l  
Mach numbers above these knees. The natnre of such changes depended 
primarily on the boundary-layer-eeparatian characterist ics of the spinners. 

(is ) 

When the flow was separated fran the spinner, successive  i~creases 
in  either spinner d i w t e r  QT spinner length caused  successive  decreases 
in the inlet==velocity r a t i o  at which the knee of t he   c r i t i ca l  Mach  number 
curve  occurred. (See data in fig. 39 excepting that fo r  the NACA l-7O"lOO 
and 1°C)~ ccmlings.) T h i s  trend is believed t o  have resulted fram 
growth of the separation  region on the spinner, whlch caused the divergence 
of the flow t o  take place farther ahead of the inlet. So long as the 3 
s p i ~ e r  flow was separated a t  the knee of the curve, the msgnitmle of the 
c r i t i c a l  Maoh number in the  important design range above the knee was not 
appreciably  affected by changes in  spinner  proportions. 

When the flow was not separated frQm the spinner a t  the inlet;; 
velocity r a t i o  correaponding t o  the knee of the c r i t i c a l  Mach number 
curve f o r  any particular ope-ose cowling (for example, the NACA 1-70-100 
and 1-8950 cowlings, fig. 3 9 ) ,  the phencPnena were importantly  different 
frm those just discuseed,  Increasing the diameter of a given-length 
spinner or decreasing the length of a giverhdiameter  spinner  shiftxi3  the 
knee t o  a higher inlet-velocity r a t i o  because the flow angle at the 
cowling l i p  increased fn accordance  with the chmge In slope of t h e  
spinner  surface  juat ahead of the  inlet .  The spianer-pressure diet rib^+ 
tims of figures 4(c)   to  4(f) indicate that a steepening of the adverse 
pressure gradlsnt j u s t  ahead of the in le t  was r88p01mible for a Large 
part of such  increases in flow divergence at the cowling lip. Above the 
knee of the curve, the flow divergence i n  the region of the cowling l i p  
was s t i l l  affected by the  presence of the spinner ao that a change i n  
spinner  proportions that shifted the knee t o  a higher Inlet-velocity 
r a t i o  also caused decreases in the  c r i t i c a l  Mach nmkers above the knee. 
A 6  these decreases and the magnitude of the shFft of the knee both become 
important i n  the case of t h e  largediameter spinners,  the deslrability 
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of conducting fur ther   research  to  develop spinner shapes with lese severe 
adverse  pressure  gradients is again  indicated. 

Except for these changes due to  the  spinner, the effects  of cowling 
proportions on t he   c r i t i ca l  Mach  number chazacteristics of the NACA h e r i e s  
car1ing"spinner  cabinations were generally 'sirntLar t o  those for the 
WACA l - s e r i e s   opemose   ca r lbgs  (fig. 39). As the trends shorn have 
already been extensively  discuased in reference 1, further diacusaion is 
amitted  herein. T h e  effects  of cowling proportions on the design c o d i -  
t ions  a re  analyzed fn detail, hawever, in a subsequent  section of the 

report ent i t led  "Envelope Values of Mer and (%)*:. 
w 

Effect of spinner  location.- The effects of the longitudinal  location 
of the NACA 1-40 spinner op t h e   c r i t i c a l  Mach  number characterist ics 
of the NACA l-7CLlW coxline; a r e  shown i n  figure 4-0, In  order t o  preserve 
consistency with the rest of the  report, the inLet area used in calculating 
the   i n l e tve loc i ty  ratfo was always taken t o  be the unobstructed  area  in 
the most forward plane at which the  diameter of theJ inner  surface of the 
cowling was a -. 

With the nose of the spinner a t  the inlet, the influence of the 
spinner on the flow field ahead of the i n l e t  was small so that t b  
c r i t i c a l  Mach number characterist ics were very nearly the same as  thoae 
for   the NACA l-7O-lOO cowling. ( C a m p a r e  f-iga. 39 and 4 0 . )  T h i s  result 
indicates that the design data f o r  the HACA open-aose cowling8 are 
directly  applicable t o  the design of rotat ing cowlings regardless of 
whether the  propeller-hub fairing IS located a t  OT w e l l  imide the fn l e t .  

When the nose of the epinner m a  located 0.19 ahead of the   in le t  

or  in  i ts  normal position (t = 0.40), the knee of the c r i t i c a l  Mach 

number curve x88 shif ted t o  the right of the knee of the CUTVB for the 
position 5 = 0 (fig.  40) because of the  previously  discussed  effect of 

the spinner in increasing  the flow awle a t  the cowling l ip .  Also, when 
the nose of the  spinner was moved t o  0. &ID and then farther forward t c  
positions of interest for dual--rotating;lzropeller installations,  thus 
decreasing the slope of the spinner  surface j u s t  ahead of the  Inlet, the 
knee of the  curve WBS ehifted back t o  the left. T h l s  finding would appear 
t o  indicate that the  spinner should be cy l indr jca l  f o r  a short distance 
ahead of the inlet t o  reduce  the flow angle et the cowling l f p  and thereby 
increase  the  cri t ical  Mach number a t   t h e  lower inlet-velocity  ratios. As 
previously  noted, however, the  spinner flow became separated at  the inlet- 
velocity  ratio  corresponding to the b e e  of the curve for these forward 
epinner  locaticas. Such protruded  spinners therefme are inferiar t o  the 
corresponding nomaally located spinners of the 883116 l e w h ,  which have 
approximately the  s m  lmee inlet-velocity r a t i o  w i t h  unseparated  spinner 
flow. (See fig.  39(c). 1 

D 



20 NACA RM No. L8Al.5 

Effect of conical  spiwer.- The advantage of uslng  a  conical sp inne r  

to  reduce  the  separation value of inlet-velociLy ratio has previously 
been pointed out in  the section  enti t led "Flov over Spfnner8." If the 
cowling used w i t h  a conical splnrcer of the type  .investigated ( t ab le  IV) 
has a re lat ively b lun t  lip so that the knee of its c r i t i c a l  Mach  number 
curve  occurs at a very low value of inlet-velocity ra ' t lo,  the c r i t i c e l  
Yach nuber   character is t ics  should not differ apGreclably frcm those fcr 
the open-nose cowling. When such a spinner i s  used with a re la t ively 
thin-lipped cowling, however, the increase in flow angle at the cm-ling 
l i p  causes a marked reduction i n  c r i t i c a l  Mach number so tha t   the   c r i t i ca l  
Mach nmber  characteristics are inferior  to  those for the cowljng  with a 
comparable NACA l-serjes spinner (fig. 41); this decrease i n  Vach nmber 
would  be accentuated by an increase i n  cone angle. Further research 
appears t o  be required, therefare, t o  determine if t h i s  undesirable char- 
ac te r i s t i c  of the conical  spinner can be overccme ei ther  by Keeping the 
spinner  cylindrical for a short distance ahead of the inlet or by 
modifylng the cowlinplip t o  allow far the change in the effective  angle 
of attack. 

Effect of cowling-inner-lip shape.- The effectiveness of 8 revised 
cowling-innerc-lip shape incorporating  the lJACA l-serles ordinates  of 
table  I laas previously been shmn  in the  section of the report entitled 
"Internal Flow." Daw presented i n  figure 42 shm- that inetallation of 
the revised  inner-lip ehape did not appreciably  affect   the  cri t ical  Mach 
number characterist ics of several widely different cowling configurations. 
Hence, the d e s i g n  data for the standard mACA l-series cowlings  can be 
uaed to deefgn NACA L-aeriea cowlings utilizing this revised ahape prc+ 
vided that the change in  inlet area is taken into  account. 

Effect of propeller  operation.- Predicted c r i t i c a l  Mach numbers far 
the EACA l-eeries cow1ing"epinner ccmbinatian  teeted with and without  a 
propeller are presented i n  figure 43. The c r i t i c a l  Mech  number charact8r- 
ist ics  predicted for the propellelr-installed  condition fram the pressure 

coefficient P = (fig. 43(a)) &re obviously I n  error  since It has 

been shown previously that propeller  operation  ef'fecta  increases i n  t h e  
mximum velocities along the cowling  surface. However, reasonable v a l m s  
of c r i t i c a l  Mach numbers are  obtained if f ic t f t ia rs  cr i tdcal  Mach numbers 
a r e  first predicted frm pressure  coefficients based on the dynamlc pres- 

P - Po 
QO 

0me in   the slipstream just outside the cowling boundary layer GU2J 
and are then  converted t o  values based on the f'ree-stream velocity by 

Such valuee  decrease  regularly w i t n  increases in propeller thrtmtedisk- 
loading  coefficient  as  required by the acccnnpanylng lncreases  In v e l o c i t y  
along the cowling surface. 

- 
" 

t 
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propeller-installed  condition  always occurred. at lower inlet-velocity 
ratios than vae the case for the propelleMetmoved candition regardless 
of the  canputation method used. (See fig. 43.) T h i e  s h i f t  i s  believed 
t o  have been  caused in part by the contraction of the elipa'tream,  vhich 
changed the flow directicm i n  the vicini ty  of the inlet lip, and i n   p a r t  
by the   s ta t ic  pressure gradient imposed by the slipstream. T h e  inlett 
velocity ratios which correspond t o  the selectlon points  for  the  propeller- 
removed conditions therefore appear t o  be amply ooaraervative for dsaign 
purposes. A cross plot  at the propeller-ramoved design value of inlet- 
velocity ratio (fig.  &) also indicates that within the high-speed range 
of flight conditions the decrease in crftical Mach Pumber due t o  prcr- 
Feller operatian is negligfble; thus, the propelle=emoved c r i t i c a l  
Mach  number characterist ias of the present rep& are direct ly  applicable 
for the purpose of design without  correction. It is interesting t o  note 
i n  figure 44 that the  decrease in  c r i t i c a l  Mach m e r  due t o  the pr- 
peller was only about half as large when  cnmputed fra the meaeured pre8- 
sure data as when c a p u t &  on the basis of &form propelle-thrust disk 
loading. 

Typical  construction plots i n  which the c r i t i c a l  Mach number char- 
ac te r ie t ics  of coxlssg configurations with the ~ a m e  I n l e t  diameter and 
spinner were grouped together for the purpose of determi- envelope 
curves of c r i t i c a l  Mach  number and inlet-veloczity ratio are sham in 
f fgure 45. As discussed in  reference 1, the envelope c w e  for each 
such family of cowlings has Lmportant significance in that the cowling 
whose c r i t i c a l  Mach number curve is tangent t o  this curve at a given 
point has the mipimum inlet--velocity r a t i o  far which the   c r i t f ca l  Mach 
number corresponding to the  point of tangency can be obtalned by any 
cowling of the f"; with the given spinner, such a cow- is also 
the shortest cowling of any inlet diameter for w h i c h  this c r i t i c a l  Mach 
number can be obtained at t h i s  in le tve loc i ty  ratio. Therefore, when 
the flow l e  not  separated Fra the spinner or when this  consideration is 
ignored, the desi@ inlet-velocity  ratio and the des ign   c r i t i ca l  Mach 
nmber for 8 given c-ling are considered t o  be the  values corresponding 
t o  the point of tangency of t h e   c r i t i c a l  Mach number curve for the cowling 
with its respective envelope curve. 

Envelope values of c r i t i c a l  Mach  number and inlet-velocity r a t i o  for 
the several NACA l-series cowlings investigated are presented in figure 46 
as a function of spinner proportions. The addition of spinners to the 
open-nose cowlings had a n  almost negligible  effect on the envelope c r i t i c a l  
Mach ntanbers in most cases. However, in accordance with the previous 
discussion of the effect of spinners on the loca.tioas of the knees of the 
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critical  Mach  number  curves, the envelope  Inlet-velocity ratios for  the 
cowling-spinner  cambinations  were  usually Less than those for the open- 
no88 cowlings when the flaw was separated fram the spinners and were 
usually higher than those for the  open-aose cowlings when the flow w88 
not separated ficm the apimers. 

The envelope critic&J. Mach numbers for the NACA l-eeries  cowling 
configurations investigated are s h m  in figure 47 &a a function of an 
empirically determined pa.ra&eter (g) (g). ALL the open-nose cowling 

data exhibited an excellenmegree of correlation on the basie of this 
parameter and were in good agreement  with the higher Mach number data of 
reference 1. As would  be  expected on the basis of figure 46, the data 
for the several coulin@pspinner  combinatians also correlated to an 
acceptable degree on the same line as the data for the open-nose  cowlings. 
On the  basis  of  the  variation shown, it is evident that  within  the usual 
range of inletdiameter  ratios the envelope critical Mach number increases 
with  increase in either cowling length or cowlfng inlet  diameter. U s u a l l y  
increasing the cowling length is  the more powerful means for obtaining a 
required  increase in critical  Mach  number. 

The  surface pressure distributions  over  the ISACA L-setriee  cowlings 
are not  absolutely uniform at the- envelope selection  conditions. A8 Et 
result, the envelope  inlet-velocity ratios for these  cowlings are sane- Q 
what higher  than  values  calculsted, by means of equation (10) of 
appendix A, for cawlings  having the w e  critical Mach number and the 
same inlet  diameter, but having sharp inlet lips and absolut-ely uniform - 

surface-pressure  distributicm (fig. 48). As 8 h m  i n  figure 48, however, 
Y 

a f i x e d  relationship exists between the two sets of inlet-velocity ratios. 
The inlet-velocity ra t io  for any given NACA l-eeries opell-noee cowllng 
therefare may be estimated with  acceptable  accuracy by first  calculating 
the inlet-velocity ratio required  by  the surface pressures on the corre- 
sponding  theoretfcal o g e m o s e  cowling (by use of equation (LO) of 
appendix A )  and then correcting  the value obtained by reference to 
figure 48. 

The insertion of an NACA l-eeries  spinner can be assumed t o  have a 
negligible effect on the envelope value of critical  Mach  number for any  
particular NACA L-series ope-ose cowling. (See figs. 46 and 47.) Also,  
the  preceding paragraph has pointed  out a means for calculating the 
envelope inle+-valocity  ratios for the opell-nose cawlings. It is only 
necessary  to establish the effect of spinner proport3,ms on the  required 
vslue of inleGvelocity ra t io ,  therefore, in order to utilize the 
available NACA l-series apep-tsose-cowllng data in the  design of 
NACA L-series  carling-epinner combinations outeide the range of cowling 
proportions investlgated. As an approach to the problem of determining 
t h i s  effect of spinner proportions, an att€Rnpt was made to  canpute  (by 
means of equation (4) of appendix A, neglecting the skin-friction drag 
of the spinner) the  inlebvelocity ratio required a% the t e e t  Mach number 
tQ obtain a predicted  critical Mach number for each  cowling-8pimer 
combination with unseparated spinner flow equal to the  envelope  critical 
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Mach number for the open-sose cowling  ueed aa i t e   bas i c  component. When 
the  actual  pressure  distributions on t h e   c o w w p i n n e r  canbinations 
were used in  the  calcuatione,   the  calculated and experimental values of 
required  inlet-velocity  ratio  (f ig,  49) were generally i n  g o d  agreement 
a t  amall valuea of epinner-diameter  ratio. Appreciable discrepanctes 
existed in  acme cases at large values of s p i m e ~ a m e t e r  ratio, however, 
probably because the nrhbnum pressure peaks an the inner surface of the 
cowling,  which contributed  greatly t o  the thrust force on the cowling at 
the higher Inlet”ve1ocity  ratios, were very s e m i t i v e   t o  small changes 
in l i p  contour  such as may have existed at sectlone of the inlet l i p  
outside the immediate region of the measuring station. When the measured 
pressures on the spinners were ueed in the calculations  in condunction 
with  the average surface-preesure  coefficients for the basic open-noae 
cowlings, the agreement between the calculated and experimental values 
of required  inlet+mslocitg  ratio again va0 generally Batisfactory a t  
small values of spilvlsldiameter  ratio where the ineertion of the  spinner 
would be expected t o  have only a small ef fec t  on the preasure  dlatribu- 
tion over the ope~tinoae, oowling. Thus, if the spinner diameter is small 
with  respect t o  the i n l e t  diameter of the propose& cowling and i f  pres- 
sure distributions over the spinner when inserted in 8 cowling of approxi- 
mately the inlet diameter considered a r e  existent, a rough estimate of 
the  inlet”ve1ocity ratio required by the proposed cowling-spinner cautbina- 
t i on  (at the Mach zlumber for which the teat data w e  available) may be 
obtained as follawsz - .. 

(1) Calculate P,,, f o r  the cowling a t  i t a  envelope  value of Vi/Vo. 

(2) Calcuhte  Psav for the apinner st a v ip ,  j u s t  greater than 
the envelope value for the cowling, 

(3) using PCav f’rcsn s t e p  (1) and Psav from step (2), calcu- 
l a t e  Vi/V, f o r  the c o w l w p i n n e r  cambination Wan equation (4) of 
appendix A. 

(4) Compre the calculated value of Vi/Vo of s tep  (3 )  w i t h  the 
value asswned in step (2). If the two values differ appreciably, a8st1me 
a new spinner pressure  distribution  corresponding t o  the V$/V0 obtained 
in step (3) and repeat steps (2) and (3).  

( 5 )  Repeat step (4) until the assumed and calculated  values of V l I V ,  
agree. The Vi/Vo f i na l ly  obtained is the  required  value. 

I n a m ~ c h  as equation (4) of appendfx A predicts the effect of spinner 
proportions on the required  inlet-velocity ratio for a given cowllng w i t h  
reasonable accuracy (fig. 49), equations (9) snd (Lo) of appendix A can 
be zsed to atlldy the effect of Mach number on the increments by which the 
envelope inletcvelocity  ratios fo r  the NACA l-series open-nose cowliws 
must be insreased to allow far the insertion of IVAGA l-eeries spinners. 
Consider, for iustan~e, the NACA l-7O-lOO opeztinose caullng and the 
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W C A  l-7O-lOO C W U ~  r i t h   t h e  nACA l"060 and l-6&4)60 epinnera 
installed. If for these  colrEigurations the measured pressure dist r ibu-  
t ions used in calculating tge dot-daeh curve of f l p e  49 a r e  extra- 
polated by use of the von Karmsh reLation t o  the predicted  cr i t ical  Mach 
number far the op-ose carllng (0.822) and the corresponding inlet- 
velocity ratio8 are calculated by use of equatione ( 9 )  and (10) of 
appendix A, the follow3rq canparison with the l ompeed  values of 
figure 49 i e  obtained: 

1 I 7 

VIP0 
Spinner 

Test, Calculated 
Mo = 0.13 M, = 0.13 Mo = 0.822 

Nol le  
1&60 

0.57 0.67 0.67 

1.08 1.04 1.03 1-43460 
9 67 .74 -72 

These results indicate that the change i n  required inlet-velocity  ratio 
caused by t h e  addition-of a spinner is substantia- the same a t  high 
speeds as a t  low speeds. The experimentally determhed  inlet-velocity 
ratio incraments of figures 46 and 49 therefore appear t o  be directly 
applicable t-0 the extrapolation problem discussed in the preceding 
pa raPPh*  

Development of Selection C h a r t s  

The method used far selecting  the design conditions far the 
NACA l-eerles cavllng-spinner  combinations is i l lustrated i n  figure 9. 
The envelope values of c r i t i c a l  Mach  number and inlst-velocity ratio, 
labeled (l), were always used unless they f e l l  t o  the left of the 
vel-tlcal dot-dash l i ne  which ident i f ies  the minimum inlet-velocity r a t i o  
for which flow Beparatian f"rm the spinner wa6 avoided (fig. 13) .  When 
the knee of the curve for a given  cowling f e l l  t o  the left of this 
vert ical  line, the deaign conditions corresponding t o  the points of 
intersection of the critlcal Mach nwber  curves with this vert ical   l ine ,  
labeled (2), were selected. The cowliwpinner   canbinat ion with it8 
b e e  curve tangent t o  the envelope curve at point (3) has the highest 
c r i t i c a l  Mach number thst can be obtained at the specified lawer l lmiting 
value of inlet-velocity  ratio by any c o w l i w p i n n e r  comblnatim of the 
family; following the concepts of reference 1, such a configuration 
is hereafter referred t o  BE an "optimum ccsnblnatian." 

The separation-free design  conditfans for the M C A  l-series cowUng- 
spinner  cambinations obtained as just diacussed are presented i n  figure 51 
a s  a function of spinner proportions. The slightly irregular variationa 
i n  the design inlet-velocity ratio8 f o r  several of the thinner-lipped 
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cowlings  resulted from the chsnges in  spinner  proportions causing cksnges 
in   the flow phenamena qn the  spinner and therefore requiring changes in  
the  selection method. It should again b e  noted thzt the va lue8  of inlet- 
veloci ty   ra t io  ana mass-flow coefficient  specified in this f igure  are  
hfgh enough t o  avoid  appreciable  negative  pressure peaks on the cowlfng 
l ips;  further incressee in   the  rate of interml flow w i l l  therefore 
fncrease the c r i t i c a l  Mach nmber only a smll amount. 

Cowlingselection  charts  bssed on the data of figs-e 31are presented 
in   f igure 52. The dashed lines 'which divide the cowlingspinner charts 
in to  two parts  define the optimum combinations hsving the msximum c r i t i c a l  
Mach number obtainable a t  the minimum 1nlet"velocity  ratio for unsepsrated 
spinner flow. Above these lines, where the  das1g.n conditions were deter- 

mined by the locations of the Knees of the s. ver8us (2) curves, 
- .  cr 

the  variations were established by crose-plotting the envelope data of 
figure 46 (extrapolated a reasonable amount) a8 a  function of the cowling- 
i n l e t  diameter and cowllng-lengLh ratioa. Below the dashed lines, where 
the  design  conditions w e r e  determined by the consideration of avoiding 
flow separation frm the spinners, the  variations w e r e  obtained by 
sinilar4 crosa-plotting all t h e  data in figure 51 for which the design 
inlet-velocity ratios w e r e  those  defined in  figure 13. The large  areas 
below the  dashed l ines  aga-in point out the des i r sb i l l ty  of developfag 
new familiea of spinners which can be used at lower values of inlet- 
velocity ratio than those of the NACA l-series spinners  without  incurring 
flow separation ahead -of the I n l e t .  

The large break8 i n  the c r i t f c a l  Mach  number contours of figure 52 
may be explained by reference t o  figure 3. So long a8 t h e  design inlet-  
velocity  ratios f e l l  t o  the  r igh t  of the vertical dot-dash  line, the 
design c r i t i c a l  Mach numbers followed the envelope curve  with  decreases 
in cowling lengLh, When the cowling length  decreased beyond that fo r  
the optimum combination (point (3)) ,  however, the design c r i t i c a l  Mach 
numbers dropped below the envelope curve along the ver t ica l  d o a s h  l ine  
s o - t h a t  the c r i t i c a l  Mach numbers changed less rapidly with further 
decreases  in  cowling  length  tb'n would be the case if the design condi- 
tions were assumed t o  occur along the envelope curve. In  other worda, 
when the required  inlet-velocity ratio was htgher  than that corresponding 

t o   t h e  h e  of the cupve of Mcr plotted  against   as is the case 

below the dashed lines of figure 52, the  design  cri t lcal  Mach  number was 
somewhat greater than that corresponding t o  the b e e  of the curve. The 
corresponding emall breaka in  the  curves of m / p p o  of figure 52 may 

be explained in a similar manner. 

M c r  

Design data for the NACA l-serles ope-ose cawlings obtained i n  the 
present  investigation are presented i n  figure 52 i n  t h e  same farm as the 
design  data  for  the NACA l-eeriea cowling-apinner cmlbimtions. These 
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data are also  replotted in figure 53 with the parameter m / p p o  replaced 

by the parameter 

general desim procedure  outlined in  the next sectian of the  report. The 
values of c r i t i c a l  Mach  number and inlet-velocity  ratio for particular 
cawllngs given i n  figure.53 are approxl.matsly the 881118 8s  those  specifled 
i n  the eelectian charts of' reference 1; same differences exist, however, 
because of difference8 in the methods used to  extrapolate the test data. 

Mer t o   f a c i l i t a t e  the use of these data i n  the 

C o w l i n g  Selection 

The optimum cavlil lgspinner  cabination far a given airplane is 
consldered t o  be the ane far which the  operating inlet-velccfty r e t io s  
are a minimum and for which, under a U  impartant flight  conditions,  the 
flaw is w e p a r a t e d  f'rcxu the epimer and the c r i t i c a l  Mach  number is 
equal t o  ar greater than the free-stream Mach number. I n  the present 
section of the report, a procedure for the eelaction of the optimwn 
BACA L-aeries cawling-epinner cambination Le first presented. A 
generalized  procedure  pennitting  selection of HACA l-eeries  cowlings for 
use with any sp innevopeUer   conf igura t ion  far which certain  application 
data are available le then developed  and illustrated. Finally,  a method 
is outlined for extrapolating the present   cawlimpinner   desi@ data 
through the use of figure 47, figure 48, and equaticxn (10) of appendix A 
i n  conjunction with the general design procedure. 

Design  procedure for PIACA L-eeries ccmbirratione.- NACA l-eeries 

cawl+pimer  ccsnbinations w i t h i n  the range of proportions  investigated 
may be selected by the me of figure 52 provlded tbat the propeller-shank 
configuration is simlhr to the one investigated. For example, assume 
that it is desired t o  design a cowlizqpspinner cab ina t ion   fo r  a 
3000-?horsepower gas-turbine unit t o  be mounted in a h-incb-diameter 
nacelle (frontal area, F = 8.73 eq f t ) .  Also, assume that the effective 
angle of attack of the cowling axis and the engine air-flow requlremente 
are known fo r  all flight aonditione. T h e  required design procedure is 
then ae follows: 

(1) Select for coneideration the rolloving hl-peed operating 
condftion which appears to offer the most severe canbination of high 
f l i g h t  Mach  number and law inlet-velocity ratio: 
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* 
(2) Fram a layout of the propeller hub and the engine installation, 

determine that the XACA l-hW50 spinner is the smallest spinner which 
w i l l  enclose the propelbr hub and fair smoothly t o  the fixed ducting of 
the engine. The data of figure 13 show that U s  minimwcsize spinner 
should be used as it has a lower separation value of inlet-velocity r a t i o  
than that of longer or larger diameter EIACA L-eeries spinners. 

(4) Detemne by crom interpolation that the HACA 1-93 cowliw 
is optimum for the  design conditione canefdered. 

(5) Conetruot curves of M, plotted against m/p$Vo f o r  the 
llACA l - 6 h g g  carling  with the 1 4 9 %  spinner (far angles of attack of Oo, 
2O, 4O, and 6’) by interpolation of the data presentsd in figures 30 to 38. 

(6) Check a l l  known operating conditione againet the curves of etep(5) .  
If,  in any important flight condition, the c r i t i c a l  Mach number is less 
than the flight Mach number or the mass-flat coefficient is lower than 
the minimum value for avoiding flow separation fram the spinner, repeat 
steps 0) t o  (6)(uaing the more cr i t ica l   des ign  c&itions so determined) 
to select a new cawling. 

Additional casreideration8 may necessitate the choice of a different  
cowling. For instance, if the inner-lip fairing ‘of table V is t o  be 
applied t o  a large percentage of the innereowlTn&.3p surface t o  reduce 
the likelihood of flm separation, it is desirable, where the design 
inlet   veloci ty   ia  determined by the consideration of flow separ&tion frcm 
the spinner, to use a slightly larger inlet-diataeter ccwling i n  order to 
allow for the inlet area, blocked by the revised fairing. A h o ,  it may 
be found that the exberim lines of the cawling ini t ia l ly   aelected do not 
clear the engine installation. In such a case it is necesBBry t o  s t a r t  
w i t h  a larger hiameter spinner and thereby choose a cowling w i t h  a larger 
i n l e t  diameter; if this process lead8 t o  the use of an excessively high 
inlet-Telocity  r@tio, it may also be desirable t o  increase the maximum 
diameter of the nacelle. 
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General design procedure.- A number of desi-  coneideratione are 

autcsnatically taken Into account i n  the preceding  covling-eelection 
method. A more fundamental  design  procedure  utilizing  figures 28, 29, 
and 53 or the canparable design  charts of reference 1 w i l l  n m  be pre- 
sented t o  explain these consideratione. T h i s  procedure, which t r ea t s  
the individual  effects of the  spinner and the  propeller on the perform- 
ance of the opertirroae cowling separately,  ie eseentially that  presented 
in  reference 1 with the addition of the follaving quantitative  applica- 
t im data for the particular family of' spianere and propellere tested: 

(1) The minimum inlet-velocity  ratio for uneeparated inlet flav 
(fig.  13) 

(2) The effect of the spinner on the envelope c r i t i c a l  Mach number 
of the cowling (f ige. 40 and 46). 

(3 )  The ef fec t  'of the spinner on the savelope inlet-velocity  ratio 
of the  carling (figs. 40 and 46) . 

(4) The ef fec t  of the propeller cm etepe (l), (2), and (3) ,  figures 11 
and 43(b), 

As pointed out in  the  preceding di.scueeian, 8- appliaation data for 
hemispherioal-aose epinners are  given in  reference 4, data on the par- 
ticular oanical  spinner of the present investigaticm are presented i n  
figures 8, 14, and 41, and data presented in references 2 and 3 afford 
a beginning t o  the solution of the propellslccuuling interference problem. 
The method conaidered therefare has immediate application to the design 
of HACA L-eeriee  cowlings for use with hgtmiephericaldose epimers and 
conical  spinners similar to the one i n v e s t i g a h d .  When the existing 
appliaation data are eupplemented by the reccnamended spinner-elaape and 
propeller-interference researah, this method then aan be used in the 
design of HACA L-eeries cowling cdigurat ione  intxzporat ing desirable 
changers in epinner and propeller gecllletry. . 

The proposed general design method aasumes that inlet-flow s t ab i l i t y  
determinee the minimzaa i n l e t v e l o c i t y  ratio. Thue, a f t e r  due allowance 
i e  made for the ueual ly   mall effects  of the spimm and propeller an 
the selection  value of c r i t i c a l  Mach number, an XACA lrserie~ cOWring i e  
selected for the inleAiameter r a t i o   c o r r e e p d i n g  to this c r i t i c a l  value 
of inlet-velocitg ra t io .  Then the  envelope  inlet-velocity r a t i o  far the 
cowling so selected l a  c m e c t e d  for the presence cd the spinner and the 
resulting value camp.mil with the eeparaticnr inle%velocity r a t i o .  If 
the  envelope  inlet-velocity  ratio for the cawling-spinner  cambination is 
lower than the separat3cx-inlet-velmity ra t io ,  the selected cowling i e  
the one required, However, if the envelope inle-bvelocity r a t i o  excsede 
the separation  inlet-velocity  ratio,  the selection procedure must be 
repeated, using intermediate  value8 of inlet-velocity  ratio, until both 
design criterian are sa t i s f ied  a t  the design maerr-flow coefficient. As 
an l l lue t ra t ion  of this design method, assume that the  spinner  considered 

c 

L 
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has the same maximum diameter ratio and design c ~ c t e r i e t i c a  a8 the 
BACA l"060 spinner d that the propeller 18 8- t o  tbe 
investigated.. Also, aasume that the design critical Mach nulliber is 0.82, 
the design mass-flow coefficient i a  0.23, and the desi@ angle of attack 
is OO. T h e  selection procedure i e  then a8 followst 

be 0.36 from figure 29. 

( 3 )  Read (E) = 0.12 from figure 28. 

(4) *can unseparated-spinne+flaw data of figure  46(a) or equivalent, 
determine that far opeIlrllose covlinge w i t h  - w 0.7 and Mcr X 0.8, 
addition of' the spinner omaidered doea not ohange hr (ae i s  typical 
for spinner8 which are eseentially cylindrical fce a short dfatancs ahead 

of the inlet)  but increases (z)cr by 0.04. 

d 
D 

(5) From figure 43(b) or equivalent, determine that propeller opra -  

tion also does not change Mcr but decrease8 ( $)cr by 0 07 

( 6 )  mom steps (4) and ( 5 )  determine that addftion of the spinner 

value greater than the assumed Value of 0.51 which corresponds to the 
design m/p$'Vo. Thus, a second selection m u s t  be made. 
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and repeat-steps (2) and (3)  t o  obtain - = O.7l.2. ,Then from figure 53 

select  the 1-71.2-096 cowlingcwith open nose 

d 
D 

the (?)cr fo r  the cswli+pinner combination 0.555 + -A ( 2)cr = 0.525 

is equal to the aesumed value', this cowling satisfies the design conditione. 

Extrapobtion of cawling-selection dam.- When the design c r i t i c a l  
Mach nmber appreoiably  exceeds the range covered in   f igure 53, figures 26, 
47, 48, and 49 asld equation (Lo) of appendix A may be used t o  extrapolate 
the experimental deeign data to obtain longer or W g e r - i n l e t a i a t e r  
cowlings. As an i l luetxat ion of the pro2osed extrapolation procedure, 
take a l l  the conditions of the  preceding example except the c r i t i c a l  Mach 
number and assume 8 new required c r i t i c a l  Mach number of 0.90. Then 
proceed as follms: 

(1) top part of figure 47, determine  required X/D for  each 
of several  valuee of d/D (for emmple, = 1.87 9 or M, = 0.9 

and fi = 0.70). 
D 

D 

(2) Fram figure 26 and equation (10) of appendix A, calculate 

required values of fo r  theoretical  ope-ose cowling8 with 

s h a q  i n l e t  l l p 8 J  uniform surface pressure &istrib-~tions carresponding 
t o  local M =' I at M, = 0.9, and the same values of d/D 8 s  the 

cowlings  selected in step (1) = 0.51 for - d. D = 0.70 . ) 
( 3 )  Determine valuea for the NACA l-series opel.1-aose 

cowlings which eorreepund t o  valuee of step (2) by reference to 

= 0.66 for - = 0.70, where a 
D 

for the  theoretical cowling of this inletaiameter r a t io ) .  b 
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(4) In   o rde r   t o  allow for effect  of the sp~nner on 

increment of ($)cr = 0.04 to values obtained in step ( 3 )  af ter  refer- 

ence 

NACA 

for 

(for 

A i  - =  
F 

to   appl ica t ion  data such a8 those of f i w e  49. Thus, for the 

l-series cawling-spimer cambination w i t h  - = 0.70, a 
D ($)cr X 0.70. 

(5) Determine values of - fram figure 28 example, - = Ai Ai 0.33 
F F 

( 6 )  Determine design values of mes~flow coefficient fram figure 29 

(7) Cross-fair the assumed values of d/D and the corresponding , 

values of X/D fram step (I) as a 
determined in s t e p  ( 6 )  

(8) A t  the required mass-flow 
the crbss fairing of s t e p  (7) that 
required. 

function of the mass-flow c-mfficfents 

coefflcient of 0.23, determine from 
the NACA 1-66.5198 cowling is the one 

that e)cr = 0 -65 fo r  t h e  cowling- 

spinner  combination of step (8). Then note frcm figure 13 or equlvalent 
that this  value exceeds that necessary f o r  avoiding separation frm the 
epimer.  

SUMMARY OF RESULTS 

An investigation has been conducted in the L a q l e y  propeller-research 
tunnel to study cawling-3pinner  cambinations based cn the NACA l-mries 
nose i n l e t s  and t o  obtain aystematic deeign data for one family of 
approximately ell ipsoidal  spinners.  The more important conclusions of 
the investigation are summrizetd as follows: 
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1. For each spinner there is a single minimum inlet-velocity ratio 
below w h k h  boundary-layer separation frm the spinner occurs a t  or ahead 
of the in le t .  In  the case of the NACA l-series spinners,  this inlet- 
veloci ty   ra t io  is often higher than that n e c e s q  to obtain an essentially 
unifm pressure  distrTbut1on on the cowling and thus  determines the hi&- 
speed denim  conditions. 

- 

2. Short conlcal apillners are  superior to  carparable NACA l-eeries 
spinners with regard to the mln.tmum inlet-velocity r a t i o  far which flow 
separation is avoided. 

3. Separation bubbles occur on the inner-lip  surface of the 
NACA l-series cowlings a t  high in l ebve loc i ty  rat208 and, i n  the case of 
zhe open-nose cowlings, i n i t i a t e  important separation of the internal  
flw. =the case of the cowling-spimer  cmbiaations, propeller opera- 
t k m  causes 8 strong outwardly increaslng  totsl-pressure  gradient ia the 
inlet which delays and tends to eliminate such separation. A revised 
inner-lip shape of the ty-pe investigated can be used t o  delay the Forma- 
t ion  of such separation bubbles t o  coneiderably higher inlet-velocity 
ra t ios .  

4. Within the usual r m g e  of proportions,  the  addimon of 
NACA L-eeries spinners to ETACA l-eeries cowlings does not change the. 
design c r i t i c a l  Mach numbers far the cowlings appreciably,but frequently 
causes Large changes i n  the inlet-velocity  ratios  required  to  obtain 
essentially uniform pressure distributions on the  cowlings. Where the 
design conditions are not determined by the flow-eeparation character- 
i s t i c s  of the spinner, the design inlet-velocity  ratio increases rapidly 
with  increases i n  the  slope of the spinner surface j u s t  ahead of the 
inlet; imporbant increases may be obtained when short confcal spinners 
are subetituted  for  conventional spinners of the same o v e r a l l  proportions.. 

5. With a propeller having approximately oval shanks, propeller 
operation retards flow.sepa;rtltion fram the spinner and Inner cowling-lip 
surface and, within the ;ram1 range of h i g h p e e d  operating  conditione, 
does  not  reduce tho design c r i t i s a l  Mach  number. 

6 .  Increases   in   f l ight  Mach  number reduce the effective angle of 
attack of the cowling lip for given values of inlet-velocity r a t i o  less 
than  unity and thus reduce the minimum value of inlet-velocity ratio f o r  
which a near-uniform surface pressure distribukion on the c o v l l ~  is 
obtained  and tend t o  make the inner  carling-lip  surface more susceptible 
t o  flow separation. 

Inasmuch as the present test8 were conducted. at low test airspeeds, 
t h e  investigation  neceosarily  included a study of %he procedure reqlrired 
t o  deternine t h e  design operating  conditions tlt the design f l i g h t  Mach 
number fran the lar-epoed test results. I n  this study, exiet lng r eh -  
tlons for opemose cowlings were generalized to the case of the cowling- 
spinner  camhimtion and extended to  the  case of cmpreasible flow. The 
derlved rolstiona were then used t o  calculate the effect  of Mach number 

i 
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on the deeign  inlet-velocity ratio  and t o   e s t a b l i s h  a si3lple correction 
procedure. 

The design aonditiona for the NACA l-eeries cowlings and cowling- 
epinner  ccunbinatiam are presented i n  the Porn of' charts frm which, for 
vide ranges of slpinner proportions and rates 09 internal flaw, cowlings 
w i t h  ne-xiznm pressure recovery  can be selected. for c r i t i c a l  Mach 
numbers ranging f rcm 0.70 to about 0.83. In additian, the characterist ics 

.cowling design conditions are presented separately to provide i n i t i a l  
quantitative data for w e  in a general design procedure khrough which 
RACA l-series cowlings can be selected fo r  use with spinners of other 
shapes. By use of this general design procedure, carrelation c m e a  
eatablished frm the test data, and the equatime of appendix A, 
NACA L-eeries cowling6 and cawling-spinner cabinations can be designed 
for c r i t i c a l  Mach numbers 8 8  high as 0.90. 

Of the Spinner8 a d  th8 effects Of the Spinnerfl and the propeller OA t b  

Langley Memorial Aeronautical Laboratory 
National Advisory CoPmaittee for Aeronautfca 

Langley Field, Va. 



34 

APPENDIX A 

NACA RM No. L8A15 

JQWIONS RELATING lXlXP-WITY RATIO WITH 

SURFACE PRESSURES AND FROBpTaL AREAS OF 

P. Ruden i n  references 4 and 5 presents incapreasible-flow equa- 
tions re la t ing  the inlet-velocity  ratio, i n l e L a r e a  ra t io ,  and surface- 
velocity rat ios  for a nose in le t .  Because of their importance to the 
present imestigation, these equatione are herewith generalized t o  cover 
the ca8e of the c a w l w p i n n e r  combination, T h e  scheme used i n  the 
baeic  derivations l e  a leo  uaed to obtain similar ccmpressible-flow rela- 
tions for both o p e ~ o s e  cowlings and cowling-splnner cambinatlone. 

Cormider In figure 9 the volume of reference which encloses the 
cowling far a distance a f t  of the maximuIpdiameter statim great enough 
t o  allow the external velocitfes t o  return to the free-stresm value and 
is 80 large that-the pressures. on i t e  boundaries outside of the ccwlfng 
are everywhere equal to the free-stream pressure. In  steady flight, this 
folwne m a t  be in equilibrium; hence, the dwference between axial   forces 
on the ends of this volume must equal the r a t e  of claaqp of mamentum of 
the included fluw. On the externa1,surface of the cowling, the skin 
frictlon corresponds  approximately t o  the maPnentum loss in  the boundary 
layer 80 that both may be neglected i n  setting up %he force equation. 
Thus, the axia l  pressure force on the spinner p l w  the pressure force on 
the inlet etrea plue the axial preesure force on the cowlfng minus the 
product of the f’reegtream pressure and the  cowling f ronta l  area plus 
the  skln-friction drag of the spinner must equal the rate of change of 
mamenturn of the internal flow. If farces which tend t o  push the refer- 
ence volume in the thruat direction are defined as positive,  this rela- 
t ion  can be expressed algebraically as followrs: 
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If the free-EtnmU preseure is taken a8 the reference  preasura, and a l l  
terms are divided bx G~ t W  following expression in terme of the pres- 
sure coefficient is obtafned: 

Then, if the lo'cal pressure coefffcients in the  three  terms on the l e f t  
are replaced by average pressure coefficients weighted w i t h  respect t o  

~ 

frontal  area, and a l l  t e r n  m e  then divided by F = - equation (2) m* 
4 '  

became8 

Incompressible-flow case.- If the flow is incapressible 80 that 

P i  = P,r p i  = 1 - ($7; Theref ore, tkm second and f o a t h  terms can be 

combined and the follawing general inccqreasible-flow expression for 
the average surface pressure coeff ic ient  011 8 ccwling43pinner combinstion 
obtained: 
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where the term fs/qd can be  neglected unless the  spinner diameter 
is very large with respect to the maximum diameter of' the cowllng. It 

will  be  noted  that  the  inlet-velocity  ratio  occurs only a8 (1 - ">' 
80 that a given  set of pressures would appear  to  correepond  to  two  dif- 
ferent  inlet-velocity  ratioe, one greater than unity  and  one less than 
unity. 

YO 

Equation (4) can be used to compute  the average surface-pressure 
coefficient on one camponent of the  cowling-apinner  cambination if the 
8 u r f a C 8  pressure diatributione on the other ocanponent, the  inlet-velocity 
ratio,  and  the f'rmtal dimeIlsion8 of the inlet axe known. Similarly, 
with  the  surface  pressures and frontal dimensions of one camponent hown, 
the required  frontal area of the other component for stipulated  average 
surface  pressure  coefficients oan be calculated for arbitrary values of 
inlet-velocity  ratio. Also, as in the  present report, this relation can 
be used to  compute  the  inlet-velocity  ratio f'ram the ftrontal proportions 3 
of the installation and the  surface  pressure  distributions. 

I 

In the case of the o p m o s e  cowling, the spinner diameter ratio 
goes to zero so that equation (4) for this  special 0888 became 

This equation  can  be tramformed direct ly  into  the forms given in refer- 
ences 4 and 5. 

Compressible-flow ca8e.- An examination of equatiom (2) and ( 3 )  
ehows that all terms of these general relatione m e  affected by a d e p -  I 

twre from  the 888mpti0ll of incampreesible flow. However, it is possible 
to calculate the effect8 of ccmpreaeibility on the inlet-8tatic-pressure 
coefficient Pi and on the inletdensity ra t io  pipo 88  a function 

of inlet=velocity  ratio. Therefore, the stme method  of analysis be 
I* 



used to obtain cnmpressibl~flow expreseiona relating the inlet-velocity 
ratio to the surface preaaure coefficients and frontal area8 of the 
spinner and cowling. 

Consider the energy equation, 

Whence 
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Then, eince - = - Po 2 

pi = 
p i  - Po 

QO 

HBving expreeeians (7) and (8), the second and fourth t e r n  of 
equation ( 3 ) ,  as in the inc~preselble-f~csw CEbBe, again can be cuubined 
into a single term 

If a symbol C l e  assigned to the quantity within the large parentheses, 
the following canpreseible-flow expres8ion for the average eurface pres- 
e w e  coefficient on the cowling of a cowling-epinner cabination can be 
obtained frcun equation (3) :  
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where, it i s  again noted, that the  term fs/qoF can be neglected. I 

unless the spinner diameter is very large w i t h  respect t o  the maximum 
dfameter of the cowling. The carresponding expression for the  open-nose 
cowling is then 

As an a id   to   the   so lu t ion  of these equations, factor C is presented in 
figure 26 8 8  a function of the f'ree-etream Mach number and the  inlet+ 
velocity ra t io .  

* 

- Equations (9) and (10) when used w i t h  figure 26 have approximately 
the same field of application as inccmpressible-flaw equatione (4) 
and (5). A l s o ,  as developed in the text, it is possible by use of these 
equations t o  determine the approximate hi-peed inlet-velocity r a t i o  
frcm 1uw"speed t e s t  data by extrap?lating the measured surface-qressure 
c o e f f i c i e p s  by meam of the v01l $ a d  relation. However, inssmuch as 
the von K a d n  re la t ion  does not accurately  predict t he  variation of 
large positive  pressure  coefficients  with Mach nmber, the la t te r  applica- 
t i on  can give reasonably accurate  results only 80 long as the region of 
Large pos i t ive  pressure on the cavllng and spinner are small w i t h  respect 
t o  the region of negat ive  pressure an the cowling. 

c 
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TAB= IIIo- TEST CONPIOURATIOHS W I T H  LONGITUDIMALLY 
DISPLACED SPINNER.  

NACA 

0 e 1SD 

L.,,'"" - 1.00D 
OoOOD 

TABLE I V o -  !ZEST COBFIGURATION WITH CONICAL SPINNER. 

HACA 1-50-060 spinner 
Conioal spinner 
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TABLE V e -  MODIFIED INNER-LIP W E  

TESTED Obi TWO B U I C  COWLINGS. 

I 

BACA 1-60-075 C O r l i w  

Modified ahape u t i l i z i n g  NACA 1-ser iea  ordinate8 

NACA 1-85-050 C O W l i ~  

I 
1 inch 

Reference l i n e  
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TABLE VI.. KEX TO BASIC CRITICAL MACH NUMBER DATA 
FOR NACA 1-SERIES COWLING CONFIGURATIONS 

Figure 

(a) 

I 

Cowling 
' 

1-55-150 
do e 
do 0 

1-65-100 
do o 
do o 

1-55-050 
do D 

do e 
1-60-100 

do 
do a 

1-60-075 
do 0 

do. 
1-70-100 

do 
do0 

1-70-075 
do 
do 0 

1-70-050 
do 
do . 

1-85-060 
do 0 

do. 

Spinner 

- ' 8  
D 

D8 - 
D 

0.40 0.20, 0.301 0.40 
. 060 do 

0 8 0  

do 0 o 60 
0020, 0.30, 0-40 40 
0 040 

.8O Om40 
-40 

0.40 0 0 0  

do 060 ' 

0020, 0.301 0-40 

o 60 do 
80 0 040 
40 0 0 2 0 ,  0.30, 0.40, 0-SO 
60 

0.40, 0.60 80 
OO20, 0.30, 0.40, 0.50, 0.60 .60' 
OoZOg 0.30, 00409 0.50 e 40 
0.40 0 00 

do o 

' -40 0.20,  0.30, 0.40, 0.50 ' 

40 

o 80 
0020, 0.90, 0.403 0.59, 0.60 e 60 
0 0 2 0 ,  0.30, 0.409 0.50 

0020, 0030, 0040, 0050 40 
0.40, 0.60 

e 80 0.40, 0.60 
40 0.40, 0.50 

o 60 0040, 0.501  0.60 
e 80 0040, 0.60 

.6O 00201 0030, 0.40, 0.50, 0.60 

Data for open-nose condftion are presented in each figure for 
purpose of comparison. ." + 
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(a) NACA 1-55-100 cowling with 1-40-080 spinner installed. 
Figure 1.- Views of.model installed in Langley propeller-research tunnel. 
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(b) Propeller installed; NACA 1-70-075 cowling with 140-060 spinner. 

Figure 1.- Continued. 

.. . .. . .  . .  . .  . 





(c) Detail view of M e t  show& propeller and instrumentauon; NACA 
1-70-075 cow- with 140-060 spinner. 

Mgure 1.- Concluded. 
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Figure 2.- General arrangement and principal dimensions of model. 
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. 

'igure 3.- Flan-form and blade-forA  curves for the Curtiss 88980 
propeller. R, radius to tip; D diameter; r, station radius; P' 
h, section  thickness; b, section  chord; B, section pitch  angle. v. 
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(a) NACA 1-65-100 cowlin$ with 1-40-060 spinner. I 
Figure 4.- Static-pressure  distributions over top of representative cowlings and cowfig-spinner cn 

cn 

combinations, propeller removed, % = 0.13. 
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(b) NACA 1-70-100 cowling. 

Figure 4. - Continued. 
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(c) NACA 1-70 -100 cowling with 1-20-060 spinner. 

Figure 4,- Continued. 
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(d) NACA 1-70-100 cowling with 1-40440 spinner, 

Figure 4.- Continued. 
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(e) NACA 1-70-101) cowlin@; with 1-40-080 spinner. 

Figure 4. - Continued. 
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(f)  NACA 1-70-100 cowling with 1-40480 spinner. 

Figure 4.- ConUnued. 
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(g) NACA 1-70-100 cowling with 1-60-0&0 spinner. 

Figure 4.- Continued. 
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(h) NACA 1-70-050 cowling with 1-40-060 spinner. 

Figure 4.- Concluded. 
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Figure 5.- Minimum pressure coefficients for top of spinners of representatlve NACA 1-series 
cowling-spinner combinations; propeller removed, % = 0.13. 
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Figure 6.- Effect of spinner location on static pressure distribution 
over NACA 1-70-100 cowling wi th  1-40-040 spinner; a = Oo, 
Mt = 0.13. 
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Figure 7. - Variation of minimum static pressure coefficient for the 
NACA 1-40-040 spinner with inlet-velocity ratio f o r  several 
spinner positions. NACA 1-70-100 cowling, a = Oo, Mt = 0.13. 
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Figure 8.- Effect of spinner shape on static pressure distribution over 
spinner and NACA 1-70-075 cowling; a = 00,  Mt = 0.13. 
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(a) Propeller removed. 
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Figure 9.- Trjtal pressure distributions at station 0.75 at top of- inlet. 
NACA 1-70 -075 cowling with 1-40 -060 spinner. 
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(b) Propeller installed, a = 0'. 

Figure 9. - ContinuGd. 
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(c) Propeller installed, a = 6O. 

Figure 9.- Concluded. 
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* Figure 10. - Effect of inlet-velocity ratio and propeller  operation on 
weighted average total-pressure coefficient at station 0.75 at top 
of inlet. NACA 1-70475 cowling with 1-40460 spinner. 
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( a )  a = 0 . 0 

mgure 11.- Effect of inlet-velocity ratio and propeller operation on boundary-layer thickness on 
spinner at station 0.75' at top of inlet, NACA 1-70-075 cowling w i t h  1-40460 spinner. 
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(b) a = 6 , 0 

Figure 11.- Concluded. 



. , . . . , . , . . . . . . . . . . . . . . . . . . . . . - . . . .. 

(a) a = Oo. r 

Figure 12.- Boundary-layer thicknesses on top of representative spinners at station 0.75 as a yl 

$ 
P 

function of inlet-velocity ratio and cowling proportions. Propeller removed. 
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(b) a = 6 0 

Figure 12.- Concluded. 



. . . . . . . . . . . . . . . . . , . . . 

Figure 13.- Minimum inlet-velocity ratios for which unseparated boundary layers were obtained 
at station 0.75 on top of NACA 1-series Spinners. Propeller removed. 
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Figure 14.- Effect of spinner shape on boundary-layer  thickness on 
spinner at station 0.75 at top of inlet; NACA 1-70-075 cowling, 
propeller removed. 
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( a )  No spinner. 

.. . .. . 

Figure 15.- Static pressure distributions around nose sections of 
representative NACA 1 -series cowlings; propeller removed, 
a = 00 , Mt = 0.13. 
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Figure 16.- Minimum static-pressure coefficients for 
cowlings and cowling-spinner combinations, Propeller 
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Figure 17. - Effect of propeller operation on minimum static-pressure 
coefficient for inner Up surface of NACA 1-70 -075 cowling with 
1-40-0W spinneri a = Oo, = 0.13. -=igE&7 
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(a )  1-20440 spinner. (b) 1-40480 spinner. 

Figure 18.- Total-pressure-loss coefficients at reference tube 0.12 inch from inner surface 
of cowling at station 0.75 at bottom of inlet. Propeller removed, a = go. 
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Figure 19. - Maximum inlet-velocity ratlos for  which an appreciable separation bubble was 

avoided at the  bottom of the  inlet. (Taken as the inletvelocity  ratio for which  the t0ta.l- 
pressure losses at station 0.75 were 0.10% at a reference tube 0.12 inch from the 
cowling inner surface.) Propeller removed. 
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(a) a = 0'. (b) u = 6 . 0 

Figure 20.- Effect of propeller operation on total-pressure-loss coefficient at station 0.75 
at bottom of inlet. NACA 1-70475 cowling with 1-404gO spinner. 
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(a) NACA 1-80-075 cowling with 1-404KKl.splnner. 
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(b) NACA 1-854W cowhg with 1-60480 spinner. 

Figure 21. - Effect of inner lip shape on static-pressure distribution around cowling nose, 
propeller removed, a = Oo, = 0.13. 
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Figure 22.- Effect of inner lip shape on total-pressure-loss coefficient at  reference tube 0.12 inch 
from inner surface of cowling at statlon 0.75 at top of inlet,  propeller removed, a = 0'. 
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Figure 23. - Effect of propeller operation on static -pressure distribution over top surface of m 
NACA 1-70-075 cowling with 1-40-060 spinner; 9 = 0.13. -E7 
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Figure 24.- Effect of propeller  operation on average total-pressure coefficient for flow just 
outside boundary layer df cowling. NACA 1-70-075 cowling with 1-40-060 spinner; 
4 = 0.13. 
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(a) Vi/Vo used as independent variable. 

Figure 25.- Effect of test Mach number on predicted critlcal Mach number for NACA 1-series 
open-nose cowlings. 
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(b) (3(9 used as independent variable. 

Figure 25.- Concluded. 
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Figure 26. -. Factor C in equations (9) and (10) of appendix A as a 
function of inlet-velocity ratio and free-stream Mach number. 
(Symbols are used only for purpose of identification.) 
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Figure 27.- Schematic diagram illustrating effect of compressibility 
on the stream tube containing the internal flow at a constant 
inlet-velocity ratio. 
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Figure 28. - Variation of inlet-area ratio with inlet-diameter ratio 
for  several spinner-diameter ratios. 



Figure 29.- Variation of inlet-velocity ratio wi th  mass-flow coefficient for @veri Mach numbers 
and inlet-area  ratios. 

. . .. 

. c 



. .  

I a b . L 

(a). X, - = 0.40. 
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Figure 90.- Predlcted cri t ical Mach numbers for the NACA 1-66-160 cowling. (Ticks locate 
minimum design values of Vi/V, d e t e d e d  by separation from spinners.) Propeller 
removed, 
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Figure 30.- Continued. 
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Figure 90.- Concluded. 
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Figure 31.- Predicted critical Mach numbers for the NACA 1-55-100 cowling. (Ticks locate 
minimum design values of Vi/Vo determined by separation from spinners.) Propeller 
removed, 
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Figure 31.- ConUnued. 
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Figure 31.- Concluded, 
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XS (a) - = 0.40. D 

FigLue 32.- Predicted critical Mach numbers for the NACA 1-55-050 cowling. (Ticks locate 
minimum design values of Vi/V, determined by separation from spinners.) Propeller 
removed. 
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Figure 32.- Concluded. 
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Figure 33.- Predicted crit ical Mach numbers for the NACp 1-60-100 cowling. (Ticks locate 
minimum design values of Vi/Vo determined by separation from spinners.) Propeller 
removed. 
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Figure 33. - Continued, 
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Figure 33.- Concluded. 
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Figure 34.- Predicted critical Mach numbers for the ETACA 1-60475 cowling. (Ticks locate 
minimum design values of Vi/V, determined by separation from spinners.) Propeller 
removed. 
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X, (b) - = 0.60. D 

Figure 34.- Continued. 
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Figure 36.- Predicted critical Mach numbers for the NACA 1-70-100 cowling, (Ticks locate 
minimum design values of VI/Vo determined by separation from spinners.) Propeller G 
removed. 
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Figure 35.- Contlnued. 
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Figure 35. - Concluded. 
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Figure 36.- Predicted cfltlcal Mach numbers for the NACA 1-70475 cowling. (Ticks locate 
minimum design values of Vi/Vo determined by separation from spinners.) Propeller 
removed. 
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Figure 38.- Continued. 
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( c )  $ = 0.80. 

Figure 38.- Concluded. 
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Figure 37.- Predicted cri t ical Mach numbers for the NACA 1-70-050 cowling. (Ticks locate 
minimum design values of Vi/V, determined by separation from spinners.) Propeller &: 
removed. * w 
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Figure 37.- Continued. 
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(a) 5 - - 0.40; a = oO, 2'. 

Figure 38.- Predicted cr i t ical  Mach numbers for the NACA 1-86460 cowhg. (Ticks locate 
-minimum design values of determined by separation from spinners.) Propeller 
removed. 
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Figure 38.- Continued. 
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Figure 38.- Continued. 
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Mgure 38. - . Continued. 
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No sjinner 
”” Q/D = 0.20 
”- 

NACA 1-55-150 coding 
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125 

ALA CA /-55-/00 cowling 

(a) NACA 1-50-150 and 1-55-100 cowlings, 

. Figure 39.- Predicted critical Mach numbers €or the NACA 1-series 
cowlings and cowling-spinner combination as a function of inlet- 
velocity ratio, propeller  removed, a = Oo. 
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(b) NACA 1-55-050 and 1-60-100 cowlings. 
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(c) NACA 1-60-075 and 1-70-100 Cowlings. 

Figure 39. - Continued. 
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(d) NACA 1-70-075 and 1-70-050 cowlings. 

Figure 39. - Continued. 
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( e )  NACA 1-85-050 cowling. 

Figure 39.- Concluded. 
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Figure 40.- Effect of spinner location on the  predicted cri t ical Mach number for the NACA 
1-70-100 cowling with the 1-40-040 spinner, propeller removed. 
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Figure 41. - Effect of spinner shape on the predicted cri t ical Mach number for the NACA 
1-70-075 cowling, propeller removed. v 
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Figure 42.- Effect of inner lip shape on predicted cri t ical Mach number of top surface of 
cowling, propeller removed. 
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(a) Mer predicted from pessure coefficient, PC = PC - Po 
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(b) Mcr = (Mer predicted f rom pressure coefficient, 

Hu - Po 

Figure 43.- Effect of propeller operation on predicted critical Mach 
number  for the NACA 1-70-075 cowling with the 1-40-0&0 spinner. 
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Figure 44,- Comparison of experimental and estimated propeller installed values of predicted E 

critical Mach number for the NACA 1-70-075 cowling with the 1-40-060 spinner; a = Oo, 

5 = 0.51 (the selection point for the propeller-removed  condition, see fig. 43). 
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(a) Open-nose cowlings. 
L 

Figure 45.- Construction curves f o r  the  determination of envelope 
values of predicted critical Mach number and inlet-velocity mtio, 
propeller  removed, . .  a = 0'. 
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(b) Cowling-spinner combinations, 1-30 -040 spinner. 

Figure 46.- Continued. 
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(c) Cowling-spinner combinations, 1-40-060 spinner. 

Figure 45. - Concluded, 
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(a) a = 0'. 

Figure 46.- Envelope values of predicted critical Mach number and inlet-velocity ratio BS a 1 
function of spinner proportions,  propeller  removed, u = Oo. 
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(b) a = 2O. 

Figure 46.- Concluded. 
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b 

. 
(d) Cowlings with spinners, Xs/D = 0.80. 

Figure 47.- Effect of geometric proportions of NACA 1-series cowlings 
on envelope valueosof predicted critical Mach number,  propeller 
removed, a = 0 . 
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Figure 48.- Cornparlson'of envelope values of ki/VJcr for W C A  l-sedes open-nose cowlin@;s w e 
with valuas calculated for equal critical Mach number cowlings having same inlet diameters, 
sharp inlet lips, and absolutely uniform kurface pressure distributions; a = 0'. 
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Figure 49.- Experimental and calculated effects of spinner proportions on inlet-velocity ratio required 
to obtain a critical Mach number equal to the design value for the open-nose cowling; flow over 
sphers not separated, a = 00. 
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Figure 50.- mustration Op method used for  selecting design points. NACA 1-40-060 Spinner, 

- d = 0.70, propeller removed, u = 0'. 
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(a) a = 0 . 0 

Figure 51. - Desigq conditions for NACA 1-series cowling-spinner combinations as a function of 
spinner proportions, propeller removed. 
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(b) (I = 0' (Concluded). 

Figure 51.- Continued. 
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Figure 51. - Continued. 
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(a) a = 2' (Concluded). 

Mgure 51.- Concluded. 
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(a) a = 0 . 
Figure 52.- Selection charts for NACA l-series cowling configurations. 
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(b) Q = 0' (Continued). 

Figure 52. - Continued. 
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(c) a = O* (Concluded). 

Figure 52. - Continued. 
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(d) a = 2'. 

Figure 52.- Continued. 
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(e) a = 2' (Continued). 

Figure 52. - Continued. 
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Figure 53.- Design values of crit ical Mach number and inlFt-velocity ratlo for NACA l-series 
open-nose cowlings. 
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