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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS 

RESEARCH MEMORANDUM 

PRESSURE MEASUREMENTS ON AN OGIVE- CYLINDER BODY 

AT MACH NUMBER 4 . 04 

By Douglas R. Lord and Edward F. Ulmann 

SUMMARY 

Pressure-distribution tests on an ogive- cylinder configuration with 
and without longitudinal spoilers were made at a Mach number of 4 . 04 and a 

Reynolds number, based on body l ength, of 19 X 106. The presence of the 
spoilers caused no noticeable change in the body pressures in regions 
which contribute the greatest amount of body normal force . The experi
mental pressures over the smooth body gave excellent agreement at an 
angle of attack of 00 with the characteristic theory predictions and 
a greed fairly well on the windward side of the body at angles of attack 
up to 300 with the hypersonic approximation including the effects of 
centrifugal force. A region of separated cross flow over the lee side 
of the body wa s indicated by the pressure measurements and by a surface
flow- visualization technique. The section cross- flow drag coefficients 
determined from the flow about the cylindrical afterbody were in good 
agreement with the drag coefficients of an unswept circular cylinder 
wgen the cross component of the Mach number was supersonic. 

INTRODUCTION 

Preliminary force and moment tests on an ogive- cylinder configu
ration - a proposed body shape of the Hermes A- 2 missile - at a Mach num
ber of 4.04 were made t o determine whether a reduction occurred in the rate 
of normal- force increase with increasing angle of attack similar to the 
reduction observed when the cross- flow Reynolds number reached the crit
ical range in subsonic normal flow. In anticipation of this effect it was 
proposed to use spoilers on the body. These spoilers would ca use a sepa
ration of the turbulent boundary layer which would increase the normal 
force over the body nose and would permit the use of smaller cont rol / sur
faces for a given angle- of- attack change. These tests showed no reduc
tion in the normal-force- curve slope wi t h increa sing angle of attack and 
showed that the presence of longitudinal spoilers had only a small effect 
on the normal force and the center- of - pressure position on t he body. As an 
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extension of those tests , an investigation was conducted in the Langley 
9- by 9- inch Mach number 4 blowdown tunnel to determine the pressure 
distributions on the smooth body as compared to those predicted by the 
available theories . Another purpose of the investigation was to deter
mine whether spoilers , having a maximum spanwise projection of 0.044 
body diameters, would cause any compensating effects on the pressures 
over the body surface which would not appear in the force measurements . 
Total pressures were measur ed i n the vicinity of the body and liquid 
film tests wer e made on the body surface to investigate separation 
effects in the lee of the body . The models were t ested at angles of 
attack up to 300 at a Mach number of 4.04, and at a Reynolds number, 

based on body length, of 19 X 106. 
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SYMBOLS 

st r eam stati c p r essur e 

total p r essur e 

stream Mach number 

component of stream Mach number normal to mode l axis 

ratio of specific heats of air (1 . 4) 

stream dynamic p r essur e (~M2 ) 

local static pressur e on sur face of model 

pressure coefficient (
PI q- P) 

inc r ement of pressur e ' coefficient due to angle of attack 

cylindrica l coor dinates (e = 00 in plane of angle of attack 
and on t he windwa r d side ) 

angle of attack 

minimum a ngle between stream direct ion and a plane tangent to 
b ody surfa ce at a specified point 
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R Reynolds number, based on body length 

Rc cross- flow Reynolds number, based on the normal component of 
the velocity and the body diameter 

l body length 

Cd section drag coefficient of a circular cylinder 
c 

APPARATUS AND TESTS 

The tests were conducted in the Langley 9- by 9- inch Mach number 4 
blowdown tunnel . For these tests a pressure- regulat ing valve held the 
settling- chamber pressure at 250 pounds per squa re inch absolute. This 
pressure and the corresponding air temperature were continuously 
recorded on film during each run . The absolute humidity of the air used 

was always below 9 . 0 X 10- 6 pounds of water vapor per pound of dry air. 

The bas ic ogive- cylinder model was 9 inches long and had a maxi -
mum diameter of 1 inch (fig . 1). Two pressure- distribution models were 
constructed by t he Genera l Electric Company, one a smooth body of revo
lution and the other having spoilers with a maximum spanwise project i on 
of 0 . 044 inch (see fig . 2) . Each model had 35 pressure orifices of 
0 . 052- inch diameter located in one longitudinal and five circumferential 
rows , as tabulated in f i gure 1 . The orifices were connected to a 
mercury- manometer board and the pressures were recorded photographically . 
Another model without spoilers or orifices was constructed by the Langley 
laboratory for flow- visualization tests and was l ate r modified by the 
installation of a total- pressure tube mounted from the surface to deter
mine whether axial separation had occurred in the lee of the body. The 
nose of this tube was located at the 72.2- percent- body- length station 
and was 0 . 19 body diameters from the model surface as shown by the 
dotted outline in figure 1 . 

All three models were mounted on 5/8- inch- diameter stings so that 
the bases of the models were 3 inches ahead of the support struts 
( see fig . 3) . Angle- of- attack changes were made by rotating the mode l 
in pitch about the one- half- body- length position . 

The pressure- distribution models were tested at angles of attack 
of approximately 0°, 5°, 10°, 150, 20°, and 30°. The pressure
distribution model wi thout spoilers was tested with the longitudinal 
row of orifices mounted at e = 00 , 45°, 90° , 180°, 225° , and 270° ; 
whereas the model with spoilers was tested with the longitudinal row 
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located only at e = 00 and 1800
. Flow- visualization tests were made 

on the smooth model by using the china -clay sur face- flow- visualization 
technique of refer ence 1 at angles of attack of 00 , 5°, 10°, 20°, 
and 300 • Total- pressure surveys wer e made around the smooth model at 
angles of attack of 150 , 20°, and 30° . A schlieren photograph was taken 
during each run and the t r ue angles of attack were dete r mined from the 
schlieren negatives by use of an optical comparator . The changes in 
angle of attack due to the aer odynamic loads were found to be negli-

gible . The Reynolds number based on body length was 19 x 106 for all 
tests . 

PRECISION OF DATA 

The flow conditions in the tunnel test section are described in 
reference 2 . The weak sh ocks which were found to exist in the test 
section have a localized effect on the model pressures which will be 
pointed out later. The accuracy of the pressure coefficients presented, 
when the local effects of the tunnel pressure irregularities are neg
lected, is about iO . Ol . This value was determined by taking into 
account the r epeatability of points and the limitations of the measuring 
and computing methods used . 

RESULTS AND DISCUSSION 

Effect of spoi l ers .- Figure 4 presents the circumferential pres
sure distributions at 35 . 5- percent- body length from the missile nose 
fo r both models . No effect of the spoilers, which project 0 . 028 body 
diameters at this station, coul d be identified here or at any other 
station, the variation in pressure coefficient at any point being within 
the accuracy of the measurements . The change in pressure coefficient 
near the spoiler location which might be expected in conjunction with 
the very slight increase in normal force found in the preliminary tests 
was not observed due to the lack of orifices in this region . This lack 
of orifices in the immediate v i cinity of the spoilers is not considered 
significant, since changes in pressure at the sides of the body have 
little effect on the body normal force due to the small projected area 
over which they a ct . If the action of the spoilers had caused any large 
change in the normal force of the body, the pressures measured by the 
existing orifices in the lee of the body would have changed considerably. 
The normal- force and pitching- moment coefficients determined from the 
integr ated pressure distributions over the bare body were in excellent 
agreement with the coefficients determined from the preliminary force 
tests . 
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Comparison of experiment with theorl. - Comparisons of the experi
mental longitudinal pressure distributions at a = 0 0 over the smooth 
model with those computed by the small- disturbance method of refer-
ence 3, by the method of characteristics, and by the hypersonic approxi
mation without centrifugal force ( reference 4) are presented in figure 5. 
The characteristic theory accurately predicts the pressures over the 

body and the hypersonic approximation P = 2 sin2A gives a surprisingly 
good prediction, although failing, of course, to predict any negative 
pressure coefficients . If any of the effects of centrifugal force as 
presented in reference 4 were included, the hypersonic approximation 
would give poorer agreement with experiment over the ogival ~ose. 

The small- disturbance theory can give no results near the nose of 
this body at Mach number 4, since the angle between the surface tangent 
at the apex and the body axis is greater than the Mach angle. This 
theory gives a relatively poor prediction of the body pressure coef
ficients in the region of the juncture of the ogive and the cylinder. 
At angles of attack the small- disturbance theory of reference 3 is not 
applicable and the computations required for the characteristic theory 
become very laborious . For these reasons these theories were used only 
at a = 00 • 

A method for predicting the increment of pressure coefficient due 
to angle of attack has been developed in reference 5 and independently 
in reference 6. In the latter method, the linearized theory was used to 
estimate the velocity field around the body. Velocity components 
associated with thickness and angle of attack were independently calcu
lated and superimposed on the free - stream- velocity components. The 
pressure distribution was then evaluated from the resultant velocity 
field . The results of this improved linearized theory in predicting 
the incremental pressure coefficients at a = 50 for several circumfer
ential positions on the smooth body are compared in figure 6 with those 
obtained experimentally. The theoretical method gives a fair pre
diction of the experimental incremental pressure coefficients. Com
parisons between the experimental and theoretical incremental pressure 
coefficients at higher angles of attack gave poorer agreement, as would 
be expected, since the assumption of incompressible cross Mach number 
in the development of the method is violated at the higher angles of 
attack for this test Mach number . 

In contrast to the previously mentioned method and the small
disturbance theory, the hypersonic approximation of reference 4 can be 
used throughout the angle-of-attack range of these tests . It should be 
realized that its predictions are more accurate at higher supersonic 
Mach numbers than that of these tests and that it cannot predict the 
pressures in the lee of the body. Nevertheless, it is used to predict 
the pressures over the test body, since it is the most practical method 
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ava ilable fo r predicting pressures on ogive-cylinder bodies at all 
angles of attack . Figures 7 and 8 present comparisons of experimental 
longitudinal and semicircumferentia l pressure distributions with those 
computed by this method . Since the pressures over the afterbody (see 
fig . 7 ) a re relatively constant , the semicircumferential comparison is 
presented only at x/ Z = 0 . 577. The experimental points at x/Z = 0 . 077 
at e = 00 ( f ig . 7) are obtained from the pressure distributions on the 
model wi t h spoilers, since the orifice at this position on the smooth 
model was inoperative . The effect of the spoilers on the pressures at 
this orifice is as sumed to be negligible , since the spoilers have a span 
of only a few thousandths of an inch at this station and are located 
at 900 from the orifice . A slight increase in pressure near the 
x/Z = 0 . 7 station for e = 00 and 450 can be seen in figure 7 at the 
higher angles of attack as a result of the weak disturbances in the 
tunnel which were mentioned in the section entitled "Precision of Data." 
In figure 7 the predict ions of the hypersonic approximation without 
centrifugal force are in fai rly good a greement with experiment , except 
at the e = 900 meridian over the afterbody. The inclusion of the 
effects of centrifugal force has no effect on the theoretical pressures 
at e = 00 and 900, but improves the predictions of the hypersonic 
approximations at other values of e (see fig . 8), especially at the 
higher angle s of attack. 

Flow separation and cross- flow effects .- The experimental cir
cumferential pressure distributions at five longitudinal stations are 
presented in figure 9 for the six test angles of attack. The pressures 
increased on the windward side of the body with angle of attack. The 
circumferential pressure distributions over the lee side of the cylin
drical afterbody at 50 and 100 angle of attack ( figs . 9(b) and 9 ( c )) 
genera lly r eached maximum negative values at els of about 1350 
and 2250 and become more positive at the 1800 meridian . Thi s pressure 
contour is similar to those obtained in references 6 to 8 on slender 
bodies at lower supersonic Mach numbers and is probably due to the 
action of the two symmetrically disposed vortice s associated with cross
f low separation a t low angles of attack . 

At an angl e of attack of 150 t he circumferential pressure dis t ri
butions at x/Z = 0 . 688 became flat in the lee of the body ( fig . 9(d)) . 
This flattening moved forward along the body as the angle of attack was 
increased until at a = 300 ( fig . 9 ( f )) all the pressure dist ributions 
presented a re flat in the lee of the body (addit ional points obtained 
fa rther forward but not presented showed that the pressure distribution 
in the lee of the body at a = 300 became flat as far forward as 
x/Z = 0 . 133) . This flattening out of the circumferential pressure dis
t ributions on the l ee s i de of the body is probably a re sult of the 
vor tices drawing away f rom the body ; thus the effect of the vortices on 
the body- sur face pressures is lessened. This phenomenon has been previ
ously discussed in reference 9 and is attributed to the similarity 
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between the development of the cross flow along the body with that of 
the flow about a circular cylinder impulsively started from rest. 

SemicircUillferential total-pressure surveys around the body at 

7 

X/I = 0.722 at 0.19 body diameters from the body surface for angles of 
attack of 150 , 200 , and 300 are presented in figure 10. Check points 
which established the symmetry of the flow about the angle-of-attack 
plane were taken. The surveys at a = 150 and 200 indicated that in a 
region near e = 1600 the ratio of total pressure to free - stream pres
sure was lowest and that the ratio became somewhat greater at e = 1800 • 

At a = 300 the total pressures from 1500 to 1800 were relatively con
stant but at all angles they were more positive than stream-static pres
sure or model-surface pressure. This fact indicates that the total
pressure tube was not in a region of completely separated axial flow . 
These results are very similar to those obtained by the more complete 
total-pressure surveys of reference 6 at lower Mach numbers. 

In order to further study the flow separation over the lee side of 
the body, tests were made using the china-clay lacquer technique 
described in reference 1. This technique indicates in shades of gray 
the relative rates of evaporation of the oil from a model surface. In 
general , white regions on a model indicate high evaporative rates and 
darker regions lower rates. The tests at a = 00 and a = 50 did not 
show any evidence of flow separation and are not presented. The photo
graphs of the model following runs at angles of attack of 100 , 200 , 

and 300 are presented in figure 11. The photographs show the surface 
of the model between the e = 00 and e = 1800 positions . The model
surface appearance, however, was generally symmetrical with respect to 
the angle-of-attack plane. On the a = 100 photograph (fig. ll(a)) 
the nose region appeared to have a surplus coating of oil, as evidenced 
by the streaked appearance . On the a = 200 and a = 300 photographs 
( figs . ll(b) and ll(c)) the high shear stresses on the under side of 
the nose caused the china-clay lacquer coating to be blown off. 

In the a = 100 photograph a longitudinal dark line is seen 
starting near the e = 1800 meridian forward and sloping down to the 
e = 900 meridian aft which probably indicates the line of cross-flow 
separation similar to that reported in reference 6. This conclusion 
is reached since, at the point of cross-flow separation, the cross-
flow velocity becomes zero at the body surface, while the axial com
ponent of the velocity does not separate. Thus along this line the 
rate of evaporation of the oil from the china-clay coating would be 
lessened and a dark line would appear . The area above this line indi
cates a somewhat slower rate of evaporation than below the line (see 
especially figure ll(b)), as would be expected. As the angle of attack 
was increased from 100 to 200 , the region of cross-flow separation 
apparently moved forward all the way to the nose of the model and the 
circumferential extent of the separated region on the afterbody decreased. 
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Further i nc r easing the angle of attack to 300 caused little change in 
the cross- flow- separ ation region near the nose, although the separated 
region on t h e afte r body continued to diminish . The decrease in circum
ferential extent of the separated region on the afterbody is also indi
cated j.n t he cir cumferential p r essur e distribut i ons ( fig. 9) by the 
decrease i n extent of the f l at par ts of the curves for the X/2 = 0 . 688 
station as the angl e of attack approached 300 . I n addition to the sepa
ration boundaries , the f l ow studies indicated four other longitudinal 
lines in the separ ated r egi on, t wo on either side of the e = 1800 

meridian of t h e body . Two of these lines a r e evident in figures l l( a) 
and ll (b ) and a r e beli eved to be caused by the vortices in the separated 
region . 

In order to check the s i milar ity of the cross flow around the body 
to two- d i mens i onal flow around a cir cular cyl inder, the section normal 
force coefficients for the 68 . 8- percent- body-length station were deter
mined from the p r essure distr ibutions on the plain body and the 
cylindri cal- section cross- flow d r ag coefficients were then determined 
for the cros s components of Mach number at various angles of attack. A 
plot of the cylindrical- section cross-flow d r ag coefficients against the 
cross component of the str eam Mach number for the 68.8- vercent-body- length 
station is presented in figur e 12. When this curve is compared with the 
curve of the dr ag coefficient of an unswept circular cylinder against 
Mach number taken from r eference 10 , the two curves show good agreement 
at Mach number s greater than 1 . 0 , despite the large differences in the 
Reynolds number of the tests and the differences in the test procedures. 
At Mach number s less than 1 . 0, there is a large difference in the two 
curves , probably as a result of a combination of three effects. First, 
as pointed out in refe r ence 6, at angles of attack of about 50 and 100 

( corresponding to Mc = 0.35 and Mc = 0 . 70 in the present tests) 
the cross flow about a body of r evolution is similar to the flow about 
a circul a r cylinder star ting from r est and having traveled insufficient 
time for the development of steady- state flow. Reference 11 shows that 
the drag of a circular cylinder star ted from rest first increases to a 
va lue about twice the steady- state value and then decreases to the 
steady- state value . Thus it woul d be expected that the cross-fl ow drag 
coefficients at low cross- flow Mach numbers would be considerably higher 
than those obtained by Stanton (reference 10) and that the values of the 
cross- f l ow drag coefficients would decrease and approach the two
dimensional test values at higher Mach numbers. as is shown in figure 12. 
A second effect which probably prevents the pressure distributions about 
the body at low angles of attack from being truly representative of 
cylindrical cross flow even at the 68 . 8 percent body length station is 
the effect of the rather blunt nose. As a third possible reason for 
some of the disagreement, it should be pointed out that determining the 
section cross- flow drag coefficients from the section normal- force coef~ 
ficients at the low angles of attack considerably amplifies the original 
inaccuracies in measurement . 
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CONCLUSIONS 

Analysis of pressure- distribution tests of an ogive-cylinder with 
and without longitudinal spoilers) at Mach number 4 . 04 and a Reynolds 

number of 19 X 106 indicated that : 

1 . The presence of the longitudinal spoilers caused no noticeable 
change in the pressures recorded over the regions of the body where the 
pressures contribute the greatest amount to the body normal force. 

2. At an angle of attack of 00 the experimental pressures on the 
smooth body agreed very well with the prediction of the characteristic 
theory and fairly well with the pr edictions of the small- disturbance 
theory. 

3. The improved linear- theory method of NACA TN 2044 gave good 
predictions of the incremental smooth-body pressures due to angle of 
attack as long as the cross-component of the Mach number was in the low 
subsonic range. 

4 . The hypersonic approximation with centrifugal force gave a good 
prediction of the pressure distribution over the windward parts of the 
smooth body throughout the angle- of-attack range of the tests. 

5 . Surface-flow- visualization tests verified the indication of the 
pressure measurements as to the existence and movement of a region of 
cross- flow separation over the lee side of the smooth body. 

6. When the cross- component of the Mach number was supersonic the 
section cross- drag coefficients determined from the flow about the 
cylindrical afterbody at angles of attack agreed quite well with the 
drag coefficients previously found for un swept circular cylinders in 
supersonic flow. 

Langley Aeronautical Laboratory 
National Advisory Committee for Aeronautics 

Langley Field) Va . 
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Smooth model Spoiler model 

Figure 2 .- Ogive- cylinder models with and without longitudinal spoilers . 
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tunnel with ogive- cylinder model mounted on the sting . 
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Figure 11.- Photographs of model immediately after runs using the china
clay lacquer technique. 
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