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NAT IO NAL ADV I SORY COMMITTEE FOR AERONAUTIOS. 

TEOHNIOAL NOTE NO . 354. 

AN INVESTIGATION OF THE PHENOMEIW1~ OF SEPARAT ION I N 

THE AIR FLOW AROUND SIMPLE QUADRIC OYLI~DERS.* 

By John F . Parsons and J ar v i s A. Wal l en . 

Summary 

The test s, conduct ed at the Guggenhe i m Aeronaut i c Labor a-

tory of Stanford Univers ity, to invest i gate the phenomenon of 

separation in the a ir fl ow past ge ometric bodies a r e described 

in this report . 

The experimental. wo r k cons iste d of wind-tun!lel p r essure-

distribution tests and deter minat ions of the line of separation 

on one cir cular and two elliptical cylinder s . All thr ee models 

had the same perimeter, and wer e mount ed in the tunnel so as to 

give two- di mens io ::J.al flow symmetrical about the maj or ax is. 

The speeds of t est employed were approximately 40, 57, 72, and 

91 feet per sec ond . Theoretical pressure-distributions for the 

models were computed for purpose s of comparison. 

The tests show a recess ion of the line of separation and 

an improvement of the agr eement between the expe r i ment al a:i1d 

theoretical pressur e-distri butions with an i ncrease in either 

fineness rat io or velocity. A g i ven increment of velo c ity pro

duces a constant re cession of the line of separation r egardl ess 

of fine nes_s ra.tio. Fo~~~a~_h model, __ il'r_espect ive of s cale , SeP
*Thesis subrlli tted in parti al fulfillment of the requirements fo r 
the degree of Engineer in l~echani cal 3:ngineerir..g Aeronaut i CS, 
Stanford Univers ity. 
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aration occurs after adverse pressures ac t through a constnnt 

distance . This distaIlce , however, inc r eases wi th fineness ratio. 

The most impor tant result of the inve st i gation is the unique 

relation which was found to exist between the pre ssure at the 

point of separation and the minimum pressur e . The r c:tio of 

these pressures, the pre ssures be i ng reckoned from stagnation 

pressur e as a datum, is shown to QPproxim~te 91% and i s inde

pendent of change of scnle or finene ss rat i o. 

I n t rod u c t ion 

Al1 ideal flu id flowing past a disturbing body d i vides o..t 

the nose of the body, st r eams along the s i des, with perfect 

sl i p, t o the r ear where it uni tes and continues downstream with-

out turbulence or l os s of ener gy t o the system. Real fluid mo-

tion, however, separat es f r om t he afte r port ion of the disturb-

ing body where a wake is formed , and ene r gy i s expended in drag-

ging this reg ion along behind t he body . Thi s turbulent ar ea 

originates i n the boundary layer wher e , unde r the influence of 

an unkl10vm sequence of event s , the flow departs f r om the solid 

generat ing vortex sheets , which bound the ! dead wate r" r egion . 

Where the wake i s small, vis cous fo r ces outs ide the boundary 

layer are neglig i ble (Reference 1 ) and are d i sregar'ded in the 
i n 

outer r egion/wh i ch the fluid , except fo r the pr e s ence of the 

wake, behaves essent i ally a s an ideal fhl. i d . 

When the wake i s large, as it often is in p racti ce, a con-
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siderable lo ss of energy , chargeable to form dr ag , occur s . The 

problem of reduci ng this loss i s a d i ff i cul t one and it s solu-

tion is i mpeded oy the p re sent lack of knowledge concerning 

boundary-layer phenomena. The eff ici ency of an airfoil is still 

limited, because, v.t a certain critical 8.ttitude, for a g i ven 

wing p r of ile, separation occurs over the upper surfa ce, wh i ch 

so hinders the c irculation that the lift decrea.ses and the form 

drag -0eco;nes larg e . I t is known that fo r m dr ag i s p r oportional 

to the st r ength and breadth of the vortex st:!.'eet d ischarged fro;~l 

the sur faces of solid bodies (References 2 and 3), but these 

v alues cannot be predi cted by theory and the problem of fOTm 

d r ag l' e:'jlai~s uns 01 v ed . 

At present, it is believed that a flow of a Teal fluid 

around a solid body wit: out any wake OT separation does not ex-

ist. The locat i on of the 1 ine of separa t i on a.nd the width of 

wake are known to var y vjith Reynolds l~lli!lber . I t i" also a cur-

r ent theory tha.t pepar ation occurs only in the presence of an 

adverse pressure gradient, and that it i s p receded by mar ked 

thickeniLg and r etar~atioh of the layer of flu i d wh i ch is under-

go ing sl:ear . T1JiJO types of boundar~r-L Y8r flow appee. r poss i ble, 

laminar or turbulent flow. I t has recently be on sUGgested (Ref-. 
e rences 4 and 5 ) tflat traIl s j-t i on f r om the lw!lino..r to the turbu-

lent type is char acterized by a. r apid th i cl<:e:'l i r.g of the layer. 

The thickness va.ries Yii th J-;; ~7v ' fo r lam i nar flow over flat 

plates (Reference G), a.ad accordi llg to Von XarmaYl, t:te thi ck-
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nes s for tur bulent flow is p r oport ional to xo , ~. If B i s the 

thickne s s of the boundary layer, transition f r om laminar to 

turbulent flow can be shown to occur when a criti cal value of 

Reynolds Number VB/v, is reached. ( Refer ence 4). 

If some r el i able crit er i a wer e available fo r the predic- . 

tion of the line of separation , a more intelligent attack upon 

the problem of boundary-layer control could be made . The known 

methods of cont rol a r e: to acceler ate the surface l ayer before 

it re aches the position at which separ ation normally occurs, 

and to delay separ at ion by removing the stagnant flu i d-layer a s 

it forms. The latter method has had little p r act i cal applica-

tion, wh ile the fo r mer is used i n wing slots , the N. A.C.A. typ e 

of eng i ne cowl i ng , etc. If eff i c i ent control of real fluid mo-

tion is to be attained, more info r mation relative to boundary-

layer phenomena i s needed . 

Th e pur pose of this investi gat i on was to study the influ

enc e s of pressur e and velo c ity d i stributions, and of Reynolds 

Number upon separ ation of the flow f rom the sur faces of solid 

bodies . Cylinder s having quadric sections, to facilitate pre

diction of theor et i cal flow char acterist ics , wer e prepared for 

pres sur e- dist ributi on testing and for dete r minat ion of the line 

of separation. All t he perimet er s we r e made equal to affo r d a 

basis of comparis on betwe en models . I t W8.S hoped that correla-

tion and analysis of the results mi ght l ead to the identifica-

tion of conditions for separation. 
-----------------------------------

Pa.g e s i nco rre ctly number ed (5 not us ed ) - no omission of text . 
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Models and Apparatus 

The tlll~ee cylinde rs which were tested lmve equal perimeters 

~nd fineness rQt ios of 1.0, 1.5 , ~nd 4.0 . The ir cros s sections 

:-.re : Mode l A, circular, 6 11 d iamete r; Mode l B, ellipticnl, major 

axis 7. 128 11
, and mi nOl' axis 4.752"; Mode l C, elliptical, with 

mnjor and minor axes of 8 .792 " ::.nd 2.198", respectively. Each 

model cons isted of an accurntely-m~chined , brass center section, 

eight inches in l ength, extended beyond the limits of c.,ir stream 

by two l amint1ted redwood end pieces , or dummi es . An internal 

tension tie rod running the entire length of the model stiffened 

it ~g~inst ~ir loads. Figures 1 , 2 , 3 , and 4 nre photogrnphs of 

the cylinders . 

Pressure l ends of copper tUbing, 0.052" out s ide diameter, 

were sweated into hole s dril led in the cente r section (Figure 8), 

at the loca tions given in T~ble I; the tubes extend lengthwise 

through the model to [',. lTIunomete r. To align the model into the 

wi nd, two check pressure orifices were provided on opposite 

sides of the model, equidistant from the nose. The locati on of 

these orifices was det ermined by an inspection of the theoretical 

pres sure-distribution curves for each model. They were intended 

to be pl[l,ced where the pressur e grad ient . W[l.S 111rge. 

The center se ction i s c:wcurate to 0 .001" in the offsets . 

The end pieces were verified, hy application of their construc

tion templates, to 0.01"; however, a slight t wist was present in 

the ellipt ical dummi es at dis tances of 24" from the center section. 
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The mode l s, set up for test, were pl~ced in the tunnel . 

to give two- d i mens ional flow symmetrical about the major axis. 

The tests were conducted in en open circuit, free-jet 

type of wind tunne l, with a throat diameter of ei ght f eet and 

a free~je t length of s~~eet. 

A pressure operated regulator, which controlled t he fan 

speed, limited the variation in air- stream velocity to ±O.5%. 

The differential pressure balance (Fig . 5) measures the 

pressure redu ction in the experiment chamber. 

Pressure components normal to the surface of the center 

section were measur ed by a liquid-filled, multiple-tube manom

eter (Figs. 6 and 7). Tubes were left open at intervals along 

the manome ter to determine a reference line of static pressure. 

Silhouette manometer records were obtained in a darkened room 

with photogr cphic paper and an electric light (Fig. 9). The 

method was accurate i n so far as t he errors due to parallax 

and shrinknge were negligible . 

Method of Test 

The pressure r educt ion at a static pressure plate in the 

entran ce cone, some distance upstream from the experiment sec

tion, is a neasure of the dyn[l.mic pressure of the jet. The 

relationsnip is obtai ned by a survey of the free jet with an 

N.A.C. A. Pitot tube, and is constant reg11rdless of the obstruc

tions pla ced in the j et. For convenience in testing, it is 
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desirable to obtain the dynmlic pressure of the jet q, by a 

measurenent of the pre ssure reduction in the experirJent chiluber, 

or the rOOD depression. The rel~ti on between q N1d the roo~ 

depression is, however, codified by the introduction of &bstruc

tions in the jet. This Dodificntion ~ecesGitates a c~libration 

of r oon depression in t 0 TrJS of the roducti 011 of prossure a.t the 

static plute. Thcrefore , a sepnrate cill ibration WilS made for 

each r-1odel. 

Correct E'-lignuent was ohtaincd by the rotation of the nodel 

about its longitudinal n xis until the pressures were equal at 

the two ol'ifi ccs sYTJrJetrically located wi til re spect to the nod

el's nos e . The align :::lent was checked for ea.ch test. 

The d. iscovery of an upparent sca.le effect upon the synr.1e

try of flow o..bout Hode l B WQ.S traced to srll1ll erJ:'ors in orifi 00 

locution E'-nd nsyr.1!Jetry of the wooden sections of the i"Jodel. 

To obtain syoDetric flow around the test section it was neces

s[l.ry to adjust the nodel to such a posi tion that the pressures 

at the auxiliary orifice C'....."'1d a synnetric point on the opposite 

side (located between orifices) were equal. The pressure at 

the syrJuetri c point was obtilined by a gl'aphical interpolation 

between observed pressures fo r adjacent orifices. 

The asymmetry of the wo oden sections of the :nodel produced 

a change ~n the di rection of the air stream which varied approx

imately 1.50 within the Tange of speeds covered by the tests. 

An auxiliary test demonstrated, in so far as the flow around 

the test section was concerned, that this asymmetry had no im-
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portant influence upon anything but the effective air stream 

direction and that reliable results might be obtained by re

aligning the model for each speed. The test referred to con-

sisted in attaching to the model, 2 feet aft of the nose, a 
' .. 

9 

36 11 X ttl! X til wooden strip, to observe the effect of contour ir

regularities upon the flow pattern. The result was the produc

tion of no visible effect upon the pressures at the test sec

tion until the tip of the strip co..me within ~II of the row of 

pre ssure orifices. 

Through an error in the design of Model C the check ori-

fic e s were placed at a position corresponding to that on the 

other mode ls. This location is not on a steep portion of the 

pre s sur e curve; the sensitivity in ali gnment, therefore, is 

not comparable with that of the other models, hence the method 

previously used was not s['.tisinctory. Final alignment of Model 

C consisted of the measurement of the nose pressure over a suf-

fici ent range of angular settings to define a maximum value. 

The model, when placed at the angular setting corresponding to 

the maximum value of the nose pressure, was in accurate align

ment to ±O.2°, an amount comparable to the degree of accuracy 

in the alignment of the preceding models. As in Model B, the 

a symmetry of the wood sections of the model produced a change in 

air-stream direction necessitating aligrunent for each speed. 

Each pressure-distribution test consisted in the making of 

a manometer record, and the recording of data necessary for ve-
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locity de t er mination. Two tes ts were made at each speed. 

The line of separation was deteruined at velocities corre

sponding to those at which pressure- d istribution tests were 

taken. The me thod used was to discharge hydrogen sulphide gas, 

from the pressure orifi res, over n freshly painted bn.nd of white 

lead on the surface of the center section. The ga s was supplied 

to individual orifice s at a pressure practically equal to the 

surface pressure, thereby el iminating any violent ejection of 

the gas. The trend of the boundary-layer flow was established by 

the appearance of a b::own stain formed when the gas reacted with 

the white l ead. In these tests the farthest forward evidence 

of reverse flow indicated the line of separation; the turbulent 

effect on the after portion of the model was neglected. 

Res u 1 t s 

The result s of the velocity calibrations apfear in Table II 

and are self-explanatory. 

Results of the pressure-distribution tests are tabulated in 

Tables III, IV, and V, and fue presented in grnphical form in 

Figures 10-21 inclusive. Pressures nre expressed in the form 

P/Pn , the ratio of the pressure at any point on the perimeter 

to the nose pressure, and are independent of velocity. The po

sitions of the orifices are defined in terms of the peripheral 

distance from the nose, in inches. 

The results and expln.nation of the symbolic tabulation 
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of the tests to determine the line of separation are found in 

Tnble VI, and are graphically represented in Figure 22. General 

diffusion of the gas without definite direction of staining, 

when preceded by rearward flow and followed by forward flow, is 

taken as an indication of separation. 

The theoretical pressure-distributions, for the models test~ 

ed, were determined analytically (Reference 7), as shown in 

Table VII, nnd Qre plotted in Fib~res 23, 24, and 25. 

Dis c u s s ion 

The theoretical and experimental pressure-distribution 

c~rves of Model A are grouped for comparison ns shown in Figure 

26. Similar graphs for Models Band C nre shown in Figures 27 

and 28. 

A quant itative analysis of these pressure distributions will 

not be o..ttempted because, in the method of test employed, only 

pressure components normal to the surface are measured and be

cause, it is not known whether this pressure is generated solely 

by flow in the outer region, or whether it is due ,0 the combined 

effects of outer fluid motion and boundary-layer flow. Qualita

tive conclusions of some merit, however, may be drawn from a 

study of the test results. 

By comparing the curves of Fi€,"Ures 26, 27, and 28 either as 

distinct families or as corresponding curves of each group, it 

can be seen that the influence of change in shape is important. 
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As the fineness ratio, i. e. , the ratio of nlaxir.1UY.1 length to l:1aX

ir:1U!!1 width of sect ion, increase s, a retrograde !!loverjent of the 

line of separation occurs, so that, for any velocity over the 

range investigated, a given increment of fineness ratio pro

duces a constant shift in the position of the line of separation; 

tho curves of Figure 22 are, therefore , parallel. For a given 

fineness ratio, a study of the results shows that the distanre 

between the po int of ninir.1Un1 pressure and the line of separa

tion is constant regardless of speed, and that this distance 

increases with un increase in fineness ratio (Tuble VIII). Evi

dence of pressure-drag reduction is found in the fac t that the 

discrepuncy between theoretical and experi::lental pressure

distribution decrea.ses with an increase in fineness · xa:t1;o. 

Fron a consideration of anyone of the three groups of 

curves (Figs. 26, 27, a.nd 28) it is evident that the effects of 

change in scale are analogous to those produced by alteration 

of shape. As the scale of test increases, the line of separa

tion recedes and the pressure drag i s reduced. The approach of 

the experimental to the ideal pressure di st:ribution with an in

crease in sCR.le is more rapid and more consistent for Model A 

than for other models. The tests of Models Band ° agree !!lore 

nearly with the results predicted by theory. This is due to 

the fact that in the cases of M~dels B and 0, the critical ve

locity has been greatly exceeded so t hat the boundary layer 

becomes turbulent before separation and, consequently, separa-
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tion is de lnyed. In the caGe of Model A, the boundary layer is 

Inminar up to the sepo.l'ation point at the lowest speed, o.nd at 

other speeds the flow is in the transition stage. 

A relation , independent of e ither change of s cal e or fine

ness ratio , was found to exist between the pressure at the 

point of separation and the mini mum pressure . The pressures 

were reckoned f rom stagnation pres sure. The vo.lue of this ratio 

is approximately 91% as determi ned in Tuble VIII. I f the meas

ured pressures indicate kineti c energy , then separation occurs 

after approximately 9% of the maximum kinet i c energy uvailable 

in the test has,been returned to the system as potent i al or 

pressure ener gy. 

A comparison of tests on Model A with the cylinder tests de

scribed in Reference 5 , shows good agreeme~t, as to scale ef

feet, even though differ'ent tunne l s o.,nd tes t methods were used. 

The present tests, however, fai l to consistent ly check the con

clusion dra;wn in Reference 5 , that the murked infle cti on in the 

pressure-distr ibution curve i ndi cates the region of separation. 

Con c 1 u s ion 

The conclusions drawn from this work ffi.:1Y be sun1TImrized as 

followf?: 

1. The effect of an i~crease in either fineness ratio or 

velocity, or both, on the cLir f low around a simpl(,'l, quadric 

cylinder is a recession of the line of separation. 
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2. An improver.1ent in a gree::lent between the experimental 

and theoretical pre ssure distributions, resulting in tne reduc

tion of pressure drag, accompC).nies an increase in e ither fine

ness ratio or scal e of test . 

3. For Gny given increment of velocity, there is [1. con

stnnt recession of the line of separntion re gardless of the 

finene$s ratio. 

4. The periphoral d i s tance between the point of fJinir.rwn 

pressure (:',nd the line of separat ion re,~1ains constant for eQ,ch 

model throughout the range of Reynolds Uunber investi gated . An 

increa$e i n fineness ratio increases this d istance . 

5. The r(1,tio betwoen the pres sure ut the lino of sepura.

tion und the 1'1l inLmLl pressure, the pre ssures be i ng reckoned from 

stagnation pressure, re L1c.in s a constant value of npproxir:mtely 

91% for 0.11 the Dod e l s, roga.rdless of the velocity . Hence, if 

pressure reduct ion indico.:bes conversion of potent ial energy into 

kinetic energy , then separation occurs aft er approxiDC1toly 9% of 

the mllXinl1 .. lTIl kinetic energy of the particle has been returned to 

the system as pressure ene r gy . 

In the course of this invest i gation Imny interesting prob

ler.ls inviting further study pl"esented thomse l ves . A sw:mmry of 

these mie;ht be 0f aid fOl' futuro i nvesti gc.tors, and a few are 

outlin~d briefly as follo~s: 

1. A detenlinat io n of the effect of initial turbulence 

upon the boundury-lo.,yor flow. 
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2. A study of the effect of yaw and change of perimeter 

upon the results obtained in this investigation. 

3. The prediction of the point of septl.ration through some 

method other than that of experi~cntally derived pressure naps. 
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TABLE I 

OR I FICE EERIPHERAL DI STANCES FROM NOSE 

Vlodel -Aodel Model 
Orifice A B C 

i n . in . in . 

1 0 . 00 - 0 . 03 0 000 
2 0 ~ 26 +0 ~ 22 0 . 28 
3 0 ., 53 O ~ 48 0053 
4 0 .79 0 ~ 76 0 . 80 
5 1. 05 1001 1 ~ 04 
6 1 . 58 L,55 1 . 57 
7 2 0 10 2~07 2 010 
8 2 . 63 2 ~ 34 2~63 
9 3 ~ 15 2 060 3 .. 14 

10 3 0 42 2 0 87 3 041 
11 3 068 3 ~ 13 3 ! 66 
12 3~83 3 040 3 ~ 94 
13 3 0 99 3 . 66 4 020 
14 4014 3.92 4 . 48 
15 4 ,, 30 4018 4 074 
16 4~ ·16 4~4o 4 ~ 88 
17 4 . 62 4 070 5 . 02 
18 4077 4 . 82 5 .. 18 
19 4. 9 3 4 . 97 5 . 33 
20 5.09 5 . 12 5 . 49 
21 5.25 5 . 27 5 . 65 
22 5 . 51 5 . 43 5 . 78 
23 5 . 77 5 . 58 5 . 94 
24 6~03 5 . 75 6 . 09 
25 6 . 29 5 . 90 6 . 27 
26 6 055 6 . 07 6 . 42 
27 6 . 82 6 . 23 6 . 59 
2-8 7.35 6 . 39 6 . 73 
29 7 . 8 7 6 . 5·1 6 . 89 
30 8 . 39 6 . 71 7 . 06 
31 8 . 91 6 . 86 7 . 23 
32 9 043 7 . 01 7 . 38 
33 7.19 7 . 54 
34 7 . 33 7 . 70 
35 '7 . 59 7 . 85 
36 7 . 84 8 . 12 
37 8 . 11 8 . 37 
38 8 . 36 8 . 62 
39 8 . 63 8. 90 
40 8 . 88 9 . 16 
41 9 . 43 9 . 43 
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q --
R.D. --
Ps --

TABLE II 

Veloci ty Calibration 

dynani c pressure in Ib./sq.ft. 
reduct ion i n pressure in experinent chc:unber, I b ./ sq.ft. 
stl1tic pressure in entrance cone, Ib./ sq.ft. 

Free j ct 

On jet G.xis 
24" above j et axis 
24 " below \I II 

2411 right of jet axic 
24 " l eft of j et axis 

Average 

~ .. D . 

0 ,8666 
O ~ 8599 
0 . 8198 
0 ~ 8704 
008619 
0.8569 

PS/R.D. 

0 •. 800B 
0 . 7976 
0 . 7980 
0 . 8009 
0 ~7965 
0 .7988 

q = t p V2 = ~. fl = 0 . 8569 R. D. 
g . 

v =J 2 x 32 . 2 x 0 . 8569 R.D. -f::,-
--

= 7.43 J "it ~ D. 

M9 del A: Ps Ib./ sq . ft . :q • D. I b • / sq . ft . 

0 ,75 
1. 20 
1 . 93 
2 .77 
3.87 
5 ~ 15 

Ps/R. D. 

0 ~7600 
0 ~75B"0 
0 . 7664 

Average 

q 

0 ~ 57 
0 . 91 
1048 
2 . 11 
2.99 
3~93 
5~95 
7.04 
8 . 50 

7 ~ 74· 
9 . 20 

11.05 

Free jet: Ps/R.D . = 0 . 7gS8 
Hodel A: Ps/R. D. = 0 . 7650 

q 

, 0 . 7618 
0~7722 
0 ~7g3Z 
0 ~ 768g 
007656 
O ~ 7690 
0 . 7650 

R.D' node l 
R. D. r; odol 

Ps 
X :::--=--___ _ 

R.D ' fl'ee jet --It .D.free jet 
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TABLE I I ( C on t . ) 

Velocity Calibration 

V = 7 43 0.7~50 x R.D. = 7.27 R. D. 
· J 007988 6. J -6.-

Model B: Ps Ib.tsq.ft. R.D. Ib./sq.ft . Ps / l-l·D. 

0 . 67 0. 8 7 0 ~ 7700 
1. 01 1~3Z 0~765Z 
2~23 2 . 86 0 .7796 
2.95 3.7S 0 ~7 7B"2 
3.31 4~26 0~7768 
5~45 6~g5 0~7840 
6 . 83 8.70 007852 

10 . 40 13. 23 0 ~7860 

Average Og7781 

V = 7.43 0.7781 x f = 7.34J 
R.D. 

J 0.7988 --x-

Model C: Ps I b ./sq. ft . R. D. Ib./sq.ft. Ps/R.D. 

1. 7 5 2.25 0 .7780 
2 . 67 3.38 0 ~7902 
3 . 25 4~15 0 ~7831 
5 . 0S 6~35 0 ~ 8801 
6.76 8 . 55 0 .7907 

10.10 12. 83 0;7872 
Average 0.7882 

V = 7.43 0 . 7882 x n . D. = 7.38 J R.D. 
J 0 . 7988 --s:- - 6.-
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TABLE III 

Pressure Distribution - M~de1 A 

R.D. Ib~ ! sq~ft ~ 2.23 4 . "45 6~95 11 ~35 
q Ib .!sq.f t . 1.83 3.65 5 .70 9.31 

Velocity ft./sec. 40 .30 56.94 71.12 91.04 

Orifice P/Pn 

A'- 1 A-I0H A,-2 A--:-20H A,- 3 A-:-30H A -4 A~40H 
1 1.00 1. 00 1.00 1. 00 1.00 1. orr 1.00 1 ,,00 
2 I~Oa 1.00 0.97 0~97 0~97 0~96" 0~9 7 0.97 
3 0~H6 0 ~ H8 0, 87 0.H7 0.88 0.86 0 ~ 8 7 0,87 
5 0~6U 0~6U 0~57 0,,60 0,,57 0~57 0.55 0 . 54 
7, -0~26 -0, 26 - 0,43 -0~44 - 0 , 48 - 0,51 -0~ 53 - 0 .56 
8 0~71 0 ,71 1~00 1,01 1. TO 1,1'1 1.16 1,20 
9 1~03 1,!03 1,7f'9 1.49 1~ 63 1,65. 1~72 1. 78 

10 1~03 1~03 1,01 1~o2 1.81 1.85 1.88 1~97 
11 0.9 7 1,,00 1~68 1,69 1.92 1 ,,95 2.05 2.13 
12 1,,00 1.00 1,78" 1,,78" 2.05 2,,07 2.1S 2 . 28 
13 0,9 7 0 ~ 91~ 1~ 76 1,76 2.0B" 2.12 2.26 2 .35 
lS 0,,88 0~86" 1~6"4 1,"65 2,06 2,09 2.28 2.38 
16 0,88 0,86" 1,,6U 1,60 2,03 2,04 2,27 2.38 
17 0.88 0 . 86 1.56 1. 57 1~ 94 1.96 2.25 2.34 
18 0~91 0,! 88 1~54 1~56 1~ 88 1~90 2.13 2.24 
19 0,86 0 , 83 1,49" 1. 5U 1,,82 1, 82 2,08 2.20 
20 0,88 0 . 86 1,,46 1~46 1, 80 1~80 2,02' 2~12 
21 0,83 0,,77 1,,32 1~31 1,,71 1,73 1,96" 2,03 
22 0,83 0,80 1,15 1~15 1,,38 1. 37 1,,70 1,,90 
23 0,86 0,,83 0.99 0,99 0~87 0 ,, 8'7 1,1"6 1,,29" 
24 0.77 0,74 0 ~ 85 0 , 8 3 0 , 56 0.60 0 ,,76 0,86" 
2S 0,,7 7 0,,71 0,8Z 0,,79 0,48 0.49 0,,49 0,56 
26 0,77 0 .77 0,,76 0,,75 0.43 0.45 0,,39 0,,43 
27 0,, 77 0~77 O ~74 0 .. 75 0.41 0 , 43 0,,35 0 . 4U 
28 0,,!7 7 0~74 0 .71 0 .71 0,39 0,42 0,33 0,36" 
29 0,, 77 0~74 0,, 71 0 ,71 0,41 0 , 42 0 .34 0 ,36" 
30 0,,77 0~77 0 " 71 0 ,09 0.39 0 ,, 42 0 ,,3 4 0~3g 
31 0.71 0.71 0 .6"5 0.6"4 0 . 41 0 . 40 0.33 0.36" 
32 0.74 0.74 0 .67 0.65 0 . 41 0 . 41 0.33 0 .36 
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TABLE IV 

Pressure Distributton - Model B 

R.D. Ib./sq.ft. 2.13 4.52 7~08 11,33 
q 1b.!sq.ft. 1. 78 3.77 5.9"1 9.46 

Velocity ft./sec. 39.27 57.14 71.63 90.89 

Orifice p/Pn 
B-1 B-ICH B-2 B-2CH B-3 B- 3CH B-4 B-L~CH 

1 +1.00 +1.00 +1.00 +1.0 0 +1.00 +1.00 +1.00 +1.00 
2 + . 9 7 + .91 + . 94 + .94 + . 94 + . 9 5 + .95 .94 
3 + .75 + .72 + .74 + .74 + .75 + .76 + .76 .75 
4 + .44 + .44 + .45 + .44 + .47 + . 47 + .47 .47 
5 + .12 + .06 + .16 + .16 + .17 + .19 + .18 .18 
6 - .50 - .56 - .44 - • ·1-5 - ~ 43 - .41 - .41 .40 
7 - .91 - . 9 7 - . 89 - .90 - . 88 - . 86 - .87 ~85 
8 - 1 .12 -1.12 - 1.07 -1.08 -1.07 -1.05 - 1 .05 1.04 
9 -1.25 -1.28 -1. 22 -1.23 -1.22 -1.20 -1.20 1.18 

10 -1.34 -1. 31 - 1.34 -1. 34 -1.34 -1~ 32 -1.32 1.30 
11 - 1.37 -1.41 -1.41 -1.42 -1.43 -1~39 -1.41 1,39 
12 -1.47 -1.53 -1~ 52 -1~53 -1.54 -1.52 -1.51 1. 48 
13 -1.50 -1.53 -1.56 -1.57 -1.58 -1.56 -1.55 1.53 
14 - 1. 53 -1.53 -1. 60 -1. 62 -1.63 -1.61 -1.59 1.57 
15 -1.50 -1.50 -1. 60 -1. 62 -1. 63 -1.63 -1.61 1.58 
16 -1.37 -1.41 -1. 62 -1. 63 -1. 66 -1.64 -1.63 1.61 
17 - 1.37 -1.31 -1.56 -1 .56 -1.62 -1 .59 -1.58 1.57 
18 - 1 .4i - 1.41 -1.57 -1.59 -1. 63 -1.63 -1, 6 0 1.58 
19 - 1 .25 -1.28 -1.5 5 -1. 56 -1. 6 2 -1.59 -1.57 1.56 
20 - 1 .25 -1.28 - 1.54 -1.55 -1. 61 -1.59 -1.5? 1.55 
21 -1.19 - 1.22 -1.44 -1.47 -1.54 -1.52 -1.52 1 .50 
22 - 1.25 -1. 25 -1.44 -1.45 -1.53 -1.52 -1.51 1.49 
23 - 1.25 -1.25 -1.41 -1.44 - 1.51 -1.49 -1.48 1.47 
24 - 1.19 -1.25 -1.39 -1,40 -1.46 -1.45 -1.43 1.42 
25 - 1.15 -1.16 -1.36 -1.37 - 1.42 -1.41 -.1.40 1.38 
26 - 1.06 - 1.06 - 1.36 -1.37 -1.41 -1.39 -1.37 1.35 
27 -1.00 - . 97 -1.34 -1.37 -1.39 -1.37 ~1.33 1. 31 
28 - .84 - . 84 -1. 29 -1.30 -1.34 -1.33 -1.24 1.22 
29 - .78 - .75 - 1.09 -1.11 -1.20 -1~19 -1. 07 1.05 
30 - .72 - .69 - .78 -0.79 -0. 9 7 -0.97 - . 89 .88 
31 - .. 62 - . 62 - . 63 - . 64 - . 80 - .80 - .79 .76 
32 - .62 - . 6 2 - .51 - .51 - . 6 5 - .65 - .67 .65 
33 - .62 - . 62 - . 38 - . 38 - .53 - .51 - .52 .52 
34 - .61 - .59 - .33 - . 33 - .40 - .39 - .41 .40 
35 - .56 - .56 - .23 - .23 - .25 - .25 - .25 .25 
36 - .56 - .56 - .19 - .19 - .18 - .18 - .19 .19 
37 - .50 - .50 - .15 - .15 - .14 .14 - .15 .15 
38 .50 - .50 - .14 - .14 - .14 - .14 - .16 .15 
39 - .50 - .50 - .14 - .14 - .14 - .14 - .17 .16 
40 - .50 - .50 - .14 - .14 - .14 - .14 - .18 .17 
41 - .47 - .47 - .12 - .12 - .12 .11 - .14 .13 
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TABLi!: V 

Pre ssure Distribution Tests - MgQel C 

R.D. Ib./sq . ft . 2.24 4.45 7.15 11.25 
q Ib./sq . ft . 1.89 3 . 75 6 . 04 9 . 52 

Velocity ft ./ sec o 40 . 70 57. '56 73.00 91 . 60 

Orifice p/Pn 
C-l C-ICH C - 2 C- 2CB C - 3 C- 3CH C- 4 C-4CH 

1 +1 . 00 +1,00 +1 . 00 +1,, 00 +1.00 +1.00 +1.0 0 +1.00 
2 .45 . 45 .36 . 36 . 34 .34 . 33 . 33 
3 .03 . 05 .03 - . 03 - . 04 . 05 - . 05 - .05 
4 ~18 - .18 . 23 . 23 - .24 . 24 . 24 .24 
5 . 24 . 24 . 29 . 29 .31 . 31 030 .30 
6 . 34 . 34 . 39 . 39 . 41 . 41 . 40 . 40 
7 . 42 .42 . 45 .45 . 47 . 47 . 46 . 46 
8 . 42 .42 . 47 .47 .49 . 49 . 47 .47 
9 . 42 . 39 .47 . 47 .48 . 49 . 48 .47 

10 . 42 . 42 . 48 . 49 .50 . 50 .49 .49 
12 . 45 .45 . 51 .51 .52 . 52 . 50 .50 
13 . 45 . 45 . 51 .51 . 53 . 53 . 52 .52 
14 . 47 . 45 . 51 . 52 . 54 . 54 .52 .52 
16 . 43 . 42 .49 . 51 .51 . 50 .50 . 49 
17 . 42 . 42 .49 . 51 .51 . 51 .50 . 49 
18 . 42 . 42 . 49 . 51 . 52 . 53 .52 . 51 
19 .42 . 39 .48 .49 . 50 . 50 .50 .49 
20 .45 . 45 .51 . 52 . 52 .51 .50 .49 
23 . 45 .45 .51 . 51 .51 .51 . 49 .49 
24 . 45 . 39 .49 . 49 . 51 . 50 .49 .49 
25 . 39 . 39 .48 . 48 . 50 .49 .49 .48 
26 . 39 . 39 .47 . 47 . 50 .49 .48 .48 
27 . 39 . 39 . 45 . 47 . 47 . 47 .46 .45 
29 . 37 . 34 . 45 .44 .48 . 47 . 46 .45 
30 . 39 . 39 . 45 . 47 . 47 .46 .44 .44 
31 .34 .32 .41 .4i .44 .43 .42 .41 
32 .34 . 34 .41 . 41 . 43 . 42 . 39 . 39 
33 .34 . 34 .40 . 40 . 40 . 39 .37 .37 
34 .39 .39 . 40 .40 . 41 .39 . 35 . 36 
35 .37 . 34 .36 . 36 .37 . 36 . 32 .32 
36 .34 . 32 .31 . 31 .27 . 25 . 20 . 20 
37 .24 . 24 . 21 . 20 .1 3 .12 .06 . 06 
38 0 '-' • 0 . 08 . C2 . 06 + . 03 + .05 + . 08 + .08 
39 . 11 . 11 . 00 . 00 .10 . 10 . 14 .14 
40 .11 . 11 + . 01 + . 01 .08 .10 . 13 .13 
41 .05 .05 + .05 . 05 . 11 .12 . 1'4 .14 
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TABLE VI 

Determination of the Line of Separation 

Observat ions of Flow Direction 

Model A: 

Orifice A - 1 A - 2 A - 3 A - 4 
10 Rear. Rear. 
11 I! I! 

12 I! I! 

13 T .R. " 14 T. I! 

15 T.F. 11 Rear. Rear. 
16 I! T. R. I! I! 

17 I! I! " I! 

l "E3 11 T, T. R. I! 

19 T. F. T T.R. 
20 " T.F. " 21 I! 11 T. 
22 11 " T. F. 
23 11 II 

24 I! I! 

Model B: 

Orifice B - 1 B - 2 B - 3 B - 4 
16 Rear. Rear 
17 " " 
18 T. R. " 19 T I! 

20 T.F. " 
21 " 11 Re a r. Rear. 
22 I! T. E. I! I! 

23 I! I! II II 

24 T. T. R. \I 

25 T.F. II T. R. 
26 II T.F. T. 
27 \I \I T.F. 
28 II II " 
29 \I \I 
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Model 0 : 

TABLE VI (Oont .) 

Determinat ion of the Li nG of Sp.jJ ar at ion 
Obs ervations of Fl ow Direction 

Orifice 0 - 1 0 - 2 0 -3 o - 4 
26 
2'1 
~ .... 
t:jf> 

2 '.:3 
31) 
3} 
32 
33 
3-1 
35 
36 
37 

Rear . 
T.R . 
ITI 
.1. • 

T. F. 

Test 

A-l 
A-2 
A- 3 
A-4 
B-1 
B-2 
B-3 
B-4 

0-1 
0-2 
C- 3 
C-4 

Rear . 
To R. 

11 Re l-.l.T . 
II I! 

T. I' Re ar . 
T. F. T.R , II 

1/ !I T<R. Bc:;::,. 
II T. II q 

T~F . T. 'J' - ~=t. 
Ii T. ? T"F. 
II II II 

II II 

-- r eaTwc,rd floW . 
= tu::obul ei1t flow, r e a r v,jar d trend. 
= t u.rbul e21t flow, no domi nant trend . 
= tu::bul e:'lt flow, forward t r end . 

Location of L~ne of Separ ation 

O~dfice 
No . 
14 
18 
19 
21 
19 
84 

25- 26 
26 

30 
33 
34 

34-35 

S 

4.14 
4 .77 
4. 93 
5 . 25 
4 ~ 9 7 
5.75 
5 . 98 
6 .07 
7 .. 06 
7 . 54 
7 . 70 
7.77 

Veloc ity 
l/sec. 
40 . 30 
56 . 9 4 
71.12 
~n . 0 4 
39.27 
57 .14 
7i . 6 3 
90 . 89 
40. 70 
57.56 
73 ~ 00 
91.60 

S = peripher al distance from nose in inches . 

23 
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TABLE VII 

Theoret ic C'..l Pres surc DistTibution 

ll~o de 1 A: 
DiWlletcr = 6" 

pip 
n = 1 - 4 sin 28'; 

e = 
s = 

polar nngle, polar coordin:ltes. 
periphl~ro..l d ist C'nce f rom nose i n inches. 

s 

0 . 000 , 9 . 425 
0.~2[l: , 8 . 901 
1 . 047 , 8 . 378 
1 .571, 7 . 854 
2 • 094 , 7. 331 
2 . 618 , 6 . 807 
3 .142, 6 . 283 
3 . 666 , 5 . 759 
4 .190 , 5.235 

4 . 712 

p/Pn 

+1. 0000 
0 . 8794 
0.5321 
0.0000 

-0.6427 
-1. 3473 
- 2.0000 
- 3 .5321 
-2.8794 
-3 . 0000 

"Eodel B : 

Q = 

b .-

c 2 = 

p/Pn 1 (<1 + b t~ y2 = -
b 4 + c 2y2 

!':lL1j OT Axis = 3 . 564 11 

2 
( <1 +b)2-

5 . 940 2 
= 35.284,,2 -:=--;:;-:-=-

IHnoT Axis = 2 . 376" 
2 

b 4 
= 31.870,,4 

( ~.2_ b 2 ) = 7 . 057" 2 

p/P
n 

= 1 _ 35 . 28 ·1 y2 
31 . 870 + 7 . 057 y2 

Y = ordinate in i nches , of ellipse, major axis coincident 
v!i th yy 

s = pe riphc r ~l distanc e from nose in inches 
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TABLE VII (Cont . ) 

Theore t i cal Pre ssure Distr i bution 
hode1 B : 

s 

o • 000, 9 . 425 
0 .202, 9 . 223 
0 . 405 , 9 . 020 
0 . 608, 8 . 817 
o • 829, 8 • 596 
1.065, 8 . 360 
1.320, 8 . 105 
1.598,7 . 8 27 
1.915, 7 . 510 
2 . 284, 7 .1 41 
2 .735, 6 . 690 
3.347, 5 . 078 

4.712 

Model C: -----
I p/Pn 1 (a + 

:::: -
b4 + 

y 

0 . 000 
0 0200 
00400 
0 . 600 
0 . 800 
10000 
1. 200 
1e400 
1 0600 
1 . 800 
2 0000 
2.200 
2 . 376 

b) 2 y2 

if y2 

I 

P / Pn 

+1. OGOO 
+0. 9561 
+0. 8289 
+0. 6309 
+0 . 379 4 
+0 . 0936 
-0 . 2088 
-0. 51 32 
-0. 8088 
-1 . 0886 
-1.348 4 
-1. 5865 
-1.7 778 

a = 4 . 396 11 ; ( a + b )2 
- 5.49 52- = 30 .195,,2 

S 

0 . 000, 
0 .101, 
0 .216, 
0 .351, 
0 . 522, 
0 . 727, 
0 . 981, 
1 . 293, 
1 . 68,1, 
2 . 191, 
2 . 893, 

b = 1.099 II; b4 = 1. 459 tr4 

y = ordinate , in inches , of e1 1ip Ge , major axis 
Goinc i dent with yy 

s = peripher al d ist ance from nose in i nche s. 

y p/P n 

9 . 425 0 . 000 +1 . 0000 
9 .324 0.100 +0 . 8159 
9 . 209 0 . 200 +0 . 4468 
9 . 074 0 . 300 +0 . 1203 
8 . 9 03 0 . 400 -0 . 1087 
8 . 698 0. 500 -0 . 2607 
8 . 444 0 . 600 -0 . 36 20 
8 . 132 0 . 700 -0 . 4314 
7 . 741 0 . 800 - 0 . 48 04 
7 . 234 0. 900 - 0 . 5160 
6 . 532 1 . 000 - 0 . 5125 

4 .715 1 . 099 -0.56 24 

25 
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TABLE VIII 

Te st q a b c d c-d al b 
l b ./sq . ft . lb . /sg.ft. lb ·L sg . ft . in. in. in. 

A 1 
2 
3. 
4 

B 1 
2 
3 
4 

C 1 
2 
3 
4 

NOTE: 

CL 

b 

c 

d 

1. 83 3044 3.74 0 . 921 4 .14 3. 27 0. 87 
3 . 65 9 . 30 10001 0.921 '-1 . 77 3. 90 0~87 
5. 70 16 010 17 080 0.905 4093 4.05 0.88 
9 . 31 27Q90 31.20 0.895 5 . 25 '-1.35 0.90 

average 0 . 910 a.ver o.g e 0 . 88 

1. 78 4 . 03 4 . 51 0.897 4. 97 3. 68 1.29 
3. 77 9 000 9 . 85 0 . 914 5 ~7 5 4~25 1.50 
5 . 91 14. 20 15 . 68 0.907 5 ~ 98 4 . 48 1 . 50 
9 . <1:6 22 . 30 24&70 0 .. 90 il 6 007 4.53 1.54 

aver o..ge 0 . 906 ave r age 1.46 

1. 89 2 . 55 2 . 76 0 . 9 25 7 . 06 4.20 2. 86 
3 . 75 5 . 05 5 . 70 0 . 88 7 7 . 54 4. 55 2. 99 
6 . 04 8 . 50 9 . 35 0 0919 7.70 4.73 2.97 
9 . 52 12 . 70 14. 48 0 . 878 7. 77 4 . 78 2. 99 

average 0 . 902 aver a.g e 2. 95 

= pl' 8ssure reckc:r.. <.~d fro :'ll a line of constcmt pre ssure = 
q CLt s ep:U'Qti on . 

= 

= 

= 

pr e ssure r eckone d from SQJTIe r e ference line as a, n.t 
max . suction .. 

peripher 2.1 di s t anc e of line of sepurat ion from nose 
in inche s •• 

periph eral d i t a.nce of max . suction fr om no s e in 
i nches . 
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